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Abstract—Objective: The use of high voltage, high frequency
bipolar pulses (HFBPs) is an emerging electroporation-based
therapy for the treatment of solid tumors. In this study, we
quantify the extent of nonlinearity and dispersion during HFBP
treatment. Methods: We utilize flat-plate electrodes to capture
the impedance of porcine liver tissue during the delivery of
a burst of HFBPs of widths 1µs and 2µs at different pulse
amplitudes. Next, we fit the impedance data to a frequency
dependent parallel RC network to determine the conductivity
and permittivity of the tissue as a function of frequency, for
different applied electric fields. Finally, we present a simple
model to approximate the field distribution in tissue using the
conductivity function at a frequency that could minimize the
errors due to approximation with a nondispersive model. Results:
The conductivity/permittivity of the tissue was plotted as a
function of frequency for different electric fields. It was found
that the extent of dispersion reduces with higher applied electric
field magnitudes. Conclusion: This is the first study to quantify
dispersion and nonlinearity in tissue during HFBP treatment.
The data has been used to predict the field distribution in a
numerical model of liver tissue utilizing two needle electrodes.
Significance: The data and technique developed in this study to
monitor the electrical properties of tissue during treatment can
be used to generate treatment-planning models for future high
frequency electroporation therapies as well as provide insights
regarding treatment effect.
Index
Terms—Irreversible
electroporation
(IRE),
high-frequency
irreversible
electroporation
(H-FIRE),
electrochemotherapy (ECT), treatment planning, dynamic
conductivity.

I. I NTRODUCTION

E

LECTROPORATION is a phenomenon in which a biological cell's permeability to large molecules increases
when exposed to short, high voltage electric pulses [1]. The
permeability increase has been attributed to the formation
of aqueous, transient and stable nanopores in the plasma
membrane [2]. This effect on the plasma membrane has
been utilized to treat tumors for applications such as electrochemotherapy (ECT) and irreversible electroporation (IRE).
ECT enhances the use of chemotherapeutics by administering
the drug in conjunction with electroporation-inducing pulses
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[3]. The goal of the treatment is to cause cell death through
drugs and not via electroporation, therefore, the pulse parameters are tuned such that the plasma membrane recovers
immediately after ECT. Alternately, IRE is a focal ablation
technique that utilizes pulse parameters that induce cell death
through electroporation, without causing significant thermal
damage to the tissue [4]. Though the exact mechanism is not
known, cell death through IRE is attributed to irrecoverable
membrane defects, adenosine triphosphate (ATP) loss and
osmotic imbalances due to influx and efflux of ions [5], [6].
ECT and IRE pulses are commonly delivered via needle
electrodes inserted directly into or adjacent to the target tissue.
Depending on the applied voltage and tissue, the pulses induce
an electric field distribution inside and around the target tissue.
For the needle electrodes, the field distribution is non-uniform
such that it, approximately, varies inversely with distance from
the center [7]. The resultant local electric field, along with the
pulse width and frequency, determine if the electroporation
is reversible or irreversible, or whether thermal damage has
occurred [8], [9]. Therefore, the prediction of the electric field
distribution is critical to treatment outcome.
Studies have shown that the change in tissue conductivity
due to enhanced membrane permeability considerably influences the electric field distribution during IRE and ECT
treatments [10]–[12]. For the two-needle configuration, the
field contours are more spherical in shape compared to the
solution of the constant conductivity model that resemble
Cassini curves. Therefore, if the non-linear tissue conductivity
behavior is not accounted in pre-treatment planning models, it
could potentially cause over- and under-treatment in different
areas due to mismatched shapes [13]. Additionally, the dynamically changing electrical properties can provide a real time
feedback of the extent of electroporation and consequently
provide insights regarding the treatment effect [14]–[18].
Since conventionally used electroporation pulse widths far
exceed the time constant of the cell (∼1µs), the tissue response
can be treated as essentially DC and the steady state, static
field approximation is valid at any time instant of the pulse
(ignoring initial transients, rise and fall times). Studies have
shown that the evolution of the electric field distribution at the
end of the pulse in the two needle configuration can be used
to predict the permeabilized zone in the tissue [19].
Several methods have been utilized to capture the nonlinear tissue behavior, which can be implemented in numerical
models to predict the final evolution of the electric field
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distribution in tissue. One method involves conducting a priori
experiments, using parallel plate electrodes that induce uniform field distributions across samples (neglecting electrodetissue effects and treating the tissue as macroscopically homogeneous), to capture the aggregate DC conductivity of the
tissue over the pulse for a given amplitude/field. Another
method determines the instantaneous nonlinear behaviour of
the conductivity by scanning through different physiologically
relevent parameters in the conductivity versus electric field
function that allow the final current in the numerical model
to be similar to that in actual experiments. The conductivity
function obtained from the above methods has been shown
to predict the ablation zone in tumor, liver and kidney tissue
[19]–[21].
More recently, electroporation-based therapies have been
exploring the use of high frequency bipolar pulses (HFBPs) of
widths on the order of the time constant of the cell; therefore,
the tissue response can no longer be treated as predominantly
DC [22]–[27]. While a time-dependent model has been proposed to predict the extent of tissue electroporation during
the delivery of such short pulses [28], the parameters needed
for the model are empirically determined and are relatively
numerous.
In the present study, we calculate the real-time impedance
of porcine liver tissue, for a given pulse amplitude, by taking
the ratio of the Fourier transform of the input voltage signal,
consisting of a burst of HFBPs of widths 1µs and 2µs, and
the Fourier tranform of the resultant current signal. We utilize
flat-plate electrodes to deliver the pulses, so as to induce
macroscopically uniform distributions across the samples. The
impedance obtained from this method is fit to a parallel
RC circuit and the conductivity and permittivity values are
determined from the RC values and shape factor of the uniform
cylindrical samples. The electrical properties of biological
tissues exhibit dispersion i.e. they show a dependence on
frequency [29]. Therefore, the conductivity and permittivity
were determined and plotted as a function of frequency, for
different applied electric field magnitudes. To compare the
measurements to a commercial potentiostat as well as assess
the effects of the electrode tissue interface, the impedances
determined from the HFBP treatment at the lowest electric
fields were compared to those from a commercial potentiostat.
Finally, a nondispersive and nonlinear model is proposed to
approximate the field distribution in tissue, for a two needle
electrode configuration. The nonlinear tissue properties are
chosen at a frequency that could minimize the errors due to
approximation with a nondispersive model.
II. M ETHOD
A. Experimental Setup and Pulse Parameters
Nine porcine livers were acquired from the Virginia Tech
Meat Center within 10 minutes of death and experiments were
conducted on the livers within an hour of organ procurement.
To maintain tissue temperature and reduce effects of blood
occlusion that might affect electrical impedance, sections of
tissue were made and kept in room temperature phosphatebuffered saline (PBS), prior to experimentation. Isotonic sucrose was added to PBS (0.75 w/v) to reduce the solution
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Fig. 1. Liver tissue is sectioned into cylindrical samples of diameter 7mm and
height 3.5mm (a) and placed into non-conductive acrylic molds (b), which
are then placed between two parallel plate electrodes (c).

