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ABSTRACT

Electrochemotherapy and electrogene therapy are new methods in molecular medicine
based on electroporation-mediated introduction of foreign  molecules
(chemotherapeutic drugs, DNA) into target cells in vivo. Electrochemotherapy involves
the injection of chemotherapeutic agent followed by a local delivery of a train of short
high-voltage pulses to the tumor nodule (i.e. 8 square-wave pulses of 100 ps duration
delivered at the repetition frequency of 1 Hz or several kHz, with a voltage-to-distance
ratio of up to 1500 V/cm). For the transfer of DNA across a cell membrane a train of
long low-voltage pulses (i.e. 8 rectangular pulses of 50 ms duration delivered at the
repetition rate of 1 Hz, with a voltage-to-distance ratio up to 250 V/cm) is much more
effective due to the electrophoretic effect on DNA molecule. In this paper we present a
comprehensive analysis of tissue heating as a potential side effect of electric pulses used
for electroporation-based treatments. The analysis is based on a coupled electro-
thermal model using 3-D finite-element approach. We studied two electrode
geometries: parallel plates and a pair of needles. By setting the appropriate boundary
conditions, we simulated driving of electrodes with short, high-voltage,
electropermeabilizing pulses and with longer, lower voltage, electrophoretic pulses. We
obtained time dependent solutions for electric field and temperature distribution by
FEM solver. Based on the numerical simulations we analyzed the influence of tissue
electrical conductivity and parameters of electric pulses (amplitude, duration, number
of pulses, pulse repetition frequency) on the temperature distribution within the tissue
and the electrodes. Results of our simulations show that at specific pulse parameters at
least locally tissue heating might be significant (i.e. tissue temperatures to grow in
excess of 43°C). For electrochemotherapy, this is not critical, but DNA electrotransfer
may be unsuccessful due to heating-related DNA damage or denaturation.

Index Terms — Electroporation, electrochemotherapy, electrogenetherapy, tissue
field strength, Joule heating, finite element method.

1 INTRODUCTION

ELECTROCHEMOTHERAPY is a term used to describe the
enhancement of antitumor effectiveness of chemotherapeutic
drug by the local application of electric pulses of appropriate
characteristics at the tumor site. The method was tested on animal
tumor models [1-6], first reports and clinical trials in humans
were encouraging [7-13], and electrochemotherapy is now
clinically acknowledged method for the treatment of cutaneous
and subcutaneous tumors [14]. The prerequisite for the antitumor
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effect, in addition to the proper choice of cytotoxic agent, is the
application of sufficiently large electric field to tissue. The
underlying physical and chemical processes associated with the
effect of large electric fields to cells in tissue are still not fully
explained. However, the results of experimental studies and
predictions of theoretical models indicate that cell membrane,
when exposed to high enough electric field, goes through a
process of structural rearrangements and becomes permeable to
ions and various molecules (drugs, proteins, DNA, etc.) that
otherwise have hampered transport through the cell membrane.
This phenomenon is termed membrane electroporation where
electropermeabilization is used to describe its most important
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outcome — increased permeability of cell membrane [15-19].
Namely, it is believed that the enhanced uptake of exogenous
molecules into the cells is due to formation of transient aqueous
pores in the lipid bilayers. If the electric field is not too high,
membrane reseals and cell viability is preserved. Besides
electrochemotherapy, the application of intense electric pulses for
in vivo transfer of DNA into living cells, known as in vivo gene
electrotransfection, is rapidly expanding [20-26]. This is safer
alternative for DNA transfer than using viral vectors. Studies of
plasmid DNA transfer into skeletal muscle have shown that
efficient long-term expression can be achieved [22].
Electroporation-based methods of gene delivery are also feasible
in transfecting solid tumors [23, 25]. Therefore we can expect
that in vivo gene electrotransfer will also become safe and
efficient method for gene therapy.

