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Abstract

Cardiac arrhythmias such as atrial fibrillation (AF),
ventricular fibrillation (VF) and ventricular tachycardia
(VT) are growing causes of morbidity and mortality across
the world. To aid the discovery of the mechanisms driving
these arrhythmias, in-silico models have been developed
to simulate signal propagation in cardiac tissues.

Continuum models such as monodomain and bidomain
approaches are the most common methods to represent
multicellular electrical activity. These approaches have
been successfully applied on the whole heart and large-
scale tissues with acceptable approximation. However,
they may not be appropriate for microscopic scale simu-
lations. It is known that cellular remodelling, including
the development of scars, changes in ion channels or gap
junctions play a role in arrhythmogenesis. However, in pa-
tients and laboratory models, where these occur simulta-
neously, the direct effect and importance of single factors
are difficult to determine.

Discrete-cell models represent action potential gener-
ation and propagation in individual cells and provide a
more accurate cell-level simulation, but at much greater
computational cost.

In this study, 2D simulations of ventricular tissues with a
range of gap junction distributions, informed by biological
staining experiments, are performed. Both continuum and
discrete-cell models are applied to the same tissues and
their propagation patterns are compared. While the con-
tinuum model accurately captures propagation with uni-
form Cx43 distribution, the discrete-cell model provides
better accuracy with heterogeneous distributions.

1. Introduction

Cardiac arrhythmia incidence rates are progressively in-
creasing [1]. Some arrhythmias such as ventricular tachy-
cardia or fibrillation (VT or VF) are life-threatening within
just a few seconds [2]. Myocardial infarct, heart failure and
some valve diseases can lead to VT/ VF. Abnormalities in
the gap junctions, which connect individual myocytes, and
the presence of scar in the ventricles are associated with
VT and VF as they can lead to abnormal electrical path-
ways [3].

Numerous two- and three-dimensional numerical in-
silico cardiac models have been created to investigate the
electrical activation of the human left ventricle to further
understand the mechanism of VT/ VF [4]. These models
include two parts: the ion channels model (action poten-
tial (AP) changes of one cell) and the propagation model
(transmission through the tissue)[5].

Propagation models can be continuum models or dis-
crete models. Continuum models can be beneficial when
simulating electrical propagation within a large area, even
the whole heart, as the simulated domain is homogenised,
giving a macroscopic representation of AP propagation
in short simulation times. However, some pathological
changes at the microscopic level, such as abnormal gap
junctions, can not be accurately captured. Conversely,
the discrete-cell model incorporates the details of the AP
propagation between every cell [6]. Therefore, discrete-
cell models can theoretically provide more accurate results
than continuum models by allowing for the inclusion of
cell-level detail such as localised gap junction abnormali-
ties, albeit with additional computational time costs.

This in-silico study focuses on characterising the in-
fluence of continuum and discrete models on two-
dimensional simulations of human left ventricular tissue,
with biologically informed gap junctional abnormalities.



2. Methodology

A 1.2 mm × 1.2 mm square of human left ventricu-
lar myocardium monolayer is created using virtual car-
diac monolayers (VCT) [7] for simulation with the discrete
propagation model. VCT allows virtual cells to be seeded
on fibers, leading to similar anisotropy to that observed in
vivo. The virtual monolayer is shown in Figure 1. The
size of the monolayer is selected based on a previous study
carried out by Dias et al [8]. In that study, the biological
cell monolayers were seeded on a micro electrode array
plate (MEA) consisting of 60 electrodes (diameter 30 µm
with 200 µm inter-electrode distance). We model this bi-
ological preparation size with the central 6 x 6 electrodes
in each direction leading to an effective measurement area
of 1 mm × 1 mm. To simulate dimensions similar to the
MEA, the size of the simulation domains should be only
slightly larger than the electrode area, to minimise unnec-
essary computational cost. Therefore, a 1.2 mm × 1.2 mm
2D square domain is generated. Another comparable do-
main is created using Gmsh [9] for use with the continuum
propagation model.

Figure 1. (a) Cells seeded in a 1.2 mm × 1.2 mm do-
main. (b) Cells in the ”growing” process. (c) Final grown
monolayer.

A 0.2 mm × 0.2 mm area with abnormal gap junctions
is introduced into the lower left corner of both domains by
reducing conductivity in line with biological experiments
carried by Peters et al. [10]. To be more specific, the con-
ductivities are set to 4 mS/mm in the healthy area and 20
mS/mm in the area with abnormal gap junctions for both
the continuum model and the discrete-cell model.

A total of 36 locations are selected on each simula-
tion domain, corresponding to the electrode locations of
the MEA plate, and simulated electrograms (EGMs) were
obtained from the simulations using both the continuum
model and the discrete-cell model. The simulation do-
mains are shown in Figure 2.

