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Abstract

The paper presents the results of our research study on the
impact of different durations of a biphasic rectangular pulse
on the efficiency of the defibrillating action based on model-
ing and simulation of a cardiomyocyte in the framework of Cell
Electrophysiology Simulation Environment. We used Luo-Rudy
Mammalian Ventricular Model Il (dynamic) as the mathematical
model of the biochemical processes, which occur both on the
surface and inside a cardiomyocyte in a guinea pig. An analysis
of the obtained results allowed us to determine the optimal
time of the defibrillating pulse. It has been shown that a pulse of
4 ms duration has the highest efficiency. The research has been
carried out directly based on the mathematical model and sim-
ulation of the cardiomyocyte that makes it possible to minimize

errors which may occur in experiments on animals.
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Introduction

According to numerous studies, 76% of the sudden
cardiac arrests (SCA) are conditionally preventable
cases, as they occur due to ventricular fibrillation (VF)
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[1-3]. Immediate electro-pulsed therapy (EPT) by ex-
ternal defibrillation is the main method of treating
this type of arrhythmia [3-5]. The comparative study
of modern forms of pulses carried out earlier made
it possible to identify the concept of development of
this field in science [6]. An analysis of the reference
literature and the results of recent developments are
conditions to define the key parameters of the pulse
for an individual selection of the characteristics of the
transthoracic defibrillation signal. The representation
of the average current (I) and charge (Q) in the form
of a certain function I (t) is the best way to dose the
defibrillation pulse [7].

The calculation of the main parameters was car-
ried out based on the work by Weiss and Lapicque
[8], who proved the existence of the effect of cardiac
tissue stimulation, and according to the calculations
made by Blair, who described the existence of a rheo-
base [9, 10]. Studies by Irnich define in detail the ef-
fect of a pulse exposure time on cardiomyocytes as the
key pulse parameter [11, 12]. Later, a large number of
studies have proven in practice the high efficiency of a
two-phase pulse against the single-phase one. There is
still no theoretical justification for this evidence avail-
able, but there is a hypothesis that the second phase
prevents the appearance of ectopic foci in the heart
tissue that increases the effectiveness of defibrillation
[13-17]. A detailed calculation of the ratio between the
forward and the reverse pulse signals was conducted
by Kroll, who demonstrated the possibility of mini-
mizing the energy of the second phase [18], and many
developers subsequently confirmed the large variation
of the current amplitude tolerances [14]. The fact can-
not be ignored that the phase switching time should
not exceed 1 ms and be possibly minimized, otherwise
the biphasic signal converts into two monophasic sig-
nals [19]. Bourlands in his paper in 1978 showed the
comparative efficiency of pulses with a time constant,
regardless of the chest impedance [20]. An unfairly
neglected publication by Schuder in 1964 confirms
the high efficiency of the rectangular pulse as com-
pared with other pulse variants [13]. In 1993, Tucker
has presented a graph derived from his analysis and
proven that there is a delicate balance between an ef-
fectiveness of defibrillation and damage produced by
each pulse [21]. In 1988 Wilson described the effect
of charge building-up due to multiple defibrillations



[22]. Fishler summarized all the experiments in 2000
and determined the time interval for a rectangular
pulse in the range from 3 to 6 ms and the ratio of the
current amplitude of the first and second phases as
15A to 10A, respectively [23].

The aim of the our research work is to study the
efficiency of a biphasic rectangular pulse using math-
ematical modeling and simulation of a cardiomyocyte.

Materials and methods

An acceptable range of the time interval has been
obtained by analyzing the reference literature and ap-
plying our own calculations. Experimental studies can
be the next stage of optimizing the time interval of the
pulse impact in question [7,23]. For the purpose of a
humane approach to the study, we have completed sig-
nal modeling and simulation, and the obtained results
have been objectified by with mathematical modeling
in the Cell Electrophysiology Simulation Environment
(CESE) [24]. Mathematical model Luo-Rudy Mam-
malian Ventricular Model IT (dynamic) to simulate the
biochemical processes occurring on the surface and
inside the guinea pig cardiomyocyte has been applied.
With the help of this model, it is possible to simulate
an impact made by an electric pulse of a certain du-
ration, shape and intensity by current strength on the
cell membrane and obtain curves of the ion channels
operation, changes in the concentration of ions on the
surface and inside the cardiomyocyte.

