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This study presents electrical measurements (both conductivity during the pulses and impedance spec-
troscopy before and after) performed in liver tissue of mice during electroporation with classical elec-
trochemotherapy conditions (8 pulses of 100 us duration). A four-needle electrode arrangement
inserted in the tissue was used for the measurements. The undesirable effects of the four-electrode geom-
etry, notably concerning its sensitivity, were quantified and discussed showing how the electrode geom-
etry chosen for the measurements can impact the results. Numerical modelling was applied to the
information collected during the pulse, and to the impedance spectra acquired before and after the pulses
sequence. Our results show that the numerical results were not consistent, suggesting that other collat-
eral phenomena not considered in the model are at work during electroporation in vivo. We show how
the modification in the volume of the intra and extra cellular media, likely caused by the vascular lock
effect, could at least partially explain the recorded impedance evolution. In the present study we demon-
strate the significant impact that physiological effects have on impedance changes following electropo-
ration at the tissue scale and the potential need of introducing them into the numerical models. The
code for the numerical model is publicly available at https://gitlab.inria.fr/poignard/4-electrode-system.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The measurement of the electrical properties of cells and tissues
has been commonly used as simple and reliable label-free method
to assess electroporation. The state of increased membrane perme-
ability to molecular species caused by a short-duration, high-
intensity electric field exposure that represents the basis of the
electroporation phenomenon has direct consequences in the elec-
trical conductivity of the exposed sample. Namely, an immediate
and abrupt increase in electrical conductivity is detected as a result
of membrane pore opening during the pulse application. Early
studies already used conductivity measurements to perform a
comprehensive characterization of electropermeabilization [1].
Since then, many studies have used electrical measurements to
characterize, predict or assess electroporation from different per-
spectives. In fundamental studies, electrical measurements could
reveal the pore dynamics (formation, expansion, shrinkage) [2].
On the other hand, there is an ongoing technological research to
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develop electrical measurement tools to provide real-time feed-
back control systems for treatments based on electroporation, for
instance to prevent, or optimize irreversible electroporation (IRE)
[3-6].

The changes in the electrical properties of cells (in vitro or in
living tissues) can be studied during pulse application by calculat-
ing the ratio between the recorded voltage and current waveforms.
This quasi-DC resistance information displays a dynamic behavior
during pulse duration (usually 100 ps) with an abrupt increase of
conductivity followed by a slower exponential increase during
the rest of the pulse. Because electroporation protocols always
include sequences of multiple pulses aiming to produce a cumula-
tive effect, conductivity measurements should also reflect this
accumulated effect pulse after pulse. However, controversial
results have been reported in the literature in this respect. Partic-
ularly, in the case of living tissues, repetitive pulses not always dis-
play the expected conductivity increase pulse after pulse, or only
during the first few pulses followed by a saturation effect depend-
ing on the pulsing conditions [7-9]. However, results from in vitro
studies using similar pulsing conditions to the previously men-
tioned in vivo results (sequences of 100 ps pulses at 1 Hz repetition
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frequency) demonstrate that the level of permeabilization contin-
ues increasing during the whole pulse sequence [10,11].

Electrical properties have also been assessed after electropora-
tion pulses mostly by measuring the complex impedance changes.
In this type of measurements, the impedance at multiple frequen-
cies is usually assessed by applying a low amplitude signal (impe-
dance spectroscopy). Previous studies in vivo suggested that this
type of measurements could reflect the treatment outcome in a
more accurate way compared to in-pulse measurements [12]. Both
in vitro and in vivo, bioimpedance measurements have shown
their potential for monitoring cell resealing after pulses. However,
a clear drawback of these measurements is their low specificity,
meaning that different phenomena could produce the observed
impedance changes [13]. Special care should be taken in the case
of living tissues where a combination of the effects directly related
to membrane poration maybe be mixed with other physiological
changes that take place also after the pulses but with opposite
trends [14].

Another aspect that must be considered when performing elec-
trical measurements during electroporation and that introduces
uncertainties in the measurements is the electrode interference.
Most of the studies in the literature have used the same pair of
electroporation electrodes to acquire voltage and current in con-
ductivity (or impedance) recordings. However, this 2-electrode
approach maybe highly impacted by the impedance present at
the interface electrode/electrolyte. For the in-pulse conductivity
measurements, the high intensity pulses that are applied to elec-
trodes produce a non-linear decrease of this electrode/electrolyte
impedance [15] that could theoretically make its contribution neg-
ligible, however, no experimental study has been performed to
confirm that. On the opposite, some studies have shown that other
changes in the electrodes are produced during pulse application
[16] with a possible impact on measurements. In the case of com-
plex impedance measurements, where a small signal is applied to
the electrodes, interfacial water near the electrodes may have a
strong impact especially at low frequencies. One common
approach to avoid this low frequency interfacial distortion is to
use a 4-electrode arrangement where an additional pair of elec-
trodes connected to a high input impedance system is used to mea-
sure the voltage [17,18]. In the field of electroporation, only few
studies have used 4-electrode arrangements to measure impe-
dance [12,19].

In this context, numerical modeling appears to be a powerful
tool to facilitate the understanding of the data both concerning
the resistance measured during the pulse and the impedance spec-
tra recorded after the pulse. The models to describe the electric
response during the pulse are all based on the non-linear electroki-
netic equations where the electrical properties of tissues are
described in a more or less complex way. One of the most popular
approaches is to model the tissue as a material whose conductivity
varies non-linearly according to the electric field [7,20]. Recently,
more sophisticated models have been introduced to describe the
dynamic evolution of conductivity during the pulse; for example,
the model proposed in [21] at the tissue scale introduces the con-
tribution of each compartment (intra and extra cellular media,
membrane) and establishes the link with the models developed
at the cell scale. These models most often make it possible to
reproduce the measurements carried out, in particular because
they take into account the real geometry of the electrodes that
has a crucial effect on the distribution of the electric field. On the
other hand, it is difficult to estimate properly the parameters of
the model: very often, the simulations are carried out using the
data reported in the literature that provide ranges of values
because of the variability in biological tissues.

