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Abstract

Electrochemotherapy is a novel approach in chemotherapeutic drug delivery into tumours. Short
intense direct current electric pulses are applied to tumour tissue causing electropermeabilisation thus
enabling entrance of chemotherapeutic drugs into cells which otherwise do not easily penetrate. A three
dimensional anatomically based ®nite element model of the mouse with injected subcutaneous solid
tumour was built. The main goal of the study was to evaluate the in¯uence of the electrode orientation
on the distribution of electric ®eld in the tumour and surrounding tissue during electrochemotherapy.
Two electrode con®gurations, previously examined in experimental study, were modelled. Electric ®eld
distributions were calculated for each con®guration. The main conclusion of our study is that changing
electrode orientation strongly in¯uences the distribution of the electric ®eld inside the tumour in the
electrochemotherapy of solid tumours in mice, which is in good agreement with the results of the
experimental study. The e�cacy of the electrochemotherapy depends on the magnitude of the electric
®eld intensity inside tumour tissue. # 1998 Elsevier Science Ltd. All rights reserved.

Keywords: Electrochemotherapy; Electroporation; Murine tumour models; Electrode con®guration; Numerical
modelling; Finite element method

1. Introduction

Electric conductivity of the plasma membrane in normal physiological conditions is much

lower than the conductivity of cytoplasm and extracellular medium. When a cell is exposed to

an external electric ®eld, the anode-facing side becomes hyper-polarized and the cathode-facing

side becomes depolarized depending on the size and the shape of the cell [1]. If the externally

induced transmembrane potential is high enough, then reversible permeabilization of plasma
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membrane occurs which results in local increase of its permeability [2]. The phenomenon is
called electropermeabilization and is characterized by electric ®eld intensity, duration, number
of pulses and their shape. Electric ®eld intensity of the pulses of selected duration must reach a
threshold. At the molecular level, the phenomenon is still a subject of the research [3, 4].
However, under appropriate conditions, these membrane changes are reversible and cell
viability is maintained [5, 6].

Many chemotherapeutic drugs used in cancer therapy have poor access into the tumour cells,
therefore membrane permeabilization o�ers an approach for enhanced drug delivery into the
cells and better antitumour e�ectiveness. It was shown that in vitro cytotoxicity of some
chemotherapeutic drugs can be potentiated several-fold by exposing cells to short intense
electric pulses [7±9]. Cells in tissues can also be electropermeabilized and the antitumour
e�ectiveness of chemotherapeutic drugs potentiated by increasing drug delivery into the
cells [10]. This novel approach, termed electrochemotherapy, was introduced by Okino and
Mir [11, 12]. Lower systemic doses of chemotherapeutic drugs are thus required for successful
therapy and adverse side e�ects are reduced. For example, antitumour e�ectiveness of
bleomycin can be greatly potentiated with electric pulses, inducing partial and complete
responses of the tumours. Furthermore, the treatment requires such a low amount of
bleomycin, that it is ine�ective without electric pulses and does not induce side e�ects.
Antitumour e�ectiveness has also been shown for the chemotherapeutic drug cisplatin [9].

In preclinical in vitro and in vivo experiments, several research groups proved potential
applicability of cisplatin and bleomycin for electrochemotherapy [13, 14]. In one of previous
studies, it was demonstrated that changing electrode orientation improves the e�cacy of
electrochemotherapy of solid tumours in mice [15]. In short, experimental protocol used was
following. Ehrlich ascites tumour in CBA mice was used as a tumour model. Tumour cells
were injected to the left ¯ank of the mouse. When the tumours reached approximately 40 mm3

in volume, they were treated with the combination of intravenously injected bleomycin (Mack,
Germany) and trains of square-wave high voltage direct current pulses (amplitude 1040 V,
pulse width 100 ms, repetition frequency 1 Hz). Electric pulses were delivered by two parallel
stainless steel plate electrodes 8 mm apart (two stainless steel strips, 7 mm in width with
rounded tips). Good contact between the electrodes and the skin was provided by means of
conductive gel. It was shown that the electrode orientation strongly in¯uences the e�ciency of
electrochemotherapy. Namely, in previous studies many tumours regrew in the areas where the
intensity of the electric ®eld was lower. In the last study tumours were treated either with 4, 8,
or 4+4 pulses in train [15]. In the last group the second train of 4 pulses was delivered with
electrodes oriented perpendicularly with respect to the ®rst one with a time interval of 1 s
between the two trains of pulses. This changing of the electrode orientation resulted in
improved antitumour e�cacy of the electrochemotherapy; prolonged tumour growth delay and
higher percentage of short and long term complete responses of the tumours [15].