conductivity in the range of physiologic blood (0.75S/m) [30].
Next, cylindrical liver samples (6-8 samples/liver) were made
with biopsy probes from the sections and gently dried before
being placed into electrically non-conductive, acrylic molds.
The molds were then placed between two flat-plate electrodes
to obtain uniform electric fields across the sample (Fig.1).
While the diameter of the molds was fixed to 7mm, three
different mold lengths, 3.5mm, 5.6mm and 10.5mm, were
tested to obtain electric fields (applied pulse amplitude/length)
across the samples in the range of 140V /cm to 7000V /cm
from an HFBP generator that could produce pulse amplitudes
between 150V and 2450V . Six samples obtained from the first
liver were treated with lowest amplitude setting of 150V and
mold length of 10.5mm (∼140V /cm). Eight samples were
obtained per liver from the remaining 8 livers, which were
treated between 180V /cm and 7000V /cm using a range of
pulse amplitudes and mold sizes listed in Table I.
TABLE I
A PPLIED PULSE AMPLITUDES AND RESULTANT ELECTRIC FIELDS
Applied Pulse
Amplitude Range (V)

Mold Spacing (cm)

Resultant Electric
Field Range (V/cm)

150 − 250

1.05

140 − 240

200 − 2450

0.56

350 − 4375

1600 − 2450

0.35

4500 − 7000

A burst of bipolar pulses of widths, 1µs or 2µs, were
delivered from the custom-made pulse generator based on the
H-bridge topology and was controlled by a function generator
(AFG3021C, Tektronix Inc., Beaverton, OR, US). There was
a delay of 5µs programmed between each polarity of the
pulse to protect the MOSFET based generator. The number
of bipolar pulses in each burst were chosen such that the
on-time of the burst was always 100µs. Therefore, the 1µs
burst train consisted of 50 bipolar pulses, whereas the 2µs
burst train consisted of 25 bipolar pulses. These parameters
are similar to what have been used in prior work [23]. An
oscilloscope (DPO2002B, Tektronix Inc., Beaverton, Oregon)
was used to monitor the waveforms after the voltage was
attenuated using a 1000× high voltage probe (P5210A, Tektronix Inc., Beaverton, Oregon) and the current was measured
using a current monitor (2877, Pearson Electronics, Palo
Alto, California). The voltage v(t) and resultant current i(t)
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transform (fft) function in MATLAB vR2016a (Mathworks
Inc., Natick, MA, US). A resolution of 1kHz for the 1-5-1µs
burst and 2.5kHz for the 2-5-2s burst was maintained using
zero padding. The impedance was determined using equation
(1).
Zr (ω) = Vr (ω)/Ir (ω)

(1)

