Modeling methods for treatment planning in
overlapping electroporation treatments

Enric Perera-Bel, Borja Mercadal, Tomés Garcia-Sanchez, Miguel A. Gonzalez Ballester, and
Antoni lvorra

Abstract— Objective: Irreversible electroporation (IRE) is a
non-thermal tissue ablation therapy which is induced by applying
high voltage waveforms across electrode pairs. When multiple
electrode pairs are sequentially used, the treatment volume (TV)
is typically computed as the geometric union of the TVs of
individual pairs. However, this method neglects that some regions
are exposed to overlapping treatments. Recently, a model
describing cell survival probability was introduced which
effectively predicted TV with overlapping fields in vivo. However,
treatment overlap has yet to be quantified. This study
characterizes TV overlap in a controlled in vitro setup with the
two existing methods which are compared to an adapted logistic
model proposed here. Methods: CHO cells were immobilized in
agarose gel. Initially, we characterized the electric field threshold
and the cell survival probability for overlapping treatments.
Subsequently, we created a 2D setup where we compared and
validated the accuracy of the different methods in predicting the
TV. Results: Overlap can reduce the electric field threshold
required to induce cell death, particularly for treatments with
low pulse number. However, it does not have a major impact on
TV in the models assayed here, and all the studied methods
predict TV with similar accuracy. Conclusion: Treatment overlap
has a minor influence in the TV for typical protocols found in
IRE therapies. Significance: This study provides evidence that
the modeling method used in most pre-clinical and clinical
studies seems adequate.

Index Terms—Electroporation, overlap, multiple pairs, electric
field threshold, cell survival model

I. INTRODUCTION

LECTROPORATION is a phenomenon that affects the
cell membrane by transitorily or permanently increasing
its permeability to ions and macromolecules when the cell is
exposed to a high electric field. Typically, such exposure
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consists in a series of pulses with a duration ranging from
microseconds to a few milliseconds [1], [2]. Two outcomes
can be defined: reversible electroporation, when the
membrane recovers after field exposure and the cell remains
viable, and irreversible electroporation, which causes cell
death due to homeostasis loss, even if the cell membrane is
capable of resealing. For the same electric field waveform,
irreversible electroporation (IRE) occurs for a higher field
magnitude than the magnitude required for reversible
electroporation.

Tissue electroporation is the basis of several therapies. It is
for instance used in two therapeutic approaches for solid
tumor eradication: in electrochemotherapy (ECT) an anti-
cancer drug can penetrate into malignant cells thanks to the
increased  permeabilization  obtained in  reversible
electroporation [3]-[5], and in non-thermal irreversible
electroporation (NTIRE) the malignant tissues are ablated by
the effect of the local field with minimal thermal damage [6],
[7]. Another application of reversible electroporation is
electrogene therapy (EGT) where the highly permeable state is
used to transfect vectors non-virally [8], [9]. In recent years,
irreversible electroporation is also being investigated as a
promising procedure for cardiac ablation [10], [11].

In recent years, electroporation therapies have greatly
benefited from treatment planning [12], [13]. It is generally
accepted that, for a given pulsing protocol and tissue,
electroporation is induced upon surpassing an electric field
threshold [2], [14]-[18]. The electric field distribution is
highly dependent on the number of electrodes, their relative
position, and the applied voltages [19], [20]. Thus, planning
electroporation procedures consists in finding an electrode
configuration that generates an electric field that surpasses the
electric field threshold in the target tissue [21]-[24]. It is
common to use up to 6 electrodes to be able to reach the whole
target tissue. In such scenarios, planning consists of simulating
the electric field distribution for each electrode pair, and the
overall treatment volume (TV) is estimated as the
superposition (i.e., geometrical union) of treatments by each
individual pair. That is, if the tissue receives sufficient electric
field from at least one pair it is considered to be treated,
otherwise it is assumed to be left unaffected [25], [26].

It is known that with longer pulses, more pulses, or shorter
inter-pulse pause, electroporation occurs at lower electric
fields [18], [27]-[29]. Typically, protocols apply 10 to 100
consecutive pulses between each electrode pair to reduce the
required field magnitude that induces electroporation. For a



given protocol, the threshold is determined by comparing
numerical simulations to experimental data. However, most of
the findings are based on 2-electrode setups, in contrast to
actual treatments that can use up to 6 electrodes to cover the
whole target tissue [21]-[24]. It is disputable that data
obtained for 2-electrode setups can be directly translated for
different configurations. By using more than one electrode
pair, some regions of the tissue are treated multiple times with
overlapping exposures (i.e., the tissue is treated with twice the
pulse number, or more). Campelo et al. [30] characterized
irreversible electroporation thresholds for prostate cancer
tissue and found lower values than in similar studies that used
less pairs. Among other reasons, they hypothesized that the
lower field thresholds obtained were due to treatment overlap.

In a study involving irreversible electroporation in canine
brain patients, Garcia et al. [31] proposed to model treatment
overlap by, first, computing a scalar field of cell survival
probability for each pair and, then, obtaining the field of
probability of cell survival for the overall treatment by
combining the individual fields by multiplication. In
particular, they used a statistical model known as Peleg-Fermi
equation to compute the cell survival probability as a function
of the number of pulses [32]. This multiplication approach is
not possible when treatment characterization is based on an
electric field threshold because in this situation the outcome is
binary (i.e., cells are intact below the threshold and treated
above it). Instead, the Peleg-Fermi model characterizes the
transition from dead (i.e., treated) to living cells (i.e.,
untreated). This same methodology for modeling overlapping
treatments has been used in a numerical study for treatment
planning optimization [33].

Whereas the Peleg-Fermi model has been validated for
various cell lines and tissues with single pair setups (i.e., 2
electrodes) [27], [32], [34], [35], there are no reports
validating the overlapping model based on the multiplication
of cell survival probabilities in a controlled environment, nor
it has been proven that it is better than the simpler method
based on the geometrical union of TVs.