For successful electrochemotherapy and in vivo gene
electrotransfection it is important to reversibly permeabilize cells
in the target area and at the same time to minimize the area where
cell necrosis occurs. The governing factor for cell
permeabilization is the intensity of the local electric field in tissue
which is the result of applied voltage, electrode geometry and
tissue properties. Numerous experimental studies dealt with the
optimization of pulse amplitudes, pulse width and the number of
pulses for electrochemotherapy of tumors and for in vivo gene
electrotransfer. For internalization of smaller molecules into the
cells, short, high intensity pulses are used. However, for transfer
of macromelecules, such as DNA, much longer pulses are
preferred since electrophoretic effect of electric pulses on DNA
molecules is important for its transfer across the cell membrane.
In electrochemotherapy of tumors, the most widely used protocol
comprises of eight pulses having duration of 100 us, repetition
frequency 1 Hz and voltage to distant ratio of 1300 V/cm [8, 12,
13]. For in vivo gene transfer pulse delivery protocols are still not
standardized and the results of experimental studies are
conflicting regarding the optimal pulse parameters for
transfection [20-25]. Nevertheless, for efficient
electrotransfection pulses should be much longer, even up to 20-
50 ms pulses were suggested to be effective, but of lower
amplitude (i.e. voltage to distance ratio 200 V/cm). Even better
transfection efficiency can be obtained by combination of one
short high-voltage permeabilization pulse followed by a number
of long low-voltage electrophoretic pulses [27-28].

The application of large electric pulses to tissue causes not
only electroporation, which is a non-thermal phenomenon, but
may also cause concomitant heating. Namely, current flow
through conducting medium involves Joule effect and
consequently temperature increase in tissue can be expected.
Temperatures above 43-45 °C cause denaturation of proteins and
destruction of cell structures, eventually resulting in cell necrosis.
Evidently, heating can become critical parameter especially for in
vivo  electrotransfection =~ when  reversible = membrane
permeabilization and cell survival is an imperative.

In our present study, we investigated possible effects of Joule
heating during standard pulse delivery protocols used for
electrochemotherapy and in vivo gene transfer, taking into account
three dimensional geometry of tissue and electrodes, exact
modeling of pulse trains, both the electrical and thermal properties
of tissue and electrodes, contribution of blood perfusion and the
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thermal contact with the surroundings. Based on the numerical
simulations we analyze the influence of tissue electrical
conductivity and parameters of electric pulses (amplitude, duration,
number of pulses, pulse repetition frequency) on the temperature
distribution within the tissue and the electrodes and compare our
with previously published results [29-32].

2 METHODS

The significance of Joule heating as a mode of tissue damage
during electroporation-based treatments can be estimated by
determining the tissue temperature as a function of time. Because
Joule heating involves electro-thermal interactions multiphysics
modeling is required.

2.1 COUPLED ELECTRO-THERMAL MODEL

Electric field E induced in the tissue as a result of the voltage
applied at the electrodes is usually modeled assuming the tissue
to be a passive homogenous linear volume conductor [33, 29,
30]. Supposing that the electric current density J in tissue is
divergence-free, the electric potential ¢ satisfies:

V-(oVp) =0 (1

where o is the electrical conductivity. Moreover, electric field
can be further expressed as a gradient of scalar electric potential
E = —V, and current density is related to electric field by

Ohm’s law J = oE. In this formulation the displacement
current Jy, = €,60(0E/0t), with ¢, known as relative

permittivity, and the magnetic induction effect have been
neglected as non-dominant effects. Also, in spite of the fact that
at electroporative field strength tissue conductivity increases [34-
36] (i.e. tissue is not a linear conductor), we decided to use linear
model and take this nonlinear effect into account by
parametrization of tissue conductivity. Namely, recently
presented macroscopic model of tissue electropermeablization
that includes the increase of tissue conductivity with the electric
field intensity [36], would be too difficult to couple with the
equation describing the heat transfer.

