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Glossary
Dielectrophoresis Exerting a force on a particle or object by
exposing it to a nonuniform electric field.
Electrochemotherapy The use of electroporation to deliver
membrane impermeable chemotherapeutic agents to the
interior of cells.
Electrofusion The use of electric pulses to combine two
cells, allowing the mixing of their intracellular contents.
Electrogenetherapy The use of electroporation to enhance
the cellular uptake of plasmid DNA.
Electroporation A phenomenon leading to an increase in
the permeability of a lipid bilayer membrane in response to
an external electric field

Nomenclature
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Thermal conductivity (W m1 K1)
Pore creation rate
Pore radius (m)
Perfusion rate (s1)
Magnetic flux density (T)
Specific heat (J kg1 K1)
Electric displacement (C m2)
Electric field (V m1)
Magnetic field (A m1)
Current density (A m2)
Pore density (m2)
Heat source (W m3)
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Irreversible electroporation A technique for focal
tissue ablation that targets the plasma membrane of
cells while avoiding thermal damage to the extracellular
matrix.
Nanosecond pulsed electric field An ultrashort electric
pulse designed to induce predominately intracellular effects
without significant Joule heating.
Transmembrane potential The difference in electric
potential between the inside and outside of a lipid bilayer
membrane.

R
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Cell radius (m)
Temperature (K)
Pore energy (kT)
Electric potential (V)
Pore creation rate coefficient (m2 s1)
Angle between the electric field and point on the cell
membrane ( )
Distance from the origin to point on the cell
membrane (m)
Membrane surface tension (J m2)
Edge energy of a pore (J m1)
Dielectric permittivity
Activation energy (J mol1)
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Frequency factor (s1)
Blood density (kg m3)
Electric charge density (C m3)

10.13.1

Introduction

Electroporation, or electropermeabilization, is a phenomenon
in which the application of pulsed electric fields across cells,
with durations on the order of nanoseconds to microseconds
and amplitudes on the order of hundreds to thousands of volts
per centimeter, leads to the development of structural defects
in lipid bilayer membranes. These defects result from the induced buildup of charge across membranes, or transmembrane
potential (TMP), and cause an increase in membrane permeability to ions and macromolecules. It is hypothesized that the
defects take the form of nanoscale pores. A majority of the
literature supports this claim on the basis of well-developed
theory (Abidor et al., 1979; Weaver, 1994). However, the biophysical mechanisms behind membrane permeabilization
are still highly debated, and real-time, direct visualization of
pores remains elusive. This lack of understanding has driven
many chemists, biologists, physicists, and engineers to study
electroporation. Today, abundant literature exists on topics
ranging from numerical techniques for modeling pore formation, such as molecular dynamics simulations of lipid bilayers
(Leontiadou et al., 2004; Tieleman et al., 2003; Vernier et al.,
2009), to clinical trials on therapies utilizing the electroporative phenomenon for the treatment of different diseases, such
as cancer (Ball et al., 2010; Daud et al., 2008; Garon et al.,
2007; Mir et al., 1991a; Thomson et al., 2011).
Although the interaction of electromagnetic fields with biological materials has been studied for over two centuries, it is
unclear from the literature when scientists first recognized the
phenomenon of electroporation. One of the most intriguing reports is on tissue injury due to lightning strikes, where gross
lesions in the brain have been found in some cases (Jex-Blake,
1913). While not reported at the time, it is now understood
that injury mechanisms in electrical shock trauma include
not only thermal damage produced by Joule heating but also in
superposition tissue electroporation and macromolecule
degeneration (Lee et al., 2000). Further, by tuning the electrical
pulse parameters, electroporation can induce cell death without
any significant levels of accompanying thermal damage (Davalos
et al., 2005), giving rise to many of the benefits seen clinically,
which are discussed later in this chapter. In this sense, membrane
permeabilization is permanent and has given rise to the term
irreversible electroporation (IRE). Reversible electroporation results when membrane permeabilization is temporary and cells
remain viable following pulsing. It is evident that observations of
irreversible membrane breakdown occurred well before those of
reversible electroporation (Stampfli and Willi, 1957).
In biotechnology and medicine, reversible electroporation
has been used to introduce substances into cells that would
normally not overcome the ionic transport barrier posed by
the plasma membrane. These substances include foreign DNA
and drugs, among other hydrophilic and large macromolecules
(Prausnitz et al., 1993; Titomirov et al., 1991). In the case of gene
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Tissue density (kg m3)
Electric conductivity (S m1)
Angular frequency of the electric field (rad s1)

uptake into cells, three pulses separated by 3 s generating an
electric field with an amplitude of 8000 V cm1 and a duration
of 5 ms were initially found to result in efficient transfection
(Neumann et al., 1982). Another important discovery at the
time was that dielectrophoresis could be combined with reversible electroporation to promote cell fusion (electrofusion),
which is an important application in synthetic biology and tissue
engineering (Pilwat et al., 1981). In the late 1980s, researchers
proposed that the cytotoxicity of chemotherapeutic drugs could
be enhanced through the application of high-voltage electrical
impulses (Okino and Mohri, 1987; Orlowski et al., 1988). Bleomycin, which acts by cleaving DNA, has become the primary
drug of choice. It is not membrane permeable through passive
diffusion unless combined with electroporation, affording the
treatment a high level of selectivity. It is important to note that
the pulse parameters first proposed for electrofusion are distinct
from those used in what is now called electrochemotherapy
(ECT) (Mir et al., 1991b) and electrogenetherapy (EGT); the
role of various pulsing protocols for different electroporation
applications are discussed throughout this chapter.
Electroporation-based therapies involve delivering pulses
through electrodes inserted directly into, or adjacent to, the
targeted tissue (Pavselj et al., 2005, 2007). During ECT and
EGT, there is an accompanying occurrence of IRE in cells
located near electrodes due to the high electric field gradient
at this location, and the narrow range of pulse parameters that
are effective at inducing reversible electroporation (Onik et al.,
2007). As a result, IRE was first viewed as an upper limit in
reversible electroporation applications. It was not until the last
decade that IRE was explored as a therapeutic means to destroy
substantial volumes of targeted tissue without the use of adjuvant drugs (Davalos et al., 2005). The first in vivo experiments
demonstrated that a necrotic lesion occurs with cell scale resolution (Edd et al., 2006), which can be imaged using ultrasound (Onik et al., 2007) or MRI (Ellis et al., 2010). Further, by
designing protocols that minimize any associated Joule heating, IRE promotes preservation of sensitive structures, such as
major nerves (Onik et al., 2007), blood vessel architecture, and
other extracellular matrix components (Maor et al., 2007).
Another independent, nonthermal technique for tissue ablation
utilizes electric fields with strengths that are an order of magnitude greater ( 100 kV cm1) and durations an order of magnitude shorter (100 ns) than those typically used for ECT, EGT,
and IRE. These nanosecond pulsed electric fields (nsPEF) are
known to cause electroporation within the membranes of intracellular organelles (Vernier et al., 2006). In vivo results indicate
that the mechanism of cell death for nsPEFs is distinct from IRE
and involves apoptotic pathways (Long et al., 2011).
Reversible electroporation is a precursor to the development of irreversible membrane defects. As a result, the theoretical background commonly used to describe ECT and EGT
overlaps with that of IRE, and to some extent, of nsPEFs. This
chapter begins with a discussion of the analytical techniques
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for predicting TMP development and pore formation at the
single cell level based on the microscopic electric field distribution. The electric field generated between electrodes is capable of inducing a threshold TMP required for electroporation.
Further, it has been shown that knowledge of the macroscopic
electric field distribution at the tissue scale can be used to
predict treatment outcomes (Miklavcic et al., 2000). Numerical
techniques are then discussed for simulating treatments based
on derivations from Maxwell’s equations. Physical coupling of
heat transfer in tissue due to Joule heating is included in the
discussion on treatment planning to illustrate the construction
of nonthermal pulsing protocols. It is the nonthermal nature
of electroporation-based therapies that provides distinct advantages over thermal techniques, such as laser interstitial
thermal therapy, high-intensity focused ultrasound, radiofrequency ablation, and cryoablation (Onik et al., 1993). The
specific advantages are discussed in the final section, which
includes a brief review of the clinical procedures and in vivo
results seen in ECT, EGT, IRE, and nsPEF treatments.
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Equation [5] allows for expression of the electric field only in
terms of the electric potential (f):
E ¼ rf

