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Perpetuation of torsade de pointes in heterogeneous
hearts: competing foci or re-entry?
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Key points

e The underlying mechanism of torsade de pointes (TdP) remains of debate: perpetuation may
be due to (1) focal activity or (2) re-entrant activity.

® The onset of TdP correlates with action potential heterogeneities in different regions of the
heart.

e We studied the mechanism of perpetuation of TdP in silico using a 2D model of human cardiac
tissue and an anatomically accurate model of the ventricles of the human heart.

e We found that the mechanism of perpetuation TdP depends on the degree of heterogeneity. If
the degree of heterogeneity is large, focal activity alone can sustain a TdP, otherwise re-entrant
activity emerges.

e This result can help to understand the relationship between the mechanisms of TdP and tissue
properties and may help in developing new drugs against it.

Abstract Torsade de pointes (TdP) can be the consequence of cardiac remodelling, drug effects
or a combination of both. The mechanism underlying TdP is unclear, and may involve triggered
focal activity or re-entry. Recent work by our group has indicated that both cases may exist, i.e.
TdPs induced in the chronic atrioventricular block (CAVB) dog model may have a focal origin
or are due to re-entry. Also it was found that heterogeneities might play an important role. In
the current study we have used computational modelling to further investigate the mechanisms
involved in TdP initiation and perpetuation, especially in the CAVB dog model, by the addition of
heterogeneities with reduced repolarization reserve in comparison with the surrounding tissue.
For this, the TNNP computer model was used for computations. We demonstrated in 2D and
3D simulations that ECGs with the typical TdP morphology can be caused by both multiple
competing foci and re-entry circuits as a result of introduction of heterogeneities, depending
on whether the heterogeneities have a large or a smaller reduced repolarization reserve in
comparison with the surrounding tissue. Large heterogeneities can produce ectopic TdP, while
smaller heterogeneities will produce re-entry-type TdP.
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Introduction appearance on the ECG, in contrast to a monomorphic
arrhythmia that has a regular pattern. A prevalent subtype
of a polymorphic arrhythmia is the torsade de pointes
(TdP), which shows a typical ‘twisting of the points’. The

Abnormalities in ventricular impulse formation and
conduction can lead to cardiac arrhythmias. Polymorphic
arrhythmias are characterized by a complex non-periodic
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amplitude of the excitation peaks shows a slowly varying
amplitude, something that is not observed with other
forms of polymorphic arrhythmia.

The occurrence of a TdP is usually preceded by
prolongation of ventricular repolarization, which can be
detected as increased QT interval or prolonged duration
of the ventricular activation—repolarization interval or
monophasic action potential duration. In most cases,
prolongation of repolarization is caused by inhibition of
key repolarizing potassium ion currents (e.g. Ix, or Ixs)
or enhanced depolarizing currents (e.g. Inglate OF IcaL)-
Roden (1998) introduced the term ‘repolarization reserve’
to describe the extent to which the heart can withstand
challenges to its repolarizing mechanisms. Challenges that
may affect repolarization reserve are also associated with
TdP incidence, and include mutations in genes encoding
cardiac ion channels or adverse drug effects (Morita et al.
2008; Kannankeril et al. 2010).

Clearly, prevention of dangerous drug side-effects such
as TdP is a critical factor in drug development. Under-
standing the mechanisms of TdP is of key importance
to the pharmaceutical industry. Half of the drugs that
were withdrawn from the market since 1998 in the USA
were withdrawn due to cardiac side effects and consequent
arrhythmias (Noble, 2002). Unfortunately our under-
standing of the mechanisms underlying TdP and its typical
appearance on the ECG is limited. The mechanisms of
TdP have been studied in many clinical, experimental and
computational set-ups (Asano ef al. 1997; El-Sherif et al.
1997; Murakawa et al. 1997; Senges et al. 2000; Volders et al.
2000; Choi et al. 2002; Kozhevnikov et al. 2002; Schreiner
et al. 2004; Sipido et al. 2007; Oros et al. 2008; Boulaksil
et al. 2011). An important step was the development of
several specific animal models in which TdP could be
induced (Volders et al. 2000; Sipido et al. 2007; Oros
et al. 2008). In all these models the researchers induced
tissue remodelling, which resulted in prolongation of
the QT interval and onset of early afterdepolarizations
(EADs), which are defined as a premature depolarization
of the action potential (AP) before normal completion
of repolarization (Asano et al. 1997; El-Sherif et al. 1997;
Murakawa et al. 1997; Senges et al. 2000; Choi et al. 2002;
Kozhevnikov et al. 2002; Schreiner et al. 2004). In most
studies TdP was initiated by ectopic beats triggered by
EADs. However, it remains unclear by which mechanism
ectopic beats are perpetuated, and deteriorate into TdP.

