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Abstract

The shape of the ECG depends on the lead positions
but also on the distribution and dispersion of different cell
types and their action potential (AP) durations and shapes.
We present an interactive JavaScript program that allows
fast simulations of the ECG by solving and displaying the
dynamics of cardiac cells in tissue using a web browser.
We use physiologically accurate ODE models of cardiac
cells of different types including SA node, right and left
atria, AV node, Purkinje, and right and left ventricular
cells with dispersion that accounts for apex-to-base and
epi-to-endo variations. The software allows for real-time
variations for each cell type and their spatial range so as
to identify how the shape of the ECG varies as a func-
tion of cell type, distribution, excitation duration and AP
shape. The propagation of the wave is visualized in real
time through all the regions as parameters are kept fixed
or varied to modify ECG morphology. The code solves
thousands of simulated cells in real time and is indepen-
dent of operating system, so it can run on PCs, laptops,
tablets and cellphones. This program can be used to teach
students, fellows and the general public how and why lead
positions and the different cell physiology in the heart af-
fect the various features of the ECG.

1. Introduction

The heart contracts due to an electrical signal that for
humans originates at the sinoatrial node and by diffusion
propagates across the atrium to the atrioventricular node
and finally to the ventricles via the His-Purkinje network.
Therefore, every heartbeat is produced by an electrical
wave that can be measured externally, as first demonstrated
by Augustus Waller in 1887 with a mercury capillary elec-
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trometer that showed two deflections. Willem Einthoven
at the beginning of the 20" century then showed the first
detailed electrocardiogram (ECG) signal with the intro-
duction of his string galvanometer. Because variations
in the ECG signals are direct consequences of changes
in the propagation of the electrical wave throughout the
heart, cardiologists are able to use the ECG to diagnose
and identify many conditions affecting the heart. The ECG
is then an irreplaceable diagnostic method in clinical prac-
tice, with minimal costs and at the same time a fast, pain-
less and noninvasive process. Therefore, teaching resi-
dents and nurses to interpret ECGs in order to identify
variations associated with particular diseases, drug effects
or genetic disorders is crucial, but it is also necessary to
understand the cellular mechanism that leads to a partic-
ular ECG. The interpretation of ECGs is a highly com-
plex topic that requires years of training and experience,
and it has been shown that computer-aided programs to
teach electrocardiography are superior to traditional meth-
ods alone[1,2].

2. Other ECG Simulator Programs

A wide variety of programs have been designed to teach
and increase understanding of the origins of the ECG,
from an interactive ECG teaching system on the Macin-
tosh computer [3] and WinHeart [4] in the early 1990s,
to WebECG (in MATLAB) [5] in the 2010s. With the
increase in computer power, several other programs with
3D visualization and real-time interactivity have been de-
veloped over the years, such as ECGSIM [6], among oth-
ers [7-9]. For the study of the ECG formation, several
groups have used simplified models to reproduce ECG
morphology [10-13]. However, other groups have devel-
oped high-performance computer codes that solve the dy-
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namics across scales from the cell to the whole heart, by
solving in detail the dispersion in cell dynamics across the
heart in order to compute and reproduce the ECG signals
obtained from the different leads in the body [14-17]. In
this work we present a simplified 1D domain [13, 18] that
accounts for all the cells across the heart that are respon-
sible of the generation of the ECG. The action potentials
are generated by a minimal model [19] that reproduces the
action potential shapes and durations of cardiac cells. The
program thus allow easy visualization and modification of
the cells along the cable to analyze how the ECG morphol-
ogy changes as a function of the different regions of cells
and their physiology.

3. Activation Sequence of the Normal
ECG

The activation of the heart follows the activation se-
quence shown in Figures 1-2. The first activation origi-
nates with the sino-atrial node excitation that propagates
by diffusion to the atria and then to the AV node; from
there, it spreads to the ventricles by the Purkinje net-
work, shown in black. There still remains some contro-
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Figure 1. Activation sequence that leads to the ECG. The
different cell types sequentially activated are shown in an
open canine heart that includes the atrium, ventricles and
Purkinje network obtained by staining the tissue with Lu-
gol’s solution and then drawn superimposed on the surface.

versy regarding which gradient of APD in the ventricles
is the dominant cause for the deflection of the T wave,
the transamural dispersion between epicardium, midmio-
cardium and endocardium cells (Figure 3) or the apex-to-
base dispersion.
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Figure 2. Activation sequence as in Figure 1, here visu-
alized on a slice of human heart MRI to further visualize
where the different types of cells are located. Compared
to Figure 1, where the gradient in APD is from epicardium
to endocardium, here the gradient is given as a dispersion
from apex to base.

