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Ventricular myocyte injury by high-intensity electric field: Effect 
of pulse duration
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Abstract. Although high-intensity electric fields (HEF) application is currently the only effective 
therapy available to terminate ventricular fibrillation, it may cause injury to cardiac cells. In this study 
we determined the relation between HEF pulse length and cardiomyocyte lethal injury. We obtained 
lethality curves by survival analysis, which were used to determine the value of HEF necessary to 
kill 50% of cells (E50) and plotted a strength-duration (SxD) curve for lethality with 10 different 
durations: 0.1, 0.2, 0.5, 1, 3, 5, 10, 20, 35 and 70 ms. For the same durations we also obtained an SxD 
curve for excitation and established an indicator for stimulatory safeness (stimulation safety factor – 
SSF) as the ratio between the SxD curve for lethality and one for excitation. We found that the lower 
the pulse duration, the higher the HEF intensity required to cell death. Contrary to expectations, 
the highest SSF value does not correspond to the lowest pulse duration but to the one of 0.5 ms. As 
defibrillation threshold has been described as duration-dependent, our results imply that the use of 
shorter stimulus duration – instead of the one typically used in the clinic (10 ms) – might increase 
defibrillation safeness.
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Introduction

The cardiac pumping function efficiency depends on the 
heart contractile activity synchronism. Arrhythmias affect-
ing this synchronism, such as in ventricular fibrillation cases 
(Roger et al. 2012), may lead to death. The only effective 
therapy to terminate those arrhythmias is delivering high-
intensity electric fields (HEF) to cardiac tissue. This method 
has been clinically used for decades, but the HEF necessary 
to stimulate a sufficient amount of cardiac cells may cause 
several injuries to the myocytes due to the generation of non-
uniform potential gradients – some regions of the heart may 
be exposed to HEF higher than 100 V/cm (Yabe et al. 1990). 
This may lead to depression of electrical and contractile func-

tion and even to cell death (Peleška et al. 1963; Jones et al. 
1978; Jones and Jones 1980, 1984; Tung 1996; Nikolski and 
Efimov 2005; Fedorov et al. 2008; Oliveira et al. 2008). 

The cell injuries associated to defibrillator-like shocks are 
probably caused by electroporation: formation of hydrophilic 
pores in the cell membrane as a result of HEF application 
(Jones et al. 1987; Weaver 1994; Tung 1996; Krauthamer 
and Jones 1997; Ivorra 2010; Klauke et al. 2010; Miklavčič 
et al. 2010).

Cell excitability and cell membrane electroporation are 
both dependent on applied stimulus strength and duration 
(Ivorra 2010). The external field applied on the capacitive-
like cell membrane induces an electric potential gradient 
over the external surface of the membrane, depolarizing 
one side of the cell while hyperpolarizing the other side 
(Klee and Plonsey 1976; Kinosita Jr. et al. 1988). However, 
cell excitability requires the opening of a certain amount of 
ion selective voltage-dependent channels (Bers 2001), which 
raises the electrical potential nearby, hence, increasing the 
probability for more channels opening. This eventually turns 
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into a chain reaction that elevates the potential throughout 
the entire surface. On the other hand, membrane electro-
poration generates nonselective pores in membrane regions 
where the magnitude of the transmembrane potential vari-
ation (∆Vm) induced by electric field (E) reaches a critical 
value (Ivorra 2010). Furthermore, electroporation is a self-
limiting phenomenon, since pores formation restricts ∆Vm. 
Therefore, the study of the effect of stimulatory parameters, 
such as stimulus strength and duration, seems to be manda-
tory to develop more effective and safe cardiac cells stimu-
lation procedures. These parameters are well established 
for stimulation but not for HEF as those expected during 
defibrillation. 

