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Electrochemotherapy is an effective antitumor treatment employing locally applied high volt-
age electric pulses delivered through conductive electrodes to the tumor in combination with
chemotherapeutic drugs. The efficiency of electrochemotherapy strongly depends on the lo-
cal electric field distribution inside the target tissue. For successful therapy the entire target
tissue has to be exposed to the local electric field strength above the reversible threshold.
The aim of this study is to demonstrate the influence of the contact surface between elec-
trode and treated tissue on the coverage of the tumor tissue by sufficiently high local electric
field. The electric field distribution is calculated by means of numerical modeling using finite
element method. Numerical results are confirmed with in vivo experiments. We demon-
strated that the placement of electrodes giving larger electrode-tissue contact surface leads
to improved electrochemotherapy outcome. Our results provide guidance on electrochemo-
therapy for treatment of protruding cutaneous tumors using parallel plate electrodes.

Key words: Electroporation; Electropermeabilization; Electrochemotherapy; Cutaneous
tumor; Numerical modeling; Electrodes; DNA electrotransfer; Gene electrotransfer; Elec-
tric field distribution.

Introduction

Electrochemotherapy (1) (ECT) is a non-thermal antitumor treatment employ-
ing locally applied high voltage electric pulses (EP) in combination with either
sistemic or local injection of chemotherapeutic drugs, such as bleomycin and
cisplatin. ECT has been proven to be highly efficient in treatment of solid tumors
regardless of their histological origin (1-7). The ECT Standard Operating Proce-
dures are presently defined for cutaneous and subcutaneous tumors (8).

ECT is based on the reversible increase of cell membrane permeability that fol-
lows cell exposure to appropriate EP, termed electropermeabilization or elec-
troporation (EPN). These EP, alone, do not kill the cells and have no antitumor
effect. Indeed they just allow cytotoxic drugs, which otherwise do not easily pen-
etrate cell membrane to enter and the target tumor cells and to kill them (9, 10).

An important advantage of ECT is that it results in the complete response (CR)
of the tumors with drug doses that by themselves have minimal or no antitumor
effect and no toxicity on the patients. After ECT good cosmetic effects are ob-
tained due to a selective cell death mechanism that primarily affects the dividing
tumor cells (9, 11).

Abbreviations: ECT, Electrochemotherapy; EP, Electroporation pulses; EPN, Electropermeabiliza-
tion; CR, Complete response.
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In order to obtain a good antitumor effect it is mandatory
to electropermeabilise the whole tumor. When a tissue is
exposed to EP, an electric field strength is established within
the tissue volume. To electropermeabilize the whole tumor
in a reversible and safe way, each of the tumor cells have
to be subjected to a local electric field (E) above reversible
value E,,, (which causes transient and reversible perturba-
tions in the cell membrane) and below irreversible value E,,,,,
(which causes permanent damages of the cells). E distribu-
tion depends on EP parameters (i.e., amplitude of the pulses,
duration, number, repetition frequency, and shape), number,
shape, and position of electrodes with respect to the treated
tissue, structure of target/tumor tissue, and its surrounding
tissues (12-15). It was also previously shown, by combining
numerical modeling and experimental approaches, that the
ECT treatment efficacy, at a given electrode configuration
and pulse amplitude, depends on the magnitude of E within
the whole of the target/tumor tissue (10, 12-14, 16-18).

In our present study, we numerically and experimentally ana-
lyzed the effect of two different ways of parallel plate electrode
placement on the electric field distribution and on the efficacy
of ECT treatment of cutaneous tumor with parallel plate elec-
trodes. In the first situation, the electrodes were placed in such
a way that very small contact with tissue was formed, while in
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Figure 1: Panels A and B: Model of cutaneous tumor with d = 4mm,
U = 520V and contact surface 1; (A) 3D model with electrodes and (B)
zoomed convexity of the treated tissue with highlighted contact surface 1.
Panels C and B: Model of cutaneous tumor with d = 3mm, U = 390V and
contact surface 2: (C) 3D model with electrodes and (D) zoomed convex-
ity of the treated tissue with highlighted contact surface 2. In both models
w = 0.7mm, L = 10mm, o, is surrounding tissue conductivity and o, is
tumor tissue conductivity.
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the second one the tissue was placed between two electrodes
so that a large surface of contact between electrode and tissue
was formed. Predictions on ECT efficacy were made accord-
ing to the numerical results and they were confronted to the
results of the in vivo ECT of mice tumors obtained by the
two different electrode placements. We demonstrate that the
placement of electrodes giving larger electrode-tissue contact
surface results in better effectiveness of ECT outcome and in
the lower effects on the surrounding normal tissue, a result
important for the physicians applying ECT to their patients.

