
Skeletal muscle death from the perspective of electrical impedance as 
evidenced by experiment and numerical modelling
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A B S T R A C T

Understanding the biophysical changes in skeletal muscle tissue during the minutes to hours post-excision or 
following irreversible damage is critical for biomedical applications and food processing. Muscle tissue, 
composed of myofibrillar and sarcoplasmic proteins, water, lipids, and connective tissue, forms a complex 
network of interactions that persists as it degrades post-mortem. This study investigates skeletal muscle death 
through ex vivo experimental measurements on porcine muscle, supported by a novel numerical model that 
builds the muscle up from individual fibres. Skeletal muscle tissue was found to exhibit strong anisotropy in 
electrical conductivity due to its structure. It demonstrates much lower conductivity perpendicular to muscle 
fibres compared to parallel with them owing to its limited plasma membrane conductivity. We explore how post- 
mortem changes, including increased membrane permeability during membrane decomposition, and external 
interventions like electroporation, alter these anisotropic properties. Our findings have implications for 
biomedicine, specifically treatments targeting muscle tissue, such as pulsed field ablation for cardiac arrhyth
mias, and characterisation of in-vitro engineered muscle tissues. In food production, the study informs appli
cations of pulsed electric fields to modify meat structure and texture. By integrating experimental and theoretical 
approaches, this work provides new insights into the electrochemical and structural dynamics of skeletal muscle 
during and after death.

1. Introduction

Biological tissues exhibit complex electrical properties that are 
determined by their composition, structure, and the distribution of ions 
and polar molecules within. These properties influence the behaviour of 
electric field and current flow in tissue and vary greatly between 
different tissues and tissue constituents [1–6]. For example, extracel
lular spaces typically exhibit higher conductivity due to the presence of 
free ions, whereas cell membranes, with their significantly lower elec
trical conductivity, act as insulating barriers that impede current flow 
[7,8]. In addition, tissue properties are also frequency-dependent, with 
different structures and processes characterising the electrical response 
of the tissue across different frequency ranges [4,6]. Knowledge of tissue 
properties is fundamental to understanding the behaviour of tissue in 
response to electrical stimuli, which is crucial both for clinical appli
cations and for the development or optimisation of new biomedical 
technologies. These applications include electrical stimulation therapies 
[9–12], diagnostic imaging techniques [13,14] and 
electroporation-based treatments [15–17].

Electroporation is a biophysical phenomenon where short, high- 
voltage electrical pulses temporarily permeabilise cell membranes, 
allowing ions and molecules, such as drugs or nucleic acids, to enter/exit 
the cells. Depending on the pulse parameters, electroporation can be 
reversible, where cells recover after the membrane resealing, or irre
versible, which leads to cell death [18–20]. Both reversible and irre
versible electroporation are used in a wide variety of fields, from 
biomedicine and biotechnology to the food industry [16,17,21–25]. 
Reversible electroporation is commonly used for gene electrotransfer or 
drug delivery, with skeletal muscle being the predominant target 
[26–28]. In contrast, pulsed field ablation, a treatment modality that is 
based on irreversible electroporation, is advancing the treatment of 
cardiac arrhythmias, particularly atrial fibrillation, through pulmonary 
vein isolation [29–32]. The end goal of pulsed field ablation is to irre
versibly damage the target tissue, resulting in cessation of conduction of 
electrical signals that cause arrhythmias. It is therefore of great interest 
and importance to the success of this treatment that we understand the 
mechanisms of muscle cell death, as well as how electroporation affects 
the target tissue properties such as electrical impedance, as this 
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impedance will govern current flow (and electric field distribution) 
through the target tissue post-treatment.

In the food processing industry, the phenomenon of electroporation 
falls under the umbrella of a wider, more encompassing term pulsed 
electric fields treatment, which is more related to the method of altering 
the tissue rather than the phenomenon of increased membrane perme
ability itself, since it is with intense electrical pulses used to pre-treat 
various food matrices that the intended disruption of cell membranes, 
microorganisms, or enzymes is achieved resulting in a desired effect. 
The treatment, well established for processing of plant materials, is also 
being examined for its potential in the meat industry for e.g. tender
isation, as it can improve meat tenderness by disrupting muscle fibres 
and enzymatic activity [33], enhancing drying and curing [34], and for 
improving quality by reducing cooking time and improving texture 
during sous-vide processing [35]. However, there are many open ques
tions as to the exact mechanisms by which pulsed electric fields affect 
muscle tissue. This void is exacerbated by large biological diversity in 
the raw material (animal species, tissue type and origin, etc.) and a 
plethora of possible combinations of treatment parameters, both elec
trical and other physical conditions (e.g. temperature, time 
post-mortem, etc.) [33,36]. This variability and wide-open parameter 
space produce a need to not only characterise the treated material from 
the electrical perspective to ensure success and homogeneity of the 
treatment by pulsed electric fields, but also to provide means of 
detecting and quantifying the effects of the treatment in the target tissue.

Regardless of whether we are interested in the response of muscle 
tissue to electric fields for purposes of biomedical or food processing 
applications, it is important to note that both skeletal and cardiac 
muscles exhibit directional differences in their electrical properties, a 
property known as anisotropy [37–39]. The anisotropy in skeletal and 
cardiac muscles arises from the alignment of the muscle fibres, which 
are embedded in a complex network of connective tissue layers [40,41]. 
These layers, together with the insulating sarcolemma, form a unique 
arrangement that restricts the movement of ions in certain directions, 
resulting in different electrical properties that vary depending on fibre 
orientation, especially at low frequencies [42]. Electrical conductivity is 
usually higher in the direction of the muscle fibres than across them [4,
6]. Interestingly, even tissues that are not intrinsically anisotropic, such 
as liver tissue, can develop anisotropic properties after electroporation 
[43]. The characterisation of anisotropic behaviour is important for 
understanding how electrical stimuli influence the tissue response.

Electrical impedance spectroscopy (EIS) is a powerful technique for 
characterising the electrical properties of biological tissue over a wide 
frequency range. By applying a small alternating current (AC) and 
measuring the resulting voltage, EIS provides information on both the 
resistive and capacitive properties of tissues [44–46]. Through analysis 
of the impedance spectrum, important insights into how tissues respond 
to external electrical stimuli are provided, aiding in the evaluation of 
treatment outcomes. Furthermore, EIS can be effectively used to char
acterise anisotropic tissue properties, distinguishing electrical behav
iour along and across the fibre axis [3,4,47]. Its non-invasive and 
real-time capabilities make it an indispensable tool in both clinical 
and research settings, enabling the exploration of the intricate rela
tionship between tissue structure, composition, and electrical proper
ties. In addition, EIS enables the evaluation of dynamic changes in tissue 
properties, such as those induced by electroporation [48–51] or occur
ring post-mortem [52–54]. There is even an established methodology of 
assessing the integrity of the cell membranes using EIS – the Py 
parameter of meat quality, which relates the degree of meat degradation 
post-mortem to the meat quality properties such as drip/cooking/frying 
loss, pH, colour, etc. [55].