One such animal model is the chronic atrioventricular
block (CVAB) dog model, in which tissue remodelling
that reduces repolarization reserve is triggered by the
creation of an AV block (Vos et al. 1998). After that, the
drug dofetilide is applied which further prolongs after-
depolarization duration (APD). Directly after causing AV
block, administration of dofetilide does not cause ectopic
beats or TdP; only after several weeks of remodelling
does dofetilide administration cause ectopic beats in all
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dogs, and TdP in most dogs (7/10). Liu & Laurita (2005)
and Maruyama et al. (2011) suggested that ectopic beats
originated from the region with the largest heterogeneity
in APD, a property also observed in the CAVB dog.

Two main mechanisms have been suggested as an
explanation for the typical ECG and perpetuation of
TdP, appearance of re-entry circuits and ectopic activity.
As the ECG during a TdP changes gradually, both
re-entrant and ectopic activity were assumed to be
non-stationary. For re-entrant activity this may be duetoa
heterogeneity-induced drift of a re-entry circuit (Rudenko
& Panfilov, 1983; Abildskov & Lux, 1991; Panfilov & Vasiev,
1991; Gray et al. 1995; Abildskov & Lux, 2000; Schmitt
et al. 2001) or meandering of a re-entry spiral (Winfree,
1995; Asano et al. 1997; El-Sherif et al. 1997). Alternatively,
ectopic beats originating from different locations (Asano
et al. 1997; Boulaksil et al. 2011) may underlie TdP. The
latter is supported by early work in which ECGs with
typical TdP appearance could be reproduced by pacing
the left ventricle at a constant cycle length of 245 ms while
pacing the right ventricle at slightly variable cycle lengths
(230-260 ms) (D’Alnoncourt et al. 1982). In a recent study
we found that in the drug-induced CAVB dog, 90% of the
cases of self-terminating TdP are perpetuated by ectopic
activity (Boulaksil et al. 2011). The origin of the first
activation varied from beat to beat, and for certain beats a
competition between two foci was observed.

Therefore, it remains an open question why and how
these ectopic beats emerge and compete and what their
relationship is to observed EAD activity. One of the
difficulties in studying these processes experimentally is
that it requires detailed studies of the substrate at locations
where such foci occur, but these locations are not a priori
known. Development of ectopic beats can be examined in
computer simulations without this limitation, using a wide
range of possible parameters affecting cardiac excitability
and tissue architecture and they thus provide valuable
information for further experimentation.

In this study we used computer simulations to
investigate the involvement of heterogeneities in TdP that
reflect the situation in the CAVB dog, and extended it to
human ventricular tissue. We did not aim to reproduce
the exact mechanism of tissue remodelling that occurs
in the CAVB dog model, but we built our research on
our previous studies of EAD generation in the human
TNNP model (Vandersickel et al. 2014). We considered
a heterogeneity with a reduced repolarization reserve in
comparison with the surrounding tissue. As experiments
cannot characterize the degree of heterogeneity in detail,
we have considered two possible set-ups: a heterogeneity
with (1) substantially reduced and (2) moderately
reduced repolarization reserve in comparison with the
surrounding tissue, which we will refer to as a large and
a small heterogeneity. Next, we have uniformly decreased
the repolarization reserve in the whole tissue to account for
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remodelling which takes place in the CAVB dog model. On
top of that, we blocked I, to model the effect of dofetilide
administration. We found that under such conditions we
can obtain arrhythmias which have a gradual twisting
of the QRS complex around the isoelectric line, typical
for TdP. The mechanisms of TdP were: ectopic activity
for large heterogeneity, and re-entrant activity for small
heterogeneity. Also, an important requirement for the
occurrence of ectopic activity was the inability of the
surrounding tissue to exhibit EAD activity. We also explain
how the presence of heterogeneities leads to an arrhythmia
such as TdP and discuss the application of these results for
further experimental and clinical studies.

Methods
2D slice simulations

The two-dimensional (2D) tissue simulations were
performed in a transmural section of the heart. The
tissue had a size of 12.8 cm (length) by 2 cm (transmural
thickness). In this paper, we used the recent TNNP model
for human ventricle cells (ten Tusscher et al. 2004; ten
Tusscher & Panfilov, 2006), which was constructed on
a wide range of human-based electrophysiological data.
First, two different cell types were implemented, epicardial
and endocardial (ten Tusscher et al. 2004; ten Tusscher &
Panfilov, 2006). The upper half of the tissue was end-
ocardial cells, while the lower half was epicardial cells. The
parameters for these regions were taken from ten Tusscher
et al. (2004) and ten Tusscher & Panfilov (2006). Then,
two heterogeneities were added to the tissue with different
sizes similar to those found experimentally by Glukhov
et al. (2010) to the 2D simulations. These heterogeneities
had a reduced repolarization reserve in comparison with
the surrounding tissue. For all the experiments performed,
inside the heterogeneities we took Mcell parameters of
ten Tusscher et al. (2004), which mainly reduces the
conductance of the I, current to 25% of its original value
and therefore increases the length of the APD. In this case,
the APD difference is around 60 ms, which is in the same
range as in Glukhov et al. (2010) (see Fig. 4).

