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ger and substrate’, by M. McKay and F. G. Akar, https://doi.org/10.1093/cvr/cvad033.

Aims Long QT syndrome (LQTS) carries a risk of life-threatening polymorphic ventricular tachycardia (Torsades de Pointes, 
TdP) and is a major cause of premature sudden cardiac death. TdP is induced by R-on-T premature ventricular complexes 
(PVCs), thought to be generated by cellular early-afterdepolarisations (EADs). However, EADs in tissue require cellular 
synchronisation, and their role in TdP induction remains unclear. We aimed to determine the mechanism of TdP induc-
tion in rabbit hearts with acquired LQTS (aLQTS).

Methods 
and results

Optical mapping of action potentials (APs) and intracellular Ca2+ was performed in Langendorff-perfused rabbit hearts 
(n = 17). TdP induced by R-on-T PVCs was observed during aLQTS (50% K+/Mg++ & E4031) conditions in all hearts 
(P < 0.0001 vs. control). Islands of AP prolongation bounded by steep voltage gradients (VGs) were consistently observed 
before arrhythmia and peak VGs were more closely related to the PVC upstroke than EADs, both temporally (7 ± 5 ms 
vs. 44 ± 27 ms, P < 0.0001) and spatially (1.0 ± 0.7 vs. 3.6 ± 0.9 mm, P < 0.0001). PVCs were initiated at estimated vol-
tages of ∼ −40 mV and had upstroke dF/dtmax and Vm-Ca2+ dynamics compatible with ICaL activation. Computational 
simulations demonstrated that PVCs could arise directly from VGs, through electrotonic triggering of ICaL. In experiments 
and the model, sub-maximal L-type Ca2+ channel (LTCC) block (200 nM nifedipine and 90% gCaL, respectively) abolished 
both PVCs and TdP in the continued presence of aLQTS.

Conclusion These data demonstrate that ICaL activation at sites displaying steep VGs generates the PVCs which induce TdP, providing 
a mechanism and rationale for LTCC blockers as a novel therapeutic approach in LQTS.
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Graphical Abstract

(i) Pseudo-ECG recorded from a Langendorff-perfused rabbit heart under aLQTS conditions during pacing at 2000ms showing induction of TdP by 
spontaneous PVCs. (ii) Contour maps showing APD90 for a paced beat and AT of the subsequent PVC with contiguous single-pixel AP traces taken 
from dashed line plotted with estVm and expanded to show the temporal relationship between the peak of the EAD (blue dashed line), the peak VG 
(red dashed line) and the earliest upstroke of the PVC (dark grey dashed line). (iii) Simulations of the border of a prolonged AP island, showing the 
initiation of a PVC at the border of the long APD region with propagation into the normal APD region with ICaL and INa traces sampled at 1mm spacing 
from the border. (iv) Superimposed AP traces showing abolition of PVCs with nifedipine in the presence of EADs and APD prolongation, with dose- 
response for anti-arrhythmic effect of nifedipine and recapitulation with reduction of gCaL in simulations.

Keywords Electrophysiology • Ventricular arrhythmia • Long QT syndrome • Optical mapping

1. Introduction
The long QT syndrome (LQTS) is associated with a risk of life-threatening 
ventricular arrhythmias (VAs) and sudden cardiac death (SCD).1 QT pro-
longation is linked to Torsades de Pointes (TdP), a specific form of poly-
morphic ventricular tachycardia which causes rapid haemodynamic 
compromise and can degenerate to ventricular fibrillation.2 The key 

pathogenic feature of LQTS is delayed repolarisation, resulting in pro-
longation of the cardiac action potential (AP), which manifests as QT 
interval (QTc) prolongation on the surface electrocardiogram (ECG). 
LQTS may be inherited (iLQTS) or acquired (aLQTS), and the first pres-
entation may be with SCD or resuscitated cardiac arrest.3 The majority of 
iLQTS (∼75%) is accounted for by loss-of-function mutations in IKs 

(LQT1),4 IKr (LQT2)5 or gain-of-function mutations in INa (LQT3).6
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aLQTS is generally caused by pharmacological block of the IKr channel.2 In 
both, risk modifiers including bradycardia, electrolyte imbalance and sym-
pathetic activation can lead to dynamic changes in QTc and TdP risk.3,7

Regardless of the cause of QTc prolongation, TdP is initiated through a 
final common pathway.8 A focally-triggered premature ventricular com-
plex (PVC) interacts with a vulnerable substrate to produce re-entrant ac-
tivation and sustained arrhythmia.2 In some cases, triggered activity (TA) is 
repetitive, producing bursts or non-sustained TdP, which are often a pre-
cursor to sustained re-entrant TdP.9–11

While TdP risk increases with increasing QTc, the relationship is insuf-
ficiently specific to allow accurate risk prediction.12 Beta-blockers are 
the only guideline-recommended pharmacological treatment,13 al-
though some progress is being made with genotype-specific therapy.14

The implantable cardioverter-defibrillator (ICD) is highly effective in 
preventing arrhythmic SCD.15 However, the associated complications 
and morbidity mean that ICDs are not suitable for widespread use in pa-
tients with heterogeneous risk profiles.16 Novel treatment approaches 
to reduce SCD risk in LQTS are urgently needed.

Work in isolated cardiomyocytes has demonstrated that AP pro-
longation predisposes to early-afterdepolarisations (EADs).17–20 These 
abnormal depolarisations occur during the plateau phase and, if of suffi-
cient magnitude, can trigger regenerative currents which support pre-
mature APs. Although this mechanism has never been demonstrated 
directly in whole-heart experiments, the assumption of a causal associ-
ation between cellular EADs and the PVCs that initiate TdP has meant 
that therapeutic targets in LQTS have been AP/QTc prolongation and/ 
or EADs.

Many experimental studies have examined the occurrence of EADs 
and TdP induction in the intact heart.21–25 Computational modelling 
studies have outlined the spatiotemporal synchronization required for 
cellular EADs to overcome the electrotonic source–sink mismatch 
and initiate a PVC in coupled tissue.26 However, the specific mechan-
ism(s) by which cellular EADs could be synchronized to form tissue-level 
EADs remain unknown.27,28 Recent in silico studies have also highlighted 
the importance of voltage gradients (VGs) in generating PVCs under 
LQTS conditions.10,25,29

We sought to examine the initiation mechanism of focal R-on-T PVCs 
in a whole-heart model of LQTS using high-resolution optical mapping 
to determine the relationship between synchronized EADs, VGs and 
triggered APs in tissue. We employed complementary computational 
models to test PVC induction mechanisms and identify anti-arrhythmic 
strategies, which we then assessed in experiments and simulations.

2. Methods
2.1 Experimental studies
2.1.1 Langendorff-perfused rabbit hearts
All procedures involving animals were undertaken per the UK Animals 
(Scientific Procedures) Act 1986 under Project Licence PP5254544. 
Male New Zealand White rabbits (n = 17, Envigo UK) were anaesthe-
tized with an intravenous injection of pentobarbital sodium (50 mg/kg) 
containing 1000 IU of heparin, hearts were rapidly excised and 
Langendorff-perfused at 37°C. Atrioventricular nodal conduction was 
ablated by injection of 10% formalin (0.01–0.02 mLs).

2.1.2 Dual optical mapping of voltage and calcium
Hearts were loaded with the fluorescent intracellular Ca2+ ([Ca]i) indi-
cator Rhod-2AM and the voltage-sensitive dye RH237. Blebbistatin 

(10µmol/L) was used to eliminate motion artefacts during wide-field op-
tical imaging of epicardial transmembrane potential (Vm) and [Ca]i using 
a dual Micam-Ultima complementary metal–oxide semiconductor cam-
era system on a THT macroscope (SciMedia, Costa Mesa, CA).