In addition to EIS, there are alternative methods for assessing the 
electrical properties of tissue, such as analysing voltage and current 
waveforms recorded during the application of electrical pulses. Moni
toring these electrical signals in real time provides valuable insight into 
changes in membrane properties during electroporation [56,57]. 

Current dynamics during the application of high-voltage pulses have 
been shown to be indicative of electroporation processes, further high
lighting the potential of this approach to characterise tissue responses. 
While less frequently employed, these analyses complement EIS by 
providing additional information on tissue behaviour during and after 
electroporation [58,59].

The aim of the present study was threefold: first, to assess whether 
skeletal muscle anisotropy can be shown by impedance spectroscopy 
measurements in ex vivo tissue post-mortem, second, to validate the 
experimental results by numerical modelling with emphasis on the 
permeability of the plasma membrane, and third, to show whether loss 
of integrity of the skeletal muscle cell plasma membrane resulting from 
phospholipase activity and other degradation processes can be likened, 
in effect, to increasing cell membrane permeability by electroporation. 
We sought to assess the feasibility of characterising the anisotropic 
properties of the tissue ex vivo, several hours post-mortem, when 
cellular and structural changes may alter the electrical behaviour of the 
tissue. In addition, we analysed the current dynamics during the appli
cation of high-voltage pulses to complement the impedance data, 
allowing for a more comprehensive analysis of tissue responses. The 
primary key objective was to demonstrate that muscle tissue can serve as 
a reliable model for in vivo tissue even a few hours post-mortem. This 
offers an alternative to experiments with living animals and in turn re
duces the ethical burden of animal testing in medical research. The 
secondary key objective was to demonstrate that i) electroporation as a 
mechanism of increasing cell membrane permeability (and current 
conductivity) and ii) breaking down of the structural components of the 
membrane through phospholipase activity leading to membrane thin
ning and increased permeability [60], both impact the muscle anisot
ropy in the same sense, thus demonstrating that the muscle cell plasma 
membrane is indeed the structure responsible for anisotropy of living 
muscle tissue electrical impedance.

2. Materials and methods

2.1. Experimental setup

The experimental setup for the impedance spectroscopy experiments 
comprised an LCR metre, a pulse generator, an oscilloscope, a treatment 
chamber, and a PC running LabVIEW for data acquisition and control. 
The LCR metre (model E4980A, Keysight Technologies, Santa Rosa, CA, 
USA) was used to perform impedance measurements, while the labo
ratory prototype pulse generator (HV-LV) [56] was used to deliver 
high-voltage electroporation pulses. The oscilloscope (model 
HDO6104A-MS, LeCroy, Chestnut Ridge, NY, USA), equipped with 
voltage (model HVD3206A, LeCroy, Chestnut Ridge, NY, USA) and 
current (model CP031A, LeCroy, Chestnut Ridge, NY, USA) probes, was 
used to monitor and verify the electrical pulses generated by the pulse 
generator. A custom-built acrylic treatment chamber with a diameter of 
26 mm was used to house the tissue samples during the experiments. The 
chamber was equipped with two pairs of custom-made stainless-steel 
electrodes spaced 6 mm apart, which were used both for delivering the 
high-voltage electroporation pulses and for impedance measurements. 
These electrodes were configured for 4-electrode impedance measure
ments to ensure accurate and reliable data acquisition. Stainless-steel 
was selected for electrode material as it provides sufficient stability 
and durability for high-voltage pulsing and is safe to use, since, in the 
4-electrode configuration employed, the influence of electrode polar
isation is minimised, making the use of non-polarisable materials such as 
platinum unnecessary. A switch box was integrated into the setup to 
allow seamless switching between the LCR metre and pulse generator 
connections to the electrodes. The PC running LabVIEW (version Lab
VIEW 2020, National Instruments, Austin, TX, USA) controlled the data 
acquisition and enabled automated measurement procedures and 
real-time data monitoring. A photograph of the experimental setup with 
the individual components is shown in Fig. 1.
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2.2. Preparation of muscle tissue samples

The muscle tissue used in the experiments was obtained from the 
trapezius muscle of a pig (Sus scrofa domesticus), which was harvested 
within a half-hour after death. The tissue was sourced from a slaugh
terhouse that operates according to Slovenian law. To ensure consis
tency of the impedance measurements, a muscle with a uniform 
orientation of the fibres was selected. This allowed a reliable comparison 
of impedance measurements in both parallel and perpendicular orien
tations relative to the fibres. After harvesting, the tissue was cooled to 
4 ◦C to preserve its structure and properties. As the measurements could 
not be performed immediately due to the time required for tissue har
vesting, transport to the laboratory, and sample preparation, the first 
measurements were performed approximately 3 h post-mortem. Before 
each series of experiments, which were conducted at three different time 
points (3 h, 24 h, and 72 h post-mortem), the tissue samples were 
allowed to warm up to room temperature. A sharp cork borer was used 
to manually cut discs of 26 mm diameter from the tissue sample. The 
thickness of the discs was 6 mm. Two types of samples were prepared: 
one set was cut so that the impedance measurements could be performed 
along the muscle fibres (parallel orientation), and the other set was 
prepared so that the measurements could be performed across the 
muscle fibres (perpendicular orientation).

2.3. Impedance spectroscopy and pulse dynamics analysis

Impedance spectroscopy measurements were conducted on un
treated muscle tissue at three different post-mortem time points: 3 h, 24 
h, and 72 h. These baseline measurements were performed to charac
terise the electrical properties of the tissue in both parallel and 
perpendicular orientations relative to the muscle fibres. At each time 

point, six replicates of the experiment were performed (N = 6) to ensure 
statistical reliability. Absolute impedance and phase angle were 
measured in the frequency range from 20 Hz to 2 MHz. The frequency 
sweep comprised 40 logarithmically spaced points, corresponding to 8 
points per decade, to ensure a uniform resolution over the entire fre
quency range. A sinusoidal voltage of 100 mV peak was applied to one 
pair of electrodes. This pair served as the current source and sink, while 
the other pair was used to measure the voltage drop, as customarily 
configured in 4-electrode impedance analysis. The selected frequency 
range allowed for characterisation of the tissue’s electrical properties 
over a broad range and reflected the maximum measurement capability 
of the LCR meter used (Keysight E4980A).