The action potential propagation simulations were car-
ried out using the CardiacEPSolver built on Nektar++, a
high-order spectral/hp element framework [11, 12]. The
Ten Tusscher human LV ion-channel model and in-house
propagation models (both continuum model and discrete-
cell model) were used [6,13]. The resting potential was set
to -81 mV, the monolayers were stimulated from the right

Figure 2. (a) A healthy 1.2 mm × 1.2 mm monolayer with
electrodes. (b) Monolayer with an abnormal gap junction
area, 9 electrodes are located in the abnormal area, the con-
ductivity of the gap junctions within the abnormal area was
set to 1/5 of it from the normal area.

edge, creating a wavefront from right to left [14]. To com-
pare the outputs of the discrete cell model and continuum
model, simulated action potential propagation and unipo-
lar electrograms (EGMs) were generated and compared.
For EGM analysis, 11 time domain features were calcu-
lated using an in-house feature extraction code written in
Python 3.9. Some important features are shown in Figure
3.

Figure 3. Examples of some of the calculated unipolar
EGM features used to compare the electrograms generated
by continuum and discrete-cell models.

3. Results

The simulations of the AP propagation are shown in Fig-
ure 4 where the influence of the area with abnormal gap
junctions on the propagation is clearly visible.

The simulation time using the discrete cell model of the
healthy monolayer take 19.5 hours, while the simulation
of the monolayer with an abnormal area takes 32.1 hours.
For the continuum model, the simulation of the healthy



Figure 4. Simulated propagation within the abnormal area
with (a) the discrete-cell model; (b) the continuum model.

monolayer takes 29 minutes, while the simulation of the
abnormal monolayer takes 6.4 hours.

The EGM durations are significantly extended within
the abnormal area for both models (mean 7.6 ms to 10.2
ms), shown in Figure 5(a). Additionally, EGM durations
from the discrete-cell model have increase spread (stan-
dard deviation: 0.8471 in healthy area and 2.327 in abnor-
mal area) compared to the continuum model (standard de-
viation: 0.037 in healthy area and 1.571 in abnormal area).

Figure 5(b) shows that the amplitudes of the EGMs are
also affected by the abnormal area. The amplitudes of the
EGMs from the abnormal area are reduced to the mean
values of 0.194 mV for the discrete-cell model and 0.196
mV for the continuum model. The mean values from the
healthy area are 0.376 mV and 0.378 mV respectively. The
standard deviation of the amplitudes from the simulations
with the continuum model (0.01 and 0.02) is also signif-
icantly smaller than those from the simulations with the
discrete-cell model (0.05 and 0.045).

The impact of the abnormal area on the conduction ve-

Figure 5. (a) Comparison of the durations of the EGMs.
(b) Comparison of the amplitudes of the EGMs.

locity was analyzed (Figure 6). Despite visible slowing on
the activation map (figure 4), the quantified difference be-
tween the conduction velocities within the healthy mono-
layer versus across both the healthy area and the abnor-
mal area is not significant. However, all conduction ve-
locities with the continuum model are higher than with the
discrete-cell model. With the continuum model, the aver-
age conduction velocity of the propagation only in healthy
area is 0.251 m/s and the velocity of the propagation going
through both areas is 0.2131 m/s. With the discrete-cell
model, the mean conduction velocities are 0.154 m/s and
0.134 m/s respectively.

Figure 6. Comparison of the durations of the conduction
velocities of the simulation with different models.



4. Discussion

This study examined how the type of propagation model
influences the outputs from two-dimensional simulations
of monolayers of human left ventricle myocytes. The re-
sults illustrate that both models provide similar time do-
main electrogram features with a 1.2 mm × 1.2 mm sim-
ulation area. However, there was a difference in the con-
duction velocities between models. That may be due to in-
creased detail from the presence of the gap junctions which
are considered in the discrete-cell model, while the contin-
uum model assumes the whole area is homogeneous. The
gap junction resistance reduces the conduction velocities,
therefore, the discrete-cell model may be more accurate
than the continuum model at the cell-level simulation.

Although there was no significant difference in the mean
values of time domain features, the spread of feature val-
ues in the discrete-cell model are much wider than those
from the continuum model, likely due to the cell-level het-
erogeneity of the discrete-cell model. This suggests that
the discrete-cell model may be more accurate at capturing
cell level heterogeneity despite similar group comparisons.

The simulation time with the discrete-cell model is
much longer than it is with the continuum model. If used
to model a larger domain, this would be further increased,
possibly rendering such simulations intractable without
substantially larger computational resources[15, 16].

5. Conclusion

Even though the discrete-cell model requires much
higher computational cost and time, these models more
precisely capture biophysical processes and may provide
more accurate simulated propagation results in the pres-
ence of heterogeneity of the monolayer. However, despite
the assumptions within the continuum model, the feature
outputs are comparable to the discrete cell model. While
continuum models are essential for organ-scale simulation,
discrete-cell models capture the propagation with greater
biophysical accuracy and may provide a greater under-
standing of microscopic propagation within monolayers
and myocardium.
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