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Characterization of Experimentally

Observed Complex Interplay

between Pulse Duration, Electrical

Field Strength, and Cell Orientation

on Electroporation Outcome Using a

Time-Dependent Nonlinear

Numerical Model. Biomolecules 2023,

13, 727. https://doi.org/10.3390/

biom13050727

Academic Editor: Chi Keung Lam

Received: 28 February 2023

Revised: 17 April 2023

Accepted: 18 April 2023

Published: 23 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Characterization of Experimentally Observed Complex
Interplay between Pulse Duration, Electrical Field Strength,
and Cell Orientation on Electroporation Outcome Using a
Time-Dependent Nonlinear Numerical Model
Maria Scuderi 1 , Janja Dermol-Černe 1 , Tina Batista Napotnik 1, Sebastien Chaigne 2 , Olivier Bernus 2,
David Benoist 2, Daniel C. Sigg 3 , Lea Rems 1 and Damijan Miklavčič 1,*
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Abstract: Electroporation is a biophysical phenomenon involving an increase in cell membrane perme-
ability to molecules after a high-pulsed electric field is applied to the tissue. Currently, electroporation
is being developed for non-thermal ablation of cardiac tissue to treat arrhythmias. Cardiomyocytes
have been shown to be more affected by electroporation when oriented with their long axis parallel
to the applied electric field. However, recent studies demonstrate that the preferentially affected
orientation depends on the pulse parameters. To gain better insight into the influence of cell orienta-
tion on electroporation with different pulse parameters, we developed a time-dependent nonlinear
numerical model where we calculated the induced transmembrane voltage and pores creation in
the membrane due to electroporation. The numerical results show that the onset of electroporation
is observed at lower electric field strengths for cells oriented parallel to the electric field for pulse
durations ≥10 µs, and cells oriented perpendicular for pulse durations ~100 ns. For pulses of ~1 µs
duration, electroporation is not very sensitive to cell orientation. Interestingly, as the electric field
strength increases beyond the onset of electroporation, perpendicular cells become more affected
irrespective of pulse duration. The results obtained using the developed time-dependent nonlin-
ear model are corroborated by in vitro experimental measurements. Our study will contribute to
the process of further development and optimization of pulsed-field ablation and gene therapy in
cardiac treatments.

Keywords: finite element model; time domain; electroporation; pulsed-field ablation; cardiomyocyte;
intracellular calcium; lethal electric field strength; cell orientation; anisotropy

1. Introduction

Electroporation is the underlying mechanism in a new promising cardiac ablation
method—Pulsed Field Ablation (PFA)—currently being developed for the treatment of
atrial fibrillation and other cardiac arrhythmias [1–3]. Electroporation has also been at-
tributed to performing a role in cardiac defibrillation [4] and has shown promise for cardiac
regeneration based on gene therapy [5,6].

Electroporation is a phenomenon where the application of high-voltage electric pulses
to isolated cells or tissues transiently increases membrane permeability allowing the trans-
port of ions and molecules otherwise deprived of or having hindered transmembrane
transport mechanisms [7,8]. Following electroporation, cells may recover and survive (i.e.,
reversible electroporation), or lose homeostasis and undergo cell death (i.e., irreversible
electroporation). The increase in cell membrane permeability is due to a supraphysiolog-
ical transmembrane voltage (more than a few 100 mV) induced by an external electric
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field [9,10] and can involve pore formation in the lipid bilayer of the cell membrane, ox-
idative lipid damage, and structural alteration of specific membrane proteins [11]. The
induced transmembrane voltage varies with the position on the membrane and depends on
cell size, shape, and orientation with respect to the applied electric field [11–13]. The time
course of the induced transmembrane voltage for spherical and other regularly shaped cells
can be determined analytically, and for cells with more complex and irregular shapes, such
as isolated cardiomyocytes, it can be calculated numerically [12,13]. In general, electropora-
tion follows a “size rule” in the sense that larger cells are electroporated at lower electric
field strengths than smaller ones, as the induced transmembrane voltage is proportional to
the electric field strength and cell radius.

Cardiac tissue is composed of different types of cells (e.g., cardiomyocytes, fibroblasts,
smooth muscle cells, immune cells, neuronal cells, etc. [14]), whereby the target of the
electroporation therapy are typically cardiomyocytes. Cardiomyocytes are cardiac muscle
cells that are elongated and rod-shaped with a non-smooth membrane surface and a
complex array of tubules. Cardiac transverse tubules (t-tubules) are invaginations of
cardiomyocyte sarcolemma and are involved in the maintenance of resting membrane
voltage, action potential initiation, regulation and propagation, signaling transduction,
and the coupling for the excitation-contraction cycle [15]. Cardiac myocytes are organized
in fibers and their orientation within the heart is variable. For example, in ventricular
tissue, fibers turn from a circumferential orientation on the epicardium to an apicobasal
orientation in the endocardium [16–18]. Fiber orientation in the atria is more irregular
than that of the ventricles [19–21]. In the context of cardiac arrhythmia treatment, a wide
range of pulse shapes and durations have been investigated and used in vitro and in vivo,
from exponentially decaying pulses to monophasic pulses with duration ranging from
milliseconds to nanoseconds, and most recently, short µs-long biphasic pulses referred to as
high-frequency irreversible electroporation (HFIRE) [22–29]. The orientation of elongated
cardiac cells and the different pulse parameters (e.g., amplitude, duration, number, and
repetition frequency), which are used for the treatment, might affect the efficiency of PFA
treatment. An efficient way to determine the effect of an external electric field on a cell is
by numerical modeling combined with in vitro experimental results.

