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1 Introduction
Irreversible electroporation (IRE) is a promising new technique for the ablation of
tumors and arrhythmogenic regions in the heart (Davalos, Mir et al. 2005; Edd,
Horowitz et al. 2006; Al-Sakere, Andre et al. 2007; Edd and Davalos 2007; Onik,
Mikus et al. 2007; Rubinsky 2007). One of its primary advantages over other ablation techniques lies in its mechanism to kill undesirable cells by affecting the cell
membrane without thermally damaging major blood vessels, connective tissue,
nerves and the surrounding tissue. IRE's ability to create complete and predictable
tissue ablation with sharp transition between normal and necrotic tissue will have
great advantages in a variety of medical applications (Rubinsky 2007).
Electrical fields, including that for IRE, produce the Joule effect, as charge carriers transfer thermal energy to surrounding chemical species during their E-field
induced migration. Davalos, Mir and Rubinsky postulated and demonstrated that
irreversible electroporation can be isolated from traditional thermal damage and
used to destroy substantial volumes of tissue in vivo (Davalos, Mir et al. 2005).
Their finding that irreversible electroporation can be used as an independent modality for tissue ablation was subsequently confirmed in studies on cells (Miller, Leor
et al. 2005), small animal models in the liver (Edd, Horowitz et al. 2006), and on
tumors (Al-Sakere, Andre et al. 2007) as well as in large animal models in the liver
(Rubinsky, Onik et al. 2007) and the heart (Lavee, Onik et al. 2007).
Perhaps one of the most important findings of these IRE animal experiments was
that the special mode of non-thermal cell ablation has many beneficial effects. For
instance, it allows extremely rapid replacement of ablated tissue with healthy tissue
(Rubinsky, Onik et al. 2007) without scar formation, and it induces a beneficial immune response (Rubinsky, Onik et al. 2007). It also allows treatment in the heart
(Lavee, Onik et al. 2007) and blood vessels (Maor, Ivorra et al. 2007) without the
danger of coagulation in the blood stream and subsequent emboli. Therefore, the
study of how electrical fields can be applied to living tissue to induce IRE damage to
the cell membrane without causing thermal damage is an emerging area of research
and it is critical to capitalize on all of the benefits of this new technique.
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To aid in the planning of IRE treatments, several theoretical studies have focused on computing the macroscopic electrical and thermal conditions within the
treated tissue (Edd and Davalos 2007; Ivorra and Rubinsky 2007; Rubinsky 2007).
For given electrode configurations and tissue properties, models can predict the
electric field (E), pulse-induced transmembrane potential (Vm), and rise in temperature within the tissue (ΔT). The extent of tissue destroyed by the pulse is estimated from empirical criteria: typically, a threshold value of E is assumed based
on experimental measurements (Davalos, Mir et al. 2005).
In order to design protocols for an IRE procedure, the electric field distribution,
which is dependent on the procedure’s specific electrode-tissue geometry, pulse
amplitude, and tissue impedance distribution, must be determined. Furthermore, to
verify that a specific protocol does not induce thermal effects, the temperature
distribution can be calculated from the electric field distribution, the electric pulse
parameters, and tissue electrical and thermal properties. Knowledge of the electric
field and temperature distribution enables surgeons and researchers to reliably
predict the results of an IRE procedure. This insight enables surgeons to plan and
optimize the electrode geometry and voltage parameters for varying types of tissue
and heterogeneities to:
•
•
•

•

Ensure that the entire treatment region undergoes IRE, especially when
multiple applications are necessary
Minimize applied voltages and visualize where potential damage may
occur in order to reduce thermal damage to surrounding tissues
Minimize treatment time, invasiveness, and number of procedures to prevent unnecessary damage to sensitive tissues
Superimpose medical images such as MRI and CT to plan treatment of
the appropriate region

The primary goal of this chapter is to supply readers with the tools and understanding necessary to design appropriate protocols for use of IRE for non-thermal
tissue ablation with particular application in cancer therapy. To this end, we first
present the fundamental theory that determines how electric fields will result from
a chosen electrode configuration, pulse characteristics, and the electrical properties of the tissue. We then proceed to describe the other important theoretical paradigm for modeling IRE, heat diffusion via the Pennes bioheat equation, and we
detail the connection between them, namely Joule heating.

2 Effects of Electroporation Fields
2.1 Transmembrane Potential
Electroporation, which results in an increase in the permeabilization of the cell
membrane, is initiated by exposing cells or tissues to electric pulses (Weaver and
Chizmadzhev 1996; Weaver 2003). As a function of the resulting transmembrane
potential (the electric potential difference across the plasma membrane), the
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electroporation pulse can
n either: have no effect on the cell membrane, reversiblly
permeabilize the cell mem
mbrane after which cells can survive, or irreversibly peermeabilize the cell membrrane, which leads to cell death presumably through a loss
of homeostasis. The natu
ural transmembrane potential is on the order of 70mV iin
healthy cells, resulting prrimarily from ion channels and pumps embedded withiin
the lipid bilayer. If the po
otential drop across the membrane is made to exceed appproximately 1V by the acction of an applied electric field, structural rearrangemennt
of the lipid bilayer occurss, creating permanent aqueous pathways or pores for ionns
and macromolecules to pass
p
through, i.e. irreversible electroporation (Sale annd
Hamilton 1967).
The typical formula to
o approximate the induced transmembrane potential (Vm)
resulting from an applied electric field for a cell in suspension is:

[

]

2 − 0. 5

Vm = λrE a cos(θ ) ⋅ 1 + ( f f s )

,

(1)

where λ is the shape facto
or of the cell (1.5 for spherical cells), r is the radius of thhe
cell, Ea is the applied elecctric field, θ is the angle between electric field and thhe
vector from the cell centeer to any point on its surface, fs is approximately equal tto
the frequency where the beta dielectric dispersion occurs (below which the ceell
membrane charge is in sttep with the electric field) and f is the frequency of thhe
assumed sinusoidal Ea (L
Lee, Zhang et al. 2000). This results from the simplifieed
model of a cell as a resisto
or (intra- and extra-cellular path-resistance) in series witth
a capacitor (membrane caapacitance). Besides the attenuation of the magnitude oof
Vm in Eqn. 1 by [1+(f/fs)2] -0.5, the phase shift of transmembrane potential with reespect to the applied electrric will be tan-1(-f/fs). Since even a DC pulse can be deecomposed into a superpossition of various sine waves at different frequencies, thhis
equation enables the tran
nsmembrane potential resulting from a short pulse to bbe
computed in an approxim
mate sense. For most cases, the transient terms can be negglected because the electrroporation pulse (20μs-50ms) is much larger than thhe
membrane charging time (about 1μs for spherical cells about 10 μm in diameteer)
(Weaver 2000).
Example

For example problems a-d, refer to Eqn. 1 and assume that the electrical pulsse
is longer than the typical cell
c membrane charging time.
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Q(a) What is the electric field (V/cm) necessary to irreversibly electroporate a 10 µm
(diameter) cell assuming a 1 V transmembrane potential is sufficient to kill the cell?
A(a) The typical formula to approximate the induced transmembrane potential
(Vm) resulting from an applied electric field is given by:

Vm = λrE a cos(θ ) ,
where λ is the shape factor of the cell (1.5 for spherical cells), r is the radius of the
cell, Ea is the applied electric field and θ is the angle between the electric field and
the vector from the cell center to any point on its surface.
Vm = λrE a cos(θ )
E a = Vm / λr cos(θ ) **Assume cos(θ ) = 1 **
E a [V / cm ] = 1[V ] /[(1.5)(5 x10 −4 )[ cm ]] = 1333V / cm

Q(b) What is the electric field (V/cm) necessary to irreversibly electroporate a 25
µm (radius) cell through a 1 V transmembrane potential?
A(b) E a [V / cm] = 1[V ] /[(1.5)(2.5 x10 −3 )[cm]] = 266.7V / cm
Q(c) For what value of θ is the transmembrane potential at its maximum?
A(c) The value for θ is equal to 0 or π radians, where cos(θ ) = 1 .
Q(d) From the results found in a) and b), what can you conclude about the relationship between cell size and the applied electric field? Describe a situation in
which this application would be useful.
A(d) As the size of the cell increases the applied electric field needed for irreversible electroporation decreases. Therefore, it can be used as a selectivity factor if
the tumor cells are larger than the native cells.

