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Abstract— Electroporation-based therapies have been gaining
momentum as minimally invasive techniques to facilitate
transport of exogenous agents, or directly kill tumors and other
undesirable tissue in a non-thermal manner. Typical procedures
involve placing electrodes into or around the treatment area
and delivering a series of short and intense electric pulses to the
tissue/tumor. These pulses create defects in the cell membranes,
inducing non-linear changes in the electric conductivity of the
tissue. These dynamic conductivity changes redistribute the
electric field, and thus the treatment volume. In this study, we
develop a statistical model that can be used to determine the
baseline conductivity of tissues prior to electroporation and is
capable of predicting the non-linear current response with
implications for treatment planning and outcome confirmation.

I. INTRODUCTION

lectroporation-based therapies (EBTs) are clinical
procedures that utilize pulsed electric fields to induce
nanoscale defects in cell membranes. Typically, pulses
are applied through minimally invasive needle electrodes
inserted directly into the target tissue, and the pulse
parameters are tuned to create either reversible or
irreversible defects. Reversible electroporation facilitates the
transport of molecules into cells without directly
compromising cell viability. This has shown great promise
for treating cancer when used in combination with
chemotherapeutic agents [1] or plasmid DNA [2].
Alternatively, irreversible electroporation (IRE) has been
recognized as a non-thermal tissue ablation modality [3] that
produces a tissue lesion, which is visible in real-time on
multiple imaging platforms [4, 5]. Because the mechanism of
cell death does not rely on thermal processes, IRE spares
major nerve and blood vessel architecture [6] and is not
subjected to local heat sink effects. These unique benefits
have translated to the successful treatment of several
surgically “inoperable” tumors [7-9].
In EBTs, the electric field distribution is the primary
factor for dictating defect formation and the resulting volume
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of treated tissue [10, 11]. The electric field is influenced by
both the geometry and positioning of the electrodes as well
as the dielectric tissue properties. Because the pulse duration
(~100 ps) is much longer than the pulse rise/fall time (~100
ns), static solutions of the Continuity equation incorporating
only electric conductivity are sufficient for predicting the
electric field distribution. In tissues with uniform
conductivity, solutions can be obtained analytically for
various needle electrode configurations if the exposure
length is much larger than the separation distance [12]. This
is not often the case in clinical applications where aberrant
masses with a diameter on the order of 1 cm are treated with
an electrode exposure length of similar dimensions.
Additionally, altered membrane permeability due to
electroporation influences the tissue conductivity in a non-
linear manner. Therefore numerical techniques are required
to account for any electrode configuration and incorporate a
tissue-specific function relating the electrical conductivity to
the electric field distribution (i.e. extent of electroporation).

Recent developments in detecting, monitoring, and
imaging electroporation involve complex control algorithms
to achieve safe and effective electrogenetherapy and
electrical impedance tomography to generate images of the
treated regions [4, 13]. Although these methods are
promising, they require the delivery of the electroporation
pulses to trigger the control algorithms and/or generate the
images of the treated regions in a retrospective manner. In
addition, they may require additional electronics and the
placement of external electrode arrays for analysis. Here we
provide an algorithm that can be implemented into pulse
generators before the delivery of electroporation-based
treatments. The best-fit statistical model uses a pre-pulse to
determine the baseline tissue conductivity prior to
electroporation, allowing physicians to be actively engaged
in treatment planning that accounts for tissue-to-tissue and
patient-to-patient variability. By monitoring current through
the electrodes placed for treatment, it is possible to predict
the extent of electroporation in the tissue and accurately
provide physicians with real-time IRE treatment volumes
before pulse delivery. The predictions require prior
knowledge of the tissue-specific conductivity function and
electric field threshold for either reversible electroporation
or cell death in the case of IRE. Our group has characterized
this non-linear conductivity behavior in ex vivo porcine
kidney tissue [14]. Using this information, a comprehensive

2575



parametric study was performed on electrode exposure
length, electrode spacing, voltage-to-distance ratio, and ratio
between the maximum conductivity post-IRE and baseline
conductivity pre-IRE. Current measurements from all 1440
possible parameter combinations were fit to a statistical
model accounting for interaction. The resulting equation is
capable of relating pre- and post-IRE current measurements
to extrapolate changes in the electric field distribution for
any treatment protocol.

