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Oncology

Certain electrical fields, when applied across a cell membrane, can have the sole effect of membrane per-
meabilization, which is referred to as electroporation. When the permeabilization is irreversible, the
effect leads to cell death, primarily due to loss of cell homeostasis, in a process known as irreversible elec-
troporation (IRE). This is an unusual mode of cell death that is not yet fully understood. However, it is
unique among tissue ablation techniques in affecting only the cell membrane while tissue molecules,
everything encompassing collagen structures to proteins, remain intact. This facilitates a possible
immune response and avoids scar tissue formation. Irreversible electroporation is, therefore, substan-
tially different from any other tissue ablation technique and has many advantages over either heating
or freezing thermal ablation. However, since IRE employs electrical fields, it can produce thermal effects
which could cause thermal damage if parameters are not chosen correctly, therapy negating the advan-
tages of IRE. This study evaluates the temperature distribution during typical IRE protocols as a means to

establish the electrical parameters that produce IRE alone, without thermal effects.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Certain electrical fields, when applied across a cell, have the
ability to permeabilize the cell membrane through a process that
was named in the early 1980’s “electroporation” [1]. The mecha-
nism through which the cell membrane is permeabilized is not
yet fully understood. It is thought to be related to the formation
of nano-scale defects or pores in the cell membrane, from which
the term “poration” was derived. When electrical fields permeabi-
lize the cell membrane temporarily after which the cells survive,
the process is known as “reversible electroporation”. Other fields
can cause the cell membrane to become permanently permeabili-
zed, after which the cells die, in a process referred to as “irrevers-
ible electroporation”.

Reversible electroporation has become an important tool in bio-
technology and medicine. Among the many uses are the permeabi-
lization of the cell membrane to molecules that normally do not
penetrate the membrane [1], fusion of cells [2], introduction of
drugs into cells [3,4], electrochemotherapy for treatment of cancer
[5], gene delivery in tissue [6], and transdermal delivery of drugs
and genes. Numerous reviews, books, issues of journals and thou-
sands of publications were published on the various features of
reversible electroporation, such as [7-16].
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The various applications of reversible electroporation require
cells to survive the procedure. Therefore, the occurrence of irre-
versible electroporation, in which cells die, is obviously undesir-
able [17]. During the Ilast three decades, the field of
electroporation has been dominated by reversible electroporation
applications. Irreversible electroporation was viewed as an unde-
sirable side effect and was studied only to define the upper limit
of electrical parameters that induce reversible electroporation.
However, during the last few years, irreversible electroporation
has begun to emerge as an important minimally invasive ablation
technique in its own right [18].

It is not disputed that every electrical field, including a field for
IRE, produces a thermal effect, the so-called Joule effect. It is also
indisputable that certain electrical fields can produce irreversible
electroporation. The question that was raised in an analytical study
by Davalos et al. is whether irreversible electroporation can be iso-
lated from thermal effects and used by itself to produce substantial
volumes of tissue ablation in vivo, with negligible thermal effects
[19]. Their finding that irreversible electroporation can be used
as an independent modality for ablation of substantial volumes
of tissue was subsequently confirmed in studies on cells [20], small
animal models in the liver [21], and on tumors [22] as well as in
large animal models in the liver [23] and the heart [24].

Perhaps one of the most important findings of the IRE animal
experiments is that the special mode of non-thermal cell ablation
has many beneficial effects. For instance, it allows extremely rapid
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Nomenclature

¢ electric potential (V)

o electric conductivity (Sm™!)

D Joule heating rate per unit volume (W m~3)

k thermal conductivity of tissue (W m~! K1)

T temperature above the arterial temperature (°C)

Wh blood perfusion term (kg m—>s™1)
Cp heat capacity of blood (k] kg~ ! K™!
q metabolic heat generation (W m~3)
0 tissue density (kg m—3)

Cp heat capacity of tissue (k] kg~! K1)

0o conductivity of the tissue before electroporation (Sm™!)
Va applied voltage (V)

L distance between the electrodes (m)

T non-dimensionalized temperature

bY non-dimensionalized length

t non-dimensionalized time

qg non-dimensionalized Joule heating term

regeneration of ablated tissue with healthy tissue [23] without scar
formation, and it induces a potentially beneficial immune response
[23]. It also allows treatment in the heart [24] and blood vessels
[25] without the danger of coagulation in the blood and subse-
quent emboly. Therefore, the research on IRE presents a new chal-
lenge to scientists studying bio-thermal fields. The study of how
electrical fields can be applied to living tissue to induce IRE damage
to the cell membrane without causing any thermal effects is an
emerging area of research. The goal of this study is to introduce
the problem to the bio-heat community and illustrate several first
order studies in the field.