Heat transfer in the tissue under normal conditions can be
modeled by the bioheat equation proposed by Pennes [37].
However, exposure of tissue to electric pulses requires Joule
heating to be taken into account. Thus, in our model, the
temperature 7' is obtained from the bioheat equation in which
the Joule heating term JE is added as a distributed heat source:

aT
peor = V- (kVT) = ppwye (T —Ty) + @ + JE (2)
Here ¢ is the time, p, ¢ and k are the density, the heat capacity
and the thermal conductivity of tissue, wj, is the blood perfusion,
py and ¢, are the density and the heat capacity of blood, 7 is
the temperature of the arterial blood and @), is the metabolic

heat. Due to time dependent diffusion process, thermal modeling
is more complex than electrical.
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Together with appropriate boundary and initial conditions,
equations (1) and (2) represent complete formulation of the
problem in the form of two partial differential equations. These
two equations are coupled and have to be solved simultaneously.
Namely, heating power per unit volume due to the Joule effect:

JE = o|Ef = o|Vef (3)

which can be obtained from the solution of the first equation (1)
acts as a distributed heat source in the heat equation (2). As tissue
electrical conductivity increases with temperature [38], additional
coupling between equations (1) and (2) exist. This temperature
dependence of tissue electrical conductivity is modeled as:

o=o0y[1+a(T-1T,)] “)

where « is the temperature coefficient. For most tissues it is
around 1.5 % /°C [38].

We applied the finite-element approach to solve the
formulated coupled electro-thermal model for specific electrode
configurations and different pulse protocols. We used COMSOL
Multiphysics (COMSOL AB, Sweeden) environment with
MATLAB (The MathWorks, Inc. USA) for geometry modeling,
meshing and solving.

2.2 GEOMETRY MODELING AND MESHING

We developed geometrical models of two types of electrodes
widely used for in vivo tissue electroporation: parallel plate
electrodes (Figure 1) and a pair of needle electrodes (Figure 2).

In the case of plate electrodes, we modeled a block of tissue
encompassed by two parallel stainless steel plate electrodes placed
4.4 mm apart, mimicking in vivo electroporation experiment on rat
liver. The length (x), the width (y) and the thickness (z) of each
electrode were 20 mm, 6 mm and 0.5 mm, respectively. Since two
symmetry planes exist (xy and xz) only one forth of the model
presented in Figure 1 was actually modeled and meshed. The mesh
consisted of approximately 30000 linear tetrahedral elements.

Figure 1. Geometrical model of plate electrodes and tissue. Electrode length
(x) 21 mm, width (y) 6 mm, thickness (z) 0.5 mm; interelectrode distance: 4.4
mm. Numbers (1, 2 and 3) indicate selected locations for temperature
comparison.
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Figure 2. Geometrical model of needle electrodes and tissue. Needle
diameter: 0.7 mm; insertion depth: 7 mm; interelectrode distance: 8 mm.
Numbers (1, 2 and 3) indicate selected locations for temperature comparison.

In the case of needle electrodes, a block of tissue was modeled
as a parallelepiped of 32 mm X 32 mm % 17 mm in which two
needle electrodes 0.7 mm in diameter were inserted to the depth
of 7 mm with interelectrode spacing 8 mm. The size of the tissue
block, interelectrode distance, needle diameter and the insertion
depth are the same as in the previous work [33]. Due to two
symmetry planes, we meshed just one forth of the entire
geometry, as for plate electrodes. Precaution was taken to obtain
high quality mesh near the needles, where steep change of
electric potential is expected. The final mesh of one quarter of the
geometry shown in Figure 2 consisted of approximately 23000
linear tetrahedral elements.

2.3 TISSUE PROPERTIES AND BOUNDARY
CONDITIONS

Since great number of electroporation studies was performed
on rat liver, we assumed rat liver tissue for all our simulations.
Physical properties of liver needed for our model described in
section 2.1 can be found in literature [38, 39]. The most
important parameter that determines electric conduction through
tissue is electrical conductivity. Nominal low-frequency (at 10
Hz) electrical conductivity of rat liver that we used in this study
was 0.126 S/m [38], which is very close to reports of liver
conductivity by Duck (0.12 S/m) [39] and by Foster and Schwan
(0.13 S/m) [40], and is slightly higher than conductivity
measured by Gabriel et al. (0.07 S/m) [41]. This nominal
conductivity means the conductivity of non-electroporated tissue.
We already mentioned that tissue conductivity increases due to
electroporation. To analyze how this increase affects the
temperature rise in the tissue we performed simulations also for 2
and 4 times higher electrical conductivity from the nominal
conductivity (i.e. 0.252 S/m and 0.504 S/m). This simplification
introduces some error, since in real situation tissue conductivity
increases nonuniformly depending on the local electric field
intensity (i.e. only where electroporation occur). Also, the extent
of assumed conductivity increase is on a high side. However, this
parameterization analysis enables to simulate the worst-case
scenario to predict the maximum temperature rise. Another useful
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aspect of conductivity parametrization is the possibility of
reinterpreting the simulation results for tumors since electrical
conductivity of hepatic tumors (at 10 Hz) is 0.269 S/m [38], which
is approximately two times higher than the conductivity of normal
liver tissue. The values of liver tissue density (p=1050 kg/m’),

