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Abstract—This study introduces a new method for minimally
invasive treatment of cancer—the ablation of undesirable tissue
through the use of irreversible electroporation. Electroporation is
the permeabilization of the cell membrane due to an applied elec-
tric field. As a function of the field amplitude and duration, the
permeabilization can be reversible or irreversible. Over the last
decade, reversible electroporation has been intensively pursued
as a very promising technique for the treatment of cancer. It is
used in combination with cytotoxic drugs, such as bleomycin, in a
technique known as electrochemotherapy. However, irreversible
electroporation was completely ignored in cancer therapy. We
show through mathematical analysis that irreversible electropo-
ration can ablate substantial volumes of tissue, comparable to
those achieved with other ablation techniques, without causing
any detrimental thermal effects and without the need of adjuvant
drugs. This study suggests that irreversible electroporation may
become an important and innovative tool in the armamentarium
of surgeons treating cancer.

Keywords—Electropermeabilization, Cancer therapy, Bioheat
equation.

INTRODUCTION

In many medical procedures, such as the treatment of
benign or malignant tumors, it is important to be able to
ablate undesirable tissue in a controlled and focused way
without affecting the surrounding desirable tissue. Over the
years, a number of minimally invasive methods have been
developed to selectively destroy specific areas of undesir-
able tissues as an alternative to resection surgery. Each tech-
nique has specific advantages and disadvantages, which are
indicated and contraindicated for various applications. For
example, cryosurgery is a low temperature minimally inva-
sive technique in which tissue is frozen on contact with a
cryogen-cooled probe inserted into the undesirable tissue.?’
The area affected by low temperature therapies can be eas-
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ily controlled through imaging; however, the probes are
large and difficult to use. Nonselective chemical ablation
is a technique in which chemical agents, such as ethanol,
are injected into the undesirable tissue to cause ablation.*8
Nonselective chemical therapy is easy to apply. Unfortu-
nately, the affected area cannot be controlled because of
the local blood flow and transport of the chemical species.
Focused ultrasound is a high temperature noninvasive tech-
nique in which the tissue is heated to coagulation using
high-intensity ultrasound beams focused on the undesir-
able tissue.'*??> Radiofrequency ablation (RF) is another
high temperature minimally invasive technique in which an
active electrode is introduced into the undesirable area and a
high frequency alternating current of up to 500 kHz is used
to heat the tissue to coagulation.>* Interstitial laser coag-
ulation is a high temperature thermal technique in which
tumors are slowly heated to temperatures exceeding the
threshold of protein denaturation using low power lasers
delivered through optical fibers.? High temperature thermal
therapies have the advantage of ease of application. The dis-
advantage is that the extent of the treated area is difficult to
control because blood circulation has a strong local effect
on the temperature field that develops in the tissue. The ar-
mamentarium of surgery is thus enhanced by the availability
of several different minimally invasive surgical techniques
in existence, each with their own advantages and disadvan-
tages and particular applications. The goal of this study is to
introduce a new minimally invasive surgical technique for
tissue ablation-irreversible electroporation. This technique
has the advantages that it is easy to apply, can be moni-
tored and controlled, is not affected by local blood flow,
and does not require the use of adjuvant drugs. We will de-
scribe the technique and demonstrate its feasibility through
mathematical modeling.

Electroporation is a phenomenon that increases the
permeabilization of the cell membrane by exposing the
cell to electric pulses.*® The external electric field to
which the tissue is exposed is the primary parameter af-
fecting the transmembrane potential, the potential differ-
ence across the plasma membrane. As a function of the
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transmembrane potential, the electroporation pulse can ei-
ther have no effect on the cell membrane, reversibly open the
cell membrane after which cells can survive, or irreversibly
open the cell membrane, after which the cells die. Dielectric
breakdown of the cell membrane due to an induced elec-
tric field was first observed in the early 1970s.92%44 The
ability of the membrane to reseal was discovered during
the late 1970s."21:15 The mechanism for electroporation is
not yet completely understood. It is thought that the elec-
tric field changes the electrochemical potential across the
cell membrane and induces instabilities in the polarized
cell membrane lipid bilayer. The unstable membrane then
alters its shape, forming aqueous pathways that possibly are
nanoscale pores through the membrane.*! Mass transfer can
now occur through these channels under electrochemical
control. Electroporation is commonly used in medicine and
biotechnology to introduce nonpermeable chemical species
across the cell membrane, ranging from small molecules
such as fluorescent dyes, drugs, and radioactive tracers to
high molecular weight molecules such as antibodies, en-
zymes, nucleic acids, HMW dextrans, and DNA 3:29:30