In a first series of simulations (experiment 1): (1) we
fully blocked the Ik, current in the whole tissue, to model
the effect of dofetilide, a drug which blocks Ik, and (2) we
mimicked the effect of remodelling, which decreases the
repolarization reserve in the whole tissue, by increasing
Icar in the whole slice. For each subsequent experiment,
we further reduced the repolarization reserve in the whole
tissue by continuing to increase the conductance of I¢,;.
This increase ranged from 1 to 2.9 times its original
value. In conclusion, in this set of simulations, there is
a small difference of repolarization reserve between the
heterogeneity and the surrounding tissue (only by Ig;).
For a clarifying picture, please see the geometry in Fig. 1.
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In a second set of simulations (experiment 2), (1) we
have further reduced the repolarization reserve inside the
heterogeneity by increasing the conductance of the L-type
Ca current only inside the heterogeneity to 2.5 times its
original value. (2) We again fully blocked the Ik, current
in the whole tissue, and (3) we again modelled the effect
of the remodelling in the dog model by subsequently
increasing the L-type Ca current in the whole slice for
each subsequent experiment. In this set of simulations, we
therefore have a large difference in repolarization reserve
between the heterogeneity and the surrounding tissue. For
a clarifying picture, please see the geometry in Fig. 3.

All our 2D simulations have been carried out with a
diffusion of D = 0.00154 cm? ms™, a time step 0f 0.02 ms
and a space step of 0.25 mm in both xand y directions. The
explicit Euler integration scheme was used, via Neumann
(i.e. no-flux) boundary conditions. Each cardiomyocyte
was coupled to its four neighbouring cardiomyocytes. The
tissue was paced with two different frequencies, 1 and/or
1.4 Hz. No qualitative differences were found between
these two frequencies.

For the 2D simulations, pseudo ECGs were created by
using the following formula:

ECG(1) = / W:)—F(mcﬂs (1)

whereby d” Srepresents the surface we are studying, v V(¢)
is the gradient of the corresponding point at the surface,
and 7 is a vector, for which the x and y position can be
chosen at a certain location in the tissue, while placed at
a perpendicular distance of 2.5 cm pointing to the surface
(Z=12.5cm).

Whole heart simulations

For the whole heart simulations, we used an anatomically
accurate model of the human ventricles (Tusscher et al.
2007). We introduced epi- and endocardial cells using
the following algorithm. For each point, the shortest
distance to the inner and outer walls were measured. If
the inner or outer wall was closer to this point, is was
set as an endocardial/epicardial cell type. This resulted
in approximately 50% epicardial and 50% endocardial
cells. We then added patchy localizations of heterogeneities
with sizes based on the measurements of Glukhov et al.
(2010), spheres with a radius in the range of 0.5 cm, at
random locations in the heart. We repeated exactly the
same protocols of the 2D simulations.

All simulations were performed on a GeForce GTX
680 and a GeForce GTX Titan, with single precision.
Testing was also done with double precision and no sub-
stantial differences were found. Further details on the
integration algorithm and numerical methods can be
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Experiment 1: TdP by re-entry
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Paced beat Ectopic beat from the left and right heterogeneity,
simultaneous with endocardial pacing
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Figure 1. Excitation patterns with homogeneous reduction of RR in the 2D tissue with two
heterogeneities with a smaller difference in RR between the heterogeneity and the surrounding tissue
Inside the heterogeneities /ks was lowered. In the whole tissue, /ca. Was increased 2-fold to model the effect of
remodelling, while /¢, was blocked to represent the action of dofetilide. First, ectopic beats were generated by
the heterogeneities (e.g. voltage map 2, t = 5.4). Then, due to conduction block, at t = 10.2 s a spiral wave
started to anchor around the first heterogeneity in anticlockwise direction (voltage map 3), while in voltage map
4 the wave is rotated anticlockwise around the second (right) heterogeneity at t = 17.4 s.
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found in Tusscher et al. (2007) and Defauw et al. (2013).
For the 3D simulations, pseudo-ECGs were calculated in
a similar fashion as in eqn (2):

st | (L-2ITU0)

whereby D is the diffusion tensor.

d’r (2)

Results

As explained in the Introduction and Methods, we
investigated two different cases, (1) heterogeneities with
large reduced repolarization reserve in comparison
with the surrounding tissue, and (2) heterogeneities with
smaller reduced repolarization reserve in comparison with
the surrounding tissue. In all cases I, was fully blocked
in the whole tissue, while inside the heterogeneity Ik, was
always reduced by 25%.

