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Abstract
According to data provided by the European Resuscitation 
Council (ERC), 76% of sudden cardiac arrests should be attribut-
ed to ventricular fibrillation [1-3]. The main treatment of this dis-
ease is an immediate cardiopulmonary resuscitation, one of the 
components of which is a defibrillation of abnormal rhythms. 
The paper presents an analysis of advanced shapes of biphasic 
pulses, which have found a widespread application and have 
been clinically tested. The aim is to study the main parameters 
of the impact of different shapes of the existing pulses and their 
due consideration in a development of a defibrillator. An eval-
uation has been performed using defibrillators Fluke Impulse 
7000DP and device Impulse 7010 designed to simulate differ-
ent loads. Evaluated has been the shape of each of 7 biphasic 
pulses, the amplitude and exposure time of each of different 
signal phases. Upon results of the conducted analysis, some 
recommendations on cardiopulmonary resuscitation have been 
prepared; in particular, the necessity to maintain a constant cur-
rent density of 14 -16 A, delivered for 4 -5 ms, is proposed.  The 
maintenance of these parameters can be provided using the 
current stabilization technology (CST).
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Introduction
Sudden cardiac arrest (SCA) is one of the leading 

causes of death in developed countries. According to 
data provided by the European Resuscitation Council 
(ERC), in 2015, 76% of sudden cardiac arrests should 
be attributed to ventricular fibrillation (VF) [1-3]. A 
marked increase in the VF share has been identified 
after taking active measures to apply automated ex-
ternal defibrillators (AED) [4-5] available at all the 
important public places. The main treatment of SCA 
is an immediate cardiopulmonary resuscitation (CPR) 
and defibrillation of abnormal rhythms, such as VF and 
ventricular tachycardia (VT). The AED availability and 
an early, within 3-5 minutes, defibrillation can raise a 
survival rate up to 50-70% [3,5,6].

The basic characteristics of defibrillators operating 
in manual and automated modes are the range of en-
ergies that the defibrillator is capable to produce, their 
pulse shape and their charging/discharging time. The 
first discharge shock energy for adults is 150 J with a 
possible further increase in case of inefficacy [7-9]. For 
adolescents aged 1 to 8 years in case of using manual 
defibrillators, it is necessary to use energy from 4 to 9 
J / kg in the range of 50 -75 J [10-13]. As to the shape 
of the pulse used, they are biphasic in all modern de-
fibrillators. A higher efficiency of the bipolar pulse in 
comparison to the monopolar one is supported by a 
large number both of theoretical and practical works 
[14-16]. The basic concept of the time requirement is 
to minimize it from the beginning of the rhythm de-
tection to the readiness to discharge. Based on the du-
ration of the proper defibrillation it is found that the 
time and amplitude of the second pulse phase should 
be lower. This parameter varies from one manufacturer 
to another, and each of them submits its own justifica-
tions of why to produce its own type of circuitry. 

The pulse energy, its shape and the time should be 
optimal and serve two purposes. The first purpose is 
to provide a complete and simultaneous repolariza-
tion of all cardiomyocytes, and the second one is to 
reduce damaging negative effects made on cardiomy-
ocytes. The major damage is done to mitochondria of 
cardiomyocytes, cristae of which are destroyed due to 
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the action of high level energy. According to studies 
conducted in mice, the restoration of the above dam-
aged structures takes longer than a week and may be 
irreparable [17]. The above mentioned purposes can 
be achieved using the current stabilization technolo-
gy (CST), which provides constant current strength 
throughout the entire discharge, that makes the pulse 
almost rectangular and eliminates peak current fluctu-
ations damaging the myocardium, which are typical to 
other pulse shapes (exponential, trapezoidal, sinusoi-
dal type, etc. ). Based on the above, a development of 
a defibrillator requires a careful analysis of electropulse 
therapy (EPT) technologies and mathematical model-
ing of an impact produced by shapes of defibrillating.

The aim herein is to analyze and develop the optimal 
shape of an acting pulse for an external defibrillator.

Materials and methods
We have studied different pulse shapes, which have 

been clinically tested and used in automated and man-
ual defibrillators. Our analysis is based on the impact 
of a biphasic pulse on cardiomyocytes. The following 
main energy characteristics of the defibrillator are 
compared: the shape, the duration and the amplitude 
of a pulse, as well as dependencies of these parameters 
on the load resistance magnitude, charging voltage 
and capacitance characteristics of a capacitor. 