Therapeutic electroporation is becoming increasingly
popular as a minimally invasive surgical technique for in-
troducing small drugs and macromolecules into cells in spe-
cific areas of the body. Once the nonpermeable substance
is injected into the body, electrodes placed into or around
the targeted tissue are used to generate reversibly perme-
abilizing electric fields throughout the targeted tissue that
facilitate the entry of the agent into the cells of the targeted
area.* The use of electroporation to increase the perme-
ability of the cell membrane in tissue was introduced by
Okino and Mohri in 1987 and by Mir et al. in 1991, who in-
dependently discovered that combining an impermeant an-
ticancer drug with reversibly permeabilizing electric pulses
greatly enhanced the effectiveness of the treatment rather
than either one alone.?®-3! This combination is a form of can-
cer treatment now known as electrochemotherapy (ECT).!
ECT is a promising minimally invasive surgical technique
to locally ablate tissue and treat tumors, regardless of their
histological type, with minimal adverse side effects and a
high response rate.!%!72” ECT benefits from the ease of ap-
plication, and results in outcomes comparable to both high
temperature treatment therapies and nonselective chemical
therapies. In addition, because the cell membrane’s perme-
abilizing electric field is not affected by local blood flow,
control over the extent of the affected tissue is possible un-
like in many other modes such as thermal and nonselective
chemical therapies. ECT is beneficial due to its selectivity;
however, a disadvantage is that by its nature, it requires the
combination of chemical agents with an electric field. Cur-
rently, the primary therapeutic in vivo applications of elec-
troporation are ECT, electrogenetherapy (EGT) as a form of
nonviral gene therapy, and transdermal drug delivery.?* The
studies on ECT and EGT have been recently summarized
in several publications.!7-1%:24

Electroporation can either be reversible or irreversible
depending on the induced transmembrane potential from
the applied electric pulses. Irreversible electroporation is
clearly detrimental in certain applications because it is non-
selective and can lead to instantaneous necrosis of the en-
tire tissue affected by the electric field, whether diseased
or healthy.?> In therapeutic tissue electroporation, the sole
purpose of the electric pulses has been to facilitate the in-
troduction of the molecules into the tissue. This approach
has affected the thinking in ECT where irreversible electro-
poration has been considered undesirable.

We propose in this study that irreversible electroporation
can be used as a minimally invasive surgical procedure to
ablate undesirable tissue without the use of adjuvant drugs.
Although not as selective as ECT, its nonselective mode
of ablation is acceptable in the field of minimally invasive
surgery and more comparable to cryosurgery, nonselective
chemical ablation and high temperature thermal ablation.
Irreversible electroporation has been studied extensively
with in vitro cellular systems. For instance, it is consid-
ered an effective means to destroy both gram positive and
gram negative bacteria and amoebae with regards to water
decontamination.z%-3%-42 However, to the best of our knowl-
edge, irreversible electroporation has yet to be evaluated for
its potential in minimally invasive surgery for the ablation
of tissue. We suggest that irreversible electroporation ab-
lation of tissue may have the benefits of ECT without the
reliance on potentially harmful chemotherapeutic drugs.