Our aim is to study the HEF strength and duration 
necessary to kill 50% of cells (E50) and its relations with 
E threshold that evokes cell contraction (ET). We used the 
stimulation safety factor (SSF), i.e., the ratio between E50 
and ET, to evaluate this relationship. SSF was calculated as 
the “safety factor” (Oliveira et al. 2008) and the “threshold 
factor” (Reilly et al. 2009) but considering as reference the 
ET of each cell instead of a reference-case neuron. SSF gives 
a numerical rating that provides a measure of effectiveness 
to any form of electrical stimulation. A higher SSF would 
mean a safer stimulation procedure.

Materials and Methods

Isolated ventricular myocytes

Ventricular myocytes were isolated from adult male Wistar 
rat hearts by coronary perfusion with collagenase I (0.4–0.5 
mg/ml; Worthington Biochem., Lakewood, NJ, USA) in 
Langendorff system. Briefly, the left ventricle was separated 
from the heart and the isolated myocytes suspension was 
obtained by mechanical dissociation (Penna and Bassani 
2010). Cells were stored at 4°C and used within 6 h after 
isolation (Louch et al. 2011).

The experimental protocol was approved by the Insti-
tutional Committee for Ethics in Animal Research (IB/
UNICAMP, No. 2587-1(F) and 2942-1(D)). 

The isolated myocytes were plated in a perfusion chamber 
where we placed a pair of platinum electrodes, 0.75 cm apart, 
along the lateral walls at the bottom of the chamber and par-
allel to the solution flow direction. The perfusion chamber 
(developed by CEB/UNICAMP; Campinas, SP, Brazil) is able 
to supply a laminar flow of solution in a constant volume, 
allowing electric field estimation with 2% of precision (Oli
veira et al. 2008). Cells were perfused with Tyrode’s solution 
(composition (in mM): 140 NaCl, 6 KCl, 1.5 MgCl2, 5 HEPES, 
1 CaCl2, 11 glucose, pH 7.4) at 23 ± 2°C.

All procedures were performed only in rod-shaped cells 
with clear cross striations responding to electrical stimula-

tion by performing contractions. Also, the cells had to be 
located at least 2 mm far from the electrodes (Oliveira et al. 
2008), distant from neighbor cells, and parallel to the applied 
E lines (±5°). We used one cell per chamber.

Cell pacing and high intensity electric field stimulation

A low-intensity voltage stimulator (LIS; developed by CEB/
UNICAMP; Campinas, SP, Brazil) was used to apply sym-
metric biphasic or monophasic voltage pulses (waveforms 
in Figure 1) above threshold, strong enough to evoke cell 
contraction. Pulse intensity was gradually decreased until the 
contraction stopped. We considered ET as the amplitude of 
the positive phase from the last pulse before cell contraction 
stopped. ET was first obtained for biphasic pulses (5 ms each 
semi cycle) at 0.5 Hz for all cells (ET-5ms). They were paced for 
5 min at 0.5 Hz with symmetric biphasic pulses 20% above 
threshold before any procedure. The pulses were constantly 
monitored by an oscilloscope (Agilent DSO3062A; Tektronix 
Inc., Beaverton, OR, USA). A schematic representation of 
our setup is presented in Figure 1.