The goal of this work is to quantify cell death due to
treatment overlap in electroporation-based therapies, and to
explore and evaluate methodologies for predicting TV for
such scenarios. We performed an in vitro study on a layer of
Chinese hamster ovarian (CHO) cells covered with agarose
gel. The study was divided into two phases. The
characterization phase consisted of characterizing the electric
field threshold and the cell death probability for pulsing
protocols equivalent to those conventionally used for ECT and
NTIRE with two overlapping treatments. In the validation
phase we created a 2D treatment scenario where we compared
and validated the accuracy of three different methods in
predicting cell death for overlapping treatments.

Il. METHODS

A. Cellular preparations

CHO cells were cultured in a T75 flask in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. Cells were
grown in a humidified incubator at 37 °C and 5% CO..
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Fig. 1. Electrode configurations for the characterization (a, c, e, g) and the
validation (b, d, f, h) phases. (a), (b): Sizing and disposition of the electrodes.
The shaded region corresponds to the analyzed ROI. (c): Electric field
simulation at 300 V and (e) its distribution alongside the x-axis (continuous
line) and at 5-mm (dashed line). The analyzed ROI (8 mm x 1 mm, shaded)
shows an almost linear electric field gradient. (d), (f): Electric field
simulation at 500 V between e; and e,, and between e; and e;, respectively.
(9), (h): photo of the electrodes and their 3D printed holders.

For preparing the samples for the assays, cells were initially
washed with 2 ml of phosphate buffer saline (PBS). After a 2-
minute trypsinization in 2ml Trypsin at 37°C, 4ml of
complete DMEM were added and centrifuged at 1200 rpm for
5 minutes. Supernatant was removed and cells were
resuspended in culture medium at concentration of
50x102 cells/ml. Cells were seeded in a 24-well plate at a
concentration of 50x10% cells/well. After 24 hours, a thin layer
of low gelling temperature agarose (1% in DMEM) was



TABLEI
PULSING PROTOCOLS

Phase Pulses per train Voltages (100%) (V)
Characterization 10 240 300 360
100 160 220 280
Validation 10 400 500 600

deposited on top of each cell monolayer. Agarose was heated
at 70 °C-80 °C to melt it and subsequently it was let to cool to
35°C. Then, culture medium from the plates containing the
cells was replaced by 300 pl of agarose solution per well and
the plate was stored in a fridge (7°C) for 5 minutes to ensure
full solidification of the gel. Consecutively, 100 pl of DMEM
were added to the wells and the plate was reintroduced in the
incubator for 1 hour. The purpose of the agarose layer was to
immobilize living and dead cells to the bottom of the culture
plates. Otherwise, cells dying during the upcoming
electroporation treatments would float in the medium and
displace.

Before the electrical treatments, the wells were rinsed twice
(500 pl per rinse) with low conductivity buffer (250 mM
sucrose, 10 mM glucose, 10 mM NaCl, 5 mM KCI, 2 mM
MgCl,, 10 mM HEPES, 1.8mM CaCl,, with pH 7.17,
2.5mS/ecm electrical conductivity, and osmolarity of
305 mOsm) to minimize electrolysis and thermal damage. The
remaining buffer was removed, leaving only the adhered cells
covered with the thin layer of agarose gel during pulsing.
After the treatment, 360 ul of DMEM were added to the well
and the plate was stored at the incubator for 3 hours.

All assays were repeated at least three times on different
days to account for experimental variations.

B. Pulsing protocols

Fig. l.a displays the electrode configuration for the
characterization phase. Each electrode setup consisted of two
short-circuited sets of 4 stainless steel needles with a diameter
of 1 mm arranged in line (2.67 mm separation between
consecutive needles). The two linear needles arrays were
obliquely arranged; the closest needles were separated 4 mm
and the two furthest 7 mm. A CNC machined polycarbonate
structure was glued to a 3D printed template to aid in needle
placement (Fig 1.g). This setup generated a linear electric field
gradient along the horizontal axis in the central region
between the two sets of electrodes. An 8 mm x 1 mm region
of interest (ROI) along this x-axis was analyzed, hence,
making it a 1D model (see Fig. 1.c and 1.e).

We defined two pulsing protocols equivalent to those
typically used in ECT (trains of 10 pulses) and NTIRE (trains
of 100 pulses). The pulses were applied at repetition frequency
of 1 Hz and had a duration of 100 ps. Two trains of pulses
(i.e., two treatments) were consecutively delivered. For each
protocol, assays were performed with either a pause of 10 s or
a pause of 1 minute between the two trains. These inter-train
pauses were chosen according to what occurs during
electroporation-based therapies with multiple pairs; between
the activation of two consecutive pairs, it is required to wait
for the generator to recharge (around 10 s), whereas non-
consecutive pairs can be triggered one minute later (or more)
after the first pair is completed.

In clinical electroporation procedures, it is typical to apply
the same voltage-to-distance ratio across the different
electrode pairs. Each portion of tissue then receives
overlapping electric fields of different magnitudes (one
magnitude per pair). Because the 1D model consisted of only
one pair, we applied different voltages at each pulse train to
generate two different electric fields. We applied a higher
voltage in the first train and a lower voltage on the second
(H+L), and vice versa (L+H). For each high voltage train, we
applied a low voltage train at a ratio of 0, 0.25, 0.5, 0.75, and
1. For example, for a high voltage of 300 V, the voltage for a
0.25 ratio (25%) corresponds to 300 x 0.25 = 75 V. Since the
relationship between the applied voltage and electric field is
linear for a setup with constant electrical conductivity, these
proportions can be directly translated to electric field
magnitude. We refer as Ey and E_ to the electric field
magnitudes generated with the high and low voltage trains,
respectively. Notice that 0% indicates that no low pulse train
was applied, i.e., 100%+0% and 0%+100% are the same case.
Three different high voltages were assayed for each protocol
to account for experimental variability (Table I).

This previous 1D model served to characterize the effects of
treatment overlap, but it did not represent nor quantified the
implications on real treatments. Thus, we validated the
characterized models in a more realistic geometry. The
validation assays consisted of a 2D setup with three-needle
electrodes in a right-angled triangle pattern. The electrode
distance was 4 mm and the diameter 1 mm (Fig. 1.b). The
same voltage was applied in both pulse trains (100%+100%),
but electrode activation was changed, treating first across e;
and e; (Fig. 1.d), and the then across e; and e; (Fig. 1.f). A
12 mm diameter circle delimited the ROI. In addition, within
0.8 mm radius from the center of the electrode, we observed
clear signs of electrolysis (gas bubbles and in some cases a bit
of gel disruption) in the protocols with the highest voltages.
We discarded this region where non-IRE damage was evident,
plus a 0.4 mm safety margin (0.8 + 0.4 = 1.2 mm radius,
Fig. 1.b). We only report validation results for the 10 pulse
protocols because we did not observe any significant increase
in cell death between one and two consecutive 100 pulse
treatments in the characterization phase.