Furthermore, spectroscopy measurements are always analyzed
using equivalent electrical circuits to describe the frequency

behavior of the tissue sample under test. The most popular model
is based on a physical interpretation [22,23] where a Constant
Phase Element (CPE) element is introduced to describe the disper-
sion observed in the impedance spectrum; an alternative model,
more compact, is based on a mathematical approach using Cole
equation [8].

To our knowledge, there is no study where the information col-
lected during the pulse and the impedance spectrum performed
before and after the pulse are correlated in the same experiment
in order to check the consistency of the simulation results provided
by the numerical modeling. However, such an approach would be
instructive as electrical measurements can be affected by many
physical and physiological phenomena as mentioned previously.
Except the influence of the temperature which is naturally intro-
duced in electroporation applications, other phenomena such as
the change of intra and extra cellular volumes or the change of
ionic concentrations are generally not taken into account in electri-
cal simulations at the tissue scale.

The present study deals with electrical measurements (both in
pulse conductivity and impedance spectroscopy data) performed
in liver tissue of mice during in vivo electroporation. For the first
time, a four-needle electrode arrangement directly inserted in
the tissue is used for this type of measurements. Numerical mod-
elling is applied to the data in an attempt to make a correct inter-
pretation of the data recorded during and after the application of
the pulses. The undesirable effects of the four-electrode system,
notably concerning its sensitivity, are quantified and discussed.
Finally, it appears that the consistency of the numerical modeling
is questionable: physiological effects induced inside the tissue by
the application of electroporation are highlighted and their effects
on the electrical properties of the tissue are discussed.

2. Materials and methods
2.1. Measurement setup

Electrical measurements of the liver tissue before, during and
after electroporation pulses were acquired using a four-electrode
setup composed by two pairs of stainless steel needles. The dimen-
sions of the actual needle arrangement are shown in Fig. 1. The
external pair of needles (diameter = 0.45 mm) was used to apply
the electroporation pulses to the tissue and for current recordings
while the internal pair of needles (diameter = 0.25 mm) was used
to record the voltage. All the measured impedances discussed in
this work are defined as the ratio of the voltage between the inter-
nal needles to the current flowing in the external needles.

The four electrode topology was used to avoid any possible arti-
fact in the voltage measurements introduced by the interfacial
electrode polarization. As the internal pair of needles used for volt-
age measurements are connected to a high input impedance differ-
ential amplifier, the theoretical current passing through these
electrodes is negligible. Therefore, the voltage measurement is
not affected by the voltage drop due to the impedance that gener-
ally appears at the interface between the electrodes and the tissue.
From a modeling point of view, it is then not necessary to model
this impedance and this is very interesting since the modeling
might involve non-linear effects [24| because of the amplitude of
the electric field applied in the electroporation process. Contrarily
to the measurements usually performed with only two electrodes,
which sense the voltage at the generator output and do not take
into account the possible voltage drop in the application elec-
trodes, this strategy allowed us to measure the actual voltage that
drops only in the tissue.

Electroporation pulses were generated by an electroporation
power supply (CliniporatorTM, Igea, Carpi, Italy). In this study,
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Fig. 1. Experimental setup for the electrical measurements using a four-electrode arrangement.

the classical sequence of 8 square, monopolar pulses of 100 ps
duration applied at a repetition rate of 1 Hz was used. The effects
at different pulse amplitudes were studied.

2.1.1. Voltage/current in pulse measurements

In order to measure the intra-pulse conductivity changes during
electroporation pulses application, the voltage across the internal
electrodes was measured with an active high-voltage differential
probe (model TA042, Pico Technologies), the current flowing
through the external needles was measured using a clamp-on cur-
rent probe (model TCP2020, Tektronix). Both probes were con-
nected to a digital oscilloscope (WaveMaster 808Zi, Lecroy)
whose memory was segmented to acquire current and voltage
measurements only during the electroporation pulses with a high
temporal resolution (10 MS/s).

In order to acquire a reference measurement before the electro-
poration pulses, 2 low-voltage pulses (average electric field at the
center of the domain <150 V/cm) were applied with the same elec-
troporation power supply immediately before the electroporation
pulses.

The instantaneous resistance values (refer to Section 3.1.2)
were calculated by averaging the voltage and current ratio over
the last 8 us of the 100 us pulses. Before electroporation, the values
correspond to the average of the 2 low-voltage pulses; during elec-
troporation, values are the mean of the 8 pulses sequence (this last
calculation was possible because we did not observe an evolution
of the values over the 8 pulses sequence).

2.1.2. Electrical impedance spectroscopy measurements

In a different set of experiments, complex impedance spectra
were acquired before and after electroporation using the same
four-needle topology previously described. Electrodes were manu-
ally switched between the electroporation generator and a
custom-made impedance spectroscopy measuring system based
on a PXI platform (National Instruments). This measuring setup
comprised an arbitrary waveform generator (NI-PXI 5422) that
injects multisine excitations (each multisine burst contained 26

frequencies distributed from 1 kHz to 1 MHz with a duration of
1 ms, current intensity <1 mA) and records voltage and current
with a two channels digitizer (NI-PXIe 5122), from which complex
impedance was calculated. Additionally, a custom-made analog
front-end was used to interface the measuring signals with the
electrodes. More details about a very similar setup can be found
in [25].

Impedance measurements were acquired every second, and
each measurement point was calculated from the average of 100
spectra acquired continuously (100 ms). The sequence started with
10 measurements performed before electroporation pulses; imme-
diately after the pulses, impedance spectra were acquired during
10 min, which corresponds to 600 measurements.