II. MATERIALS AND METHODS

The tissue was modeled as a 10-cm diameter spherical
domain using a finite element package (Comsol 4.2a,
Stockholm, Sweden). Electrodes were modeled as two 1.0-
mm diameter blunt tip needles with exposure lengths (Y) and
edge-to-edge separation distances (X) given in Table 1. The
electrode domains were subtracted from the tissue domain,
effectively modeling the electrodes as boundary conditions.

The electric field distribution associated with the applied
pulse is given by solving the Continuity equation:

V- (o(|EVe)=0 (1)
where o is the electrical conductivity of the tissue, £ is the
electric field in V/cm, and ¢ is the electrical potential [10].
Boundaries along the tissue in contact with the energized
electrode were defined as ¢ = V,, and boundaries at the
interface of the other electrode were set to ground. The
applied voltages were manipulated to ensure that the voltage-
to-distance ratios (W) corresponded to those in Table 1. The
remaining boundaries were treated as electrically insulating,
Op/on = 0.

The analyzed domain extends far enough from the area of
interest (i.e. the area near the electrodes) that the electrically
insulating boundaries at the edges of the domain do not
significantly influence the results in the treatment zone. We
used the physics-controlled finer mesh with ~100,000
elements. The numerical models were adapted to account for
a dynamic tissue conductivity that occurs as a result of
electroporation, which is described by an asymmetrical
Gompertz curve for renal porcine tissue [14]:

a(‘E‘)zaO +(o,, —o,)exp[-A-exp[-B-E] (2)

where o, is the non-electroporated tissue conductivity and
Omax 1S the maximum conductivity for thoroughly
permeabilized cells, 4 and B are coefficients for the
displacement and growth rate of the curve, respectively.
Here we assume 6, = 0.1 S/m but this value can be scaled by
a factor to match any other non-electroporated tissue
conductivity or material as determined by a pre-treatment
pulse. We examined the effect of the ratio between the
maximum conductivity post-IRE and baseline conductivity
pre-IRE (2) in the resulting electric current using the 50-ps
pulse parameters (A = 3.05271; B = 0.00233) reported by
Neal et. al [14].

The current density was integrated over the surface of the
ground electrode to determine the total current delivered. A
regression analysis on the resulting current was performed to
determine the effect of the parameters investigated and their
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Fig 1: Asymmetrical Gompertz function showing the
tissue electric conductivity as a function of electric field.

interactions using the NonlinearModelFit function in
Wolfram Mathematica 8.0. Current data from the numerical
simulations were fit to a mathematical expression that
accounted for all possible parameter interactions:

[ = factor -[aW +bX +cY +dZ +e(W —W )X — X) +
FOW WYY ~Y)+gW —WYZ—-Z)+

WX~ XYY -Y)+i(X - X)Z~-2Z)+ )
JOY —YNZ - Z) 4+ k(W =W)X = X)Y —Y)+

X = XYY ~YNZ -Z)+mW —WYY ~YNZ -Z)+
AW - WYX - X)Z-Z)+

oW - WYX -X)NY-Y)Z-2Z)+ p]
where [ is the current in amps, W is the voltage-to-distance
ratio [V/em], X is the edge-to-edge distance [cm], Y is the
exposure length [cm], and Z is the unitless ratio 6,,,,/0,. The
w, x, v,and z are means for each of their corresponding
parameters (Table 1) and the coefficients (a, b, ¢, ..., n, 0, p)
were determined from the regression analysis (Table 2).

Table 1: Electrode configuration and relevant
electroporation-based treatment values used in study.

PARAMETER VALUES MEAN
W [V/em] 500, 1000, 1500, 2000, 2500, 3000 1750
X [cm] 0.5,1.0,1.5,2.0,2.5 1.5
Y [cm] 0.5,1.0,1.5,2.0,2.5,3.0 1.75
Z ] 1.0,1.25,1.5,2.0,3.0,4.0,5.0,6.0 2.96875

III. RESULTS

We provide a method to determine electric conductivity
change following EBTs using current measurements and the
electrode configuration. The best-fit statistical model
between the W, X, Y, and Z parameters resulted in Eqn. 3
with the coefficients in Table 2 (R* = 0.999646). Every
coefficient and their interactions had statistical significant
effects on the resulting current (P < 0.0001"). With this
equation one can predict the current for any combination of
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the W, Y, X, Z parameters studied within their ranges (500
V/em < W <3000 V/iem, 0.5 ecm<X<25cm, 0.5cm<Y<
3.0 cm, and 1.0 < Z < 6.0). Additionally, by using the linear
results (Z = 1), the baseline tissue conductivity can be
extrapolated for any blunt-tip electrode configuration by
delivering and measuring the current of a non-
electroporating pre-treatment pulse. This technique could
also be used to determine the conductivity of other materials.