Here, Vr (ω), Ir (ω) are the DFT of the input and output
waveforms. The impedance data was then fit to a parallel RC
model, representating the tissue, and the R and C values were
calculated using equations (2) and (3). From prior studies [29],
it is known that the tissue resistance, R(ω), and capacitance,
C(ω), are both frequency-dependent.
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Fig. 2. A snapshot of the filtered lowest voltage (154V ) waveform (solid blue)
and resultant current waveform (dashed orange) in a 1µs burst is shown in (a)
and a 2µs burst is shown in (b). Amplitude of the DFT spectrum of voltages
for the 1-5-1µs burst scheme (solid blue line), and the 2-5-2µs burst scheme
(dotted blue line) is shown in (c).

waveforms were directly stored from the oscilloscope at a
time resolution between 4ns and 8ns, depending on the pulse
type. A sixth order Butterworth low-pass filter was used to
remove frequency components above 2.75M Hz in the input
and output waveforms. Frequencies above this threshold hold
low amplitude weight in the frequency spectrum of the bursts
and their removal allows good reconstruction of the signal,
while reducing artifacts such as MOSFET ringing. A snapshot
of the filtered lowest voltage (154V ) waveform and resultant
filtered current waveform in a 1µs burst is shown in Fig.2a, a
2µs burst is shown in Fig.2b and, the corresponding Fourier
transforms of the voltages (entire burst) are shown in Fig.2c.
B. Calculation of conductivity and permittivity
The conductivity and permittivity of the tissue samples were
extracted from the filtered input voltage and output current as
a function of the frequency. To achieve this, first, the discrete
Fourier transforms (DFT) of the input voltage signal v(t)
(consisting of a single burst of HFBPs) and the resultant output
current signal i(t) were determined using the fast Fourier

R(ω) =

|Zr (ω)|2
Re(Zr (ω))

(2)

−Im(Zr (ω))
(3)
ωR(ω) × Re(Zr (ω))
Frequency components with voltage magnitudes greater
than 1/10th the maximum magnitude |Vmax (ω)| in the
input spectrum were used to calculate the impedance values.
Voltage magnitudes below this value led to errors in measured
impedance possibly due to limitations in instrument sensitivity
and lower signal to noise ratio. To better understand the range
of values determined from this method and errors due to
measurement and discretization, the calculation of the known
impedance of a parallel RC network from a burst of sine waves
is outlined in Appendices A and B.
Finally, the conductivity, σ(ω), and relative permitivity,
r (ω), were determined from R(ω) and C(ω), respectively,
using simple relations
given by, σ(ω) = Al /R(ω) and

l
r (ω) = A0 × C(ω) that are applicable to the uniform
cyclindrical samples. Here, l is the length of the samples, A
is the cross-sectional area, and 0 is the vacuum permitivity.
C(ω) =

C. Comparison to a Commercial Potentiostat and Effects of
Electrode-Tissue Interface on Measurement
A commercial potentiostat (Gamry Reference 600 (Gamry,
Warminster, PA, US)) was used to validate the method employed in this study and assess the effects of the electrodetissue interface. Following treatment with a 1µs (n=3) or 2µs
(n=3) HFBP burst at an applied field of 140V /cm (assuming
non-electroporation inducing field), the impedance Zpot (ω) of
each of the 6 samples from the first liver was directly measured using the potentiostat by conducting frequency sweeps
in the range of 1Hz to 1M Hz. Using the Gamry Echem
Analyst software, this impedance data was then fit to a model
consisting of tissue impedance Ztis(ω) in series with the
electrode−tissue interface Zcpe (ω) using the LevenbergMarquardt method. The tissue impedance was modeled as
a Cole-Cole network and the electrode-tissue interface as
a constant phase element [16]. The magnitude of the raw
potentiostat impedance |Zpot (ω)| was compared to the tissue
impedance |Ztis (ω)| to access the effects of electrode-tissue
interface. Next, |Ztis (ω)| was compared to the impedance
magnitude calculated from the low voltage HFBP bursts from
(1) i.e. |Zr (ω)| to show equivalence in the methods.
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D. Numerical Model for Two Needle Electrodes

∇ · (σ∇φ) = 0

(5)