heat capacity (c=3600 J/(kg-K)), thermal conductivity (k=0.512
W/(m'K)), temperature coefficient of electrical conductivity
(a=1.5% °C™) are also taken from the literature [39]. Electrodes,
made of stainless steel, were modeled with both electrical and
thermal properties (electrical conductivity o =1.398x10° S/m,
density p=1050 kg/m’, heat capacity ¢=490 J/(kg’K), thermal

conductivity £~16.3 W/(m'K) ). Blood density and heat capacity
are p,=1060 kg/m’ and ¢, = 3600 J/(kg'K) respectively [39].
Normal blood perfusion for liver was estimated to 0.0044 s™ from
literature data originally expressed in ml/(100 g:min) [42], and the
metabolic heat was assumed to be @, =420 W/’ [43].

Driving of electrodes with pulse trains was modeled as time
dependent  Dirichlet  boundary  condition.  Schematic
representation of high-voltage (HV) and low-voltage (LV) pulse
trains used in simulations is given in Figure 3. For
electochemotherapy case, where short high-voltage pulses are
used, we performed simulations for a train of 8 square-wave
pulses of 100 ps duration. Pulse amplitude was chosen to obtain
voltage-to-distance ratio of 1500 V/em for both electrode
geometries. Thus, the pulse amplitude was 660 V for plate
electrodes and 1200 V for needle electrodes. The voltage-to-
distance ratio (or the nominal applied electric field) differs from
the actual electric field in tissue. In particular this is true for
needle electrodes that have steep decrease of the field in the
radial direction. However, we used voltage-to-distance ratio for
convenience, to be inline with reported data from experimental
studies. Pulse repetition frequency was 1 Hz (standard) and
1 kHz (high). We denote this high-voltage pulse train as HV:
1500 V/em, 8x100 ps, 1 Hz (or 1 kHz). For electrotransfection
case, we simulated a train of long low-voltage pulses delivered
every 1 s each having the amplitude 110 V for plate electrodes
and 200 V for needle electrode (corresponding to voltage-to-
distance ratio 250 V/cm) and pulse duration of 50 ms (LV: 250
V/em, 8x50 ms, 1 Hz). This protocol was chosen since it was the
most effective for electrotransfection of rat liver [21]. Due to
symmetry, boundary condition on electrode was half the actual
voltage, and symmetry plane between electrodes was treated as
antismmetry boundary condition (i.e. zero potential). Other
boundaries were treated as electrically insulating.

Thermal boundary conditions were insulation on all
boundaries except the upper surface of tissue and electrodes
which was modeled as convective boundary condition. Initial
tissue temperature was assumed to be 37°C. Temperature of
surrounding air was set to 25°C, and convective heat-transfer
coefficient is set to 10 W/(m* K).

For pulse trains having 1 Hz repetition frequency simulations
were run for 10 s. Since the duty cycle is very low (i.e. for HV
pulses 100 ps / 1's = 10™) special attention was given to the
control of time steps in the variable-step solver. For pulse trains
having 1 kHz repetition frequency simulations were run for 8.5
ms. This is sufficient simulation time, since all pulses are
delivered in 8 ms and the highest tissue temperature is expected
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immediately after the end of the last pulse and the peak tissue

temperature can thus be estimated.
HV: 1500 V/cm, 8 x 100 ps, 1 Hz

1% pulse 8™ pulse
100 us
# 1s
HV: 1500 V/cm, 8 x 100 ps, 1 kHz
1% pulse 8" pulse
4100 us
LV: 250 V/cm, 8 x 50 ms, 1 Hz
1% pulse 8" pulse

Figure 3. Schematic representation of high-voltage (HV) and low-voltage
(LV) pulse trains used in simulations.