2.2 Electric Field Threshold
In tissue, there are a number of conditions that determine the extent of electroporation, such as tissue properties, which are influenced by membrane properties, cell
size, vascular structure and temperature, as well as a number of pulse parameters
such as amplitude, duration, number, shape and repetition rate. However, for a
given set of conditions, the primary parameter affecting the degree of electroporation is the local electric field strength (Miklavcic, Beravs et al. 1998; Davalos,
Otten et al. 2002).

2.3 Properties Change during Electroporation
Researchers have shown that there is a change in tissue impedance during and
after pulsing, as result of electroporation (Bhatt, Gaylor et al. 1990; Pavlin and
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Miklavcic 2003; Davalos, Otten et al. 2004; Miklavcic, Sel et al. 2004). More specifically, the magnitude of specific electrical conductivity of tissue during electroporation increases as a result of the opening of the previously membrane-blocked
intracellular spaces to electrical conduction (Lee, Zhang et al. 2000; Pavlin and
Miklavcic 2003; Davalos, Otten et al. 2004; Miklavcic, Sel et al. 2004). As described in the following example problem, these changes can be readily incorporated into the user’s numerical models but can be ignored to approximate the area
treated (Davalos, Otten et al. 2002; Davalos, Otten et al. 2004).
Since the magnitude of specific impedance of tissue changes during IRE, it
provides an active means for the physician to monitor the procedure by measuring
the change in current. It allows for imaging the tissue region that has been irreversibly electroporated using electrical impedance tomography to verify that the
targeted region has been successfully treated (Davalos, Otten et al. 2002; Davalos,
Otten et al. 2004; Lee, Loh et al. 2007).
Examples

The change in electrical conductivity that results from local permeation of cell
membranes affects what happens during subsequent electroporation pulses. To see
how this happens, consider the simple one-dimensional case where two infinite
area plate electrodes are applied across a similarly infinite sheet of tissue with
thickness of 6 mm, comprised of two distinct tissue types of equal thickness that
are in series with one another between the electrodes. To simplify the situation, we
assume that the electrical conductivity of each section of tissue is independent of
frequency. The first tissue has a normal electrical conductivity of 0.3 S/m where
tissue type II is less conductive at 0.05 S/m. Further, we assume that full electroporation will occur when the electric field strength is at least 1000 V/cm in either
tissue, and that electroporation will lead to a tissue conductivity of 1 S/m for either
tissue.
Q(a): If the tissues had identical electrical conductivity, a pulse of 600 V or more
would be required for electroporation. What is the voltage required to electroporate one section of tissue? What is required to electroporate both in the same
pulse?
A(a): In this case, we can treat the two sections of tissue as a pair of resistors in
series. The current density (amperes per cross electrode-normal area) will then be
equal to the pulse voltage (Vp) divided by (3 mm / 0.3 S/m + 3 mm / 0.05 S/m), or
Vp / (0.07 Ωm2). The voltage drop across the first tissue will then be Vp / (0.07
Ωm2) multiplied by the effective tissue resistance (3 mm / 0.3 S/m), so that the
electric field in this region will be (Vp / 7) divided by 3 mm. So, to generate 1000
V/cm, we need to apply 2100 V across the electrodes. Since the second tissue has
a lower conductivity, similar analysis reveals that a pulse of only 350 V will cause
its electroporation. So, we could electroporate tissue two without electroporating
tissue one if the applied voltage was at least 350 V but less than 2100 V. A pulse
of 2100 V or greater would result in electroporation of both tissues.
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Q(b): To minimize the deposition of Joule heat due to large pulse magnitudes, it is
beneficial to apply multiple pulses so that electroporation in more resistive areas
will allow more conductive regions to feel the required electric field during later
pulses. To understand how this occurs, find the smallest voltage needed to cause
electroporation in both tissues after the second pulse?
A(b): In this case, it is easier to work backwards from the second pulse to the first.
Since tissue one is more conductive, it will be harder to electroporate. So, we will
assume that the second tissue must be electroporated after the first pulse, leading
to a modified conductivity of 1 S/m in that region. So, the voltage needed to electroporate the unaffected first tissue during the second pulse will be 390 V, found
as in part (a). As we already computed, this voltage will be sufficient to electroporate the more resistive second tissue, but if this was not the case, we would need to
increase the pulse voltage to that value instead. Note also that the current density
will be larger during the second pulse as the total path resistance has fallen due to
electroporation of the second tissue. Specifically, the current density increases
from 5.57 × 103 to 3 × 104 A/m2.

2.4 Joule Heating
Joule heating is the heat generation rate per unit volume caused by an electric
field. The Joule heating source term is evaluated by solving the Laplace equation
for the potential distribution associated with an electrical pulse: ∇ ⋅ (σ∇ φ ) = 0 ,
where φ is the electrical potential and σ is the electrical conductivity of the tissue. The associated Joule heating rate per unit volume, q& , from an electric field, is
the square of the local electric field magnitude, − ∇ φ , times the electrical conductivity of the tissue.

q& = σ − ∇φ

2

.

(2)

A convenient equation to estimate the increase in temperature (ΔT) of homogeneous tissue for the parallel plate configuration from the Joule heating is:

ΔT =

σ
2
∇φ Δt ,
ρc p

(3)

where Δt is the total duration of the pulses, ρ is mass density and cp is specific heat
(Krassowska, Nanda et al. 2003). This equation assumes no heat dissipation between the pulses, and no fringe effects at the electrode edge. Furthermore, this
equation assumes that the biological properties are uniform and the contributions
from blood flow, metabolic heat and electrode heat dissipation are negligible.
Even though electroporation pulses are usually applied using a DC field, it
should be noted that the electrical conductivity is frequency dependent as shown
for select tissues in Table 1.
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One final note on the electrical conduction equation is that if the tissue has directional orientation (e.g., muscle tissue), its properties are anisotropic. For example, muscle tissue conducts electricity more easily along the fibers than across
them. For such a case, σ must be replaced with a 2nd order tensor (σ) that is symmetric (σij=σji) and positive definite.
Table 1. Tissue electrical conductivity at various frequencies. (Adapted from (Gabriel, Lau
et al. 1996)).

σ (S/m)
Blood
Heart
Liver
Muscle

102 Hz
0.7000
0.0936
0.0381
0.2667

103 Hz
0.7000
0.1063
0.0414
0.3212

104 Hz
0.7000
0.1542
0.0535
0.3408

105 Hz
0.7029
0.2151
0.0846
0.3618

106 Hz
0.8221
0.3275
0.1866
0.5027

107 Hz
1.0967
0.5014
0.3167
0.6168

2.5 Thermal Regimes
There have been numerous experimental studies on cell viability following the
delivery of an electric pulse (Hulsheger and Niemann 1980; Gabriel and Teissie
1995; Lubicki and Jarayam 1997; Krassowska, Nanda et al. 2003). However, relatively little is known about the mechanism by which IRE causes cell death. There
is debate whether IRE-induced cell death is caused by: (1) membrane rupture, (2)
excessive leakage through pores, or (3) thermal damage to cells. The three proposed mechanisms have different scaling laws that relate the strength (E) and duration (d) of the threshold electric pulse for cell death. In particular, for rupture,
ln(d) ~ 1/E2; for leakage, d ~ 1/E; and for thermal damage, d ~ 1/E2. Some studies
find a correlation between cell death and the total energy delivered by the pulse
(Okino, Tomie et al. 1992; Kekez, Savic et al. 1996), while others do not
(Schoenbach, Peterkin et al. 1997; Vernhes, Cabanes et al. 1999), and yet others
correlate cell death with the total pulse charge (Krassowska, Nanda et al. 2003).