Needles were replaced if visual inspection revealed signs of
corrosion.

C. Imaging and Segmentation

Three hours after pulsing, the cells were co-stained for an
hour at room temperature with calcein AM at 1 uM and with
propidium iodide (PI) at 15 pM. The cells were imaged in a
Zeiss Cell Observer fluorescence microscopy station
(Carl Zeiss, Oberkochen, Germany). Two-channel images
were obtained; calcein AM (green) for living cells and PI (red)
for dead cells. Since the treated area was larger than the
microscope field of view, the region was divided in tiles which
were later stitched together (Figs. 2.a and 2.c).

The images were segmented using Fiji ImageJ [36]-[38].
The green channel was binarized automatically by local
thresholding using Bernsen’s method [38], [39], and the red
channel by the robust automatic threshold selection algorithm
[40]. The watershed filter was applied to the binary images to
separate adjacent cells, and an opening operation removed
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Fig. 2. Fluorescence images and segmentations of the characterization (a, b) and validation (c, d, e) setups. (a): fluorescence image of the characterization setup
for two trains of 10 pulses at 300 V each with 10 s inter-pulse period with (b) the mapping of the segmented ROI to the electric field simulation. (c) fluorescence
image of the validation setup with 10 pulse trains, 10 s protocol at 500 V with the segmented ROI overlayed on the electric field of the first pair (d) and of the
second pair (e). The green channel corresponds to calcein AM staining (living cells) and the red channel to Pl staining (dead cells). The 851 VV/cm magnitude
corresponds to the electric field threshold of a single 10 pulse train (found in this study).

remaining small particles. Lastly, the cells were filtered by
size.

We numerically modeled the electric field. The segmented
cell centroids were mapped to their corresponding locations in
the simulated model to compare the state of the cell
(alive/dead) with the received electric field (Figs. 2.b, 2.d, and
2.e). The electric field distribution was simulated with Elmer
(https://www.csc.fi/web/elmer), an open-access multiphysics
finite element solver, with the methodology described in [19]
under the assumption of constant electrical conductivity.

D. Characterization of cell survival

The standard electroporation model consists of simulating
the electric field distribution to classify the electroporated
tissue as the region with an electric field magnitude that
surpasses a specific threshold. If multiple pairs are modelled,
the electroporated tissue is simulated for each pair, and the
overall TV is computed as the geometrical union of all the
individual pairs.

Alternatively, cell death due to irreversible electroporation
has been previously characterized using probabilistic models
[27]. The probability of cell survival (or cell death) is modeled
as a function of the electric field magnitude and describes the
transition from living to dead cells. The Peleg-Fermi model
has been widely used because it not only parametrizes the
dependence with the field magnitude but also allows
expressing cell survival as a function of the number of pulses
[32]. However, since in the present work we independently
evaluated protocols with a fixed number of pulses (either
10+10 or 100+100), the dependence on the number of pulses
could be ignored. In such case, the Peleg-Fermi model
becomes a logistic model (see supplementary materials).
Hence, we used the logistic regression to fit the experimental
data and characterize cell survival, which for a single pulse

train (S;) is defined as:
Se = 1 + e~ (Bot+B1E) M

where, coarsely, fo determines the field magnitude at which
the transition from living to dead cells occurs and f; describes
its slope. Cell death probability is then defined as 1-S:.

Based on the above, we characterized cell survival in the
cases in which two overlapping treatments were applied. We
fitted (1) with the experimental data from the characterization
(1D) setup for each of the H+L and L+H pulsing sequences
independently. We used R (R Core Team) [41] with the
generalized linear models (gIm) [42] function to fit the data.

For every protocol, we derived the electric field threshold,
which we determined to be the magnitude at which 95 % of
cells were dead according to the fitted logistic regression. We
also obtained a confidence interval of 3 times the standard
error (3SE) of the logistic regression parameters (fo and f),
which represented 99.7% of the deviation. We considered that
two protocols were different if the 3SE intervals did not
overlap.

Second, we modeled survival probability as a function of
the two overlapping treatments. Garcia et al. [31] proposed to
evaluate treatment overlap as the joint probability of
individual treatments, i.e., the probability of survival was
computed for each treatment independently and multiplied:

Soverlap = l_lst,i (2)
i

In their work, they used the Peleg-Fermi model to obtain the
survival probability for each treatment of spontaneous
malignant glioma. However, the Peleg-Fermi model is only
calibrated on a single treatment, which ignores any
dependency between the overlapping electric fields. For this
reason, we adapted the logistic regression (1) to also account
for the overlapping treatment. A new parameter f. was added
to characterize the influence of the second electric field in the
survival probability. The adapted logistic model of
overlapping treatments defines the survival probability (Sy) as:

1
1+ e‘(ﬂo"‘ﬁlEi"‘ﬁzEj)

St = (3)
where E; is the electric field generated in treatment i and E; is
the electric field from the other treatment j. The contribution
of all treatments is combined again with (2). For the present
study with two treatments:

Soverlap = | |Stt,i = Sie1 - Seez
i



TABLE Il
ELECTRIC FIELD THRESHOLDS FOR TWO
TRAINS OF VARIABLE VOLTAGE AT 10 S AND 1 MIN INTER-PULSE PERIOD. THE
THRESHOLDS WERE DETERMINED TO BE THE MAGNITUDE AT WHICH 95 % OF
CELLS WERE DEAD ACCORDING TO THE LOGISTIC REGRESSIONS. SEE FIGURES
3 AND 4 FOR THE LOGISTIC CURVES.