The solution to equation (5) was obtained for an instant in
the flat portion of the pulse, where the applied voltage (V) remains essentially constant. Therefore, the electrical boundary
conditions in contact with the source and sink electrodes were
set to φ = V = 3500 and φ = 0, respectively. To present a
simple model that could be constructed in commercial FEM
software, the dispersion in conductivity was neglected and the
electrical conductivity, σ was modeled as a function of the
~ alone.
magnitude of the electric field, |E|,
III. R ESULTS
A. Commercial Potentiostat and Low Electric Field High
Frequency Bipolar Pulses Results
Fig.3a shows the results of the potentiostat experiments
obtained from the 6 samples of liver 1 (Porcine Liver 1). It
compares the mean of the total impedance |Ztot (ω)| measured
from the potentiostat to the tissue impedance |Ztis (ω)| obtained from the fit. Confidence intervals of 95% were plotted
around the two lines. Here, it can be clearly seen that while
the electrode-tissue effects cause a relatively large increase
in the impedance at the lower frequencies, the impedance at
frequencies above 10kHz are largely unaffected.
Next, the tissue impedance magnitude |Ztis (ω)| from the
potentiostat was compared to that obtained from the low
voltage HFBP burst |Zr (ω)| in Fig.3b and Fig.3c. Fig.3b,
shows the mean impedance of the 3 samples measured,
first, with the 1µs burst and then with the potentiostat. A
95% confidence interval was plotted around the mean of the
potentiostat data. A similar analysis was conducted on the 3
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For this low frequency approximation, the electric field
distribution can be directly solved by taking the gradient of
~ = −∇φ. In addition, for
the electric potential given as E
our studies, since σ >> ω0 r for frequencies in the HFBP
spectrum, equation (4) reduces to equation (5).
∇ · (σ∇φ) + ∇ · (
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The evolution of the electric field distribution in liver tissue
was simulated in a numerical model using a commercial finite
element (FEM) package Comsol Multiphysics, v.5.2 (COMSOL Inc., Stockholm, Sweden). The geometry consisted of a
two-dimensional (2D) circle of radius 50mm and represented
a section of the liver. The electrodes were modeled as two
circles of diameter 1mm placed at the center of the geometry
and spaced 15mm apart. The mesh size was refined until there
was less than 1% difference in electric field results between
refinements, resulting in extremely fine mesh setting. The total
number of elements in the model were 31,624 domain and
380 edge elements. Prior studies have shown that for HFBP
bursts, the governing equation for the underlying electric
potential φ can be obtained by transiently solving equation
under the electro-quasistatic approximation (low frequency
approximation) (4) [22].
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Fig. 3. The magnitude of the impedance of the 3 samples of porcine liver 1
measured, first, with the HFBP burst (blue dots) and then with the potentiostat
(solid red line) for the 1-5-1µs scheme in (a) and 2-5-2µs scheme in (b) is
shown in figure. The shaded regions indicate the confidence intervals of 95%
plotted around the lines.

samples measured with the 2µs burst (Fig.3), followed by the
potentiostat. Overall it was found that the HFBP impedance
data fell either within or very close to the confidence intervals
of the commercial potentiostat data mean. The results show
that the impedance data obtained from the HFBP burst is
comparable to that obtained from commercial potentiostats and
is not skewed by the electrode-tissue effects. However, it must
be noted that when lower frequency HFBPs and conventional
100µs are used, i.e. with frequency components in the 10kHz
range, electrode-tissue effects will be present in the impedance
spectrum and measures must be taken to account for these or
eliminate them with a 4-electrode configuration.
B. Dispersion and Nonlinearity of Tissue Electrical Properties
The conductivity plotted as a function of frequency for
the 8 livers (Porcine Liver 2−9) treated with the 1-5-1µs
burst scheme and the 2-5-2µs burst scheme, at electric fields
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between 180V /cm and 7000V /cm, is shown in Fig.12 in
Appendix C. The conductivity vs. frequency data, for a given
pulse amplitude/electric field, were fit to equation (6).

ω
2π

Here, f =
and a, b, c are the fit constants that are
determined, at each pulse amplitude.
For the 1-5-1µs burst scheme, the data points fit equation (6)
with a coefficient of determination of R2 > 0.72 for all values
of applied electric field. The value of coefficient a, on average,
decreased (tending to zero) with increasing applied electric
fields, whereas, the value of coefficient b, on average, increased
(tending to 1) with increasing applied electric fields. These
trends showed that the extent of dispersion reduced with higher
fields. Additionally, the conductivity of the tissue increased
with higher applied fields, which was reflected in the value of
coefficient c that on average increased with higher fields.
Similar to the 1-5-1µs burst scheme, dispersion during
delivery of the 2-5-2µs bursts reduced with increasing fields.
For applied electric fields below 4000V/cm, the data points
fit equation (6) with R2 > 0.78 and coefficients, a, b and c,
following a similar trend as their 1-5-1µs burst counterparts.
However, for electric fields above 4000V /cm the R2 values
were much lower due to a larger variation in conductivity
values between adjacent data points.
The permittivity plotted as a function of frequency for the 8
livers treated with the 1-5-1µs burst scheme and the 2-5-2µs
burst scheme, of different amplitudes, is shown in Fig.13 in
Appendix C. The permittivity vs. frequency data, for a given
pulse amplitude/electric field, were fit to equation (7).
r (f ) = kf −l + m
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Fig. 4. For each pulse type, 3 groups of conductivity versus frequency
data were chosen and each group was fit to a line with a 95% confidence
interval plotted around it. For the 1-5-1µs burst scheme (a), the low field
group consisted of samples treated between 140V /cm and 200V /cm (n=5),
the mid field group consisted of samples treated between 2900V /cm and
3000V /cm (n=3) and the high field group consisted of samples treated
between 5900V /cm and 6400V /cm (n=3). For the 2-5-2µs burst scheme, the
low field group consisted of samples treated between 140V /cm and 200V /cm
(n=4), the mid field group consisted of samples treated between 3200V /cm
and 3400V /cm (n=3) and the high field group consisted of samples treated
between 6000V /cm and 6600V /cm (n=3).