In order to perform SxD curves, the cells were divided 
into 11 groups: 10 of them, each with a specific pulse length 
(0.1, 0.2, 0.5, 1, 3, 5, 10, 20, 35 and 70 ms), were used to build 
an excitation SxD curve (biphasic pulses) and the lethality 
SxD curve in a paired fashion, while the last group was ex-
clusively used to generate two-paired excitation SxD curves 
(monophasic and biphasic pulses, all durations). Regarding 
the 10 groups, we determined ET in the same way we did 
for ET-5ms: using 0.5 Hz symmetric biphasic voltage pulses, 
but with the specific pulse length of each group (ET-SPL). 
Then, the chosen cell was subjected to a single monophasic 
HEF shock (Figure  1; pulse duration was group specific 
and pulse magnitude was defined as ET-SPL multiplied by 
a factor) by switching to a high-intensity voltage stimulator 
(HIS; developed by CEB/UNICAMP; Campinas, SP, Brazil) 
synchronized with LIS (Figure 1). After a 3–10 min resting 
period, pacing was reestablished and a  new HEF shock 
was delivered. The procedure was repeated each time with 
a stronger shock until cell death which was identified by 
the development of sustained hypercontracture and the 
release of intracellular material, accompanied by irrevers-
ible loss of responsiveness to electric stimulation and lack 
of discernible internal structure (Oliveira et al. 2008). The 
data obtained from this protocol (the greatest non-lethal 
HEF and the HEF lethal) were used as input for a survival 
analysis (Kleinbaum 1996) whose output was a  data set 
containing the probability of cell death at different HEF 
intensities. The outputted data set was used to create the 
lethality curves, i.e., curves that relate the HEF intensity 
and the probability of cell death.

In the last group of cells, we performed an entire excita-
tion SxD curve for each cell using symmetric biphasic and 
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monophasic voltage pulses (0.5 Hz). ET for biphasic pulses 
(ET-biph) and ET for monophasic pulses (ET-mono) were 
evaluated by the same procedure done for ET-5ms. No HEF 
pulses were applied to this group.

Statistical analysis

The SxD curves for excitation were fitted by the Weiss-
Lapicque equation 
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where Y is the E intensity correspondent to a pulse dura-
tion d, Erh is the rheobase (value of E  correspondent to 
an infinite d), and Cr is the chronaxie (pulse duration cor-
respondent to Y = 2Erh). The correlation between all SxD 
curves for excitation (ET-biph, ET-mono and ET-SPL) was tested 
by linear regression.

The lethality curves obtained by the survival analysis, as 
described above, were fitted through the following equa-
tion:
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where P  is the probability of lethality, E50 is the value of 
E correspondent to P = 0.5 and n is the Hill coefficient (R² 
> 0.90 in all cases). The E50 and n fitting parameters of the 

lethality curves were compared by 95% confidence interval 
(CI95) overlapping.

The SxD curve for lethality was obtained plotting the E50 
from each lethality curve and fitted by a modified version 
of the equation described by Krassowska et al. (Y = KdA, 
Krassowska et al. 2003):
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where E50, obtained by Equation 2, is the intensity of electric 
field required to kill 50% of cells, and d is pulse duration. K, 
A and B are adjustable parameters.

The SSF curve was plotted dividing the Eq.  3 by 
Eq. 1:

 

  𝑌 = 𝐸�� �1 +
��
𝑑 �   (1) 

 

 

  𝑃 = 1
1+�𝐸��𝐸 �

�    (2) 

 

 

  𝐸�� = 𝐾𝑑� + 𝐵   (3) 

 

 

  𝑆𝑆𝐹 = 𝐾𝑑�+𝐵
𝐸���1+

��
𝑑 �

   (4) 

 

 

	�  (4)

where the K, A and B values were taken from the best fit 
of these parameters in Eq. 3, Erh and Cr values were taken 
from the best fit of Eq. 1 using ET-SPL, and d is the pulse 
length.

Also, we used ratios E/ET-SPL as inputs (the greatest 
E non-lethal/ET-SPL and the E lethal/ET-SPL) to run a sur-
vival analysis and create normalized lethality curves. Thus, 
similar to the procedure by which we used E50 to create the 
SxD curve for lethality, we plotted the ratios associated to 
50% of cell death (E/ET-SPL)50, together with the SSF curve 

Figure 1. Schematic representation of the experimental setup. Low intensity voltage-stimulator (LIS) used for cell pacing: symmetric 
biphasic voltage pulses (Ebiph) or monophasic voltage pulses (Emono) with different durations (d). High intensity voltage-stimulator 
(HIS) used for defibrillator-like shocks synchronized (sync) by LIS: high intensity electric field (HEF) pulse with different d. Switch 
for stimulator selection. Oscilloscope used for pulse monitoring. Perfusion chamber used for cell stimulation. Imaging system: 
LED, objective lens and CCD camera connected to a computer.
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generated from Eq. 4. Point deviation from the SSF curve 
model was evaluated by the Runs test.