3 Determining the Temperature Distribution
3.1 Derivation of Heat Diffusion Equation from 1st Principles
In order to ensure that a particular IRE treatment does not produce thermal damage to the target tissue, it is necessary first to understand how heat is removed
from the regions of high electric field strength where transient Joule heating may
occur.
Conduction is a mode of heat transfer (as opposed to convection and radiation)
in which thermal energy spreads from regions of higher temperature to those of
lower temperature. Mechanistically, the macroscopic transfer of heat occurs
through the integration of many atomic-scale collisions within the constituent matter in a process which tends to evenly distribute kinetic energy. In 1822, Jean
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Baptiste Joseph Fourier proposed a simple law predicting the conduction of heat
that was based on and has agreed with abundant experimental evidence: the heat
flux (q, in W) from a region of higher temperature to that of a lower temperature is
proportional to the temperature difference and to the area (in the plane orthogonal
to q) through which the heat is transferred. When one applies this law to the conduction of heat along the length (x-direction) of material of cross-sectional area A,
the heat flux along this length becomes:
q x = − kA

∂T
∂x

,

(4)

where k is the intrinsic thermal conductivity of the material through which heat
flows, defined typically in W/m2K and the minus sign ensures that heat flows from
hot to cold material.
To derive the relation that allows temperature to be predicted as a function of
space and time, we first need to write an appropriate energy balance for an infinitesimal control volume that represents any point within the object to be modeled,
i.e. the tissue. Most simply, the rate of energy input into the control volume minus
the rate of energy efflux, plus the rate of volumetric energy generation must equal
the rate of energy storage at every point within the object. Energy enters and
leaves the boundaries of the control volume via conductive heat fluxes, energy
generation (or withdrawal) may come from many sources (metabolism, blood flow
and Joule heating are most relevant here), and energy storage results in a temperature rise of the material. Here we take the control volume as a rectangular prism
(dx × dy × dz) whose centroid is located at (x+dx/2, y+dy/2, z+dz/2). Grouping
the heat fluxes according to the direction along which they enter or leave the control volume, the energy balance then becomes:

(q′x′ − q′x′+dx )dydz + (q′y′ − q′y′+dy )dxdz + (q′z′ − q′z′+dz )dxdy + q& dxdydz = ρc p ∂T dxdydz , (5)
∂t

where the double-prime marks heat flux per area, q& , is heat generated per unit
volume, ρ is mass density and cp is the specific heat at constant pressure. Recognizing that the limit of (q”x+dx-q”x)/dx is by definition the derivative of q”x with
respect to x and dividing by volume dx dy dz, we rewrite as:

−

∂q ′x′ ∂q ′y′ ∂q ′z′
∂T .
−
−
+ q& = ρc p
∂x
∂y
∂z
∂t

(6)

Substituting Fourier’s law for conduction along each direction and simplifying
results in:
∂T ,
∂ ⎛ ∂T ⎞ ∂ ⎛ ∂T ⎞ ∂ ⎛ ∂T ⎞
⎟+ ⎜k
⎟ + q& = ρc p
⎟ + ⎜k
⎜k
∂t
∂x ⎝ ∂x ⎠ ∂y ⎜⎝ ∂y ⎟⎠ ∂z ⎝ ∂z ⎠

(7)

or in more compact form, ∇ ⋅ (k∇T ) + q& = ρc p ∂T , which is the heat diffusion equa∂t
tion. In general, however, one can obtain reasonably accurate results by assuming
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isotropic thermal properties that are distributed homogeneously. With appropriate
boundary conditions (heat flux and prescribed temperature are the most common,
though convection cooling is also possible) and initial conditions (temperature at
every point at time zero, or immediately after the pulse), one can make use of analytical or numerical techniques to predict the evolution of temperature.

3.2 Bioheat Equation
The Pennes Bioheat Equation is often used to assess the heating associated with a
thermally relevant procedure because it can provide an estimate of important biological contributions. It takes into account heat conduction and also the dynamic
processes that occur in tissues like blood perfusion and metabolism which modify
the heat transfer process. Blood perfusion is an effective way to dissipate (take
away) heat contrary to metabolic processes which generate heat in the tissue.
Thus, the contributions of these two processes must be considered.

3.3 Bioheat Equation Transformation
The heating of the tissue resulting from electroporation pulses can be calculated
by adding the Joule heating volumetric source term to the Pennes bioheat transfer
equation (Pennes 1948). The modified Pennes bioheat equation has the following
form:
2

∇ ⋅ (k∇T ) − wb cbT + q ''' + σ ∇φ = ρc p

∂T
∂t

(8)

where k is the thermal conductivity of the tissue, T is the tissue temperature minus
the arterial temperature (typically 37°C), wb (Table 2) is the blood perfusion per
unit volume, cb is the heat capacity of the blood, q’’’ is the metabolic heat generation (33,800 W/m3) (Deng and Liu 2001), ρ is the tissue density, and cp is the
Table 2. Tissue perfusion rates (wb) for humans in resting state adapted from (Duck 1990)
Organ or Tissue
Brain
Fatty Tissue

Blood Perfusion rate
ml kg-1 min-1
560
28

Kidney (male)

4000

Liver (male)

1000

Lung

400

Pancreas

600

Skin

120
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Table 3. Common thermal properties of tissue (Duck 1990)

Tissue
Artery, aorta
Blood
Brain
Breast
Colon
Fat, Subcutaneous
Kidney
Liver
Lung
Muscle: cardiac
Muscle: skeletal
Pancreas
Skin
Spleen

T, ̊C
35
36.6-39.6
37
37
37
In-vivo
37
37
37
37
37
37
In-vivo
37

k, W m-1 K-1
0.476 ± 0.041
0.507-0.513
0.503-0.576
0.499±0.004
0.556±0.009
0.23-0.27
0.513-0.564
0.467-0.527
0.302-0.55
0.492-0.562
0.449-0.546
0.294-0.588
0.293±0.016
0.539

c, J g-1 K-1
3.84
3.6 (white), 3.68 (grey)
3.55
3.6, 3.89
3.6
3.72
3.72

ρ, kg m-3
1052 - 1064
1030 - 1041
990 - 1060
916
1050
1050 - 1070
1040 - 1092
1060
1038 - 1056
1040 - 1050
1093 - 1190
1054

heat capacity of the tissue (Table 3). It should be noted the term tissue refers to the
aggregate of solid and blood and that q’’’ varies depending on the tissue type and
state. Properties for metabolism and blood flow can be found in (Duck 1990; Deng
and Liu 2001) even though it has been suggested that these factors have a negligible contribution to the overall temperature distribution as compared with Joule
heating for time domains common of IRE procedures (Davalos, Rubinsky et al.
2003). Furthermore, it may be possible to neglect blood flow since it has been
suggested that perfusion is interrupted or even stopped in the treated zone during
IRE, which may assist in inducing total necrosis of the tissue (Gehl, Skovsgaard et
al. 2002; Edd, Horowitz et al. 2006). Nevertheless, it may be necessary to consider
when assessing heat transfer in nearby non-electroporated tissue that conduct heat
from the pulse zone or in treatments that require a train of pulses.