(7)

Here, k, l, m are the fit constants that are determined, at
each pulse amplitude. Similar to the conductivity behavior,
the disperison in permittivity also decreased with increasing
electric fields during treatment with the HFBPs, and was
reflected in the values for coefficients, k, l, m. The value of
coefficient k, on average, decreased with increasing applied
fields whereas, the value of coefficient l, on average, increased
(tending to 1) with increasing applied fields. On the whole,
however, the permittivity of the tissue decreased considerably
at higher applied fields.
For applied electric fields below 2750V /cm, the permittivity
versus frequency data for the 1-5-1µs burst scheme fit equation
(7) with a coefficient of determination of R2 > 0.83. And for
the 2-5-2µs burst scheme, the permittivity versus frequency
data, fit equation (7) with a coefficient of determination of
R2 > 0.86, for applied electric fields below 2000V /cm. For
fields above 2750V /cm for the 1-5-1µs burst scheme and
above 2000V /cm for the 2-5-2µs burst scheme, the R2 values
were much lower due to large variation between adjacent data
points. At such high electric fields, the contribution of the
capacitance/permittivity of the tissue to the overall impedance
is negligible i.e (Im(Zr (ω) << Re(Zr (ω)) and cannot be
extracted from the impedance reliably as parasitics from the
wire and noise play a larger role.

To access the extent of tissue-to-tissue variability and summarize the data, 3 groups of conductivity versus frequency
data were chosen from all experiments (Porcine Liver 1−9),
for a given pulse type. Each group represented either the low,
mid or high electric field behavior of liver tissue. For the 15-1µs burst scheme, the low field group consisted of samples
treated between 140V /cm and 200V /cm (n=5), the mid
field group consisted of samples treated between 2900V /cm
and 3000V /cm (n=3) and the high field group consisted of
samples treated between 5900V /cm and 6400V /cm (n=3).
For the 2-5-2µs burst scheme, the low field group consisted of samples treated between 140V /cm and 200V /cm
(n=4), the mid field group consisted of samples treated
between 3200V /cm and 3400V /cm (n=3) and the high field
group consisted of samples treated between 6000V /cm and
6600V /cm (n=3). The data from each group was fit to
equation (6) and showed similar trends in a, b and c as the
individual data points. Fig.4 shows the lines fitted for each
group and a 95% confidence interval plotted around the fitted
lines. Overall it was found that the 95% confidence interval
varied less than ±0.046 S/m for all data and the conductivity
for the mid and high voltage groups was higher for the 2-5-2µs
burst scheme than the 1-5-1µs burst scheme.
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C. Simulation of Two Needle Electric fields
From the electrical data obtained from the liver experiments, the conductivity versus electric field function was
approximated by the tissue behavior at a discrete frequency
of 250kHz for the 1µs pulses and 215kHz for the 2µs
pulses and are shown in Fig.5a and Fig.5b, respectively. The
conductivity at these frequencies had the least difference in
conductivity between its value and the conductivity at the
remaining constituent frequencies (maximum difference 35%
for the 1µs pulses and 25% for the 2µs pulses). In addition,
the weight of the voltage amplitude at these frequencies was
relatively high in the frequency spectrum, i.e 0.91|Vmax (ω)|
for the 1µs pulses and 0.85|Vmax (ω)| for the 2µs pulses
(Fig.??). The conductivity was fit to a sigmoidal curve that
was proposed previously [19] and given in equation (8).
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While, overall, it was seen that the conductivity curve parameters were not significantly different from each other, several deductions could be made from the results. As expected,
the initial conductivity (before electroporation) obtained at
250kHz from the 1µs pulses was higher than that obtained at
215kHz from the 2µs pulses, and the values were similar to
those reported in the literature [30]. Additionally, parameter
B, which is an indicator of the electric field range over which
the conductivity reaches saturation, was smaller for the 2µs
pulses than the 1µs pulses. This trend was in agreement with
the literature [24], [31] and shows that for the same field the
permabilization extent is greater for the longer widths.
For the two-needle configuration, the electric field distribution for the 1µs (Fig.6a) and 2µs (Fig.6b) burst was
determined using the dynamic conductivity functions in Fig.5.
For comparison, a constant conductivity field distribution
(Fig.6c) and the electric field distribution during a traditional
100µs electroporation pulse of amplitude V = 3500V was
determined (Fig.6d). For the 100µs pulse, the conductivity
function behavior was approximated using the conductivity
function in equation (8) with parameter values A = 10,

Liver 9

0.35

1000V/cm

C
(V/cm)

7000

0.40

Distance (cm)

σf
(S/m)

6000

2-5-2 s Burst Scheme

0.50

Distance (cm)

σ0
(S/m)

5000

Electric Field (V/cm)