The study has been conducted with the Fluke Im-
pulse 7000DP analyzer of defibrillators in transdermal 
pacemaker, with the use of an additional device Im-
pulse 7010 for the selection of a defibrillator load. 

Results and discussion
7 different types of pulses used in defibrillators for 

electropulse therapy have been investigated. Results of 
our studies are given below.

“The smart biphasic pulse” widely used in electro-
pulse therapy practice is based on the 95 μF capacitor, 
which is charged up to 1625 V (energy 115 J) or 1800 
V (energy 130 J), employing the 120 μF capacitor with 
a charge of 1800 V at a nominal pulse having an ener-
gy of 180 J. 

At the onset of each pulse, a chest impedance has 
been assessed with serially connected resistors having 
a resistance of 22 ohms for 50 µs. During this period 
of time the patient’s impedance is determined, which 
should be at least 22 ohms. Based on the measured im-
pedance, the time is specified in such a way that the 
nominal energy would be delivered in full. During our 

studies the pulses with an energy of 200 J and an im-
pedance of 25, 50, 100 and 125 ohms have been ap-
plied. The measurement results are shown in Figure 
1 herein.

Figure 1 shows that the pulse duration and its am-
plitude are highly dependent on the chest impedance. 
The ratio between the first and second phase current 
strengths is relatively constant in the pulse [18]. 

As opposed to the smart biphasic system, the 
"adaptive biphasic pulse” protocol is implemented 
with a possibility to adjust the delivered energy up to 
360 J. To deliver this energy, in the circuit used is a 
capacitor of 210 μF that makes the pulse more pro-
longed. The results of measuring the pulses with an 
energy of 200 J at an impedance of 25, 50, 100 and 125 
ohms are shown in Figure 2 herein. 

As seen from the diagram in Figure 2, the feature of 
an adaptive pulse is a constant ratio between the sec-
ond phase and the first one, which is always 2/3 of the 
first phase, regardless of the impedance. This compen-
sates for internal losses, especially in patients with a 
low resistance, and slightly shortens the pulse duration 
in patients with a high resistance, so that with these 
changes make possible to maintain the rated output 
power always at the same level. 

A self-compensating output signal of envelope-type 
pulse SCOPE (Self-Compensating Output Pulse Enve-
lope Waveform) is widely used in the EPT practice. The 
feature of the circuitry of the defibrillators employing 
this type of pulses is the following sequence: capacitor 
- resistor - patient. It is just in this area where an eval-
uation of the patient impedance occurs. The pulse is 
provided with a capacitor of 120 μF. According to the 
studies conducted by the pulse technique developers, 
even in patients with a high resistance (> 100 ohms), 
the defibrillation is carried out successfully with a pulse 
energy of 100 J. A protocol of use of the defibrillators 
with this signal type has been adapted to circuit 150 J 
- 150 J - 200 J according to ERC2015. The diagram of 
studies on SCOPE pulses with an energy of 200 J at a 
load of 25, 50 and 100 ohms is shown in Figure 3 herein.

The diagrams show that both phases always have 
the same duration. In general, this sort of pulses is 
very similar to the "smart pulse", which shortens the 
second phase in case of longer pulses. 

"Orbital biphasic pulses" illustrated by Figure 4 
herein are positioned as low voltage (maximum volt-
age of 1350 V) defibrillation pulses. They are provided 
by capacitors of a high capacity of 500 µF.
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Figure 1. Pulse shape in “smart biphasic pulse» at a load of 25, 
50, 100 and 125 ohms

Figure 2. Diagram of "an adaptive biphasic pulse" at a load of 
25, 50, 100, 125 ohms

Figure 3. Diagram of the SCOPE pulse at a load of 25, 50 and 
100 ohms

Figure 4. Diagram of “an orbital” pulse with an energy of 200 J 
at a load of 25, 50, 100, 125 ohms

Figure 4 shows that the signals are characterized by 
a prolonged pulse duration (up to 35 ms with a high 
resistance). Previously it was assumed that it was im-
possible to efficiently use the technology in patients 
having a high resistance. However, some studies in an-
imals have demonstrated the opposite. Studied were 6 
dogs weighing 21.6 to 34.5 kg, and it was found that 
the defibrillation threshold was from 20 to 30 J, which 
was comparable with the biphasic defibrillator with a 
voltage of 2 kV. Patients with a high resistance were 
modeled with an additional resistor of 32 ohms, the 
threshold defibrillation rose to 34.3 J. Despite the ob-
tained results, which are not typical to humans, devel-
opers believe that the orbital biphasic pulses may be 
applicable to humans. 