2D simulations

In all the 2D experiments, we have chosen two slightly
different sizes of these heterogeneities as in cardiac tissue
heterogeneities are unlikely to have identical sizes (see
Figs 1 and 3).

Small heterogeneities: TdP by re-entry. In this case, we
gradually reduced the repolarization reserve by gradually
increasing the L-type Ca current in the whole tissue
for each subsequent experiment. Therefore, in this
experiment, only Ik, was reduced inside the heterogeneity.
To initiate an arrhythmia we performed a burst pacing of
1.4 Hz of the tissue for 10 s at the endocardial side, and
then studied excitation patterns for another 20 s without
external pacing.

First, in these sets of experiments, we found that for the
global parameter value 1.8 x G, occasionally ectopic
beats were generated from the heterogeneities, but they
were not sustained after we stopped pacing (see also the
ECG in Fig. 2).

Secondly, for an increase of 2 x G¢,. in the whole
tissue, we found that a re-entry wave was formed around
the heterogeneities. In Fig. 1, we show the voltage maps
for this particular increase Gc,r, and in Movie S1 (see
Supplementary Material) we show a movie combined
with the ECG. First, at time = 5.474 s a first ectopic
beat originated from the left heterogeneity, while almost
simultaneously, at t+ = 5.6 s an ectopic beat originated
from the right heterogeneity (R) as well as from the left
heterogeneity (L) (see also the voltage map 1 in Fig. 1).
Then, additional ectopic beats were created at t = 6.3 s
(L), t=7.6s(L), t=9.0s (L) and t=9.6 s (L). Then at
t=10.2 s an ectopic beat came from the left heterogeneity,
while in the surrounding tissue an island of EADs (Tran
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et al. 2009) was generated close to the ectopic beat, which
caused conduction block in the upper direction of the
wave. Therefore, the wave could only progress in anti-
clockwise direction around the first heterogeneity, and a
re-entry wave was formed. This is also shown in voltage
map 3 (Fig. 3). From that moment, complex dynamics
were displayed, where ectopic beats were generated by both
heterogeneties and interacted with the surrounding tissue
where islands of EADs were generated, creating complex
rotations around the two heterogeneities. For example,
at t = 17.4 s, the wave rotated anticlockwise around
the second heterogeneity (see voltage map 4; Fig. 3).
Interestingly, this rotation was able to change direction,
due to conduction block formed by EAD activity in the
surrounding tissue and at t = 24.0 s the wave changed its
direction and started to rotate clockwise around the second
heterogeneity. This particular movement of the spiral wave
also gave rise to TdP-like ECGs (Fig. 1). Similar excitation
patterns were found for an increase of 2.1 — 2.3 X G,

Thirdly, with a further reduction of the repolarization
reserve (> 2.3 X Gc,1), the patterns become very chaotic
with multiple short living spirals present, in combination
with focal activity of the surrounding tissue at the
EAD islands becoming more prominent. The observed
patterns showed co-existence of Na™-mediated and L-type
Ca*t-mediated activation wavefronts (Chang et al. 2012;
Vandersickel et al. 2014), and resembled the SFb type we
have described earlier (Vandersickel ef al. 2014). L-type
Ca-mediated waves are generated due to a reactivation
of the L-type Ca’" current at a threshold of about
—20 mV, which generates EADs in single cells. As this
threshold is higher than the threshold for activation
of sodium channels, it is possible for a wave to be
only Ca’"-mediated. In the tissue simulation, waves also
formed due to normal Na™ activation of the cells. This
gave rise to ventricular fibrillation (VF)-like ECG, as can
be seen in Fig. 2.

Large heterogeneities in repolarization reserve: TdP
possible only by ectopic activity. In the second set of
simulations, we paced the tissue for 10 s at the end-
ocardial side, and then studied excitation patterns for
another 20 s without external pacing. To have a larger
heterogeneity, we have decreased the repolarization reserve
inside the heterogeneity by increasing the conductance
of Ic, to 2.5 times its original value, thereby increasing
the difference in repolarization reserve between the
heterogeneity and the surrounding tissue. As explained
above, we then reduced the repolarization reserve in the
whole tissue by increasing I,y in the whole tissue.

For the case of large heterogeneity we found the
following changes in the excitation patterns while reducing
repolarization reserve (RR) in the whole tissue (Fig. 4).
First, we found a gradual emergence of ectopic beats:
starting with a single and progressing to multiple ectopic
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beats (see Fig. 4, for the original values of G <
2.25, G < 1). With further reduction of RR we found
sustained ectopic activity, i.e. ectopic beats emerging from
the heterogeneities that persisted after we stopped pacing
the tissue. For the parameter value 2.25 < G| < 2.95
and 1.0 < G| < 1.7, we therefore found a TdP-like ECG
only maintained by ectopic activity stemming from the
heterogeneities. Reducing the RR even more, we found
that the surrounding tissue started to exhibit EADs and
again a re-entrant type of TdP was found, as disussed in
the previous section.