Materials & Methods
Numerical Modeling

The 3D model is based on the numerical solution of partial
differential equations for steady electric current in isotropic
conductive media. The numerical calculations were per-
formed by means of finite element method using COMSOL
Multiphysics 3.3 software package in the 3D Conductive
Media DC application mode on a PC running Windows XP
with a 3.00 GHz Pentium D processor and 1 GB of RAM.

The model of cutaneous tumor consisted of two tissues:
the tumor and its surrounding skin tissue. The input to the
model was constant voltage applied to the electrodes and
corresponds to the amplitude of the EPN pulses generated by
a high voltage generator. The output of the model was the
electric field distribution within the treated tissues.

Two distinct model geometries representing two different
parallel plate electrode placement situations were built (Fig.
la and Fig. I¢). The convexity of the tumor and skin is mod-
eled as a 4 mm-diameter hemisphere and the tumor as a 2
mm-diameter sphere.

The results of numerical simulations were controlled by re-
fining the mesh until the difference in numerical solutions
was negligible (less than 0.5%) when the number of finite
elements (i.e., mesh density) is increased. The mesh of the
models with contact surface 1 and contact surface 2 [mod-
els 1 (Fig. la) and 2 (Fig. 1c)] consisted of 176,419 and
158,760 elements, respectively.

The calculated electric field distribution in our numerical
models is shown in the range between the critical values E,,,
=400 V/cm and E,,,,, = 1500 V/cm. The E,,, is chosen based
on our previous study (16), while the E,,., is chosen based on

irrev

the latest study on irreversible EPN (18).
Contact Surface Definition

Model 1 (Fig. 1a) describes the treatment situation where
electrodes are placed perpendicularly with respect to the sur-
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face of the cutaneous tumor touching the skin tissue just at
the limit of the tumor convexity. Model 2 (Fig. 1c) describes
the situation where the same cutaneous tumor is placed in
between two electrodes touching also the surface of the vol-
ume convexity (see patterned region of the contact surface 2,
Fig. 1d). In model 1 contact is obtained on a small surface of
the treated volume convexity, pointed to by the dashed arrow
in Figure 1b, corresponding to 2% of the contact surface in
model 2. The distances between electrodes (d) were 4 mm
and 3 mm, respectively. The voltage delivered to the tissue
from the EP generator was modeled as a constant potential
set to the entire surface between electrodes and treated tissue.
In both models the applied voltage was set so that the ratio
U/d = 1300 V/cm was obtained, setting the voltage to 520V
and 390V, respectively, in model 1 and 2. Based on this the
Direchlet boundary condition was defined. The Neumann
boundary condition, i.e., the electric-insulation condition
was set to the rest of the outer boundaries of the models.

Material Properties of the Modeled Tissues

Since we modeled the tumor and surrounding skin layers at
the end of the EPN process (to numerically evaluate the out-
come of the treatment), the conductivity values of tumor and
its surrounding tissue were selected considering both data ob-
tained with direct current measurements of tissue conductivi-
ties of electropermeabilized tissues (19) and the conductivity
data obtained in in vivo experiments and numerical analysis
in (16). Namely, conductivities of 0.4S/m and 0.2S/m were
assigned, respectively, to the regions representing the elec-
tropermeabilized tumor and the electropermeabilized sur-
rounding tissue (which describes the average conductivity
of the skin tissue, not considering the high resistance of the
stratum corneum that is almost immediately broken after the
beginning of the first EP) (20). Thus, both tissues in our
model were considered to be isotropic and homogeneous,
not taking into account the changes in conductivity of tis-
sues due to electropermeabilization. These changes would
require an additional more complex analysis of functional
dependency of tissue conductivity on electric field distribu-
tion, while not contributing to the demonstration of the influ-
ence of the contact surface on the ECT outcome.

In Vivo Experiments

The LPB cells, a methylcholanthrene-induced C57Bl/6
mouse sarcoma cell line, was cultured using standard proce-
dures and minimum essential medium (Gibco BRL, Cergy-
Pontoise, France) supplemented with 100U/ml penicillin,
100mg/ml streptomycin (Sarbach, France), and 8% foetal
calf serum (Gibco). C57Bl/6 female mice, 6-8 weeks old,
were inoculated subcutaneously in the left flank with 1 x 10°
cells, producing cutaneous tumors of the same dimensions as
those of the numerical models in about nine days.
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The two longest orthogonal diameters of the cutaneous tu-
mor a and b (with a > b), were measured using callipers.
At the day of treatment, average tumor diameter, including
the skin tissue was 3.85 £ 0.21 mm. The range of the tumor
diameters (a + b)/2 was 3.5-4.25 mm and the maximal indi-
vidual diameter @ was 4.3 mm. The volume V of the tumors
was determined using the Equation [1]:

V=@6) a- b (.