[6]

Combining eqn [1] with the constitutive relations for dielectric materials:
D ¼ eE

[7]

J ¼ sE

[8]

where e is the dielectric permittivity and s is the conductivity,
and eqn [6] yields:
r  H ¼ srf  e

@rf
@t

[9]

10.13.2 Theoretical Considerations of
Electroporation

Because the magnetic field is not essential to the motion of
charges under the electroquasistatic approximation (Haus,
1989), it can be eliminated by taking the divergence of eqn
[9], which results in a conditional equation for the spatial and
temporal distribution of electric potential:


@rf
[10]
0 ¼ r  ðsrfÞ  er 
@t

10.13.2.1 Electromagnetics and the Electroquasistatic
Assumption

Equation [9] simplifies into a steady-state equation in the
electrostatic case when the time derivative vanishes:

The interaction of electromagnetic waves with objects, such as
cells, is governed by Maxwell’s equations, which are given in
differential form as:
@D
rH ¼Jþ
ðMaxwell  Ampere0 s lawÞ
@t

[1]

@B
ðFaraday 0 s law of inductionÞ
@t

[2]

rE¼

r  D ¼ re ðGauss0 s lawÞ
0

r  B ¼ 0 ðGauss s law for magnetismÞ

[3]
[4]

where H is the magnetic field, J is the current density, D is the
electric displacement, E is the electric field, B is the magnetic
flux density, and re is the electric charge density (boldface
font indicates vector quantities). Solutions to the full-wave
Maxwell’s equations are difficult to obtain but are required
when the characteristic dimension of the object under consideration is on the same order of magnitude as the distance an
electromagnetic wave covers during the characteristic time. For
the unipolar, rectangular pulses used in a majority of electroporation experiments, the characteristic time is often taken as
the rise time of the pulse (Chen et al., 2009). When the object
is electrically small compared to both the wavelength and skin
depth in a given tissue, propagation effects are negligible and
solutions are easier to come by. By ignoring the dynamics of
electromagnetics, changes in current or charge distribution
have an instantaneous effect in space. Practically, this can be
applied to Maxwell’s equations by implementing the electroquasistatic approximation, which neglects magnetic induction,
such that eqn [2] becomes:

0 ¼ r  ðsrfÞ

[11]

This further simplification is valid when the duration of
a rectangular pulse is much larger than the charging time
constant of cellular membranes. Charge time is defined as
the time required for the TMP to reach 63% of its steady-state
value, where transient effects occurring during the pulse rise
time are neglected (Pavselj and Miklavcic, 2011). This is not
always the case, especially when studying nsPEFs or high frequency electroporation (Arena et al., 2010). Both eqns [10]
and [11] can be solved by employing analytical techniques
(separation of variables) or numerical techniques (finite element modeling), which form the basis of Sections 10.13.2.2
and 10.13.2.3, respectively.

10.13.2.2 Analytical Techniques for Cell-Scale Modeling of
TMP and Pore Formation

[5]

Predictions of TMP are often made under the assumption
that a cell is geometrically and electrically representative of a
dielectric, spherical shell (plasma membrane) containing and
surrounded by an electrolytic solution (cytoplasm and extracellular space, respectively). Under this treatment, eqn [11] is
readily solved using separation of variables in spherical coordinates with the center of the cell aligned at the origin. The
details of this derivation including definitions of boundary
conditions are given by Kotnik and Pucihar (2010), and the
general solution for electric potential with an arbitrary number
of concentric shells is:


Bi
fðB; yÞ ¼ Ai B þ 2 cos y
[12]
B

This assumption is valid if the electric energy density exceeds the magnetic energy density (Steinmetz et al., 2006).

where B is the distance from the origin, y is the angle between
the electric field and a chosen point on the cell membrane

rE¼0
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Figure 1 Transmembrane potential development on a spherical cell subject to microsecond and nanosecond order pulsed electric fields
(reproduced from Kotnik T and Miklavcic D (2006) Theoretical evaluation of voltage inducement on internal membranes of biological cells exposed
to electric fields. Biophysical Journal 90: 480–491). (a) Schematic diagram of the different cellular regions and their geometric and dielectric properties.
(b) Response of the plasma membrane (dashed line) and nuclear envelope (solid line) to a 1000 V cm1, 5 ms pulse. (c) Response of the plasma
membrane (dashed line) and nuclear envelope (solid line) to a 20 000 V cm1, 5 ns pulse.

(Figure 1), and A and B are constants specific to different cellular regions (i). Due to axial symmetry, the three-dimensional
(3D) spherical problem reduces to a 2D circular problem.
Without accounting for the presence of intracellular organelles or including permittivity terms in calculations, the steady
state TMP in a uniform electric field (E) is (Kotnik and
Pucihar, 2010):
Df ¼ ðfi  fo Þ ¼ fs ER cos y

[13]

where fiand fo are the electric potentials at the inner and outer
surfaces of the membrane respectively, R is the cell radius, and
fs is a function reflecting the plasma membrane thickness
and conductivity of the extracellular space, plasma membrane,
and cytoplasm. This model is accurate for exposures that are
much longer than the charging time of the plasma membrane,
which is typically less than one microsecond (Figure 1). By
adding a concentric shell inside the plasma membrane, the
model is expanded to include the effect of an organelle, often
regarded as the nucleus, on the electric field distribution. It is
then possible to predict the TMP on intracellular membranes,
such as the nuclear envelope, when nsPEFs are applied across
the cell. Further, when each cellular region is characterized by
both a dielectric permittivity and conductivity, the model is
accurate for alternating fields with frequencies in the MHz
range or for pulsed fields with rise times in the nanosecond
range (Kotnik and Miklavcic, 2000). The transient response of
this broader system to an arbitrary electric field can be achieved

by working in the frequency domain, which avoids dealing
with time derivatives. Analysis in the frequency domain is
performed by substituting the complex conductivity for the
admittivity operator (Li ¼ si þ ei(@/@ t)) in the boundary condition for continuity of electric current density:

si þ ei

 
@
@f
@f
@f
! ðsi þ joei Þ
! ðsi þ sei Þ
@t
@B
@B
@B

[14]

where o is the angular frequency of the applied field. The
constants for each cellular region are determined by solving
eqn [14] along with the continuity of potential at each boundary between the different regions. The TMP across the plasma
membrane (m) and nuclear envelope (e) is then expressed as
(Yao et al., 2007):
Dfm ðsÞ ¼ Hm ðsÞEðsÞ cos #

[15]

Dfe ðsÞ ¼ He ðsÞEðsÞ cos #

[16]

