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Abstract

Early afterdepolarizations (EADs) are additional small
amplitude spikes during the repolarization phase of the ac-
tion potential. The presence of EADs strongly correlates
with the onset of dangerous cardiac arrhythmias. Most in
silico studies target various mechanisms of EAD forma-
tion and are mainly performed in animal models of car-
diac cells and at a single cell level. However, most EAD-
related cardiac arrhythmias feature complex spatial orga-
nization. Here, we first present our recent studies on 2D
spatial wave patterns in models of human ventricular tis-
sue with EAD-shaped action potentials. Next, we report
on our first steps in studies of EAD-related arrhythmias in
an anatomically accurate model of the human heart. For
these studies, we use a TP06 model modified to mimic the
effect of certain drugs. We show that from the initial con-
ditions representing normal excitation of the heart, we can
obtain two types of complex spatial patterns of excitation:
(1) of the re-entrant type produced by Ca waves and mainly
manifested as a complex focal activity on the surface of the
heart, due to transmural filament orientation. For a more
reduced repolarizaiton reserve, we also obtain (2) complex
spatial oscillatory patterns of excitation.

1. Introduction

Heart beat is initiated by an electrical wave of excita-
tion, which propagates through the cardiac tissue and initi-
ates cardiac contraction. Abnormal excitations of the heart
result in life-threatening cardiac arrhythmias. Sudden car-
diac death due to ventricular fibrillation accounts for more
than 400,000 deaths per year in the United States alone [1].
Understanding the mechanisms of initiation of cardiac ar-
rhythmias is one of the most important problems in basic
cardiology.

There are several factors shown to increase the proba-
bility of arrhythmia onset. One is the presence of EADs
[2,3]. In normal situations, the repolarization of action po-
tential during phases 2 and 3 is monotonous. In the case of
EADs, there is a reversal of the action potential before the
completion of its repolarization. EADs are found in many
forms of long QT syndrome and also occur as side effects

of some drugs, many of which were even not designed for
heart disease [4]. In many cases, the presence of EADs is
related to the onset of cardiac arrhythmias, including tor-
sades de pointes (TdP) [4].

The mechanisms of onset of EADs at a single cell level
have been addressed in many modeling studies. For ex-
ample, the mechanisms of EAD generation and their rate
dependency were studied in a guinea-pig cell model [5,6].
These and other studies demonstrated that EADs occur as
a result of decreases in the repolarization reserve, that can
be achieved either by increasing the inward currents or de-
creasing the outwards currents [4]. A detailed study of
EAD onset in the LR1 model with a wide range of pa-
rameters accounting for L-type Ca current was performed
by [7]. This study showed that with a reduction of the re-
polarization reserve, typical action potential morphology
changes from a normal action potential shape to EADs,
and then to non-repolarizing action potential.

However, as cardiac arrhythmias mainly occur at the tis-
sue or whole organ level, it is extremely important to study
which spatial excitation patterns can be expected in tissues
with cells showing EAD dynamics. Also, most previous
studies were performed using models of animal cells. The
aim of this paper is to review previous studies on EAD-
induced excitation patterns in models of human ventricu-
lar tissue and present new results regarding the manifesta-
tion of these patterns in an anatomical model of the human
heart.

2. Model and Numerical Methods

We use the following monodomain description [10] of
cardiac tissue:

Cm
∂Vm
∂t

=

(
∂

∂xi
Dij

∂Vm
∂xj

)
− Iion , (1)

where Dij is a diffusion matrix accounting for anisotropy
of cardiac tissue, i, j = 1...3, Cm is membrane capaci-
tance, Vm is transmembrane voltage, t is time, and Iion is
the total transmembrane ionic current given by the TP06
of human ventricular cardiomyocyte [8, 9] and is the sum
of the following ionic currents:

Iion = INa + IK1 + Ito + IKr + IKs + ICaL + INaCa (2)
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+INaK + IpCa + IpK + IbCa + IbNa (3)

The diffusion tensor is given by

Dij = (DL −DT )τiτj +DT δij , (4)

with δij the Kronecker symbol and τi a unit vector along
cardiac fibers.

For anatomical modeling of the human ventricles we
used the approach [11] with DL = 0.154mm2/ms and
DT = 1/4DL.

We used a finite difference approach with 18 points of
discretization:

Ṽij − Vij
∆t

=
1

∆x2

∑
i′j′

wij
i′j′Vi+i′,j+j′ − Iion (Vij , . . .) ,

(5)
where ∆t is the time step, ∆x is the space step, and wij

i′j′

are the weights corresponding to the diffusion tensor at lo-
cation i, j. For the gating variables, the Rush and Larsen
method was used. The model was implemented in C++
using the CUDA toolkit for offloading the computations to
the graphics cards. The program was run on an Intel Core
i7-3930K machine with two NVIDIA GTX 780 graphics
cards. A typical simulation of 1 sec of wave propagation
in the heart requires 13.5 CPU min.

Figure 1. Parametric space of different AP behavior in
TP06 model for human ventricular cells. The numbers on
the x axis give the multiplication factor for the maximal
calcium conductance, the y axis for the maximal conduc-
tance of IKr. Yellow, red, and blue colors indicate regions
in which the AP has no EAD, the AP appears with EADs,
and the AP does not return to the resting potential, respec-
tively.