Milan et al. [30] studied the induced transmembrane voltage due to the applied exter-
nal electric field on a single cardiomyocyte from the modeling point of view and showed
that the shape of cardiomyocytes can be approximated by a prolate spheroid. Under steady-
state conditions, the cardiomyocytes (and other elongated cells) are predicted to be more
affected when oriented parallel to an external electric field compared to perpendicular
orientation. However, it was observed experimentally that cardiomyocytes are electropo-
rated by nanosecond pulses at lower electric field strengths when oriented perpendicularly
to the electric field compared to the parallel orientation [27,31]. Surprisingly, to some
extent, effects associated with electroporation do not always follow the “size rule” [32]
as intuitively expected based on simple steady-state calculations. A study published by
Dermol-Černe et al. [31] showed that parallel orientation is more affected than perpendicu-
lar orientation when a single monophasic pulse of >1 µs duration is applied to different
electric fields. Chaigne et al. [33] recently published a study in which authors investigated
the lethal electric field strengths of a single-oriented cardiomyocyte when applying a single
monophasic pulse of 10 ms or 100 µs pulse duration. The authors showed that the cells ori-
ented perpendicular to the electric field had a lower lethal threshold at 100 µs than parallel
cells, but cells oriented parallel to the electric field had a lower lethal threshold at 10 ms
than perpendicular cells [33]. Interestingly, they showed that perpendicular orientation
is more affected than the parallel one when using 100 µs pulse duration which seems to
be in contrast to the findings from Dermol-Černe et al. [31]. To gain a better mechanistic
understanding of the in vitro experimental data published by Dermol-Černe et al. [31] and
Chaigne et al. [33], we developed a time-dependent nonlinear numerical model which
included membrane electroporation. We built upon a previously published steady-state
model of a single cardiomyocyte with realistic shape and simplified prolate spheroid shape,
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which was exposed to electric field [30]. In contrast to the steady-state model, our model
also captures the nonlinear behavior of the induced transmembrane voltage as the mem-
brane is being electroporated [34,35]. We used our developed model to investigate the effect
of cardiomyocyte orientation on electroporation induced by a single monophasic pulse of
durations from 10 ms to 100 ns pulses. These pulse parameters were chosen specifically
to be able to compare the modeling findings with in vitro experimental data previously
reported by Dermol-Černe et al. [31] and Chaigne et al. [33]. Since the cardiomyocyte model
did not include t-tubules, we have numerically modeled these by varying the membrane
capacitance to determine how these would affect the induced transmembrane voltage and
electroporation. The modeling results suggest that the orientation at which cardiomyocytes
become preferentially affected by electroporation pulses depends in a complex way both
on pulse duration and the electric field strength. The model findings corroborate and
bring better mechanistic understanding on the apparently conflicting experimental results
published previously [31,33]. In addition, the modeling results may become relevant for
interpreting results at the tissue level in clinical applications of PFA.

2. Materials and Methods
2.1. The Time-Dependent Numerical Model with Electroporation

A time-dependent nonlinear numerical model was developed, including the phe-
nomenon of electroporation, to study the effect of the external applied electric field on a
cardiomyocyte. The model was developed using COMSOL Multiphysics 5.6 software (Com-
sol, Inc., Burlington, MA, USA). Two different geometries, prolate spheroid (Figure 1A) and
the real-shaped geometry of a cardiomyocyte (Figure 1B) were used to represent a single
cardiomyocyte. The real-shaped geometry of a cardiomyocyte was kindly provided by
Milan et al. [30]. Both geometries were modeled in the center of the simulation cube with
dimensions 400 µm × 400 µm × 400 µm (Figure 1C).

Figure 1. Geometries used to represent a cardiomyocyte with an electric field applied parallel to
the long axis of the cell. (A) Prolate spheroid geometry, 120 µm long, 30 µm wide, and 30 µm high.
(B) Real-shaped geometry 142 µm long, 36 µm wide, and 21 µm high. Both the real-shaped geometry
and its prolate spheroid approximation were the same as in Milan et al. [30]. (C) The cell was at
the center of the box when the electric field was applied parallel to the long axis of the cell. The
violet-colored sides of the box represent the electrodes to which the voltage was applied.

The electric potential distribution, V, in the intracellular and extracellular subdomains
was calculated in the AC/DC module, Electric Currents physics by solving the Laplace equation:

5·
[(

σi,e + εi,e
∂

∂t

)
5Vi,e

]
= 0 (1)
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where σi,e and εi,e denote, respectively, the conductivity and the dielectric permittivity of
either intracellular (subscript i) or extracellular (subscript e) medium. The cell membrane
was modeled using the Contact Impedance Boundary Condition:

n·J = 1
dm

(
σm + ε0εm

∂

∂t

)
(Vi −Ve) (2)

where n is the normal vector, J is the current density, dm is the cell membrane thickness, σm is
the cell membrane conductivity, εm is the cell membrane permittivity, ε0 is the permittivity
of the vacuum, and Ve and Vi are the electric potentials at the outer and inner surfaces
of the membrane, respectively. The induced transmembrane voltage (TMV) is calculated
as the difference between the extracellular, Ve, and intracellular, Vi, electric potential,
TMV = Vi − Ve.

A monophasic electric pulse with different pulse durations of 10 ms, 1 ms, 100 µs,
10 µs, 1 µs, and 100 ns was applied on the two opposite boundaries of the simulation cube,
either parallel or perpendicular to the main axis of the cardiomyocyte. The remaining four
faces of the cube were modeled as insulating surfaces. The electric pulse was obtained
by subtracting two Heaviside functions using the COMSOL’s built-in function flc1hs [36].
The pulse rise time was set to 1/100 of the pulse duration. The values of the electric field
applied in the numerical model were from 10 V/cm to 105 V/cm.

Pore formation was calculated as a function of time and thus can only be added
in the time-dependent simulations. The pore formation was described by the following
differential Equation (3) implemented in COMSOL Multiphysics as a Weak Form Boundary
partial differential equation:

dN
dt

= αe
( Um

Vep )
2

− α
N
N0

e(−q)(
Um
Vep )

2

(3)

where N represents the pore density (number of pores per unit area), Um denotes the
TMV, N0 is the pore density when Um = 0 V, and Vep, a, and q are model parameters,
respectively. The first term of Equation (3) represents pore creation and the second one the
pore annihilation [37,38].

The increase in cell membrane conductivity during electroporation, σep, was calculated as:

σep = σm + N
2πrp

2σpdm

πrp + 2dm
(4)

where rp and σp are the radius and conductivity of a single pore, respectively. The first
term of Equation (4) represents the passive membrane conductivity and the second one
is the increase in conductivity due to electroporation [37,38]. The parameters used in the
numerical model are shown in Table 1.

Table 1. Model parameters.

Parameter Symbol Value Ref.

Intracellular permittivity εi 80 [39]

Extracellular permittivity εe 80 [39]

Intracellular conductivity σi 0.8 S/m [30]

Extracellular conductivity σe 1.4 S/m [30]

Membrane conductivity σm 1.4925 × 10−8 S/m [30]

Membrane thickness dm 5 nm [37]

Membrane capacitance Cm
0 µF/cm2

5–10 µF/cm2 *
[37]
[40]

Block length L 400 µm Arbitrary
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Table 1. Cont.

Parameter Symbol Value Ref.

Electroporation constant q 1.46 [31]

Electroporation parameter A 109 1/(m2s) [37]

Characteristic voltage of electroporation Vep 0.258 V, [37]

Equilibrium pore density N0 1.5·109 1/m2 [37]

Pore radius rp 0.76 nm [37]

Pore Conductivity (cell membrane) σp (σe – σi)/ln(σe – σi) [36]
* Used in calculations presented in Figure 4.