where the terms Hm(s) and He(s) represent transfer functions
of the TMP across the plasma membrane and nuclear envelope, respectively, that reflect the geometric and dielectric
properties of the various cellular regions. The exact formulations for Hm(s) and He(s) are lengthy and can be found in
Kotnik and Miklavcic (2006). The term E(s) represents the
Laplace transform of electric field as a function of time. Any
time varying electric field can be fit with a series of step
functions, whose Laplace transforms are readily available.
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By exposing the system to each individual step, the complete
time course for TMP is obtained upon taking the inverse
Laplace Transform of eqns [15] and [16] and performing a
summation of the individual step responses. TMP development
is sensitive to the geometric and dielectric properties of different cellular regions. Determination of accurate parameters is
important not only for treatment planning in the field of
electroporation but also for any application that relies on the
complex interaction of cells with electric fields, such as cancer
cell detection with dielectrophoresis (Gascoyne and Vykoukal,
2002).
To illustrate the concept of TMP development, parameters
typically used in the literature for electroporation of cells in
physiologic saline are implemented in this example (Kotnik
and Miklavcic, 2006). Figure 1 shows a comparison between a
microsecond order pulse used to target the plasma membrane
in IRE, ECT, and EGT treatments versus a nanosecond order
pulse that acts predominantly on organelles in nsPEF treatments. At the onset of the microsecond pulse, the TMP of the
plasma membrane rises at a slower rate than the nuclear envelope. The results are taken at the cell pole (y ¼ 0), which depicts
a maximum. Once the plasma membrane becomes sufficiently
charged, it begins to effectively shield the inside of the cell from
the electric field. As a result, the TMP on the nuclear envelope
begins to decrease. The process continues until steady state is
reached and the nuclear envelope TMP returns to a baseline.
The baseline here was set to 100 mV on both membranes to
simulate a resting potential seen physiologically (Pavlin et al.,
2002). The premise behind nsPEF treatment protocols is that
the system is exposed to an impulse that occurs on a faster
timescale than the plasma membrane charging time constant.
Depending on the dielectric properties, the charging time of an
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organelle is typically faster than the plasma membrane due to
its smaller size. As a result, when the amplitude of a nanosecond pulse is increased tenfold above the microsecond pulse,
the nuclear envelope TMP increases before any shielding effect
sets in due to plasma membrane charging. This would be the
case for intracellular organelles, such as the mitochondria
and endoplasmic reticulum. It is then theoretically possible
for organelles to undergo electroporation without first electroporating the plasma membrane. Initial experimental results on
cells in vitro supported this claim based on the fact that intracellular membranes were disrupted while the plasma membrane remained intact (Schoenbach et al., 2001). However,
recent studies suggest that plasma membrane electroporation
occurs simultaneously with organelle electroporation (Vernier
et al., 2006). These controversial results are influenced by the
fact that membrane charging times are sensitive to the geometric and dielectric properties of the surrounding regions. To
emphasize the desired effect of nsPEFs in this demonstration,
the nucleoplasm conductivity was increased from 0.3
to 0.7 S m1, which remains physically realistic (Kotnik and
Miklavcic, 2006).
The TMP on the plasma membrane in the previous example
reaches a steady state of around 1.6 V at the cell pole. Experimentally, the maximum TMP measured is 1 V for most cell
types (Tsong, 1983). This discrepancy is due to the formation
of pores in the plasma membrane. Above a critical TMP, in this
case 1 V, the formation of pores greatly increases the plasma
membrane conductivity. Therefore, electromagnetic theory for
predicting TMP must be supplemented with equations for predicting the role of pore formation on membrane conductivity.
The theory of pore formation describes the presence of both
hydrophobic and hydrophilic pores in the plasma membrane
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Figure 2 Theoretical illustration of pore formation in a planar bilayer membrane (reproduced from Neu JC and Krassowska W (1999) Asymptotic
model of electroporation. Physical Review E 59: 3471–3482). (a) Schematic diagram of hydrophobic and hydrophilic pores with radius, r. (c) Energy of
hydrophobic (dashed line) and hydrophilic (solid line) pores as a function of radius and the influence of increasing transmembrane potential on each.
The cutout (b) represents a zoomed in view of pore energy around the energy barrier for the creation of hydrophilic pores (rp, Up). The point (re, Ue) is
the energy required for the spontaneous expansion of hydrophilic pores and (rm, Um) is the minimum stable energy of a hydrophilic pore.
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(Figure 2). Hydrophobic pores are nonconductive gaps that
occur naturally in the lipid bilayer due to thermal fluctuations.
They are the precursors to hydrophilic pores, which conduct
electricity. The transition of a hydrophobic pore to a hydrophilic pore depends on the energy function for each type of
pore (Abidor et al., 1979):
 2
r
ðhydrophobicÞ
[17]
U ðr Þ ¼ Up
rp
U ðr Þ ¼ 2pgr  pdr 2 þ

 4
D
ðhydrophilicÞ
r

Neu and Krassowska derived an ordinary differential equation
(ODE) for pore density (Debruin and Krassowska, 1999):


2
dN
N qðDfm =fep Þ2
e
¼ aeðDfm =fep Þ 1 
[19]
dt
N0
where N0 is the equilibrium pore density, a is the creation rate
coefficient, fep is the characteristic voltage of electroporation,
and q is the pore creation rate. Values for these constants are
derived from expressions for pore energy and the original PDE
(Debruin and Krassowska, 1999; Neu and Krassowska, 1999).
Pore density can be related to the membrane conductivity
through (Pucihar et al., 2009b):

[18]

where r is the radius, g is the edge energy of a pore, d is the
membrane surface tension, D is a constant, and rp and Up are
the minimum radius and energy for a hydrophilic pore, respectively (Glaser et al., 1988). The values for the different parameters can be found in Neu and Krassowska (1999), and each
term is given in units of kT, where 1 kT ¼ 4.11  1021 J. Both
curves are shown in Figure 2. In an attempt to minimize
energy, a pore with a given radius assumes the lesser of the
two curves. The peak at point (rp, Up) represents the energy
barrier for the creation of hydrophilic pores, while the maximum at point (re, Ue) is the energy barrier for the spontaneous
expansion of hydrophilic pores. When a hydrophobic pore is
created with a radius greater than rp, it naturally transitions
into a hydrophilic pore. Thermal fluctuations cause the hydrophilic pore radius to settle at a minimum energy radius of rm,
and spontaneous expansion of pores is unlikely when TMP
equals zero. An increase in TMP due to the application of an
external electric field reduces the pore energy in eqns [17] and [18]
by the capacitive contribution of the membrane to pore energy,
2 2
papDfm
r (Neu and Krassowska, 1999), where ap is a constant
based on the dielectric properties of the membrane and surrounding medium. In Figure 2, as TMP is increased, the likelihood of
spontaneous pore expansion increases due to the reduction and
eventual elimination of the maximum at point (re, Ue).
Following a description of pore energy, the pore formation
process can be described by a Smoluchowski advection–
diffusion partial differential equation (PDE) (Pastushenko
et al., 1979). Through an asymptotic reduction of the PDE,

sm ¼ sm0 þ Nðt Þsp prm 2 A

[20]

where sm0 is the non-electroporated membrane conductivity
and sp is the conductivity inside a pore. The variable A is a
lengthy formulation that includes the nondimensional TMP
and can be found in Pucihar et al. (2009b).
The step response method described previously for calculating the TMP induced by an arbitrary electric field can be
modified to include eqn [20]. To reiterate, the electric field
time course is approximated by a series of step functions. The
response of the system to the first time step is used to calculate
pore density and dynamically alter the membrane conductivity. The next time step then proceeds with the updated value of
membrane conductivity acting as an initial condition. A similar
procedure is described by Talele and Gaynor (2007). Figure 3
shows a comparison between the TMP traced around one half
of a cell (90 to 90 ) at different time points for the passive
model of TMP and the active model of TMP that includes
varying membrane conductivity. Without accounting for pore
formation, the TMP at the cell pole increases with time until
steady state is reached. If pore formation is included, once the
TMP exceeds a critical threshold for electroporation (1 V),
the membrane conductivity increases. This results in a decreased TMP around the cell pole. In this example, membrane
resting potential was neglected, such that the results are symmetric around the other half of the cell. Experimentally, similar
spatial distributions are obtained using a voltage sensitive fluorescent dye that interacts with the cell membrane (Hibino et al.,
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Figure 3 Influence of pore formation on the spatial variation of transmembrane potential around one-half of a spherical cell. (a) Transmembrane
potential versus angle without pore formation. (b) Transmembrane potential versus angle with pore formation. The different curves on each
graph represent time points of 1 ms (dotted line), 2 ms (dashed line), and 4 ms (solid line) throughout a 900 V cm1, 4 ms pulse.
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1991; Pucihar et al., 2009a) for the time courses investigated.
However, at later times, an additional mechanism is seen experimentally that is not included in the current model. Membrane
conductivity continues to increase even though the model approaches steady state. It is hypothesized that pore radius can
increase over time and small pores can merge into larger pores.
This phenomenon has been the focus of theoretical electroporation research in the last decade (Neu and Krassowska, 2003;
Smith et al., 2004), and molecular dynamics simulations of
pore formation are advancing to bridge the gap between computational and experimental results (Tarek, 2005).