3 RESULTS

The computed temperature distribution for all cases studied
would take too much space, so we present only some
characteristic cases. The results are organized to compare
different electrode geometries (plates, needles), different pulse
protocols (electrochemotherapy, high frequency
electrochemotherapy  and  electrotransfection), and all
parametrized for different tissue electrical conductivities. In order
to evaluate the time course of temperature during a train of
voltage pulses we selected three characteristic locations in each
geometrical model. For plate electrodes (Figure 1) these locations
are: 1 - in the tissue exactly in the middle between the two
electrodes; 2 - in the tissue near (0.1 mm) the tip of the electrode;
and 3 - in the electrode itself. For needle electrodes (Figure 2)
these locations lie in the xy plane at the depth of 3.5 mm from the
tissue surface and their position are: 1 - in the tissue exactly in
the middle between electrodes; 2 - in the tissue 2 mm radially
from the electrode surface (in the direction of the opposite
electrode); and 3 - in the tissue near (0.1 mm) the electrode.

First we consider standard electrochemotherapy protocol with
plate electrodes. Temperature distribution immediately after the
last pulse in the train of eight short HV pulses (1500 V/cm,
8x100 ps, 1 Hz) is presented in Figure 4. Note that only one forth
of the entire model is shown. Due to the symmetry, solutions in
other parts of the geometry are easily obtained by mirroring.
However, we prefer this view since it exposes the interior of the
tissue and electrodes. Simulation results for nominal (0.126 S/m)
and increased (0.504 S/m) tissue electrical conductivity are
given. Time course of temperature at selected locations is
presented below the spatial distribution of the temperature
(Figure 4c). Since temperature plots overlap, to avoid ambiguity,
we point out that temperature at location 1 exhibits staircase-like
increase, while at location 2 has spiky transients.
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Figure 4. Temperature distribution for plate electrodes immediately after
the last pulse in the train of eight short HV pulses (1500 V/cm, 8x100 s,
1 Hz) for two values of tissue electrical conductivity: (a) 0.126 S/m
(nominal) and (b) 0.504 S/m (increased). Note different temperature
scales. (c) Time course of temperature in selected points. Marker (1)
indicates the time step corresponding to the temperature distributions
shown in Figures 4a and 4b. Exact location of the selected points is shown
in Figure 1.
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Figure 5. Time course of temperature in selected points for plate electrodes
during the train of eight short HV pulses (1500 V/cm, 8x100 ps, 1 kHz) for
two values of tissue electrical conductivity 0.126 S/m (nominal) and 0.504
S/m (increased).
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LV pulses: 250 V/cm, 8x50 ms, 1 Hz
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Figure 6. Temperature distribution for plate electrodes immediately after the
last pulse in the train of eight long LV pulses (250 V/cm, 8x50 ms, 1 Hz) for
two values of tissue electrical conductivity (a) 0.126 S/m (nominal) and (b)
0.504 S/m (increased). Note different temperature scales. (c) Time course of
temperature in selected points. Marker (1) indicates the time step
corresponding to the temperature distributions shown in Figures 4a and 4b.
Exact location of the selected points is shown in Figure 1.

The influence of increased pulse repetition frequency on
temperature rise for plate electrodes is given in Figure 5. For
clarity, we only report tissue temperature at locations 1 and 2 for
two different tissue conductivity values.

Figure 6 illustrates the temperature distribution and time
course of temperature at selected locations for the train of eight
long LV pulses (250 V/em, 8x50 ms, 1 Hz) again for plate
electrodes with tissue electrical conductivity as a parameter.
These simulation results illustrate Joule heating during
electrotransfection with plate electrodes.

LV pulses were delivered intentionally with 1 s delay to check
the contribution of air convection. It was found that after 1 s the
temperature drop due to air convection is less than 0.05°C even at
the tissue surface (location 3).