2.2. In Vitro Experiments: Calcium Transients in Cardiomyocyte-Derived Cell Lines

We compared our numerical model with experimental results previously published
by Dermol-Černe et al. [31]. The electroporation extent was evaluated by calcium uptake
to cells from the external medium [41]. In brief, H9c2 rat cardiac myoblast cell line (Eu-
ropean Collection of Authenticated Cell Cultures ECACC 88092904) and AC16 human
cardiomyocyte cell line (Merck Millipore, SCC109) were stained with a fluorescent calcium
indicator Fura-2 AM and exposed to a single monophasic electric pulse of different dura-
tions, ranging from 10 ms to 100 ns. In each experiment, cultured cells were exposed to
a single monophasic pulse of the same duration, but increasing voltage was applied 8 to
12 min apart that allow the cells to reseal and restore low internal calcium concentration.
Cells were monitored under a fluorescence microscope (Zeiss Axiovert 200, Oberkochen,
Germany) in ratiometric measurements using two excitation wavelengths (340 and 380 nm).
When internal calcium concentration increased due to calcium uptake, the Fura-2 340/380
ratio increased. With the use of an image-processing program ImageJ (National Institutes
of Health, Bethesda, MD, USA), the orientations of cells in an electric field were determined
and a mean ratio of Fura-2 340/380 was calculated for each cell. The Fura-2 signal was
expressed as a Fura-2 ratio 340/380 peak change, which occurred 8 s after the pulse applica-
tion (see Supplementary Figure S1). The in vitro data of the aforementioned experimental
work are presented in a way that it is possible to evaluate two different outcomes. The first
outcome is the quantification of the difference in fluorescent calcium indicator Fura-2 signal
in parallel and perpendicular cells already published in Dermol-Černe et al. [31]. The sec-
ond outcome is the determination of the Fura-2 ratio 340/380 peak change observed when
the cells are oriented parallel or perpendicular to the applied electric field (unpublished
data and presented in this study). Statistical analysis for the aforementioned cell experi-
ments was performed using Excel and SigmaPlot 11.0 (Systat Software, Chicago, IL, USA).
The results in Figure 6 (unpublished data) are expressed as means ± SD. The normality of
the data distribution was tested with the Kolmogorov–Smirnov test. Significant differences
(p < 0.05) in Fura-2 responses were determined by paired t-test. In very rare occasions (2
out of 60 groups), the distribution was not normal, and instead, the Wilcoxon signed-rank
test was used; however, in these two cases, the differences were not significant.

2.3. In Vitro Experiments: Electric Field Effect on Diastolic Calcium Level in Primary Cardiomyocytes

A detailed methodology was provided before [33]. Briefly, adult rat cardiomyocytes
were enzymatically isolated from the left ventricle and loaded with 4 µM Fura-2 AM
(Invitrogen) to monitor intracellular calcium. Myocytes were placed between parallel
electrodes with 4 mm gap distance and exposed to monophasic 100 µs pulses of increasing
voltage: 80 V, 140 V, and lethal high voltage pulses. For the latter, the voltage applied
was different for cells oriented parallel and perpendicular relative to the electric field as
a consequence of their different sensitivity to pulsed electric fields. The diastolic calcium
level, corresponding to the 340/380 ratio at rest, was measured prior to and at the maximum
level following the application of the electroporating pulse. Statistical analysis for this
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experiment was performed with a two-way repeated-measure ANOVA, followed by a
Bonferroni multiple comparison test using SigmaPlot 14.0.

3. Results and Discussion
3.1. The Time-Dependent Numerical Model with Included Electroporation

A time-dependent nonlinear numerical model was developed to investigate the phe-
nomenon of electroporation when exposing a cardiomyocyte to a single monophasic electric
pulse of different pulse durations, i.e., 10 ms, 1 ms, 100 µs, 10 µs, 1 µs, and 100 ns. Numerical
simulations were performed for a prolate spheroid, which was previously used as a simpli-
fied model of cardiomyocyte geometry [24,30,42,43], and for a real-shaped cardiomyocyte
geometry [30]. Figure 2A first shows the spatial distribution of the induced transmembrane
voltage (TMV) at the end of exposure to a non-electroporating 10 ms, 1 V/cm pulse, when
the cell is oriented with its long axis either parallel or perpendicular to the applied electric
field. The induced TMV is, by absolute value, always the highest at the membrane regions
facing the electrodes, both for prolate spheroid and real-shaped geometry, and both for par-
allel and perpendicular orientation of the cell. When applying a non-electroporating pulse,
the induced TMV reaches higher values when the cell is oriented parallel with respect to the
electric field, compared with perpendicular orientation. Figure 2B again shows the spatial
distribution of the induced TMV, but now at the end of an electroporating 10 ms, 500 V/cm
pulse. When the absolute value of the TMV becomes sufficiently high (several 100 mV),
pores start forming in the membrane, and consequently, membrane conductivity increases
and the induced transmembrane voltage settles to a value of approximately 1 V [37,44].
In this case, the maximum induced TMV is ~1 V both in the parallel and perpendicular
orientation of the cell. However, the maximum pore density (number of pores formed per
unit membrane area) is different in parallel and perpendicular orientations, as shown in
Figure 2C. These results show that the induced transmembrane voltage and the number
of pores formed in the membrane depend on the cell orientation and the strength of the
applied electric field.

Figure 2. The spatial distribution of transmembrane voltage (TMV) induced by a 10 ms pulse of
(A) 1 V/cm (without electroporation) or (B) 500 V/cm (with electroporation). (C) The spatial distribu-
tion of the pore density (m−2) induced by the end of a 10 ms, 500 V/cm pulse (with electroporation).
In each panel, the results are shown for prolate spheroid and real-shaped geometry when the electric
field is applied either parallel or perpendicular to the long axis of the cell. The direction of the applied
electric field is indicated by the arrows. Note different scales of TMV for panels (A,B).

The total number of pores formed in the cell membrane was evaluated as a function
of the applied electric field strength from 10 V/cm to 105 V/cm when exposing the cell
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to a single monophasic pulse of different durations (10 ms, 1 ms, 100 µs, 10 µs, 1 µs, and
100 ns). Simulations were again performed for both prolate spheroid and real-shaped
geometry and in both parallel and perpendicular orientations. The results are presented
on the left side of Figure 3. Overall, the relationship between the pore number and the
electric field strength for a real-shaped geometry is very similar to that of a prolate spheroid.
This was additionally confirmed by comparing the local pore density in prolate spheroid
and real-shaped geometry in a specified membrane region around the poles of the cell
(Supplementary Figures S2 and S3). In general, the number of pores in the cell membrane
always increases with increasing the applied electric field. However, the relationship
between the number of pores and the applied electric field strongly depends on both the
cell orientation and pulse duration. This can be observed in the graphs on the right side
of Figure 3, which show the ratio of the number of pores formed in the cell membrane
when the cell is oriented either parallel or perpendicular (parallel/perpendicular). For
pulses with a pulse duration of ≥10 µs, cells oriented parallel to the electric field become
electroporated at lower electric field strengths. In contrast, for a 1 µs pulse, the electric
fields at which electroporation onsets are comparable for both perpendicular and parallel
orientation. For a 100 ns pulse, cells oriented perpendicular (not parallel!) to the electric
field become electroporated at lower electric field strength. Thus, there is a “crossover” at
a pulse duration at the order of ~1 µs, Figure 3K, at which the orientation with the lower
onset of electroporation shifts from parallel to perpendicular as observed in experiments
and reported before [31].