10.13.2.3 Numerical Techniques for Predicting Electric
Field and Temperature Distributions in Tissue
Forming the link between cell-scale features of electroporation
discussed in the previous section and the tissue-level response
is essential for accurate treatment planning in therapeutic applications. Specifically, the influence of pore formation on
membrane conductivity must be related to bulk conductivity
changes in whole tissues. Perhaps the most advanced model
that includes this continuous feedback between the microscopic and macroscopic scale is based on transport lattice
methods (Esser et al., 2007; Esser et al., 2009). A network of
resistors and capacitors are used to describe the dielectric properties of individual cells placed between nodes in a characteristic mesh of tissue with embedded electrodes. An electric field
generated between the electrodes determines the TMP across
each cell and affects both the pore density and membrane
conductivity. In return, the altered membrane conductivity
changes the conductivity of the bulk tissue and the electric
field distribution. In addition to accounting for the redistribution of the electric field, these models are able to predict local sites of electroporation on densely packed, irregularly
shaped cells. This provides certain insights over the isolated
spherical cell presented in the previous section, in that it is
more representative of real tissue, where cell packing and morphology are known to distort predicted TMP (Pavlin et al.,
2002; Pucihar et al., 2009b).
Despite the benefits of detailed models based on nodal
circuit analysis, most treatment planning algorithms currently
rely on finite element methods for predicting the electric
field distribution, since they can accommodate 3D structures
and tissue heterogeneities in a straightforward manner. This
technique assumes a correlation between the microscopic
TMP and the macroscopic electric field without providing
continual feedback between the two. To circumvent the need
for feedback, conductivity is allowed to vary spatially in the
tissue based on the electric field distribution. This simulates
the formation of pores by dynamically altering the bulk conductivity in regions where an electric field threshold and,
consequently, TMP for electroporation has been met. The
threshold can be determined experimentally based on a
given set of pulse parameters, including pulse duration, number,
and repetition rate (Miklavcic et al., 2000). Because prior knowledge of the tissue-specific mapping between conductivity and
electric field is required in this technique, pilot studies in the
target tissue are useful prior to initiating clinical work (Garcia
et al., 2009).
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The effects of electroporation on the cells result in bulk
changes in the tissue that may be observed in real time. These
changes include increased tissue conductivity and edema due
to increased vascular permeability and stasis. This allows imaging the affected regions with various modalities including
ultrasound, magnetic resonance imaging, electrical impedance
tomography, or computed tomography. The increased cellular
permeability improves electrolyte mobility, increasing the
conductivity of the cells and tissue (Huang and Rubinsky,
1999; Weaver and Chizmadzhev, 1996) and has, therefore,
been proposed as a phenomenon to facilitate treatment region
monitoring using electrical impedance tomography (Davalos
et al., 2004). Such a technique must, however, allow for resealing of the reversibly permeabilized cells prior to drawing conclusions on IRE-treated volumes. Edema changes additional
bulk tissue properties, causing a hypoechoic region on ultrasounds of the affected region (Lee et al., 2007b). Furthermore,
divulgence of treated regions can also be monitored after therapy using modalities such as CT and MRI (Ellis et al., 2010).
The first model of tissue electroporation with finite element
methods implemented a sequence of steps that dynamically
altered tissue conductivity based on a sigmoidal relationship
with the electric field (Sel et al., 2005). Smaller increases in
conductivity are expected below the reversible electroporation
threshold (460 V cm1) and above the IRE threshold
(700 V cm1). This function was determined by matching
modeled and measured current data. Additionally, numerical
results were compared to in vivo experiments, which validated
the model as a tool to predict areas of reversibly and irreversibly
electroporated tissue. In Figure 4, a similar approach for incorporating electroporation-induced conductivity changes into a
finite element electrostatics solver (Comsol 4.0) is illustrated. A
2D geometry representative of infinitely long needle electrodes
(1 mm diameter, 1 cm separation distance) inserted into a
tissue section was meshed. The electrodes were modeled as
Dirichlet boundary conditions with a fixed scalar potential of
1000 V on the rightmost electrode and 0 V on the leftmost
electrode. The outer boundaries were large enough to avoid
edge effects and maintained as Neumann boundary conditions
with the first derivative of the scalar potential normal to the
surface set to zero. Initially, the electric field distribution within
the tissue subdomain was obtained by solving eqn [11] with a
homogenous conductivity map (s ¼ 0.067 S m1). Then, a conductivity function was incorporated into eqn [11] by performing a piecewise cubic interpolation of specific data points from
the sigmoid function used in (Sel et al., 2005):
0 ¼ r  ðsðjEjÞrfÞ

[21]

and the electric field distribution was updated. This formulation differs from the original approach in that the time course
of conductivity increase during the pulse is neglected, and
solutions are representative of static distributions at the end
of the pulse. Figure 4 shows that by the end of the pulse, the
conductivity in the area between the electrodes reaches a maximum, which indicates that the tissue in that region has become completely electroporated. Figure 5 gives a comparison
between the electric field distribution before and after the
inclusion of the conductivity function. The characteristic
‘peanut’ shape traced by the 700 V cm1 contour in the
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Figure 4 Implementation of electric field dependent tissue conductivity using finite element analysis. (a) Plot of the sigmoidal relationship between
electric conductivity and electric field. (b) Static conductivity distribution in the tissue resulting from a 1000 V potential difference between the
electrodes.
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Figure 5 Numerically modeled, two-dimensional changes in the electric field distribution due to tissue electroporation. (a) Static electric field distribution
without the inclusion of electric field dependent tissue conductivity. (b) Electric field distribution with the inclusion of electric field dependent tissue conductivity.
The sigmoidal relationship between the electric field and conductivity is assumed and 1000 V potential difference is applied between the electrodes.

homogenous model is expanded out into an ‘oval’ in the case
of the field-dependent conductivity map. Thus, the projected
area treated by IRE increases after accounting for conductivity
changes. This emphasizes the importance of this technique for
accurate treatment planning, where an estimate of the electric
field distribution is required prior to the procedure. Additional
details about changes in the electric field distribution can be
seen by plotting the electric field versus position along the
centerline joining the two electrodes (Figure 6). This reveals
that around the electrodes, the increase in tissue conductivity
causes the electric field to drop.
In addition to promoting a redistribution of the electric
field, the increase in tissue conductivity causes the total current
flowing into the tissue to rise in order to maintain the potential
difference between the electrodes. As a result, there is a corresponding increase in tissue temperature (Figure 6). For electric
field-based therapies, the temperature distribution in the tissue
is commonly obtained by transiently solving a modified version

of the Pennes bioheat equation (Pennes, 1948) with the inclusion of a Joule heating term (Davalos and Rubinsky, 2008):
rt C

@T
¼ r  ðkrT Þ þ rb wb Cb ðTb  T Þ þ Qm þ J  E
@t

[22]

where T is the tissue temperature, Tb is the blood temperature,
k is the thermal conductivity of the tissue, C and Cb are the
tissue and blood specific heat, respectively, rt and rb are the
tissue and blood density, respectively, Qm is the metabolic heat
source term, wb is the blood perfusion rate, and J  E ¼ s|E|2 is
the Joule heating term. In the example presented here, the
values for the constants were taken from (Fiala et al., 1999),
and it was assumed that the tissue was initially at physiologic
temperature (310.15 K). All boundaries were treated as thermal insulation for conservative temperature estimates. To simulate a protocol of 90 pulses with durations of 100 ms delivered
at 1 Hz, the Joule heating term was multiplied by a ratio of the
pulse duration to the inter-pulse period. This avoids having
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Figure 6 Influence of changing conductivity due to electroporation on the electric field distribution and temperature. (a) Plot of static electric field
traced along the centerline joining the two electrodes without (dashed line) and with (solid line) changing conductivity following a 1000 V cm1 pulse.
(b) Temperature profile at the center of the tissue during a simulated 90 pulse procedure with (solid line) and without changing conductivity
(dashed line). A static 1000 V cm1 pulse was applied, and the Joule heating term was scaled by the duty cycle (100  106).

to implement a solver with microsecond order time steps to
resolve the pulses, which is computationally costly for treatments with overall durations on the order of seconds.
In Figure 6, temperature profiles are selected from the center
point between the two electrodes. The dependence of Joule
heating on the square of the electric field shows why a small
increase in electric field at a given location due to changing
tissue conductivity results in a large increase in temperature.
The onset of protein denaturation and loss of cell structure is
time dependent and begins to occur above 318.15 K (Bilchik
et al., 2001), which correlates to an increase in temperature of
8 K above the physiological value. Therefore, the simulation
performed here with the inclusion of field-dependent conductivity would not result in any thermal damage at the center of
the tissue. To better quantify thermal damage, an Arrhenius rate
equation is commonly used (Tropea and Lee, 1992):
ð
[23]
O ¼ xel=RTðt Þ dt
where x is the frequency factor, l is the activation energy, R is
the universal gas constant, and T is the absolute temperature
in Kelvin. Both x and l are cell-specific constants determined
from cell viability experiments (Feng et al., 2008). Evaluation
of this integral after the system has returned to physiologic
conditions results in O ¼ 0.07 at the center location and
O ¼ 0.10 on the inner surface of the electrodes. Both of these
values are far below the thermal damage threshold, which is
often regarded as O ¼ 0.53 for burn injuries in blood-perfused
skin (Diller and Hayes, 1983). Therefore, the pulse amplitude,
duration, or number can be safely increased above the parameters chosen in this example without compromising the
nonthermal nature of electroporation. The upper limits of
these parameters have previously been investigated for IRE
procedures (Shafiee et al., 2009), but the results can be used
to guide the development of nonthermal pulsing protocols in
ECT, EGT, and nsPEF based treatments.
Temperature changes are known to influence tissue conductivity, and monitoring temperature during electroporation

