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Abstract

Mechanisms involved in the initiation of fibrillation
and defibrillation are complex and still not totally
understood. This paper computationally investigated the
effect of monophasic, biphasic and reversed biphasic
stimuli on single cardiomyocyte, with a modified Ten
Tusscher model of human ventricular action potential
(AP) and calcium dynamics. Three different S1-S2
protocols with variable duration were used: monophasic,
biphasic and reversed biphasic. Results were expressed in
terms of total response duration (TRD), defined as the
interval between the S1 onset and the response generated
by S2. TRD was focused both on AP (V,-TRD) and on
Calcium transient (Ca-TRD). Simulations confirmed
previous results obtained with the Beeler-Reuter model
pointing to the role of Iy, in prolonging the refractory
period when using a biphasic stimulus. No differential
effects of biphasic vs monophasic stimulation when Ca-
TRDs are compared instead of V,-TRDs were found.

1. Introduction

The superiority of biphasic shocks over monophasic
ones in defibrillation therapy is nowadays established by
experimental evidences that led all implantable as well as
external cardioverter defibrillators to use such type of
stimulation to defibrillate cardiac tachyarrhythmias [1].
At the same time, electrical stimulation is normally used
to induce a tachyarrhythmia during implantable
cardioverter defibrillator (ICD) implantation. [2].

In practice the interaction between electrical field and
cardiac cells lead to different behavior of cardiac cell and
the investigation of possible behavior can lead to
important hypotheses about cardiomyocites.

Still the mechanism justifying such evidences are not
perfectly understood and their better understanding could
insight on the mechanism involved in the initiation and
termination of cardiac tachyarrhytthmias, or it could lead
to further improvement in the development of new type
of tachyarrhythmias induction procedures or defibrillation
waveform.
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Several theoretical studies has been focused to
understand the reason for the superiority of biphasic
compared to monophasic electrical shock in defibrillating
cardiac muscle; among other we like to mention the work
by Popp et al [3] where ventricular myocardium was
simulated by means of Priebe-Beuckelmann model; a
three-dimensional simulation of heart tissue was
constructed and an electrical field of different waveform
and amplitude was applied to investigate cardiac response
to monophasic rather than biphasic electrical shocks of
different amplitudes. Their results provided two
observation that would make one to incline in the favor of
biphasic electrical shocks; both of them requiring the
interaction among cells, thus not expressed by the
analysis of single cell simulation. The first of them
showed that, when the myocardium was monophasically
activated, the real cathode depolarized only a small part
of the neighboring area. The tissue in that region was not
subsequently excitable. Since the depolarization front,
produced at the opposite end did not induce a
depolarization in that region, the goal of complete tissue
depolarization failed. The second observation was that the
biphasic shock reduced very much the time needed for the
tissue to pass from one phase to another. The largest
amount of depolarized tissue was achieved 240 ms after
the monophasic shock was applied, while only 85 ms
were needed by the whole tissue to be depolarized after a
biphasic impulse was given.

Still this type of investigation was not focused on
detailed information about single ion channels activity,
and on the effect that an external electrical field would
have on them. More recent experimental studies showed
that superiority of biphasic over monophasic shocks could
be justified by the reactivation of fast sodium channels
from the inactivated to the excitable state, and that the
extended chronaxie duration for defibrillation versus
stimulation may be attributed to the time constant of fast
sodium channels reactivation [4]. In other studies the
intracellular calcium is considered to play the major role
in cardiac defibrillation with biphasic rather than
monophasic stimulation. Indeed  greater efficacy of
biphasic waveform shocks is directly related to the less
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heterogeneous effects on shock-induced intracellular
Calcium transients. Less heterogeneous intracellular
calcium transients reduces the probability of intracellular
Ca sinkhole formation, thereby preventing the post-shock
re-initiation of ventricular fibrillation [5, 6].

At the same time also the mechanisms involved in
cardiac tachyarrhythmias induction have been studied.
Among other studies, the simulation of cardiac rabbit
heart proposed by Costantino et al. [7] based their
analysis on the existence of a submerged “tunnel”
propagation of postshock activations through shock-
induced intramural excitable areas underlies fibrillation
induction and the existence of an isoelectric window. It
has been then demonstrated that, during the isoelectric
window, an activation originated deep within the
ventricular wall, arising from virtual electrodes can
propagated fully intramurally through an excitable tunnel
induced by the shock, until it emerged onto the
epicardium, becoming the earliest-propagated postshock
activation. This work provides a novel analysis of the 3D
mechanisms underlying the origin of postshock
activations in the process of fibrillation induction.

All these studies are focused on the interaction among
cells that comes together with the interaction between an
external electrical field and the cardiac tissue.

In the present paper we have a limited aim, which is to
use the computational approach proposed by Jones et al
[8] to investigate the effect of an electrical field with
different types of stimulation and amplitude on a single
cardiomyocyte (CM) cell, simulated using a modified Ten
Tusscher model of human ventricular action potential
(AP) [9, 10]. The considered stimulations include
monophasic, biphasic and biphasic with reversed polarity
(reversed biphasic) stimuli, while the field amplitude is
chosen higher than the stimulus able to intiate an action
potential with the same cell. A deeper analysis over a
single cell allows a more detailed investigation of the
effect of an external electrical field on single cell
dynamics for intracellular calcium concentration and fast
sodium channel activation.

2. Methods

Following the paper by Jones et al [8] in this study the
response of a single cell to electrical stimulation is
investigated. As outcome the total response duration
defined as the interval between the initial stimulation and
the end of the AP originated by a second stimulation is
considered. Furthermore the ionic currents across the
membrane and the transmembrane potential and
intracellular calcium concentration are examined.