Following the baseline impedance measurements, electroporation 
pulses were applied to the tissue samples at the 3-h and 24-h post- 
mortem time points, but not at 72-h post-mortem (see Discussion for 
an explanation). The impedance measurements were recorded again 
within 2 s after pulse delivery (allowing for the time to switch the 
electrodes from the generator to the LCR meter). Electroporation was 
performed using eight rectangular pulses, each with a duration of 100 
μs, an amplitude of either 200 V or 400 V, and a pulse repetition rate of 1 
s− 1. Pulse amplitudes were selected to induce different degrees of 
electroporation, with 200 V producing moderate effects and 400 V 
resulting in more extensive membrane permeabilisation. The ratio of the 
impedance magnitude after electroporation (|Zpost|) to the impedance 
magnitude before electroporation (|Zpre|) was calculated for each sam
ple to quantify the effect of electroporation on the impedance of the 
tissue. Results are expressed as mean ± standard deviation.

In addition, the pulse dynamics during the electroporation pulses 
were analysed. The normalised electrical current difference (ΔInorm) was 
calculated to quantify the change in current during the first delivered 
pulse, similar to the approach used previously [61]. We defined ΔInorm 

Fig. 1. Experimental setup for impedance spectroscopy experiments. The setup consists of (1) a PC running LabVIEW for data acquisition and control, (2) an LCR 
metre for performing impedance measurements, (3) a switch box that allows switching between the connections of the LCR metre and the pulse generator to the 
electrodes, (4) an oscilloscope with voltage and current probes for signal monitoring, (5) a treatment chamber with two pairs of electrodes and a tissue sample 
between the pairs, (6) a laboratory prototype pulse generator, (7) a treatment chamber made of acrylic glass, (8) two pairs of stainless steel electrodes used for 4- 
electrode impedance measurements within the treatment chamber, and (9) a tissue sample.
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as the difference between the final current (If) at t = 95 μs (determined as 
the average value of the current between 94.5 and 95.5 μs to eliminate 
measurement noise) and the initial current (Ii) at t = 5 μs (average value 
of the current between 4.5 and 5.5 μs), divided by the initial current (Ii), 
as shown in the following equation: 

ΔInorm =
If − Ii

Ii
. (1) 

We chose the current as recorded at 5 μs as the initial current to allow 
for all the transients in the current waveform (e.g. capacitive spike at the 
start of the pulse) to completely fade consistently (for all pulses). The 
sample that represents the final current value (at 95 μs) was chosen to 
consistently capture the highest current value before the pulse starts to 
decrease in amplitude.

To assess the statistical significance of the results, Student’s t-test 
was used to compare the current differences at different orientations and 
time points. All statistical analysis and data processing were performed 
using Python.

2.4. Numerical modelling

The simulations were conducted using COMSOL Multiphysics soft
ware (version 6.3, COMSOL AB, Stockholm, Sweden), employing the 
finite element method (FEM). To optimise computational efficiency, a 
simplified three-dimensional geometry was designed to approximate the 
experimental muscle tissue sample. The numerical model is based on the 
quasi-static approximation and solves the Laplace equation 

∇⋅((σ + jωε0ε)∇φ) = 0 (2) 

for the electric potential φ, with σ representing the conductivity in the 
intracellular, extracellular, and membrane regions, j =

̅̅̅̅̅̅̅
− 1

√
, ω is the 

angular frequency, ε0 is the permittivity of vacuum, and ε is the relative 
permittivity of the intracellular, extracellular, and membrane regions. 
The tissue was modelled as a cubic domain with dimensions of 1 mm per 
side, while the muscle fibres were represented as cylindrical structures 
extending over the entire domain, each with a diameter of 60 μm (see 
Fig. 2a). The volume fraction of the muscle fibres was set at 78 %, which 
corresponds to typical values reported in the literature for skeletal 
muscle tissue [62]. In our previous work [63], we showed that variations 
in volume fraction had no significant effect on the anisotropy rate, 
supporting the use of a fixed value in the model. Since the cell plasma 
membranes are several orders of magnitude thinner than the other 
modelled dimensions, they were not explicitly included in the geometry. 
Instead, their electrical effect was incorporated through a boundary 
condition that represents the membrane as a thin resistive–capacitive 
layer. This condition relates the transmembrane current density to the 
local transmembrane voltage and accounts for both membrane con
ductivity and permittivity. The membrane’s thickness was used together 
with its electrical properties to define the specific impedance of the 
boundary [64,65]. Mathematically, the boundary condition is expressed 
as 

n⋅J =
1
dm

(
σm + jωε0εm

)
(Vi − Ve), (3) 

where n is the normal vector, J is the current density, dm is the mem
brane thickness, σm and εm are the membrane conductivity and relative 
permittivity, respectively, and Vi and Ve are the electric potentials on the 
intracellular and extracellular sides of the membrane, respectively.

The electrodes were positioned in two different orientations with 
respect to the muscle fibre alignment (see Fig. 2b). In the parallel 
orientation, the electrodes were placed so that the impedance was 
measured along the direction of the muscle fibres, whereas in the 
perpendicular orientation, the impedance was measured perpendicular 
to the fibre orientation. The simulations were performed in the fre
quency domain to compute the steady-state electric potential 

distribution across the model at each frequency. This allowed us to 
determine the frequency-dependent impedance of the tissue, enabling 
direct comparison with the experimental measurements in the 20 Hz to 
2 MHz range. The finite element mesh comprised approximately 1.9 
million elements, with second-order (quadratic) Lagrange elements used 
for potential discretisation. A mesh convergence check was performed to 
ensure numerical stability, confirming that the computed impedance 
values remained consistent with finer mesh resolutions.

The main objective of the simulations was to calculate the impedance 
in both parallel and perpendicular orientations at 3 h and 24 h post- 
mortem experimental conditions, when the anisotropy is still 
observed. A parametric study was conducted to evaluate the effect of 
varying plasma membrane conductivities on the impedance predictions 
of the model. Membrane conductivities were adjusted to simulate 
changes in tissue properties over time. The results for the different 
membrane conductivities were then compared with the experimental 
measurements at 3 h and 24 h post-mortem. The best-fit conductivity 
values for the membranes at each time point were determined using the 
least mean squares method. The impedance values obtained from the 
model were adjusted to take into account the differences in dimensions 
between the model and the experimental setup. The calculated imped
ance was adjusted using the following equation: 

⃒
⃒Zadjusted

⃒
⃒ = |Zmodel|⋅

k1

k2
, (4) 

where |Zadjusted| is the adjusted impedance, |Zmodel| is the impedance 
calculated by the model, k1 is a scaling factor for electrode spacing, and 
k2 is a scaling factor that accounts for electrode surface area. In the 
experimental setup, the distance between the electrodes was 6 mm, 

Fig. 2. (a) Geometry and dimensions of the muscle tissue model in COMSOL 
Multiphysics. (b) The two orientations of the electrodes relative to the orien
tation of the muscle fibres: in the parallel orientation, the electrodes are posi
tioned so that the impedance is measured in the direction parallel to the muscle 
fibres; in the perpendicular orientation, the impedance is measured perpen
dicular to the fibre orientation.
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whereas in the numerical model it was 1 mm, yielding k1 = 6. The area 
of each electrode in the experimental setup was 179.71 mm2, compared 
to 1 mm2 in the model, yielding k2 = 179.71. Although only the ratio 
k1/k2 affects the impedance scaling, we define the two factors separately 
to preserve a clear connection to the distinct geometric differences be
tween the model and experimental setups. This adjustment ensures that 
the model impedance results are directly comparable with experimental 
measurements.