Pulses  Period Voltage Threshold +3SE -3SE
strength (V/cm) (V/em) (V/cm)

100%-+0% 851 876 828

100%-+25% 877 920 837

100%+50% 807 846 771

100%+75% 790 824 757

10s 100%+100% 711 741 682
100%-+0% 851 876 828

25%+100% 844 882 807

50%+100% 846 883 810

10 75%-+100% 796 831 763
+ 100%+100% 711 741 682
100%-+0% 851 876 828

10 100%+25% 839 878 802
100%+50% 807 846 770

100%+75% 803 843 765

1min L_100%+100% 773 802 745
100%+0% 851 876 828

25%+100% 805 838 773

50%+100% 816 850 784

75%+100% 831 867 798

100%-+100% 773 802 745

100 - 100%-+0% 613 634 593
+ 10s 100%+100% 606 628 586
100 1min | 100%+100% 621 643 599

1
Sttl (4)

1= 1 + e—(Bo+B1E1+B2E7)
1

Ste2 = 1 + e—(Bo+B1E2+P2E1)

We fitted this equation to characterize cell death as a function
of the two overlapping electric fields. We used the data from
all the H+L and L+H protocols, which contained all possible
combinations of Ey and E_ fields. We only report fittings for
the 10 pulse protocols since we did not observe any significant
difference regarding cell survival between treatments
consisting of one train or two trains of 100 pulses in the 1D
configuration.

E. Assessment of predictive accuracy

We used the validation (2D) setup to analyze the predictive
accuracy in overlapping treatments for three modeling
methodologies: A) to model treatment overlap by obtaining
the overall treatment volume (surface in this case) as the
geometrical union of the individual treatments (as predicted by
the field threshold criterion), B) to model treatment overlap by
computing the field of cell survival probability as the product
of the survival probability of individual treatments (S;) (2), and
C) to model treatment overlap by computing the field of cell
survival probability as the product of the adapted logistic
model of overlapping treatments Sy (4). Methods A and B are
known, and method C is the new method we propose here. For
method A we used the electric field thresholds obtained from
the 100%+0% protocols. For method B we used the survival
curve of the 100%+0% protocol. Method C was fitted with all
the characterization data. The methods were only evaluated for
the 10 pulse protocols.
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Fig. 3. Characterization of cell survival probability as a function of the
electric field magnitude (1) when exposed to a single or two trains of 10 or
100 pulses. The assays were performed with three different voltages (Table
1). In the cases of two trains, the voltage for both sequences was the same.
The shading corresponds to +3SE.

For each method, we computed the precision and miss rate
metrics, as well as the Dice similarity coefficient:

Precision — TP )
recision = TP +FP

Miss rate = —V 6)
LSS rate = FN+TP

o 2TP ,
‘e = TP+ FP+FN 7

TP is the true positive, TN the true negative, FP the false
positive and FN the false negative. Additionally, we computed
the area under the curve (AUC) of the receiver operating
characteristic (ROC) curve to evaluate the overall
classification accuracy regardless of the threshold [43].
Because we were predicting cell death, we considered dead
cells as positives and living cells as negatives. For method A,
a cell was classified as dead if it received an electric field
above the IRE threshold. For methods B and C, a cell was
classified as dead if its simulated probability of survival was
below 5 %.

I1l. RESULTS

We first modeled cell survival as a function of the electric
field (1) for a single pulse train (100 % + 0 %) and for two
consecutive trains at Eq (100 % + 100 %) (Table Il and
Fig. 3). On one hand, applying a second sequence of 10 pulses
substantially reduced the electric field threshold from 851
V/em to 773 Viem with a 1 minute resting pause. The drop
was even more accentuated with a 10 s pause, reaching 711
V/cm. This reduction was still observed considering the 3SE
interval. On the other hand, no significant differences were
observed in the 100 pulse protocols, with a single train
threshold of 613 V/cm, and two train thresholds of 621 V/cm
and 606 V/cm for 1 minute and 10 s inter-train pauses,
respectively.

For the 10 pulse protocol, we characterized treatment
overlap with two different electric fields by applying H+L and
L+H trains. The results are presented in Table Il and Fig. 4. In
the 10 s group with H+L pulsing, there is a tendency of higher
cell death with E. of 50% and 75% (thresholds of 807 V/cm
and 790 V/cm, respectively). However, the 3SE region of the
50% case overlaps with the 0% one. A similar trend is found
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Fig. 4. Fitting of the survival probability of H+L (a, ¢) and L+H (b, d) trains (10 pulse trains). Inter-pulse period of 10s (a, b) and 1 min (c, d). The notation
0% is just to indicate that no voltage was applied. The shading corresponds to +3SE interval of the fitting, and they are only represented in the 100%+0% and
100%+100% cases to ease image interpretation. All 3SE intervals are displayed in Table II.

with the 1 minute H+L protocols, but the intervals for all the
combinations overlap with the 100%+0%. In the 10 s L+H
case only E.=75% presents a higher death ratio, and no effect
is observed with a 1 min pause. These same findings can be
observed in Fig. 4.a and 4.b where below E =50% the survival
distribution does not change, but at 75% and 100% cells are
killed at lower electric fields.

Fig. 5 displays a heatmap representation of survival
probability for all the H+L and L+H protocols (colored
stripes) and the predicted contours using the three proposed
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methods. It can be observed that the method we propose here,
C (dashed line), which truly models the effect of overlapping
treatments (Su), fits the experimental data better than the
method proposed by Garcia et al., B (solid line), in which the
probability of survival for the overall treatment is computed as
the product of the probability of survival of the individual
treatments (Sy). (All the fitting parameters fo, 1, and 52 can be
found in Tables s.l and s.1I in the supplementary materials.)