2. Methods

The heating of the tissue resulting from electroporation can be
calculated by adding the Joule heating source term to the Pennes
bio-heat transfer equation [26]. The Pennes bio-heat equation is of-
ten used to assess the heating associated with each procedure be-
cause it can provide an estimate of important biological
contributions, such as metabolism and blood flow. As described
in [27], the Joule heating source term is evaluated by solving the
Laplace equation for the potential distribution associated with an
electrical pulse:

V- (0V¢) =0, (1)

where ¢ is the electrical potential and ¢ is the electrical conductiv-
ity of the tissue. The associated Joule heating rate per unit volume,
p, from an electric field, is the square of the local electric field, -V ¢,
times the electrical conductivity of the tissue (a|V¢|?).

The modified Pennes bio-heat equation has the following form:

oT

T 2)
where k is the thermal conductivity of the tissue, T is the tempera-
ture above the arterial temperature (37 °C), wy, is the blood perfu-
sion, ¢, is the heat capacity of the blood, q” is the metabolic heat
generation, p is the tissue density, and ¢, is the heat capacity of
the tissue. It should be noted that the term tissue refers to the
aggregate of solid and blood.

Eq. (2) can be non-dimensionalized in a similar fashion as de-
scribed in [28], which uses the following assumptions: the domain
is homogenous, the heat capacity of blood is equal to the tissue
(cp = cp = ¢) and the metabolic heat generation is negligible.

For irreversible electroporation, the joule heating term is non-
dimensionalized by normalizing the electric field with the applied
voltage-to-distance ratio:

V- (kVT) = wpep T + q" + 0|Vo[* = pcp

oF?
oo(Va/L)?

S

do = 3)
where g is the conductivity of the tissue before electroporation, V,
is the applied voltage and L is the distance between the electrodes.
In the cases where cylindrical or spherical electrodes are used, L is

the center-to-center distance between the electrodes. The following
additional dimensionless terms are used to non-dimensionalize Eq.

= Tk

= [*00(V,/L) @
x=7 (5)
..

F— % (6)

Expressing Eq. (2) in terms of these non-dimensional quantities for
temperature, length, and time reduces it to the following dimen-
sionless form:
5 -
2T cL” ~ i oT
v°T kaTJrqo*af (7)

3. Models

Three fundamental models were employed to study the effect of
electrode geometries commonly used for IRE on the electric field
and the temperature distribution:

Case A: Two 1 mm diameter spheres separated by a distance of
1 cm.

Case B: Two 1 mm diameter cylinders separated by a distance of
1 cm.

Case C: Two infinite plates separated by a distance of 1 cm.

The models were chosen to provide insight, but other configura-
tions can be used as well. It should be noted that these electrode
configurations are similar to those commonly used in reversible
electroporation. The models are depicted in Fig. 1. For the cylindri-
cal and spherical cases, 1 cm is the center-to-center distance be-
tween the electrodes.

For each case, the surface of one electrode is assumed to have a
prescribed voltage, and the other electrode is set to ground. Specif-
ically, at the boundary where the tissue is in contact with one
electrode:

¢ =V, 8)

where Vj is the applied voltage, and at the boundary where the tis-
sue is in contact with the other electrode:

¢»=0. )

The remaining boundaries are treated as electrically insulating:

o
=0 (10)

Several thermal boundary conditions can be employed to study the
heat exchange between the electrodes and the tissue [27,29,30].
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Case A: Spheres

Case B: Cylinders

Case C: Plates

Fig. 1. Models used in study. Case A: two 1 mm diameter spheres separated by a distance of 1 cm. The dashed line indicates the axis of symmetry. Case B: two 1 mm diameter
cylinders separated by a distance of 1 cm. The dashed lines indicate the plane of symmetry. Case C: two plates separated by a distance of 1 cm.