The three figures to follow (Figures 7, 8 and 9) show, for
needle electrodes, the same as previous three figures for plate
electrodes i.e. calculated temperature distributions for standard
electrochemotherapy ~ protocol,  for  high  frequency
electrochemotherapy and for electrotransfection protocol. Thus,
Figure 7 presents the response of needle electrode model to HV
pulses (1500 V/em, 8x100 ps, 1 Hz), Figure 8 shows the same
for 1 kHz HV pulses (1500 V/cm, 8x100 ps, 1 Hz) and Figure 9
illustrates results for LV pulses (250 V/cm, 8%50 ms, 1 Hz).
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HV pulses: 1500 V/cm, 8x100 ps, 1 Hz
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Figure 7. Temperature distribution for needle electrodes immediately after
the last pulse in the train of eight short HV pulses (1500 V/cm, 8x100 s, 1
Hz) for two values of tissue electrical conductivity: (a) 0.126 S/m (nominal)
and (b) 0.504 S/m (increased). Note different temperature scales. (c) Time
course of temperature in selected points. Marker (1) indicates the time step
corresponding to the temperature distributions shown in Figures 7a and 7b.
Exact location of the selected points is shown in Figure 2. The temperature at
location 3 for 0.504 S/m (75, dashed line) peaks at 45°C.
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Figure 8. Time course of temperature in selected points for needle electrodes
during the train of eight short HV pulses (1500 V/cm, 8x100 ps, 1 kHz) for
two values of tissue electrical conductivity 0.126 S/m (nominal) and 0.504
S/m (increased). The temperature at location 3 for 0.504 S/m (73, dashed line)
peaks at 62°C.
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LV pulses: 250 V/cm, 8x50 ms, 1 Hz
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Figure 9. Temperature distribution for needle electrodes immediately after
the last pulse in the train of eight long LV pulses (250 V/cm, 8x50 ms, 1 Hz)
for two values of tissue electrical conductivity (a) 0.126 S/m (nominal) and (b)
0.504 S/m (increased). Note different temperature scales. (¢) Time course of
temperature in selected points. Marker (1) indicates the time step
corresponding to the temperature distributions shown in Figures 4a and 4b.
Exact location of the selected points is shown in Figure 1. The temperature at
location 3 for 0.504 S/m (73, dashed line) peaks at 139°C.

To avoid ambiguity in interpretation, we point out that in
Figures 7c and 9c, temperature at locations 1 and 2 exhibits
staircase-like increase, while at location 3 has spiky transients.

4 DISCUSSION

Application of large electric fields to cells results in the build-
up of a transmembrane voltage. At sufficiently large external
field strength, the intense electric field that develops across the
cellular membrane causes structural rearrangements in the
membrane and formation of pores. This process of
electroporation is reversible at formative field strengths and
becomes irreversible at higher levels. It is a multistage process
with a very rapid onset of the formation of conduction pathways
in the membrane. Along with pure electric field effect, thermal
reactions from the passage of electric current occur. There have
been several studies investigating Joule heating during skin
electroporation, where localized heating in the stratum corneum
was analyzed and theoretical model of temperature rise was
developed [44-46]. These studies were aimed primarily to study
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the thermal effects of electroporation on a microscale.
Temperature rise due to Joule heating during solid tissue
electroporation was studied experimentally on animal tissue ex
vivo and by two-dimensional finite-element model [29].
Theoretical analysis of thermal effects during in vivo tissue
electroporation was published, but was also limited to two
dimensions, with additional simplifications regarding modeling
of pulse trains [30]. During the last few years, irreversible
electroporation emerged as an independent non-thermal modality
for tissue ablation including tumors [47-50]. Temperature
considerations during irreversible electroporation were studied
on multicellular model and on a multiscale tissue model
constructed from a unit cell [31]. Recently, a study investigating
temperature effects associated with irreversible electroporation
based on a bulk tissue model was published [32]. This study is
also two-dimensional, pulse trains are not modeled and results
are due to normalization in time and temperature hard to directly
apply to specific pulsing protocol. Our present study contributes,
at the macroscopic level, to more realistic modeling of tissue
heating for electrochemotherapy and in vivo gene electrotransfer.