Fig. 6 shows heatmap representations of the survival
density of the validation experiments. The results replicate the
l].U
> F0.8
i)
| ros
e
o B
_Tas L0.4
z
=
w2 0.2
0.0
0 200 400 600 800
Eq (V/em)
(b)

Fig. 5. Representations of experimental and modeled cell survival probabilities of the data from the characterization phase for the 10 pulse protocols at 10 s (a)
and 1 minute (b) inter-pulse pauses. Each of the colormap stripes corresponds to experimental data from a H+L or L+H protocol, with the black circles being
their probability of survival at 0.95, 0.5 and 0.05. The dotted line indicates the boundary for ensuring cell death (probability of survival = 0.05) according to the
electric field threshold criterion (method A). The solid lines indicate isocontours of the probability of survival computed as the product of the survival
probabilities of the two individual treatments (method B). Notice that method B is the same for 10 s and 1 minute pause treatments. The dashed lines indicate
isocontours of the probability of survival computed as the product of the adapted logistic model of overlapping treatments (method C).
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Fig. 6. Heatmap representations of cell survival density of the validation

phase as a function of the field magnitudes of the two overlapping

treatments. Treatment protocols of 10+10 pulses at 10 s (a) and at 1 min (b)

inter-train pauses. E; corresponds to the electric field generated between e;

and e, (Fig. 1.d) and E; is the field between e; and e; (Fig 1.f). The heatmap

is divided in 20 V/cm bins. The dotted line displays the electric field

threshold (method A). The 5 %, 50 %, and 95 % survival probabilities are

represented in the solid and dashed lines for method B and C, respectively

(same curves as in Fig. 5).

findings from the characterization models. Cells that received
overlapping treatments with E_ >75% showed a lower survival
density, and a higher death ratio was accomplished with 10 s
pause than with 1 minute pause.

The predictive accuracy of the three methods for modeling
treatment overlap is indicated in Table IIl. All methods are
equally good in classifying dead cells, with all of them having
a precision >0.982 and a maximum difference of 0.004.
However, methods B and C classify slightly better the living
cells over A, indicated by lower miss rate, which leads to an
increased Dice score (0.009 percent points for B and
0.023-0.030 for C). Overall, all methods are very accurate at
classifying the state of cells (alive or dead), with an
AUC >0.961 (and less than 0.003 difference between
methods). These differences in classification are also
displayed in Fig. 7 were we computed the predicted treatment
area. In addition, in the supplementary materials, we included
preliminary 3D simulations to evaluate the predicted IRE
volume (Table s.1V and Figs. s.2 to s.4 in the supplementary
materials).

In the 100 and 100+100 pulses protocols we observed signs
of electrolysis around the needles, both in needles acting as
anodes and in the needles acting cathodes. DMEM contained
phenol red, which colored the surroundings of the electrodes
in yellow (around the anode) and pink (around the cathode)
due to pH change. We also observed gas bubbles. These signs
were mild with a single treatment, but much noticeable with
two consecutive trains. Additionally, we monitored the applied
voltage and the electric current. No significant changes were
observed in any treatment.

IVV. DISCUSSION

According to the obtained results, and as expected,
treatment overlap can substantially increase irreversible
electroporation damage. Cell death rises when two high
electric field treatments were sequentially applied.

TABLE1II
METRICS OF THE PREDICTIVE POWER OF THE THREE PROPOSED METHODS.
A) ELECTRIC FIELD THRESHOLD, B) PRODUCT OF INDIVIDUAL PAIRS, C) PRODUCT
OF THE ADAPTED LOGISTIC MODEL OF OVERLAPPING ELECTRIC FIELDS

Protocol Method Precision Miss rate Dice AUC
A 0.986 0.343 0.788 0.961

1(138 150 B 0.986 0.331 0.797 0.962
C 0.982 0.300 0.818 0.964

A 0.990 0.353 0.782 0.967

10+10 B 0.989 0.341 0.791 0.968
1 min C 0.987 0.321 0.805 0.969

It is known that a higher number of pulses reduces the
irreversible electric field threshold, which tends to saturate at
around 70 to 100 pulses [27]. In the 10 pulse protocols, the
saturation point was not reached, as we observed that a second
train reduced cell viability. Instead, with the 100 pulse
protocol, the second train did not add to cell death.

Another factor which reduces the electric field threshold is
inter-pulse pause. It has been reported that cell membrane
needs from seconds to a few minutes to recover from
electroporation. However, if a pulse is applied before the
membrane has fully recovered, the membrane is further
electroporated [18]. Although we were studying the pause
between two trains (instead of pulses), the general effect also
applies. This explains why lower survival probabilities were
found with the 10 s pause compared to 1 minute pause.

Interestingly, the order of the treatments (i.e., whether the
higher field treatment is first or second) did not produce
observable differences in the outcome. Yao et al. [44] found
that applying short high voltage pulses (a few kV/cm for a
couple of microseconds) before a standard 80 NTIRE pulses
generated a larger ablation area than with the standard NTIRE
protocol on potato tuber. Pulsing the other way around did not
increase the treated area. The voltage to distance ratios they
used for the high pulses were of the order of 3-4 kV/cm, which
were up to 10 times larger than the low fields. In our study, we
did not surpass 1.5 kV/cm for the high pulses, and
proportionally the low electric fields were not as low (25%
ratio). These lower fields could explain why we did not
observe any difference between H+L and L+H protocols, i.e.,
the order of the overlapping fields did not add to cell death.

Three different methods were compared to predict cell
death in overlapping treatments: A) the geometrical union of
the individual treatments, B) the method proposed by Garcia
et al. [31] in which the overall treatment is obtained by
multiplying the fields of probability of cell survival from the
individual treatments, and C) our adapted logistic model of
overlapping treatments. We computed precision (5), miss rate
(6) and Dice (7) metrics, after classifying the state of the cell
with a threshold of 851 V/cm (IRE threshold) for method A,
and a 5 % cell survival probability for methods B and C. A
precision of 1 indicates that the predicted treatment region
contains only dead cells, whereas lower values reveal the
proportion of remaining living cells. In this regard, we found
that all the methods perform equally well, with a precision >
0.982 and a maximum difference of only 0.4 percent points.
On the other hand, the miss rate revealed differences between
the methods. This metric represents the proportion of dead
cells that fall outside the treatment region. Higher scores
indicate a larger transition of living/dead cells. In this case, we
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Fig. 7. Predlcted treated area with the three analyzed methods for a protocol of two trains of 10 pulses at 600 V, 1 minute pause. (a) electric field distribution
(white contour at the irreversible electric field threshold of 851 V/cm). (b) probability of survival of the product of individual pairs (yellow contour at 95% cell
death). (c) probability of survival of the adapted logistic model of overlapping electric fields (cyan contour at 95% cell death). (d): original image with calcein
AM in the green channel (living cells) and Pl in the red channel (dead cells) (e): segmentation of the ROI with an overlay of the isocontours at the defined critical

values for the three methods (same colors as in (a), (b) and (c)).

found that methods B and C perform slightly better than the
electric field threshold criterion (1.2 to 4.3 percent points
lower), with C marginally outperforming B by up to 3.1
points. This reduction in miss rate is also reflected in the Dice
score. In addition, the AUC metric reveals how accurate a
classifier is regardless of the threshold. It confirms that all the
methods perform great (AUC > 0.961), with method B and C
taking the lead by a minimal margin.