2.2. Animals and anesthesia

The left liver lobe from 5 to 7 week-old female and male SV129
mice was used as target tissue for this study. Animals were first
anesthetized with 2% isoflurane/oxygen mixture gas anesthesia
in an induction chamber; gas anesthesia was maintained with a
mask during the whole procedure until euthanasia. A small inci-
sion on the left subcostal region was performed to expose the left
liver lobe. Needle electrodes were then inserted parallel to the hor-
izontal plane and fixed, excess bleeding was dried out before start-
ing the measurement-electroporation sequence. All animals were
euthanized at the end of the procedure.

Animals were housed and handled according to recommended
guidelines (UKCCCR). All the procedures described were approved
by the French Ministry of research after ethical evaluation by the
CEEA 26 committee (project number 2018_014_13409).

2.3. Mathematical models

2.3.1. Equivalent circuit model

In order to interpret the impedance measurements, a classical
circuit model [20,28] can be used to describe the tissue (see
Fig. 2). This model is composed of four elements: a resistance Rey;
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Fig. 2. Complete electrical model for the tissue.

for the contribution of the extra cellular medium, a resistance Rj;
for the contribution of the intra cellular medium, a Constant Phase
Element (CPE) Zcpg = 1/B x (jo)* for the pseudo-capacitive contri-
bution of the membranes and a resistance R, in parallel to the CPE
that is introduced to better model the process of electroporation.
More precisely, the CPE models the relaxation of the interfacial
polarization that appears between the cell membranes and the
intra or extra cellular media; the parameter o is necessary in order
to model the distribution of the different time constants present in
a living tissue [29]. Moreover, the resistance Ry, is very high in nor-
mal conditions but should importantly drop due to the increase in
the permeability of the cell membranes during electroporation.

During the pulse, a high voltage v(t) is applied between the
external electrodes. The current i(t) that flows through these elec-
trodes as well as the voltage u(t) induced between the internal elec-
trodes are measured at the same time: in those conditions, the
instantaneous resistance can be computed as Rpuse(t) = u(t)/i(t).
We will focus our attention at the end of the pulses where a
quasi-DC regime is reached as it will be shown in Section 3.1.2.

From a theoretical point of view, only the conductive part of the
tissue affects the measured impedance in the static regime
(o — 0). In the model of Fig. 2, the CPE is open circuit
(Zcpg — oo) and the current flows only through the resistances of
the model.

In view of the above considerations, the equivalent circuit at the
end of the pulse is given by a resistance Rey in parallel with a
branch composed of two resistances R, and R, in series. Then,
the equivalent resistance of the tissue in the quasi DC regime
verifies:

LI N )
Req B Rint + Rm Rext

2.3.2. Finite element model

In order to predict the spatial distribution of electroporated tis-
sue, we built a 3D model of the 4-electrode device presented in
Fig. 1 using the open source mesh generator Gmsh [28] (see Fig. 3).

The distribution of the electric potential ¢ in the resulting
geometry was computed solving a nonlinear electrokinetics equa-
tion where the tissue conductivity c.q depends on the magnitude
of the electric field E [7,29]:

V. (0eq(E)Vp) =0 (2)

where E = [V |

The numerical problem was formulated using the finite element
method and the nonlinear solution was computed with an iterative
method [26] using the open source software Freefem++ [27] (see
Supplementary Information II).

Fig. 3. 3D mesh of the 4-electrode finite element model.

2.3.2.1. Tissue conductivity model. The model that sets the relation-
ship between the tissue conductivity and the magnitude of the
electric field is derived from a static model of electroporation pro-
vided in literature [7] and from the tissue characteristics measured
before electroporation. It is worth noting that this model is consis-
tent with the circuit model described in the Section 2.1.1. Introduc-
ing a form factor K that quantifies the ratio between the global
resistance R measured by the four electrodes system and the resis-
tivity 1/c of the sample under test (R = K/c), Eq. (1) can be
expressed in terms of equivalent conductivity as follows:

OintOpm Oint

Oggq=—""—+ 0yt =5——7—
e + Oext 1+O-int/0-m

= o 3
q Gt + Om + Oext 3)

where Geq, Gext» Cint aNd G, are the equivalent conductivities of the
extracellular medium, the intracellular medium and the cell mem-
branes, respectively.

Before the electroporation process begins, 6, — 0 and the
equivalent conductivity of the tissue reaches its lower value min
(Ceq) = Oext- When the membrane is fully permeabilized, it is gen-
erally assumed that o, > oy, and the equivalent conductivity of
the tissue reaches then its larger value max(Geq) = Gext * Oint.
Between those extremes values, the evolution of the equivalent
conductivity given in Eq. (3) can be modeled with a sigmoid func-
tion with respect to the electric field intensity [7]:

Oint

= W + Oext (4)

Oeq(E)

where {a, b} are the parameters of the sigmoid function. Gy and
Gine have been set using experimental data (see Supplementary
Information I, part A) while {a = 650 V/cm, b = 30 V/cm} have been
chosen with respect to the values found in literature for a liver tis-
sue [7].

It is worth noting that the sigmoid function in Eq. (4) is chosen
empirically. There are other nonlinear conductivity models that
could fit the experimental data. In this paper, we tested another
nonlinear model of the conductivity based on the following sig-
moid function:

Oint

Geq(E) = ) + Oext (5)

1+ exp (‘;—f

where a’ is the parameter of the sigmoid function. The sigmoid
function in Eq. (5) involves the ratio of electrical energies: it is
somehow the tissue version of the Krassowska et al model for cell
electroporation, which involved the ratio (Vi/Vep)* where Vp, is
the transmembrane potential and V., the characteristic electropo-
ration voltage (see Eq. (3) in [34]). The analysis of both sigmoid
functions in Egs. (4) and (5) with regard to Eq. (3) show that in both
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cases, O, < Ojnc When the electric field is much lower than the
electroporation threshold. But when the tissue is fully electropo-
rated, the sigmoid function in Eq. (4) implies that &y, > Gjyc While
the sigmoid function in Eq. (5) suggests that oy, is at best order of
Gint-

In addition, to refine the model provided by Eq. (4) or (5), the
effect of the temperature increase during the pulse may be taken
into account introducing a correction term [32,33]. In the case of
the model provided by Eq. (4), the modified conductivity reads:

Oint

Oeq(E,AT) = W

+ Text | x (1 4+ arAT) (6)
where the increase of temperature AT is computed from the Joule
heating without considering thermal diffusion, blood flow, meta-
bolic heat and electrode heat dissipation [32]:

_ OE
Pl
where p is the tissue density, ¢, the tissue heat capacity and At the

cumulated duration of the applied voltage for the sequence of 8
pulses.