Animals were housed and handled according to recommend-
ed guidelines (21).

Tumor Treatment and Follow-up

Mice were anaesthetised with 12.5 mg/kg xylazine (Bayer
Pharma, Puteaux, France) and 125 mg/kg ketamine (Parke
Davis, Courbevoie, France) injected intraperitoneally in 150
ul saline before the ECT.

ECT treatment consisted in an intravenous injection of 10
ug bleomycin (Roger Bellon, Neuilly, France) followed, 4
minutes after the injection, by 8 rectangular, 100 us long
EP at a repetition frequency of 5000 Hz (2, 22). The EP
were generated by a Cliniporator™ (Igea, Carpi, Italy) and
delivered directly to the tissue using 3 mm and 4 mm apart
stainless-steel parallel plate electrodes (10 mm long and 0.7
mm wide). The electrodes were placed in direct contact to
the previously shaved skin on both sides of the cutaneous
tumors. No conductive gel was used, to fully respect the
geometry and contact area between the skin and the elec-
trodes. As in the models described before, the amplitude of
voltage pulses applied between the two parallel electrodes 3
and 4 mm apart were 390V and 520V, respectively. The ECT
outcomes obtained with these two electrode placements were
followed in two groups of 15 mice for 27 days after the ECT,
by means of measurements of the perpendicular diameters
a and b every second day. A control group of 13 mice, not
treated with ECT, was similarly followed. Response to ECT
was qualified as CR if tumor completely disappeared at the
end of the follow-up. For ethical reasons all the mice bearing
tumor were sacrificed at the end of the follow-up, while those
having no palpable or visible tumor were observed up to day
100. No tumor recurrence was observed at the end of the
observation period. In addition very good cosmetic healing
scar was obtained in the mice which responded with CR.

Statistical Analysis

The normal distribution of the individual tumor volumes
was verified by the test of Shapiro-Wilk and a linear model
was then used to determine the significance of the differ-
ences between the evolutions of the tumor volumes in the
various experimental groups. The Fisher’s exact test was
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used to compare differences in CR rates between each indi-
vidual group treated with ECT and the control group of mice
and between the two groups treated by ECT.

Results
Numerical Results

The comparison of the numerically calculated E distribu-
tion between the two 3D models of cutaneous tumor in XY
(Z=0), ZY (X=0), and ZX (¥Y=0) planes is shown in Figure
2. The contact surfaces 1 and 2 are given in Figures 2a
and b, respectively. The XY, ZY, and ZX planes are three
orthogonal cross-sections along the center of the tumor ge-
ometry. The electric field distribution within model 1 is
shown in Figure 2al-3 and within model 2 in Figure 2b1-3.
The values of E are displayed in the range from E,,, = 400
V/em to E,,,, = 1500 V/cm value (scale bar, Fig. 2). The
patterned region represents the part of tissue with electric
field strength exceeding the E,,, .
The comparison of E presented in Figures 2al and 2a2 and
in Figures 2b1 and 2b2 shows that E within the tumor inside
model 2 is higher and more restrained within the tissue area
situated between electrodes.

Comparing the XY cross-sections, E exceeds E,,, (400 V/
cm) in a very small part of the tumor in model 1 (Fig. 2al),
while the entire tumor in the model 2 is subjected to E >
400 V/cm (Fig. 2b1). The highest E within the tumor sur-
rounding tissue is in the close proximity to the electrode,
decreasing toward the center of the tumor in Y direction. In
the X direction E decreases symmetrically towards the two
marginal tissue regions.

Comparing the ZY cross-sections, E inside model 1 (Fig. 2a2)
only exceeds the E,,, value in the deepest part of the tumor,
while the upper part remains below E,,,. In model 2 the en-
tire tumor tissue is covered by E > E,,, (Fig. 2b2). E is higher

in the region of the surrounding tissue below the tumor than
the E inside the tumor.

In the ZX cross-section parallel to the electrodes, E only
exceeds the E,,, in the deepest part in of the tumor tissue in-
side model 1 (see E distribution in direction Z in Fig. 2a3),
while whole tumor volume inside model 2 is exposed to E

above E,,, (Fig. 2b3).

