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Theoretical Considerations of Tissue Electroporation
With High-Frequency Bipolar Pulses
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Abstract—This study introduces the use of high-frequency
pulsed electric fields for tissue electroporation. Through the development of finite element models and the use of analytical techniques, electroporation with rectangular, bipolar pulses is investigated. The electric field and temperature distribution along with
the associated transmembrane potential development are considered in a heterogeneous skin fold geometry. Results indicate that
switching polarity on the nanosecond scale near the charging time
of plasma membranes can greatly improve treatment outcomes in
heterogeneous tissues. Specifically, high-frequency fields ranging
from 500 kHz to 1 MHz are best suited to penetrate epithelial
layers without inducing significant Joule heating, and cause electroporation in underlying cells.
Index Terms—Bipolar pulses, electroporation, nanosecond
pulsed electric field, oscillating electric field, transmembrane
potential.

I. INTRODUCTION
LECTROPORATION is a nonlinear, biophysical mechanism in which the application of an external pulsed electric field leads to an increase in the permeability of cellular
membranes. While direct evidence for the exact mechanism of
electroporation has yet to be discovered [1], early in vitro experiments suggest that the extent of electroporation is attributed
to the induced buildup of charge across the plasma membrane,
and consequently, transmembrane potential (TMP) [2]–[7]. The
applied field strength and pulse duration control the TMP development and the extent to which transient permeabilizing defects
are allowed to reseal. If the pulse parameters are tuned such
that the membrane defects are only temporary, and the cell remains viable, the process is termed reversible electroporation.
Reversible electroporation can be used to introduce molecules
into cells that, under normal conditions, would not permeate
cellular membranes [8]. Irreversible electroporation (IRE) re-
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sults when membrane defects are irrecoverable, leading to cell
death presumably through a loss of homeostasis [9], [10]. Recently, electroporation has been utilized in vivo as a means to
destroy cancer cells within tissues in both reversible and irreversible modalities. Reversible electroporation is being studied
to facilitate the delivery of anticancer drugs and DNA into cancer cells through the plasma membrane in the form of electrochemotherapy (ECT) and electrogenetherapy (EGT), respectively. IRE promotes cell necrosis [11] and is an independent
means to destroy substantial volumes of targeted tissue without
the use of harmful adjuvant chemicals, if used prior to the onset
of thermal injury [12].
Common protocols for IRE, ECT, and EGT involve delivering multiple, unipolar pulses with a duration on the order
of microseconds through electrodes inserted directly into, or
adjacent to, the malignant tissue [12]–[15]. When the tumor
is located deep within an organ, a minimally invasive needle
or catheter-based device is needed for the electrodes to reach
the tumor. In some instances, the organ puncture required by
these designs can, in itself, damage the surrounding healthy
cells [16], [17]. There is also the possibility of reseeding cancer
cells upon device removal. Therefore, the use of nonpuncturing
plate electrodes placed around the organ is desirable in some
instances. Plate electrodes are best suited to treat tumors lying
close to the skin, because a high potential drop occurs across
the skin, where the field is the largest, limiting the amount of
deeper tissue that can be permeabilized without first permeabilizing the skin [14], [15]. However, the high electric field in the
skin can lead to deleterious thermal damage through the mechanism of Joule heating [18]. Plate electrodes will have similar
problems when placed around internal organs to treat tumors.
Most organs are covered by the peritoneum, where the presence
of tight junctions concentrates the field across epithelial cells,
because extracellular current pathways are reduced [19]. We hypothesize that these problems can be mitigated by implementing
high-frequency bursts of bipolar pulses with a burst width on
the order of microseconds and a duration of single polarity on
the order of nanoseconds.
To the best of our knowledge, the benefits of bipolar pulses
have only been studied for electroporation applications at the
single-cell level. Theoretically, Talele et al. have shown that
asymmetrical electroporation due to the resting TMP (∼0.1 V)
[20] of cells seen when unipolar pulses are delivered [21], [22]
can be alleviated by switching to bipolar pulses [23]. Experimentally, this leads to increased efficiency of macromolecule
uptake through the membrane [21], [22]. Depending on the
extracellular conductivity, bipolar pulses with a frequency of
1 MHz (i.e., 500 ns duration of single polarity) can also lessen
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Fig. 2. Typical pulsing protocol for the proposed electroporation-based therapy. The total burst width of the high-frequency pulses (∼100 to 1000 ns duration
of single polarity) is on the order of hundreds of microseconds, the time delay
in between bursts is on the order of seconds, and the total number of bursts can
be adjusted.