Data are presented as means accompanied by the stand-
ard error except for E50 and n fitting parameter, which are 
presented as means and CI95. Cell major axis (length), 
minor axis (width) and ET-5ms were compared between all 
groups by the one-way ANOVA test. Lethality curves were 
compared using the Mantel-Cox test. Statistical significance 
was considered to occur when p ≤ 0.05. All tests and analy-
ses were made using the software Prism 5.03 (GraphPad 
Software, San Diego, USA).

Results 

Comparison between cell experimental groups

ET-5ms, width and length values are presented on Table 1. 
Values of ET-5ms were not significantly different; this 
shows that the cells from all groups could probably be 
comparable in terms of excitability. Width and length 
values were also not significantly different. The values 
found for those variables were similar to those previously 
found in the literature (Bassani et al. 2006; Goulart et 
al. 2012).

Excitation SxD curve

Table 2 shows the data for excitation SxD curves (Figure 
2A; ET-SPL; ET-biph; ET-mono). All the SxD curves are lin-
early related with p < 0.0001 and R2 > 0.99 (Figure 2B,C 
and D).

Table 1. Cell parameters

Pulse
length (ms) N ET-5ms

(V/cm)
Width
(µm)

Length
(µm)

0.1 12 2.94 ± 0.09 28.2 ± 1.19 126.2 ± 3.97
0.2 7 3.06 ± 0.06 28.56 ± 2.06 138.5 ± 4.03
0.5 11 3.11 ± 0.08 30.14 ± 1.29 117.3 ± 4.68
1 10 3.00 ± 0.10 29.25 ± 1.18 128.1 ± 3.51
3 13 3.09 ± 0.12 28.68 ± 1.55 119.0 ± 4.00
5 15 3.33 ± 0.09 28.52 ± 1.52 122.0 ± 3.51

10 13 3.26 ± 0.12 29.09 ± 1.75 120.9 ± 4.63
20 11 3.08 ± 0.10 30.69 ± 1.95 122.6 ± 5.19
35 16 3.18 ± 0.07 28.29 ± 0.99 124.8 ± 2.65
70 10 3.29 ± 0.13 30.15 ± 2.01 123.8 ± 4.97

Mono&Biph 13 3.42 ± 0.16 30.38 ± 2.14 131.8 ± 4.37
Mean ± standard error of ET-5ms (electric filed threshold to stimulate 
cells using 5 ms long biphasic pulses), width and length values for all 
groups analyzed (each with a specific pulse length for defibrillator-
like shocks). There was no significant difference in any case (one-way 
ANOVA test). Mono&Biph, all durations; N, number of cells.

Table 2. Excitation curves parameters

Pulse 
length (ms)

ET-SPL  
(V/cm)

ET-biph  
(V/cm)

ET-mono  
(V/cm)

0.1 22.57 ± 1.08 (N = 12) 21.36 ± 1.07 26.14 ± 1.33 
0.2 11.93 ± 0.43 (N = 7) 11.64 ± 0.54 15.56 ± 0.70 
0.5 6.41 ± 0.37 (N = 11) 6.68 ± 0.36 8.90 ± 0.45 
1 4.42 ± 0.14 (N = 10) 4.93 ± 0.26 6.94 ± 0.37 
3 3.52 ± 0.15 (N = 13) 3.65 ± 0.18 5.34 ± 0.31 
5 3.33 ± 0.09 (N = 15) 3.35 ± 0.16 4.95 ± 0.30 