In addition, the model suggests that the orientation, at which cells form more pores
due to electroporation, depends not only on the pulse duration but also on the electric field
strength. Interestingly, for pulses with a duration of ≥10 µs, parallel orientation is the one
in which pores start forming preferentially (at lower electric field strengths); however, as
the electric field is increased beyond a certain value, cells in perpendicular (not parallel!)
orientation achieves a greater pore number and thus become more electroporated. This can
be observed both for the real-shaped geometry and the prolate spheroid, suggesting that
such behavior would be observed for any cell of elongated shape. Thus, the model suggests
there is another “crossover” at which the orientation of cells that are more electroporated
shifts from parallel to perpendicular. This crossover appears as the electric field is increased
and can be observed only for pulses with a duration of≥10 µs, Figure 3A–D. For a 1 µs pulse,
the onset of electroporation occurs at similar electric field strengths for both orientations;
however, the perpendicular orientation becomes more electroporated at higher electric
field strengths. For a 100 ns pulse, perpendicular orientation is always more electroporated
compared to parallel orientation, regardless of the applied electric field strength.

3.2. The Effect of T-Tubules

Cardiomyocytes have a complex membrane shape with many t-tubules, which results
in a higher effective membrane capacitance [17,40]. T-tubules density and organization
are variable depending on the type of myocyte considered. While ventricular myocytes
have a dense and well-organized t-tubular network, t-tubules density is much lower in
atrial cardiac myocytes or Purkinje fibers [45]. In our model, the effect of t-tubules on
the formation of the pores in the membrane was considered by increasing the membrane
capacitance from 1 µF/cm2 to 5 µF/cm2 and 10 µF/cm2. The number of pores in the cell
membrane was again evaluated as a function of the applied electric field from 10 V/cm to
105 V/cm at different pulse durations (10 ms, 1 ms, 100 µs, 10 µs, 1 µs, and 100 ns), Figure 4.
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Figure 3. The number of pores (A–F) and the ratio of the number of pores parallel/perpendicular
(G–L) as a function of the electric field when a single monophasic pulse of 10 ms, 1 ms, 100 µs,
10 µs, 1 µs, and 100 ns long is applied. In (A–F), the red and blue curves present the number of
pores obtained using prolate spheroid or real-shaped geometry, respectively, when the electric field
is applied parallel (solid curves) or perpendicular (dotted curves) to the long axis of the cell. In
(G–L), red or blue curves represent the ratio of the number of pores parallel/perpendicular formed
in the cell membrane using prolate spheroid and real-shaped geometry, respectively. The black solid
line in (G–L) indicates when the ratio of the number of pores parallel/perpendicular is 1. In (G–L),
the representation of the cell with the orientation of the applied electric field highlights which cell
orientation is more sensitive to pore formation when the electric field is applied. The symbol [-] in
the Y axis indicates that the unit of the number of pores (A–F) and the ratio parallel/perpendicular
(G–L) is adimensional.
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Figure 4. The number of pores as a function of the electric field using prolate spheroid geometry
when a single monophasic pulse of (A) 10 ms, (B) 1 ms, (C) 100 µs, (D) 10 µs, (E) 1 µs, and (F) 100 ns
long is applied. The electric field is applied parallel (solid line) or perpendicular (dashed line) to the
long axis of the cell. The cyan, magenta, and black curves represent the number of pores obtained
using a membrane capacitance of 1 µF/cm2, 5 µF/cm2, and 10 µF/m2, respectively. The symbol [-] in
the Y axis of (A–F) indicates that the unit of the number of pores is adimensional. Please note that in
(A–C) the cyan, magenta, and black lines are overlapping.
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The cyan, magenta, and black curves in Figure 4 represent the number of pores
obtained using prolate spheroid geometry with 1 µF/cm2, 5 µF/cm2, and 10 µF/cm2 as
membrane capacitance, respectively, when the electric field is applied parallel (solid line) or
perpendicular (dashed line) to the long axis of the cell. When the membrane has a greater
capacitance (representative of t-tubules), a higher electric field is needed to observe the
onset of electroporation when using pulses of 100 ns, 1 µs, (for both orientations), and 10 µs
(only for the parallel orientation), which is directly related to the longer membrane charging
time. When 100 µs, 1 ms, and 10 ms pulses are used, the different values of capacitance
do not affect the number of pores in the cell membrane, as their pulse durations are all
considerably longer than the membrane charging time, even for the highest value of the
capacitance. The charging time of the cardiomyocyte using the prolate spheroid geometry
is ~2 µs (parallel orientation) and ~0.8 µs (perpendicular orientation). Another interesting
observation is that the pulse duration, at which electroporation is not very sensitive to cell
orientation (both parallel and perpendicular orientation were similarly affected), shifts
from 1 µs to 10 µs, as the membrane capacitance increases from 1 µF/cm2 to 10 µF/cm2.
This means that the above-mentioned “crossover” with respect to pulse duration would be
observed at roughly 10× longer pulse duration in cardiomyocytes compared to other cell
types with similar aspect ratios but are devoid of t-tubules.

3.3. Experimental Results and Model Predictions: Calcium Transients in Cardiomyocyte-Derived
Cell Lines

The numerical results that have been presented so far have shown that the total number
of pores predicted by the model depends on cell orientation, pulse duration, and electric
field strength, whereby the results are very similar in both prolate spheroid and real-shaped
cardiomyocyte geometries. In continuation, our modeling results are compared to exper-
imental results from cardiomyocyte-derived cell lines and primary cardiomyocytes (later
in Section 3.4). Dermol-Černe et al. [31] reported experimental measurements of calcium
transients using Fura-2 dye in two cardiomyocyte-derived cell lines, H9c2 and AC16, induced
by monophasic pulses of different duration (from 10 ms down to 100 ns) and electric field
strengths. Calcium transients were observed as a consequence of the uptake of Ca2+ ions to
cells from the extracellular medium due to electroporation [46]. Most of the cells of both cell
lines were elongated, with their long axis at least twice the size of their short one. They quanti-
fied the difference in fluorescent calcium indicator Fura-2 signal in parallel and perpendicular
cells (Figure 5A,B, published data). Their study also included numerical simulations, similar
to ours, for prolate spheroid cells with different aspect ratios. Consistent with their model,
they observed parallel cells being electroporated at lower electric field strengths compared to
perpendicular cells for long pulses (1 ms and 10 ms). For pulses of intermediate duration (1 to
100 µs), the difference in Fura-2 signal in cells parallel and perpendicular to the electric field
was close to zero, meaning that cells of both orientations, parallel and perpendicular, were
electroporated to a similar extent. For the shortest 100 ns pulses, cells oriented perpendicu-
larly were the ones preferentially electroporated at lower electric field strengths. This can be
observed by looking at the left-most data points of each curve in Figure 5A,B.