2

Fit Parameters
A

Liver 5

0.35

TABLE II
R ESULTS OF THE SIGMOIDAL FUNCTION PARAMETERS
Burst/Pulse
Scheme
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~ traverses between the initial
The sigmoidal function σ(|E|)
conductivity of the tissue (prior to application of pulses), σ0 ,
and the maximum permeabilized conductivity, σf . A, B and
C are the sigmoidal function constants that are dependent on
the type of applied pulse. The coefficient of determination for
the 1µs pulses and 2µs pulses were R2 = 0.8 and R2 = 0.85,
respectively. The results from the fit are shown in Table II and
the curves are shown in Fig.5.
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Fig. 6. The electric field distribution during the 1µs burst and the 2µs
burst is shown in (a) and (b). For comparison the constant conductivity field
distribution and that during a traditional 100µs electroporation is plotted in
(c) and (d).

B = 580V /cm and C = 30V /cm determined from prior
literature [19]. Three representative contours of amplitudes
1000V /cm, 400V /cm and 200V /cm were plotted for all
distributions (Fig.6). The results showed that the HFBP field
distributions were visibly similar to the constant conductivity
solution than the 100µs field distribution was to the constant
conductivity solution.
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Fig. 7. The field distribution plotted along a 3cm line from the center of
the two electrodes to one end of the geometry for the constant conductivity
solution (solid blue line), traditional 100µs electroporation pulse (dashed
dotted blue line), 1µs burst (dashed blue line) and the 2µs burst (dotted blue
line) is shown on the left axis. The percent difference between the constant
conductivity and the 100µs electroporation pulse (dashed dotted red line)
solution, the constant conductivity and the 1µs burst (dashed red line) solution
and the constant conductivity and the 2µs burst (dotted red line) solution is
shown on the right axis.

To quantify the differences between the solutions in Fig.6,
the electric field on a 3cm line from the center of the two electrodes (0,0) to one end of the geometry (0,3cm) was plotted in
Fig.7. This figure also shows the percent difference between
the HFBP fields from the constant conductivity solution and
the 100µs pulse and the constant conductivity solution. The
largest deviation in the fields between the 1µs burst and
the constant conductivity solution was ∼15% and the 2µs
burst and the constant conductivity solution was ∼ 17%. The
deviation between the 100µs pulse and constant conductivity
solution was ∼ 42%.
IV. D ISCUSSION
In this study, we have characterized the conductivity and
permittivity of porcine liver tissue during the delivery of a
1µs or 2µs HFBP burst at different applied electric fields.
Assuming a nondispersive and nonlinear model, the quantified
conductivity versus electric field behavior was used in a
numerical model of tissue to predict the field distribution in
the flat portion of the pulse. Several studies have captured the
change in tissue conductivity using the time-domain behavior
of the electroporation pulses [19]–[21], however, this is one
of the first studies to employ a frequency-domain approach to
capture the change in tissue properties using electroporationinducing pulses.
In general, it was seen that the extent of dispersion and
non-linearity in the tissue electrical properties reduced with
higher applied electric fields. The complex behavior of the
tissue conductivity and permittivity can be traced to cell-level
effects [32], [33]. The biological cell, which is the fundamental
unit of tissue, contains an insulating plasma membrane enclosing intracellular media and organelles. At low frequencies
(mHz - kHz), most current pathways are extracellular, the
conductivity of the tissue is relatively low, and the permittivity
is high due to capacitive charging and counterions around
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the membrane. In the β dispersion range (kHz - M Hz),
intracellular pathways are created due to shorting of the cellular membrane [29]. This causes an increase in conductivity
and decrease in permittivity of the tissue with increasing
frequencies. As the applied pulse amplitude is increased to
electroporation-inducing thresholds, nanopores are created on
the cellular membrane that also generate intracellular pathways
and a further increase in tissue conductivity and decrease in
tissue permittivity.
The results from the numerical model show that at the
applied voltage-to-distance ratio of 2333V /cm the HFBP
fields deviate less than ∼ 17% from the constant conductivity
solution, whereas the traditional 100µs unipolar pulse fields
can differ from the constant conductivity solution by over 40%.
These results concur with our prior studies and show that the
constant conductivity solution can be a good approximation to
HFBP fields [34]. The results can be attributed to the reduced
conductivity changes during HFBP treatment, which is less
than 1.5 times the initial conductivity (Fig.5) at 2333V /cm. On
the other hand, for traditional pulses, the conductivity change
is as high as 3.5 times the initial conductivity [19].
While the electrical data as well as the general method
developed in this study have some valuable applications in
pre-treatment planning models, a limitation of this study is that
the resultant field distributions are yet to be validated. Another
limitation pertains to the conductivity/permittivity variability
between samples due to variations in temperature, changes in
tissue structure post excision and pressure exerted onto tissue
samples due to small differences in slicing. It is hypothesized
that the tissue would respond to this external pressure by
compressing the constituent cells to conform to the mold
shape, thereby, resulting in smaller cell diameters for some
of the samples. The potential drop across a cell with a smaller
diameter is lower than for a cell with a larger diameter in a
sample, thereby resulting in higher lethal threshold for smaller
more compact cells lower conductivity changes in tissue.
In addition, experiments carried out post mortem are potentially affected by factors such as blood occlusion, cell swelling,
blood drainage, and changes in temperature [35], [36]. Studies
have shown that the change in the resistivity of tissue depends
on the frequency of measurement and can be as much as
30% at 500kHz and 85% at 1kHz, 30 minutes post excision
[36]. Of these changes, 18% can be attributed to temperature.
For the HFBP spectrum, we can expect these changes to be
somewhere in the middle.
To mitigate the changes in tissue electrical properties with
time and temperature, the samples tested in this study were
submerged in room temperature sucrose + PBS solution to
reduce the effects of blood occlusion/drainage, cell swelling,
and to control the tissue temperature. Despite the limitations
discussed above, we expect that the aggregate effects of the
tissue impedance obtained from the fitted lines can be used to
improve HFBP pre-treatment plans as well as help to monitor
tissue dynamics in real-time during treatment.
V. C ONCLUSION
Our results indicate that the extent of dispersion during
treatment with high frequency bipolar electroporation pulses