Using the Java programming language, a rectan-
gular signal of sufficient intensity to overcome the
threshold of cardiomyocyte excitability was coded and
implemented in the CESE. Taking into account the ref-
erence literature data and our own calculations [6,7],
several rectangular signals with a duration of 3 to 6
ms with a step of 1 ms were selected for an analysis to
identify the optimal pulse duration. The earlier exper-
iments showed a difference in the duration of thresh-
old pulses for the Luo-Rudy Mammalian Ventricular
Model IT (dynamic) cardiomyocyte and the results for
the human cardiomyocyte model. The 11 ms pulse for
the Luo-Rudy model was identical in its effects to the 4
ms signal in the human cardiomyocyte model [26, 27],
i.e., the ratio of the pulse duration in the model used
to that in the human cardiomyocyte model is 1: 2.75.
In this regard, it was decided to introduce a correction
factor for the pulse duration: Kt = 2.75.

Let us find the voltage on the surface of the mem-
brane (membrane voltage (mV)) as the main param-

eter under consideration. The membrane resting po-
tential (MRP) is constantly available on the surface
of the membrane, and it is formed mainly due to the
diffusion of the Na* and K*ions. The MRP value of a
cardiomyocyte is approximately 86 mV [28]. When an
electric pulse is applied to the cell membrane, depolar-
ization occurs, and an action potential (AP) is gener-
ated on its surface. AP of the cardiomyocyte is fired at
a voltage of 56 mV. In this case, the protein channels
of the cell membrane are activated, and the Na* ions
enter the cell. The Na* ions come into the cell accord-
ing to the "all or nothing" principle, so the fact of AP
generation can be clearly traced by the change in the
velocity of the Na* ions travelling through the mem-
brane [29]. The given mathematical model allows us
to construct a graph to depict the Na* ion flow (Total
Na ion flow (mM/ms)), and we can use it as a criterion
for the efficiency of the signals under consideration.

In the repolarization phase, active cellular channels
are involved, the operation of which is aimed at restor-
ing the MRP value. The calcium ions play an import-
ant role at the repolarization stage. Their function is to
maintain MRP at a certain level (86mV), and, with a
decrease in their concentration, the excitability of the
cell decreases. The maintenance of the Ca** concen-
tration is regulated by the Na+ / Ca**pump, and, as a
rule, its operation is aimed at pumping Ca** out of the
cell using the Na* / Ca**pump [30]. The peculiarity of
the Na* / Ca**pump is the exchange of one Ca** ion for
three Na+ ions. It follows from this that the overload
in the operation of this mechanism, associated with an
excessive entry of the Na* ions, may lead to a reduc-
tion in the excitability of the cardiomyocyte [31]. To
evaluate the efficiency of the defibrillation pulses in
the model in our study, a plot was used that reflects
the activity of the Na* / Ca**pump - Na-Ca exchang-
er current (uA/uF). A comprehensive analysis of the
above parameters allows evaluating the efficiency of
the pulses and assess their safety.

Results and Discussion

The pulse impact process was simulated in the
framework of the CESE using the Luo-Rudy Mamma-
lian Ventricular Model II (dynamic), with the proper
rectangular signal of sufficient intensity to form an AP.
The change in the duration of the rectangular pulse
in CESE is performed by manual correcting of the re-
quired parameter: this function is called clamp of the
parameter, namely, it is the stimulus duration. As de-
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Figure 1. Mathematical modeling of changes in the parameters
of the voltage on the cardiomyocyte membrane surface, the
Na* transmembrane current and the Na* - Ca?* pump activity,

when exposed to an equivalent pulse with a duration of 3 ms

scribed above, from earlier studies, in order to obtain
results applicable to the human cardiomyocyte, it is
necessary to introduce a correction factor Kt. After the
correction, the pulse duration was the following: 8.25
ms (4ms), 11 ms (4ms), 13.75 (5ms) and 16.5 (6ms).

In the simulation environment, some summary
plots were constructed showing changes in the mem-
brane surface voltage (mV), the Na* ion flow (Total
Na ion flow(mM/ms)), and the Na* / Ca?* pump activ-
ity (Na-Ca exchanger current (uA/uF)) for each pulse
separately.

When considering the plot produced by simulat-
ing a signal with a duration equivalent for a pulse of
3 ms (8.25 ms), as shown in Figure 1 herein, the fol-
lowing data are obtained: action potential (AP = -56
mV) develops at 0.35 ms, and the opening of the Na+
channels takes place at 0.4 ms. In this case, the reverse
flow of the Na+ ions begins immediately after closing
and reaches its peak at 4.2 ms, followed by a smooth
decline. The operation of the Na* / Ca** pump on the
curve follows the dynamics of restoring the Na* bal-
ance. In general, the effect made by a rectangular pulse
with its duration of 3 ms can be characterized as suffi-
cient to provide general repolarization. The pulse cre-
ates conditions for a standard contraction considering
duration and activity of the ion channels [32].