3. 2D excitation patterns in EAD-prone
tissue

Before we consider excitation patterns in the anatomical
model of the heart, let us consider possible patterns which
occur in 2D tissue.

In [12–14], we studied spatial manifestations of EAD
patterns in two models of human ventricular tissue. To
obtains EADs, we have changed the balance between the
inward currents and outward currents. In particular, we
increased the value of ICaL or NCx and decreased the
values of the potassium currents (IKr or IKs). These
changes mimic the application of isoproterenol [5] and
potassium channel blockers [15], which are known pro-
moters of EADs.

Figure 1 shows plots of possible action potential shapes
that occur if ICaL is progressively increased and IKr is pro-
gressively decreased. We see that we have a progressive
change of the patterns from normal action potential, to sin-
gle EAD responses, and then to non-repolarizing triggered
activity with small amplitude oscillations.

Figure 2. Illustration of the different types of fibrilla-
tion induced by EADs. In Figure (a), a single spiral is
shown for standard parameters, (b) SFb for parameters
3.5×GCaL, 0.9×GKr, (c) SFa for parameters 4×GCaL,
0 × GKr and (d) the oscillatory pattern for parameters
5 ×GCaL, 0.1 ×GKr.

When we considered spatial dynamics in 2D tissue that
occur as the result of such single cell activity, we found the
three main types of dynamics illustrated in Figure 2.

For the initial conditions in the form of a single spiral
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wave, we can observe either normal situation: the spi-
ral wave remains intact (Figure 2a) or it can decay into
complex spatio-temporal patterns, which we call fibrilla-
tion. We found three different types of fibrillation. In the
first type, the wavefront is mediated by both INa and ICaL
currents, and the pattern consists of chaotic, unstable spi-
ral waves (Figure 2b). In the second type, the wavefront
is driven by ICaL and the pattern comprises stable and
unstable spirals, which have a much more distinct spiral
shape and are more persistent than those from type 1. The
third type of excitation patterns may consist of spirals or
point sources, which may have a complex spatial shape.
The wavefronts are driven by ICaL; however, the observed
waves here are phase waves, which, for example, cannot
be removed by placing multiple barriers to the tissue [12].
We have also found that the onset of EADs dramatically in-
creases the threshold of defibrillation [13], and in the case
of substantial decrease of the repolarization reserve, de-
fibrillation even becomes impossible. We have also found
[14] that the same types of excitation patterns are not re-
stricted by the TNNP/TP06 model, but they also occur in
the ORd model for human ventricular tissue [16].

Here, we extend our studies to an anatomically accurate
model of human ventricles and study the possible types of
excitation patterns that can be observed there.

4. Excitation patterns in EAD-prone tis-
sue in an anatomical mode of human
ventricles

Figures 3 and 4 show typical excitation patterns that oc-
cur in an anatomically accurate model of the ventricles of
the human heart. For better representation of wave dy-
namics we show the results of these 3D simulations on a
2D slice close to the base of the heart. We considered ho-
mogeneous tissue and, as in 2D simulations, progressively
decreased the repolarization reserve through an increase of
ICaL and a decrease of IKr. We initiated waves on the en-
docardial side of the heart, similar to normal cardiac exci-
tation, and we studied how EAD formation can lead to VF.
Figure 3 shows the typical excitation pattern that we ob-
tained for the parameter value 4×GCaL, 0.1×GKr. This
pattern is equivalent to SFa type VF, shown in 2D in Fig-
ure 2c. We observed many short-lived Ca-mediated scroll
waves inside the heart (see Figure 3b). The scrolls were
short-lived as they collided with each other and the bound-
aries of the heart. At the same time, new scroll waves were
constantly formed.

On the surface of the heart, such excitation patterns gave
rise to focal activity. This was because the filaments of the
scroll waves did not exit to the epicardial surface and were
mainly intramural. In a few cases, we have also observed
long-lived Ca-mediated spirals on the surface of the heart.

Figure 3. SFa in the whole heart; a spiral wave can be ob-
served in Figure (b), which was short-lived. Simulations in
3D anatomically accurate model of the human ventricles.
Excitation is shown on a slice close to the base of the heart.
The parameter values for this simulation were 4 × GCaL,
0.1 ×GKr.

However, surface focal activity was a dominating spatial
pattern. When ICaL was further increased to 4.5 times
its original value, we observed the oscillatory type (Figure
4). In this case, focal activity seemed to originate from the
endocardial side of the heart (Figure 4a and 4d). Of course,
in this case the surface manifestation of such activity was
also of the focal type. This excitation pattern is similar to
the 2D oscillatory pattern shown in Figure 2d. As shown in
2D [12, 14], such oscillatory patterns are formed by phase
waves. Therefore, we suggest that the patterns shown in
Figure 4 are produced by phase waves as well. Another
wave pattern found in our 2D simulation was VF of the
SFa type. Thus far, we have not observed such patterns
in whole heart simulations. This is because the generation
of an SFa pattern requires initial conditions in the form an
existing spiral wave. We plan to extend our studies to these
initial conditions and expect to find and characterize VF of
the SFa type in an anatomical model of the heart in the near
future.
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