The parameters used in the model and their corresponding values are 
listed in Table 1. The relative permittivity of the membranes was 
increased compared to the typically used values for the relative 
permittivity of the membranes in order to take into account the con
nective tissue layers surrounding the muscle fibres, which were not 
explicitly included in the geometry of the model. Membrane conduc
tivity was not modelled as a function of transmembrane voltage. Instead, 
it was treated as a constant parameter within each simulation, and 
varied only across different simulations to reflect changes in membrane 
integrity due to post-mortem degradation. This adjustment was impor
tant to better represent the electrical properties of the tissue and to 
ensure that the model reflected the experimentally observed impedance 
changes. It is important to note that while COMSOL Multiphysics was 
used for simulations, the underlying model is fundamentally based on 
well-known principles of bioelectricity and can be reproduced using any 
numerical method that solves the quasi-static Laplace equation with the 
same boundary conditions and parameter settings applied. In summary, 
the novelty of our modelling approach lies in representing muscle tissue 
at the level of individual fibres. This structural model allows for 
anisotropy to emerge naturally from the geometry and electrical prop
erties of the fibres, rather than relying on homogenised bulk tissue 
properties, providing direct insight into how changes in membrane 
conductivity influence macroscopic impedance behaviour. The post- 
processing of the simulation results was performed using Python.

3. Results and discussion

3.1. Impedance of untreated skeletal muscle

The frequency-dependent impedance of untreated skeletal muscle 
was measured at three post-mortem time points to assess the changes in 
the electrical properties of the tissue over time, focusing on the anisot
ropy between the two orientations with respect to the muscle fibres: the 
parallel (i.e., the impedance was measured in the direction parallel to 
the muscle fibres) and the perpendicular (i.e., the impedance was 
measured in the direction perpendicular to the muscle fibres).

At 3 h post-mortem, significant differences in skeletal muscle 
impedance can be observed between the parallel and perpendicular 
orientations (Fig. 3a), with the perpendicular orientation exhibiting 
more than 10 times higher impedance at lower frequencies. This pro
nounced anisotropy is due to the fibrous structure of skeletal muscle and 
the preservation of cell plasma membranes shortly (at minimum 3 h) 
after death, resulting in significantly different impedance characteristics 

between the two orientations. The resistance curves (Fig. 3b) closely 
resemble the impedance curves, suggesting that the measured imped
ance is predominantly resistive in nature. In the parallel orientation, the 
resistance values are substantially lower over the entire frequency range 
than in the perpendicular orientation. At very low frequencies (below 
100 Hz), the resistance in the parallel orientation falls below zero, which 
is not physically meaningful and likely reflects measurement artefacts 
due to very low impedance values, poor signal-to-noise ratio, and 
reactive dominance at these frequencies. These deviations are likely 
caused by the limitations of the measurement equipment, even when a 
four-electrode configuration is used. The reactance (Fig. 3c) shows a 
markedly different behaviour between the two orientations. In the 
parallel orientation, the reactance remains close to zero across all fre
quencies, indicating minimal capacitive effects. In contrast, the 
perpendicular orientation shows negative reactance values, which are 
characteristic of capacitive behaviour. The largest magnitude of reac
tance (i.e., the most negative value) occurs at around 5 kHz. This 
behaviour reflects the capacitive charging and discharging of the intact 
cell membranes, which dominate the current flow at intermediate fre
quencies. At low frequencies, the membranes act as insulators, blocking 
current flow. As the frequency increases, the capacitive properties of the 
membranes allow displacement currents to pass, leading to a minimum 
of reactance. At high frequencies, the membranes become effectively 
transparent to the current and the reactance returns toward zero. In the 
parallel direction, where the current flows along the fibres, mostly 
bypassing the membranes, this capacitive behaviour does not occur.

By 24 h post-mortem, the anisotropy remains, but the difference 
between the two orientations decreases, with the impedance in the 
perpendicular orientation being only about three times higher than in 
the parallel orientation (Fig. 3d). This reduction indicates the onset of 
cell degradation, including membrane disintegration, although the 
fibrous structure of the muscle still contributes to some anisotropy. The 
resistance curves (Fig. 3e) again closely follow the impedance curves, 
which confirms that the measured impedance remains primarily resis
tive. The reactance (Fig. 3f) in the parallel direction remains minimal, 
while the perpendicular orientation continues to show a negative reac
tance profile, indicating residual capacitive behaviour. Compared to the 
3-h time point, the amplitude of this capacitive dip is reduced, and the 
frequency of the peak shift moves to around 20 kHz, consistent with 
progressive degradation of the membranes.

At 72 h post-mortem, there are no obvious differences in impedance 
(Fig. 3g), resistance (Fig. 3h), or reactance (Fig. 3i) between the two 
orientations. The impedance is equal in both directions and lower than 
at earlier time points, reflecting the loss of the muscle’s structural 
integrity. These results highlight the progressive degradation of skeletal 
muscle tissue over time and the corresponding changes in electrical 
impedance, with the anisotropic behaviour in the early post-mortem 
stages attributed to the preservation of muscle structure and mem
branes, and the reduction in anisotropy corresponding to tissue 
breakdown.

Interestingly, in our previous study [70] where we looked at muscle 
anisotropy ex vivo using CDI (an MRI-based method of mapping current 
pathways in tissue), we have shown that 48 h post-mortem the electric 
current distribution still exhibits some anisotropy. Those CDI measure
ments have shown that current flows differently depending on whether 
it is injected into tissue perpendicular or parallel to the muscle fibres 
(two needle electrodes were used, rather than plate electrodes). This 
would seem to indicate that there is still some anisotropy present 48 h 
post-mortem, however, as we have shown with impedance measure
ments, all anisotropy is completely undetectable a day later, 72 h 
post-mortem.

The observed anisotropy in impedance measurements at 3 h post- 
mortem is consistent with findings reported in the literature, which 
collect data from various ex vivo skeletal muscle studies, some of which 
were conducted immediately after incision [3,4,6]. Although different 
methods were used in these studies, the anisotropic behaviour observed 

Table 1 
Parameters and their corresponding values used in the numerical model 
[66–69].