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/TBME.2017.2787038
IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. X, NO. X, X 2017

reduces with higher applied electric fields. Based on the data
we propose a nondispersive, nonlinear model for pre-treatment
planning for HFBP therapy that could improve treatment
outcome.
A PPENDIX A
T HEORETICAL C ALCULATION OF THE I MPEDANCE OF A
PARALLEL RC CIRCUIT USING A B URST OF S INE WAVES

Fig. 8. A truncated sine wave v(t) can be obtained by multiplying a timeshifted, time scaled rect function g(t) and continuous sine wave f (t).

In this section, the impedance of a parallel RC circuit is
derived theoretically, when the input signal is a burst of sine
waves. The frequency of the sine waves is ωx = 2πfx , burst
width t0 and amplitude A, and the resultant output current is
also a burst of sine waves of frequency ωx and width t0 , whose
amplitude and phase depends on the RC load values. The
input signal v(t) can be thought of as a truncated sine wave
signal v(t), obtained by multiplying a rectangular function g(t)
and a continous sine wave f (t), of amplitude A as shown in
Fig.8. Multiplication in the time domain is convolution in the
frequency domain, therefore V (ω) is given by
1
G(ω) ∗ F (ω)
2π
Here, G(ω) is the CFT of g(t) given as
Z +∞
 ωt 
ωt0
0
G(ω) =
g(t)e−jωt dt = t0 sinc
e−j 2
2
−∞
V (ω) =

(9)

(10)

and F (ω) is the CFT of f (t) given as
F (ω) = jπA[δ(ω + ωx ) − δ(ω − ωx )]

(11)

Substituting (10) and (11) in (9) we get
 (ω + ω )t 
(ω+ωx )t0
jAt0 h
x 0
2
V (ω) =
sinc
e−j
2
2
(12)
 (ω − ω )t 
i
(ω−ωx )t0
x 0
−j
2
−sinc
e
2
For a linear system, the resultant output current waveform
will also be a truncated sine wave i(t), obtained by multiplying
the same rectangular function g(t) and f1 (t), a time and
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amplitude shifted version of the sine wave f (t); it is assumed
that t0 = n/fx , where n is an integer. The amplitude
and phase ofpf1 (t) will depend on the load and is given
by A1 = A R2 + Xc2 /(RXc ), where Xc = 1/(ωC) and
θ = tan−1 (R/Xc ). The CFT of f1 (t), F1 (ω), will be given
as below in (13)
F1 (ω) = jπA1 [δ(ω + ωx )e−jθ − δ(ω − ωx )ejθ ]

(13)