However, in this study, the boundaries are taken to be adiabatic at
the boundary of the analyzed domain to predict the maximum tem-
perature rise in the tissue:

or
=
The spherical and cylindrical cases were solved numerically while
the plate electrode configuration was solved analytically. The spher-
ical model and the cylindrical model are 2D models. The spherical
case is treated as axis-symmetric and the cylindrical case is treated
as symmetric with the plane of symmetry made by the axis of each
electrode. The 2D simplification for the needle electrodes implies
infinitely long electrodes. This simplification does incur some error,
particularly when the ratio of electrode length to electrode gap is
small, but it is typically a good approximation for IRE treatment
planning. Taking advantage of the geometric symmetry enables
avoidance of computationally expensive 3D models.

The values of the tissue heat capacity (c, =4 kJ kg~' K™'), elec-
trical conductivity (¢=0.2Sm™'), thermal conductivity
(k=05Wm 1K!), and density (p=1000kgm—>) used in the
models are taken from the literature [31,32]. The tissue tempera-
ture is assumed to be initially the same as the arterial temperature
which is the physiological temperature (37 °C).

The computations were performed with a commercial finite ele-
ment package (FEMLab, Comsol AS, Stockholm, Sweden). The ana-
lyzed domain extends far enough from the area of interest (i.e.
the area near the electrodes) that the electrically and thermally
insulating boundaries at the edges of the domain do not signifi-
cantly influence the results in the treatment zone.

0. (11)

Case A

4. Results and discussion

Fig. 2 shows the electric field distribution and temperature dis-
tribution for the spherical case (Case A) and the cylindrical case
(Case B) when 1000V is applied across the electrodes. As described
in the model section, only half of the domain is used for the solu-
tion to take advantage of the geometrical symmetry.

The surface plots are of the electric field distribution - the dom-
inant parameter dictating which region of tissue has been electro-
porated [33]. The magnitude of the electric field required to induce
IRE is a function of a number of other parameters such as pulse
number, pulse length, and tissue type and is an ongoing area of re-
search [22,34,35]. The surface plots reveal that the field distribu-
tion is strongly dependent on electrode shape. The results in
Fig. 2 show that the electric field distribution decays more gradu-
ally in the cylindrical case than in the spherical case. Since the
associated Joule heating is strongly dependent on the electric field,
the temperature distribution within the tissue is also more visually
spread than for the spherical case.

The isotherms show the temperature distribution when the
analyzed domain reaches a maximum temperature of 50 °C for
an applied pulse. For both geometries, the maximum temperature
is at the tissue-electrode interface where the electrodes are in clos-
est proximity to one another. The isotherms are of constant tem-
peratures at 37.1, 37.5, 40, and 45 °C, where the outer curve is
37.1°C, and the innermost curve (nearest to the electrodes) is 45
°C. For the spherical case, the time required to reach 50 °C
(0.000242 s) is an order of magnitude less than the cylindrical elec-
trode case (0.00211 s).

CaseB

0.6

0.8 1.0

1.2x10° [V m]

Fig. 2. The electric field and thermal distribution at 1000 V for Case A: two spherical electrodes, and Case B: two cylindrical electrodes. The surface plots show the electric
field distribution and the superimposed isotherms show the ensuing temperature distribution when the maximal temperature reaches 50 °C (at 0.000242 s for Case A and
0.00211 s for Case B). The contour lines are 37.1, 37.5, 40, and 45 °C with the highest temperature curve being nearest to the electrode.
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The results in Fig. 2 are indicative of the electric field distribu-
tion for these two scenarios at any voltage and the solution can
be multiplied by a scaling factor to determine the electric field dis-
tribution at any other voltage. For example, the electric field for
500V and 2000V can be determined by multiplying the values
on the scale bar by 1/2 or 2, respectively.

Fig. 3 shows the temperature distribution along the axis of sym-
metry for the two-sphere electrode case and the two-cylinder elec-
trode case when 2000V is applied across the electrodes. The
temperature profiles shown are when the maximal temperature

Case A

approaches 40, 45, and 50 °C, respectively. The maximum temper-
ature in the tissue approaches these temperatures at pulse dura-
tions of 0.0000119, 0.0000318, and 0.0000516 s, respectively, for
the two-spherical electrode case and pulse durations of 0.000116,
0.000313, and 0.000510s, respectively, for the two-cylindrical
electrode case.