Electroporation protocols involve the generation of elec-
tric fields in tissue and are affected by the Joule heating
of the electric pulses. When designing tissue electropora-
tion protocols, it is important to determine the appropriate
electrical parameters that will maximize tissue permeabi-
lization without inducing deleterious thermal effects. Our
previous study showed that substantial volumes of tissue
can be reversibly electroporated without inducing damag-
ing thermal effects to cells.® The electric pulses required
to induce irreversible electroporation in tissue are larger in
magnitude and duration than the electric pulses required for
reversible electroporation. Therefore, when we propose us-
ing irreversible electroporation for tissue ablation, there is
concern that irreversible electroporation pulses will be so
large as to cause thermal damaging effects to the tissue and
the extent of the tissue ablated by irreversible electropora-
tion will not be significant relative to the amount ablated
by thermal effects. Under such circumstances, irreversible
electroporation could not be considered an effective tis-
sue ablation modality, as it will act in superposition with
thermal ablation. Consequently, the goal of this study is
to evaluate, through mathematical modeling, the maximal
extent of tissue ablation that could be accomplished by irre-
versible electroporation prior to the onset of thermal effects.
Our models focus on electroporation of liver tissue using
two and four needle electrodes and available experimen-
tal data. The liver was chosen as a potential candidate for
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irreversible electroporation ablation because in other tis-
sues, such as skin and muscle, the larger electric pulses
could cause muscle and nerve excitation. Our results show
that the area ablated by irreversible electroporation prior
to the onset of thermal effects is comparable to that which
can be ablated by ECT, validating the potential use of ir-
reversible electroporation as a minimally invasive surgical
modality. Our earlier studies have shown that the extent
of electroporation can be imaged in real-time with electri-
cal impedance tomography.”? Irreversible electroporation,
therefore, has the advantages of being a tissue ablation tech-
nique that does not require adjuvant chemicals, is as easy to
apply as high temperature ablation, and has the capability of
being monitored and controlled with electrical impedance
tomography.

METHOD AND MODEL

Method

The goal of this study is to determine through a math-
ematical model whether irreversible tissue ablation can
affect substantial volumes of tissue without inducing ther-
mally damaging effects. To this end, we have employed the
Laplace equation to calculate the electrical potential distri-
bution in tissue during typical electroporation pulses and
a modified Pennes (bioheat)*> equation to calculate the re-
sulting temperature distribution. It is important to note that
there are several forms of the bioheat equation which have
been reviewed in Carney (1992)* and Eto and Rubinsky
(1996)."3 While the Pennes equation is controversial, it is,
nevertheless, commonly used because it can provide an es-
timate of the various biological heat transfer parameters,
such as blood flow and metabolism. The modified Pennes
equation in this study contains the Joule heating term in
tissue as an additional heat source.

The electrical potential associated with an electropora-
tion pulse is determined by solving the Laplace equation
for the potential distribution:

V(eVe¢) =0 (1)

where ¢ is the electrical potential and o is the electrical
conductivity. The electrical boundary condition of the tissue
that is in contact with the leftmost electrode(s) on which the
electroporation voltage, Vy, is applied is

¢ ="Vo 2

The electrical boundary condition at the interface of the
rightmost electrode(s) is

¢=0 3)

The boundaries where the analyzed domain is not in con-
tact with an electrode are treated as electrically insulative to
provide an upper limit to the temperature distribution that

results from electroporation:
0
99 =0
on

Solving the Laplace equation enables one to calculate the
associated Joule heating (p), which is the heat generation
rate per unit volume caused by the electrical field:

p =0Vl ®)

This term is added to the original Pennes equation® to
represent the heat generated from the electroporation pro-
cedure:

“4)

oT
V&VT) + wpeo(Ta — T) +q" + p = pcy o (6)

where k is the thermal conductivity of the tissue, T is the
temperature, wy is the blood perfusion, ¢y, is the heat ca-
pacity of the blood, T, is the arterial temperature, ¢”’ is the
metabolic heat generation, p is the tissue density, and ¢;, is
the heat capacity of the tissue.

The intent of the analysis is to determine the extent of
the region in which reversible or irreversible electropora-
tion is induced in tissue for various electroporation voltages
and durations while the maximal temperature in the tissue
is below 50°C. Thermal damage, €2, is a time-dependent
process described by an Arhenius type equation:

Q= /ge*Ea/RT dt (7)

where £ is the frequency factor, E, is the activation energy,
and R is the universal gas constant.'!!® There are several
reasons, however, why 50°C is generally chosen as the target
temperature. Thermal damage begins at temperatures higher
than 42°C, but only for prolonged exposures on the order
of several seconds to hours. Damage is relatively low until
50-60°C at which the rate of damage dramatically
increases.!! Since the Laplace and bioheat equations
are linear, the information produced in this paper can
be extrapolated and considered indicative of the overall
thermal behavior.