Parameter Value Description

f 0.78 Volume fraction of fibres
σi 0.80 S/m Intracellular conductivity
σe 1.80 S/m Extracellular conductivity
σm varied Membrane conductivity
εi 70 Intracellular relative permittivity
εe 80 Extracellular relative permittivity
εm 30 Membrane relative permittivity
dm 4 nm Membrane thickness
k1 6 Adjustment factor
k2 179.71 Adjustment factor
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in this work is consistent with the literature, supporting the feasibility of 
using post-mortem muscle tissue as a reliable model for in vivo tissue. 
However, it is important to emphasise that impedance measurements 
are influenced not only by the intrinsic electrical properties of the tissue, 
but also by the geometry of the measurement system, including the 
shape, size, and spacing of the electrodes. Detailed methods for deter
mining the intrinsic electrical properties of anisotropic tissue in situ, 
independently of geometry, have been proposed in the literature [71,
72]. These approaches are usually based on specific electrode geome
tries and analytical approaches designed to extract directional conduc
tivities and permittivities. However, such methods were beyond the 
scope of our current study, which instead focused on tracking how the 
anisotropy of impedance evolves over time post-mortem within a 
consistent and well-defined experimental geometry.

3.2. Electroporation-induced changes in skeletal muscle impedance

The effect of electroporation on the electrical properties of skeletal 
muscle tissue was investigated by measuring the frequency-dependent 
impedance before (∣Zpre∣) and after (∣Zpost∣) electroporation, with the 
impedance ratio (∣Zpost∣/∣Zpre∣) serving as a measure of the 
electroporation-induced changes. Electroporation was performed using 
8 rectangular pulses, each with a duration of 100 μs, with amplitudes of 
200 V or 400 V, and at a pulse repetition rate of 1 s− 1. The results for 
both 3 h and 24 h post-mortem are shown in Fig. 4. We chose not to 
perform electroporation experiments 72 h post-mortem since, as is 
evident in Fig. 3g, there is no observable anisotropy even in intact tissue.

At 3 h post-mortem, the impedance ratio showed marked changes in 

the response to electroporation in both the parallel and perpendicular 
orientations. Following the application of 200 V pulses, the impedance 
decreased by about 10 % in the parallel orientation (Fig. 4a) and by 
about 15 % in the perpendicular orientation (Fig. 4b), as shown in 
Fig. 4c. This modest reduction indicates that pulses with an amplitude of 
200 V are not sufficient to induce major changes in the electrical 
properties of muscle tissue. However, increasing the amplitude to 400 V 
resulted in a much stronger effect. In the parallel orientation, the 
impedance decreased by up to 20 % (Fig. 4d), while in the perpendicular 
orientation the decrease was about 60 % (Fig. 4e), as can be seen from 
the impedance ratio (Fig. 4f). These larger decreases at higher ampli
tudes indicate that the 400 V pulses caused significant electroporation, 
disrupting plasma membranes and significantly altering the electrical 
properties of the tissue.

At 24 h post-mortem, the impedance changes were less pronounced, 
likely due to tissue degradation. In the parallel orientation, 200 V pulses 
caused minimal impedance changes, with no significant reduction 
observed (Fig. 4g). However, in the perpendicular orientation, a 
reduction of a similar magnitude to that observed in the samples 
collected 3 h post-mortem was still observed (Fig. 4h), as shown in 
Fig. 4i. When the amplitude was increased to 400 V, the changes in the 
parallel orientation were again minimal (Fig. 4j). In contrast, the 
impedance in the perpendicular orientation decreased by approximately 
30 % (Fig. 4k), as shown in Fig. 4l, demonstrating a weaker but still 
observable effect compared to the 3 h post-mortem. This reduction in the 
magnitude of the impedance change 24 h post-mortem suggests that as 
the tissue degrades, its susceptibility to electroporation decreases, likely 
due to the degradation of cellular structures and plasma membranes.

Fig. 3. Frequency-dependent absolute impedance (a, d, g), resistance (b, e, h), and reactance (c, f, i) of untreated skeletal muscle in the parallel (i.e., the impedance 
was measured in the direction parallel to the muscle fibres) and the perpendicular (i.e., the impedance was measured in the direction perpendicular to the muscle 
fibres) orientations at (a–c) 3 h post-mortem, (d–f) 24 h post-mortem, and (g–i) 72 h post-mortem. The results are given as mean values ± standard deviations 
(shaded areas), with N = 12.
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Although the observed changes in impedance after electroporation 
(Fig. 4a, b, 4d, 4e, 4g, 4h, 4j, 4k) appear small and statistically insig
nificant in most cases, except for the perpendicular orientation with 400 
V pulses (Fig. 4e), it is important to note that electroporation consis
tently decreased tissue impedance in each pair of before-after mea
surements. The relatively large standard deviations observed are 
attributable to variability between different tissue samples.

The observed results indicate that the efficacy of electroporation on 
skeletal muscle impedance is time-dependent, with a stronger effect at 
earlier post-mortem stages when tissue integrity is better preserved. At 
3 h post-mortem, electroporation with 400 V pulses resulted in a sig
nificant decrease in impedance, particularly in the perpendicular 
orientation. This significant decrease in the perpendicular orientation 
can be attributed to the orientation of the muscle fibres and cell plasma 
membranes relative to the applied electric field. In the perpendicular 

orientation, the membranes lie in the path of the electric field and are 
directly electroporated, which leads to significant impedance changes. 
In contrast, in the parallel orientation, the membranes are aligned along 
the field and do not present a significant barrier, resulting in smaller 
impedance changes. At 24 h post-mortem, the effect of electroporation 
was significantly attenuated, reflecting the progressive loss of tissue 
structure and functionality as well as reduced membrane integrity.

The observed anisotropic effects on impedance changes after elec
troporation provide a mechanistic explanation for the differences in 
lesion shapes observed in skeletal [63] and cardiac [73] muscles when 
electric fields are applied in different orientations. Electroporation in the 
perpendicular orientation resulted in significantly greater impedance 
decrease, indicating more extensive cell plasma membrane disruption 
compared to the parallel orientation. This is consistent with the struc
tural arrangement of the muscle fibres, where the membranes are more 

Fig. 4. Frequency-dependent absolute impedance of untreated skeletal muscle (i.e., before electroporation; ∣Zpre∣), treated skeletal muscle (i.e., within 2 s after 
electroporation; ∣Zpost∣), and their ratio (∣Zpost∣/∣Zpre∣), measured in the parallel (i.e., the impedance was measured in the direction parallel to the muscle fibres) and 
the perpendicular (i.e., the impedance was measured in the direction perpendicular to the muscle fibres) orientations. Electroporation was performed using 8 
rectangular pulses, each with a duration of 100 μs, an amplitude of either 200 V or 400 V, and a pulse repetition rate of 1 s− 1. The results for 3 h post-mortem are 
shown in (a–f), and for 24 h post-mortem in (g–l). The amplitude of the applied pulses was 200 V in (a–c, g–i) and 400 V in (d–f, j–l). The absolute impedance of 
untreated and treated skeletal muscle, measured in the parallel orientation, is shown in (a, d, g, j), and in the perpendicular orientation in (b, e, h, k). The impedance 
ratio (∣Zpost∣/∣Zpre∣) is shown in (c, f, i, l). The results are given as means ± standard deviations (shaded areas), with N = 6. Note the different ordinate scales for 
absolute impedance measured in the parallel (a, d, g, j) and perpendicular (b, e, h, k) orientations.
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exposed to the electric field in the perpendicular orientation, leading to 
greater conductivity changes. In the parallel orientation, the field is 
aligned with the fibres, bypassing membranes and causing less disrup
tion. These differences have a direct influence on permeabilisation (e.g. 
in DNA delivery by electroporation) and on lesion formation in 
electroporation-based ablation procedures. Lesions in the parallel 
orientation are narrower and less extensive, while lesions in the 
perpendicular orientation are larger and more widespread.