3.4 Non-dimensionalized Form of the Bioheat Equation
Eqn. 8 can be non-dimensionalized in a similar fashion as described in (Foster,
A.Lozano-Nieto et al. 1998), which uses the following assumptions: the domain is
homogenous, the heat capacity of blood is equal to the tissue (cb = cp = c) and the
metabolic heat generation is negligible. For irreversible electroporation, the joule
heating term is non-dimensionalized by normalizing the electric field with the
applied voltage-to-distance ratio:
q~o''' =

σE 2

σ o (Va / L )

2

(9)

where σo is the conductivity of the tissue before electroporation, Va is the applied
voltage and L is the distance between the electrodes. In the cases where cylindrical or spherical electrodes are used, L is the center-to-center distance between the
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electrodes. The following additional dimensionless terms are used to nondimensionalize Eqn. 8:
~
T =

Tk
L σ o (V a / L )
2

2

x
~
x=
L
tk
~
t =
ρcL2

(10)

(11)
(12)

Expressing Eqn. 8 in terms of these non-dimensional quantities for temperature,
length, and time reduces it to the following dimensionless form:
~
cL2 ~ ~ ''' ∂T
~
∇ 2T − wb
T + qo = ~
k
∂t
(13)

4 Modeling for Treatment Planning
4.1 Models
Numerical modeling is a technique to approximate the solutions to mathematical
formulations that simulate physical processes in a system. The system is defined
by the geometry and the physical properties of the material (i.e. tissue). Such simulations provide invaluable insight as to the potential response of the physical
system to different stimuli. These stimuli are represented by a combination of
boundary conditions, initial conditions or forcing functions that depend on the
application of the numerical model.
In this section we show how numerical modeling can be used to predict the
tissue area treated by IRE and to confirm that the procedure does not generate
thermal tissue damage. The first set of numerical models explores the critical parameters of IRE treatment in two different electrode geometries (parallel plate and
needle). The second set is an analysis of three different electrode geometries
(spheres, cylinders and parallel plate) and their effect on the resulting electric field
and the temperature distribution due to IRE. The computations described in this
section were performed with a commercial finite element package (FEMLab,
Comsol AS, Stockholm, Sweden).
The first two fundamental models are representative of common conditions associated with irreversible electroporation and are used to illustrate the critical parameters in designing treatments. These models are depicted in Fig. 1. The first
configuration (Fig. 1a) involves two coaxial disk electrodes and the second (Fig.
1b) contains two parallel needle electrodes. These are common electrode geometries and many more geometries are certainly possible, yet through these two basic
examples, we illustrate the trends that occur as a function of critical parameters
such as electrode size and shape.
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Fig. 1. Two commonly employed electrode designs – (a) coaxial disk electrodes and (b)
parallel needle electrodes. Full 3D solution is depicted for each case, where the aspect ratio
(d/D = interelectrode gap/electrode diameter) is 0.4 for (a) and 10 for (b), and where the
applied voltage to distance ratio (V/d) is 1000 V/cm. Adapted from (Edd and Davalos
2007).

4.2 Accuracy of 2D versus 3D
The models used to generate the results in Figs. 3-5 are two-dimensional, as depicted in Fig. 2. For the disk electrodes, as long as conductivity is uniform, no loss
of generality is incurred by using a cylindrically symmetric model. However, the
2D simplification for the needle electrodes implies infinitely long electrodes. As
will be discussed in the following sections, this causes the cell constant, which can
be used to predict power consumption or to estimate bulk tissue conductivity, to
be overestimated, the treatment volume to be underestimated, and has minimal
impact on the predicted maximal temperature rise due to the pulse. These errors
become substantial when the ratio of electrode length (L) to electrode gap (d) is
small, yet it will be shown that the 2D model is still a useful approximation for the
purpose of IRE treatment planning.

4.3 Boundary Conditions
A model is fully defined and solvable using a numerical method once an appropriate set of boundary conditions and the properties of the tissue are defined. Boundary conditions most often include surfaces where electric potential is specified, as
in the case of a source or sink electrode, or surfaces that are electrically insulating,
as on the free surfaces of the tissue, for example.
For the case studies described, the surface of one electrode is assumed to have a
prescribed voltage, and the other electrode is set to ground. Specifically, at the
boundary where the tissue is in contact with one electrode:

φ = Vo

(14)
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Fig. 2. Cross-sectional electric field distribution for some representative cases. Graphs
show simplified 2D models where the same surfaces of constant electric field from Figure 1
are represented with contours. Electrode diameters are 2.5, 5, and 10 mm for (a)-(c) and
0.5, 1, and 2 mm for (d)-(f), respectively. All other parameters are identical with those
listed for the corresponding graphs of Figure 1, so that (c) and (e) are for the same two cases as shown in Figure 1. For the disk electrodes in (a)-(c), cylindrical symmetry ensures the
accuracy of the 2D model; however, the 2D simplification for the needle electrodes in (d)(f), where the electrodes are perpendicular to the plane of the model, implies infinitely long
electrodes. Adapted from (Edd and Davalos 2007).

where Vo is the applied voltage, and at the boundary where the tissue is in contact
with the other electrode:

φ =0.

(15)

The remaining boundaries are treated as electrically insulating:

∂φ
=0.
∂n

(16)

The analyzed domains extend far enough from the area of interest (i.e. the area
near the electrodes) that the electrically and thermally insulating boundaries at the
edges of the domain do not significantly influence the results in the treatment
zone.
Several thermal boundary conditions can be employed to study their heat exchange between the electrodes and the tissue (Davalos, Rubinsky et al. 2003;
Becker and Kuznetsov 2006; Becker and Kuznetsov 2007). However, in the examples in this chapter, the boundaries are taken to be adiabatic to the boundary of
the analyzed domain to predict the maximum temperature rise in the tissue:

∂T
= 0.
∂n

(17)
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Other possibilities for electrode boundary conditions include those for passive
electrodes, where a film conductance is specified, or those where the electrode
interface impedance is included in an approximate manner, as in the complete
electrode model (Somersalo, Cheney et al. 1992). In addition, one could incorporate a fin effect boundary condition in which there is thermal dissipation through
the electrode itself (Davalos, Rubinsky et al. 2003). One could consider the electrodes to be infinite fins, thereby providing an upper limit for their ability to
remove heat from the tissue using the following boundary condition at the electrode-tissue interface:

q' =

A ⋅ k f ⋅ h / P ⋅ (Tb − Ts )

(18)

where q' is the heat flux per unit length, h is heat transfer coefficient, Tb is the
electrode-tissue interface temperature, Ts is the surrounding ambient temperature,
P is the perimeter, A is the cross-sectional area, and kf is the thermal conductivity
of the electrode (Davalos, Rubinsky et al. 2003).