10 2.88 ± 0.13 (N = 13) 2.86 ± 0.22 4.35 ± 0.35 
20 2.61 ± 0.07 (N = 11) 2.67 ± 0.20 4.31 ± 0.35 
35 2.43 ± 0.05 (N = 16) 2.44 ± 0.21 3.69 ± 0.32 
50 – 2.25 ± 0.19 3.43 ± 0.27 
70 2.45 ± 0.09 (N = 10) – –

Mean ± standard error of ET-SPL, ET-biph (N = 13) and ET-mono 
(N  = 13). ET-SPL, electric field threshold (ET) to stimulate cells 
using biphasic pulses with the specific pulse length of each group; 
ET-biph, ET to stimulate cells using biphasic pulses; ET-mono, ET to 
stimulate cells using monophasic pulses; ET-SPL was evaluated in 
the groups of cells submitted to defibrillator-like shocks while ET-
biph and ET-mono were pared and assessed in a group that did not 
received defibrillator-like shocks. N, number of cells.

Lethality curves

Curves relating probability of lethality and intensity of 
HEF (Figure 3A,B and C) were different for each stimulus 
duration (p  < 0.0001; Mantel-Cox test) and showed that 
the longer the pulse duration, the lower the HEF intensity 
required to cell death. E50 and n values are presented in 
Table 3. E50 was different among all groups except between 
35 and 70 ms; n was different only for 20 ms compared to 
0.1, 3, 5, 10, 35 and 70 ms.

Lethality SxD curve

From the E50 values obtained by the sigmoid fitting of le-
thality curves (Table 3), we could determine the SxD curve 
for lethality (Figure 3D). Values obtained for parameters K, 
A and B were 125.1 ± 3.89, –0.53 ± 0.01 and 38.84 ± 2.70, 
respectively (R² = 0.99).

Stimulation safety factor

SSF is presented in Figure 4 and Table 4. The normalized 
lethality curves are shown in Figure 4A,B and C. All curves 
were different (p < 0.0001; Mantel-Cox test), however, (E/
ET-SPL)50 is not different between 0.1 ms compared to 35 and 
70 ms; 0.2 ms compared to 5, 10 and 20 ms; 1 ms compared 
to 3 ms; 5 ms compared to 10 and 20 ms; 10 ms compared 
to 20 ms; 20 ms compared to 70 ms; and 35 ms compared 
to 70 ms; n was not different in any group. 
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Figure 2. Strength-duration curves (SxD) for excitation and their linear correlation. A. SxD curves for ET-SPL (Erh = 2.58 ± 0.14 V/cm; 
Cr = 0.77 ± 0.05 ms; R2 = 0.96), ET-biph (Erh = 2.70 ± 0.16; Cr = 0.69 ± 0.05; R2 = 0.94) and ET-mono (Erh = 4.21 ± 0.21; Cr = 0.53 ± 0.03; 
R2 = 0.92) as described in Table 2. B. C. D. Linear correlation between each pair of SxD curve (p < 0.0001 and R2 > 0.99 in all cases). 
Symbols indicate means and vertical and horizontal bars indicate standard errors.

Table 3. Lethality curves fittings parameters 

Pulse length 
(ms)

E50 (V/cm) n

Mean CI95 Mean CI95
0.1 (N = 12) 474.8 461.4 to 488.1 8.2 6.4 to 10.03
0.2 (N = 7) 332.3 315.7 to 348.9 10.1 4.0 to 16.2

0.5 (N = 11) 242 238.0 to 246.1 12.9 9.8 to 16.0
1 (N = 10) 148.2 145.2 to 151.2 13.0 9.3 to 16.8
3 (N = 13) 108.8 105.8 to 111.9 8.3 6.5 to 10.2
5 (N = 15) 90.7 88.6 to 92.8 7.4 6.1 to 8.7

10 (N = 13) 76.6 73.6 to 79.6 7.7 5.6 to 9.8
20 (N = 11) 66.2 65.1 to 67.3 16.6 11.3 to 21.8
35 (N = 16) 53.6 50.73 to 56.4 7.7 4.9 to 10.4
70 (N = 10) 53.7 51.2 to 56.1 7.4 4.9 to 9.9

Mean and 95% confidence intervals (CI95) for electric field intensity 
correspondent to probability of death equal to 50% (E50), and the 
respective Hill coefficient (n). N, number of cells.