Existing models often assume the same factor of conductivity in
crease for both parallel and perpendicular orientations and maintain a 
constant anisotropy ratio (the ratio of parallel to perpendicular con
ductivity) before and after electroporation [32,73–76]. Even though 
these models are focused on cardiac muscle, we can reasonably assume 
that our findings from skeletal muscle are at least partially transferable 
to cardiac muscle, as both tissues exhibit anisotropic properties due to 
their fibrous structure. We have observed that the impedance is much 
less affected by electroporation in the parallel orientation, suggesting 
that the factor of conductivity increase should be much lower in the 
parallel orientation than in the perpendicular orientation. This also 
means that the anisotropy ratio after electroporation should not be the 
same as before electroporation. Incorporating these findings into nu
merical models could increase their accuracy and enable better pre
dictions about the distribution of the electric field and the formation of 
lesions.

3.3. Electric current dynamics during electroporation

The dynamics of the electric current during electroporation were 
evaluated by analysing the normalised electric current difference 
(ΔInorm), which we defined as the difference between the final (If; at t =
95 μs) and initial (Ii; at t = 5 μs) current values of the first pulse deliv
ered, normalised to the initial current value (Ii; see Fig. 5a). This 
parameter reflects the changes in electrical conductivity induced 
directly by electroporation. The results for the parallel and perpendic
ular orientations at 3 h and 24 h post-mortem are shown in Fig. 5b and c, 
respectively. The alternative comparison, focusing on comparing 3 h 
post-mortem versus 24 h post-mortem, is shown for 200 V and 400 V 
pulses in Fig. 5d and e, respectively.

At 3 h post-mortem (Fig. 5b), the normalised current difference 
showed significant differences between the parallel and perpendicular 
orientations, with the perpendicular orientation consistently exhibiting 
higher values. For 200 V pulses, the median normalised current differ
ence in the parallel orientation was 0.12, while it was 0.29 in the 
perpendicular orientation (p = 1.73 × 10− 5). A similar trend was 
observed for 400 V pulses, where the median of the normalised current 
difference was 0.04 in the parallel orientation and increased to 0.11 in 
the perpendicular orientation (p = 1.58 × 10− 4).

At 24 h post-mortem (Fig. 5c), the values of the normalised current 
difference were significantly lower, indicating the influence of tissue 
degradation on the electroporation dynamics. For 200 V pulses, the 
median normalised current difference in the parallel orientation had 
decreased to 0.04, with respect to 0.12 in the perpendicular orientation. 
For 400 V pulses, the medians were 0.03 in the parallel orientation and 
0.06 in the perpendicular orientation. Statistical analysis confirmed 
significant differences between the two orientations for both 200 V (p =
6.68 × 10− 4) and 400 V (p = 1.66 × 10− 4).

When comparing the normalised current difference between 3 h and 
24 h post-mortem (Fig. 5d and e), significant differences were found in 
most cases. For 200 V pulses (Fig. 5d), significant differences were 
observed in both orientations (parallel: p = 6.12 × 10− 3; perpendicular: 
p = 8.34 × 10− 6). For 400 V pulses (Fig. 5e), however, there was a 
significant difference in the perpendicular orientation (p = 4.13 ×
10− 4), while this was not the case for the parallel orientation (p = 8.37 
× 10− 2). These results suggest that the progressive degradation of cell 
plasma membranes over time reduces the ability of the tissue to undergo 
electroporation.

The differences observed between the orientations can be attributed 
to the role of the cell plasma membranes in determining the tissue’s 
electrical response. In the perpendicular orientation, the membranes act 
as significant barriers to current flow, and their electroporation leads to 
greater conductivity changes. In contrast, in the parallel orientation, the 
current bypasses the membranes, resulting in smaller changes in 
conductivity.

The differences between the 3-h and 24-h post-mortem samples 
illustrate the influence of tissue degradation. At 3 h post-mortem, the 
better-preserved tissue structure and membrane integrity allow a more 
pronounced electroporation. In contrast, the degradation of cellular and 
extracellular components 24 h post-mortem impairs membrane func
tion, resulting in a lower ability of the tissue to undergo electroporation 
and a smaller change in current dynamics.

These results emphasise the critical role of tissue orientation and 
integrity in determining the electrical response during electroporation. 
The perpendicular orientation showed more pronounced changes in 
conductivity, and the effects were more pronounced at earlier stages and 
became less significant as the tissue degraded.

Fig. 5. (a) The definition of the normalised electric current difference (ΔInorm), 
calculated as the difference between the final (If; at t = 95 μs) and the initial (Ii; 
at t = 5 μs) current values of the first electroporation pulse delivered, divided 
by the initial current value (Ii). The calculated normalised electric current for 
the parallel (i.e., the impedance was measured in the direction parallel to the 
muscle fibres) and the perpendicular (i.e., the impedance was measured in the 
direction perpendicular to the muscle fibres) orientations at (b) 3 h post- 
mortem and (c) 24 h post-mortem. Electroporation was performed using 8 
rectangular pulses, each with a duration of 100 μs, an amplitude of either 200 V 
or 400 V, and a pulse repetition rate of 1 s− 1. The results are presented as 
boxplots, with the median marked by the centre line, the box representing the 
interquartile range (IQR), and the whiskers extending to the most extreme 
values within 1.5 × IQR. Outliers, which are marked as individual points, are 
values beyond 1.5 × IQR. N = 6.
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3.4. Numerical modelling results and comparison with experimental 
measurements

Fig. 6 compares the modelling results with the experimentally 
determined frequency-dependent impedance of the untreated skeletal 
muscle in both the parallel and perpendicular orientations. The 
modelling results for 3 h and 24 h post-mortem are shown in Fig. 6b and 
d, respectively, while the experimental data are shown in Fig. 6a and c, 
respectively.

The best fit of the experimental data in the perpendicular orientation 
was obtained using the least mean squares method, which yielded a 
membrane conductivity of σm = 5 × 10− 7 S/m for the 3 h post-mortem 
samples (Fig. 6b). The other curves, shown in lighter hues, correspond to 
different membrane conductivity values ranging from 1 × 10− 8 S/m to 1 
× 10− 6 S/m, illustrating how the impedance changes with variations in 
membrane conductivity.