experiments becomes important not only for ensuring that
no thermal damage occurs, but also for developing accurate
treatment planning models. Recently, a conductivity function
that includes a dependence on both electric field and temperature has been developed by Garcia et al. (2010) based on
intracranial in vivo experiments. The technique assumes a linearized temperature dependence of b(T(t)  T0), where b is a
coefficient that depends on the tissue of interest (1–3%/ C)
(Duck, 1990). For simplicity, the model presented here
neglects the conductivity dependence on temperature. Additionally, conductivity changes are assumed to occur instantaneously once a critical electric field has been met. For the initial
formation of pores in the plasma membrane at the onset of the
pulse, this is a reasonable assumption. The only limiting factor
in pore formation is the TMP development, which occurs on the
order of nanoseconds based on the plasma membrane charging
time (Ivorra et al., 2009). However, during the pulse, and for
subsequent pulses in multiple pulse protocols, there is a progressive increase in measured current between the electrodes,
most likely due to the expansion and combination of the initial
transient pores into larger, long-lived stable pores and temperature increases. Incorporating these changes into treatment planning models along with a temperature dependent conductivity
is at the forefront of electroporation research.

10.13.3 Clinical Procedures and Results of
Electroporation-Based Therapies
10.13.3.1 Treatment Planning for In Vivo Applications
of Electroporation
Tissue electroporation requires exposing cells to an external
electric field that is capable of inducing a critical TMP for
pore formation. This involves inserting electrodes into or adjacent to the targeted mass to which a constant voltage can
be applied and a current can pass through. The numerical
techniques presented in the previous section allow for the
prediction of the electric field distribution ahead of time,
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along with the associated thermal effects, to permit preoperative treatment planning. These simulations are capable of
modeling how the tissue properties change as a result of the
procedure itself, both due to the increase in conductivity
resulting from higher temperatures and increased ion mobility
in tissue that occurs from permeabilization (Sel et al., 2005).
Additionally, they can account for fixed characteristics, such as
pulse properties and electrode geometry and placement. Case
studies on multiple electrode geometries and voltages for parallel plate and needle electrodes have been performed in Edd
and Davalos (2007). Dimensional analysis is implemented on
the parameters to develop curves for predicted treatment
volumes and heat dissipation based on characteristic constants.
In addition, discussions are included on anecdotal effects for
heterogeneities, thermal effects, and evaluating thermal damage.
Heterogeneous systems often complicate treatment planning, as
predicting the electric field distribution requires knowledge of
more than one type of tissue. They have been investigated thoroughly in (Daniels and Rubinsky, 2009; Neal and Davalos,
2009; Pavselj and Miklavcic, 2008; Pavselj et al., 2005), and
treatment planning models often include the influence of multiple tissue types on the electric field distribution through reconstructions of well-defined delineations in MRI or CT images
(Garcia et al., 2011; Miklavcic et al., 2010). To assist with the
optimal electric field distribution in accordance with electrode
placement in geometrically complicated structures, optimization
algorithms are also being used in treatment planning (Corovic
et al., 2008; Zupanic et al., 2008).
Electroporation-based therapies have been developed
predominantly for the treatment of cancer. There are other
therapeutic indications where the generation of permeabilizing defects proves useful, such as the delivery of drugs

noninvasively across the skin (Prausnitz et al., 1995), the ablation of vascular smooth muscle cells to prevent restenosis
(Maor et al., 2009), and in the generation of decellularized
tissue for tissue engineering (Sano et al., 2010). However, a
majority of the literature is aimed at eliminating tumors, and
thus is the focus here. In addition to the treatment characteristics mentioned earlier, there are several additional factors that
must be taken into consideration when targeting tumors. For
example, tumors will commonly have large and irregular shapes,
and electrode geometries and placements may become very
complex when attempting to treat the entire targeted region
while sparing as much healthy tissue as possible. Physical barriers such as bones or vital organs will further complicate this
process by restricting viable electrode access routes for some
treatments. All of these considerations must be accounted for
in order to accurately facilitate treatment planning.

10.13.3.2

Treatment Planning Process – Example

A canine patient with a 360 cm3 spontaneous lipoma tumor in
the left thigh recently treated with IRE clearly demonstrates the
complexity and numerous steps required for a comprehensive
treatment plan in all electroporation-based therapies. The following figures represent the treatment planning steps. These
figures come from an actual treatment plan that was developed
and successfully implemented.
The basic system can be broken into the stages as follows:
1. Acquire images – Any array of medical images (CT, MRI,
PET, US) that may be processed to develop an understanding of the targeted region geometry can be used (Figure 7).
Estimations based on palpation may also be used for

Figure 7 CT scan of a patient for determining the presence of a tumor. TeraRecon software was used to develop a series of axial CT images into a 3D
representation of the patient, which then allows sagittal and coronal slice views. These images help determine a targeted region, its location, its
position, any important or relevant nearby structures (such as blood vessels, nerves, and collecting ducts) that must be accounted for, and any relative
basic dimensions (such as depth within tissue, basic cross-sectional sizes, and distance from other structures).
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superficial tumors or in areas where advanced imaging
techniques are inaccessible.
2. Trace regions of interest – This may either be done manually using image analysis software or a computer program
capable of detecting anomalies or specific tissue regions of
interest (Figure 8).
3. Visualize and reconstruct 3D geometry – Traced regions of
interest can be compiled and interpolated between the
steps to create a 3D geometry (Figure 9) that the practitioner could use to gain an understanding of the basic
shape of the mass and/or its location relative to other
tissues (Figure 10). This also allows one to identify physical constraints, such as vital structures (nerves, brain, and
blood vessels), access orientation preferences (supine or
prone patient positioning), and physical barriers (bones
and sensitive structures). These are used to guide what
electrode placements and orientations are possible as
well as any need to avoid specific regions.
4. Import geometry into finite element modeling software –
Several geometries can be imported, including:

Figure 8 Trace of targeted region. Allows proper visualization of clinical
target and allows 3D reconstruction of targeted volume.

Figure 9 Reconstructed 3D geometry of targeted region. A series of
axial traces have been compiled to create a representative shape of the
targeted region in three dimensions. This reconstruction may be
maneuvered to assess its general shape and thus allow determination of
optimally efficient electrode insertion approaches.
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1. The targeted region or mass (Figure 11)
2. Additional traced neighboring regions (muscle, fat,
and bone)
3. 3D Map of all the voxels to be treated as independent
elements in the finite modeling software
5. Assign model properties – This includes all physical and
thermal properties, as well as electrical properties. These
can be selected by a method of:
1. Deducing by designating regions from the images as a
specific tissue type and using corresponding values
from the literature
2. Experimentally measuring them with a ‘prepulse’ as
described in (Neal and Davalos, 2009).
3. Deriving from an algorithm scheme based on voxel
value imported from the images.

Figure 10 Reconstructed geometry visualized relative to the rest of the
patient. This permits the assessment of physical constraints such as
bones preventing electrode insertion, relative location of sensitive
structures (arrows point to major vasculature and nerves), and
orientation of the lesion relative to the body, allowing for the evaluation of
optimal electrode insertion approaches. For example, in this figure, the
long axis of the tumor is roughly parallel to the length of the leg and
femur, so a user may consider reducing the number of electrodes and
insertions used by orienting the electrodes along this axis, or if such
approach angles are not feasible, more electrodes may be inserted
perpendicular to the top of the leg (since the femur prevents access from
the bottom of the leg).

Figure 11 Imported geometry. The geometry may be converted to a
surface or a solid and imported into numerical modeling software. Here,
the geometric representation of the targeted region is depicted in red,
while representations of typical electrode styles and sizes are shown at
two locations in blue. The number, orientation, and location of these
electrodes may be manipulated with results from the numerical solutions
to develop an optimum placement scheme to satisfy the treatment
objectives.
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~ 2 cm

Figure 12 Numerically calculated electric field distributions. Here, the
electrodes depicted in Figure 11 are energized. The color maps are
representative electric field isocontours that may be used in determining
predicted IRE treatment regions (green), reversible regions (red), or
safety margins (beyond red) based on electric field threshold data.