To illustrate a TdP due to ectopic activity in more
detail, Fig. 3 shows that the location from which ectopic
beats arise in our simulations is not fixed. First, within
a particular heterogeneity it could arise from different
locations, i.e. top, bottom or sides of the heterogeneity. In
general, we observed that ectopic beats could arise from
any direction of the heterogeneity region. Secondly, we
found that the ectopic beats had interesting dynamics
(Fig. 3). The ectopic beat could arise from the left (L)
heterogeneity (voltage map 3, at + = 3.3 s) and the
right (R) heterogeneity (voltage map 4, at t = 11.1 s).
Moreover, we often found that ectopic activation emerged
simultaneously at the different sites (voltage map 2, at
t = 2.8 s). Similar excitation patterns have also been
reported experimentally (Boulaksil ef al. 2011). The most

Reducing RR in the whole tissue
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important finding was that in spite of different sizes and
locations, there was no dominating heterogeneity and the
ectopic sites could alternate between them (see also Movie
S2). These dynamics between the two heterogeneitiesled to
an ECG that resembled that of a TdP. Indeed, an important
diagnostic feature of TdP is a gradual twisting of the QRS
complex around the isoelectric baseline, which is normally
seen as a change in ECG amplitude (Dessertenne, 1966).
Figure 3 also shows the ECG generated for the simulation.
There was a gradual change in ECG amplitude, which is
similar to that of TdP and certainly similar to a poly-
morphic ventricular tachycardia (PVT). In Fig. 3, we have
indicated which heterogeneity gave rise to an ectopic beat.
The corresponding voltage maps for Fig. 3 are given in
Movie S2, together with the ECG.

Whole heart simulations

We also studied if the heterogeneities considered in the
simulation sets 1 and 2 can produce ectopic beats/re-entry
in the whole heart. For this, we conducted simulations
using anatomically accurate model ventricles of the human
heart in which, as in the previous sections, we set
heterogeneities with lower repolarization reserve than in
the surrounding tissue. Again, we reduced I, inside the
heterogeneous regions to 25% of its original value to

1s

2.5 % Goa WWWW
24% Gou W\VM\MWWWMWMWMWWM
23X Geal WMMM{V\/WWMWWWWMM
2.2 % Gea. WWWWWMWWWWW
21 Gou WWWWWMWMNMMMW
20 Gea WWMUMWWW

Figure 2. ECGs for different parameter sets of G¢,. of the simulation shown in Fig. 1

GaL varies from 1.8 times its original value to 2.5 times its original value. In the first two simulations, only ectopic
beats were recorded, but no re-entry was formed. There were also no EADs recorded in the surrounding tissue. For
2.0 x Geal — 2.3 x Geg re-entry was observed, but due to EAD formation in the surrounding tissue, the pattern
of re-entry was disturbed and became more chaotic. VF was initiated for > 2.3 x G¢a.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Experiment 2: TdP by focal activity
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Figure 3. Large difference in RR between the heterogeneity and the surrounding tissue
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The myocardial slice represented in the geometry was paced from the endocardial side with pacing rate of 1.4 Hz,
for 10 s. An additional 20 s was simulated without pacing. Inside the heterogeneities /xs was lowered, and /ca.
was increased 2.65 times; outside the heterogeneity /¢4 was increased 1.4 times. In the whole tissue, /¢, was
blocked. During the simulation, ectopic beats were produced in different configurations as presented in the voltage
maps: emerging from the left (L) heterogeneity (voltage map 3, at t = 3.3 s), from the right (R) heterogeneity
(voltage map 4, at t = 11.1 s) or from both simultaneously (activation map 2, at t = 2.8 s). The next panel
represents the ECG, whereby the electrode for measuring the ECG was placed 2.5 cm above the black point
indicated by the geometry. L and R represent the ectopic beats that arose from the left heterogeneity (L) or the
right heterogeneity (R). Action potentials and are shown for this particular simulation, inside the heterogeneity
and outside the heterogeneity (endocardium and epicardium).

model a small heterogeneity. For large heterogeneities, we
additionally increased I,y to three times its original value
to model large heterogeneities. Subsequently, we blocked
Ix: to model the effect of dofetilide. We also increased
G, in the whole tissue to account for the effect of the
remodelling.