2.1.3 Experimental protocols
See Supplementary material online, Figure S1. Optical recordings were 
taken during ventricular pacing at cycle lengths (CLs) of 350 ms/ 
2000 ms and in intrinsic rhythm. Pharmacological LQT was induced by 
switching to Tyrodes’ solution containing 50% K+/Mg2+ and 0.5µM 
E4031 (n = 13). In 11 experiments, the effects of nifedipine were studied 
(200 nM, n = 6; 500 nM, n = 5). In 4 of 11, a dose-response was per-
formed (20, 60, 200 nM). In 5 of 11, E4031 concentration was increased 
(2 µM) in the presence of nifedipine.

2.1.4 Data analysis
The occurrence of VA, including PVCs, bursts (2–5 PVCs) and TdP (>5 
consecutive ventricular beats of varying morphology30) was quantified 
from pseudo-ECGs. Optical data analysis was performed using custom 
software (Optiq, Dr Francis Burton) as previously described.31 Epicardial 
dispersion of AP duration at 90% repolarisation (APD90) was defined as 
the 5–95% range. The rate of rise during the PVC upstroke was defined 
as dF/dtmax of the Vm signal expressed as a percentage of the preceding 
AP. For PVCs, we calculated the earliest activation time (AT) relative to 
the QRS. Where the earliest epicardial AT was ≥20 ms pre-QRS, initi-
ation close to the epicardial surface was considered likely, and the initi-
ation of these PVCs was analysed in detail. Consecutive single-pixel 
traces were exported, and fluorescence (F) intensity was normalized 
to baseline (F0). Based on microelectrode recordings in isolated rabbit 
epicardial cells,32 we estimated that the AP upstroke would span −80 
to +30 mV and mapped F/F0 to this scale to give an estimated Vm 

(estVm). VGs across sampled traces were quantified as estimated mV/ 
pixel. The peak EAD was defined as pixel and frame with the highest 
normalized F value during an EAD. The PVC upstroke was defined as 
the pixel and frame with the earliest positive deflection in normalized 
F during the initiation of the PVC.

Continuous variables are presented as mean ± standard deviation. 
Comparisons between two groups of continuous data were made using 
a Student’s t-test, paired where appropriate, and for categorical data 
using Fisher’s exact test. Comparisons between three or more groups 
were made using one-way analysis of variance (ANOVA), repeated mea-
sures where appropriate, with Bonferroni’s post-testing for multiple 
comparisons. P < 0.05 was considered statistically significant.

2.2 Computational modelling studies
In silico investigations were performed to dissect the specific mechan-
isms of the experimentally witnessed phenomena.

2.2.1 Model set-up
A monodomain representation of cardiac electrophysiology was used to 
simulate pacing protocols over a 2D sheet of cardiac tissue of dimen-
sions 20 mm × 20 mm with fibre orientation in the x-direction 
(Supplementary material online, Figure S2A). The sheet was discretized 
into a triangular finite element mesh of resolution 200 µm. Cellular ionic 
dynamics were represented by the general mammalian LuoRudyII cell 
model,33 with tissue conductivity initially assigned to experimentally de-
termined values.34 Simulations were performed with the Cardiac 
Arrhythmia Research Package.35
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2.2.2 Electrophysiological properties
To replicate the experimentally recorded long APD islands, the left-half 
of the tissue was assigned a prolonged APD by modulating the maximum 
conductances of IKr and IKs (Supplementary material online, Figure S2A). 
To control the repolarisation gradient formed between the long APD 
region (left) and the normal APD region (right), tissue conductivity 
was globally modulated (Supplementary material online, Figure S2B). 
Different combinations of prolonged APD and modulated tissue con-
ductivity were used throughout.

2.2.3 Pacing protocol
The model was paced 100 times to reach the steady state. A single S1 
beat was then simulated by pacing the entire lefthand edge of the tissue 
to initiate a planar wave propagating left-to-right. In a subset of simula-
tions, an additional S2 was prescribed at −4 mm from the vertical tissue 
centre line (within the region of long APD), stimulating a 200 μm-thin 
vertical strip of tissue, as shown in Supplementary material online, 
Figure S2C. The S2 stimulus was delivered at 500 ms following the S1 
at threshold strength for 2 ms duration. This S2 represented a 
pseudo-EAD delivered at a controlled timing and location, facilitating a 
direct comparison between different subsequent simulations.

2.2.4 Data analysis
Vm, [Ca]i, fast sodium current (INa) and the L-type calcium current (ICaL) 
were analysed from a series of points located across the centre line sep-
arating the long- and normal APD regions (Supplementary material 
online, Figure S2B).

3. Results
3.1 Focal triggering of VAs in 
pharmacological LQTS
An acute pharmacological model of aLQTS was induced in isolated 
perfused rabbit hearts using a combination of IKr blockade and 50% 
K+/Mg2+ (Figure 1), resulting in rate-dependent APD prolongation 
(Supplementary material online, Table SI). At CLs ≥2000 ms, focal 
R-on-T PVCs occurred in all hearts under aLQTS conditions (P < 
0.0001 vs. control, n = 17, Figure 1Aii). Bursts occurred in 10 of 17 hearts 
(59%, P < 0.001 vs. control) and TdP in 6 of 17 hearts (35%, P < 0.05 vs. 
control). For optically mapped R-on-T PVCs (n = 238 in 17 hearts), the 
earliest epicardial Vm AT relative to the QRS ranged from 48 ms 
pre-QRS to 49 ms post-QRS. 31 PVCs mapped (13%) in 13 of 17 hearts 
had an earliest epicardial Vm AT ≥20 ms pre-QRS and were defined as 
epicardial-origin PVCs.

3.2 Electrotonic triggering of focal PVCs 
in areas of steep VGs
A typical example of epicardial R-on-T PVC induction under aLQTS 
conditions is shown in Figure 1B. In all 31 epicardial-origin PVCs, we ob-
served ‘islands’ of APD prolongation bordered by steep repolarisation 
VGs. The size and location of these islands is described in 
Supplementary material online, Figure S3. PVCs consistently arose 
from the border between the long and normal APD regions. 
Tissue-level EADs were manifest as positive Vm deflections during the 
AP plateau. In most cases, PVC initiation was associated with a local 
tissue-level phase 2 EAD [13/17 PVCs (76%) under LQTS conditions 
in 11/11 hearts]. In the remaining four cases, the initiation site was 
near the edge of the mapped region, and local EADs may have been 

present outside the mapping window. To determine the role of EADs 
in PVC initiation, the peak of the EAD and the earliest upstroke of 
the PVC were compared (Figure 2). The peak EAD preceded the PVC 
upstroke by 44 ± 27 ms and occurred at distance from the PVC up-
stroke of 3.6 ± 0.9 mm (Figure 1Bii). The estVm range was significantly 
different (peak EAD 4.7 ± 7.2 mV vs. PVC upstroke −39.1 ± 5.1 mV, 
P < 0.0001). EADs occurring at the border of the prolonged APD region 
produced a dynamic increase in local VGs (Figure 2Aii). As shown in 
Figure 2B, the peak VG was more closely associated with the upstroke 
of the PVC than was the EAD, both temporally (Figure 1Bii, 7 ± 5 ms 
vs. 44 ± 27 ms, P < 0.0001) and spatially (Figure 1Bii, 1.0 ± 0.7 vs. 3.6 ± 
0.9 mm, P < 0.0001). Additionally, paced beats associated with PVCs dis-
played significantly larger VGs than preceding beats, which did not sup-
port a PVC (Figure 2Biii, 53.1 ± 5.7 vs. 23.7 ± 6.8 estimated mV/pixel, P < 
0.0001). A qualitative comparison of plateau Vm profiles between con-
secutive beats with and without a PVC suggested that both a local 
EAD and earlier repolarisation in adjacent sites contributed to the VG 
(Supplementary material online, Figure S4).