6. Place electrodes in model – Any number of electrodes
could be placed into or around the targeted region. Their
number, location, orientation, and size could all be adjusted independently. Figure 11 depicts three electrodes
placed within the targeted mass.
7. Solve for electric field distribution and (if desired) thermal
effects – This would be done using finite element modeling software as described in Section 10.13.2.3 and extended to three dimensions. The electric field distribution
(Figure 12) would then be correlated with experimental
data on electric field thresholds for reversible electroporation or IRE to superimpose predicted volumes of affected
regions (treated, untreated, thermal damage).
8. Evaluate success of outcome – Treating the desired regions
while preventing unacceptable effects on sensitive regions
determines whether the electrode setup and pulsing
protocol used appropriately meets the clinical treatment
demands. Preoperatively this could be assessed qualitatively
or quantitatively with a fitness function on the numerically
calculated electric field distribution and reconstructed
geometry.
9. Adjust and iterate phases 6–9 until a suitable solution is
developed.
10. Program the generator system to deliver the predetermined pulsing protocol – Following this, the practitioner
would then place the electrodes according to the prescribed protocol and apply the pulses through the electrodes (Figure 13).

10.13.3.3

Irreversible Electroporation

10.13.3.3.1 Studies in healthy tissue and experimental
tumors
After being shown theoretically to be a feasible nonthermal
focal ablation technique in 2005 by Davalos et al. (2005), the
first in vivo study with this objective in mind was carried out by
Edd et al. (2006). This study placed two plate electrodes on
opposite sides of a rat liver and delivered a 20-ms-long square
wave pulse with a voltage-to-distance ratio of 1000 V cm1.
Animals were sacrificed 3 h after pulsing, and the tissue was

Voltages:
Direct lines = 1800 V
Crosses = 2550 V

Figure 13 Actual utilized treatment protocol. Here, the final protocol
used to treat the patient is shown. There is no crossover from the cyan
pulsing regions due to the presence of the sciatic nerve running parallel
to those pulsing paths, and the preclinical objectives of the study wanted
to ensure that there was no risk to this critical structure.

perfusion fixed. Numerical simulations calibrated the lesion
IRE thresholds to range between 300 and 500 V cm1, and
histological examination showed cellular-scale resolution
between treated and unaffected cells, with nearly indistinguishable cell borders in the treated areas. The large vessel architecture remained intact. It also showed endothelial necrosis and
congestion in the treated region, such that any surviving cells
in the treatment region were subject to ischemia.
The vascular effects of the pulses were further explored by
Maor et al. (2007, 2008, 2009). These studies investigated the
ability to use IRE for tumor ablation in close proximity to
vasculature, a limitation of thermal focal ablation techniques.
They used plate electrodes to apply 10, 100-ms-long pulses of
3800 V cm1 in 1 s to exposed rat carotid arteries. Rats were
sacrificed and the tissue fixed at several time points up to 28
days after the procedure. Overall, the treated vessels showed
preserved endothelial cells of the internal lamina, with a progressive decrease in vascular smooth muscle cells in the tunica
media.
Investigation of the immune system’s interaction with IRE
was carried out for healthy tissue and tumors (Al-Sakere et al.,
2007b; Lee et al., 2007a; Onik et al., 2007; Rubinsky et al.,
2007). In these studies, cutaneous implanted murine tumors
and healthy tissue were exposed and pulsed using plate electrodes. For the tumor study (Al-Sakere et al., 2007b), tissue
samples were collected for immunohistochemistry, and it was
found that T-lymphocyte levels were highest prior to treatment
and rapidly declined within the first 6 h after pulsing. The
authors concluded that the mechanism of necrosis occurs
independently of the immune system and may, therefore,
be a suitable treatment option for immunocompromised patients. In addition, immune responses over longer time points
were investigated in large animal models. In Rubinsky et al.
(2007), porcine livers were subjected to IRE pulses. By 24 h,
there was an increase in inflammatory cells and signs of drainage by the regional lymph nodes. These findings were consistent with observations from lesions produced in canine
prostates (Onik et al., 2007). In Lee et al. (2007a), porcine
liver tissue 24 h after treatment showed that the ablated regions
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contained calcium deposition, were positive for the BCL-2
apoptosis marker, and had sinusoids congested with neutrophils and eosinophils.
Studies experimentally investigating the ability for IRE to
effectively treat tumors have been carried using implanted
tumors in a murine model (Al-Sakere et al., 2007a; Guo
et al., 2010; Neal et al., 2010). In the first study by Al-Sakere
et al. (2007a), a murine sarcoma cell line was used to grow
cutaneous tumors in mice. TUNEL staining showed increased
DNA double strand breaks suggesting apoptosis. Additionally,
observed vascular occlusion may indicate additional hypoxiainduced tumor cell death. Tumors subjected to a protocol of 80
pulses of 2500 V cm1, each 100 ms long and separated by
3.3 s, showed complete regression in 12 of 13 trials. In a
second study performed by Neal et al. (2010), MDA-MB-231
human mammary carcinoma cells were grown into tumors
orthotopically within the mammary fat pad of mice. A total
of 100 pulses ranging between 1300 and 1100 V were delivered
through a single, bipolar electrode, each lasting 100 ms and
separated by 3 s. Complete regression was achieved in five of
seven experimental tumors. In a third study by Guo et al.
(2010), the N1–S1 rap hepatoma cell line was used to induce
tumors in the left medial lobe of the liver in Sprague–Dawley
rats. They were treated using eight 2500 V square wave pulses,
each 100 ms long at a rate of one pulse every 100 ms. They
found significant tumor volume reductions within 7–15 days
posttherapy using MRI and histology.

of biopsy for the patient based on treatment parameters derived from numerical models and preliminary data on IRE in
normal brain (Ellis et al., 2010; Garcia et al., 2010). The IRE
ablation procedure resulted in nearly complete resolution of
focal neurological dysfunction within 1 week of the procedure.
An MRI scan of the brain performed 48 h after the IRE demonstrated a 75% reduction in tumor mass. The canine patient
subsequently received adjunctive fractionated whole-brain radiotherapy for 4 weeks following IRE therapy (50 Gy, delivered
in 20 fractions of 2.5 Gy each). The patient was found to be in
complete remission 4 months after IRE therapy, based on serial
MRI and neurologic examinations. An additional canine patient (6-year-old, spayed female Labrador Retriever) has been
reported on in Neal et al. (2011). The patient presented a large
soft-tissue sarcoma (high grade histiocytic sarcoma) on the
inner aspect of the thigh and groin, as outlined in Figure 14.
The tumor was causing sciatic neuropathy and compartmental
syndrome-associated pain. Its proximity to vital nerves and
vasculature made it unresectable, and thermal therapies
would also have damaged these vital structures. IRE was performed with three electrode insertions, and a 54% reduction in
tumor volume was observed within 8 days, as well as improved
mobility, and there was no further need for pain medicine. The
great response resulted in the use of systemic chemotherapy (four cycles of CCNU, 65 mg m2 every 21 days), until
the tumor developed resistance to the chemotherapy. A second application of IRE to an originally untargeted region of
the tumor was performed to eliminate the remainder of the
tumor. Findings from this study include the ability for IRE to
remain effective to cancer cells that have developed resistance to
chemotherapy as well as muscle cell sparing at the tumor
boundary as observed by serial biopsies taken at the margin
(Figure 15). Electrophysiological evaluation revealed small decreases in the amplitudes of the distal compound muscle action
potentials, which returned to pre-IRE values 2 weeks after

10.13.3.3.2 Preclinical and clinical work
There have been several preclinical trials on animal patients,
two of which may be found in Garcia et al. (2011) and Neal
et al. (2011). One patient had an unresectable forebrain malignant glioma (Garcia et al., 2011). This 12-year-old canine
presented with rapidly progressive neurological deterioration
due to the growth of his tumor. IRE was performed at the time

(a)

(c)
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(b)

(d)

(e)

Figure 14 Canine patient’s tumor and treatment. (a) CT Reconstruction of patient pretreatment. Tumor highlighted in black (derived from raw CT
scans), black arrow points to location of sciatic nerve, white arrows point to deep and circumferential femoral arteries. (b) Tumor 3D reconstruction with
electrode placement plan. (c–e) 3D reconstructions of CT-guided procedure with electrode placements denoted by arrows. Reproduced from Neal RE
2nd, Rossmeisl JH Jr., Garcia PA, Lanz OI, Henao-Guerrero N, and Davalos RV (2011) Successful treatment of a large soft tissue sarcoma with
irreversible electroporation. Journal of Clinical Oncology 29(13): e372–e377.
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bleomycin, ( 1400 Da) that, when combined with electroporation pulses, resulted in improved dosing toxicity by as many
as five orders of magnitude (Orlowski et al., 1988). This has
therefore become a drug of choice in preclinical and clinical
studies of ECT.