We also calculated minimum and maximum electric field
magnitudes Etumor,,, and Etumor,,,, over the region rep-
resenting the tumor, and the percentage of the tumor vol-
ume (Vtumoryg.g,,) exposed to the reversible electric field
above E>E,, = 400 V/cm, for both electrode placements
analyzed (Table I).

max
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Table I
Etumor,,,. and Etumor,,, inside the tumor and percentages
of tumor volumes Vtumorg.p,,, subjected to E above E,,, =
400V/cm, calculated for both models.

Etumor,

min

Etumor,,,,

Model [V/em] [V/em] Vtumor . gy,
1 516 207 32%
2 1119 610 100%

In addition we calculated the percentage of healthy tissue vol-
ume exposedto Eabove E,,, (Vsurrp.g,,,) and E,,.., (VSurr g gy,
over the entire volume of surrounding tissue in both models
(Table II). Further, in order to more precisely investigate the
local E within the healthy surrounding tissue in the close vi-
cinity of electrodes we calculated the average E (Esurr) below
the electrodes over the tissue exposed to E>Eirrev (Table II).

Experimental Results

The comparison between tumor regression obtained in the
two groups of mice treated with ECT (Fig. 3) demonstrates

Table II
Average E within surrounding tissue in close vicinity of
electrodes (Esurr) and percentages of healthy tissue
volumes Vsurrg.g,., and Vsurrg.pg,,., subjected to E above
E,, =400V/cm and Eirrev = 1500V/cm, respectively.

Esurr
Model [V/em] VSUIT g2 prey VSUTT & iryey
1 2130 4.79% 0.37%
2 1760 340% 0.35%
A U=520 VvV
z
w3
v
- A1 B1
A 4

A2 o B2

A3 B3

Erev<E | Erev<E<Eirrev | E>Eirrev

Figure 2: Comparison of results obtained between model 1 [(A) 3D model
geometry with highlighted contact surface 1; (A1) E in XY cross section;
(A2) E in ZY cross section; and (A3) E in ZX cross section] and model 2 [(B)
3D model geometry with highlighted contact surface 2; (B1) E in XY cross
section; (B2) E in ZY cross section; and (B3) E in ZX cross section], (0, =
0.2S/m, 0, =04S/m, E,,, = 400V/cm, and E,,,, = 1500V/cm).

s Hrev irrev
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that ECT performed with electrode placement with larger
electrode-tissue contact surface (contact surface 2, U = 390
V, d = 3 mm) resulted in significantly better anti-tumor ef-
fectiveness compared to the ECT with electrode placement
with the smaller electrode tissue contact surface (contact sur-
face 1, U =520 V,d =4 mm) (p = 0.0002). The average
tumor volumes obtained at the end of the follow-up (on day
27) were 2697 mm?® and 648 mm? for the groups of tumors
treated with ECT with contact surfaces 1 and 2, respectively,
while it was 4528 mm? in the control group (statistically sig-
nificant, p = 0.006 and p < 0.0001, respectively).

The ECT of tumors performed with electrode placement with
contact surface 2 resulted in 7 CR out of 15 treated mice (47%)
and in only 1 CR in the group of 15 mice (7%) treated with
electrode placement with electrode contact tissue 1 (Table III).
According to the Fisher’s exact test, the difference between
control group and the group treated with ECT (contact surface
2) is statistically significant (p = 0.007), while the difference
between control group and the group of animals treated with
ECT (contact surface 1) was not statistically significant (p =
1). Further, the result of Fisher’s exact test evaluation between
the group treated with ECT (contact surface 2) and the group
treated with ECT (contact surface 1) is significant (p = 0.04).

Table III
Number of CR in the three experimental groups. There were statistically
significant differences between the ECT - contact surface 2 group and
the two other groups (p = 0.007 with the control group and p = 0.004
with the ECT - contact surface 1 group). There was no significant
difference between the control and the ECT - contact surface 1 groups.

Groups Number Number Percentage
P of mice of CR of CR
Control 13 0 0%
ECT - contact surface 1 15 1 7%
ECT - contact surface 2 15 7 47%
Discussion