3.3 VGs alone can trigger ectopic beats
These features suggest that steep VGs were responsible for the induc-
tion of PVCs. The EADs did not directly trigger PVC initiation but in-
stead were one of the factors that increased VGs when they occurred 
close to the border of the prolonged APD region. We were not able 
to separate EADs and steep VGs using experimental manipulations. 
Therefore, we used a computational model to test our hypothesis 
that steep VGs, not EADs, were necessary to initiate R-on-T PVCs. In 
2D simulations of steep VGs, PVC initiation occurred in the absence 
of EADs (Supplementary material online, Figure S5). Spontaneous PVC 
formation was seen in the presence of a VG >33.7 mV/mm, maintained 
by imposing a reduction of ×0.01 to repolarising potassium currents in 
the long APD region (Supplementary material online, Figure S5Ai). 
Reducing IKr and IKs by ×0.02 in the long APD region reduced the VG 
(27.2 mV/mm), and no spontaneous PVC was seen (Supplementary 
material online, Figure S5Aii). These data support the conclusion that 
electrotonic triggering by steep VGs in tissue is the mechanism for the 
PVC initiation we observed experimentally. In the simulations, the intro-
duction of pseudo-EADs near the border of the prolonged APD region 
(applied as a weak S2 at 500 ms, as shown in Supplementary material 
online, Figure S2B) made PVC initiation at the boundary more likely, in 
keeping with the experimental observation that EADs increased local 
VGs and were associated with electrotonic triggering.

3.4 Evidence for LTCC activation during 
electrotonic triggering
Next, we examined AP upstrokes and Vm-Ca2+ dynamics during epicar-
dial R-on-T PVCs, a representative example of which is shown in 
Figure 3A and B. Distance–time plots delineated three regions with dis-
tinct activation profiles: Region 1, the prolonged AP region, Region 2, 
the early activated region during the PVC, and Region 3, PVC propaga-
tion. As shown in Figure 3C, these regions had different electrophysio-
logical characteristics. Region 3 had an activation profile consistent 
with normal propagation in repolarised tissue with an estVm −57 ± 
7 mV and an upstroke dF/dtmax 84 ± 12% of normal. There was an in-
verse correlation between estVm and upstroke dF/dtmax and (linear re-
gression slope −1.12 ± 0.23). Dual Vm-Ca2+ imaging also suggested 
normal excitation–contraction coupling (ECC) in this region 
(Supplementary material online, Figure S6). Region 1 remained relatively 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/119/2/465/6612700 by guest on 06 April 2023

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data


Arrhythmia initiation in aLQTS                                                                                                                                                                           469

depolarised (estVm −6 ± 6 mV) and exhibited a low dF/dtmax (13 ± 7% 
of normal). In this region, dF/dtmax was not well correlated with estVm 

(linear regression slope −0.25 ± 0.58). In addition, Vm changes during 
the PVC had no associated Ca2+ transient (Supplementary material 
online, Figure S6), consistent with electrotonic Vm changes in this persist-
ently depolarised region.

At the site of PVC induction (Region 2) activation was effectively syn-
chronous (∼2.5 mm over 0.7 ms, i.e. CV >350 cm/s). The average up-
stroke dF/dtmax in this region was 42 ± 11% of normal (P < 0.0001 vs. 
Region 1 and Region 3) and intermediate values of estVm were observed 
(-28 ± 8 mV P < 0.0001 vs. Region 1 and Region 3) with a negative asso-
ciation (linear regression slope −1.93 ± 0.98). A delay between Vm and 
Ca2+ could not be resolved during the PVC upstroke in this region 
(Supplementary material online, Figure S6), suggesting that normal 
ECC was not operational, as Vm-Ca2+ delay is typically 6–8 ms in optical 
recordings from rabbit epicardium.35 These analyses suggest that during 
electrotonic triggering of R-on-T PVCs, regenerative currents are acti-
vated from voltages in the approximate range of −20 to −40 mV (cor-
responding here to dF/dtmax of ∼30–60% of normal). This, together with 
the Vm-Ca2+ relationship, implicates activation of ICaL as the predomin-
ant mechanism of PVC initiation in these experiments. We next tested 
this hypothesis with the addition of the L-type Ca2+ channel (LTCC) 
blocker nifedipine.

3.5 LTCC blockade abolishes VA
We studied the effect of low-dose nifedipine on the occurrence of 
LQTS-associated VA in 11 hearts. We used sub-maximal doses because 

we expected that larger doses would reduce Ca2+ transient amplitude, 
shorten APD and terminate VA indirectly.24,25 As shown in Figure 4, 
there was complete abolition of VA after the addition of either 
500 nM (n = 5, P < 0.001) or 200 nM (n = 6, P < 0.001) nifedipine. In a 
subset (n = 5), we increased E4031 concentration (2µM) in the presence 
of 2–500 nM nifedipine but did not see a return of VA in any heart 
(Figure 4Ai). Washout of nifedipine resulted in a return of VA (P < 
0.01 vs. 2–500 nM nifedipine). In a different subset (n = 4), we per-
formed a dose-response protocol, quantifying VA occurrence over 
10 minutes of 2000ms pacing during LQTS conditions and following 
the addition of 20, 60, and 200 nM nifedipine (Figure 4A). All four hearts 
had R-on-T PVCs at baseline; in one, these were completely abolished at 
60 nM nifedipine and in the other three at 200 nM nifedipine. In all cases, 
abolition of VA occurred early during nifedipine perfusion (0–4 mins). 
We also observed a progressive reduction in PVC frequency with in-
creasing doses of nifedipine (Supplementary material online, Figure S7).

The effect of nifedipine on Ca2+ transient amplitude was quantified 
(Figure 4Aiii). At the point of VA abolition, there was a modest reduction 
in the amplitude of the normalized Ca2+ transient (88.1 ± 9% of baseline, 
P < 0.05) as compared with the steady-state reduction at the same dose 
of nifedipine (75.4 ± 10% of baseline, P < 0.05 vs. VA abolition, 
P < 0.001 vs. baseline). The effective dose of nifedipine did not shorten 
APD or reduce dispersion in any heart (Figure 4Bi, APD90 384.5 ± 
89.2 ms vs. 375.3 ± 101.6 ms at baseline, APD90 dispersion 212.0 ± 
29.0 ms vs. 181.1 ± 36.0 ms, n = 5, P > 0.05 for both). At the point of 
PVC abolition, islands of long APD, steep VGs and EADs were all still 
observed (Figure 4Bii and iii), confirming that the mechanism of the 

Figure 1 Ventricular arrhythmia in rabbit hearts with aLQTS. (A) (i) Pseudo-ECG recorded from a Langendorff-perfused rabbit heart under aLQTS 
conditions during pacing at 2000 ms showing induction of TdP by spontaneous PVCs (arrows), (ii) occurrence of PVCs, bursts (2–5 beats) and TdP 
(n = 17), Fisher’s exact test vs. control, ****P < 0.0001, ***P < 0.001, *P < 0.05. (B) pECG showing paced beats (i) without and (ii) with PVCs. 
Contour maps showing AT and APD90 for beats (i) and (ii), with AP traces from the area indicated. The AT map for the PVC is also shown in (ii) and 
demonstrates the PVC arising from the border of the long APD island.
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abolition of PVCs by nifedipine was not an indirect effect through modi-
fication of the LQTS substrate. These experimental data suggest a cru-
cial role for ICaL in initiating electrotonically triggered PVCs and that this 
mechanism is sensitive to low levels of LTCC block.