Small heterogeneities with EADs in the surrounding
tissue: TdP by re-entry. In the whole heart simulations,
we simulated one or multiple heterogeneities with variable
sizes, whereby the surrounding tissue displayed EADs.
The results of these simulations were similar for a single
and multiple heterogeneities, and therefore we illustrate
them here for the case of a single circular heterogeneity
1 cm in size (Fig. 5). G¢a. was increased to three times
it original value inside the heterogeneity, and 2.05 times
outside the heterogeneity. The results found are similar as
in the 2D simulations, although patterns could become
more complex due to the 3D nature of the heart. First,
at t = 0 s (Fig. 5(1)), an endocardial beat was given,
while in the first 7 s, eight ectopic beats stemming from
the heterogeneity (E) arose spontaneously. After 7 s, the
ectopic beats started to interact with islands of EAD,
generated in the surrounding tissue, thereby leading to
re-entry, as described in the 2D case. This is presented
in Movie S3. This led to more chaotic multiple waves as
shown in Fig. 5(3), or to a re-entrant wave around the
heterogeneity as can be seen in Fig. 5(4). The ECG had
a typical pattern of a TdP, with undulation of the signal.
Note that in this case, only one heterogeneity is enough to
get a TdP-like signal, while in the case of ectopic beats only,
multiple heterogeneities are required for a PVT. We further
reduced the repolarization reserve outside the tissue in five
steps by increasing G ¢, up to 2.25 times its original value,
again resulting in TdP-like ECGs. For larger reductions of
the repolarization reserve, the TdP degenerated into VE.

We performed the same set of simulations with (1) a
smaller sized heterogeneity (circular radius of 0.75 cm)
and (2) with two heterogeneities of the same size with the
same parameter ranges, and similar ECGs and patterns
were always observed. In Fig. 6 we present an example
where a clear twisting of the axis was observed: low
amplitude in one ECG at one location can correspond
to high amplitude in an ECG at a different location.

Large heterogeneities in repolarization reserve with no
EADs in the surrounding tissue: TdP by ectopic activity.
In this set of simulations, we set two different circular
heterogeneities with a radius of 0.75 cm at random
locations in the heart. The repolarization reserve was
reduced in the surrounding tissue in exactly the same way
as in the 2D case.

We paced the heart from the endocardial side with a
frequency of 1.4 Hz. We found very similar results as in
the 2D model. In Fig. 7(1) the endocardial beat is shown.
From these frames, is it clear that the heterogeneity has
a longer APD. However, due to electrotonic coupling,
no ectopic beat was produced for the first paced beat.
Subsequently, after about 1.89 s, see Fig. 7(2), the top
heterogeneity produced an ectopic beat (T), while in
Fig. 7(4) the lower site (B) fired an ectopic beat at
t = 7.26. It was also possible that both heterogeneities
fired an ectopic beat simultaneously, as shown in
Fig. 7(3). In Fig. 7 we present the corresponding ECG from
this simulation. Similar to the 2D simulation, we found
that the ECG has the characteristics of a polymorphic
VT. The location of the beats from the heterogeneities are
indicated with B and T. This ECG shows a gradual change
in amplitude similar to TdP produced by undulation when
the top heterogeneity takes over from the bottom. In the
Supplementary Material, the full movie is presented with
the corresponding time location indicated on the ECG
(Movie S4).

Discussion

TdP is often assumed to be caused by triggered activity
related to EADs (Boulaksil et al. 2011). However, the
mechanism of perpetuation remains of debate. Two
mechanisms were put forward to explain TdP, re-entry
and ectopic activity (Belardinelli ef al. 2003). It was shown
that moving sites of re-entry caused by a heterogeneity can
give rise to TdP-like ECGs (Abildskov & Lux, 1991, 2000).
Another possibility is a quasi-periodically meandering
spiral wave (Winfree, 1995), which also gives rise to
TdP-like ECGs. Secondly, focal activity was put forward
as a possible source of continuation (Murakawa et al.
1997; Senges et al. 2000; Choi et al. 2002; Schreiner et al.
2004). Moreover, in the CAVB model, it was clearly shown

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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that focal activity is the most important mechanism for
continuation of TdP and these foci can lie in different
locations in the heart (Boulaksil et al. 2011). Also, in
these studies it has been suggested that heterogeneities
could play an important role. In the canine CAVB model,
electrical remodelling takes place due to bradycardia
and altered ventricular activation. This is crucial for
the development of TdPs. However, it takes place in a
non-uniform way, and therefore it might be related to
locations of the foci.
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One rationale for this research was to understand why
experimental studies show that in similar situations a
TdP can be driven either by focal activity or by re-entry.
In addition, how the focal activity can emerge due to
EADs was not properly addressed in previous studies.
Our study addresses both of these questions. First (in
the case of small heterogeneities), we found that focal
activity can easily deteriorate into re-entrant activity, and
in our simulations a hallmark of such transitions was the
possibility of the onset of EADs in the surrounding tissue.