Fig. 3 confirms our results in Fig. 2; the temperature distribu-
tion within the tissue decays quickly from the electrode surface
and that the drop off is more pronounced with the spherical case.
Also in agreement with our results in Fig. 2 is that the pulse dura-
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Fig. 3. Temperature distribution along cross section when the maximal temperature in the domain approaches 40, 45 and 50 °C when 2000V is applied across Case A: the
two spherical electrodes and Case B: the two cylindrical electrodes. Cross-sectional line is along the line of symmetry of the two models.
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tion required to reach a maximal temperature within the tissue
domain is consistently one tenth for the spherical electrode case
than for the cylindrical case. It should also be noted that the
boundary at the electrode interface was treated as thermally
insulating and that heat conduction through the electrodes
was not considered. Therefore, these results are conservative
[22,27].

Fig. 4 shows the maximum temperature within the tissue as a
function of pulse duration normalized for generality for the three
cases described in this study. The temperature is normalized by
the applied voltage-to-distance ratio as well as other properties
as described in the methods, but it should be noted that a number
of other factors such as electrode diameter could have been used.
These plots were obtained by calculating the pulse duration re-
quired to reach a maximal temperature of 40, 45, and 50 °C for
an applied voltage of 500, 1000, or 2000 V for each case. At a spec-
ified voltage, the solutions are perfectly linear (i.e., R? = 1) for each
of the three geometries. Therefore, these solutions can be extrapo-
lated to determine the required pulse duration to stay below a
specified temperature using the applied voltage for each electrode
configuration. For example, pulse durations on the order of 100 ps
are normally used for therapeutic electroporation, and such pulse
lengths have been shown to be highly effective for tumor ablation
using IRE [22]. Fig. 4 can be used to obtain the maximum voltage
allowable to stay below a certain temperature limit when a
100 ps is applied.

Since thermal damage is a function of temperature and dura-
tion, the negligible heating associated with these case studies is
emphasized by the fact that an electroporation pulse is a very small
fraction of a second long. The models presented in this study show
the temperature distribution due to an electroporation pulse and
methods to calculate the thermal dose or damage associated with
a procedure can be found in [22,30,36].

This fundamental study highlights some of the basic results
from an electroporation procedure. However, there are many com-
plexities that may need to be considered when creating models
which were not within the scope of this study. An example in-
cludes the fact that properties of tissue, such as thermal and elec-
trical conductivities, are functions of temperature [37]. Their
dependence can be found in the literature and incorporated into
future models if necessary. Furthermore, the electrical conductivity
of tissue during electroporation increases as a result of electropor-
ation [38-41]. Even though such changes were not incorporated
into the present model, such changes could be important espe-
cially, if the tissue is heterogeneous. These changes can be readily
incorporated into numerical models [40,42]. An advantage of the
fact that the impedance changes during IRE is that it provides an
active means for the physician to monitor the procedure and image
which tissue region has been irreversibly electroporated
[39,42,43].

The blood diffusion was assumed to be zero since it was shown
to have a negligible effect in the short time span of an electropor-
ation pulse [27]. Furthermore, it may be possible to neglect blood
flow since results in [21] suggest that perfusion stops during IRE,
which may assist in inducing total necrosis of the tissue. Neverthe-
less, it may be necessary to consider when multiple pulses are used
with long delays between the pulses.

The application of a short electroporation pulse across needle
electrodes will cause a sudden deposition of a highly non-uniform
amount of thermal energy [21]. Immediately after the pulse (and to
some extent during the pulse), this thermal energy will begin to
diminish in strength as it spreads throughout the tissue as de-
scribed by the heat diffusion equation. This heating is so non-uni-
form that points far from the electrode surface are not subjected to
the more intense heating which occurs near the electrodes until
some time has passed.
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Fig. 4. Non-dimensionalized plot of temperature vs. time depicting the duration
required to reach a maximal temperature of 40, 45 and 50 °C when 500, 1000 or
2000V are applied for: (a) two-spheres, (b) two cylinders, and (c) two plates.

5. Conclusion

In order to design protocols for an IRE procedure, the electric
field distribution must be determined, which is dependent on the
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procedure’s specific electrode geometry and tissue impedance dis-
tribution. By predicting the electric field distribution for a specific
scenario, the electrode geometry can be optimized to ablate the en-
tire targeted region while minimally affecting the surrounding tis-
sue. Furthermore, to verify that a specific protocol does not induce
thermal effects, the temperature distribution can be calculated
from the electric field distribution, the electric pulse parameters,
and tissue properties.

The goal of this work was to introduce the relatively new field of
IRE to the bio-heat transfer community. Three fundamental mod-
els, which are typical electrode configurations employed in IRE,
were used to illustrate some basic effects of electrode geometry
and voltage parameters on the resulting temperature distribution.
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