AT At (7)

2.3.2.2. Impedance computation and sensitivity. The numerical solu-
tion provides the distribution of the electric field expected in the
static case: we did not take into account the capacitive effects
nor the dynamics of the electroporation process which play a role
mainly at the beginning of the pulse. Thus, the resistance R.q we
calculated is only valid at the end of the pulse. To avoid mesh-
related errors in the impedance computation, the current injected
through the external electrodes was calculated from the power dis-
sipated throughout the entire system (volume integral) and the
voltage between the internal electrodes was determined directly
by evaluating the value of the potential at the surface of the passive
electrodes which are isopotential.

In an ideal system composed by two infinite parallel plates and
neglecting any electrode polarization effect, the impedance evolu-
tion with respect to the applied voltage would perfectly follow the
sigmoid function described in Eq. (4), (5) or (6). However, due to
the four-electrode topology where a current is injected through
the external needles and the voltage is measured between the
internal needles, the inhomogeneous conductivity distribution
may affect the impedance changes in a non-intuitive way. It is
indeed important to consider how each local region contributes
to the total calculated impedance. The sensitivity S, defined as
the local contribution of each piece of tissue to the global impe-
dance, can provide a quantification of this effect as follows [30]:

1—

S=—E: E (8)

where E; is the electric field induced when a current of 1A is
injected in the external electrodes while the internal electrodes
are passive; E, is the electric field induced when a current of 1A
is injected in the internal electrodes while the external electrodes
are passive. A negative sensibility means that an increase of the
conductivity in this region will imply an increase of the measured
impedance instead of a decrease of this impedance as it could be
intuitively expected.

3. Results and discussion
3.1. In pulse DC electrical analysis
3.1.1. Real system simulations

In order to predict the impedance measured in our experiments,
we performed a 3D simulation of the four-electrode system using

the code described in Section 2.3.2 in the case of the conductivity
model given by Eq. (4). An example of this calculation is given in
Fig. 4 for an applied voltage between the external needles of
280 V; the average electric field E,verage defined as the ratio
between the voltage applied between the external electrodes and
the distance between those electrodes is 600 V/cm. Fig. 4a shows
the electric field computed before the electroporation process
starts: the distribution of the electric field is not uniform between
the electrodes; the value of the electric field is approximatively
440 V/cm in the middle of the domain but it largely exceeds the
average value of 600 V/cm in the vicinity of the electrodes. When
the electroporation process is included in the model, Fig. 4b shows
that an increase of the conductivity is observed in the vicinity of
the external electrodes as well as near the internal electrodes cor-
responding to the stronger electric field induced in these regions.
Finally, Fig. 4c shows the resulting electric field distribution when
the change in conductivity produced by electroporation is consid-
ered. Notice how the electric field distribution considerably
changes with respect to the initial situation.

In Fig. 4d the resulting sensitivity distribution computed from
Eq. (8) is shown for the 4-electrodes geometry. The results are con-
sistent with the 4-electrode device analyzed in [30]. The simula-
tions show that there is a negative sensibility region between the
external electrodes and the internal ones. It is precisely in this
region where, according to Fig. 4b, there is a higher conductivity
change (i.e. the area of higher electroporation). It is clear that in
the present case, this could be a limitation for using this type of
electrode arrangement in electroporation monitoring. Our model
should automatically reflect this adverse effect since the electropo-
ration process and the resulting impedance changes are simulated
in the real geometry.

3.1.2. In vivo measurements

In order to make a mindful estimation of the variation in the
intra-pulse tissue impedance during electroporation pulses in mice
liver, voltage and current measurements were recorded before and
during the pulses. As explained in Materials and Methods, two
100 pus pulses with a low electric field intensity under the threshold
of electroporation were applied before the sequence of 8 electropo-
ration pulses. From those pulses, the initial instantaneous tissue
resistance Ryyise(t) can be extracted as a reference. In Fig. 5a and
b, an example of current and voltage recordings for three different
applied voltages (280 V/E,yerage = 600 V/cm, 460 V/E,yerage = 1000-
V/cm and 645 V/Eayerage = 1400 V/cm) are shown. Notice how the
actual values of the voltages acquired in the internal electrodes
are lower than the values applied through the external electrodes.
The corresponding dynamic evolution of the in-pulse resistance
Rpuise(t) normalized to the value of Ryuise (Rpuiseo) at the beginning
of the first pulse (Rnorm = Rpuise(t)/Rpuiseo) is shown in Fig. 5c. The
recordings show a dynamic decrease of tissue resistance during
the pulse application as a result of a progressive tissue permeabi-
lization. The dynamics of this variation are dependent on the inten-
sity of the applied electric field, with a more pronounced and faster
change for the highest voltage applied. It is observed that the
instantaneous resistance tends to a constant value at the end of
each pulse and it seems that there is no cumulative impedance
decrease over the whole pulse sequence contrary to other studies
[8].