Fig. 1. Illustration of current pathways through epithelial layers and bulk
tissue prior to the onset of electroporation. When the pulse duration td is much
less than the plasma membrane time constant τ p m , current flows through both
intracellular and extracellular spaces (left). In the case that td is much more than
τ p m , current flow is restricted to the narrower extracellular spaces (right).

the dependence of electroporation on cell size, allowing more
cells to be electroporated [24], [25]. In general, pore formation increases as long as the TMP is sustained above a critical
threshold (∼1 V) [20]. One potential drawback of bipolar pulses
is that they require higher field strengths to induce a given TMP
as compared to a unipolar pulse of equivalent duration. This is
apparent when the frequency of the bipolar pulses is increased,
because the time interval above the critical TMP is reduced [25].
Kotnik et al. have explored the benefits of bipolar pulse trains at
significantly lower frequencies, up to 1 kHz (i.e., 500 μs duration of single polarity). At lower frequencies, theoretical results
show that the pore formation asymmetry can also be normalized
with bipolar pulses [26]. Experimentally, bipolar pulses reduce
electrolytic contamination [27] and the required field strength
for reversible electroporation, while the field strength required
for IRE remains unchanged [26]. The authors attribute this to the
fact that when the duration of single polarity is much longer than
the plasma membrane charging time, permeabilized area differences on the membrane between unipolar and bipolar pulses
decreases as pulse amplitude increases.
Here, the benefits of high-frequency bipolar pulses for electroporation of tissue enclosed by an epithelium are studied.
Epithelial layers containing tight junctions are preferred sites
of electroporation for pulses with duration on the order of microseconds [28], [29]. This has to do with the fact that the
electric current associated with pulses longer than the charging
time of the plasma membrane (∼1 μs) [20] is confined to narrow, high-resistance extracellular spaces prior to the onset of
electroporation (see Fig. 1) [30], [31]. It is possible for the field
to penetrate epithelial layers when nanosecond pulsed electric
field are employed, because current can flow through both extracellular and intracellular spaces [29], [31]. In this case, all
cells present in the organ, regardless of their packing and morphology, experience a macroscopically homogeneous electric
field distribution [32] (microscopic nonuniformities in the electric field are still present due to the packing of individual cells
comprising the tissue). Therefore, high-frequency bipolar pulses
with a duration of single polarity on the order of nanoseconds
can be applied to treat tissue layers underlying the skin (see
Fig. 2). Further, because the field is not concentrated across

Fig. 3. (a) Meshed geometry of the FEM with boundary settings. The mesh
consists of 3028 elements and was refined until there was < 0.1% change in the
magnitude of the electric field at the center of the tissue. (b) Schematic diagram
of the geometry with dimensions. The box represents an expanded view of
the tissue that describes the link between the macroscopic electric field E and
the microscopic analysis of TMP. Adjacent cells are drawn with dashed lines,
indicating that their role was ignored in calculating TMP.

the epithelial cells, the potential for thermal damage in the skin
should be reduced.
To quantify these apparent benefits, a finite element model
(FEM) simulating plate electrodes surrounding a cylindrical tissue section through the center of a skin fold was constructed.
Electroporation is often used to treat tumors that arise in fat tissue lying close to the skin [33]. The FEM incorporates physics
for determining the electric field and temperature distribution
within the heterogeneous system. Additionally, the electric field
data generated were substituted into analytical calculations of
TMP in order to determine the relationships between the pulse
frequency and the extent of electroporation in the different tissue
layers.
II. METHODS
A 2-D axisymmetric FEM representative of a cylindrical section of noninfiltrated fat encapsulated by dry skin (see Fig. 3)
was simulated using COMSOL 3.5a (Burlington, MA). The
electric potential distribution within the tissue was obtained by
transiently solving