Table 4. Normalized lethality curves fittings parameters 

Pulse length 
(ms)

SSF: (E/ET-SPL)50 n

Mean CI95 Mean CI95
0.1 (N = 12) 20.5 19.6 to 21.3 8.2 5.7 to 10.7
0.2 (N = 7) 25.6 23.6 to 27.5 20.9 –28.2 to 69.9

0.5 (N = 11) 38.9 36.8 to 41.0 7.8 4.9 to 10.8
1 (N = 10) 32.5 30.9 to 34.1 11.3 5.9 to 16.7
3 (N = 13) 30.5 28.9 to 32.0 7.0 4.8 to 9.7
5 (N = 15) 25.8 24.2 to 27.4 8.4 4.4 to 12.5

10 (N = 13) 25.6 23.9 to 27.3 26.3 –40.3 to 92.8
20 (N = 11) 23.4 22.5 to 24.3 11.7 7.4 to 15.9
35 (N = 16) 20.8 19.5 to 22.1 8.2 4.5 to 11.9
70 (N = 10) 20.9 19.1 to 22.6 17.6 –10.8 to 46.1

Mean and 95% confidence interval (CI95) for normalized electric 
field intensity correspondent to probability of death equal to 50% 
(E/ET-SPL)50, i.e., the stimulation safety factor (SSF) and the respec-
tive Hill coefficient (n). N, number of cells.
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SSF curve (Figure 4D) shows a non-monotonic varia-
tion, increasing as the pulse duration decreases up to 0.5 
ms where it reaches a  peak that might be the best pulse 
duration to a less damaging stimulation. Beyond this point, 
SSF decreases as the duration is reduced. The (E/ET-SPL)50 
points are not significantly deviated from the SSF curve 
model (Eq. 4; p = 0.53, Runs test) and there is also a peak 
of (E/ET-SPL)50 = 38.88 at 0.5 ms.

Discussion 

In this work we showed for the first time that the SSF curve 
has an optimal duration correspondent to 0.5 ms. As ex-
pected, we observed that the higher the intensity of HEF, 
the higher the probability of lethality as well (Oliveira et al. 
2008; Goulart et al. 2012); n was different for 20 ms com-

pared to the majority of the curves; however, we are unable 
to explain the phenomenon associated just with our current 
data. According to electrical stimulation models (Klee and 
Plonsey 1976; Kotnik et al. 1997; Ying and Henriquez 2007), 
greater E induces greater ∆Vm, increasing the probability of 
irreversible hydrophilic pores to appear in the membrane 
(Tovar and Tung 1992; Wilhelm et al. 1993; Weaver and 
Chizmadzhev 1996). Furthermore, when the pulse duration 
is longer, the probability of lethality is higher for the same 
HEF intensity. This might be explained by increased severe 
electroporation probability for longer pulses (Weaver and 
Chizmadzhev 1996; Miklavčič et al. 2010).

Once the cell membrane is disrupted by a non-lethal HEF, 
a massive Ca2+ influx promotes alterations, such as protein 
aggregation, phosphate precipitation, proteolysis, mitochon-
drial dysfunction, which might lead to a delayed cell death 
(Krauthamer and Jones 1997; Nikolski and Efimov 2005; Case 