3.6 Threshold ICaL required for electrotonic 
triggering in silico
We investigated the mechanisms underlying these experimental findings in 
the computational model (Figure 5). A pseudo-EAD occurring within the 
long APD region raised the level of Vm locally. This increased local VGs, trig-
gering electrotonic current flow and causing PVC capture at 530 ms. 
Figure 5B shows expanded upstroke traces for Vm and [Ca2+]i from the si-
mulations, along with corresponding current densities for ICaL and INa. In the 
earliest activated site (blue trace, Figure 5B), depolarisation occurred due to 
ICaL without any contribution from INa. ICaL began to increase near the EAD 
immediately after it was applied, causing the corresponding elevation of Vm 

at the same time (red and blue traces of Figure 5Bi). INa did not contribute to 
depolarisation in the long APD region, with sites 2 mm to the left of the 
boundary showing negligible INa (Figure 5Biv). In downstream sites with 
shorter APD, INa had sufficiently recovered and could mediate propagation, 
shown by the larger INa currents (brown and black traces of Figure 5Biv). 
INa-mediated propagation was confirmed in this region by the AP upstroke 
dF/dtmax, which became faster at these sites (brown and black traces of 
Figure 5Bi). Correspondingly, APs regained a normal morphology and 
were associated with normal ECC (Figure 5Bii). As shown in 

Supplementary material online, Figure S5B, the same dynamic behaviour 
of Vm, [Ca2+]i, ICaL and INa were seen across the border of long and normal 
AP regions in the absence of a pseudo-EAD, where the PVC was triggered 
purely by the steep VG.

Using this computational modelling framework, it was possible to 
modulate ICaL by reducing the maximum conductance of gCaL inde-
pendently. As shown in Figure 5C, simulations recapitulated the experi-
mental findings. Reducing gCaL to 95% of its default value throughout 
the entire tissue still allowed the initiation of a PVC (Figure 5Ci and ii). 
Reducing gCaL to 90% abolished capture of the PVC (Figure 5Diii and iv). 
For these small reductions in gCaL, negligible changes were seen in AP 
morphology, APD or VGs between long and normal APD regions (com-
paring Vm distributions between Figure 5Ci and iii along with Figure 5Ai). 
Figure 5C(ii) and (iv) show ICaL traces for 95 and 90% gCaL, highlighting 
how such a small reduction in ICaL prevents ICaL-mediated PVC initiation. 
Similar abolition of PVC capture was also seen in the case in which gCaL 
was only reduced regionally in the long APD region (results not shown).

4. Discussion
This study examined mechanisms of R-on-T PVCs which initiate TdP 
in a perfused-heart model of aLQTS in rabbit and complementary 
computational models. Our data provide novel insights that are fun-
damental to understanding arrhythmia mechanisms and have import-
ant translational implications. The key findings are (i) PVCs are not 

Figure 2 Role of EADs and VGs in PVC initiation. (A) (i) Contour maps showing APD90 for a paced beat and AT of the subsequent PVC and (ii) con-
tiguous single-pixel AP traces taken from dashed line in (i) plotted with estVm. (B) (i) detail from A(ii) expanded to show the temporal relationship between 
the peak of the EAD (blue dashed line), the peak VG (red dashed line) and the earliest upstroke of the PVC (dark grey dashed line), the spatial separation is 
shown in the contour maps of normalized fluorescence (F) and AT below (ii) mean data (n = 13 PVCs from 11 hearts) showing time and distance to PVC 
upstroke from the peak EAD (blue symbols) and the peak VG (red symbols), (iii) mean data (n = 7 PVCs in 5 hearts) showing peak VG in beats without a 
PVC (open symbols) and subsequent beat with a PVC (closed symbols). Paired Student’s t-tests, **** P < 0.0001.
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directly generated by EADs; (ii) PVCs are electrotonically triggered 
by steep VGs; (iii) activation of ICaL mediates the initiation of electro-
tonically triggered PVCs, and (iv) this mechanism is sensitive to low 
levels of LTCC block which abolishes PVCs and TdP, in the continued 
presence of LQTS conditions.

4.1 Discrete regions of APD prolongation 
are bounded by steep VGs
A key feature of the arrhythmia mechanism we observed was the devel-
opment of discrete regions of extreme APD prolongation under aLQTS 
conditions. These long APD islands were bounded by steep VGs 

separating them from the surrounding myocardium. These have been 
observed in iLQTS,25 aLQTS21–24,29 and in computational models.36 In 
our study and others, these regions were seen to arise dynamically, 
with PVCs arising from the borders. Our study specifically identified fo-
cal PVCs arising from the epicardium using strict timing criteria. In a sam-
ple of 31 mapped epicardial PVCs from 13 hearts, we saw consistent 
initiation from the border of long APD islands and propagation into 
the surrounding myocardium. Combined with the consistent observa-
tions in other studies, this quantitative approach strongly suggests that 
the development of long APD islands bounded by steep VGs are respon-
sible for LQTS-associated arrhythmia.

Figure 3 PVC upstroke characteristics. (A) (i) Contour maps showing APD90 for a paced beat and AT from the same example given in Figure 2. Three 
regions are indicated, region 1 – long APD island, region 2 – early activated region and region 3 – late activated region (ii) contiguous single-pixel AP upstroke 
traces taken from white dashed line indicated in (i) and plotted with estVm, the trace colours denote the region, region 1 (grey), region 2 (red), and region 3 
(black). (B) (i) Distance–time plot showing synchronous activation in region 2 (R2) and CV estimates for regions 1 (R1) and 3 (R3) (ii) correlation between 
upstroke dF/dtmax and estVm at upstroke for regions 1–3. (C) Average regional values for (i) PVC upstroke dF/dtmax (ii) estVm and (iii) regression slope for 
correlation between upstroke dF/dtmax and estVm for epicardial PVC initiation in 7 hearts (RM one-way ANOVA, *P < 0.05, ***P < 0.001, ****P < 0.0001).
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4.2 Role of EADs in LQTS-associated 
arrhythmias in myocardial tissue
Phase 2 EADs occurred periodically within long APD islands in keeping 
with their APD-dependence. The occurrence of EADs inside these is-
lands could be a source for triggered PVCs. Indeed, it has been suggested 
that such islands would allow spatiotemporal synchronization of cellular 
EADs, as EAD-prone cells would be relatively ‘shielded’ from source– 
sink influences.22 However, our data do not support a direct link be-
tween the occurrence of tissue-level EADs and the induction of PVCs, 
as the spatiotemporal relationship between the EAD and the PVC up-
stroke was not close (a few mm and tens of ms), and they occurred in 
very different estVm ranges (∼+5 mV vs. ∼−40 mV).