Model

The models are two-dimensional with conditions typi-
cal to an electroporation procedure in the liver. The liver
was chosen because it is the organ that most minimally
invasive ablation techniques treat since cancer in the liver
can be resolved by extirpation of the diseased area while
surgical resection is not possible in many cases for this
organ.*? Furthermore, the liver will not experience the pos-
sible muscle contractions and the sensations that the patients
may feel due to electric pulses as compared to when
this method is applied to other organs. The electropora-
tion parameters, i.e., pulse parameters for reversible and
irreversible electroporation, were obtained from rat liver
data,”?40 but referenced biological properties of human
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TABLE 1. Electrical and thermal properties of liver tissue.

TABLE 3. Geometric parameters.

Quantity Symbol Units Value Ref. Quantity Symbol  Units Values
Electrical conductivity o Sm-! 0.286 2 Electrode diameter d mm 0.5 1 1.5
Ac/o/AT % °C~! 1.5 12 Electrode spacing L mm 5 75 10
Thermal conductivity k Wm-TK-!' 0512 12
AK/(k/AT) % °C1 025 12
Heat capacity & Jkg~'K-' 3600 2 i ) .
Density 0 kg m-3 1050 12 The calculations were made using an electroporation
Initial temperature T °C 37— pulse of 800 us. This pulse duration was chosen because

liver were actually used in the analysis. Tissue electrical
properties are taken from Boone et al.,”> and tissue ther-
mal properties from Duck.!? The dependence of electrical
conductivity and thermal conductivity on temperature were
taken from Duck'2; however, the increase in electrical con-
ductivity due to electroporation® was not included in this
preliminary study. The tissue is assumed to be isotropic
and macroscopically homogeneous. Biophysical properties
such as metabolic heat and blood perfusion are taken from
Deng and Liu.'” A summary of the material properties used
in the study can be found in Tables 1 and 2.

The analyzed configurations have either two or four nee-
dle electrodes embedded in a large enough square model
of the liver to avoid outer surface boundary effects and to
produce an upper limit for the temperature that develops.
Needle electrodes are most commonly used in tissue elec-
troporation of the liver.> For each configuration, the surface
of one electrode is assumed to have a prescribed voltage,
and the other electrode is set to ground. The effect of the
spacing between the electrodes was investigated by compar-
ing typical distances of 5, 7.5, and 10 mm. The electrodes
were also modeled with typical dimensions of 0.5, 1, and
1.5 mm in diameter. A summary of the parameters varied
can be found in Table 3.

To solve Eq. (6), it is assumed that the entire tissue is
initially at the physiological temperature of 37°C:

T(x,y,0) =237 (8)

The outer surface of the analyzed domain and the sur-
faces of the electrodes are taken to be adiabatic to produce
an upper limit to the calculated temperature distribution in
the tissue:

oT
— = 0 on the electrodes boundary and the outer

n surface domain )

TABLE 2. Biophysical properties used in study.

Quantity Symbol Units Value Ref.
Blood perfusion term W kgm=—3s1 1 10
Metabolic heat q’ Wm-3 33800 10
Blood heat capacity G Jkg7'K-' 3640 12
Arterial temperature Ta °C 37 —

typically, reversible electroporation is done with eight sep-
arate 100-us pulses,23 therefore, the value we chose is an
upper limit of the thermal effect in a pulse time frame com-
parable to that of reversible electroporation. Consequently,
the results obtained are the lower limit as to the possible
size of the irreversibly electroporation lesion. It should be
emphasized that irreversible electroporation tissue ablation
can be accomplished with much shorter pulses than these.
To evaluate the thermal effect in our mathematical model,
we gradually increased the applied pulse amplitude for the
800-us pulse length until our calculations showed that the
maximum temperature in the domain reached 50°C, which
we considered to be the thermal damage limit. Since the
configurations presented in this study contain needle elec-
trodes, the peak temperature is located near the tissue elec-
trode interface, the area with the highest electric field. The
voltage applied when the thermal limit is reached is pre-
sented in the results, and the corresponding electric field
distribution throughout the liver is then used to determine
the amount of tissue irreversibly electroporated.