Numerical modelling was used as a tool for the explanation of the observed e�ects. In our
study an anatomically based numerical model was built to determine electric ®eld distributions
inside the tumour for di�erent electrode con®gurations, described in the previous paragraph. A
parametric study on the model was performed to evaluate di�erent electrode con®gurations
and gain more precise knowledge on the levels of electric ®eld intensity inside the tumour.
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2. Materials and methods

The electric ®eld in the biological tissue, resulting from application of constant direct electric
current, can be considered quasi-stationary i.e. its time variations can be neglected. Its
distribution is described by equations for the steady electric currents in the volume conductor.
For the homogenous and isotropic volume conductor the electric potential distribution is
governed by the Laplace equation which together with two types of boundary conditions
describe electric ®eld inside the conductor. The two types of boundary conditions are a
Dirichlet boundary condition de®ned as a ®xed scalar electric potential, i.e. applied voltage on
the surface of the model; and a Neumann boundary condition de®ned as a ®rst derivative of
the scalar electric potential in the direction normal to the boundary surface of the model, i.e.
current density ¯owing in/out of the model divided by the conductivity of the tissue.

2.1. Geometry and mesh generation

A three dimensional (3-D) anatomically based ®nite element (FE) model of the mouse with
injected subcutaneous solid tumour was built using MSC/EMAS (electromagnetic analysis
system) software package (trademark of MacNeal-Schwendler, USA) [16]. The geometry of the
model was based on the 14 cross section scans of one typical animal with a subcutaneous
tumour, obtained by magnetic resonance imaging (MRI). The distance between two
neighboring cross sections in the longitudinal direction was 2.7 mm. There were eleven MRI
scans in the abdominal and three in the thoracal part of the body. The geometry of the model
was described with 1390 points which de®ned 3859 curves/lines. A total of 1379 3-D geometric
bodies were de®ned using those curves. All data about geometrical entities, i.e. coordinates of
points, de®nitions of curves and geometric bodies, were arranged into a database using dBase
IV software package (trademark of Ashton Tate Corporation) in order to simplify further
modi®cations of the geometry of the model.
Resulting three dimensional geometric structure was built of eleven di�erent tissues (organs),

i.e. skin, fat, skeletal and heart muscles, bone, connective tissue, intestine, kidney, liver, lung

Table 1
Electric conductivities of tissues (organs) used in the model

Tissue Conductivity g (S/m)

Skin 0.04
Fat 0.046

Muscle g xx=0.225 g yy=0.225 g zz=0.9
Bone 0.025
Connective tissue 0.025
Intestine 0.55

Kidneys 1.01
Liver 0.333
Lungs 0.07

Heart g xx=0.2 g yy=0.2 g zz=0.44
Tumour 0.125
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and tumour. Each of these tissues (organs) formed a closed region and a mesh of 3-D ®nite
elements was generated inside with appropriate material properties assigned to the elements in
each region. Anisotropic characteristics were considered for skeletal and heart muscles, while
all other tissues (organs) were modelled as isotropic. The values of the electric conductivities of
tissues (organs) used in the model were collected from literature and used in one of previous
studies where similar model was veri®ed with the measurements of electric potential in the ®ve
points in the tumour and surrounding tissue [17]. All tissue conductivities are listed in Table 1.
All data about mesh generation were also arranged into a database to simplify further model
modi®cations and mesh generation procedure. Resulting 3-D model was made of 7089 3-D
®nite elements which were de®ned by 7578 grid points. It is shown in Fig. 1 where the cross
section alongside tumour, in which the results were observed, is also drawn.

2.2. Boundary conditions±electrode con®gurations

Di�erent electrode orientations were obtained by applying appropriate boundary conditions
in the grid points corresponding to each of the two electrodes. Increased area with the same
electric potential under each electrode resulting from the use of conductive gel was also

Fig. 1. Three dimensional anatomically based ®nite element model of the mouse with subcutaneous solid tumour.
Shaded plane represents cross section through the middle of the tumour in which the results were observed.
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considered. Fixed values of scalar electric potential, i.e. Dirichlet boundary conditions, were
assigned to grid points in the regions where electrodes were placed. Two electrode
con®gurations were modelled according to the position of the electrodes with respect to the
tumour, e.g. cranial/caudal and dorsal/ventral. Potentials of 0 V and 1040 V were assigned to
groups of appropriate grid points of the FE mesh corresponding to each of the electrodes thus
modelling the conditions in the experimental study. The width of both electrodes was 7 mm
and their thickness was 0.9 mm. In the cranial/caudal electrode con®guration, the positive
electrode was placed on the left side of the tumour in the direction towards the head of the
mouse. The distance between the electrode and the edge of the tumour was 0.9 mm. The
negative electrode was placed on the other (right) side of the tumour in the direction towards
the tail of the mouse and the distance between the electrode and the edge of the tumour was
again 0.9 mm. In the dorsal/ventral electrode con®guration the positive electrode was placed
above the tumour in the direction towards the back of the mouse. The distance between the
electrode and the edge of the tumour was 0.9 mm. The negative electrode was placed on the
other side below the tumour and the distance between the electrode and the edge of the
tumour was again 0.9 mm.
On the remaining outer surfaces of the model, a Neumann boundary condition was applied.