In contrast, the peak VG occurred in a similar estVm range and within a 
few ms and ∼1 mm of the PVC upstroke, directly implicating steep VGs in 
PVC initiation in tissue under LQTS conditions. Based on these data, we 
hypothesized that EADs were not a requirement for LQTS-associated 
PVCs. Attempts to separate EADs and steep VGs pharmacologically 
were not successful. We used thapsigargin (TG, 2 µM) which did not 
abolish EADs, steep VGs or arrhythmia (Supplementary material 
online, Figure S8). At higher doses of nifedipine, both EADs and steep 
VGs were abolished. We therefore used computational modelling to 

separate EADs and VGs and test the hypothesis that PVCs could arise 
purely through electrotonic triggering in the absence of EADs.

4.3. Electrotonic triggering by steep VGs 
in tissue
We constructed an idealised 2D model in which a sheet of simulated cells 
with long APD but without spontaneous EADs was coupled to a sheet 
with normal APD. This generated steep VGs at the boundary and, above 
a threshold VG, electrotonic triggering of PVCs occurred. Brugada and 
Wellens37 first suggested this could occur between areas of normal 
and short APD during regional ischaemia. Three-dimensional simulations 
of regional ischaemia in human ventricles suggested that steep VGs lead 
to electrotonic triggering of EADs facilitating transmural re-entry.38 In 
cryoablated hearts with aLQTS, electrotonic triggering of focal activation 
was observed in association with EADs in the ∼1 mm surviving epicardial 
layer.23 Our data extend the experimental evidence for electrotonic trig-
gering to the intact heart and demonstrate that VGs alone can directly 
generate PVCs by this mechanism.

Despite the theoretical separation of steep VGs and EADs in the 
mechanism of PVC initiation we describe, there remained an association 
between the occurrence of EADs and steep VGs in our experiments. 

Figure 4 The effect of nifedipine on VA in aLQTS. (A) (i) Occurrence of VA, Fisher’s exact test ***P < 0.001; (ii) dose-response curves for the abolition 
of VA with nifedipine; (iii) effect of 200 nM nifedipine at baseline, immediately pre nifedipine, abolition of VA (0–4 mins) and after 15 mins, n = 5, RM 
ANOVA, ***P < 0.001, *P < 0.05 (vs. baseline unless otherwise indicated). (B) (i) Effect of 200 nM nifedipine on APD90 and APD90 dispersion at baseline, 
abolition of VA (0–4 mins) and after 15 mins perfusion, n = 6, RM ANOVA P = NS (ii) superimposed traces from the time points shown in B (i) and (iii) 
pseudo-ECGs, contiguous single-pixel Vm traces taken from across the border of the prolonged AP region (dashed line) plotted with estimated Vm and 
contour maps showing normalized F at the peak EAD before nifedipine (left panel) and after abolition of VA with nifedipine (right panel).
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EADs occurring near the border of the prolonged AP region were re-
sponsible for a dynamic increase in local VGs, supported by the obser-
vation that only EADs close to the border of the long AP region were 
associated with PVCs. Our data suggest that steep VGs (which are in 
part generated by a local EAD), rather than the EAD itself, were respon-
sible for activation of the regenerative inward current necessary for the 
PVC upstroke.

4.4 A key role for ICaL in electrotonic 
triggering
Using high spatiotemporal resolution mapping of Vm/Ca2+, we charac-
terised electrophysiology in detail during PVC upstrokes to identify 
the currents responsible for electrotonic triggering. We show regions 
with distinct profiles compatible with: (i) passive current flow in the 
long APD islands (low upstroke dF/dtmax and CV); (ii) normal 

propagation in the repolarised myocardium (>85% normal), and (iii) a 
synchronously activated region, with upstroke dF/dtmax and Vm ranges 
compatible with ICaL activation. These findings were confirmed in the 
computational simulations. Previous computational modelling studies 
have shown that PVCs can arise spontaneously from VGs when ICaL is 
increased.10,25,26 Lui et al.10 employed detailed 3D simulations of 
genotype-specific LQTS hearts and also showed that PVCs arose dy-
namically from VGs in tissue, which they termed ‘R-from-T’ and were 
associated with TdP induction patterns similar to those seen in patients 
with LQTS. Their simulations required the presence of enhanced ICaL, 
but as in our modelling studies, and as suggested by our experiments, 
EADs were not a requirement for LQTS-associated arrhythmia. The 
congruent results across these two divergent modelling approaches 
underline the importance of ICaL-based electrotonic triggering in 
LQTS-associated arrhythmias and suggest that ICaL may be a target for 
effective anti-arrhythmic therapy.

Figure 5 Role of ICaL in electrotonic triggering in simulations. (A) (i) Colour plots of spatial Vm distribution from a simulation, showing the pseudo-EAD 
(S2) with subsequent initiation of a PVC at the border of the long APD region with propagation into the normal APD region. (B) Traces sampled at 1 mm 
spacing from the border between the long and short AP regions in A [red −4 mm, blue −3 mm, pink −2 mm, brown −1 mm, black +1 mm, negative values 
are towards the left of the map (within the long AP region) see Supplementary material online, Figure S2] for (i) Vm, (ii) [Ca2+]i, (iii) INa and (iv) ICaL from the 
application of the S2 until after the initiation of the PVC. (C) The effect of reduction of ICaL on PVC initiation in simulations (i) Vm colour maps and ICaL (ii) 
from a simulation identical to A(i), except for the reduction of gCaL by ×0.95. A PVC is initiated, with early activation of ICaL at the border of the long AP 
region (blue trace, ii). Vm colour maps (iii) and ICaL (iv) from a simulation in which gCaL has been reduced by ×0.9 in the model. In this case, there is no 
activation of ICaL following S2, and no PVC is initiated.
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4.5 Role of ICaL window current
Based on studies in isolated myocytes that identified a role for window 
ICaL in the genesis of EADs, modifications of ICaL window current in si-
mulations have been demonstrated to terminate LQTS-associated ar-
rhythmias.10,25 However, it is unclear how window current alone (as 
distinct from activation of the primary current) could support electro-
tonic triggering by VGs in the absence of EADs. The window current 
can generate a positive dV/dt only when the repolarising Vm tracks 
through the voltage range for the window current.39 In addition, reacti-
vation of ICaL can only occur after the Em has been more negative than 
−40 mV for a sufficient time to allow recovery.19 We would argue that 
these two mechanisms are distinct in the PVC initiation we observe, be-
cause the window current helps maintain the regions of myocardium at 
positive potentials, while the reactivation of ICaL is promoted by the 
negative voltages within the VG zone. Our data suggest that a very small 
reduction of peak current (5–10%) is sufficient to terminate 
LQTS-associated arrhythmia. Further work is required to establish 
how the primary current and window current may independently 
modulate PVCs generated electrotonically.

4.6 Electrophysiological basis for 
VG-mediated PVCs
One of the electrophysiological features of mammalian myocardium 
that underlies the PVC mechanism described is the well-established abil-
ity of ICaL to support an AP in depolarised (−40 mV to −60 mV) ven-
tricular tissue.40,41 ICaL-dependent APs (Ca2+ AP) have a peak 
potential of approx. +10 mV and can propagate, albeit slowly, into 
more polarized regions to increasingly activate conventional 
Na+-current dependent APs.42 At membrane potentials more positive 
than −60 mV there is zero INa in the steady state and the time-constant 
of inactivation is ∼5 ms,43 so we would expect that at sites of PVC ini-
tiation (region 2) INa is completely inactivated. Based on this activation 
profile, INa will contribute to the AP in the Vm range (−60 to 
−70 mV), corresponding with region 3 in our study.