10.13.3.4.1 Experimental and preclinical investigations
Figure 15 Histology at tumor margin. Tumor and neighboring muscle
cells at tumor boundary before (a) and 24 h after treatment with IRE
(b). By 24 h, nearly all cancer cells are completely eliminated and only
supporting structures of extracellular matrix remain, while the remaining
neoplastic cells continue to undergo death mechanisms. Conversely,
the integrity of the muscle cells has been preserved, suggesting
potential selectivity of therapy to less resilient cancer cells. Reproduced
from Neal RE 2nd, Rossmeisl JH Jr., Garcia PA, Lanz OI, Henao-Guerrero
N, and Davalos RV (2011) Successful treatment of a large soft tissue
sarcoma with irreversible electroporation. Journal of Clinical Oncology
29(13): e372–e377.

treatment. By 4 months postdiagnosis, the cancer was considered to be in remission and remains in complete remission
based on follow-up examinations 18 months after the original
diagnosis.
In addition to the promising preclinical case studies using
IRE to treat more delicate and complex varieties of tumors,
there are several early stage human trials that have been
conducted. These include a phase 1 safety trial on various
localized tumors with incurable malignancies (Ball et al., 2010;
Thomson et al., 2011). The primary aim of the study was to
determine the safety of IRE therapy in various organs in the
body for patients refractory to alternative therapies. Complete
tumor ablation verified by CT was achieved in 46 of the 69
tumors, a success rate of 66%, with most failures occurring in
renal and lung tumors (Thomson et al., 2011). For the lung, it
was proven safe, but pneumothorax was almost inevitable. One
interesting result was the nearly complete absence of postablation pain. Biopsies 1 month after surgery showed preservation of tissue structure with coagulative necrosis of the cells.
A separate report from this study discusses patient anesthesia
considerations, including the need for general anesthesia, a neuromuscular blockade, careful patient positioning for CT-guided
therapies, and the use of an ECG synchronizing system to prevent arrhythmias (Ball et al., 2010). Overall, this safety study
showed the ability to use IRE safely in treating a variety of tumors
located throughout the body.

10.13.3.4

Electrochemotherapy

When the energy regime employed in electroporation therapies
is sublethal, exploitation of the cell’s increased permeability
may be used therapeutically to facilitate increased macromolecule transport of drugs into the cell’s interior. This technique,
primarily focused at targeting cancer cells with improved
chemotherapy response, has been used in vitro and in vivo
(Mir, 2001; Neumann et al., 1982; Orlowski et al., 1988). In
these studies, relatively permeant chemotherapy molecules
achieved minimal cytotoxic enhancement from electroporation
(Jaroszeski et al., 2000), while less permeant molecules such as
large and hydrophilic drugs were found to attain improved
cytotoxicity (Orlowski et al., 1988). This is especially true of

ECT has undergone an array of preclinical experimental and
spontaneous tumor studies (Cemazar et al., 2008). In experimental implanted tumors, studies were carried out for various
cancer models on mice, rats, hamsters, and rabbits. The drug
under investigation was first allowed to perfuse through the
circulatory system and/or diffuse throughout the tumor tissue.
Following the time for effective drug transport, which is on the
order of 10 min depending on the route of administration,
electrodes were placed near or within the tumor either percutaneously or subcutaneously, and a series of pulses were applied.
The typical pulsing protocol used was eight pulses, each 100 ms
long, at a rate of one pulse per second with a voltage-to-distance
ratio of 1300 V cm1. The pulsing parameters used were found
to have no antitumor effectiveness on their own and cause no
adverse systemic effects. These studies establish that drug doses
below those needed for antitumor effectiveness alone were able
to produce complete regressions in nearly 80% of the subjects
treated when the pulses were added. The drugs were administered at doses low enough to prevent any observable systemic
effects (Cemazar et al., 2008; Sersa et al., 2008).
In addition to experimental tumors, veterinary patients
presenting spontaneous tumors were also treated with ECT
to determine its therapeutic efficacy in human and animal
patients (Cemazar et al., 2008; Sersa et al., 2008). Patients
studied include canines, felines, and equines, with the first
study conducted in 1997 on 12 feline patients using intravenous bleomycin on large soft-tissue sarcomas that had relapsed
after conventional treatment (Mir et al., 1997). Following this
study, others were carried out that successfully treated the
patients using ECT with intratumoral cisplatin and bleomycin
(Cemazar et al., 2008).

10.13.3.4.2 Clinical trials
The first clinical trials on ECT were performed in 1991 (Mir
et al., 1991a) and used intravenous injection of bleomycin
followed by electric pulses for patients with permeation nodules of head and neck squamous carcinomas. Over the following decade, the technique was applied for a broad range of
superficial tumor varieties, using either bleomycin or cisplatinum injected either intratumorally or intravenously over a
single or multiple treatment sessions. These trials included
more permeation nodules of head and neck squamous carcinomas and salivary breast adenocarcinoma, where antitumor
response was observed with high patient tolerance of the therapy (Belehradek et al., 1993; Domenge et al., 1996; Mir et al.,
1998); basal cell carcinomas where 99% of the nodules treated
remained in complete regression 3 years after treatment (Heller
et al., 1998); oral cavity squamous cell carcinomas where half
of the ten tumors treated that were 4 cm or less in diameter
achieved complete regressions at 40 weeks (Panje et al., 1998);
a case study on bladder transitional cell carcinoma metastases,
where 14 of 17 metastases on the skull completely disappeared
and the remaining three contained no living cells (Kubota
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et al., 1998); and malignant melanomas using cisplatinum
instead of bleomycin on malignant melanomas, where the
addition of electroporation was found to induce a greater
response index in the largest nodules relative to cisplatinum
therapy alone (Sersa et al., 1998). These trials and several
others carried out later were followed by a prospective nonrandomized multi-institutional ESOPE (European Standard
Operating Procedures of ECT) study (Marty et al., 2006). Treatment response was characterized according to tumor type, drug
used, route of drug administration, and type of electrode used.
This study found objective and complete response rates of 85%
and 74%, respectively, regardless of tumor histology, drug or
route of administration. Overall, the clinical studies present
encouraging results for ECTs ability to treat tumors in patients.

10.13.3.5

Electrogenetherapy

Electroporation has been used to facilitate the delivery of genetic material into cells, including DNA and RNA, which is
known as electrogene transfer. When therapeutic genetic materials are introduced into cells to target a disease, it is known
as EGT. Optimization of pulsing protocols shows that the
greatest transfection efficiency with low mortality occurs
when a brief initial pulse to initiate pore formation, similar
to IRE and ECT, is followed by a series of lower amplitude,
longer pulses to electrophoretically drive the movement of
genetic material into the cell. Using electric pulses to move
large genetic material into cells is a technique whose application has become widespread in vitro. In addition, its potential
implications in vivo present several advantages. These include
the avoidance of viral vectors, high transfection efficiency with
functionally permanent long-term expressions of the genetic
material, and precise and predictable transfection. When targeted at cells with a long lifetime, such as muscle cells, very
long-term expression increases are possible. Envisioned applications of EGT include the required genetic instructions for the
creation of proteins that are deficient in the propagation of
various diseases, the production of cytokines and antigens for
the treatment of tumors and cancer cells, as well as a cheap,
stable alternative to vaccine production that will not expire and
require cold shipment (Gehl, 2003; Mir et al., 2005).