sjeaq o1dojos Ag dpL

Figure 4. ECGs for different parameter sets of Gc,. inside and outside the heterogeneities of the

simulation shown in Fig. 3

GaL outside varies from 0.9 times its original value to 2.7 times its original value, while Gc, inside varies from 2.15
times to 3.95 times it original value (G, = G4t + 1.25). For G2 we observed dynamic interaction between
the two heterogeneities, which gave rise to TdP-like ECGs. However, when GIt > 1.7x its original value, the

ectopic beats degenerated into re-entry-type TdP. For G

VF. RR, repolarization reserve.
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Note that the re-entry type is not stable; new re-entry
waves are formed and dissapear due to the interaction
with islands of EADs, which form conduction blocks.
These islands of EADs were shown to be formed due to
chaos synchronization (Tran ef al. 2009). Secondly (in the
case of large heterogeneities), we showed that only focal
EAD activity can also induce TdP-like ECGs, although for
that the tissue needs to have several heterogeneities. In
that case the ectopic activity can occur at these various
locations of heterogeneity and interaction of these ectopic
beats produces an ECG similar to that of TdP. Interestingly,
for multiple heterogeneities we do not see a dominance of
one heterogeneity and observe their complex interaction.

Based on these results we can provide the following
explanation for the TdPs observed in the canine CAVB
model. As the experimental protocols result in a reduction
of repolarization reserve in both ventricles (due to

(1) t = Os: endocardial beat

(2) t = 1.3s ectopic beat

AJ$VVW“AAKWVVVWﬂ

3 4
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remodelling and application of dofetilide), then for a large
reduction of repolarization reserve eventually all tissue
can become prone to EAD generation and thus we would
expect a re-entrant mechanism of TdP of VE. However,
if the tissue initially had multiple heterogeneous regions
with large heterogeneities, then a uniform reduction of
repolarization reserve can result in conditions of focal TdP
as shown here. We therefore conclude that ectopic TdP is
more likely to occur in highly heterogeneous tissue.

In our simulations we applied external stimulation with
a given period independently of the excitation pattern.
This is different from sinus node excitation, as a pre-
mature ventricular contraction (PVC) can reset a phase
of sinoatrial node (SA) excitation, which is not the case
in our stimulation protocol. To avoid possible effects of
this shortcoming for the results of our paper, we have
repeated the simulation of Fig. 1, whereby we only paced

3) t = 28s multiple waves

4) t = 29.6s spiral anticlockwise
around heterogeneity

v ,LWWW(\(\ﬁw\wmﬂr\ﬂ/“f}“’\w

%fﬂ\ﬁwwwMVNA”U\ﬁﬂﬁ”v““AJ

Figure 5. Whole heart excitation patterns for smaller differences in repolarization reserve between the
heterogeneity and the surrounding tissue, whereby the surrounding tissue exhibits EADs

Frame 1 at time = 0 s shows an endocardial beat. The left frame represent the wave, while the right frames
only show the wavefront. Inside the heterogeneities /xs was lowered, and /¢4 was increased 3-fold; outside the
heterogeneity /ca. was increased 2.05-fold. In the whole tissue /x, was blocked. The bottom panel represents
the ECG, with the measurement electrode placed 2.5 cm from the top of the heart. During the simulation, first
an ectopic beat was generated (frame 2 at t = 1.3 s). Later multiple ectopic beats (E) were generated which
degenerated into re-entry due to EAD activity in the surrounding tissue. At t = 28, we observed multiple waves,
which gave rise to a fibrillatory ECG while at t = 29.6 s, a clear spiral wave was observed which rotated around
the heterogeneity The four time episodes of the frames above are indicated in red.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society



J Physiol 594.23

when no ectopic beats were present and in the presence
of waves generated by ectopic activity stimulation was
disconnected. The results of this simulation are shown in
Movie S5. The resulting pattern was not affected by this
change in pacing protocol.

We believe that our results can be applied not only
for the CAVB dog model. Maruyama et al. (2011) and
Liu & Laurita (2005) found that ectopic beat originated
from the steepest APD region, in the rabbit and dog
heart, respectively. Also, Glukhov et al. (2010) found
heterogeneities with the sizes used in our study in the
human heart. Therefore, it would be interesting to study
if the effects found in our study are also observed in the
above preparations under a decrease of the repolarization
reserve.

We did not aim here to reproduce the exact remodelling
of the CAVB dog model, but rather used our previous
studies on EAD generation (Vandersickel et al. 2014).
To accurately reproduce the experiments of the CAVB
dog, one needs the use a dog ventricular cell model
(model of Decker et al. 2009) and use an accurate
anatomical reconstruction (Nielsen et al. 1991) of the dog
ventricles. In addition, the model should include ionic
tissue remodelling based on measured experimental data.
However, we expect that the main results of our study
will not change substantially. This is because our pre-
vious results which involved various parameter changes
(Vandersickel et al. 2014) and even different cardiac
models (Zimik et al. 2015) have shown that the main
spatial regimes of excitation are largely determined by
the repolarization reserve and are largely model- and
parameter-independent.
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One possible form of heterogeneities might be M-cells.
Indeed, in previous experimental studies (Sicouri &
Antzelevitch, 1991; Sicouri & Antzelevitch, 1993), it
was shown that M-cells are much more prone to the
production of EADs and can show triggered activity.
Numerical studies by Richards et al. (2013) provided an
example of simulation in which wave dynamics in the
presence of M-cell regions produced a TdP-like ECG. It
would be interesting to study the mechanism underlying
these simulations and compare it with our study.