In this study we numerically and experimentally analyzed
the consequences of the effects of two different ways to place
parallel plate electrodes for the treatment of cutaneous tu-
mors by electrochemotherapy. These two situations differ
by the contact surface between the electrodes and the tissue.
The aim was to show which of the two electrode placements
meets better the requirements for effective ECT, which means
to achieve high electropermeabilization efficiency of target/
tumor tissue but at the same time spare normal tissue and
avoid side effects. In terms of local electric field distribution
the requirements are the following: (i) all the target tissue
has to be exposed to the electric field E above the threshold
value for reversible electroporation (E>E,,,) and (ii) the sur-
rounding tissue should not be exposed to excessively high
E, meaning that the local electric field in the surrounding
healthy tissue should be as low as possible.
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Figure 3: Evolution of the tumor volume: (A) in the control group (n =
13); (B) in the mice treated with ECT (U = 520V, d = 4 mm, and contact
surface 1) (n = 15); and (C) in the mice treated with ECT (U = 390V, d =
3 mm, and contact surface 2) (n = 15). Each curve corresponds to an indi-
vidual tumor growth. Differences are statistically significant (p = 0.0002
between the two treated groups and p = 0.006 and p < 0.0001 between the
control group and, respectively, the groups treated with ECT using d = 4
mm and contact surface 1 and d = 3 mm and contact surface 2). Inserts in
each panel show the growth of the tumors for sizes not larger than 200 mm?,
displaying the initial tumor volume evolution and the regression of one and
seven tumors, respectively, in the group treated with ECT using U = 520V,
d =4 mm, and contact surface 1 and in the group treated with ECT using U
=390V, d = 3 mm, and contact surface 2.

The two 3D numerical models and the experiments with in
vivo cutaneous tumors were carried out with the same in-
put parameter as the voltage to distance ratio U/d was set to
1300 V/cm, a parameter usually applied in clinical end ex-
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perimental ECT (1, 2, 8). By means of numerical modeling
we examined the influence of the dimensions of electrode-
tissue contact surface on the electric field strength inside the
target tumor tissue (Tables I and II). The results show that
the larger the electrode-tissue contact surface, the higher the
local electric field strength inside the tumor and the lower
local electric field in the surrounding tissue.

These numerical results were confirmed by in vivo ECT of
mice tumors having similar dimensions as those numerically
modeled. In the first electrode placement, the electrodes
were 4 mm apart and just a point contact with the tumor con-
vexity was obtained (corresponding to the point defined by
the arrow in Fig. 1b). In the second electrode placement the
electrodes were 3 mm apart. By “squeezing” the tissue in be-
tween the electrodes a larger electrode-tissue contact surface
with cutaneous tumor convexity was obtained (correspond-
ing to the patterned surface in Fig. 1d).

We obtained better results with the larger electrode-tissue
contact surface 2, due to the fact that in this electrode place-
ment the entire volume of the tumor was subjected to E in the
range E,,, < E<E,,,,. Indeed, the complete EPN of the tumor
allowed the bleomycin to enter and kill all the tumor cells,
resulting in tumor CR in 7 out of 15 treated tumors. In con-
trast, the smaller electrode-tissue contact surface resulted in
only one CR out of 15 tumors, due to the residual untreated
tumor cells, in the region of the tumor where the value of the

local electric field strength was below E,,,.

It is interesting to note that the best antitumor (thus electrop-
ermeabilizing) effects in situation 2 are reached by the lowest
voltage set (U = 390V instead of U = 520V), just because in
situation 2 the contact surface is the largest. This is in agree-
ment with our previously published data where the local E
distribution in liver tissue was determined based on results of
biological observations and numerical calculations obtained
with needle electrodes of different diameters (14). The ap-
plied voltage at which reversible and irreversible tissue elec-
tropermeabilization was obtained was lower, and the local E
distribution was more homogeneous, using the electrodes of
largest diameter, the needles of the largest diameter having of
course the largest electrode tissue contact surface. Similarly,
in this paper we show that in the larger electrode-tissue con-
tact surface lower voltage (U = 390V) results in higher local
E inside the tumor (Table I), while lower value of E in the
close vicinity of the electrodes was found and less healthy
tissue was electropermeabilized compared to the results ob-
tained with the smaller contact surface (Tables I and II).

In conclusion, the experimental results presented herein are
in good agreement with numerical models. By appropriate
placement of electrodes on the surface of the treated tissue, a
better coverage by sufficiently high electric field (E = Erev)

Corovié et al.

can be achieved over the entire target tissue and minimized
in the surrounding tissues and thus better therapy outcome.
Recommendations can be given to researchers and physicians
to choose electrodes geometry and placement in the way as-
suring the largest electrode-tissue contact surface. Another
important consequence is that the needed parameters for suc-
cessful ECT of each individual type of tumor can be deter-
mined, and thus the needed treatment planning carried out,
by means of numerical modeling, as previously suggested in
(17). Moreover, the electrode placement in a way to increase
the electrode-tissue contact surface, described in this paper,
can be beneficial also in other electropermeabilization medi-
ated therapies such as gene electrotransfer (23), transdermal
drug delivery (20), and irreversible tumor ablation (24-27).
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