4.4 Cell Constants
The cell constant (K) is numerically equal to the product of the bulk conductivity
(in S/m) of the tissue (σ) and the magnitude of electrical impedance (Z, in Ohms)
between the electrodes, and has units of inverse length. They allow the surgeon to
predict the amount of heat generated in total during an IRE procedure when the
electrical conductivity is known. This heat would be heterogeneously deposited in
general, but after it spreads during the inter-pulse time would give a rough estimate of the level of persistent heat deposited by IRE. Figure 3 presents the cell
constants (Κ) computed for the two electrode configurations over a range of d/D
values typically encountered. To obtain these data, the applied current was calculated by integrating the normal current density over the surface of one electrode.
Most importantly, Κ provides: (i) an estimate of σ when Z has been measured and
(ii) an estimate of the power consumption when σ is known ahead of time
(P = σV2/Κ).
For example, consider the two sets of cases presented in Figure 1. For the disk
electrode case where d/D = 0.4 (Fig. 2c), ΚD ≈ 0.37 (Κ = 37 m-1) from Figure 1a.
Similarly, for the needle electrode case where d/D = 10 (Fig. 2e), ΚL ≈ 0.96 (Κ =
96 m-1 for L = 10 mm). If we assume σ ≈ 0.2 S/m, then the power during the pulse
will be around 0.86 kW (P ≈ 0.2·4002/37) for the disk electrode case in Figure 2c
and about 2.1 kW (P ≈ 0.2·10002/96) for the needle electrode case in Figure 2e.
For the needle electrode configuration, however, this 2D simplification has resulted in a lower than actual rate of power consumption during the pulse being
predicted. The full 3D model predicts that the pulse will in fact consume 2.8 kW,
so that Κ= 72 m-1. This discrepancy can be understood by considering that the
impedance in the circuit falls when current can flow not only within the 10 mm
thick section of tissue that bounds the electrodes, but also above and below it;
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Fig. 3. Cell constant (Κ) as a function of aspect ratio (d/D) plotted for (a) coaxial disk electrodes and (b) parallel needle electrodes. Cell constant is non-dimensionalized in the first
case by multiplying with the diameter (D) of the disk electrodes and in the second case by
multiplying with the active electrode length normal to the page (L). Circles in (b) correspond with the three columns in Table 4 that report discrepancies between the 2D assumption (infinitely long parallel needle electrodes) and the fully 3D case. Adapted from (Edd
and Davalos 2007).

since adding impedances in parallel will reduce the overall impedance (Z), the 3D
model will always have higher power consumption and a lower cell constant than
would be predicted from the 2D model. This effect becomes more pronounced as
L/d is reduced.
Table 4 examines this discrepancy between the cell constant predicted for the
case of 1 mm diameter parallel needle electrodes by the 2D model and that for the
full 3D model. From these computed data, it can indeed be seen that as L increases
for constant d, the 2D model becomes more accurate. Conversely, the 2D model
becomes less accurate as d is increased across the three columns that correspond
with the d/D points marked as circles in Figure 3b. By adjusting the data in Figure
3b according to the trends in Table 4, it is possible to generate reasonably accurate
predictions of the cell constant with just the 2D model.
Table 4. Cell constant discrepancy (K3D/K2D)

d=
L = 2.5 mm
L = 5 mm
L = 10 mm
L = 20 mm

5 mm
0.51
0.65
0.78
0.86

7.5 mm
0.47
0.61
0.74
0.84

10 mm
0.45
0.57
0.71
0.81
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4.5 Heat Dissipation
Fig. 4 and Fig. 5 were generated to enable the duration, extent and degree of the
transient effects following an electroporation pulse, applied between needle or
plate electrodes in any uniform tissue, to be predicted based on approximate
knowledge of tissue electrical and thermal properties and the details of the pulse.
The application of a short electroporation pulse across needle electrodes will
cause a sudden deposition of a highly non-uniform amount of heat (Edd, Horowitz
et al. 2006). Immediately after the pulse (and to some extent during the pulse), this
heat will begin to diminish in strength as it spreads throughout the tissue as described by the heat diffusion equation. The initial heat deposition can be seen as
the dimensionless temperature rise at each marked point in the tissue at the far left
of the three graphs in Fig. 4 and Fig. 5. This heating is so non-uniform for needle
electrodes that points far from the electrode surface are not subjected to the more
intense heating near to the electrodes until some time has passed, as can be observed from the bump in temperature that occurs at progressively later times as
one looks at points further from the electrode surface in Fig. 4 and from the axis of

Fig. 4. Dissipation of heat generated by a single pulse between two parallel needle electrodes. Graphs show the evolution of temperature with time at various points along the
centerline between electrode centers. Temperature rise (ΔT) and time (t) are given in a dimensionless form to allow general use. Asterisks in above electrode depictions mark exact
locations from where the temperature is reported in the several plots in each pane. In each
case, the highest and lowest curves correspond to the electrode inner surface and midpoint
between electrodes, respectively. Eight curves in (a) are for d/D = 20, six curves in (b) are
for d/D = 10, and four curves in (c) are for d/D = 5. Exact positions of marked points can be
found by starting with the point on the inner electrode surface (D/2 from electrode center)
and marking subsequent points at intervals of an (D/2), where this factor is 1.252 for (a),
1.203 for (b), and 1.151 for (c). Top horizontal line designates the maximal temperature rise
within the object just at the end of the pulse. Adapted from (Edd and Davalos 2007).
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Fig 5. Dissipation of heat generated by a single pulse between two concentric disk electrodes. Graphs show the evolution of temperature with time along the middle plane between
the two electrodes at radial positions of 0, 0.5, 1, 1.5 and 2 times D from the axis of cylindrical symmetry. Temperature (ΔT) and time (t) are given in dimensionless form. Asterisks
in above electrode depictions mark exact locations from where ΔT is reported in the several
plots in each pane. In each case, the highest and lowest curves correspond to the 0 D and 2
D positions respectively. Curves in (a)-(c) are for d/D = 1.6, 0.8 and 0.4 respectively. Top
horizontal line designates the temperature rise at the end of the pulse expected for a local
electric field of V/d.

symmetry in Fig. 5. By the time the temperatures have stabilized at the far right
side of these plots; therefore, an additional pulse can be applied with minimal cumulative heating of the tissues.

Examples
Q(a): Find the maximum temperature rise during a 100 μs pulse of 1000 V that is
applied across two 1 mm diameter parallel needle electrodes spaced 1 cm apart
(center-to-center distance). Assume that ρm = 1000 kg/m3, cp = 4200 J/kg-K and k
= 0.5 W/m-K. As disrupted cell membranes will cause the electrical conductivity
to approach that for physiological saline, we can set an approximate upper bound
on the Joule heating during the electroporation pulse with σ ≈ 1 S/m.
A(a): According to Figure 4(b), [ρmcp / σ(V/d)2tp] ΔT is between 10 and 20 at the inner electrode surface at the end of the pulse. Taking the upper limit of 20, we rewrite
to solve for ΔT as 20 (1 S/m) (1000 V / 0.01 m)2 (100 μs) / (1000 kg/m3) (4200 J/kgK) = 4.8 K.
Q(b): How long should we wait until the maximum temperature rise drops below 1
K?
A(b): Finding the x-coordinate in Figure 4(b) where the y-coordinate drops to 20
(1 K / 4.8 K) = 4.2. This corresponds with (k / ρmcpd2) t = 0.002, so t =
0.002*(1000 kg/m3) (4200 J/kg-K) (0.01 m)2 / (0.5 W/m-K), or about 1.7 seconds.
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Q(c): How long will it take for heat diffusion to bring the temperature at the midpoint between the electrodes to its maximum? What is that temperature and what
was it just after the pulse?
A(c): This would occur at the coordinates of (0.04, 0.6) in Figure 4(b) on the
lower curve. So, t = (0.04 / 0.002) 1.7 s = 34 seconds, and ΔT = (0.6 / 20) 4.8
K = 0.14 K. The temperature was initially (0.5 / 20) 4.8 K = 0.12 K. The temperature in all curves intersect at a short time later, (0.06 / 0.002) 1.7 s = 51 s, at a
temperature of slightly less than 0.14 K above the initial value.

4.6 Geometrical Considerations
Three fundamental models were provided below to illustrate the effect of electrode geometry using configurations commonly used for IRE on the electric field
and the temperature distribution.
Case A: Two 1 mm diameter spheres separated by a distance of 1 cm.
Case B: Two 1 mm diameter cylinders separated by a distance of 1 cm.
Case C: Two infinite plates separated by a distance of 1 cm.