A transmembrane potential on the order of 1 V is suf-
ficient to induce irreversible electroporation. This induced
potential is dependent on a variety of conditions such as
tissue type, cell size, and other external conditions and
pulse parameters. The primary electrical parameter affect-
ing the transmembrane potential for a specific tissue type
is the amplitude of the electric field to which the tissue is
exposed. The electric field thresholds used in estimating
the extent of the region that was irreversibly electroporated
were taken from the fundamental studies of Miklavcic, Mir,
and their colleagues performed with rabbit liver tissue.??
In this study correlating electroporation experiments with
mathematical modeling, they found the electric field thresh-
old for reversible electroporation is 362 +21 V cm~! and
the threshold for irreversible electroporation is 637 £ 43 V
cm™! for rat liver tissue using eight 100-s pulses at a fre-
quency of 1 Hz. Therefore, in our analysis, we have taken
an electric field of 360 V cm™! to represent the delineation
between no electroporation and reversible electroporation,
and 680 V cm™! to represent the delineation between re-
versible and irreversible electroporation.

All calculations were performed using MATLAB s finite
element solver, Femlab v2.2 (The MathWorks, Inc. Natick,
MA). To ensure mesh quality and validity of solution,
meshes were refined until there was less than a 0.5% differ-
ence in solution between refinements. The baseline mesh
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containing two 1-mm electrodes with 10-mm spacing had
4035 nodes and 7856 triangles. The simulations were con-
ducted on a Dell Optiplex GX240 with 512 MB of RAM
operating on Microsoft Windows 2000.

RESULTS AND DISCUSSION

Figure 1 examines the effect of the electrode size and
spacing on the electric field distribution at 800 us and
the ensuing ablated area for a two-needle electroporation
configuration. Figures 1(A)-1(C) compare the extent of
irreversible electroporation for electrode sizes of 0.5, 1, and
1.5 mm in diameter and a center-to-center electrode spacing
of 10 mm. The strong effect of the electrode size is evident.
It is seen that for the smaller 0.5-mm electrode, the two
irreversible electroporated areas are not contiguous, while

0 200 400 600 800 1000

FIGURE 1. The effect of electrode geometry on the electric field
distribution (V cm—') and the amount of irreversible electropo-
ration attainable for a two-electrode configuration. Assuming
a 680 V cm~1 threshold, the amount of irreversible electropo-
ration achievable is delineated by the solid line. The effect of
needle diameter using 10-mm center-to-center spacing and (A)
0.5 mm (888 V), (B) 1.0 mm (1331 V), and (C) 1.5 mm (1613 V) di-
ameter electrodes. The effect of electrode spacing using 1-mm
diameter electrodes and (D) 5 mm (891 V), (E) 7.5 mm (1143 V),
and (F) 10 mm (1331 V) center-to-center spacing. The value in
parentheses is the maximum applied voltage achievable with
800-us pulse without reaching 50°C for each configuration.

for a 1.5-mm electrode, the area of potential tissue ablation
has an elliptical shape with dimensions of about 15 mm
by 10 mm. In the parentheses, we give the electroporation
voltage at which the probe temperature reaches 50°C in
800 us for these three configurations. It is seen that the
range is from 888 V for the 0.5 mm probe to 1613 V for the
1.5 mm probe. This is within the typical range of tissue elec-
troporation pulses. Figures 1(D)-1(F) evaluate the effect
of the spacing between the electrodes. It is observed that in
the tested range the minor axis of the contiguous elliptical
shape of the ablated lesion remains the same, while the
major axis seems to scale with the distance between the
electrodes. Figure 1 demonstrates that the extent of tissue
ablation with irreversible electroporation is comparable to
that of other typical minimally invasive methods for tissue
ablation, such as cryosurgery.*>3* It also shows that varying
electrode size and spacing can control lesion size and shape.