Figure 3. Lethality curves and strength-duration (SxD) curve for lethality. A. B. C. Probability of lethality of cardiac myocytes as function of 
the applied electric field (E), determined for different stimulus durations. Symbols indicate means and vertical bars indicate standard errors. 
The fitting parameters are shown in Table 3. R2 > 0.90 in all cases. D. SxD curve for cardiac myocytes lethality. Data are presented as means 
and 95% confidence intervals. The curve was fitted by Equation 3 (K = 124.5 ± 4.90; A = –0.54 ± 0.01; B = 39.01 ± 3.34; R² = 0.99).
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et al. 2007; Fedorov et al. 2008; Klauke et al. 2010). Also, Ca2+ 
overload may promote arrhythmias, even re-inducing ven-
tricular fibrillation (Bassani et al. 1997; Zaugg 2004). It is un-
questionable the clinical importance of long-term side-effects 
of defibrillator-like shocks which may reduce patient survival 
hours after a successful defibrillation (Tung 1996; Xie et al. 
1997; Tang et al. 1999; Bunch et al. 2003; Nikolski and Efimov 
2005; Fedorov et al. 2008). However, immediate myocardium 
shock-induced injury should not be overlooked (Sham’A et 
al. 2014). In fact, during defibrillation, the heart is exposed 
to HEF ranging from 1 to 189 V/cm (Yabe et al. 1990) which 
is strong enough to cause immediate cell death (Oliveira et 
al. 2008; Klauke et al. 2010; Goulart et al. 2012).

We found that excitation and immediate cell death had 
a similar mathematical behavior when relating electric field 

strength to duration and that both could be fitted by the 
Weiss-Lapicque equation. However, excitation and immedi-
ate cell death are governed by different phenomena – excita-
tion depends on voltage-dependent channel opening (Bers 
2001) whereas immediate death is caused by irreversible 
electroporation (Tung 1996; Klauke et al. 2010; Miklavčič et 
al. 2010). Therefore, we adapted an equation that describes 
HEp-2 cancerous human cell death by electroporation 
(Krassowska et al. 2003) into our data about cell death. 
Krassowska et al. used a maximum duration of 16 ms. In 
that case, it is inferable that the curve would tend to zero 
for longer durations. Our work extends to longer durations, 
up to 70 ms, and shows that the curve tends to a positive as-
ymptotic value, requiring a constant term B in their equation 
to take into account this new tendency. The positive asymp-

Figure 4. Normalized lethality curves and stimulation safety factor (SSF). A. B. C. Probability of lethality of cardiac myocytes as func-
tion of the ratio between the applied electric field (E) and E threshold (ET, biphasic pulse) with the specific pulse length of each group 
(ET-SPL). The fitting parameters are shown in Table 4. R2 > 0.95 in all cases. Symbols indicate means and vertical bars indicate standard 
errors. D. SSF (Table 4) as a function of the pulse duration, the red line was generated from Eq. 4. Symbols indicate means and vertical 
bars indicate 95% confidence intervals.
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totic value is reasonable because a minimal transmembrane 
potential needs to be reached for electroporation (Kotnik et 
al. 2003). The fit using this adapted equation to the lethality 
curve was better than the one with the Weiss-Lapicque equa-
tion (p < 0.0001, extra sum-of-squares F-test).

The SSF curve displays a maximum close to 0.5 ms, which 
could be used to improve the defibrillation safeness since we 
observed a bigger range of threshold from stimulation to 
lethality. Perhaps defibrillation with pulse duration of ~0.5 
ms might be a better approach than 10 ms, the typical dura-
tion clinically used (Tacker and Geddes 1996).