These slight improvements can be graphically understood
by observing the shape of the ablation area that our 2D setup
generated (L-shaped). It can be seen in Fig. 7.e that the
isocontour provided by the electric field threshold criterion
(method A) presents a sharp angled corner, whereas that same
corner is smoother with the other two methods. Despite the
slight accuracy improvements offered by methods B and C,
these results suggest that, considering other sources of
uncertainty typically present in electroporation treatment (e.g.,
placement of the electrodes), overall, the electric field
threshold method can be considered as accurate as the
probabilistic models in predicting the treatment region.

This suggests that for NTIRE procedures, which typically
apply between 70 and 100 pulses per pair, treatment overlap
does not play a significant role (we only observed an increase
in cell death with overlapping treatments with 10 pulse
protocols, and not with 100 pulses). However, this study only
contemplated two overlapping pulse trains, contrary to actual
procedures which can present more overlapping treatments,
although marginal differences can be presumed.

On the other hand, ECT aims to reversibly electroporate the
tissue so the therapeutic drug can penetrate into the cells, but it
is not uncommon to find damage due to IRE near the
electrodes. Due to the lower pulse count per train (8 to 10
pulses), overlapping treatments can slightly enlarge the
irreversibly treated tissue around the electrodes, according to
our results. This can be further confirmed by some preliminary
3D simulations, where the predicted IRE lesion volume was
increased by 13.7 + 5.5 % (average + standard deviation) with
B, and up to 22.9 + 8.6 % with C when compared to A. (See
Table s.IV and Figs. s.2 to s.4 in the supplementary materials).

It must be pointed out that the modeling methods do not fit
the validation data as well as they fit the characterization data.
In the 1D setup, the reduced cell viability due to overlapping
fields follows a curved shape (Fig. 5), but that shape appears
straighter when looking at the data from the validation phase
(Fig. 6). Although this effect can be partially accounted by

experimental uncertainty (we are reporting a 3SE interval of
around £30 V/cm), this effect could also be a consequence of
the highly different electric field distributions between the two
setups. While in the characterization assays the electric field in
the two treatments had the same direction, in the validation
setup we applied two fields at different angles (up to 90
degrees). Membrane polarization mostly occurs at the surfaces
which are perpendicular to the electric field [45]. This implies
that in the 1D setup the cell membrane was always polarized
in the same region. Instead, in the 2D assays, the first and
second trains polarized the membrane in different directions.
Thus, there was a larger polarized area in the 2D setup. This
suggests that cells in the validation setup presented a larger
electroporated membrane area [46], which could add to cell
death.

Another limitation of the assays is that cell death does not
reach 100%, even well above the electric field threshold
(Fig. 6). This is reflected in the precision metric where no
method surpasses 97.5%. In some images, we observed noise
speckles in the calcein AM channel. We filtered the cells by
size, but some of the noise bypassed it. We also observed
living cells within the ablation zone in most of the images.
However, such cells were no longer adhered to the well
surface. It is likely that these cells were still in an apoptotic
process after the 3-hour period we analyzed. It has been
reported that 24 hours is a better interval for evaluating
apoptosis due to IRE [47]-[49], but we found in preliminary
assays that cell proliferation overtook the treatment zone after
24 hours.

Finally, the present study is not considering the possible
impact of conductivity changes caused by electroporation. In
the cell models used here the conductivity changes due to
electroporation are likely to be negligible as the thin layer of
cells is embedded in a relatively much bulkier ionic medium.
However, it has been demonstrated that in tissues, where cells
are densely packed, the conductivity changes caused by
electroporation can have a substantial impact on the electric
field distribution and hence on the TV [50]. Therefore, for
thoroughly studying treatment overlap, it would be judicious
to analyze the impact on field distribution that preceding
treatments can have on subsequent treatments due to
conductivity  changes  caused by  electroporation.
(Sophisticated mathematical constructs have been proposed to
model such effect [51]-[57].) Nevertheless, it must be taken
into account that whereas conductivity changes within each



pulse (in-pulse conductivity) can be very high (and that is why
they can have a significant impact on the field distribution),
this in-pulse conductivity is only slightly influenced by the
preceding pulses or sequences of pulses [58]. In preliminary
simulations reported in the supplementary materials where we
coarsely approximated this effect considering worst-case
assumptions, we found minimal consequences (<1.36 %
difference). Therefore, we conclude that the impact of
conductivity changes does not modify the qualitative
conclusions reached here.

V. CONCLUSIONS

Treatment overlap is present in almost every electroporation
procedure but, to the best of our knowledge, its impact had not
yet been quantified. We found that, as expected, overlapping
treatments can substantially reduce the electric field threshold
needed to induce cell death and thus increase the efficacy of
the overall treatment. However, in terms of TV, we deduce
that the impact of overlapping treatments will be minor in
typical NTIRE procedures in which trains of 70 or more
pulses are applied through multiple electrode pairs.
Importantly, the overall ablation volume will be predicted with
a reasonable level of accuracy by simply performing the
geometric union of the ablation volumes predicted for each
electrode pair. Although this study did not evaluate treatment
overlap in vivo, we presume that the method used in most
NTIRE pre-clinical and clinical studies is adequate. We also
confirmed that the model proposed by Garcia et al., [31] is
valid for predicting treatment overlap, as well as the adapted
logistic model introduced here. At last, even if this study does
not explicitly contemplate ECT, it can be inferred that the
same general conclusions apply to treatment overlap in ECT
procedures.
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Supplementary material

e Equivalence between the Peleg-Fermi model and the logistic regression

The Peleg-Fermi equation is used to describe cell survival probability in irreversible electroporation as a function of
the electric field magnitude and the number of applied pulses [1]. The probability of survival of a pulse train (S) is
defined as:

1
S=———— (s.1)

E—Ec(n)
1+e A

where E is the electric field magnitude, Ec(n) is the electric field at which S = 0.5, and A(n) is the factor which
determines the slope of the transition of the curve. Ec and A are exponential decay functions dependent on the
number of pulses n.