Theoretically, under the assumption of adiabatic conditions
and homogenous electric field between the electrodes, the law of
the conservation of energy, gives the following temperature
increase after a single electric pulse of the duration ¢, and

amplitude Vj :

Vit
AT =200 5)
ped?

where d is the distance between the electrodes, o, p and c are

tissue electrical conductivity, mass density and heat capacity,
respectively. After N pulses, cumulative temperature rise can be
estimated as ATy = NAT, . However, with realistic plate and

needle electrodes, the application of equation (5) for estimating
the increase of tissue temperature related to pulse trains used in
electrochemotherapy and electotransfection would  give
erroneous results. One aspect is complex geometry where even
for plate electrodes actual electric field differs from imposed
voltage-to-distance ratio. Another aspect is that equation (5)
gives the upper limit of the temperature rise in the bulk of the
tissue, since numerous factors contributing to heat sinking are not
taken into account. Specifically, equation (5) neglects the
presence of electrodes, their finite dimensions and material
properties, heat diffusion in the tissue and electrodes, thermal
contact with the surroundings and the contribution of blood
perfusion. Moreover, equation (5) neglects the edge effects
where heating is much higher than in the bulk and also the
increase of electrical conductivity of tissue due to the temperature
rise. To take all these effects into account we formulated the
problem with partial differential equations (1) and (2), and
decided to do three-dimensional geometry modeling. The effect
of the increase of tissue electrical conductivity caused by
electroporation we addressed by parametrization. We focused on
three-dimensional finite element modeling of electric and thermal
fields in liver tissue exposed to high- and low-voltage pulse
trains that were delivered through the parallel plate or needle
electrodes. We obtained the electric field and temperature
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distribution in the tissue for the typical pulse train for
electrochemotherapy (1500 V/em, 8x100us, 1Hz), for
electrochemotherapy with high repetition frequency pulses
(1500 V/em, 8100 ps, 1 Hz) and for a widely used pulse train
for in vivo electrotransfection (250 V/ecm, 8x50 ms, 1 Hz).

Before commenting on the results of our simulations, the
temperature threshold for thermal damage is important aspect to
consider. Thermal damage depends on the duration of exposure
and the temperature. Survey of high-voltage and high-current
injuries by M. A. Chilbert provides information for some tissues
[51]. Cutaneous burns occur when the temperature is elevated for
a sufficient length of time: 45°C requires more than 3 h, 51°C
requires less than 4 min and 70°C requires less than 1s.
Temperature levels that cause injury in other tissues are similar,
although for example, electrically induced thermal damage to
peripheral nerve has been noted to occur at 48°C after several
seconds. For the interpretation of our results we assume that for
temperatures less than 43°C no cellular injury occurs.
Temperatures above 43-45°C cause denaturation of proteins and
destruction of cell structures, eventually resulting in cell necrosis.
If the tissue temperature is transiently increased but kept below
45-50°C thermal damage is likely to be insignificant. Higher
temperatures can lead to tissue thermal damage, with undesirable
consequences on the success of electrochemotherapy or
electrotransfection.

We see from the results (Figure 4 — Figure 9) that tissue
temperature due to Joule heating strongly depends on electrode
geometry, tissue electrical conductivity, and on parameters of
electric pulses - pulse duration, pulse amplitude, repetition
frequency and the number of pulses.

For standard electrochemotherapy protocol (HV pulses: 1500
V/em, 8x100 ps, 1 Hz) with plate or needle electrodes tissue
heating is observed but is not critical (Figure 4 and Figure 6)
even if we assume considerably (4X) increased tissue
conductivity. The results also show that successive HV pulses
cumulatively increase the bulk tissue temperature. Namely, there
is no cooling of the bulk tissue between the pulses although
pulses are much shorter than the pauses between them (100 ps
vs. 1 s). Cooling between pulses is observed only in the vicinity
of electrodes due to strong temperature gradient between the
tissue and electrode (Figure 4c trace 75 , and Figure 7c, trace T3).
Temperature of electrodes also increases (i.e Figure 4c trace T3)
due to heat conduction from the tissue (as opposed to modeling
of electrodes in [29] as infinite heat sinks at 37°C). Indeed,
electrodes serve as heat sinks, but due to relatively small volume
their temperature quickly rises. For needle electrodes, the results
show highly localized tissue heating with maximal temperature
rise in the bulk near the electrode tip. The region of increased
temperature is formed around the needles where electric field and
current density are the highest. This region overlaps with regions
where electroporation occurs [33, 36]. Due to spatial distribution
of the electric field around needle electrodes, this part of tissue
close to needles is most likely also irreversible electroporated.
Simulation results are in agreement with experiments and prove
the safety of standard electrochemotherapy pulsing protocol (up
to 1500 V/em, 8x100 ps, 1 Hz) with respect to tissue thermal
damage.