The models were chosen to provide insight, but other configurations can be used
as well. It should be noted that these electrode configurations are similar to those
commonly used in reversible electroporation. The models are depicted in Fig. 6.
For the cylindrical and spherical cases, 1 cm is the center-to-center distance between the electrodes.
The spherical and cylindrical cases were solved numerically while the plate
electrode configuration was solved analytically. The spherical model and the cylindrical model are 2D models. The spherical case is treated as axis-symmetric and

Fig. 6. Models used in study. Case A: Two 1 mm diameter spheres separated by a distance of
1 cm. The dashed line indicates the axis of symmetry. Case B: Two 1 mm diameter cylinders
separated by a distance of 1 cm. The dashed lines indicate the plane of symmetry. Case C:
Two plates separated by a distance of 1 cm. Adapted from (Davalos and Rubinsky 2008).
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the cylindrical case is treated as symmetric with the plane of symmetry made by
the axis of each electrode. As mentioned earlier, the 2D simplification for the
needle electrodes implies infinitely long electrodes. This simplification does incur
some error, particularly when the ratio of electrode length to electrode gap is
small, but it is typically a good approximation for IRE treatment planning. Taking
advantage of the geometric symmetry enables avoidance of computationally expensive 3D models.
The values of the tissue heat capacity (cp = 4 kJ·kg-1K-1), electrical conductivity
(σ =0.2 S·m-1), thermal conductivity (k=0.5 W·m-1K-1), and density (ρ = 1000
kg·m-3) used in the models are taken from the literature (Swarup, Stuchly et al.
1991; Deng and Liu 2001). The tissue temperature is assumed to be initially the
same as the arterial temperature which is the physiological temperature (37 oC).
Fig. 7 shows the maximum temperature within the tissue as a function of pulse
duration normalized for generality for the three cases (Fig. 6) described in this
study. The temperature is normalized by the applied voltage-to-distance ratio as
well as other properties as described in the methods but it should be noted that a
number of other factors such as electrode diameter could have been used. These
plots were obtained by calculating the pulse duration required to reach a maximal
temperature of 40, 45, and 50 ⁰C for an applied voltage of 500, 1000, or 2000 V
for each case. At a specified voltage, the solutions are perfectly linear (i.e., R2 = 1)
for each of the three geometries. Therefore, these solutions can be extrapolated to
determine the maximum pulse duration to stay below a specified temperature using the applied voltage for each electrode configuration. For example, pulse durations on the order of 100 µs are normally used for therapeutic electroporation, and
such pulse lengths have been shown to be highly effective for tumor ablation using IRE (Al-Sakere, Andre et al. 2007). Fig. 7 can be used to obtain the maximum
voltage allowable to stay below a certain temperature limit when a 100 µs pulse is
applied.
Fig. 8 shows the electric field distribution and temperature distribution for the
spherical case (Case A) and the cylindrical case (Case B) when 1000 V is applied
across the electrodes. As described in the model section, only half of the domain is
used for the solution to take advantage of the geometrical symmetry.
The surface plots are of the electric field distribution - the dominant parameter
dictating which region of tissue has been electroporated (Miklavcic, Beravs et al.
1998). The magnitude of the electric field required to induce IRE is a function of a
number of other parameters such as pulse number, pulse length, and tissue type
and is an ongoing area of research (Al-Sakere, Andre et al. 2007; Al-Sakere, Bernat et al. 2007; Onik, Mikus et al. 2007). The surface plots reveal that the field
distribution is strongly dependent on electrode shape. The results in Fig. 8 also
show that the electric field distribution decays more gradually in the cylindrical
case than in the spherical case. Since the associated Joule heating is strongly dependent on the electric field, the temperature distribution within the tissue is also
more visually spread than for the spherical case.
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Fig. 7. Non-dimensionalized plot of temperature vs. time depicting the duration required to
reach a maximal temperature of 40 ⁰C, 45 ⁰C and 50 ⁰C when 500 V, 1000 V or 2000 V
are applied for (a) two spheres, (b) two cylinders, and (c) two plates. Adapted from (Davalos and Rubinsky 2008).
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Fig. 8. The electric field and thermal distribution at 1000 V for Case A: Two spherical
electrodes, and Case B: Two cylindrical electrodes. The surface plots show the electric
field distribution and the superimposed isotherms show the ensuing temperature distribution when the maximal temperature reaches 50⁰C (at 242 μs for Case A and 2.11 ms for
Case B). The contour lines are 37.1, 37.5, 40, and 45⁰C with the highest temperature curve
being nearest to the electrode. Adapted from (Davalos and Rubinsky 2008).

5 Special Considerations When Modeling Tissues
5.1 Tissue Heterogeneity
In a treatment, if the impedance distribution in the targeted region is homogenous,
the results in Fig. 1 can be applied directly to estimate the size of the treated region as a function of electrode geometry and voltage applied. However, there can
be factors that would make the targeted domain heterogeneous, such as the presence of large blood vessels, multiple tissue types, or tissues with anisotropic properties, such as muscle. Fig. 9 is an example of how tissue heterogeneity can affect
the electric field distribution. Under these circumstances, the user would need to
use our guidelines to make their own model including this heterogeneous conductivity and tailor our guidelines to their specific procedure.
Fig. 9 and Fig 10 provide three examples of how local heterogeneities in tissue
conductivity affect the electric fields that develop within the nearby tissue. The
first graph (Fig. 9a and Fig. 10a) shows a 5-mm diameter sphere when one fifth
background conductivity is present between the electrodes, where the electrodes
are parallel needle electrodes in Fig. 9 and parallel plates in Fig. 10. As a result of
the higher impedance path for current traveling through the inclusion along the
electrode-electrode axis, the current density directly between the electrode surfaces and the nearest parts of the low conductivity sphere has fallen substantially.
This has caused the 800 V/cm surface surrounding the electrodes to become locally smaller, falling to below 400 V/cm for parallel plates. The electric potential in
this space is, therefore, much closer to the nearby electrode voltage and as a result
will cause other regions of tissue to experience a higher than normal electric
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Fig. 9. Effect of a heterogen
neous tissue conductivity on the electric field distribution. Eacch
graph depicts the surfaces of
o constant electric field strength (for 100, 200, 400, 800, annd
1600 V/cm) that would resu
ult from the presence of a 5 mm diameter spherical inclusioon,
located halfway between thee electrodes. The inclusion is composed of tissue with one fiffth
or five times the backgroun
nd electrical conductivity in graphs (a) and (b) respectivelly,
while (c) the third graph is similar to (a) but with a nested 4 mm diameter sphere of fivve
wo
times normal conductivity. Five surfaces of constant E-field strength are plotted for tw
needle electrodes with d/D = 10 and V/d = 1000 V/cm. Color map, electrode geometrry,
pulse amplitude, and backgrround tissue properties are identical to the similar 3D model of
needle electrodes in Fig. 1b. Adapted from (Edd and Davalos 2007).