Another feature that favours the proposed mechanism is the back-
ground inward-rectifying potassium current that explains the tendency 
for the membrane potential to adopt a bi-stable (zero net current) state 
at either polarised (−80 mV) or depolarised (+10 mV) values.44

Therefore under certain circumstances, two comparably sized regions 
of differently polarised myocardium can exist for significant periods of 
time (100–200 ms).45 Finally, the size and extent of the zone between 
the polarised/depolarised regions, i.e. the region with the VG, is deter-
mined by the space constant of the tissue, which in mammalian tissue 
would predict a zone of 2.5–3.5 mm between the two polarized regions 
of myocardium.46 As demonstrated by computational modelling, if the 
magnitude and lifetime of the VG zone is sufficient, a Ca2+AP can be trig-
gered within the VG zone that can propagate to a more polarised zone to 
initiate a PVC.47 The conditions to generate a PVC appears to occur in a 
discrete segment of the VG zone probably due to a nearby EAD event 
that generates a local large VG gradient sufficient to trigger a Ca2+ AP.

4.7 LTCC blockers as a therapeutic 
strategy in patients with iLQTS
While agents for specific pharmacological modification of window ICaL 

are not available, our data suggest that low doses of LTCC block could 
be effective, particularly if the voltage-dependence of LTCC block could 
be optimised to target depolarised tissue. Published reports of LTCC 
blocker use in single cases48–50 and small series of patients,51,52

predominantly with iLQTS, have varied results. Most have used verap-
amil, which has IKr-blocking activity at higher doses, at doses targeted 
at QTc shortening. Importantly, our data demonstrate that QTc short-
ening is not required for an anti-arrhythmic effect. As shown in 
Supplementary material online, Figure S9, on average complete abolition 
of VA occurred at a dose below the EC50 for LTCC block in 
cardiomyocytes.53

4.8 Limitations
4.8.1 Relevance of the experimental model
There are inherent limitations to the use of animal models for the study 
of human disease, and our results should be interpreted in that context. 
However, the experimental model is well-established and characterised 
by spontaneous bradycardia-dependent VA21–24,30 a pattern seen in pa-
tients with both iLQTS and aLQTS. In experimental aLQTS, iLQTS25

and in patients, TdP is initiated by R-on-T PVCs, suggesting that a com-
mon arrhythmia initiation mechanism exists across species and models.

4.8.2 Origin of PVCs mapped from the epicardial 
surface
Not all PVCs were mapped, and due to the limited depth resolution of the 
wide-field mapping we employed, we restricted our analysis to PVCs in-
itiated close to the epicardial surface. This means that our study does not 
consider the contribution of M-cells or Purkinje fibres to PVC initiation. 
Other studies have used endocardial cryoablation to ensure that optical 
APs originated from the ∼1 mm of surviving epicardial myocytes. They 
also observed long APD islands with PVCs arising from the border.23

Choi et al.21 compared EAD events and TdP inducibility between cryoab-
lated and non-cryoablated hearts and found no change in the occurrence 
of EADs or inducibility of TdP, providing support for the conclusion that 
transmural gradients, M-cell activity and/or Purkinje fibres are not pre- 
requisites for TdP in LQTS. Our data suggest that steep VGs are the key 
event in generating focal PVCs. Steep transmural VGs have been shown 
previously in LQTS and may have been responsible for some of the 
PVCs with later epicardial activation. Similarly, apico-basal gradients of in-
trinsic cellular APD may be a source of VGs in tissue, as may dynamic be-
haviours,54 anatomical features and structural discontinuities.55 Our study 
does not identify the source of the steep VGs and the development of steep 
VGs in LQTS is an important area for further work.

4.8.3 Focal and re-entrant mechanisms of TdP
Although we did not study the interplay between PVCs and TdP, based 
on published evidence, it seems reasonable to propose that critically 
timed PVCs will interact with a vulnerable substrate and induce re-entry. 
Indeed unidirectional conduction block was routinely observed where 
long APD islands were large, and this may provide both the trigger 
and substrate for TdP. The fact that we did not observe any TdP after 
PVCs were abolished with LTCC blockade argues strongly that all VA 
in this model arose through focal PVC-dependent mechanisms.

4.8.4 Computational modelling
The purpose of the computational model we employed was to test the 
primary hypothesis concerning repolarisation gradients and the role of 
Ca2+ current in initiating an ectopic beat. It was not intended to fully re-
capitulate the complexity of the cellular environment nor the various 
features which influence electrotonic coupling in the intact heart and 
is not an attempt to model LQTS. The simplicity of our modelling ap-
proach allowed us to isolate and vary individual model parameters whilst 
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controlling others and simultaneously investigating spatial variations in 
individual ionic currents throughout the regions of interest, not possible 
experimentally. This allowed the model to isolate the specific phenom-
ena of electrotonic triggering at sites of steep VG and dissect the individ-
ual mechanism of action as being due to activation of ICaL.

4.9 Implications for risk stratification
The arrhythmia paradigm we present here suggests that consideration 
of the balance between ICaL and repolarising currents may be an import-
ant factor in understanding the risk of TdP. This is a potential explanation 
for the observation that drugs with ‘balanced’ ion channel effects can 
prolong the QT interval but without an associated risk of TdP.56,57

Recent data demonstrating co-expression of KCNH2 and CACNA1C 
in humans underline the importance of the balance between these 
currents.58

5. Summary
Our experimental and computational data confirm that PVC initiation in 
the intact heart under LQTS conditions is not directly mediated by syn-
chronized EADs but by electrotonic triggering from steep VGs at the 
border of long APD islands. EADs occur within the long APD islands 
and contribute to dynamic increases in the local VG. This is a crucial 
mechanistic distinction, presenting a novel and tractable therapeutic 
target distinct from AP prolongation or EADs. Our data demonstrate 
that the primary event in arrhythmia triggering is the activation of 
L-type Ca2+ current in a limited area of myocardium by electrotonic cur-
rent; and we go onto to show that, as a consequence, the subsequent 
VA is highly sensitive to low doses of LTCC block, even in the continued 
presence of LQTS conditions. This suggests a novel approach to redu-
cing arrhythmic risk in LQTS based on voltage-dependent LTCC block-
ers. Translational studies to test the effectiveness of this strategy are 
warranted. From a wider perspective, our data and those of others sup-
port the idea that pro-arrhythmia in LQTS is a tissue-level phenomenon 
that cannot be predicted from isolated cell behaviour alone.

Supplementary material
Supplementary material is available at Cardiovascular Research online.

Acknowledgements
None.

Conflict of interest: None declared.

Funding
This work was supported by the British Heart Foundation (FS/15/50/ 
31500 to C.A.) and the Wellcome Trust (105907/Z/14/Z to R.C.M.).

Data availability
The data underlying this article will be shared on reasonable request to 
the corresponding author.

References
1. Hayashi M, Shimizu W, Albert CM. The spectrum of epidemiology underlying sudden 

cardiac death. Circ Res 2015;116:1887–1906.
2. El-Sherif N, Turitto G, Boutjdir M. Acquired long QT syndrome and electrophysiology of 

torsade de pointes. Arrhythmia Electrophysiol Rev 2019;8:122–130.
3. Goldenberg I, Moss AJ. The long QT syndrome. J Am Coll Cardiol 2008;51:2291–2300.

4. Wang Q, Shen J, Splawski I, Burn TC, Millholland JM, VanRaay TJ, Shen J, Timothy KW, 
Vincent GM, de Jager T, Schwartz PJ, Toubin JA, Moss AJ, Atkinson DL, Landes GM, 
Connors TD, Keating MT. Positional cloning of a novel potassium channel gene: 
KvLQT1 mutations cause cardiac arrhythmias. Nat Genet 1996;12:17–23.

5. Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating MT. A molecular 
basis for cardiac arrhythmia: HERG mutations cause long QT syndrome. Cell 1995;80: 
795–803.

6. Wang Q, Shen J, Splawski I, Atkinson D, Li Z, Robinson JL, Moss AJ, Towbin JA, Keating 
MT. SCN5A Mutations associated with an inherited cardiac arrhythmia, long QT syn-
drome. Cell 1995;80:805–811.

7. Schwartz PJ, Ackerman MJ, George AL Jr, Wilde AAM. Impact of genetics on the clinical 
management of channelopathies. J Am Coll Cardiol 2013;62:169–180.

8. Roden DM. Torsade de pointes. Clin Cardiol 1993;16:683–686.
9. Kim TY, Kunitomo Y, Pfeiffer Z, Patel D, Hwang J, Harrison K, Patel B, Jeng P, Ziv O, Lu Y, 

Peng X, Qu Z, Koren G, Choi BR. Complex excitation dynamics underlie polymorphic 
ventricular tachycardia in a transgenic rabbit model of long QT syndrome type 1. 
Heart Rhythm 2015;12:220–228.

10. Lui MB, Vandersickel N, Panfilov AV, Qu Z. R-From-T as a common mechanism of ar-
rhythmia initiation in long QT syndromes. Circ Arrhythm Electrophysiol 2019;12:e007571.

11. Vandersickel N, Bossu A, De Neve J, Dunnink A, Meijborg VMF, van der Heyden MAG, 
Beekman JDM, De Bakker JMT, Vos MA, Panfilov AV. Short-lasting episodes of torsade 
de pointes in the chronic atrioventricular block dog model have a focal mechanism, while 
longer-lasting episodes are maintained by re-entry. JACC Clin Electrophysiol 2017;3: 
1565–1576.

12. Kass RS, Moss AJ. Long QT syndrome: novel insights into the mechanisms of cardiac ar-
rhythmia. J Clin Invest 2003;112:810–815.

13. Priori SG, Wilde AA, Horie M. HRS/EHRA/APHRS expert consensus statement on the 
diagnosis and management of patients with inherited primary arrhythmia syndromes. 
Heart Rhythm 2013;10:1932–1963.

14. Shimizu W, Aiba T, Antzelevitch C. Specific therapy based on the genotype and cellular 
mechanism in inherited cardiac arrhythmias. Curr Pharm Des 2005;11:1561–1572.

15. Biton Y, Rosero S, Moss AJ, Goldenberg I, Kutyifa V, McNitt S, Polonsky B, Baman JR, 
Zareba W. Primary prevention with the implantable cardioverter-defibrillator in high- 
risk long-QT syndrome patients. Europace 2019;21:339–346.

16. Olde-Nordkamp LRA, Postema PG, Knops RE, van Dijk N, Limpens J, Wilde AA, de 
Groot JR. Implantable cardioverter-defibrillator harm in young patients with inherited ar-
rhythmia syndromes: systematic review and meta-analysis of inappropriate shocks and 
complications. Heart Rhythm 2016;13:443–454.

17. Volders PG, Vos MA, Szabo B, Sipido KR, de Groot SH, Gorgels AP, Wellens HJ, Lazzara 
R. Progress in the understanding of cardiac early afterdepolarisations and torsades de 
pointes: time to revise current concepts. Cardiovasc Res 2000;46:376–392.

18. Damiano BP, Rosen MR. Effects of pacing on triggered activity induced by early after- 
depolarisations. Circulation 1984;69:1013–1025.

19. January CT, Riddle JM. Early afterdepolarisations: mechanism of induction and block. A 
role for L-type Ca2+ current. Circ Res 1989;64:977–990.

20. Szabo B, Sweidan R, Rajagopalan CV, Lazzara R. Role of na+:Ca2+ exchange current in 
cs+-induced early afterdepolarisations in purkinje fibers. J Cardiovasc Electrophysiol 
1994;5:933–944.

21. Choi B-R, Burton F, Salama G. Cytosolic Ca2+ triggers early afterdepolarisations and tor-
sade de pointes in rabbit hearts with type 2 long QT syndrome. J Physiol 2002;543: 
615–631.

22. Asano Y, Davidenko JM, Baxter WT, Gray RA, Jalife J. Optical mapping of drug-induced 
polymorphic arrhythmias and torsade de pointes in the isolated rabbit heart. J Am Coll 
Cardiol 1997;29:831–842.

23. Maruyama M, Lin S-F, Xie Y, Chua S-K, Joung B, Han S, Shinohara T, Shen MJ, Qu Z, Weiss 
JN, Chen PS. Genesis of phase 3 early afterdepolarisations and triggered activity in ac-
quired long-QT syndrome. Circ Arrhythm Electrophysiol 2011;4:103–111.

24. Kim JJ, Němec J, Li Q, Salama G. Synchronous systolic subcellular Ca2+-elevations under-
lie ventricular arrhythmia in drug-induced long QT type 2. Circ Arrhythm Electrophysiol 
2015;8:703–712.

25. Huang X, Kim TY, Koren G, Choi BR, Qu Z. Spontaneous initiation of premature ven-
tricular complexes and arrhythmias in type 2 long QT syndrome. Am J Physiol Heart 
Circ Physiol 2016;311:H1470–H1484.

26. Xie Y, Sato D, Garfinkel A, Qu Z, Weiss JN. So little source, so much sink: requirements 
for afterdepolarisations to propagate in tissue. Biophys J 2010;99:1408–1415.

27. Houser SR. When does spontaneous sarcoplasmic reticulum Ca2+ release cause a trig-
gered arrythmia? Cellular versus tissue requirements. Circ Res 2000;87:725–727.

28. Weiss JN, Garfinkel A, Karaguezian HS, Chen PS, Qu Z. Early afterdepolarisations and 
cardiac arrhythmias. Heart Rhythm 2010;7:1891–1899.

29. Liu W, Kim TY, Huang X, Liu MB, Koren G, Choi BR, Qu Z. Mechanisms linking T-wave 
alternans to spontaneous initiation of ventricular arrhythmias in rabbit models of long 
QT syndrome. J Physiol 2018;596:1341–1355.

30. Eckardt L, Haverkamp W, Borggrefe M, Breithardt G. Experimental models of torsade de 
pointes. Cardiovasc Res 1998;39:178–193.

31. Myles RC, Wang L, Kang C, Bers DM, Ripplinger CM. Local β-adrenergic stimulation 
overcomes source-sink mismatch to generate focal arrhythmia. Circ Res 2012;110: 
1454–1464.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/119/2/465/6612700 by guest on 06 April 2023

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac103#supplementary-data


476                                                                                                                                                                                            C. Alexander et al.

32. McIntosh MA, Cobbe SM, Smith GL. Heterogeneous changes in action potential and 
intracellular Ca2+ in left ventricular myocyte sub-types from rabbits with heart failure. 
Cardiovasc Res 2000;45:397–409.

33. Luo CH, Rudy Y. A dynamic model of the cardiac ventricular action 
potential. I. Simulations of ionic currents and concentration changes. Circ Res 1994;74: 
1071–1096.

34. Clerc L. Directional differences of impulse spread in trabecular muscle from mammalian 
heart. J Physiol 1976;255:335–346.

35. Vigmond EJ, Hughes M, Plank G, Leon LJ. Computational tools for modeling electrical ac-
tivity in cardiac tissue. J Electrocardiol 2003;36:69–74.