∂∇Φ
−∇ · (σ∇Φ) − ε0 εr ∇ ·
=0
(1)
∂t
where Φ is the electric potential and σ and εr are the conductivity
and relative permittivity of each tissue layer, respectively, which
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TABLE I
DIELECTRIC PROPERTIES OF THE FEM SIMULATION DOMAIN

TABLE II
THERMAL PROPERTIES OF THE FEM SIMULATION DOMAIN

depends on frequency (see Table I). Equation (1) is obtained
from Maxwell’s equations assuming no external current density (current density J = σE), no remnant displacement (electric
displacement D = ε0 εr E), and the electro-quasistatic approximation. This approximation neglects magnetic induction (∇×E
= 0), which allows for the expression of the electric field only
in terms of the electric potential:
E = −∇Φ.

(2)

The dielectric properties of the bulk tissue were chosen
from the data generated by Gabriel et al. [34] available
online (http://niremf.ifac.cnr.it/docs/dielectric/home.html). The
data were interpolated in Mathematica 7 (Wolfram Research,
Inc., Champaign, IL) in order to estimate the dielectric properties at the desired frequencies. Dielectric properties of the
electrode were chosen to be stainless steel, as incorporated in
the Comsol material library. All electrical boundary conditions
are shown in Fig. 3.
Because rectangular waveforms are comprised of components with various frequencies and amplitudes, tissue properties
at frequencies associated with the carrier frequency, defined as
the inverse of twice the duration of single polarity, are chosen.
Intuitively, the duration of single polarity defines the frequency
at which the current changes direction in the tissue. The pulses
were constructed by multiplying the applied voltage by a function consisting of two smoothed Heaviside functions with a continuous second derivative and a tolerance of 5 ns (rise and fall
times). The electro-quasistatic assumption is confirmed based
on the fact that the primary frequency of the pulses is lower than
200 MHz (rise and fall times), which corresponds to a wavelength and skin depth that is greater than the longest dimension
in the geometry [35]. The inclusion of a permittivity term in (1)
differs from previous, simplified models [36], [37], and accounts
for the reactive component of tissue to time-dependent pulsing,
which is required for obtaining accurate potential distributions
in heterogeneous models [38].
The temperature distribution in the tissue was obtained by
transiently solving a modified version of the Pennes bioheat
equation [39] with the inclusion of a Joule heating term:
ρC

∂T
= ∇ · (k∇T ) + ρb ωb Cb (Tb − T ) + Qm + |J · E|
∂t
(3)

where T is the tissue temperature, Tb is the blood temperature,
k is the thermal conductivity of the tissue, C and Cb are the
tissue and blood specific heat, respectively, ρ and ρb are the
tissue and blood density, respectively, Qm is the metabolic heat
source term, ω b is the blood perfusion coefficient, and |J·E| is
the Joule heating term. All thermal tissue properties are given
in Table II [40]. Due to the presence of different tissue layers and the high frequencies under consideration (250 kHz to
2 MHz), displacement currents are considered along with conduction currents in the formulation of Joule heating
∂E
+ σE
(4)
∂t
where J is the total current density, JD is the displacement
current density, and JC is the conduction current density. In
order to ensure that negative current components due to polarity changes add to the total current in the tissue, the absolute
value of the resistive heating term was taken prior to temperature
calculations. It was assumed that all subdomains were initially
at physiologic temperature (T0 = 310.15 K). The boundaries
between the electrode–skin interface and the skin–fat interface
were treated as continuous [n·(k1 ∇T1 – k2 ∇T2 ) = 0], the centerline was defined as axial symmetry (r = 0), and the remaining
boundaries were thermally insulated [n·(k∇T) = 0] for conservative temperature estimates. Temperature profiles were investigated along the centerline (r = 0 mm) in the middle of the
fat (z = 0 mm) and skin (z = 5.75 mm) layers. Data were imported into Mathematica, and a moving average with a period of
100 ns was taken to smooth the plots. Additionally, the data
were fit with a linear trendline in order to extrapolate to longer
burst widths and predict the onset of thermal damage.
By treating cells as a series of spherical, dielectric shells containing and surrounded by a conductive medium, the analytical
solution for induced TMP across the plasma membrane (ΔΦ)
can be obtained according to the law of total current [41]:


∂E
+ σE = Λk ∇ · E = 0
(5)
∇ · ε 0 εr
∂t
J = JD + JC = ε0 εr

∂
(6)
∂t
where Λ is the admittivity operator and the subscript k denotes
cellular regions including the nucleoplasm n, nuclear envelope
Λ k = σ + ε0 εr
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TABLE III
DIELECTRIC PROPERTIES OF ANALYTICAL TMP CALCULATION

Fig. 4. Frequency f response of the TMP at the cell pole (θ = 0) for rectangular
bipolar pulses (–) and sinusoidal waveforms (− −). The box illustrates the
frequency window implemented in the FEM.

ne, cytoplasm c, plasma membrane pm, and extracellular space
e. Transforming (2), (5), and (6) into the frequency domain [41]
E = −∇Φ(s)

(7)

Λk ∇ · E(s) = 0

(8)

Λk (s) = σ + ε0 εr s

(9)

where s = jω = j2πf, and applying the appropriate boundary
conditions of potential continuity and normal vector continuity
of current density at the interface between the different regions
yields the solution for TMP [41]
ΔΦ(s) = F (Λn , Λne , Λc , Λpm , Λe )E(s) cos θ

(10)

where θ represents the polar angle at the cell center between
the electric field and the point of interest along the membrane.
TMP is defined as the potential directly outside the membrane
minus the inside. The natural, resting component of the plasma
membrane TMP was ignored in all simulations, because it is
typically an order of magnitude less than the induced TMP [20].
Further, the TMP across the nuclear envelope never reached
a permeabilizing threshold with the chosen pulsing protocols,
and reference to TMP from this point forward refers only to
the plasma membrane. The term F(Λk ) represents a transfer
function of the TMP that reflects the geometric and dielectric
properties of the cellular regions (see Table III) [42] as a function of the admittivity. Dielectric properties at the cellular level
are assumed to be frequency independent, which is valid for
predicting TMP up to ∼100 MHz [43]. The exact formulation
for F(Λk ) is lengthy and can be found in [44], but is not included
here for brevity. The term E(s) represents the Laplace transform
of the pulsed electric field as a function of time.
The analytical model was utilized in two instances. In the
first scenario, the frequency dependence of the induced TMP
was investigated. Both rectangular and sinusoidal electric fields
with identical maximum amplitude were compared. Rectangular waveforms were constructed with a series of step functions
(ideal rise time) of alternating polarity and duration, and sinusoidal waveforms were constructed with a single sine function
of varying frequency. The electric fields were substituted into
(10), and the equations were solved directly in Mathematica.

This analysis provided insight as to which pulse waveforms and
frequencies should be simulated by the FEM.
In the second case, TMP profiles were investigated around a
hypothetical cell located along the centerline (r = 0 mm) in the
middle of the fat (z = 0) and skin (z = 5.75 mm) layers of the
FEM. The equations for TMP are derived under the assumption
that there is no influence on the microscopic electric field from
neighboring cells. Therefore, the macroscopic electric field in
the bulk tissue predicted by the FEM dictates the microscopic
electric field experienced by the cell. The vertical z-component
of the electric field was imported from specific locations within
the FEM into Mathematica to account for polarity changes.
The radial r-component was neglected due to the fact that it
never surpassed 3 V/cm as a current traveled primarily in the
z-direction. Nonuniform electric field data were fit with a series
of step functions (50-ns duration), such that the Laplace transform of the field could be performed and the solution for TMP
could be obtained in the frequency domain as the summation of
individual steps. The inverse Laplace transform of the data was
then taken to obtain the complete time courses.
III. RESULTS
Results of the parametric study on TMP for frequencies spanning from 62.5 kHz to 16 MHz are shown in Fig. 4. The maximum amplitude of the sinusoidal and bipolar rectangular electric fields was 2000 V/cm (peak). For this applied field and the
given geometric and dielectric properties of the modeled cell,
the TMP never exceeds 1.46 V. Additionally, the time constant
of the plasma membrane is 345 ns. All measurements were taken
at the cell pole (θ = 0) to depict the maximum achieved TMP
after the system reached a steady oscillatory state. From the
curve, as the frequency increases, the magnitude of the TMP is
reduced. For the sinusoidal waveform, the reduction is evident at
lower frequencies compared to the rectangular waveform. This
has to do with the fact that the rectangular waveform maintains
its maximum amplitude for a longer period of time than the
sinusoidal waveform. It is not until the frequency of the rectangular waveform surpasses 250 kHz that a dramatic decrease
in TMP occurs. For this reason, only rectangular pulses in a
frequency window of 250 kHz to 2 MHz were investigated in
the FEM, since they are best suited for electroporation with
high-frequency bipolar pulses.
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Fig. 5. Electric field, norm (V/cm) contours predicted by the FEM at the end
of a 2-μs burst with an amplitude of 2600 V and a frequency of (a) 250 kHz,
(b) 500 kHz, (c) 1 MHz, and (d) 2 MHz.