Stimulation protocol is characterized by two following
stimuli (S1-S2) of variable form and duration: the S1 is
always a positive pulse of 10 msec duration and
amplitude 5.4 [A/F] (equal to 1.5 times the threshold to
initiate an AP); in Monophasic the stimulus simulation S2
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is like S1; in Biphasic stimulus simulation it is a double
pulse with zero mean and with negative first semi-wave;
and in Reversed Biphasic it has the same S2 waveform as
in Biphasic, but with reversed polarity (Fig. 1).

S1-S2 duration is variable and related to the refractory
period of cell.

Figure 1. Stimuli definition; (A) Monophasic, (B) Biphasic, (C)
Reversed Biphasic stimuli.

3. Model

Ventricular action potential (AP) was simulated using
the Ten Tusscher model of human epicardial ventricular
myocyte as modified by Grandi et al. to correctly
reproduce the experimental APD inverse dependence on
extracellular  calcium  concentration (Fig. 2).
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Figure 2. Schematic diagram of the ventricular cell model. The
model describes the main membrane currents and active
transport mechanisms participating in the AP and the processes
that regulate intracellular Ca®* concentration.

The model was used to simulate the effects of a
monophasic or biphasic stimulus by imposing a current-
clamp stimulation. Stimulation protocol is characterized
by two following stimuli (S1-S2) of variable form and
duration: the S1 is a positive pulse, S2 is like S1 in
monophasic simulation, and it is a double pulse with zero
mean in biphasic simulation; S1-S2 duration is variable
and related to the refractory period of CM cell.

Action potential duration (APD) was measured as the



interval between the AP upstroke and the 90%
repolarization level (APDyj). To quantify the effect of S1-
S2 on CM AP and the total response duration (TRD)
defined as the interval between the S1 onset and the end
of the action potential generated by S2 are considered.

Model differential equations were implemented in
Simulink (Mathworks Inc., Natick, MA, U.S.A). A
variable order solver based on the numerical
differentiation formulas (NDFs) was used to numerically
solve the model equations (odel5s) [6].

4. Results

Transmembrane potential (TmP) and intracellular
calcium concentration (Ca;) are shown in Fig. 3 for the
three considered type of stimulations and for different
choices of S1-S2 intervals durations, while Fig. 4
presents TRD of TnP and Ca; for increasing choices of the
S1-S2 intervals between 300 and 380 msec and the three
stimuli.
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Figure 3. Simulated AP and intracellular calcium transient for
variable S1-S2 interval. The S1 action potential is shown by the
dashed line. (A) Monophasic S2. The dotted lines show
nonrefractory response having a plateau. The solid lines show
refractory-type response without a plateau. (B, C) Biphasic and
Reversed Biphasic S2. Responses at short coupling intervals that
were refractory to monophasic stimulation (solid lines) exhibit a
plateau with biphasic S2 stimulation.
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Figure 4. Total response duration of transmembrane potential
(panel A) and intracellular calcium concentration (panel B) for
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increasing S1-S2 intervals between 300 and 380 msec.

TmP, Ca; as well as sodium and calcium currents are
shown in Figg. 5 and 6 for two peculiar choices of the S1-
S2 interval durations: the first is S1-S2 = 325 msec when
only biphasic stimulus was generating a complete AP,
while the second is obtained with S1-S2 = 350 msec
when all types of S2-stimulus are able to induce a new
AP.
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Figure 5. Simulated AP, calcium transient, Sodium and Calcium
currents for S1-S2 = 325 msec.
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Figure 6. Simulated AP, calcium transient, Sodium and Calcium
currents for S1-S2 = 350 msec.
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Figure 7. Peak of Fast-Sodium currents for different S1-S2
intervals between 250 and 600 msec and for the three
stimulation waveforms.



Finally Fig. 7 shows the Peak Fast-Sodium current
obtained for varying S1-S2 intervals and different types
of stimuli.

5. Discussion

Results indicate that S2-induced response changes with
S1-S2 duration and type of S2 stimulus as follows:

Monophasic S2. Refractory-type responses without AP
/ Calcium transient activation (Fig. 3, dotted lines, and
Fig. 5) are observed for S1-S2 < 350 msec (Fig. 4);
nonrefractory responses with a second AP / Calcium
transient activation (Fig. 3, solid lines, and Fig. 6) are
obtained for longer S1-S2.

Biphasic S2. Responses are activated with S1-S2
duration that were refractory to monophasic stimulation
(Fig. 3, dotted lines, Figg. 4 and 6).

Reversed Biphasic S2. Nonrefractory responses with a
second AP / Calcium transient activation are obtained
only for S1-S2 longer than 360 msec (Fig. 3, solid line,
and Figg. 4 and 6)

Peak Iy, is larger for biphasic vs monophasic S2
stimuli (Fig. 7) even for very long coupling intervals
since the negative semi-wave makes available a fraction
of sodium channels, which are inactivated at normal
resting potential. No differences where observed between
monophasic and reversed biphasic stimuli.

Minor differences can be observed in AP vs calcium
transient Total Response Durations.

6. Conclusion

Simulations with an updated human model
qualitatively confirmed previous results obtained with the
Beeler-Reuter model [8] pointing to the role of Iy, in
prolonging the refractory period when using a biphasic
stimulus.

Simulations with a single cell AP model did not
highlight a differential effect of biphasic vs monophasic
stimulation when Ca-TRDs are compared instead of V-
TRDs. Reproduction of experimentally observed [5]
effects on shock-induced Ca; transients heterogeneity
would require a more detailed description of intracellular
calcium handling and/or propagation in the heterogeneous
cardiac tissue.
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