Figure 2 illustrates the transient thermal response of the
tissue due to an 800-us, 1331-V pulse for the two-electrode
configuration with 10-mm center-to-center spacing, 1 mm
in diameter. Figures 2(A)-2(C) are surface plots illustrating
the symmetric temperature distribution near the electrodes
at 200, 400, and 800 us, respectively. Figures 2(D)-2(F) are
contour plots of the temperature distribution near the right-
most electrode at 200, 400, and 800 us, respectively. It can
be seen that the temperature rise is most pronounced near the
electrode-interface, specifically in between the electrodes.

38 40

FIGURE 2. The transient temperature distribution due to an
800-us, 1331-V pulse for the two-electrode configuration, 1 mm
in diameter with 10-mm center-to-center spacing. Surface plots
illustrating the distribution at (A) 200, (B) 400, and (C) 800 us.
Contour plots detailing the temperature distribution near the
rightmost electrode at (D) 200, (E) 400, and (F) 800 us.
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FIGURE 3. The effect of electrode geometry on the electric field
distribution (V cm—') and the amount of irreversible electropo-
ration attainable for a four-electrode configuration. Assuming
a 680 V cm~" threshold, the amount of irreversible electropo-
ration achievable is delineated by the solid line. The effect of
needle diameter using 10-mm center-to-center spacing and (A)
0.5 mm (971 V), (B) 1.0 mm (1438 V), and (C) 1.5 mm (1716 V) di-
ameter electrodes. The effect of electrode spacing using 1-mm
diameter electrodes and (D) 5 mm (928 V), (E) 7.5 mm (1212 V),
and (F) 10 mm (1438 V) center-to-center spacing. The value in
parenthesis is the maximum applied voltage achievable with
an 800-us pulse without reaching 50°C for each configuration.

Varying the number of electrodes used can also control
the shape and size of the ablated lesion. This is shown in
Figure 3 using a four-electrode configuration. For these con-
figurations, the two left electrodes have a prescribed voltage
and the two right electrodes are set to ground. These figures
also compare the effect of probe size and spacing. Again,
it is seen that larger electrodes have a substantial effect
on the extent of the ablated region and that the extent of
ablation scales with the spacing between the electrodes. In
obtaining the results in Figures 1 and 3, it was observed that
metabolism and blood perfusion had a negligible effect on
the possible extent of irreversible electroporation achiev-
able, and that the temperature dependence of electrical and
thermal conductivity was more considerable.

A comparison between reversible and irreversible elec-
troporation protocols is achieved in Figures 4 and 5. In
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FIGURE 4. The amount of reversible electroporation achiev-
able (360 V cm~! threshold, outer contour line) as com-
pared to the amount of irreversible electroporation achievable
(680 V cm~" threshold, inner contour line) with the electric
field (V cm~') superimposed due to an 800-us, 1331-V pulse
for a two-electrode configuration, 1-mm diameter and 10-mm
center-to-center spacing.

Figure 4, an 800-us, 1331-V pulse was applied between
two 1-mm diameter electrodes placed 10-mm apart. As
shown in Figure 2, this produced a tissue temperature lower
than 50°C. The figure compares the margin of the irre-
versibly electroporated region, which uses 680 V cm™!
electric fields, to that of the reversible electroporated
region, which uses 360 V cm~! fields. The most com-
monly used voltage parameters for ECT are eight 100-us
pulses at a 1-Hz frequency, and 1300 V is often applied
across the two electrodes. These frequently used values
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FIGURE 5. The maximum amount of reversible electropo-
ration achievable without inducing irreversible electropora-
tion for a two-electrode configuration, 1-mm diameter and
10-mm center-to-center spacing. A voltage of 189 V applied
between the electrodes does not breach the 680 V cm~" ir-
reversible electroporation threshold. The electric field distri-
bution (V cm~1) and the 360 V cm~' contour line, indicating
reversible electroporation, are shown.
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are comparable to those used in Figure 4. The reversible
electroporation margin extends beyond the irreversibly
electroporated margin, and suggests that by combining
irreversible electroporation with cytotoxic drugs incorpo-
ration by reversible permeabilization, it is possible to in-
crease the extent of the region ablated by electroporation.
Adding the cytotoxic drug requires an additional step in
the ablation procedure. Results such as those in Figure 4
should be utilized to determine whether physicians prefer
to use ECT or irreversible electroporation for a particular
application.