Kim et al. (2015) studied another possible mechanism
of PVT occurring in long QT1 syndrome in a transgenic
rabbit model. It was shown that PVT can occur as a result of
multiple shifting foci, which are not apparently connected
to the underlying heterogeneity of the heart. A similar
result was also reported in numerical simulations by Sato
et al. (2009) for modelling oxidative stress in the whole
rabbit heart. We have also observed multiple focal activity
not relataed to heterogeneity, when repolarization reserve
was reduced in the whole tissue. However, this did not
resemble a regular shift and in most cases such activity
quickly degenerated into VE. Our study also confirms the
coexistence of Na*-mediated and L-type Ca™-mediated
activation wavefronts reported by Kim et al. (2015). For
example in Fig. 2, in the top three ECGs, the observed
patterns show the coexistence of Na™-mediated and L-type
Ca’"-mediated activation wavefronts.

It is also interesting to note the difference between the
two different types of ECGs caused only by ectopic activity
and the re-entry type (see Fig. 1C, 3Cand Fig 2, 4). Clearly,
the re-entry gives more smooth ECGs, and in our opinion
might resemble more the typical TdP-like ECG. However,

At s s s o
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Figure 6. Whole heart ECGs from different locations with one heterogeneity with a circular size of

0.75 cm

The same parameters were used as in Fig. 5 whereby G, inside was enhanced 5-fold. The pseudo-ECG was
taken from three different locations, one at the top of the heart, one at the bottom and one from the side. This
provides a nice example of twisting of the axis. Low amplitude in the first ECG can correspond to high amplitude

in the third ECG.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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) t = 0s: endocardial pacing

) t = 1.89s: ectopic beat from the bottom (B) heterogeneity

vV

3) t = 3.29s: ectopic beat from both heterogeneities

\ A 4

4) t = 7.26s: ectopic beat from the top (T) heterogeneity

1s
T N e e |
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Figure 7. Whole heart excitation patterns for a large difference in repolarization reserve between the
heterogeneity and the surrounding tissue, whereby the surrounding tissue does not exhibit any EADs
Frame 1 shows an endocardial beat. Inside the heterogeneities /xs was lowered, and /ca. was increased
3.5-fold; outside the heterogeneity /¢4 was increased 1.5-fold. In the whole tissue /x; was blocked. During the
simulation, ectopic beats were produced coming from the different heterogeneities: emerging from the bottom
(B) heterogeneity (e.g. frames 3 at t = 1.89 s), from the top (T) heterogeneity (e.g. frames 4 at t = 7.26 s) or from
the both simultaneously (e.g. frames 3 at t = 3.29). The bottom panel represents the ECG, with the measurement
electrode placed above the heart. The four time episodes of the frames above are indicated in red.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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note that no clear definition of TdP exists. In most cases,
a PVT in combination with long QT syndrome is called
a TdP. In some cases this typical twisting is observed.
Therefore, for future research, it would be interesting to
compare both ECGs of the re-entry type with experimental
ECGs that have only ectopic activity, to examine the
difference between the two.

In conclusion, heterogeneities can be important for
the induction of TdP. First, they can be the initiator of
ectopic activity. If multiple heterogeneities are present,
this interaction between the different heterogeneities can
lead to a polymorphic VT. However, if the surrounding
tissue is prone to the generation of EADs, these ectopic
beats can lead to re-entry due to conduction block and
EAD-triggered activity in the surrounding tissue. This
gives a TdP-like ECG, with with the typical twisting of
the axis.
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Movies S1: TdP by reentry. This movie shows the voltage
maps of experiment 1 of 2D tissue in combintation with
the corresponding ECG.

Movies S2: TdP by focal activity. This movie shows the
voltage maps of experiment 2 of 2D tissue in combination
with the corresponding ECG.

Movies S3: TdP by reentry. This movie shows the voltage
maps of figure 5 in the whole heart in combination with
the ECG.

Movies $4: TdP by reentry. This movie shows the voltage
maps of figure 7 in the whole heart in combination with
the ECG.

Movies S5: The same simulation of Figure 1 (Movie S1),
whereby we only paced when no ectopic beats were pre-
sent. In the presence of waves generated by ectopic activity,
the tissue was not stimulated.
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