36. Rivaud MR, Bayer JD, Cluitmans M, van der Waal J, Bear LR, Boukens BJ, Belterman C, 
Gottlieb L, Vaillant F, Abell E, Dubois R, Meijborg VMF, Coronel R. Critical repolarisation 
gradients determine the induction of reentry-based torsade de pointes arrhythmia in 
models of long QT syndrome. Heart Rhythm 2020;18:278–287.

37. Brugada P, Wellens HJJ. Early afterdepolarisations: role in conduction block, “prolonged 
repolarisation-dependent reexcitation” and tachyarrhythmias in the human heart. PACE 
1985;8:889–896.

38. Dutta S, Michole A, Zachur E, Quin TA, Taggart P, Rodriguez B. Early afterdepolariza-
tions promote transmural reentry in ischemic human ventricles with reduced repolariza-
tion reserve. Prog Biophys Mol Biol 2016;120:236–248.

39. Madhvani RV, Angelini M, Xie Y, Pantazis A, Suriany S, Borgstrom NP, Garfinkel A, Qu Z, 
Weiss JN, Olcese RJ. Targeting the late component of the cardiac L-type Ca2+ current to 
suppress early afterdepolarizations. Gen Physiol 2015;145:395–404.

40. Pappano AJ. Calcium-dependent action potentials produced by catecholamines in 
Guinea pig atrial muscle fibers depolarized by potassium. Circ Res 1970;27:379–390.

41. Bailey JC, Elharrar V, Zipes DP. Slow-channel depolarization: mechanism and control of 
arrhythmias. Annu Rev Med 1978;29:417–426.

42. Shaw RM, Rudy Y. Electrophysiologic effects of acute myocardial ischemia: a theoretical 
study of altered cell excitability and action potential duration. Cardiovasc Res 1997;352: 
56–272.

43. Irvine LA, Jafri S, Winslow RL. Cardiac sodium channel markov model with temperature 
dependence and recovery from inactivation. Biophys J 1999;76:1868–1885.

44. Nichols CG, Makhina EN, Pearson WL, Sha Q, Lopatin AN. Inward rectification and im-
plications for cardiac excitability. Circ Res 1996;78:1–7.

45. Heitmann S, Shpak A, Vandenberg JI, Hill AP. Arrhythmogenic effects of ultra-long and 
bistable cardiac action potentials. PLoS Comput Biol 2021;17:e1008683.

46. Akar FG, Roth BG, Rosenbaum DR. Optical measurement of cell-to-cell coupling in intact 
heart using subthreshold electrical stimulation. Am J Physiol Heart Circ Physiol 2001;281: 
H533–H542.

47. Shaw RM, Rudy Y. Ionic mechanisms of propagation in cardiac tissue. Circ Res 1997; 81: 
727–741.

48. Jacobs A, Knight BP, McDonald KT, Burke MC. Verapamil decreases ventricular tachyar-
rhythmias in a patient with timothy syndrome (LQT8). Heart Rhythm 2006;3:967–970.

49. Lui Y, Xue Y, Wu S, Duan J, Lin L, Wang L, Zhang C, Lui N, Bai R. Effect of verapamil in the 
treatment of type 2 long QT syndrome is not a dose-dependent pattern: a study from 
bedside to bench, and back. Eur Heart J Suppl 2016;18A:A37–A46.

50. Kawade M, Ohe T, Kamiya T. Provocative testing and drug response in a patient with the 
long QT syndrome. Br Heart J 1995;74:67–70.

51. Jackman WM, Szabo B, Friday KJ, Margolis PD, Moulton K, Wang X, Patterson E, Lazzarra 
R. Ventricular tachyarrhythmias related to early afterdepolarisations and triggered firing: 
relationship to QT interval prolongation and potential therapeutic role for calcium chan-
nel blocking agents. J Cardiovasc Electrophysiol 1990;1:170–195.

52. Shimizu W, Ohe T, Kurita T, Kawade M, Arakaki Y, Aihara N, Kamakura S, Kamiya T, 
Shimomura K. Effects of verapamil and propranolol on early afterdepolarisations and 
ventricular arrhythmias induced by epinephrine in congenital long QT syndrome. J Am 
Coll Cardiol 1995;26:1299–1309.

53. Shen JB, Jiang B, Pappano AJ. Comparison of L-type calcium channel blockade by nifedi-
pine and/or cadmium in Guinea pig ventricular myocytes. J Pharmacol Exp Ther 2000;294: 
562–570.

54. Johnson DM, Heijman J, Bode EF, Greensmith DJ, van der Linde H, Abi-Gerges N, Eisner 
DA, Trafford AW, Volders PG. Diastolic spontaneous calcium release from the sarco-
plasmic reticulum increases beat-to-beat variability of repolarisation in canine ventricular 
myocytes after β-adrenergic stimulation. Circ Res 2013;112:246–256.

55. Bishop MJ, Connolly A, Plank G. Structural heterogeneity modulates effective refractory 
period: a mechanism of focal arrhythmia initiation. PLoS One 2014;9:e109754.

56. Hoffmann P, Warner B. Are hERG channel inhibition and QT interval prolongation all 
there is in drug-induced torsadogenesis? A review of emerging trends. J Pharmacol 
Toxicol Methods 2006;53:87–105.

57. Mirams GR, Cui Y, Sher A, Fink M, Cooper J, Heath BM, McMahon NC, Gavaghan DJ, 
Noble D. Simulation of multiple ion channel block provides improved early prediction 
of compounds’ clinical torsadogenic risk. Cardiovasc Res 2011;91:53–61.

58. Ballouz S, Mangala MM, Perry MD, Heitmann S, Gillis JA, Hill AP, Vandenberg JI. 
Co-expression of calcium and hERG potassium channels reduces the incidence of proar-
rhythmic events. Cardiovasc Res 2021;117:2216–2227.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/119/2/465/6612700 by guest on 06 April 2023


	Initiation of ventricular arrhythmia in the acquired long QT syndrome
	1. Introduction
	2. Methods
	2.1 Experimental studies
	2.1.1 Langendorff-perfused rabbit hearts
	2.1.2 Dual optical mapping of voltage and calcium
	2.1.3 Experimental protocols
	2.1.4 Data analysis

	2.2 Computational modelling studies
	2.2.1 Model set-up
	2.2.2 Electrophysiological properties
	2.2.3 Pacing protocol
	2.2.4 Data analysis


	3. Results
	3.1 Focal triggering of VAs in pharmacological LQTS
	3.2 Electrotonic triggering of focal PVCs in areas of steep VGs
	3.3 VGs alone can trigger ectopic beats
	3.4 Evidence for LTCC activation during electrotonic triggering
	3.5 LTCC blockade abolishes VA
	3.6 Threshold ICaL required for electrotonic triggering in silico

	4. Discussion
	4.1 Discrete regions of APD prolongation are bounded by steep VGs
	4.2 Role of EADs in LQTS-associated arrhythmias in myocardial tissue
	4.3. Electrotonic triggering by steep VGs in tissue
	4.4 A key role for ICaL in electrotonic triggering
	4.5 Role of ICaL window current
	4.6 Electrophysiological basis for VG-mediated PVCs
	4.7 LTCC blockers as a therapeutic strategy in patients with iLQTS
	4.8 Limitations
	4.8.1 Relevance of the experimental model
	4.8.2 Origin of PVCs mapped from the epicardial surface
	4.8.3 Focal and re-entrant mechanisms of TdP
	4.8.4 Computational modelling

	4.9 Implications for risk stratification

	5. Summary
	Supplementary material
	Acknowledgements
	Funding
	Data availability
	References