The values of the instantaneous resistance Rpuse(t), calculated
as the average of the voltage and current ratio at the end of each
pulse (see Section 2.1.1), and its relative variation in percentage
with respect to the initial state are shown in Table 1. Data shows
the results for different electric field intensities applied in different
animals (three different animals for electric field condition are
shown). The relative drop in impedance increases with the inten-
sity of the applied electric field with mean values (zstandard devi-
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Fig. 4. Results of the 3D simulation of the four-electrode geometry in a parallel and perpendicular cut planes when 280 V are applied between the external electrodes
(average electric field E,yerage = 600 V/cm). (a) Distribution of the electric field if there were no effect of electroporation. (b) Distribution of the conductivity in the tissue using
the nonlinear model of Eq. (4) when the applied voltage between the external needles is 280 V. The values introduced in Eq. (4) for the tissue conductivities are Gey, = 0.07 S/m
and oj,e = 0.15 S/m, respectively, as they were extracted from the analysis of the spectroscopy measurements performed before electroporation (see Supplementary
Information I, part A). (c) Distribution of the electric field considering the effect of electroporation. (d) Distribution of the sensibility S in the 4-electrode system.
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Fig. 5. (a) and (b) Examples of current and voltage recordings during electroporation for three different applied voltages (280 V, 460 V, and 645 V). (c) Calculated in-pulse
resistance Rpyse for the corresponding examples in (a) and (b) normalized to the value at the beginning of the first pulse. The duration of each pulse was 100 s and the
sequence of 8 pulses was applied at a repetition frequency of 1 Hz. The horizontal axes are segmented to omit the space between pulses.
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Table 1

instantaneous resistance Rpyise(t) measured before and during the electroporation
process. Percentage values correspond to the relative resistance drop with respect to
the pre-electroporation state.

Applied voltage, Mouse Before During

Electric Field number

280V, 600 V/cm 1 653 +17 Q 550+ 5 Q/-16%
2 789+14 Q 654 +5Q[-17%
3 591+9Q 478 + 8 Q[-19%

460 V, 1000 V/cm 4 940 £ 26 Q 680 + 7 Q/-28%
5 632+10Q 478 + 4 Q[-24%
6 799+9Q 568 + 2 Q/-29%

645 V, 1400 V/cm 7 698 +£11 Q 417 £ 4 Q[-40%
8 546 £+ 8 Q 364 + 6 Q/-33%
9 494+7Q 317 +3 Q/-36%

ation) of 18 + 1.7%, 26.6 + 2.3% and 35.3 + 4.5% for 280 V, 460 V and
645 V, respectively.

Following, the mathematical model of Eq. (4) was used to com-
pute the numerical values of the instantaneous resistance for the
4-electrodes system at the end of the pulse for a wide range of
electric fields from 300 to 1500 V/cm. Additionally, the ideal case,
which would be the measured resistance between two parallel
plate electrodes of infinite extent, where the electric field is sup-
posed to be constant, is shown for comparison. In these ideal con-
ditions, Rpuise = K/Geq where K is the form factor of two parallel
plate electrodes system and, of course, it follows the sigmoid func-
tion previously described. Fig. 6a shows a comparison between the
measurements and the computed values.

It is worth noting that the resistance computed by the model in
the real 4-electrode geometry increases for electric field values
between 300 and 500 V/cm contrarily to the ideal case. This result
is due to the non-homogenous distribution of the electric field and
the sensitivity considerations discussed in Section 3.1.1. The elec-
tric field in the vicinity of the electrodes is higher than the effective
electric field at the center of the domain, which can cause electro-
poration only around the electrodes. However, the sensitivity S is
negative precisely in that region; as a result, an increase of the con-
ductivity will lead to an increase of the global impedance as calcu-
lated by the model. Subsequently, when the electric field exceeds
the threshold for electroporation, there is a large drop of the resis-
tance. Note that the threshold is 650 V/cm in the ideal case, which
corresponds to the value of the parameter a of the conductivity
model given in Eq. (4). For the 4-electrodes system, the threshold
appears for a larger value of the average electric field: one has to
keep in mind that the electric field is not uniform inside the tissue
(the electric field given in the horizontal axis of Fig. 6 is the average
electric field E,yerage previously defined).

Fig. 6a shows a good agreement between the simulated results
using Eq. (4) and the experimental results for an applied electric
field of 600 V/cm but not for 1000 and 1400 V/cm: the decrease
of the resistance is lower in the measurements compared to the
simulated results. One reason for this disagreement could be the
negative sensitivity areas around the external electrodes. As shown
for the lowest electric field values, the model is able to capture this
effect and the large difference between measurements and simula-
tions (20-30%) could be attributed to a large increase of the local
conductivity in the regions of negative sensitivity. Another possible
reason for this disagreement is that the previous simulations were
performed without taking into account the possible temperature
effects due to the application of high intensity electric field pulses.
As it was previously shown in other studies involving needles, tem-
perature effects at the top and around the edge of the needles can
be substantial [31]: a high temperature increase can involve a con-
siderable increase of the tissue conductivity. In our particular

a) 10 - .

AR/ %

400 600 800 1000 1200 1400

‘ Ideal case (Eq. 4) == 4-electrodes 3D simulation(Eq. 4) M Liver measurements

b) 10

400 600 800 1000 1200 1400
Eaverage / V.em!

Ideal case (Eq. 5) =0~ 4-electrodes 3D simulation(Eq. 5) M Liver measurements

Fig. 6. Variation of the simulated equivalent resistance Rq for the 4-electrodes
system. The liver measurements correspond to the measured experimental
resistance Rpyise at the end of the pulse (data from Table 1, three different animal
per field condition). Additionally, the ideal case corresponding to the resistance
between two parallel plates of infinite extent is shown for comparison. (a) The non-
linear model for the tissue conductivity given by Eq. (4) is used in the simulation
(a=650V/cm and b = 30 V/cm). (b) The electroporation model for the conductivity
given by Eq. (5) is used in simulations (a’ = 800 V/cm). In both models, Gex = 0.07 S/
m and Gj,e = 0.15 S/m.

setup, this change in temperature/conductivity would be maxi-
mum in the regions of negative sensitivity.