pherical inclusions on the electric field distribution for concenFig. 10. Effect of various sp
tric disk electrodes within an
n otherwise homogeneous tissue. Electrodes are 4 mm apart annd
extend to 10 mm in diameteer (horizontal dashed lines). Pulse amplitude was 400 V (V/d =
1000 V/cm). Conductivity of the 2 mm diameter spherical inclusion is five times lower annd
five times higher than the su
urrounding tissue in (a) and (b) respectively. Inclusion in (c) is
identical to (b) except that a shell (0.8 mm thick) of five times lower conductivity suurrounds the five times higherr conductivity interior. Electric field is between 800 and 16000
V/cm in most of the tissue, though deviations occur near the inclusions (contours are llad within each inclusion was highly uniform, at about 1320, 4550
beled in V/cm). Electric field
and 225 V/cm in (a)-(c) resp
pectively, though in (c) it exceeds 5500 V/cm in the thin sheell
where it contacts the upper and lower extents of the enclosed sphere of high conductivitty.
E-field is plotted as contourrs and also with color in the same scaling as for Fig. 9 (blue to
red corresponds to 0 to 1600
0 V/cm).
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field as the electric potential establishes continuity. This is evident based on the
appearance of a separate 800 V/cm surface within the inclusion with an hourglass
shape in Figure 9a and a more uniform region in Figure 10a of much higher Efield strength. At this location, the electric potential will traverse the extra voltage
necessary to connect the opposite regions that were varying more gradually than
normal. In Fig. 9a, the higher electric field strength corresponds with a focusing
conical flow of a relatively small amount of current into the surface of the inclusion from one side and leaving in a similar fashion from the opposite side, where
the net current flow is in the direction of the electrode-electrode axis. In Fig. 10a,
there is a more uniform distribution of currents within the inclusion.
The second graphs (Fig. 9b and Fig. 10b) reveal the effect when the inclusion is
five times more conductive than the surrounding tissue. In these figures, the path
impedance between the electrodes and through the inclusion is substantially less
than normal, leading to elevated electric field strengths in the spaces between each
electrode and the inclusion. This is evident from the extension of the 800 V/cm
and 1600 V/cm surfaces to the inclusion surface. In these two regions, the effect is
that the electric potential is further removed from the electrode voltages than normal. This will cause the electric potential to vary gradually over the high conductivity inclusion in order to monotonically connect the two regions at opposite
ends. The result is that the electric field strength inside the inclusion (and extending laterally) will become smaller than normal, a fact which is illustrated by the
appearance of a hole in the 400 V/cm region in Fig. 9b and nearly so in Fig. 10b
that is centered within the high conductivity inclusion. The mechanism for the
difference in this case is a shunting of extra current from surrounding normal tissue into one hemisphere and out of the other, where net current travels along the
electrode-electrode axis. However, relatively little voltage drop will occur within
the inclusion since it has a five-fold elevated conductivity and the extra current is
not sufficient to offset this fact. Finally, the reason the hole extends into the normal tissue is that the high conductivity inclusion is providing a local short-cut for
charges traveling near the inclusion surface but within the normal tissue.
The third graphs (Fig. 9c and Fig. 10c) show what will happen when a thin
shell of low-conductivity tissue surrounds a core of high-conductivity tissue, as is
the case within regions bounded by an endothelium, such as blood vessels. The
path impedance from one electrode to the other and through the center of the inclusion will be between that for the two previous cases, but is approximately equal
to the second cases, which can be seen by the nearly undisturbed shapes of the
primary electric field surfaces. Though the electric potential and local current densities are relatively unchanged in the space between the electrodes and the inclusion boundaries, the core-shell structure has an interesting effect of focusing the
electric field onto certain portions of the shell, while reducing it greatly within the
core. If the two regions are quite different in terms of their conductivities, this can
be understood by considering that the potential difference across the entire inclusion will be split almost entirely between the two primary locations where current
either enters or exits the core through the shell. In Fig. 9c, this can be observed as
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the opposite halos of 1600 V/cm electric fields that correspond with conical influx
or efflux of current from one electrode to the other and through the inclusion,
while in Fig. 10c, this is present in the extreme E-field strengths in the shell sections closest to the electrodes. Notice also that the hole in the 400 V/cm surface in
Fig. 9c is less pronounced than in Fig. 9b, since the concentrated current visible as
the 800 V/cm and 1600 V/cm extended surfaces in Fig. 9b is spread and greatly
diminished by the low conductivity shell, and the hole does not protrude into normal tissue since the shell prevents the local short-cut discussed for Fig. 9b. There
is a uniformly low E-field strength region internally to the inclusion in Fig. 10c.
The lessons from these three cases also apply in a general sense to any local
perturbation in conductivity within a section of tissue where a macroscopic electric field has been imposed. Analogous to the electrode voltages are the bounding
electric potentials, set up across the local control volume that includes the perturbation, and induced by the more global variation of impedance and ultimately the
electrode voltages. In fact, the line of reasoning from Fig. 9c and Fig. 10c can lead
to an understanding of how local electric field strength translates into transmembrane potential. From these discussions an important phenomenon becomes apparent. The high electric fields that will develop across the shell of such core-shell
objects will cause electroporation locally long before it occurs in the surrounding
tissues. This will provide an easier path for current to reach the high-conductivity
core, leading to a much increased flow of current across the newly electroporated
shell regions, and increasing somewhat the total amount of Joule heating. Depending on the details of the case, this could involve a pattern of microscopically focused large increases in temperature, visible as small paths of thermal damage
across strategic points in the endothelium of large blood vessels or other lumenfilled cavities, a phenomenon that has been observed in recent animal studies of
IRE (Edd, Horowitz et al. 2006) and may be the cause of the vascular lock observed even with presumably reversible pulses (Ramirez, Orlowski et al. 1998;
Sersa, Cemazar et al. 1999; Gehl, Skovsgaard et al. 2002). Though not primarily
responsible for the effectiveness of IRE, this phenomenon will enhance its therapeutic effect by causing tissues that survive the pulse itself to die later of local
vascular occlusion (Edd, Horowitz et al. 2006).

5.2 Temperature Dependent Properties
If it is necessary to take into consideration the thermal effects from a treatment,
then other tissue properties such as the mass density, heat capacity and thermal
conductivity are needed. If these properties cannot be directly measured, the properties of the tissue can be taken from the literature, for example from (Duck 1990).
It should be noted that the thermal and electrical conductivities of biological tissues are dependent on temperature and their dependence can be found in literature
and incorporated into the models if necessary. Since IRE produces negligible heating, the change in conductivity is not usually significant. For example, in liver
near body temperature the thermal and electrical conductivities increase by about
0.25% and 1.5% per degree Celsius rise in temperature, respectively (Duck 1990).
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6 Assessing Thermal Effects
6.1 Damage Equation
Since thermal damage is a function of temperature and duration at elevated temperatures, the negligible heating associated with these case studies is emphasized
by the fact that an electroporation pulse is typically a fraction of a second long.
The methods to calculate the thermal dose or damage associated with a procedure
can be found in (Tropea and Lee 1992; Lee and Despa 2005; Al-Sakere, Andre
et al. 2007; Becker and Kuznetsov 2007; Edd and Davalos 2007) and are briefly
described here.
One of the distinguishing features of irreversible electroporation is that it does
not induce thermal damage. To assess whether a particular set of voltage parameters will induce thermal damage in addition to irreversible electroporation, the
thermal effects can be calculated. An example that determines the upper bound of
irreversible electroporation (onset of thermal damage) through a theoretical calculation is provided as presented in (Shafiee, Garcia et al. 2009). The plots were
developed using Wolfram Mathematica 6.0 for Students (Champaign, IL) and they
take into account the physical properties of the cell sample (Table 5) and the electric pulse characteristics (Shafiee, Garcia et al. 2009).
Table 5. Physical properties used in the analysis of IRE and thermal damage
Property
Electrical Conductivity

Symbol

Density
Heat Capacity
Thermal Diffusivity
Frequency Factor
Activation Energy
Universal Gas Constant

ρ
cp
α
ζ
Ea
R

Value
1.4
0.2
1000
4200
1.34X10-7
1.19X1035
2.318X105
8.314

Units
S·m-1
S·m-1
kg·m-3
J·Kg-1·K-1
m2/s
s-1
J·mol-1
J·K-1·mol-1

Reference
(Davalos, Rubinsky et al. 2003)
(Miller, Leor et al. 2005)
(Miller, Leor et al. 2005)
(White 1991)
(Feng, Tinsley Oden et al. 2008)
(Feng, Tinsley Oden et al. 2008)
-

Thermal damage, Ω, is described and quantified by the Arrhenius rate equation
proposed by Henriques (Henriques and Moritz 1947; Tropea and Lee 1992; Martin, Pliquett et al. 2002):

Ω

·

/

(19)

where is the frequency factor,
is the activation energy, is the universal gas
constant, and is the absolute temperature in Kelvin. It has been shown that Ω =
0.53 is the threshold for burn injuries in blood-perfused skin (Diller and Hayes
1983; Jiang, Ma et al. 2002). The Arrhenius equation, which traditionally has been
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used to study burn injuries in skin and transdermal drug delivery using electroporation, was adapted to investigate therapeutic IRE.