This boundary was considered as the interface between a conducting medium and air
(assimilated to an ideal dielectric). Since the conductor (skin layer) was linear and isotropic, the
usual Neumann condition was applied, i.e. the normal derivative of the electric potential on the
interface between the model and surrounding air was zero.

3. Results

Distributions of scalar electric potential were calculated for cranial/caudal and dorsal/ventral
electrode con®gurations. Distributions of electric ®eld intensity were then calculated from the
values of the scalar electric potential in the grid points of the model. The results were observed
in the cross section plane through the middle of the tumour alongside it, since we were most
interested in the electrical phenomena inside the tumour tissue.
In Fig. 2 the results for the cranial/caudal electrode con®guration are shown. The region of

the maximal electric ®eld intensity is near the electrodes where its magnitude reaches 4400 V/
cm. The magnitude of electric ®eld intensity falls rapidly towards edges of the tumour in
proximity of the electrodes where its value is 520 and 490 V/cm on the opposite sides of the
tumour. In the middle of the tumour, the magnitude of the electric ®eld intensity is lower (300
V/cm) and it falls towards edges of the tumour in the direction away from the line connecting
electrodes to the value of 250 V/cm.
In Fig. 3 the results for the dorsal/ventral electrode con®guration are shown. The region of

the maximal electric ®eld intensity is again near the electrodes where its magnitude reaches
4800 V/cm. The magnitude of electric ®eld intensity falls rapidly towards edges of the tumour
near electrodes where its value is 530 and 500 V/cm on the opposite sides of the tumour. In the
middle of the tumour, the magnitude of the electric ®eld intensity is lower (390 V/cm) and it
falls towards edges of the tumour in the direction away from the line connecting electrodes to
the value of 280 and 300 V/cm.
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The distributions of the electric ®eld were more precisely studied for 48 elements representing
subcutaneous tumour, since we were most interested in the electrical phenomena inside tumour
tissue. The mean magnitude of the electric ®eld intensity inside tumour for the cranial/caudal
electrode con®guration is 360 V/cm. The magnitudes of the electric ®eld intensity for the
dorsal/ventral electrode con®guration are higher with the mean of 400 V/cm.

Fig. 2. Electric ®eld distribution for the cranial/caudal electrode con®guration. The location of the tumour and
electrodes is schematically shown.

Fig. 3. Electric ®eld distribution for the dorsal/ventral electrode con®guration. The location of the tumour and
electrodes is schematically shown.
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Electric ®eld distribution for the electrode con®guration 4+4, where for the last four pulses
the electrodes were oriented perpendicularly with respect to the position of the electrodes for
the ®rst four pulses, was determined as a combination of the results for the cranial/caudal
and dorsal/ventral electrode con®gurations. Since electropermeabilization is a threshold
phenomenon, it can be assumed that in the 4+4 electrode con®guration the e�ective
magnitude of electric ®eld intensity in each ®nite element of the model is the higher of the
magnitudes for cranial/caudal and dorsal/ventral electrode con®gurations in that particular
element. Based on this assumption we determined the values of the electric ®eld intensity for all
7089 ®nite elements and the resulting distribution in the cut surface is shown in Fig. 4. The
mean magnitude of electric ®eld intensity for the 48 elements representing tumour is 430 V/cm,
i.e. higher than in the cranial/caudal or dorsal/ventral electrode con®gurations.

4. Discussion

In the present study, the three dimensional, anatomically based model of the mouse with
subcutaneous tumour during electrochemotherapy was built by means of the ®nite element
method. Di�erent electrode con®gurations, i.e. orientations of the plate electrodes, were
modelled by applying appropriate boundary conditions. Distributions of electric ®eld intensity
were determined in the cut surface through the middle of the tumour.
As it was previously shown, changing electrode orientation during the treatment improves

the e�cacy of electrochemotherapy of solid tumours in mice [15]. Electric ®eld intensity in all
electrode con®gurations has its maximum near the electrodes outside the tumour. The
summary data for the magnitude of the electric ®eld intensity in selected points inside tumour
tissue are listed in Table 2. The maximum magnitudes of the electric ®eld intensity inside
tumour tissue for the cranial/caudal and the dorsal/ventral electrode con®gurations are near
electrodes. In the middle of the tumour, these magnitudes are lower and they fall even more