In Figure 2 herein, obtained by simulating a pulse
with a duration of 4 ms (11 ms under the simulation
conditions in the context of the presented model), the
formation of AP also occurs at 0.35 ms, and the open-
ing of the Na+ channels is found at 0.4 ms. The respec-
tive curve shows the key difference between the 3 and
4 ms pulses: a plateau appears on the cell membrane
from 0.9 ms till 10.1 ms with an average amplitude of
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Figure 2. Mathematical modeling of changes in the parameters
of the voltage on the cardiomyocyte membrane surface, the
Na+ transmembrane current and the Na* - Ca?* pump activity,

when exposed to an equivalent pulse with a duration of 4 ms

64 mV. Due to this plateau, the reverse current of the
Na* ions and their active transport from the cardio-
myocyte cell are locked. The operation of the Na* /
Ca* pump shows a smooth start and shutdown, and it
is a true illustration of the Na+ions current dynamics.
The formation of the locking plateau on the cardio-
myocyte membrane surface reflects the very essence
of defibrillation, which consists in creating general re-
polarization for every cell in the heart tissue.

When analyzing the pulse of the 5 ms duration
(13.25 ms for the model in question), as illustrated by
Figure 3, the formation of AP and the opening of the
Na+ channels are similar to the previous results, which
have been recorded to be 0.35 and 0.4 ms, respectively.
Attention should be drawn to the absence of a plateau
that is the same case with the 4 ms pulse and to the
formation of the first peak on the membrane surface at
3.7 ms with amplitude of 238 mV. At the same time, the
first peak in the velocity of the reverse flow of the Na+
ions is also noted. A detailed analysis of the data from
the simulation revealed a pattern: the active current
of the Na+ ions from the cell begins at the membrane
surface voltage of more than + 80 mV. Further decrease
and re-rise of the membrane voltage is accompanied
by the synchronous activity of the Na* ion current and
the operation of the Na*/Ca** pump. The total oper-
ating time of the Na*/Ca** pump is 19 ms (from 1.35
ms to 30.35 ms). And if we address the fact that the
duration of the Na* channels opening is 0.6 ms for any
pulse duration, and the maximum velocity does not
have a significant difference (395 - 398 mmol/ms), we
can conclude about the excess transport of Na* from
the cardiomyocyte cytoplasm. It should be mentioned
that this involves the transport of Ca?* ions into the
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Figure 3. Mathematical modeling of changes in the parameters
of the voltage on the cardiomyocyte membrane surface, the
Na+ transmembrane current and the Na* - Ca®* pump activity,

when exposed to an equivalent pulse with a duration of 5 ms

cell and, as a result, a decrease in the excitability of the
cardiomyocyte [31]. From the results of modeling and
simulation of the rectangular pulse with an equivalent
duration of 5 ms, it can be concluded that prolonged
exposure of a cardiomyocyte to a high-density current
leads to excessive transport of the Ca** and Na* ions
inside the cell and on its surface, respectively.

The further increase in the pulse duration to 6 ms
(16.5 ms in the model under study) confirms the con-
clusions drawn from the previous simulation. High
voltage on the membrane surface induces an active ion
substitution transport, which leads to a decrease in the
concentration of the Ca* ions on the cardiomyocyte
membrane surface and, as a result, a decrease in the
excitability of the cell, including for subsequent de-
fibrillating pulses. Figure 4, which shows the curve of
a pulse of the 6 ms equivalent duration, characterizes
it as redundant for all the studied parameters.

As a result of modeling, we obtained the respective
curves characterizing the response of a cardiomyocyte
to rectangular pulses of different durations. Using this
study, it is possible to evaluate the main processes of
the cell excitability: the formation of AP under a short-
term exposure to a defibrillating pulse, the repolariza-
tion of the membrane and the restoration of MRP.

Conclusions

The aim of our research study was to study the effi-
ciency of a biphasic rectangular signal of various dura-
tions using the cardiomyocyte simulation in the frame-
work of mathematical modeling system CESE. Using
our analysis of the obtained results, we determined the
optimal time of the defibrillating pulse extracted from
the range produced by analyzing the data of some pre-
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Figure 4. Mathematical modeling of changes in the parameters
of the voltage on the cardiomyocyte membrane surface, the
Na+ transmembrane current and the Na* - Ca?* pump activity,

when exposed to an equivalent pulse with a duration of 6 ms

vious studies and calculations [7]. It has been shown
that a pulse of 4 ms duration has the highest efficiency.
Our research study has been carried out directly with
the use of the mathematical model and simulation of a
cardiomyocyte that makes possible to minimize errors
that may occur during the experiment on animals. Dif-
ferences in the thorax geometry in animals may result
in a great number of difficulties in applying the results
to human individuals, and the mathematical modeling
for studying the time interval can be treated as a more
preferable option. The next step in designing a bipha-
sic pulse is to calculate the optimal current amplitude
for the most efficient defibrillation, taking into account
the varying chest impedance in a patient.
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