Fig. 7. TMP predicted by the FEM at the center of the (a) skin and (b) fat for
frequencies of 250 kHz (−−), 500 kHz (- – -), 1 MHz (· · ·), and 2 MHz (–).

Fig. 6. Temperature changes predicted by the FEM at the center of the (a)
skin and (b) fat for frequencies of 250 kHz (−−), 500 kHz (- - -), 1 MHz (· · ·),
and 2 MHz (–). Equations represent a linear fit to the data.

Fig. 5 shows the electric field distribution at the end of a 2-μs
burst with various frequencies given in Table I. In each case,
the maximum applied voltage was set to 2600 V (peak) in order
to set up a voltage to distance ratio of 2000 V/cm between the
electrodes (1.3-cm spacing). From the surface contour map, as
frequency is increased, the electric field in the fat rises while
the field in the skin drops. This trend extends to the point that
at 2 MHz the field in the skin is lower than the fat, which is a
direct result of the tissue dielectric properties at that frequency
(greater conductivity and permittivity of skin as compared to
fat). Therefore, high-frequency fields, are better suited to penetrate epithelial layers, such as the skin, and reach underlying
tissue.
Temperature changes predicted by the FEM at the center
of the skin and fat are shown in Fig. 6. In this case, a burst
width of 4 μs was simulated in order to capture the trends in
temperature development. Polarity of the 2-μs pulse (250 kHz)
was switched between pulses to maintain consistency with the

other waveforms that are inherently bipolar. With respect to
the skin, as the frequency of the applied field increases, the
temperature rises at a slower rate. This is a consequence of the
fact that the electric field within the skin also decreases with
increasing frequency. In the case of the fat, the temperature
rises at a faster rate when the frequency of the applied field is
increased. At first glance, this seems to be detrimental; however,
it is merely an indication that energy is preferentially being
deposited into the fat at higher frequencies. Again, this can be
correlated with the electric field profile. In both tissues, the sharp
rises in temperature are due to the spikes in displacement current
that occur at the onset and offset of each pulse (data not shown).
The total temperature increase in all cases is less than 0.003 K
for a burst width of 4 μs. As explained in Section IV, even for
bursts of longer widths, the temperature increase is not enough
to promote thermal damage.
TMP profiles as predicted by the FEM on a hypothetical cell
at the center of the skin and fat for a 2-μs burst width are shown
in Fig. 7. All measurements were taken at the pole (θ = 0) to
depict the maximum induced TMP around the cell. With respect
to the skin, as the frequency of the applied field increases, the
maximum oscillation amplitude of the TMP decreases. This
occurs for two reasons. First, as seen in Fig. 5, the electric
field in the skin decreases with increasing frequency. Second,
as seen in Fig. 4, even with constant field amplitude, the TMP
decreases with increasing frequency, because the time during
which the membrane has to charge before the polarity switches
is less at higher frequencies. In the case of the fat, the behavior
is slightly more complex. At lower frequencies, a majority of
the voltage drop occurs across the skin, resulting in a reduced
electric field in the fat. This shielding effect is best shown in
Fig. 7 along the 250-kHz trace. According to Fig. 4, at 250 kHz,
the maximum TMP should be reached. However, due to the
shielding effect from the skin, a reduction in the TMP prior to the
polarity change is seen. This reduction in TMP can be alleviated
by increasing the frequency of the applied field. However, the
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TABLE IV
PULSE FREQUENCY–TMP COMPARISON IN THE FAT LAYER