Figure 5 was also obtained for two 1-mm electrodes
placed 10-mm apart. In this figure, we produced a re-
versibly electroporated region with electric fields lower
than 360 V cm™! using an unconventionally low applied
voltage of 189 V such that no irreversible electroporation
is produced. Figure 5 shows that using reversible electro-
poration alone is not practical because the area affected
would be dramatically reduced. In addition, Figure 5 shows
that irreversible electroporation near the electrodes may ac-
tually be attractive in ECT because the electrodes would
not need to be sterilized when being reused in a sec-
ondary location since all of the cells near the electrodes
would be killed. Nevertheless, in comparing Figures 1(B)
and 5, it is evident that the extent of the ablated area
possible through ECT alone is substantially smaller than
that which is possible through irreversible electroporation
alone.

The thermal damage can be conservatively approximated
by assuming that the tissue reaches 50°C instantaneously,
such that the damage is defined as

Q = 1, e AE/RT (10)

Several values taken from the literature for activation
energy and frequency factor were applied to Eq. (10). Be-
cause the application of the pulse is so short, the dam-
age would be near zero, many times less than the value
(2 =0.53) to induce a first degree burn,'' regardless
of the values used for activation energy and frequency
factor.

The results from this study demonstrate that irreversible
electroporation is not electrically induced thermal coagu-
lation, but rather a more benign method to destroy only
the targeted tissue. These results are theoretical and must
be verified experimentally to show that irreversible elec-
troporation does destroy undesirable tissue. Since the field
strengths associated with this procedure are more signifi-
cant than those associated with reversible electroporation,
there are issues regarding the pulse delivery that need to
be reinvestigated in future studies. These include whether
the sensations, which may be painful, and the muscle
contractions often associated with reversible electropora-
tion, will be bearable with this technique or whether they
need to be alleviated using an aesthetic and a muscle re-
laxant. As with reversible electroporation, but enhanced

with irreversible electroporation, applying the field over
the skin may lead to necrotic lesions because of its large
impedance.

In summary, this study introduces a new unique method
for the ablation of undesirable tissue. This method involves
the placement of electrodes into or near the vicinity of the
undesirable tissue with the application of electric pulses to
cause irreversible electroporation of the cells throughout the
entire undesirable region. The electric pulses irreversibly
permeate the membranes, thereby invoking cell death. The
irreversibly permeabilized cells are left in situ and are re-
moved by the immune system. The amount of tissue abla-
tion achievable through the use of irreversible electropora-
tion without inducing thermal damage is considerable, as
illustrated in this paper.

CONCLUSION

Currently, tissue ablation by electroporation is achieved
through the use of cytotoxic drugs injected in tissue com-
bined with reversible electroporation in a procedure known
as electrochemotherapy. The goal of this study was to de-
termine whether irreversible electroporation alone could
produce substantial tissue ablation for the destruction of
undesirable tissues in the body. The concern was that the
higher voltages required for irreversible electroporation
would cause Joule heating, thereby inducing thermal tissue
damage to a degree that would make irreversible electro-
poration a marginal effect in tissue ablation. Using a math-
ematical model for calculating the electrical potential and
temperature field in tissue during electroporation, we have
shown that the area ablated by irreversible tissue electropo-
ration prior to the onset of thermal effects is substantial and
comparable to that of other tissue ablation techniques, such
as cryosurgery. We therefore claim that for certain medi-
cal applications irreversible electroporation alone could be
used as an effective technique for tissue ablation without the
use of cytotoxic drugs. Our earlier studies have shown that
the extent of electroporation can be imaged in real-time with
electrical impedance tomography.”-? Irreversible electropo-
ration, therefore, has the advantage of being a tissue ablation
technique, which is as easy to apply as high temperature ab-
lation, without the need for adjuvant chemicals as required
in electrochemical ablation and electrochemotherapy. Ad-
ditionally, a unique aspect of irreversible electroporation is
that the affected area can be controlled and monitored with
electrical impedance tomography.
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