6.2 Analytical Model
The temperature rise due to joule heating, Δ
, of cell solutions or
homogeneous tissue for a parallel plate electrode configuration is given by Eqn. 3
during electroporation (Krassowska, Nanda et al. 2003). The heat transfer solution
to transient conduction in a finite slab was used to determine the temperature profile versus position and time. This model is similar to the electrode geometry in
which the electrodes serve as infinite fins that dissipate the heat away from the cell
solution. The exact solution is given as a Fourier series in (Schneider 1955; White
1991)
/

Ce

cos

(20)

where T is the temperature at time t, Ti is the initial temperature, T0 is the room
temperature, α is the thermal diffusivity, L is half thickness of the slab, and x is
the distance from the centerline of the slab. Ci is calculated from:
(21)
and the constants βi are calculated from the following equation:

tan
h /
(22)
where k is the thermal conductivity of the solution or tissue, and h is the equivalent heat transfer coefficient assuming that the stainless steel electrodes act as infinite fins in free convection as previously described in (Davalos, Rubinsky et al.
2003). The temperature was determined from the first term of the Fourier series in
the exact solution which is accurate within one percent since the dimensionless
time t*=αt/L2 is greater than 0.2 under the modeled conditions (Heisler 1947;
White 1991). The temperature was assumed to be homogeneous throughout the
domain equal to the temperature at the centerline of the sample to be conservative
(x=0). Thus the exact solution (Eqn. 20) can be rewritten as
C e

β α/

(23)

By substituting Eqns. 3 and 23 into Eqn. 19, the thermal damage for cells suspended in Phosphate Buffered Saline (PBS) between two parallel plate electrodes
can be estimated as
Ω

,

,

Ψ

,

· exp

·
·

·

β α

(24)
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where t’ is the heat dissipation time after electroporation, tp is the pulse length and
E is the applied electric field (Shafiee, Garcia et al. 2009). The heat dissipation is
dependent on physical properties of the cell solution, cell type, pulse parameters
and electrode configuration.

6.3 Analytical Results
The results are based on a highly conductive buffer solution (PBS). It can be
infered that the electrical conductivity of the cell solution or tissue has great influence on the onset of thermal damage. For the same experimental conditions, buffers with lower electrical conductivities would generate lower joule heating in the
sample. Consequently, IRE pulses with higher electric fields or longer durations
could still be used prior to the onset of thermal damage.
Figure 11 shows the temperature profile and the function Ψ(tp, E) for the cases
in which minimum (Ω = 0.53) and third degree burns (Ω = 10,000) due to joule
heating occur. The temperature of the cell solution returns to room temperature
independent of the initial temperature within 30 seconds. The function Ψ(tp, E)
returns to zero within this time frame as well due to the effect of heat dissipation
through the electrodes. Therefore, we used a time, t’=30s, to evaluate the thermal
damage integral in Eqn. 24.

Fig. 11. a) Temperature profile and b) the function Ψ(tp, E) versus time for Ω = 0.53 (onset
of thermal damage) and Ω = 10,000 (third-degree burn injury) (Diller and Hayes 1983;
Jiang, Ma et al. 2002). The thermal damage magnitude, Ω, is the area under the Ψ(tp, E)
curve (Eqn. 24). Adapted from (Shafiee, Garcia et al. 2009).

The thermal damage delineation from the potential IRE region for cells suspended in PBS (Figure 12a) and tissue (Figure 12b) is given as a function of the
electrical pulse parameters (magnitude and duration). These plots can be used to
select appropriate pulse parameters for non-thermal IRE treatments using parallel
plate electrodes. The potential IRE regions for cells suspended in PBS is narrower
than that for tissue due to its higher electrical conductivity since more joule heating is generated for the same pulse parameters. In tissue, blood perfusion and a
larger volume are other factors that help dissipate the heat after IRE. The
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Fig. 12. Thermal damage delineation from the area of potential irreversible electroporation
as a function of the IRE electrical pulse parameters (magnitude and duration) for a) cells
suspended in PBS and b) tissue. Ω = 0.53 represents the onset of thermal damage and Ω =
10,000 represents a third-degree burn injury in skin (Diller and Hayes 1983; Jiang, Ma et al.
2002). Note: The onset of electroporation is not depicted. Adapted from (Shafiee, Garcia
et al. 2009).

boundary between reversible electroporation and no effects on the cell membrane
has been investigated and is not included in this study (Weaver and Powell 1989;
Mir and Orlowski 1999).
This analytical model provides preliminary tools for researchers to model multiple pulses and assess the thermal damage. The number and frequency of the
pulses are some other factors that need to be considered in subsequent studies. The
proposed single pulse analytical model might be used for multiple IRE studies
considering the heat dissipation time after each pulse. The goal of this study was
to express the upper bound of IRE (onset of thermal damage) theoretically as a
function of physical properties of the cell solution and the pulse parameters. This
new theoretical analysis will allow researchers to optimize IRE parameters without inducing thermal damage.

6.4 Equivalent Thermal Dose Equation
For procedures involving time varying temperatures, thermal damage can be assessed by calculating the amount of time it would take to equivalently damage the
tissue as if it was held at a constant temperature, typically 43°C (Becker and
Kuznetsov 2006). The following expression is the duration necessary to hold the
tissue at 43°C to result in an equivalent thermal dose:

t43 =

t = final

∑R

( 43 − Tt )

Δt

(25)

t =0

where Tt is the average temperature during Δt with R = 0.25 when Tt ≤ 43°C and
R = 0.5 when Tt > 43°C (Sapareto and Dewey 1984; Damianou, Hynynen et al.
1993).
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7 Conclusion
IRE has been studied in the context of the delayed cell damage in high-voltage
accidents (Lee and Kolodney 1987; Lee 2005), the post-electric-shock arrhythmias
during defibrillation (Jones, Proskauer et al. 1980), and biofouling control
(Schoenbach, Peterkin et al. 1997). However, IRE had mostly been considered an
undesirable outcome in medical applications and biotechnology until recently.
In order to design protocols for an IRE procedure, the electric field distribution
must be determined, which is dependent on the procedure’s specific electrodetissue geometry and tissue impedance distribution. By predicting the electric field
distribution for a specific scenario, the electrode geometry can be optimized to
ablate the entire targeted region while minimally affecting the surrounding tissue.
Furthermore, to verify that a specific protocol does not induce thermal effects, the
temperature distribution can be calculated from the electric field distribution, the
electric pulse parameters, and tissue properties.
To aid in the further development of IRE as a controlled non-thermal method
for ablating undesirable tissues such as cancer, this chapter has been concerned
with providing the tools necessary to model the electrical and thermal fields that
result from the application of short high voltage pulses to biological tissues.
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