IEEE Transactions on Dielectrics and Electrical Insulation Vol. 16, No. 5; October 2009

With adequate local anesthesia, the main side-effect of
electrochemotherapy is an unpleasant contraction of muscles
located in the vicinity of the electrodes. Since the pulse repetition
frequency of 1 Hz is most often used, each pulse in the train of 8
pulses causes the contraction of muscles innervated by the
excited nerves. Electrochemotherapy with pulse repetition
frequency above the frequency of tetanic contraction would
reduce the number of individual muscle contractions and would
improve patient comfort. Recent experimental studies where
electrochemotherapy with high frequency pulses (e.g. 1 kHz [52]
and 5 kHz [12, 53]) was performed have shown that using higher
repetition frequency reduces the unpleasant contractions to a
single one and shortens the treatment time, while the efficacy of
electrochemotherapy measured by the tumor response to
treatment was not different comparing to the standard 1 Hz
protocol. Results of our simulations for high repetition frequency
electrochemotherapy (HV pulses: 1500 V/cm, 8x100 ps, 1 kHz)
for two electrode geometries (plate electrodes - Figure 5; needle
electrodes — Figure 8) show that the increase of pulse repetition
frequency from 1 Hz to 1 kHz causes an increase of bulk tissue
temperature that is still low and unlikely to induce thermal
damage (note that time scale is in ms). This result was validated
in the most recent electrochemotherapy study on patients where,
for the first time, pulse repetition frequency of 5 kHz was used
and has proven to be safe and even more effective in tumor
treatment than standard repetition frequency of 1Hz [12].
However, from our simulation results we observe that near the
electrodes temperature rise may be significant (Figure 5 trace 7,
Figure 8 trace T3) if increased conductivity is assumed.

Simulation results for electrotransfection protocol with train of
LV pulses (250 V/em, 8x50 ms, 1 Hz) for both plate (Figure 6)
and needle electrode (Figure 9) show that temperature increase in
the tissue is far from being unimportant. The simulated train of
electrophoretic pulses is likely to cause localized thermal
damage, especially if we assume highly conductive tissue. This
numerical result can explain tissue damage observed in some in
vivo  electrotransfection studies. For the success of
electrotransfection, and minimization of thermal damage, careful
optimization of pulsing protocol is necessary. This is particularly
important if needle electrodes will be used. Therefore, to be
within the ‘safe range’ either the pulse amplitude, duration or
number should be reduced.

When comparing a pair of needles to parallel plate electrodes,
with needles it is harder to avoid local tissue heating and to
achieve, in a larger tissue volume, local electric field between
reversible and irreversible permeabilization threshold. This is an
important guideline for clinicians when considering appropriate
electrode type for cancer electrochemotherapy or gene electro
transfer.

5 CONCLUSIONS

Model-based analysis of Joule heating in electroporation-
based treatments enables to predict temperature rise in tissue and
electrodes during and after pulse delivery. This analysis provides
useful insight into the extent of tissue thermal damage (if any)
and provides important guidelines for development of electrodes
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and safe protocols for electrochemotherapy and gene electro
therapy. Our results show that at specific pulse parameters at
least locally tissue heating might be significant (i.e. tissue
temperatures to grow in excess of 43°C). For
electrochemotherapy, this is not critical since regions of
increased temperature are most likely irreversibly electroporated.
However, DNA electrotransfer may be unsuccessful due to
heating-related DNA damage.
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