Some limitations must be considered in our study. We 
used ET-SPL to calculate the intensity of HEF delivered to 
cell (i.e., the defibrillator-like shock intensity). The most 
accurate way to calculate the HEF intensity should be using 
ET-mono rather than ET-SPL. However, it was impossible to 
perform the whole experimental protocol using monopolar 
pulses, because it causes noticeable electrode polarization. 
As E  estimation in perfusion chamber is unfeasible with 
electrode polarization, we decided to use the ET-SPL to cal-
culate the HEF intensity of defibrillator-like shocks. Even 
HEF pulses being monophasic and ET-SPL being biphasic, 
our results with paired ET-mono and ET-biph excitation SxD 
curves demonstrate that they display a  linearly correlated 
behavior. Then we considered that simplifying the protocol 
did not interfere considerably with the results and it was 
a better approach than working with an electrode polari-
zation situation. A critical limitation in our work was the 
progressive increase of HEF as a function of ET during the 
lethality curve protocol. It results in different number of 
shocks in each cell before death. Multiple countershocks 
are often delivered to patients during cardiopulmonary 
resuscitation; however, a  higher number of shocks may 
generate cumulative damages causing cell impairment. We 
observed that some non-lethal HEF are able to damage cells, 
sometimes promoting reversible hypercontracture with 
permanent cell length reduction. The number of shocks was 
3–5 in all groups, except the group that received HEF with 
0.5 ms duration which received about 8 shocks. Thus, the 
cumulative effect of HEF shocks cannot be ignored, and it 
might even lead to an underestimated value of the peak at 
0.5 ms in SSF curve. On the other hand, a reversible elec-
troporation, and consequent elevation of cytosolic Ca2+, is 
able to activate membrane repair mechanisms, making cells 
more efficient at membrane pores sealing and less vulnerable 
to lethal effects of HEF (Steinhardt et al. 1994; Togo et al. 
1999). Further works are required to fully understand the 
influence of different number of shocks.

Important considerations must be made if extrapolation 
to clinical trials is desired. A  primary and most obvious 
discrepancy would be that our results were taken from 
isolated cells from rat hearts oriented longitudinally to the 
electric field. A whole heart contains loads of cells with dif-

ferent mechanical and electrical characteristics, oriented in 
all directions and connected through gap-junctions, which 
means that each individual cell may behave quite differently 
in response to the electric field applied. In fact, each cell 
should perceive a different variation of Vm, not only because 
of cell orientation, shape and location, but also because of the 
generation of virtual electrodes in the tissue (Knisley et al. 
1994; Roth 1995). In an experimental and simulation work 
done by Sambelashvili et al. (2004), the authors investigated 
the effects of electroporation and cell uncoupling after tis-
sue electrical damage, arguing that both effects could work 
additively and interfere with virtual electrode topography. 
Our work considers immediate cell death, probably due to 
irreversible electroporation, as a major concern and does 
not assess reversible electroporation, or cell uncoupling. 
Although it is difficult to correlate our results to clinical 
issues, the strength duration curves from human heart ex-
citation (Davies and Sowton 1966) and defibrillation (Gold 
and Shorofsky 1997) also have shown a monoexponential 
shape; thereby we speculate that there might be an SSF peak 
in whole heart in which further studies should be conducted 
to confirm our assumption.

Another obstacle to overcome would be to estimate how 
excitability and lethality would behave at physiological 
temperatures. Electroporation seems to have a decreasing 
threshold as the temperature rises (Coster and Zimmer-
mann 1975), however, breakdown potential difference 
seems to remain stable within the range from room (25°C) 
to physiological temperatures. Regarding the same influ-
ence upon stimulation, strength-duration curve shows an 
increment in rheobase and chronaxie with temperature 
decrement in ground squirrel and rat papillary preparations 
but no significant difference was found from room (25°C) 
to physiological (35°C) temperature (Wang et al. 1997). 
If both thresholds rest unchanged as temperature rises to 
physiological levels, we would expect minor changes on the 
SSF curve. However, our protocol does not allow confirming 
this hypothesis.

In conclusion, SSF curve might be related to stimulatory 
safety (i.e., the higher the SSF, the higher the stimulatory 
safety), therefore, we hypothesize shorter pulses are safer 
until a  certain point. These results might help to develop 
further works in areas related to electropermeabilization, 
transfection, cell/tissue stimulation and it is possible to ex-
plore them in terms of defibrillation effectiveness.
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