tradeoff between increased frequency and reduced TMP is still
evident at a frequency of 2 MHz (250-ns pulse duration).
IV. DISCUSSION
As mentioned, electric current associated with pulses longer
than ∼1 μs is confined to extracellular spaces prior to the onset
of electroporation (see Fig. 1) [30], [31]. This can be attributed to
the migration of charges toward biological membranes following the application of an external electric field. The time required
for a membrane to become charged to 63% of its steady-state
value is defined as the charging time constant of the membrane
τ pm . Based on the analytical model for TMP in this study,
the time constant of the plasma membrane for a constant field
is 345 ns. Additionally, steady state is not reached until after
1 μs. Displacement currents across the plasma membrane allow
organelles to be exposed to fields during the time that it takes the
plasma membrane to reach steady state [32]. Once steady state
is achieved, the counterfield developed along the plasma membrane due to the accumulation of charges is significant enough
to shield the field from entering the cell, and current is directed
through extracellular spaces. Only after permeabilization of the
membrane does ionic conduction allow the field to re-enter the
cell [45]. If extracellular current pathways between cells are
reduced, as in layers of epithelial cells connected by tight junctions [19], the field is highly concentrated across the layer, and
the extent of electroporation in underlying cells is reduced.
There is a balance between employing pulses that are delivered on a short enough timescale to flow through epithelial
cells but are long enough to induce electroporation in underlying
cells. The time constant of 345 ns falls between the 2 MHz (250ns pulse duration) and 1 MHz (500-ns pulse duration) bursts.
Further, the 500-kHz burst (1-μs pulse duration) is close to the
time it takes the TMP to reach steady state. Table IV summarizes
the results based on the time that the TMP on a hypothetical cell
at the center of the fat layer is above 0.5 V. This amplitude was
chosen such that even the highest frequency burst was above the
set voltage level for a certain amount of time. The results would
hold if the applied field was doubled and the voltage level was
set to the 1-V threshold for pore formation, due to the linear dependence of TMP on the electric field. Based on this criterion, a
frequency of 500 kHz is best suited to treat cells in the fat layer,
followed by 1 MHz and 250 kHz. As frequency is increased, the
dielectric properties and electric field distribution in the skin
and fat become more macroscopically homogeneous, but above
1 MHz, the pulse duration is not adequate for the cell to charge.
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According to in vitro experiments that utilize bipolar rectangular pulses, the typical burst width required to induce either
reversible electroporation or IRE increases with the frequency
of the applied field. For EGT, a 60-kHz bipolar square wave
with a burst width of 400 μs and an amplitude of 1600 V/cm has
a six times greater transfection efficiency than a 1-MHz bipolar square wave with equal amplitude and width [22]. In terms
of IRE, a 60-kHz bipolar square wave with a burst width of
400 μs and an amplitude of 4000 V/cm results in 19% cell viability [22]. These results were obtained when a single burst was
delivered to the sample, and we were unable to find any data
on high-frequency electroporation with rectangular pulses that
implemented multiple bursts. Similar to how multiple unipolar
pulses are typically delivered in ECT, EGT, or IRE protocols to
enhance the desired outcome [46], [47], multiple bipolar bursts
would likely produce similar trends. Data are also available for
burst sinusoidal waveforms in the frequency range of 2 kHz
to 50 MHz [48], [49], but the results are inconclusive, and sinusoidal waveforms are less efficient than rectangular bipolar
pulses for inducing electroporation [50].
The onset of protein denaturation and loss of cell structure
occur above 318.15 K [51], which correlates with an increase
in temperature of 8 K above physiological temperature. Using
this information, we can calculate the maximum energy delivery
period (number of pulses multiplied by pulse duration) for an
amplitude of 2000 V/cm at each of the frequencies investigated
using the trendlines generated by the FEM data (see Fig. 6). In
the skin layer, heating is reduced by increasing the frequency
of the applied field. This confirms our initial hypothesis that
the potential for thermal damage in the skin is reduced when
the frequency of the applied field is increased. At higher frequencies, the energy is preferentially deposited in the fat layer.
For 2 MHz, the total energy delivery period required to cause
an 8-K increase in temperature is 12 ms. An example treatment
plan would then be 12, 1-ms bursts separated by a delay of
1 s. If the frequency is reduced to 500 kHz, which shows the