Figure 5 gives a "multipulse" discharge type, which 
demonstrates a feature to represent each phase in the 
form of pulses with a frequency of 5 kHz and a pulse/
pause ratio of 1: 1. Finally, the single-phase pulse stud-
ies have shown that such pulses behave as a closed sig-
nal of a medium current strength [19,20]. As is known, 
the pulse energy depends on the square of the current, 
and a pulse interruption leads to an increase in energy 
requirements. This is compensated by the fact that the 
declared pulse duration is closer to the minimum nec-

essary for the cardiomyocytes excitation, in compari-
son with the biphasic pulse shapes as discussed above. 

Figure 5 gives an illustration of fundamental dif-
ferences between the "multipulse" discharge from the 
previously described discharge techniques, but in fact 
this is a standard bipolar exponentially truncated sig-
nal. The protocol of the energy increase recommended 
by the developers implies starting with 90 J and maxi-
mizing up to 180 J. The energy of 180 J is positioned as 
a "threefold energy margin”. 

Used is the so-called STAR discharge which rep-
resents a biphasic pulse. It has long been considered 
to be optimal from the standpoint of the structure of 
the second phase, which consequently implements 
the theory of "a charge balance". The patents describe 
a debatable discrete equivalent circuit diagram and 
some findings associated therewith [21,22]. Imped-
ance is mentioned as an additional feature, although 
its importance cannot be underestimated [23]. These 
facts do not allow us considering the "STAR pulse” as 
a relevant pulse circuitry.

As a “linear” pulse described is a pulse, which in 
the first phase is close to a rectangular pulse with a 
constant current of 15A. It is emphasized that the time 
is constant for any allowable resistance. This is sup-
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ported by the results of the pulse test, presented in Fig-
ure 6 herein.

Thanks to the constant current density the efficacy 
considerably increases, especially in the patients with 
a low resistance. The patients with a high resistance, 
in their turn, are exposed to a standard bipolar pulse, 
which is relatively shorter than the above one. From 
the standpoint of engineering, the pulse shaping is 
provided with the use of serially connected resistors, 
the required set of which is switched depending on 
the patient’s actual impedance [24]. An imperfection 
of this circuit is a high voltage, when discharging to 
low resistance, despite the stated CCT system. 

Figure 5. Diagram of “a multipulse” signal with an energy of 200 J 
at a load of 25 and 100 ohms

Figure 6. Diagram of “a linear” pulse with an energy of 200 J at 
a load of 25, 50, 100 and 125 ohms

The "biphasic" pulse peculiarity is a programmable 
switch, which allows changing the ratios of the delivered 
energy. In the design settings, the developers preset the 
ratio of energies as 90% in the first and the remaining 
10% in the second phase. When testing the signal, the 
first pulse duration always is 4 ms, which is the optimal 
time to complete repolarization according to numerous 
studies [15]. As it is the case with the previous signal, 
this can be realized at high voltage charging only. Dia-
grams of pulse with an energy of 200 J at a load of 25, 
50, 100 and 125 ohms are given in Figure 7 herein.

Conclusions
Considering the conducted analysis of the existing de-
velopments in the field of external defibrillation, the 
applicable recommendations on cardiopulmonary re-
suscitation, and the results of the theoretical research, 
we may arrive at conclusions as follows:
1. Optimal is the biphasic pulse of rectangular shape, 
that provides a constant current density of 14 -16 A, 
delivered in 4 -5 ms. The maintenance of these param-
eters can be achieved using the current stabilization 
technology. 
2. According to the recommendations, the starting 
charge for adults is 150 J, with a possibility of increasing 
it up to 360J. The conducted studies on the presented 
biphasic pulses demonstrate the possibility of achiev-
ing general repolarization with lower values of energy, 
but it is necessary to have an engineering solution to 
deliver the maximum energy of 360J.
3. The ratios between the first phase and the second 
phase of the pulses in external biphasic defibrillators 
under consideration show significant differences, but 
all of them have been implemented in clinically ap-
proved defibrillators. So, we can conclude that the issue 
on the ratio between the phases remains on the agenda 
as a subject for further research.
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