Fig. 4. Electric ®eld distribution for the 4+4 electrode con®guration.
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rapidly towards the edges in the direction away from the line connecting electrodes. This
pattern, which can also be noted in Figs. 2 and 3, is in good agreement with the experimental
results. Namely, in the group where electrode orientation was not changed many of the
tumours regrew after successful treatment in the margins where there was no contact with the
electrodes [15].
The magnitudes of electric ®eld intensity inside the tumour for the dorsal/ventral electrode

con®guration are higher than for cranial/caudal electrode con®guration. This is a result of the
higher electric conductivity of the muscle tissue in the longitudinal direction. Namely, in the
cranial/caudal electrode con®guration, this direction coincides with the direction of the
electrical current for that particular electrode position. As a result of this, more current was
¯owing through the muscle tissue deeper in the model than through tumour.
The electric ®eld distribution for the 4+4 electrode con®guration, shown in Fig. 4, clearly

shows the rise of the magnitudes of electric ®eld intensity inside the whole tumour compared to
each of previous electrode con®gurations. The mean value of the electric ®eld intensity for the
4+4 electrode con®guration is also higher than in the case of the cranial/caudal or the dorsal/
ventral electrode con®gurations.
The results obtained clearly demonstrate that the improvement in the tumour treatment for

the experimental group where electrode con®guration was changed [15], is due to higher
electric ®eld intensities reached inside the tumour.

5. Summary

Electrochemotherapy has proven to be an e�ective treatment of tumours, employing locally
applied high voltage direct current electric pulses in combination with chemotherapeutic drugs.
Plasma membrane hinders some antitumour drugs from entering the cells, thus reducing their
e�cacy. Biological consequences of electromagnetic ®elds are well described in the case of use
of short intense direct current electric pulses, which result in electropermeabilization of the
cells, i.e. transient and reversible changes in the plasma membrane. It becomes permeable to a
number of hydrophilic molecules that are otherwise unable to di�use through it, e.g. some
chemotherapeutic drugs.
In one of the previous studies, it was shown that changing the electrode orientation improves

the e�cacy of electrochemotherapy of solid tumours in mice. Ehrlich ascites tumour in CBA
mice was used as a tumour model. Tumours were treated with the combination of
intravenously injected bleomycin and trains of square-wave high voltage direct current electric

Table 2
Magnitudes of electric ®eld intensity (V/cm) in the selected points inside tumour

Electrode
con®guration

Center of
the tumour

Left edge of
the tumour

Right edge of
the tumour

Upper edge of
the tumour

Lower edge of
the tumour

Cranial/caudal 300 520 490 250 250
Dorsal/ventral 390 280 300 500 530
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pulses which were delivered via two parallel stainless steel plate electrodes. Changing of the
electrode orientation during the treatment resulted in improved antitumour e�cacy of the
electrochemotherapy, prolonged tumour growth delay and higher percentage of short and long
term complete responses of the tumours.
In our study, a three dimensional anatomically based ®nite element model of the mouse with

injected subcutaneous solid tumour was built. The model consisted of the following eleven
di�erent tissues (organs): skin, fat, skeletal and heart muscles, bone, connective tissue, intestine,
kidney, liver, lung and tumour. Their conductivities were collected from literature. Anisotropic
characteristics were considered for skeletal and heart muscles. For the conductivity of the
tumour tissue, we used a value determined in one of our previous studies. The main goal of the
study was to evaluate the in¯uence of the electrode orientation on the distribution of electric
®eld in the tumour and surrounding tissue during electrochemotherapy. Two electrode
con®gurations, previously examined in the experimental study, were modelled: cranial/caudal
and dorsal/ventral, where electrodes were oriented perpendicularly with respect to each other.
Electric ®eld distributions were calculated for each electrode con®guration and magnitudes

of the electric ®eld intensity were analyzed throughout the model and more precisely inside the
tumour tissue. Electric ®eld distribution for the 4+4 electrode con®guration, where the
orientation of the electrodes was changed during electrochemotherapy, was determined as the
combination of the results of the cranial/caudal and the dorsal/ventral electrode con®gurations.
Highest magnitudes of electric ®eld intensity inside the tumour were obtained for the 4+4
electrode con®guration. Furthermore, the magnitudes of electric ®eld intensity inside the
tumour were higher for the dorsal/ventral electrode con®guration than for the cranial/caudal
electrode con®guration. This is a consequence of the higher electric conductivity of the deeper
lying muscle tissue in the longitudinal direction which coincides with the direction of the
electric current for that particular electrode position.
The main conclusion of our study is that changing electrode orientation strongly in¯uences

the distribution of the electric ®eld inside the tumour in the electrochemotherapy of solid
tumours in mice, which is in good agreement with the results of the experimental study. The
e�cacy of the electrochemotherapy depends on the magnitude of the electric ®eld intensity
inside tumour tissue.
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