Our model considering the prolate spheroid geometry was used to plot the ratio
of the number of pores formed in the cell membrane when the cell is oriented either
parallel or perpendicular (parallel/perpendicular) for pulse durations and the electric field
strengths used in the experiments (Figure 5C). Assuming pores act as pathways for cellular
calcium influx induced by electroporation, the total number of pores is expected to be
roughly proportional to the maximum achievable intracellular calcium concentration. The
modeling results represent well the trends observed in the aforementioned in vitro cell
electroporation experiments. As was discussed extensively in the previous study [31], both
experimental and modeling data show a crossover of more affected cells from parallel to
perpendicular when reducing the pulse duration from milliseconds to nanoseconds. In
other words, parallel cells are more sensitive for longer pulse durations (>1 µs), whereas
perpendicular cells are more sensitive for shorter pulse durations (<1 µs). While the
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model suggests this crossover occurs around a pulse duration of ~1 µs, experimentally
this crossover was observed in the range of pulse durations between 1 µs and 100 µs,
whereby the shift towards shorter pulse duration in the model could be related to an
underestimated membrane capacitance (representative of t-tubule presence), as shown in
Section 3.2. Furthermore, our modeling results also suggest that there is another crossover
from parallel to perpendicular orientation, which occurs for a given pulse duration as the
electric field is increased, provided that the pulse duration is more than ~1 µs long. While
this crossover has not been explicitly discussed in the previous study [31], it is evident in
the experimental data, especially for AC16 cells shown in Figure 5B (see the crossing of the
brown and grey lines with the horizontal line as the electric field increases).

Figure 5. Experimental measurements of calcium transients using Fura-2 ratio 340/380 peak change
using H9c2 and AC16 cell lines when different pulse durations were applied (from 10 ms down to
100 ns) published by Dermol-Černe et al. (A,B). *—statistically significant differences from control
(p < 0.05), the Kruskal–Wallis One Way Analysis of Variance on Ranks, followed by Multiple Com-
parisons versus Control Group (the Dunn’s Method), see Dermol-Černe et al. [31]. Figure 5 (A,B)
are reprinted with permission from [31]. (C) represents the ratio of the number of pores paral-
lel/perpendicular obtained with the model using pulse durations and the electric field strengths of
the one used in the experiments (A,B). The symbol [-] in the Y axis of (C) indicates that the unit of the
ratio parallel/perpendicular is adimensional.

In addition, to further support the modeling prediction of a crossover as the electric field
strength is increased, we decided to show the Fura-2 ratio 340/380 peak change observed
when the cells are oriented parallel or perpendicular to the applied electric field (unpublished
data, see Section 2.2). Indeed, careful inspection of the results obtained with≥1-us-long pulses
shows that as the electric field increases, the Fura-2 signal becomes similar for both parallel
and perpendicular cells, or even the perpendicular cells, start to exhibit a greater Fura-2 signal
indicating greater calcium uptake. This was statistically significant in data for 10 µs and visible
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in data for 100 µs pulse in AC16 cells (Figure 6I,J). For 1 ms pulse in AC16 cells, the electric
field was not increased high enough to approach this crossover; however, the crossover is
indicated in the results from H9c2 where higher electric fields were used (Figure 6B). It should
be noted that the Fura-2 fluorescence signal is linearly proportional to the intracellular calcium
until the Fura-2 binding sites for Ca2+ are saturated. Unavoidably the use of high electric field
strengths will induce cellular Ca2+ influx approaching the saturation level of the Fura-2 dye,
whereby such saturation can mask the above-discussed crossover with respect to electric field
strength. Thus Fura-2 calcium measurements in Figure 6 cannot unequivocally confirm the
modeling predictions; nevertheless, they are not contradicting them.

3.4. Experimental Results and Model Predictions: Lethal Electric Field Strengths in
Primary Cardiomyocytes

Monitoring intracellular calcium levels with Fura-2 can be a very sensitive indicator of
electroporation at low electric field strengths [41]. However, at high electric field strengths
approaching irreversible electroporation, Fura-2 binding sites can become saturated and
the difference between calcium uptake in parallel and perpendicular cells becomes difficult
to assess. Thus, we further compared our modeling results to the results from the study of
Chaigne et al. [33] who studied electroporation in isolated primary rat cardiomyocytes. The
authors showed that the lethal electric field strength depends on cardiomyocyte orientation
and pulse duration. When applying a single 10 ms pulse, the lethal electric field strength
for 80% probability of lethality is 240 V/cm and 328 V/cm for parallel and perpendicular
orientation, respectively, meaning that cardiomyocytes oriented parallel are more sensitive
to the electric field (as expected). However, when applying a single 100 µs pulse, the effect
of cardiomyocyte orientation on the lethal electric field strength unexpectedly changed, and
cardiomyocytes became more sensitive in perpendicular orientation; the lethal electric field
strength for cardiomyocytes oriented parallel or perpendicular was found to be 1072 V/cm
and 595 V/cm, respectively. We used our model considering the real-shaped cardiomyocyte
geometry to help interpret the experimental results described. Our calculations (Figure 4)
suggest that 10 ms, and 100 µs, pulse is too long for its effects to be influenced by increased
effective membrane capacitance due to t-tubules. Thus, we plotted the relationship between
the total number of pores and the electric field strength for cardiomyocytes with default
membrane capacitance (1 µF/cm2) oriented parallel and perpendicular when exposed to
a 10 ms or 100 µs pulse. Then, we indicated the lethal electric field strengths obtained in
experiments, as shown in Figure 7A,B. For electric field strengths, which were lethal at a
10 ms pulse, there were considerably more pores formed in parallel orientation (Figure 7A),
supporting the experimental observation that parallel cells are more sensitive than per-
pendicular. However, for higher electric field strengths, which are lethal at 100 µs pulse,
there are more pores formed in perpendicular orientation compared to parallel orientation
(and a greater fraction of the membrane area electroporated, Supplementary Figure S4),
supporting the experimental observation that perpendicular cells are more prone to irre-
versible electroporation when exposed to 100 µs pulse. These experiments thus additionally
support the modeling prediction that there is a crossover with respect to the electric field
strength, at which perpendicular cells become more affected compared to parallel cells. To
further confirm that there is indeed a crossover that occurs at high electric field strengths,
Figure 7D presents experimental measurements of Ca2+ uptake using Fura-2 dye in rat pri-
mary cardiomyocytes exposed to 100 µs pulse but of lower (sublethal) electric field strengths.
Otherwise, the electroporation protocol was the same as in Chaigne et al. [33]. The results
in Figure 7D present the level of diastolic intracellular Ca2+ measured after exposure to an
electric pulse. We consider that the level of diastolic Ca2+ can be best compared to our model,
which predicts the number of pores in the membrane formed by the electric pulse. Indeed,
the experiments show that the level of diastolic Ca2+ becomes more increased in parallel
cells compared to perpendicular cells for these lower electric field strengths, consistent with
the model (vertical dashed lines in Figure 7B indicate these lower electric field strengths and
show that the model predicts a greater number of pores formed in parallel cells).