greatest electroporation efficiency (see Table IV), the allowable
energy delivery period increases to 16 ms, which would permit
the delivery of an additional 4, 1-ms bursts before the onset of
thermal damage. The restrictions could be increased if less conservative estimates are obtained that account for heat dissipation
between pulses and heat convection at the tissue surface [52].
These projected protocols represent a maximum, and it is likely
that the desired effects will be induced at a significantly lower
energy [46], [47].
This work has been geared toward developing a better way to
deposit electrical energy through the skin, but similar structures
are seen in underlying tissue layers. For example, pancreatic
ducts are lined by epithelial cells that can give rise to tumors,
and tumors of the breast are often surrounded by fatty tissue [53].
These features will play an important role in how the electric
field is distributed within the tissue. This complicates treatment
planning, where the goal is to predict the electric field distribution in the tissue in order to select an appropriate pulsing
protocol. A benefit of high-frequency bursts with nanosecondorder pulses is their ability to penetrate tissue heterogeneities,
resulting in more predictable treatment outcomes. These pulsing
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protocols would then be useful if implemented not only with
plate electrodes, but also with the alternative needle electrodes.
Additionally, IRE treatments are often preceded by a nerve
blocker or paralytic agent to minimize muscle contraction during
treatment. Ex vivo muscle stimulation experiments indicate that
the electric field threshold required to induce muscle contractions increases as the pulse duration decreases [54]. Therefore,
the nanosecond-order pulses proposed here may allow the use
of these paralytic agents to be averted.
Detailed geometric considerations, such as the individual tissue layers comprising the skin, layers of conductive gel used
clinically to improve electrical contact, and the outer curvature
of a typical skin fold, have been ignored in order to simplify
our initial investigation. To be conservative in our estimates,
dry skin was used in the model and the use of a conductive
gel to wet the skin was not employed. The use of a gel and the
properties of wet skin should further enhance the benefits of this
technique. In this initial study, our goal was to elicit the benefit of high-frequency electroporation for overcoming impedance
barriers without superimposing the effects from geometric intricacies and electroporation nonlinearities in the analysis. Future
work should be directed toward expanding this focus.
In the analytical model for TMP, it was assumed that the electric field was applied across an isolated cell. In reality, tissues
comprise a network of cells that create nonuniformities in the
electric field at the microscopic level. In general, as the packing
density of cells increases, the TMP decreases [55]. Thus, the
overall trends presented here are valid, but the specific values
for TMP should be scaled accordingly if the packing density is
known. Additionally, dynamic dielectric tissue properties were
neglected in both the analytical model and the FEM. At the
macroscale, changes in tissue dielectric properties due to electroporation [14], [15] and temperature should be incorporated in
the FEM. At the microscale, in order to prevent the development
of unrealistic TMP in regions of high electric field, as seen here
in the skin layer, the analytical calculation of TMP could be
supplemented with equations for pore formation. Pores allow
current to flow through the membrane, which limits the increase
in TMP [23]–[25].
V. CONCLUSION
Our results indicate that bursts of bipolar, nanosecond pulses
can maintain a critical TMP beneath epithelial layers, while
minimizing heating in the epithelial layer. This has to do with
the ability of nanosecond pulses to achieve a macroscopically
homogeneous field distribution in a heterogeneous system. At
high frequencies, tissues with a low passive DC conductivity become more conductive. This has implications not only for skin,
as presented here, but also for other tissues, such as bone and
lung. Experimental work needs to be conducted to optimize the
total burst width, time between bursts, and total number of bursts
required for inducing electroporation with high-frequency rectangular pulses. This study serves as the first step in assessing
the feasibility of implementing high-frequency bipolar pulses
for tissue electroporation. Based on the theoretical analysis presented here, the predicted benefits of high-frequency electro-

poration will translate experimentally to enhance the efficacy
of ECT, EGT, or IRE for treating electrically isolated tumors,
such as those encapsulated by the skin, pancreas, breast, bone,
or lung.
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