Simulations with the model of Egs. (6)-(7) have been performed
with o = 1.5%/°C, p = 1000 kg/m?, ¢, = 3750 J/kg K which are the
values commonly used for liver tissues in literature [32];
At = 800 ps according to the cumulative duration of the electric
field application. Our simulations show an increase of temperature,
confined to the vicinity of the external electrodes, of 0.6 °C, 3 °C and
7 °C for the average electric field of 600 V/cm, 1000 and 1400 V/cm,
respectively. This temperature increase has nearly no effect on the
equivalent resistance Req of the tissue. The simulations show that
the variation of R.q between the conductivity models G.q(E) and
Ceq(E, AT) is 0.2%, 0.5% and 0.6% for values of the average electric
field of 600 V/cm, 1000 and 1400 V/cm, respectively.

Finally, with the aim at providing numerical results in better
agreement with the experimental results, simulations were per-
formed with the model provided by Eq. (5). Using a suitable value
for the parameter a’= 800 V/cm, Fig. 6b shows that this model pro-
vides numerical results closer to the experimental results com-
pared to the model built with Eq. (4) what suggests that this
function could better describe the present experimental situation.
Nevertheless, as it will be shown below, other physiological
changes during the electroporation process that modify the electri-
cal properties of the extracellular medium could help to explain
the observed disagreement between the simulations and the
measurements.
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Fig. 7. Impedance spectroscopy measurements on liver tissue. (a) Example of preelectroporation impedance spectra (magnitude and phase) and the corresponding fitted CPE
model for a mouse liver. Numerical results were obtained with Rey = 978 Q, Ry = 434 Q, o0 = 0.64 and B = 4.4 10-7SL. (b) and (c) Example of impedance spectra evolution:
before (red) and during 10 min immediately after electroporation pulses (blue) for an applied voltage of: b) 280 V (Eayerage = 600 V/cm) and (c) 645 V (Eaverage = 1400 V/cm). On
the left, magnitude and phase evolution are shown. On the right, the corresponding Nyquist plots and detailed view of the temporal evolution of impedance magnitude at
5 kHz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

These results could have important implications in the design of
the feedback control systems for the pulse generators used in the
clinical practice. A pulse generator able to assess in real time the
extent of tissue electroporation based on conductivity measure-
ments could have enormous advantages [3]. Currently, the clinical
systems enable visualizing the voltage and current traces but do
not provide a real-time estimator of tissue electroporation. For that
purpose, understanding what is the correct model to use and how
the electrode geometry can impact the measurements is of out-
most importance.

3.2. Electrical impedance spectroscopy measurements

In this section, the electrical impedance spectra from 1 kHz to
1 MHz measured in the liver tissue immediately before and during
10 min after electroporation pulses application are shown.

The impedance magnitude and phase spectra (uncalibrated)
corresponding to the pre-electroporation state of one illustrative
mouse liver are displayed in Fig. 7a. The measurements display
the classical shape of an electrical impedance spectrum of biolog-
ical tissues in the B dispersion range. Namely, a relaxation in the

magnitude of the impedance is observed with increasing fre-
quency due to the presence of insulating cell membranes. Addi-
tionally, a minimum in the phase corresponding with a pseudo
capacitive behavior of cell membranes is also displayed. Notice
how thanks to the 4-electrode measuring approach, the unde-
sired effects at low frequency due to interfacial polarization of
the electrodes are negligible: a relatively flat spectrum with a
phase angle value close to zero is observed in the low frequency
range. The observed behavior perfectly matches with the model
previously presented in Section 2.3.1 (see Fig. 2) where the resis-
tance Ry, is neglected. Fig. 7a shows the simulated impedance
spectra using the CPE model after identification of the parame-
ters to minimize the distance between the experimental data
and the simulation. A good agreement is obtained with values
Of Rext = 978 Q, Rine = 434 Q, and B = 4.4 107SI. The obtained
value for o = 0.64 reveals a large dispersion of the relaxation
times related to the interfacial polarization of cell membranes.
From these measurements, the values for Ry, and Rey, can be
exploited further to extract the equivalent conductivity of the
intra and extra cellular media before electroporation (see Supple-
mentary Information I, part A).
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Fig. 7b and c display the impedance spectra evolution during
the 10 min immediately after pulse application for a representative
example of the recordings performed either at 280 V (E,yerage = 600-
V/cm) and 645 V (Eaverage = 1400 V/cm), , respectively (at least 3
repetitions for electric field were performed). The impedance spec-
trum Zspectroscopy(®) wWas recorded every second during 10 min.
Both magnitude and phase evolution and the corresponding
Nyquist plots are shown. In all cases, the impedance increased
immediately after the pulses in the low frequency range while it
remained nearly constant in the range of high frequencies. This
observation does not follow the expected behavior where the
impedance of an electroporated tissue should be lower immedi-
ately after pulse application as previously shown in [8]. Depending
on the intensity of the electric field applied, the observed evolution
of the impedance during the 10 min following pulse application
was different.

In Fig. 8, the normalized mean (+SD) evolution of the low fre-
quency impedance at 5 kHz for 600, 1000, 1400 and 1800 V/cm
is shown for at least three different animals per group. In the case
of the lowest electric field, the impedance at low frequency
increased during the first minute and then decreased back to its
initial value (see inserts on the right part of Fig. 7). Differently,
for 1000 and 1400 V/cm, the increase of the impedance reached
a maximum between 2 and 3 min after pulse application with a
relative increase significantly higher than in the previous case
and then it declined back to a value higher than its initial state.
The large standard deviation observed for 1400 V/cm results from
the fact that in some cases impedance recovered with similar
dynamics than for 1000 V/cm while in other animals, the impe-
dance recovery was much slower. Interestingly, the observed evo-
lution for the highest electric field of 1800 V/cm displays a
significantly lower maximum increase of impedance and the
recovery of impedance back to the initial state was extremely slow
or not noticeable for some animals. These observations will be dis-
cussed in detail in the next section.