E.(n) =Ey- Gl (s.2)
A(n) = Ay - ek (s.3)

Ec describes the critical electric field at which 50% of cells are dead, with E¢o being its initial magnitude and kj its
exponential decay coefficient. A determines the transition from living to dead cells, with an initial value A and a
decay coefficient ko.

In the present study we evaluated each protocol independently, thus, ignoring the dependence on the number of
pulses. Ec and A become constants and equation (s.1) is rewritten as:

1
S=— 5% (s.4)
1+e 4
This equation is, in fact, a logistic model, where the exponential term can be rewritten as a first-degree polynomial.

1

$=17 T e~ BotBiE)

(s.5)

where £ is the intercept and f; is the slope of the polynomial. The equivalence between the Peleg-Fermi model (s.4)
and the logistic regression (s.5) is obtained by:

E.
Bo = 1 (s.6)

B, = - (s.7)



e Fitting parameters of the logistic regressions

TABLEs.I

FITTING PARAMETERS OF THE LOGISTIC REGRESSION FOR THE H+L AND L+H PROTOCOLS (EQUATION 1).

THE PARAMETERS OF METHOD B ARE THE ONES FROM A SINGLE TREATMENT (I.E., 100% + 0%)

Pulses | Period Voltage Po p
strength Value +3SE Value +3SE
100% + 0% 9.913 9.782  10.046 | -1.51-102 | -153.102  -1.49-10?
100% + 25% 9.409 9.204 9.617 | -1.41-102 | -1.44.102  -1.38-1072
100% + 50% 10.895 | 10.663  11.131 | -1.71-102 | -1.75-102  -1.68-107
100% + 75% 9.435 9.244 9.627 | -157-102 | -1.60-102  -1.53-1072
10s 100% + 100% | 10.204 | 10.002  10.410 | -1.85-102 | -1.89-102  -1.81-102
100% + 0% 9.913 9.782  10.046 | -151.102 | -1.53-102  -1.49-107
25% + 100% 9.746 9.543 9.952 | -1.50-102 | -1.54-102  -1.47-107
50% + 100% 9.438 9.245 9.633 | -1.46-102 | -1.50-102  -1.43-1072
10 75% + 100% 9.759 9.563 9.958 | -1.60-102 | -1.63-102  -1.56-107
N 100% + 100% | 10.204 | 10.002  10.410 | -1.85-102 | -1.89-102  -1.81-102
10 100% + 0% 9.913 9.782  10.046 | -151.102 | -1.53-102  -1.49-107
100% + 25% 10.327 | 10.113 10544 | -1.58:102 | -1.62-102  -1.55.102
100% + 50% 10.493 | 10.263  10.727 | -1.67-102 | -1.70-102  -1.63-102
100% + 75% 9.863 9.638  10.091 | -1.60-102 | -1.63-102  -1.56-107
1min |_100% +100% | 9.795 9.625 9.968 | -1.65-102 | -1.68:102  -1.62-107
100% + 0% 9.913 9.782  10.046 | -151.102 | -1.53-102  -1.49-107
25% + 100% 10.673 | 10.473  10.876 | -1.69-102 | -1.73.102  -1.66-107
50% + 100% 9.764 9.578 9.952 | -156-102 | -1.59-102  -1.53-1072
75% + 100% 10.189 | 9.992  10.389 | -1.58-102 | -1.61.102  -1.55.107
100% + 100% | 9.795 9.625 9.968 | -1.65-102 | -1.68:102  -1.62:107
100 - 100% + 0% 7.087 6.970 7.206 | -1.64-102 | -1.66-102  -1.61-107
+ 10s 100% + 100% 6.599 6.485 6.714 | -1.57.102 | -1.60-102  -1.55.107
100 1min | 100% + 100% 6.679 6.559 6.801 | -1.55.102 | -1.58-102 -1.52.102
TABLEs.II
FITTING PARAMETERS OF THE ADAPTED LOGISTIC REGRESSION OF OVERLAPPING PAIRS (METHOD C) (EQUATION 4)
Protocol fo ba p
Value +3SE Value +3SE Value +3SE
10+10,10s | 9.648 | 9.461 9.835 | -1.47-102 | -1.50-102 -1.44-102 | -1.10-103 | -1.20-10% -1.00-1073
10 + 10, 1min | 9.919 | 9.732 10.105 | -1.53-102 | -1.56-102 -1.50-102 | -2.00-10% | -2.90-10* -1.11.10%




e Predicted treatment volume for electrode configurations typically used in actual electroporation-
based treatments

We performed some preliminary 3D simulations to extrapolate the findings of the 2D cell culture assays to scenarios
closer resembling actual electroporation-based treatments. We compared the predictive accuracy in overlapping
treatments of the three studied methodologies for 10-pulse treatments. Three electrode configurations typically used
in electroporation-based treatments, and in particular in NTIRE procedures, were simulated, and the ablated volume
(irreversibly electroporated) was obtained. Three setups were considered: 4-SQ) four electrodes in a square pattern
at 15 mm separation, 20 mm length and 1 mm diameter, 6-RECT): two parallel lines of three electrodes in parallel
(forming a rectangle) at 15 mm separation, 20 mm length and 1 mm diameter, and 7-HEX) six electrodes forming a
hexagon with one electrode in the center at 7.3 mm separation, 20 mm length and 0.7 mm diameter.

Two voltage to distance ratios were considered for the treatments: 1000 V/cm and 1500 V/cm between active
electrodes. We limited the voltage to 3000 V, which is the maximum in most commercial generators. See the
simulated voltages in table s.111.