10.13.3.5.1 Experimental and preclinical investigations
EGT experiments have been performed on animals ranging
from mice to primates (Li, 2004; Rice et al., 2008; Simon
et al., 2008). The applications for these experiments include
treating anemia, autoimmune diseases, myocarditis, dystrophin, motor neuron diseases, liver injury, diabetes, muscle
injury, arthritis, and cancer (Li, 2004). In treating autoimmune diseases such as Type I diabetes, diabetic mice treated
with intramuscular EGT for the insulin gene survived up to
10 weeks, while controls survived only 3 weeks (Martinenghi
et al., 2002). Some immune suppressing EGT has been
attempted for autoimmune diseases such as the use of IL-10
gene to reduce the production of inflammatory cytokines that
damage the heart via myocarditis. Intramuscular EGT for the
IL-10 gene was found to increase IL-10 expression and inhibit
the expression of inflammatory molecules, increasing the 14and 21-day survival rates for mice by 50% and 40%, respectively (Yamamoto et al., 2001). One concern for using such
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immune-suppressing gene therapies is the potential overexpression of the genes resulting in a compromised immune
system. This could lead to an increased chance of infection
and other severe diseases such as malignancy. In targeting
motor neuron degeneration, in vivo studies showed a therapeutic effect equal to that attained with adenovirus, demonstrating
the power of EGT as a nonviral vector for gene therapy
(Lesbordes et al., 2002). It is also worth mentioning that
EGT-based tumor therapies are being tested for small interfering RNA molecules that will silence the expression of oncogenes, where in vivo experiments have shown the ability of
electroporation-mediated transfection of these RNA molecules
to silence genes of solid tumors in mice (Golzio et al., 2007).
The treatment of cancer with EGT has been performed
predominately using IL-12 plasmid (Cemazar et al., 2010).
Interestingly, intramuscular EGT increases gene expression by
two to three orders of magnitude (Hanna et al., 2001), while
intratumoral EGT may increase gene expression by 50–100
times (Li et al., 2002). The mechanism of action of IL-12 is
not fully elucidated, but it is known to promote an increase in
tumor infiltration of T cells, which leads to cytolytic behavior,
and inhibits angiogenesis, which causes a reduction in microvascular density. The first investigation of EGT for cancer used
intratumoral injection of IL-12 in mice followed by the application of 10, 375 V cm1 pulses with durations of 50 ms
(Yamashita et al., 2001). The targeted hepatocellular carcinoma
was significantly inhibited along with a noticeable reduction in
growth of distant, nontreated tumors. Since this initial study,
IL-12 EGT has been performed successfully in other experimental tumor models, such as renal (Tamura et al., 2001), colon
(Tamura et al., 2001), and breast cancer (Shibata et al., 2006).
Additionally, preclinical studies have been performed on canine
mast cell tumors treated with IL-12 EGT (Pavlin et al., 2011) and
equine sarcoid treated by a combination of ECT with cisplatin
and EGT with IL-12 (Tamzali et al., 2007). All results provided
evidence of a good antitumor effect.

10.13.3.5.2 Clinical trial
The primary obstacles to be considered and overcome when
translating the preclinical findings into the clinical setting
include developing strategies to avoid the generation of an
immune response that may neutralize the therapeutic efficacy,
to reliably control the level of gene expression in a large animal
system, and to control the duration of expression of the genes.
These key marks were met in 2008, when a Phase I trial of
IL-12-based EGT was performed in patients with metastatic
melanoma (Daud et al., 2008). This dose escalation study
utilized plasmid concentrations of 0.1–1.6 mg ml1 and
6, 1300 V cm1 pulses with durations of 100 ms. According
to the Response Evaluation Criteria in Solid Tumors (RECIST),
2 of 19 patients with nontargeted distant lesions showed complete regression of all metastases, and eight other patients
showed disease stabilization. This exciting result proved safety
and efficacy of IL-12 mediated EGT, which will pave the way
for future studies.

10.13.3.6

Nanosecond Pulsed Electric Fields

In addition to conventional electroporation-based therapies
that use pulses with durations on the order of microseconds
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to target the plasma membrane, nanosecond order pulses with
comparatively higher amplitudes than IRE, ECT, and EGT protocols have been shown to have an intracellular effect. The
basic theory behind this phenomenon has been illustrated in
Section 10.13.2.2 (Figure 1). Briefly, the charging time constant of the plasma membrane is determined by the geometric
and dielectric properties of the different cellular regions.
Typically, the charging time is  1 ms (Weaver, 1993), and the
time to reach steady state is approximately three times this
value (Kolb et al., 2006). While the plasma membrane is
charging, intracellular organelles and the nucleus are also exposed to electric fields. Additionally, due to their smaller size,
these intracellular structures typically charge faster than the
plasma membrane but require greater electric fields strengths
to induce a critical TMP for pore formation. As opposed to IRE,
ECT, and EGT, the electronics required to generate nsPEFs are
not currently commercially available (Kolb et al., 2006), and
their design and production requires expertise in electrical
engineering. Despite this challenge, it has been shown that
nsPEFs offer certain advantages over conventional electroporation protocols. For example, nsPEFs reduce the potential for
muscle contractions during treatment (Long et al., 2011) and
reduce the dependence of electroporation on cell size and
packing density (Esser et al., 2007; Esser et al., 2009), resulting
in more homogenous outcomes in heterogeneous systems.
In the treatment of cancer, nsPEFs have been found to result
in the destruction of tumor cells both in vitro and for in vivo
tumor models. Pulse effects have been linked to cell necrosis
and apoptosis (Nuccitelli et al., 2009; Schoenbach et al.,
2007). Other in vivo studies have focused on superficial
tumor models that can be readily accessed using electrodes,
such as melanomas. One study, which used 300 pulses at
40 kV cm1 each lasting 300 ns, showed complete tumor remission in the 17 nude mice treated. The pulses were found to
increase plasma membrane permeability to very small molecules as well as cause an increase in intracellular calcium,
promote DNA fragmentation, and disrupt the tumor’s blood
supply. Another preclinical study performed to optimize treatment protocols found that using a single treatment of 2000
pulses, each 100 ns long, at an electric field of 30 kV cm1 and
a rate of 5–7 pulses per second was best suited to eliminate
melanomas in mice without raising the skin temperature above
40  C (Nuccitelli et al., 2010). Studies have also been conducted on in vivo tumor models for a variety of other cancerous
cell lines, including pancreatic cancer, where responses were
seen in four of six treated tumors, with three complete responses (Garon et al., 2007). In addition to preclinical experimental determinations of the effects of nsPEFs, a human
subject treated his own basal cell carcinoma and observed a
complete pathologic response (Garon et al., 2007).

10.13.4

Conclusion

Electroporation-based therapies rely on the ability of pulsed
electric fields to create permeabilizing defects in cellular membranes. It is understood that the electric field promotes an
increase in TMP up to a critical permeabilizing threshold. The
stress created by the induced TMP leads to a time-dependent
transition in the membrane structure (Teissie et al., 2005).

However, there is still debate over the nature of the stress itself,
the mechanism by which the stress causes a reorganization of
the membrane, and the molecular description of the reorganization. One widely accepted theory presented in this chapter is
based on the transition of hydrophobic pores inherent to lipid
bilayers into hydrophilic pores capable of conducting ions.
However, this theory fails to answer certain experimental observations, such as effects on the membrane-solution interfacial regions (Lopez et al., 1988) and membrane conductance
fluctuations (Antonov et al., 1980). Additionally, in molecular
dynamics simulations of lipid bilayers, recent results indicate
that pore formation is controlled by the increased likelihood
of water defects in the membrane, as opposed to lipid headgroup interactions (Tieleman, 2004). Continued advances in
molecular dynamics, along with spectroscopic methods and
imagining techniques will help to elucidate the biophysical
mechanism behind the electroporative phenomenon (Teissie,
2002).
Despite lacking a complete understanding of electroporation at the cellular and molecular scale, therapies utilizing the
electroporation phenomenon are having great success in clinical applications. This can be attributed to the proven therapeutic efficacy and safety of IRE, ECT, EGT, and nsPEFs. At
the macroscale, the effects of electroporation on tissues have
been well characterized both electrically and histologically.
This has allowed for the development of accurate treatment
planning models that are able to predict outcomes even in
complicated systems, such as those with irregular geometries
or multiple tissue types. In the future, all electroporationbased therapies will find their place in medicine. In particular, it is likely that cancer, a disease for which no universal
cure is in sight, will require combinatorial therapies to treat
patients. Already, great clinical outcomes have been achieved
by performing IRE, ECT, EGT, and nsPEFs alone, together, or
in combination with other conventional therapies, such as
radiation therapy. This multimodal approach will continue to
be an avenue of future research as the field of electroporation
develops and gains recognition.
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