Overall, the observed impedance evolution is very similar to the
results shown by [8] in rat liver for the minutes after the electropo-
ration application. However, in the mentioned study and contrary
to the present results, the values of impedance immediately after
pulse application were lower than the initial pre-electroporation
values in agreement with an increased membrane conductivity
immediately following electroporation. Also in that study, the
measurements during and between pulses showed a continuous
increase of conductivity (decrease of impedance) during the pulse
sequence application. There could be several reasons to explain
these differences:

Normalized impedance ( 5 kHz)

0 100 200 300 400 500 600

t/s
=== 600 V/cm (+SD) === 1400 V/cm (+SD)
1000 Vicm (+SD) == 1800 V/cm (+SD)

Fig. 8. Mean evolution (+SD) of impedance magnitude at 5 kHz normalized to the
pre-electroporation values for different electric field intensities during 10 min after
electroporation treatment. At least three animals per group were included to
calculate the average values shown.

(i) An important difference is the geometry of the electrodes.
The device proposed in [8] induces a more uniform electric
field compared to our 4-electrodes system. In those condi-
tions, the electroporation effects are expected to be closer
to the ideal case. There are also differences in the sensitivity
of the device: the system proposed in [8] induces much less
negative sensitivity areas. However, the increase of the
impedance for the spectroscopy measurements reported
here cannot be fully explained by the areas of negative sen-
sitivity of the system as discussed in Section 3.1 1.

(ii) In [8], the pulses were applied with a separation of 100 ms
instead of 1 s in our case. The cumulative change in the tis-
sue pulse after pulse will also be different from the present
experimental conditions

(iii) Finally, another important difference concerns the portion of
tissue treated. In our case, the size of the 4-electrodes system
is comparable to the size of the liver lobe treated; in [8], a
smaller portion of the rat liver is treated with the 4-
electrodes system. If we make the assumption that physiolog-
ical changes can greatly affect the electrical properties of the
tissue, these changes will have a greater impact in our study.

In the next section, a theoretical analysis of the impact of the
physiological changes is provided.

3.3. Theoretical analysis of the impact of macroscopic tissue changes in
the electrical impedance of tissue after electroporation

In order to further analyze the observed increase in impedance,
the mathematical model of the tissue proposed in Fig. 2 is consid-
ered. The resistance R, is not considered here for different reasons:

(i) Spectroscopy data was recorded before and after the pulses
application: molecular dynamics simulations predict that
the pores are expected to appear only during the pulse and
to disappear immediately after the electric field is turned
off [35]. Consequently, although the state of permeabiliza-
tion can last several minutes after the pulse onset, the state
of high membrane conductivity ceases immediately after the
pulse.

(ii) The membrane conductivity depends on the applied electric
field because it is related to an electrodiffusion phenomenon
[36]: the larger the transmembrane voltage is, the larger the
conductivity of the membrane is. Since the electric field
applied in spectroscopy analysis is very small compared to
the one applied during the pulse (current intensity < 1 mA,
see Section 2.1.2 for spectroscopy and between 0.2 and 0.8
A during the high electric field application, see Fig. 5); the
membrane conductivity should be very small with a value
of Ry, comparable to the one in normal conditions (open cir-
cuit approximation).

(iii) A strong decrease of the tissue conductivity just at the end of
the pulse has already been reported in other studies (see
Figs. 4 and 5 in [8])

Neglecting R, in the model of Fig. 2, the impedance in the low
frequency range (called Rqy) corresponds to the value of ReWwhile
the impedance in the high frequency range (called R,.) corresponds
to the parallel association of Rin¢//Rext.

The values of Rj,; and Ry extracted from the measurements
have been used to calculate the evolution of Ry and R, during
the 10 min after electroporation for the different electric fields
studied (see Supplementary Information I, Fig. B1). The results
for Ry display a similar evolution than the low frequency impe-
dance magnitude shown in the previous section. This evolution
indicates that for large electric fields, there is a decrease of the
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equivalent conductivity Gy of the extra cellular medium just after
the pulses (Ry = K/Gex). On the opposite for R, the values are
nearly constant during the whole acquisition time for the four
cases analyzed: the variation does not exceed a few percent. This
means that the equivalent conductivity 6., (=Cjnt + Cext) Of the tis-
sue remains nearly constant (R, = K/o.).

These observations can be explained by changes in the intracel-
lular volume. Using mixture formula (see Supplementary Informa-
tion I, part C), the volume fraction f of the intracellular medium can
be computed from the value of the resistance Ry and R, as follows:

o RO_RDC
F=2%om R ®

3.4. Correlation of the impedance changes and the vascular lock effect

Following the theoretical explanation given in the previous sec-
tion, the evolution of the volume fraction of the extracellular med-
ium after electroporation was calculated for the different values of
the electric field studied using Eq. (9). Subsequently, the temporal
evolution of the calculated fraction of extra cellular volume (1 — f)
was fitted to a lognormal law expressed by:

exp|—(In(t) - )’/ (26%)]
tov2mn

From this equation, the identification for the parameters {M, L,
o} was performed in order to minimize the distance between the
lognormal model and the estimated value f obtained from the mix-
ture formula for the whole impedance recording duration. Fig. 9
shows the calculated values and the fitted lognormal curve dis-
playing the good agreement between measurements and the
model for 1000 V/cm, 1400 V/cm and 1800 V/cm. For 600 V/cm
the variation of the computed volume fraction is very small, almost
negligible. However, for 1000 V/cm and 1400 V/cm, there is a fast
decrease of the extracellular medium volume between + 15%
and + 18% during the first 2-3 min; then, the fraction of extracel-
lular medium increases slowly during 8 min. In the case of
1000 V/cm the recovery to the initial values is almost complete,
on the contrary for 1400 V/cm, the recovery was variable: in some
animals the recovery dynamics were slow while in other cases the
recovery was almost complete in the 10 min recording time.
Finally, for the highest electric field the variation observed in this
parameter was considerably lower than in the previous exposure
conditions. This observation suggests that for 1800 V/cm there
are changes in the tissue that could mask or dominate the changes
in the tissue volume fraction.