Finally, I(ω) can be obtained by multiplying (10) and (13)
and is given below
p
 (ω + ω )t 
(ω+ωx )t0
jAt0 R2 + Xc2 h
x 0
2
sinc
e−j
e−jθ
I(ω) =
2RXc
2
 (ω − ω )t 
i
(ω−ωx )t0
x 0
2
−sinc
e−j
ejθ
2
(14)
The impedance, for any frequency ω is given by Z(ω) =
V (ω)/I(ω) and can be determined by dividing (12) by (14).
For parameters, A = 18.4, fx = 200kHz, t0 = 100µs,
R = 460Ω and C = 1.7nF , the magnitude of the input voltage
CFT from (12) and output current CFT from (14) are shown
in Fig.9. The load was chosen based on tissue RC values for
the parallel plate setup. The input voltage and output spectra
are centered around 200kHz. The output current spectrum is
in phase with the input spectrum as the load is mostly resistive
and the effects of capacitance are negligible. The magnitude
and phase of the resultant impedance Z(ω) obtained from (12)
and (14) is compared to that of the known impedance given
by Z 0 (ω) = R||(1/jωC) in Fig.10a and Fig.10b, respectively.
Here, it can be seen that Z(ω) provides an accurate estimation
of the impedance at non-zero spectral components.
In order to quantify the errors due to discretization of the
signal, a burst of input voltage sine waves v(t) = Asin(ωt)
and output current sine waves i(t) = A1 sin(ωt + θ), for a
known RC parallel load, were simulated at a sample interval
of T = 10ns and burst width,
p t0 = 100µs. Similar to the analytical solution, A1 = A R2 + Xc2 /(RXc ), Xc = 1/(ωC)
and θ = tan−1 (R/Xc ). DFT theory dictates that the resolution
of data points in the frequency domain is determined from the
total time of the signal [37]. In the current example, since the
on-time of the sinusoidal burst is t0 = 100µs, the resolution
in the frequency domain is 1/t0 = 10kHz. To improve this
resolution, zeros were appended to the signal to obtain a
frequency spacing of 5kHz. For the given sample interval and
frequency resolution,
 the DFT of the input and output signals
Vr (ω) and Ir (ω) did not introduce any errors in comparison
to the analytical solution.
A PPENDIX B
M EASURED VALUES OF D ISCRETE R ESISTANCE AND
C APACITANCE IN A PARALLEL RC CIRCUIT USING A
B URST OF S INE WAVES
Actual measurements of input voltage and output current
across a discrete RC load of R = 460Ω and C = 1.7nF were
made to quantify measurement related errors in the discrete
values. A signal generator was used to deliver arbitrary shaped
pulses to the RC load. The input signal consisted of a burst of
sine waves of amplitude A = 18.4, frequency fx = 200kHz

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/TBME.2017.2787038

5

0.8

4

0.6

3

0.4

2

0.2

1

0
50

100

150

200

250

300

0
350

9

600
500

Resistance ( )

1

Magnitude FT of Current ( A)

Magnitude FT of Voltage (mV)

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. X, NO. X, X 2017

400
300
200
100
0
150

200

Frequency kHz

Magnitude Impedance ( )

500

2

Capacitance (nF)
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nitude |Vmax (ω)| in the input spectrum were retained to
calculate the impedance using equation (1). The resistance R
and capacitance C of the parallel RC circuit were extracted
from Zr (ω) using the following equations

50
0

C=

-50
-100
150

|Zr (ω)|2
Re(Zr (ω))

(15)

−Im(Zr (ω))
ωR × Re(Zr (ω))

(16)

R=

200

250

Frequency (kHz)

Fig. 10. Magnitude (a) and phase (b) of the impedance of the RC parallel
circuit with values R = 465Ω and C = 1.7nF calculated from equations
(1) and Z 0 (ω) = R||(1/jωC).

and burst width of t0 = 100µs, i.e. the same parameters as
theoretical study. The voltage across the load was measured
using an oscilloscope, while an inductive AC/DC probe was
used to non-disruptively measure the current. The signals were
captured at a sample period of 2ns.
Similar to the simulated burst, the impedance was derived
from the DFT of the input and output signals at a frequency
of resolution of 5kHz. To eliminate calculations at 1) zero
power frequencies that lead to undefined impedances and, 2)
low amplitude spectral components that skew the measurement
possibly due to lower signal to noise ratio and limitations
in instrument sensitivity, only frequency components with
voltage magnitudes greater than 1/10th the maximum mag-

These equations were derived from the equation of the
known impedance given by, Z(ω) = R||(1/jωC). The measured resistance and capacitance values are compared to the
actual value and that determined from the theoretical DFT in
Fig.11a and Fig.11b, respectively. It can be determined that
near peak values of V (ω) and I(ω) i.e. between 195kHz
and 205kHz, the measured values are a very good fit to the
actual values, however, at frequencies away from the peak (i.e.
as amplitude in spectrum reduces), the measured resistance
value deviates slightly from the actual value due to noise and
limitations in instrument sensitivity.
A PPENDIX C
C ONDUCTIVITY AND P ERMITTIVITY ACROSS THE
F REQUENCY R ANGE
The conductivity and permittivity plotted as a function of
frequency for the 8 livers (Porcine Liver 2−9) treated with
the 1-5-1µs burst scheme and the 2-5-2µs burst scheme, at
electric fields between 180V /cm and 7000V /cm, is shown in
Fig.12 and Fig.13, respectivity.
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Fig. 12. The conductivity was calculated as a function of frequency, during treatment with the 1-5-1µs burst, for liver 2 (a), liver 3 (b), liver 4 (c), and liver
5 (d) and the 2-5-2µs burst, for liver 6 (a), liver 7 (b), liver 8 (c), and liver 9 (d). Eight samples were obtained per liver with each sample treated with a
different pulse amplitude/electric field.
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Fig. 13. The permittivity was calculated as a function of frequency, during treatment with the 1-5-1µs burst, for liver 2 (a), liver 3 (b), liver 4 (c), and liver
5 (d) and the 2-5-2µs burst, for liver 6 (a), liver 7 (b), liver 8 (c), and liver 9 (d). Eight samples were obtained per liver with each sample treated with a
different pulse amplitude/electric field.
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