Biomolecules 2023, 13, 727 13 of 20

Figure 6. Fura-2 ratio 340/380 peak change as a function of the applied electric field using H9c2
cell line (A–F) and AC16 cell line (H–L) when a single pulse of either 10 ms, 1 ms, 100 µs, 10 µs,
1 µs, and 100 ns long is applied. (G) represents the elongated cells (a > 2b) with their longer axes
(a) oriented parallel or perpendicular to the applied electric field E, with 20◦ tolerance in angle.
The symbol [-] in the Y axis of (A–F,H–L) indicates that the unit of Fura-2 signal is adimensional.
Experimental results of H9c2 cells (A–F) were obtained from 5–30 cells per experiment, an average of
three independent experiments, except for 1 ms (N = 4), 10 ms (N = 5), 100 ns, 40 and 46.6 kV/cm
(N = 5), 100 ns, 20 kV/cm (N = 6), and 100 ns, 26.6 kV/cm (N = 9). Experimental results of AC16 cells
(H–L) were obtained from 4–23 cells per experiment, an average of three independent experiments,
except for 100 ns, 40 kV/cm (N = 5), 100 ns, 46.6 kV/cm (N = 6), 100 ns, 20 kV/cm (N = 7) and 100 ns,
26.6 kV/cm (N = 7). N is the number of repetitions. Results are expressed as a mean ± standard
deviation. *—statistically significant differences from control (p < 0.5), paired t-test.
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Figure 7. Comparison between the model and experimental results in primary cardiomyocytes.
(A,B) The predicted number of pores as a function of the electric field when a single pulse of 10 ms (A)
or 100 µs (B) is delivered. The electric field is applied parallel (solid blue line) or perpendicular
(dashed blue line) to the long axis of the cell. The vertical solid and dashed magenta lines indicate the
value of the lethal electric field for the parallel and perpendicular orientation, respectively that are
reported in [33]. The symbol [-] in the Y axis of (A,B) indicates that the unit of the number of pores is
adimensional. (C) Tabulated lethal electric field strengths were determined experimentally in [33] for
parallel and perpendicular orientation when a single 10 ms or 100 µs pulse was applied. Lethal electric
field strengths are estimated as the lethal voltage, reported in [33] divided by the electrode distance
(4 mm). (D) Comparison of maximum diastolic [Ca2+] for parallel and perpendicular orientation
after exposure to 100 µs pulse of increasing electric field strengths [33]. These sublethal electric fields
(experimental results) are indicated with the grey region in (B). In (D), the results are expressed as
a mean ± standard error of the mean with individual values for each cell. The asterisks represent:
*: p < 0.05, ***: p < 0.001.

3.5. Limitations of the Model

Our modeling results suggest that the orientation at which cardiomyocytes (and other
elongated cells) become preferentially affected by electroporation pulses depends both
on pulse duration and the electric field strength. According to the model, there are two
crossovers were preferentially affected orientation shifts from parallel to perpendicular. One
crossover can be observed for relatively low electric fields (likely corresponding to reversible
electroporation, i.e., sublethal) when reducing the pulse duration from milliseconds to
nanoseconds. The other crossover can be observed for pulses with a duration of >1 µs when
increasing the electric field strength. The first crossover has been confirmed previously by
measurements of calcium uptake into cardiomyocyte-derived cell lines [31]. The second
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crossover identified in this study is supported by measurements of the lethal electric field
strengths and calcium uptake in primary rat cardiomyocytes ([33] and Figure 7C,D), and
by the revisited measurements in cardiomyocyte-derived cell lines (Figure 6). Thus, the
prediction of the two crossovers seems to be robustly confirmed by experimental data.

Nevertheless, the existing electroporation models, including the one used in this
study, have several limitations [47]. Electroporation models consider that the increase
in membrane permeability can mainly be attributed to pores formed in the lipid bilayer
of the cell membrane. While this mechanism is probably dominant during the on-time
of the pulse, other mechanisms are considered to contribute and may even dominate in
the increased membrane permeability after the pulse, including membrane defects due
to oxidative lipid damage [48–50] and electric-field mediated perturbation of membrane
proteins such as voltage-gated ion channels [51]. This post-pulse increase in permeability
lasts up to several minutes (at room and physiological temperature) and mediates most
of the transmembrane transport of small ions, such as calcium, and small molecules, such
as ATP [52–54]. Furthermore, the resealing process of the cell membrane that takes place
after the pulse is not merely a passive pore closure as assumed in the models, but involves
membrane repair mechanisms, such as exocytosis and endocytosis [55,56].

Our electroporation model in principle considers only lipid pores that form in the
cell membrane during the pulse. Nevertheless, it is reasonable to assume that other
effects, including the post-pulse increased membrane permeability, intracellular calcium
uptake, and effects leading to cell death, are at least roughly correlated with the number
of pores that we simulate with our model. Indeed, the model predictions are found to be
qualitatively in agreement with experimental measurements of calcium uptake and lethal
electric field strength when assessing the orientation in which the cell is preferentially
affected for a given pulse duration and electric field strength. However, the total number of
pores returned by the model has limited utility for predicting lethal electric field strength
(irrespective of orientation) for different pulse durations. Specifically, the model predicts
a considerably greater number of pores at electric field strengths that are lethal when
applying a 100 µs pulse (>105 pores) compared to a 10 ms pulse (>2 × 103 pores), cf.
Figure 7A,B. Thus, the pore number predicted by the model cannot be used as a proxy
for cell death when comparing pulses of different duration. Indeed there are additional
effects associated with electroporation that could contribute to cell death, apart from pore
formation and increased membrane permeability, including electrodeformation of the cell
shape [57] and disassembly of the cytoskeletal network [58], both of which are expected
to be more profound with longer pulses. Overall, the mechanisms of cell death following
electroporation at present remain elusive and require further research [59].

In our model, we investigated the effects of an external electric field on a single
cardiomyocyte when a single monophasic pulse of different pulse durations and electric
field strengths was applied. Our modeling is largely motivated by in vitro experimental
data published by Dermol-Černe et al. [31] and Chaigne et al. [33] and is aimed at gaining
a better understanding thereof. However, clinical applications of PFA use a wide range of
pulse waveforms, including monophasic and biphasic pulses with durations ranging from
nanoseconds to milliseconds, and more importantly, most of these waveforms are composed
of large numbers of pulses—trains of pulses [2,28,29]. Therefore, it is important to admit
that existing electroporation models (including the one used in our study) have strong
limitations when it comes to representing the experimentally observed cumulative effect
of the number of pulses, as shown in ours and others’ previous numerical studies [47,60].
Thus, further development of electroporation models is required to model more complex
pulse waveforms that are being used in or are being developed for clinical applications.

While our model considered a single cardiomyocyte, our modeling findings regarding
the influence of cell orientation for given pulse duration and electric field strength are
nevertheless informative for interpreting the results at the tissue level. Even though in
tissue, the electric field distribution is always inhomogeneous due to many factors, among
them electrode/catheter geometry, tissue conductivity heterogeneity, and anisotropy, it
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should be noted that an individual cell within the tissue will be locally exposed to roughly
homogeneous field of a specific magnitude over the length scale of one cell (similarly as
modeled in our study).