Table 2: Coefficients (P < 0.0001") from the Least Square
analysis using the NonlinearModelFit function in

Mathematica.
ESTIMATE ESTIMATE
a— 0.00820 i— 2.18763
b— 7.18533 j— 1.73269
c— 5.80997 k— 0.00201
d— 3.73939 1— 0.92272
e— 0.00459 m— 0.00129
f— 0.00390 n— 0.00152
g— 0.00271 0— 0.00067
h— 3.05537 p—  -33.92640

Fig. 2 shows a representative case in which the effect of
the W and Z are studied for electroporation-based therapies
with 2.0 cm electrodes separated by 1.5 cm. The 3D plot
corroborates the quality of the model which shows every
data point from the numerical simulation (green spheres)
being intersected by the best-fit statistical model. This 3D
plot also shows that when Z is kept constant within the
ranges studied, the current increases linearly with the
voltage-to-distance ratio (). Similarly, the current increases
linearly with Z when the voltage-to-distance ratio is constant.
However, for all the other scenarios there is a non-linear
response in the current that becomes more drastic with
simultaneous increases in # and Z.
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Fig 2: Representative 3D plot of current [A] as a function
of Z (0max/0,) and voltage-to-distance ratio (W) for a
separation distance of 1.5 cm and an electrode exposure
length of 2.0 cm as used by Ben-David et al. [15].

In order to fully understand the predictive capability of the
statistical model, we provide two cases in which the current
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Fig 3: Representative contour plot of current [A] as a
function of electrode exposure and separation distance
using 1500 V/ecm for A) Z=1 and B) Z=4.

is presented as a function of the exposure length and
electrode separation. Fig. 3 (Panel A) shows the linear case
(Z = 1) in which the current can be scaled to predict any
other combination of pulse parameters as long as the pulses
do not achieve electroporation. For example, one can deliver
a non-electroporating pulse (~50 V/cm) and measure current.
The current can then be scaled to match one of the W values
investigated in this study. By using Eqn. 3 and solving for
the factor, the baseline electric conductivity of the tissue can
be determined and used for treatment planning. Fig. 3 (Panel
B) is the case in which the maximum electric conductivity
was 0.4 S/m (Z = 4) after electroporation. The trends are
similar to the ones described in Fig. 2 in that if exposure
length is constant, the current increases with increasing
electrode separation and vice versa. However, even though
the conductivity within the treated region increases by a
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factor of 4, the current increases non-linearly only by a factor
of 3. This can be seen by comparing the contours in Fig. 3
(Panel A) with those in Fig. 3 (Panel B) which consistently
show that the curves are increased by a factor of 3.

IV. DISCUSSION

This study provides several important considerations when
determining treatment parameters for electroporation-based
therapies. First, the baseline conductivity of the tissue must
be determined before the therapy in order to determine safe
and effective pulse protocols. We present a statistical model
that uses an asymmetrical Gompertz function to describe the
response of porcine renal tissue to electroporation pulses.
This model can be used to determine baseline conductivity of
tissue based on any combination of electrode exposure
length, separation distance, and non-electroporating electric
pulses. In addition, the model can be scaled to the baseline
conductivity and used to determine the maximum electric
conductivity after the electroporation-based treatment. By
determining the ratio of conductivities pre- and post-
treatment, it is possible to predict the shape of the electric
field distribution and thus the treatment volume based on
electrical measurements. An advantage of this statistical
model is that it is easy to use and no additional electronics or
numerical simulations are needed to determine the electric
conductivities. The method can also be adapted for other
electrode geometries (sharp electrodes, bipolar probes),
electrode diameter, and other tissues/tumors once their
response to different electric fields has been fully
characterized. Future work will incorporate the temperature
dependent electric conductivity and will characterize the
three-dimensional treatment shape based on the pre- and
post-treatment  electric  conductivity ratio, electrode
exposure, separation distance, and voltage-to-distance ratio.
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