TABLE .11
SIMULATED VOLTAGES
Voltage/distance Voltage (V)
ratio (V/cm) In-line pairs Diagonal pairs

4-5Q 1000 1500 2121
1500 2250 3000
1000 1500 2121
6-RECT 1500 2250 3000

1000 730

7-HEX 1500 1095

As in the case of tissues it has been demonstrated that electrical conductivity changes caused by electroporation can
have a substantial impact on the electric field distribution and hence on the treatment volume, here, for higher
verisimilitude, the simulation was performed on a 3D homogeneous domain assuming a non-linear electrical
conductivity. The conductivity profile followed a symmetric sigmoid function and had been fit to ex vivo porcine
liver data [2], [3].

or — 0y
! =y (s.8)

o(E) =0y +
1+A-e(_ c

where E is the electric field magnitude and oy is the (static) conductivity when no electric field is applied (0.188
S/m), otis the maximum conductivity that can be reached during electroporation (0.289 S/m), and A (80.03),
B (613.1 V/cm) and C (252.2 V/cm) are shape parameters.

The IRE volume was predicted using the three studied methodologies: A) the geometrical union of the individual
treatments, B) the method in which the overall treatment is obtained by multiplying the fields of probability of cell
survival from the individual treatments, and C) our adapted logistic model of overlapping treatments. For method A,
an electric field threshold of 851 V/cm was used (corresponding to 95 % of cell death of a single treatment of 10
pulses). For methods B and C, the ablated volume was set to be that which has a survival probability of 5% or lower.
Because method C was calibrated only for two overlapping treatments, the survival probability was only computed
using the two trains that generated the highest electric fields (at each mesh node).

Notice that the survival probability curves and electric field threshold have been obtained from the assays on CHO
cells performed in this study. The fact that we use a non-linear conductivity of porcine liver is just to represent the
effect of this parameter on the predicted treatment volume. Hence, the treated volume shapes represented here do not
correspond to actual treatments.

The predicted volumes are reported in table s.IV and are displayed in Figs. 5.2 to s.4.



e Impact on field distribution that preceding treatments can have on subsequent treatments due to
conductivity changes caused by electroporation

In addition to simulating the in-pulse conductivity, we modeled the static conductivity to be influenced by the
preceding pulses. It has been observed that after a sequence of pulses, the static conductivity is larger than it was
before the treatment [4]. This phenomenon has not been previously modelled, but, as an extreme upper bound to this
effect, we defined the static conductivity (oo) to be the average between oo and the previous pair conductivity
oi-1(E). Notice that this is an extreme assumption, thus, the effect in real scenarios should be much lower. Equation
(s.8) is then modified:

O'f — 0Oy,
_|E|—B)

0i(E) = 0p; +
1+A-e( ¢

(s.9)
_ 0ot 0;—1(E)

0o = 2

The predicted volumes are reported in table s.1V (see “Conductivity equation” column) and are displayed in Fig. s.5.

TABLE s.IV
PREDICTED TREATMENT VOLUME WITH THE THREE STUDIED METHODS
FOR THE DIFFERENT ELECTRODE CONFIGURATIONS AND PULSING PARAMETERS

i 3
Electrode Voltage/distance  Conductivity Predicted TV (cm’)

; ; ; ; C C
configuration ratio (\VV/cm) equation A B (1 minute) (10's)
1000 (s.8) 4.80 5.27 5.44 5.85
4-50 (s.9) 4.82 5.29 5.46 5.88
1500 (s.8) 10.77 12.32 12.51 13.17
(s.9) 10.79 12.34 12.53 13.20
1000 (s.8) 7.42 8.52 8.63 9.32
6-RECT (s.9) 7.44 8.56 8.67 9.36
1500 (s.8) 17.03 20.00 20.11 21.17
(s.9) 17.06 20.04 20.14 21.20
1000 (s.8) 1.69 2.04 2.08 2.29
7-HEX (s.9) 1.71 2.07 2.11 2.32
1500 (s.8) 5.10 5.34 5.35 5.50

(s.9) 5.12 5.35 5.37 551
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Fig. s.2. Predicted ablated volume in the 4-SQ setup. Electrode spacing is 15 mm and the diameter is 1 mm. (a), (b),
and (c) correspond to the treatment at 1000 V/cm voltage to distance ratio, and (d), (e), and (f) correspond to 1500
V/cm one. (a) and (d) display the predicted volume for method C at 10 s inter-treatment pause. (b) and (e) are the
transversal cross section and (c) and (f) are the longitudinal cross section with the simulated electric field
distribution. The contours correspond to the predicted TV for method A (cyan), method B (red), method C for 1 min
inter-treatment pause (black), and method C for 10 s pause (white).



851
V/em

200
V/em

Fig. s.3. Predicted ablated volume in the 6-RECT setup. Electrode spacing is 15 mm and the diameter is 1 mm. (a),
(b), and (c) correspond to the treatment at 1000 V/cm voltage to distance ratio, and (d), (e), and (f) correspond to
1500 V/cm one. (a) and (d) display the predicted volume for method C at 10 s inter-treatment pause. (b) and (e) are
the transversal cross section and (c) and (f) are the longitudinal cross section with the simulated electric field

distribution. The contours correspond to the predicted TV for method A (cyan), method B (red), method C for 1 min
inter-treatment pause (black), and method C for 10 s pause (white).
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Fig. s.4. Predicted ablated volume in the 7-HEX setup. Electrode spacing is 7.3 mm and the diameter is 0.7 mm. (a),
(b), and (c) correspond to the treatment at 1000 V/cm voltage to distance ratio, and (d), (e), and (f) correspond to
1500 V/cm one. (a) and (d) display the predicted volume for method C at 10 s inter-treatment pause. (b) and (e) are
the transversal cross section and (c) and (f) are the longitudinal cross section with the simulated electric field
distribution. The contours correspond to the predicted TV for method A (cyan), method B (red), method C for 1 min
inter-treatment pause (black), and method C for 10 s pause (white).
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Fig. s.5. Predicted IRE volume (method C at 10 s pause) using two different electrical conductivity. The green
isosurface corresponds to the simulation with only in-pulse conductivity changes (s.1) and the white isosurface
represents the simulation that also considers the preceding pair conductivity change (s.2). The two surfaces are
overlayed on top of each other, and it can be observed that the differences are minimal. The top row (a, b and c) are
the simulations at 1000 V/cm voltage to distance ratio, and the bottom row (d, e and f) are at 1500 V/cm. The
electrodes configurations are 4-SQ (a, d), 6-RECT (b, e), and 7-HEX (c, f).
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