Finally, in our model, we consider the effects of t-tubules only by changing the values of
membrane capacitance since the explicit representation of t-tubules is computationally much
more demanding due to their small and elongated size, which requires a potentially large
number of discretization elements (finite elements in our case) and more importantly difficult
validation of the results. However, in the future, it would be interesting to model the realistic
structure of t-tubules in the cardiomyocyte studying how they affect electroporation.

3.6. Clinical Relevance

Understanding the effect of orientation with regard to sensitivity to electrical fields
in anisotropic tissues, such as the cardiac tissue, is important, and this particular study
further informs translational research aimed at developing novel and improved PFA de-
vice therapies. One issue that has become apparent in the PFA literature is the relatively
high variability in lesion size using PFA devices, a finding that merits further investiga-
tion [61–64]. Tissue anisotropy and the specific orientation of the cardiac myocytes to the
electric fields on ablation electrodes are possible hypotheses for this observation.

While the present investigation has focused on modeling ventricular cells, the primary
anatomical targets for PFA are currently the pulmonary veins (PVs) to isolate PVs from the
rest of the atrium. Rapid electrical activity in PVs has been suggested as a key mechanism
for focal atrial fibrillation [65]. The myocardial anatomy, histology, and architecture of PVs,
while similar to atrial myocardium [66], is different from ventricular cells. PV myocytes are
oriented circumferentially in the veins and the PV sleeves containing the myocytes extend
into the veins for 4–20 mm [66]. Atrial myocytes are generally thinner than ventricular
myocytes with reported widths of 6 to 15 µm [67,68], while the length is within the range
of ventricular myocytes (120 µm) [68]. Thus, the reported calculations in the present paper
are relevant for not only ventricular but also atrial cells, including the atrial cells of the PVs.

Interestingly, the orientation of the atrial myocytes in the PVs will likely be perpendic-
ular to applied fields due to their circumferential orientation in the PV sleeves, assuming
circular or balloon-shaped PFA ablation electrodes. Based on the present data, it could
then be argued that a pulse duration of 100 ns might be advantageous as cells oriented
perpendicular (not parallel) to the electric field become electroporated at lower electric
field strengths. Thus, a relatively lower electric field strength would be needed to achieve
electroporation in perpendicularly oriented PV cardiomyocytes when a 100 ns pulse was
used, which could, at least in theory, further improve the safety profile of the therapy.

Conversely, in tissues where the orientation of tissue relative to the ablation electrodes
is difficult to control, a 1–10 µs pulse may be advantageous as the electric fields at which
electroporation onsets are comparable for both perpendicular and parallel orientation (per
Figures 3 and 4), so in a sense is “orientation agnostic”, i.e., independent of orientation.
For example, ventricular tissue is known to be multi-layered, and heavily trabeculated,
and the orientation of the ablation electrodes (with various shapes and resulting electrical
fields) relative to those tissues are less controlled and conceivably less predictable than in a
simpler PV anatomy. The example does not consider the effects of t-tubules (which results
in increases in membrane capacitance and a shift of those cross-over values).

It needs to be understood that the aforementioned is a little bit of an oversimplification
as at higher field strengths perpendicular cardiomyocytes become more electroporated.
In this respect, it should also be stressed that the electric field around the catheter will
always be high and decrease with distance from the catheter, so the simultaneous presence
of high and low electric fields is unavoidable. Therefore, the complex interplay between
pulse durations, electric field strengths, and cell orientation should in general always be
taken into account. These examples in principle demonstrate how findings from numerical
models describing electroporation at the single-cell level can inform translational PFA
research efforts.
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4. Conclusions

To study the effect of electroporation on a single cardiomyocyte we developed a
time-dependent nonlinear numerical model of electroporation building upon Milan et al.
model [30]. In particular, we investigated how the induced transmembrane voltage and the
number of pores in the cell membrane are affected when applying a monophasic pulse of
different pulse durations and electric field strength, considering different cell shapes, the
presence of t-tubules by increasing the membrane capacitance, and the cell orientation with
respect to the applied electric field. To gain a better understanding of seemingly conflicting
in vitro experimental data published by Dermol Černe et al. [31] and Chaigne et al. [33],
we compared the experimental results with the modeling findings.

The modeling results show that prolate spheroid geometry is a reasonable approximation
of a real-shaped cardiomyocyte geometry when modeling electroporation. In addition, prolate
spheroid geometry (simple geometry) is computationally less demanding than using real-
shaped geometry (complex geometry). The main difference between both geometries is at
intermediate electric field strengths, where the onset of electroporation slightly differs for
a prolate spheroid and real-shaped cardiomyocyte. The presence of t-tubules effectively
increases the membrane capacitance and thus affects electroporation when 100 ns, 1 µs,
and 10 µs pulses are used. Thus, t-tubules should be taken into account when modeling
electroporation of cardiomyocytes exposed to pulses with a duration less or equal to ~10 µs.
This becomes relevant for cardiac cell types which have many t-tubules, such as ventricular
cardiomyocytes being targeted in ventricular ablations, which may thus require longer pulses.

The orientation at which the cells are preferentially affected by electroporation depends
on both pulse duration and electric field strength. For sub-microsecond pulses, cells are
more affected in the perpendicular orientation at all electric field strengths. For pulses
with duration on the order of 1 µs, the onset of electroporation is observed at comparable
electric field strengths regardless of the orientation; however, as the electric field is increased
considerably beyond the onset, perpendicularly oriented cells become more affected. For
pulses on the order 10 µs and longer, the onset of electroporation is observed at lower electric
field strengths for parallel orientation; however, perpendicularly oriented cells become more
affected as the electric field is increased. The presence of t-tubules shifts these crossovers
to the right towards longer pulse durations. Thus, our modeling findings show that for
low electric fields with 100 µs pulse duration, the parallel orientation is more affected than
the perpendicular one according to Dermol-Černe et al. [31]. However, interestingly, for
higher electric fields, there is a shift and the perpendicular orientation is more sensitive than
the parallel one according to Chaigne et al. [33] with 100 µs pulse duration. Thus, in vitro
experimental results from the two studies can be explained by our model.