4. Numerical Methods

We solve the propagation of the electrical wave across
different cell types in the 1D domain by solving the
reaction-diffusion equations

atvm =
ds; (Vi) /dt =

DV2V,, — S L (Vi) /Com, €))
(Sooi(Vm) - Si(vm))/TSi(vm) (2)

where V,, is the membrane voltage, s; are the gating
variables that control the various transmembrane currents
I;, C,, = 1uF is the membrane capacitance and D =
0.00lcm/ ms” is the diffusion coefficient. We integrate the
equations using finite differences with dt = 0.01ms and
dr = 100um in a JavaScript program. Parameters for the
different cell types are given in Refs. [19,20]. To avoid
any boundary-condition effects when calculating the ECG,
we use a phase-field approach [21] to implement the zero-
flux boundary conditions (conservation of charge). Then a
pseudo-ECG ¢(r) at a particular reference point (r) is cal-
culated by integrating over all the dipoles generated by V,,,
as it propagates across the 1D tissue using the following
equation:
12 =/
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s. Results

The JS-ECG code presented here simulates the activa-
tion sequence of the heart in a 1D cable by clicking the
Start/Pause button. The activation sequence starts with

Page 2



SA node cells that self-activate and propagate an electrical
wave to atrial cells and eventually to ventricular cells, go-
ing through endocardial, M and epicardial cells. The size
distribution of these regions can be dynamically changed
to investigate the effect on the ECG waveform. With the
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Figure 3.  Pseudo-ECG QRS-T section produced by
the dispersion along the thickness of the tissue, where
APDgy40 < APDE,; << APD), leads to the T wave be-
ing positive instead of negative.

initial distribution of cell types along the 1D cable, it is
easy to visualize (Figure 4) the voltage signal for each cell
in the space-time plot (Figure 4, bottom) as the wave prop-
agates along the cable. At the same time, the top panel of
Figure 4 shows the ECG calculated using Equation 3 for
a position r = rx given by the electrode position value
entered in menu. Moving the position changes the shape
and amplitude of the ECG (emulating the transition from
electrode V; to Vj); therefore it is necessary to change the
y-axis of this window in the menu. The tissue parameters
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Figure 4. Image from JS-ECG that displays the pseudo-
ECG in time in the top panel and the action potentials for
each type of cell with different colors in the lower panel.
The menu allows the user to modify the size of the domains
for each section in the tissue interactively to investigate
changes in the pseudo-ECG.

can be modified and take effect when clicking the Update
Parameter button.

A third window shows the electrical wave propagating
along the 1D cable (see examples in Figure 5). As the wave
propagates, changes in the voltage profile can be observed
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Figure 5. The JavaScript code also displays the voltage
wave as it propagates along the cable. The four frames
indicate the propagation of the wave front and the complex
repolarization of the wave back (see text).

due to the different cell types. By observing all three pan-
els (the pseudo-ECG and action potential panels as in Fig.
4 and the wave profile panel as in Fig. 5), it can be seen that
the P wave is created by the SA node and atrial activation,
then the QRS is produced by the depolarizing wave front
propagating along the cable and the T wave by the depolar-
ization wave back. The propagating wave panel (examples
shown in Fig. 5) depictes the wave front exciting all the
cells sequentially, while the wave back has a more com-
plex repolarization pattern where the M cells depolarize
last, causing the T" wave to be a positive deflection. If all
cells in the ventricles were the same, the T" wave would be
inverted.

6. Conclusions and Future Work

JS-ECG is a program that simulates in detail the differ-
ent cell types in the hearts and reproduces a normal ECG
signal. Parameters in the model can be modified to observe
different dynamics, for example by accelerating the activa-
tion of the SA node; the period of activation can increase
and show arrhythmic effects in the ECG such as T-wave
alternans [22] and QRS alternans [23]. Interesting simu-
lations include investigations of the shapes and durations
of the QRS and T waves, different types of long QT, and
the dynamics of concordant and discordant alternans in tis-
sue and their effect on T-wave and QRS-alternans. Effects
of temperature as well as drugs blocking or enhancing cer-
tain ion channels also can be simulated in all cell types and
their effects on the ECGs can be quantified. JS-ECG is
evolving and we expect to add more functionality, includ-
ing 2D simulations, and to accelerate it using WebGL[24].
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