For the 24-h post-mortem data (Fig. 6d), the best fit to the experi
mental results was achieved with a membrane conductivity of σm = 1 ×
10− 4 S/m. The other curves correspond to membrane conductivity 
values between 0.6 × 10− 4 S/m and 1.4 × 10− 4 S/m. The effect of the 
membrane conductivity on the parallel orientation is negligible at both 
time points.

In general, the modelling results are in agreement with the experi
mental data, suggesting that the numerical model accurately reflects the 
general trends of the frequency-dependent impedance of the untreated 
skeletal muscle. However, a slight difference is observed between the 
experimental and modelling results, particularly in the parallel 

orientation and at higher frequencies in the perpendicular orientation, 
where the impedance values are higher in the modelling results. This 
discrepancy suggests that the intra- and extracellular conductivities of 
the tissue sample in our experiments were likely higher than the values 
used in the model, which could explain the observed differences at these 
frequencies.

The experimental curves (Fig. 6a and c) decrease more gradually 
with frequency than the simulated curves (Fig. 6b and d). This is 
consistent with the intrinsic heterogeneity of skeletal muscle: variations 
in fibre size, the presence of non-myocyte cells and capillaries, and 
layered connective tissue all contribute to a broader dispersion of 
characteristic frequencies. In addition, post-mortem time-dependent 
changes in membrane integrity further broaden the measured response. 
A small dispersion of fibre orientations within the sample leads to 
averaging over slightly different angles, making the measured response 
broader and smoother. In our simulations, we intentionally assume a 
single, uniform fibre population with fixed intra- and extracellular 
properties and frequency-independent membrane parameters; this 
simplification narrows the response and leads to a steeper transition. 
Some additional smoothing in the measurements probably results from 
averaging over the samples (with N = 12).

The numerical modelling results obtained provide a useful frame
work for understanding the experimental impedance data, particularly 
the changes observed over time as the tissue degrades. The sensitivity of 
the model to membrane conductivity is consistent with the experimental 
observations of post-mortem tissue degradation [55] and supports the 
idea that membrane integrity plays a critical role in determining the 

Fig. 6. Frequency-dependent absolute impedance of untreated skeletal muscle in the parallel (i.e., the impedance was measured in the direction parallel to the 
muscle fibres) and the perpendicular (i.e., the impedance was measured in the direction perpendicular to the muscle fibres) orientations. The experimentally 
determined impedance is shown in (a, c), while the corresponding modelling results are shown in (b, d). The results for 3 h post-mortem are shown in (a, b), and for 
24 h post-mortem in (c, d). The experimental results are given as mean values ± standard deviations (shaded areas), with N = 12. In (b), the best fit of the 
perpendicular orientation to the corresponding experimental data (shown in green) corresponds to a membrane conductivity of σm = 5 × 10− 7 S/m. The other curves 
(shown in lighter hue) correspond to membrane conductivity values, from the highest to the lowest impedance, of 1 × 10− 8 S/m, 1 × 10− 7 S/m, 1 × 10− 6 S/m, and 5 
× 10− 6 S/m, respectively. In (d), the best fit of the perpendicular orientation to the corresponding experimental data (shown in green) corresponds to a membrane 
conductivity of σm = 1 × 10− 4 S/m. The other curves (shown in lighter hue) correspond to membrane conductivity values, from the highest to the lowest impedance, 
of 0.6 × 10− 4 S/m, 0.8 × 10− 4 S/m, 1.2 × 10− 4 S/m, and 1.4 × 10− 4 S/m, respectively. The influence of the membrane conductivity on the parallel results is 
negligible. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

R. Šmerc et al.                                                                                                                                                                                                                                   Computers in Biology and Medicine 197 (2025) 111073 

9 



electrical properties of skeletal muscle.
It is also important to consider the uncertainty in the conductivity 

and permittivity values of the individual tissue constituents, i.e., intra
cellular space, extracellular space, and membranes, used in the model. 
The data for these tissue constituents are not precisely known and may 
vary due to tissue heterogeneity and post-mortem changes. The values 
used in the model are based on literature, which may not fully capture 
the variations due to tissue heterogeneity and post-mortem changes. 
Additionally, the values in literature also vary considerably. This un
certainty in the material properties could contribute to the observed 
discrepancies between the experimental and modelling results, which 
seem especially evident at higher frequencies where the calculated 
impedance is higher than the experimental one, suggesting that the 
values of intra- and extracellular conductivities used in the model are 
too low. Nevertheless, the model provides a useful framework for un
derstanding the overall trends in the impedance data, with sensitivity to 
membrane conductivity being consistent with the experimental obser
vations of post-mortem tissue degradation.

The reader should note that possible routes towards generalising the 
model and the experimental approach must consider that muscle tissues 
of different animal species, in general, degrade at different rates. These 
rates have been approximately determined for animals of interest as 
sources of meat and span a vast range; the fastest rates of decay (fish, 
chicken) can be up to an order of magnitude apart from the slowest 
(beef, lamb, deer) [77]. Our study did also not consider techniques of 
tissue conservation or preservation that have been developed mainly for 
the purposes of prolonging the viability of organs in organ donor pro
grammes. Using some of those approaches, it should be feasible to 
considerably extend the window of usefulness of excised tissue samples 
from just a couple of hours to possibly several days [78].

Beyond ex vivo characterisation, impedance spectroscopy combined 
with our numerical model also offers a significant potential for the 
characterisation of in vitro engineered muscle tissues, an area expected 
to drive breakthroughs in regenerative medicine, wound healing, and 
biohybrid robots [79–82]. At present, assessment of these in vitro tissues 
relies mainly on contraction-force measurements or morphological 
analysis; although valuable, these methods can be destructive or provide 
limited insight into cellular maturation. Integrating impedance spec
troscopy would provide a complementary, non-destructive method, 
while the numerical model helps to interpret the complex impedance 
data and relate it to cellular-level properties such as membrane integrity, 
effective cell density, and fibre alignment, which are key indicators of 
tissue functionality.

3.5. Numerical modelling predictions for intermediate fibre orientations

To demonstrate the predictive ability of the model for complex, 
multi-angular muscle architectures (e.g., multipennate muscles), we 
simulated the frequency-dependent impedance at 0◦, 15◦, 30◦, 45◦, 60◦, 
75◦, and 90◦ relative to the fibres for two post-mortem times (3 h, with 
σm = 5 × 10− 7 S/m; and 24 h, with σm = 1 × 10− 4 S/m) (Fig. 7). At both 
time points, the absolute impedance increases uniformly with the angle 
from the parallel (0◦) to the perpendicular (90◦) orientation, with the 
largest differences between the angles occurring at low to medium fre
quencies. At 3 h post-mortem, the lower conductivity of the membranes 
emphasises the resistance at low frequencies and results in a more 
pronounced transition between angles; at 24 h post-mortem, the higher 
conductivity of the membranes flattens the response and slightly com
presses the angular spread. The parallel orientation remains compara
tively insensitive to membrane conductivity, whereas the perpendicular 
and intermediate orientations show a more pronounced dependence. 
These results illustrate how the model can predict responses for complex 
multi-angle architectures, and highlight its utility when experimental 
characterisation is challenging.