Among the possible phenomena explaining the measured
change in volume fraction between the intracellular and extracellu-
lar spaces, there are two more likely events in the case of an electro-
porated tissue: these are cell swelling and/or the modification in the
tissue vasculature in the electroporated region. The first would lead
to an increase in the intracellular volume (and a reduction in the
extracellular space) due to the influx of water through the perme-
abilized cell membranes to reduce the osmotic imbalance produced
by the transport of ions and small molecules. If this effect were dom-
inant, the significant changes in the ions concentration and water
content would lead to changes in the local conductivities of both
the intracellular and extracellular spaces of the tissue, which,
according to the previous section, cannot explain the observed
impedance evolution. Additionally, although this effect has been
observed in vitro, no evidence of it has been provided in vivo.

On the contrary, the changes in the vasculature after electric
pulses application have been widely observed in vivo in tumors,
liver, and muscle [37-39]. In the particular case of liver, Ramirez
et al. confirmed the absence of blood flow immediately after rever-

1-fO) = (1-fi) [1-M (10)

sible electroporation pulse application in rabbits [38]. This early
effect has been explained as the local occlusion of the afferent vas-
culature to the tissue and is known as “vascular lock”. This early
effect has a limited duration (5-10 min) and is fully reversible.
The most plausible explanation that is usually attributed to this
observation is the reflexory vasoconstriction of afferent arterioles
mediated by the sympathetic nervous system [37]. A reduction in
the diameters of all affected blood vessels has been observed in dif-
ferent studies [40,41] with a predominant vasoconstriction in arte-
rioles and in a lesser extend in venules [41], probably due to the
smooth muscle cells layer present on them. A second and delayed
effect in the vasculature after electroporation is an increased state
of permeabilization of blood vessels that leads to a leaky state up
to 30 min post electroporation. Vascular effects after electropora-
tion are considered beneficial to avoid bleeding or to retain a drug
in the tumor site for a longer time. These two phenomena com-
bined can explain a change in the intracellular/extracellular vol-
ume fraction not caused by an increase in the intracellular space
(cell swelling) but on the contrary by a decrease of the extracellular
volume. The highly conductive extracellular fluid content would be
reduced by the stop in the blood supply from the afferent system
while the venous system, although leaky, could still recover the
blood from the tissue due to the lower vasoconstriction observed
and the negative pressure of the venous circulatory system. This
way, the extracellular space of the tissue would temporarily “dehy-
drate” leading to an increase in the electrical impedance in accor-
dance to our measurements. The above explanation leads us to
conclude that the dynamics of blood vessels occlusion and reopen-
ing control the evolution of the tissue impedance after electropora-
tion. This match between the amount of blood arriving to the
tissue and impedance has been previously proposed during ische-
mia in myocardial tissue [42,43] or in liver [44]. This interpretation
also explains why at the highest electric field condition, where
extensive and likely irreversible permeabilization occurs, the
changes in the ratio between intracellular and extracellular spaces
are affecting less to the impedance measurements because cell
membrane integrity is compromised.

Interestingly, a recent study about the vascular effects induced
by electroporation performed by Golzio et al. fully supports our
interpretation. In [40] authors report experimental results where
electroporation induced diameter variations of the vessels in a sim-
ilar way to our impedance measurements. More significantly, the
study is detailed in Pefoly’s thesis [45] where the time evolution
of the vessel diameters is fitted with a type (1-lognormal) law:

exp|—(In(t) - 1°/(20%)]

d(t) =d—
() = dieo x toV2m

1-M

(11)

In [45], M varies in the range {90, 350} depending on the nature
of the vessels (arteriole, small or large venules) while L is found to
be in a small range {5.15, 5.44} as well as ¢ {1.08, 1.25}. The values
of the parameters for the lognormal law p and & are in the same
range of values that the ones found in our study. Since those
parameters define the temporal dynamics of vessel constriction
and opening, one could conclude that probably a similar phe-
nomenon is involved in both experiments.

The link shown between the impedance evolution and the vas-
cular effects in the electroporated liver demonstrates that the
interpretation of impedance measurements after the pulse applica-
tion to assess the success of a treatment is not straightforward.
From a clinical perspective, where a system based on impedance
measurements could be a way to have information about the
extent and level of tissue electroporation, we demonstrate here
that developed models should take into consideration other com-
plex phenomena taking place in parallel to electroporation.
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Fig. 9. Evolution of the fraction of the extra cellular volume after the application of the pulses for the different applied electric fields.

4. Conclusions

Impedance measurements have been performed using a 4-
electrode system where needles were inserted inside a liver tissue
in order to monitor in vivo the state of the tissue throughout the
electroporation process. The data recorded before, during and after
the pulses were used to perform numerical simulations based on a
traditional model. We found that the standard numerical models
do not provide consistent results, which proves that collateral phe-
nomena that are not generally taken into account are at work dur-
ing the process of electroporation in vivo. It appeared in our
experiences that a vascular lock significantly modifies the volume
of the intra and extra cellular media, which changes dramatically
the electrical properties of the tissue. The dynamics of this vascular
lock has been studied and coincide with the data presented by Gol-
zio’s group on the contraction of blood vessels after the pulses
application.

Compared to other studies reported in literature, the physiolog-
ical effects that we observed were amplified due to the experimen-
tal configuration where the size of the 4-electrode system is not
small compared with the size of the biological organ. Nevertheless,
these effects are present, probably in a lesser extent, in other
experiments reported by other groups. One serious issue is to
quantify the consequences of physiological effects in the analysis
of impedance measurement performed during the pulses and sep-
arate them from the effects of electroporation on cell membranes;
indeed, the vascular lock can be initiated in the time interval dur-
ing which the sequence of pulses is applied. The present results
could have important implications in future clinical feedback con-
trol systems used to assess the success of an electroporation
treatment.
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