Our results are important for developing electroporation for cardiac treatments, including
irreversible electroporation for cardiac ablation, i.e., Pulsed Field Ablation [28], and reversible
electroporation for cardiac gene therapy [69]. The presented model can aid in interpreting
experimental results on the influence of cell orientation on electroporation propensity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13050727/s1, Figure S1: The in vitro experimental setup
for calcium transients in cardiomyocyte-derived cell lines; Figure S2: Areas in which the average
induced transmembrane voltage and the average pore density are evaluated; Figure S3: The pore
density and the relative error of the logarithmic values of the pore density as a function of the electric
field when a single pulse of 10 ms, 1 ms, 100 µs, 10 µs, 1 µs, and 100 ns is applied; Figure S4: The
predicted number of pores and the area with pore density >1013 as a function of the electric field
when a single pulse of 10 ms or 100 µs long is applied.
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14. Litviňuková, M.; Talavera-López, C.; Maatz, H.; Reichart, D.; Worth, C.L.; Lindberg, E.L.; Kanda, M.; Polanski, K.; Heinig, M.; Lee,

M. Cells of the Adult Human Heart. Nature 2020, 588, 466–472. [CrossRef] [PubMed]
15. Hong, T.; Shaw, R.M. Cardiac T-Tubule Microanatomy and Function. Physiol. Rev. 2017, 97, 227–252. [CrossRef] [PubMed]
16. Sengupta, P.P.; Krishnamoorthy, V.K.; Korinek, J.; Narula, J.; Vannan, M.A.; Lester, S.J.; Tajik, J.A.; Seward, J.B.; Khandheria,

B.K.; Belohlavek, M. Left Ventricular Form and Function Revisited: Applied Translational Science to Cardiovascular Ultrasound
Imaging. J. Am. Soc. Echocardiogr. 2007, 20, 539–551. [CrossRef]

17. Clayton, R.H.; Bernus, O.; Cherry, E.M.; Dierckx, H.; Fenton, F.H.; Mirabella, L.; Panfilov, A.V.; Sachse, F.B.; Seemann, G.; Zhang,
H. Models of Cardiac Tissue Electrophysiology: Progress, Challenges and Open Questions. Prog. Biophys. Mol. Biol. 2011,
104, 22–48. [CrossRef] [PubMed]
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Basic Heart Anatomy and Physiology from the Cardiologist’s Perspective: Toward a Better Understanding of Left Ventricular
Mechanics, Systolic, and Diastolic Function. J. Clin. Ultrasound 2022, 50, 1026–1040. [CrossRef] [PubMed]

19. Deng, D.; Jiao, P.; Ye, X.; Xia, L. An Image-Based Model of the Whole Human Heart with Detailed Anatomical Structure and Fiber
Orientation. Comput. Math. Methods Med. 2012, 2012, 891070. [CrossRef]

20. Pashakhanloo, F.; Herzka, D.A.; Ashikaga, H.; Mori, S.; Gai, N.; Bluemke, D.A.; Trayanova, N.A.; McVeigh, E.R. Myofiber
Architecture of the Human Atria as Revealed by Submillimeter Diffusion Tensor Imaging. Circ. Arrhythm. Electrophysiol. 2016,
9, e004133. [CrossRef]

https://doi.org/10.3390/jcm10122657
https://www.ncbi.nlm.nih.gov/pubmed/34208708
https://doi.org/10.1111/jce.14414
https://www.ncbi.nlm.nih.gov/pubmed/32107812
https://doi.org/10.1161/CIRCULATIONAHA.123.063988
https://www.ncbi.nlm.nih.gov/pubmed/36877118
https://doi.org/10.1016/j.eupc.2005.04.011
https://doi.org/10.1371/journal.pone.0014467
https://doi.org/10.1038/gt.2016.35
https://doi.org/10.1007/s00232-010-9279-9
https://doi.org/10.1073/pnas.74.5.1923
https://doi.org/10.1146/annurev-biophys-052118-115451
https://doi.org/10.1016/S0006-3495(00)76325-9
https://doi.org/10.1007/s10439-005-9076-2
https://www.ncbi.nlm.nih.gov/pubmed/16547608
https://doi.org/10.1038/s41586-020-2797-4
https://www.ncbi.nlm.nih.gov/pubmed/32971526
https://doi.org/10.1152/physrev.00037.2015
https://www.ncbi.nlm.nih.gov/pubmed/27881552
https://doi.org/10.1016/j.echo.2006.10.013
https://doi.org/10.1016/j.pbiomolbio.2010.05.008
https://www.ncbi.nlm.nih.gov/pubmed/20553746
https://doi.org/10.1002/jcu.23316
https://www.ncbi.nlm.nih.gov/pubmed/36218206
https://doi.org/10.1155/2012/891070
https://doi.org/10.1161/CIRCEP.116.004133


Biomolecules 2023, 13, 727 19 of 20

21. Roney, C.H.; Bendikas, R.; Pashakhanloo, F.; Corrado, C.; Vigmond, E.J.; McVeigh, E.R.; Trayanova, N.A.; Niederer, S.A.
Constructing a Human Atrial Fibre Atlas. Ann. Biomed. Eng. 2021, 49, 233–250. [CrossRef]

22. Ye, X.; Liu, S.; Yin, H.; He, Q.; Xue, Z.; Lu, C.; Su, S. Study on Optimal Parameter and Target for Pulsed-Field Ablation of Atrial
Fibrillation. Front. Cardiovasc. Med. 2021, 8, 690092. [CrossRef] [PubMed]

23. Prado, L.N.; Goulart, J.T.; Zoccoler, M.; Oliveira, P.X. Ventricular Myocyte Injury by High-Intensity Electric Field: Effect of Pulse
Duration. Gen. Physiol. Biophys. 2016, 35, 121–130. [CrossRef]

24. de Oliveira, P.X.; Bassani, R.A.; Bassani, J.W.M. Lethal Effect of Electric Fields on Isolated Ventricular Myocytes. IEEE Trans.
Biomed. Eng. 2008, 55, 2635–2642. [CrossRef] [PubMed]

25. Wittkampf, F.H.; Van Driel, V.J.; Van Wessel, H.; Vink, A.; Hof, I.E.; Gründeman, P.F.; Hauer, R.N.; Loh, P. Feasibility of
Electroporation for the Creation of Pulmonary Vein Ostial Lesions. J. Cardiovasc. Electrophysiol. 2011, 22, 302–309. [CrossRef]
[PubMed]

26. Neuber, J.U.; Varghese, F.; Pakhomov, A.G.; Zemlin, C.W. Using Nanosecond Shocks for Cardiac Defibrillation. Bioelectricity 2019,
1, 240–246. [CrossRef]

27. Semenov, I.; Grigoryev, S.; Neuber, J.U.; Zemlin, C.W.; Pakhomova, O.N.; Casciola, M.; Pakhomov, A.G. Excitation and Injury of
Adult Ventricular Cardiomyocytes by Nano-to Millisecond Electric Shocks. Sci. Rep. 2018, 8, 8233. [CrossRef]

28. Hartl, S.; Reinsch, N.; Füting, A.; Neven, K. Pearls and Pitfalls of Pulsed Field Ablation. Korean Circ. J. 2022, 53, e26. [CrossRef]
29. Maan, A.; Koruth, J. Pulsed Field Ablation: A New Paradigm for Catheter Ablation of Arrhythmias. Curr. Cardiol. Rep. 2022,

24, 103–108. [CrossRef]
30. Milan, H.F.; Bassani, R.A.; Santos, L.E.; Almeida, A.C.; Bassani, J.W. Accuracy of Electromagnetic Models to Estimate Cardiomy-

ocyte Membrane Polarization. Med. Biol. Eng. Comput. 2019, 57, 2617–2627. [CrossRef]
31. Dermol-Černe, J.; Batista Napotnik, T.; Reberšek, M.; Miklavčič, D. Short Microsecond Pulses Achieve Homogeneous Electropora-
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