4. Conclusions

We primarily set up our study to assess if it is possible to investigate 
anisotropy in skeletal muscle tissue ex vivo using impedance spectros
copy on an excised muscle, post-mortem. If an animal is slaughtered in 
the process of meat production for human consumption, the experiment 
does not require sacrificing an animal expressly for scientific purposes. 
Our study suggests that perhaps some of the live animal experiments, 
where and if deemed suitable, could be replaced by ex vivo work, 
thereby reducing moral and economic cost of animal experimentation. 
The approach certainly beats potato models that are currently used 
when animal experimentation is not feasible or justifiable [83].

Secondly, we built a model to validate the experimental results 
where we constructed a structured bundle of muscle fibres in silico and 
showed that anisotropy in electrical impedance is a direct result of 
skeletal muscle geometry if we account for typical intra- and extracel
lular conductivities of muscle cells and – most importantly – the low 
conductivity of the living cell plasma membrane.

And thirdly, we have shown through comparison of muscle anisot
ropy changes resulting from tissue dying and thus undergoing degra
dation processes versus those resulting from increasing cell membrane 
permeability by electroporation that these processes both affect the 
membrane permeability in a similar way, resulting in a like decrease in 
muscle anisotropy. We have thus shown that a single variable – i.e. the 
(im)permeability of the muscle cell membrane for ions – is responsible 
for the observed bulk tissue anisotropy in electrical impedance of skel
etal muscle.

Possible limitations of the model and the experimental study mainly 
stem from its lack of comprehensiveness. The study should be under
stood as a proof of concept. Much work remains in characterising the 

Fig. 7. The modelling results of frequency-dependent absolute impedance of 
untreated skeletal muscle in the parallel (i.e., the impedance was measured in 
the direction parallel to the muscle fibres; 0◦), the perpendicular (i.e., the 
impedance was measured in the direction perpendicular to the muscle fibres; 
90◦), and intermediate orientations in 15◦ steps (15◦, 30◦, 45◦, 60◦, 75◦). The 
results are shown for two post-mortem times: (a) 3 h with membrane conduc
tivity fixed at σm = 5 × 10− 7 S/m; and (b) 24 h with σm = 1 × 10− 4 S/m. Note 
the different ordinate scales at (a) 3 h and (b) 24 h post-mortem.
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dynamics of skeletal muscle electric impedance anisotropy changes for 
different muscle origins (species of animal, type of muscle, …) and 
handling of the tissue after excision (temperature, preservation solution, 
…). We relegate these endeavours to future work.
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[11] D. Serrano-Muñoz, H. Beltran-Alacreu, D. Martín-Caro Álvarez, J.J. Fernández- 
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R. Šmerc et al.                                                                                                                                                                                                                                   Computers in Biology and Medicine 197 (2025) 111073 

11 

http://refhub.elsevier.com/S0010-4825(25)01425-8/sref1
http://refhub.elsevier.com/S0010-4825(25)01425-8/sref1
http://refhub.elsevier.com/S0010-4825(25)01425-8/sref2
http://refhub.elsevier.com/S0010-4825(25)01425-8/sref2
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1088/0031-9155/41/11/002
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.1002/9780471740360.ebs0403
https://doi.org/10.1002/9780471740360.ebs0403
https://doi.org/10.1016/j.elstat.2007.11.005
https://doi.org/10.1016/j.elstat.2007.11.005
https://doi.org/10.1371/journal.pone.0230903
https://doi.org/10.1016/j.neuron.2005.02.014
https://doi.org/10.1016/j.neuron.2005.02.014
https://doi.org/10.1002/term.2502
https://doi.org/10.1016/j.jpain.2023.01.016
https://doi.org/10.3389/fncel.2023.1095259
https://doi.org/10.4103/2153-3539.96751
https://doi.org/10.4103/2153-3539.96751
https://doi.org/10.1155/2022/5164970
https://doi.org/10.1007/s10439-005-8981-8
https://doi.org/10.1007/s10439-005-8981-8
https://doi.org/10.1146/annurev-bioeng-071813-104622
https://doi.org/10.1146/annurev-bioeng-071813-104622
https://doi.org/10.1148/radiol.2020192190
https://doi.org/10.1148/radiol.2020192190
https://doi.org/10.1007/978-1-4419-8363-3_3
https://doi.org/10.1146/annurev-biophys-052118-115451
https://doi.org/10.1016/j.bioelechem.2021.107871
https://doi.org/10.1016/j.bioelechem.2021.107871
https://doi.org/10.1109/MEI.2013.6410537
https://doi.org/10.1016/j.bioelechem.2021.107994
https://doi.org/10.1016/j.bioelechem.2021.107994
https://doi.org/10.1016/j.tibtech.2015.06.002
https://doi.org/10.1007/s00232-014-9737-x
https://doi.org/10.1007/s00232-014-9737-x
https://doi.org/10.1080/10408398.2011.638995
https://doi.org/10.1073/pnas.96.8.4262
https://doi.org/10.1177/153303460800700201
https://doi.org/10.1152/japplphysiol.00088.2022
https://doi.org/10.1056/NEJMoa2307291
https://doi.org/10.1161/CIRCULATIONAHA.123.063988
https://doi.org/10.1093/europace/euae134
https://doi.org/10.1093/europace/euae134


[32] D. Miklavčič, A. Verma, P.R.P. Krahn, J. Štublar, B. Kos, T. Escartin, P. Lombergar, 
N. Coulombe, M. Terricabras, T. Jarm, M. Kranjc, J. Barry, L. Mattison, N. Kirchhof, 
D.C. Sigg, M. Stewart, G. Wright, Biophysics and electrophysiology of pulsed field 
ablation in normal and infarcted porcine cardiac ventricular tissue, Sci. Rep. 14 
(2024) 32063, https://doi.org/10.1038/s41598-024-83683-y.

[33] Z.F. Bhat, J.D. Morton, S.L. Mason, A.E.-D.A. Bekhit, Current and future prospects 
for the use of pulsed electric field in the meat industry, Crit. Rev. Food Sci. Nutr. 59 
(2019) 1660–1674, https://doi.org/10.1080/10408398.2018.1425825.
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M. Mattison, P.A. Iaizzo, D. Miklavčič, A multiscale computational model of 
skeletal muscle electroporation validated using In Situ porcine experiments, IEEE 
Trans. Biomed. Eng. 70 (2023) 1826–1837, https://doi.org/10.1109/ 
TBME.2022.3229560.
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