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Cycled pulsing to mitigate thermal damage for multi-electrode irreversible
electroporation therapy

Timothy J. O’Briena, Melvin F. Lorenzoa, Yajun Zhaoa, Robert E. Neal IIb, John L. Robertsona,
S. Nahum Goldbergc and Rafael V. Davalosa

aDepartment of Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg, VA, USA; bAngiodynamics, Latham, NY, USA; cDepartment
of Radiology, Hadassah Hebrew University Medical Center, Jerusalem, Israel

ABSTRACT
Purpose: This study evaluates the effects of various pulsing paradigms, on the irreversible electropor-
ation (IRE) lesion, induced electric current, and temperature changes using a perfused porcine
liver model.
Materials and methods: A 4-monopolar electrode array delivered IRE therapy varying the pulse
length and inter-pulse delay to six porcine mechanically perfused livers. Pulse paradigms included six
forms of cycled pulsing schemes and the conventional pulsing scheme. Finite element models pro-
vided further insight into the effects of cycled pulsing on the temperature and thermal injury
distribution.
Results: ‘Single pulse cycle with no interpulse delay’ deposited maximum average energy
(2.34± 0.35 kJ) and produced the largest ratio of thermally damaged tissue area and IRE ablation area
from all other pulse schemes (18.22%6 8.11, p< .0001 all pairwise comparisons). These compared
favorably to the conventional algorithm (2.09±0.37 kJ, 3.49%6 2.20, p< .0001, all comparisons).
Though no statistical significance was found between groups, the ‘5 pulse cycle, 0 s delay’ pulse para-
digm produced the largest average IRE ablation cross sectional area (11.81±1.97 cm2), while conven-
tional paradigm yielded an average of 8.90±0.91 cm2. Finite element modeling indicated a ‘10 pulse
cycle, 10 s delay’ generated the least thermal tissue damage and ‘1 pulse cycle, 0 s delay’ pulse cycle
sequence the most (0.47 vs. 3.76 cm2), over a lengthier treatment time (16.5 vs. 6.67minutes).
Conclusions: Subdividing IRE pulses and adding delays throughout the treatment can reduce white
tissue coagulation and electric current, while maintaining IRE treatment sizes.
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Introduction

Irreversible Electroporation (IRE) is an energy directed thera-
peutic used to treat patients with unresectable tumors [1].
This focal ablation technique relies on the application of
brief, high-amplitude, pulsed electric fields between two or
more needle applicators/electrodes to increase the trans-
membrane potential of a cell above a critical threshold,
destabilizing the lipid bilayer of the cell membrane, increas-
ing the cell-membrane permeability, and ultimately leading
to cell death within the targeted region [1–3]. The overall
ablation volume is contingent on the underlying tissue prop-
erties and the various energy delivery parameters [4]. Energy
delivery can be partially defined as a function of the physical
delivery system (the electrode geometry, the number of elec-
trodes utilized, and electrode spacing), as well as the system-
atic electrical pulse parameters (voltage amplitude, pulse
frequency, and pulse repetition). The proper tuning of these
electrode properties and pulse parameters can enable a tar-
geted, non-thermal treatment of local and inoperable
tumors. Consequently, this minimally invasive technique can

be used to target malignancies enveloping critical structures
(blood vessels, major nerves, etc.) and is less influenced by
the convective effects of local blood perfusion (heat sink
effect) in comparison to thermal ablative technologies (radio-
frequency ablation, and microwave ablation, etc.) [5].
Additionally, the non-thermal nature of IRE encourages a
unique immune response compared to other ablative tech-
nologies. More recently, it was shown that IRE could trigger
as much as 2-3 times the amount of T cell proliferation in
comparison to thermal therapies [6].

While the mechanisms for IRE cell death are non-thermal,
temperature and electric current variations occur due to high
electric field gradients immediately adjacent to the needle
electrodes. Treatment of large tumors benefit from higher
voltages which in turn cause moderate temperature and cur-
rent variations, the latter has been linked to overall treat-
ment outcomes [4,5,7,8]. Studies have shown that while a
higher delivered electrical energy can be associated with
larger treatment zones, it also causes an increase in white tis-
sue coagulation due to Joule heating effects [9,10]. Some
thermal mitigation strategies have been explored, including
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methods to absorb and remove heat via internal perfusion
and the use of phase change materials within the electrode/
applicator core [11–13]. However, these methods may
increase operational complexity and/or require thicker elec-
trodes. In many instances, clinicians performing IRE treat-
ments will also rely on increasing the number of monopolar
IRE applicators to three or more to encompass a large or
irregularly shaped tumor. On these occasions, conventional
IRE generators would deliver the entirety of the set number
of pulses for a given electrode pair before proceeding to the
next electrode pair until all of the desired electrode pair
combinations have been activated, minimizing the conduct-
ive and convective cooling of the tissue and promoting ther-
mal damage.

This study investigates the effects of various cycled puls-
ing paradigms in comparison to conventional pulsing
schemes via a multi-electrode IRE therapy (4-electrode con-
figuration) on the IRE treatment zone size, deployed elec-
trical current, temperature changes, and treatment time. We
hypothesized that subdividing the number of pulses deliv-
ered per electrode pair; and adding delays throughout the
treatment could reduce tissue temperatures, electric current,
and the overall thermal damage while maintaining IRE treat-
ment zone sizes. Further, an adjustment to the order in
which each electrode pair is activated during treatment was
also explored in an attempt to further minimize the potential
for Joule heating.

Materials and methods

Electroporation pulse delivery

All IRE treatments were performed in a perfused organ
model [13,14]. A total of six livers were used for this study
with 6 – 8 treatments delivered per liver using a 4-electrode
configuration electrode array. Five cycled pulsing variations
were performed (Table 1) and evaluated in comparison to
the conventional algorithm provided with a commercially
available IRE generator (NanoKnifeVR , AngioDynamics,
Marlborough, MA). The commercial NanoKnifeVR pulsing
protocol deposits the total number of pulses desired across
one electrode pair before moving to the next electrode pair,
as illustrated within Figure 1(A) where 100 pulses are depos-
ited per electrode pair. This pulsing algorithm includes a
3.5 s delay per every 10 pulses to recharge the capacitor
bank, which inherently provides some thermal mitigation at
the expense of overall treatment time. By comparison, the

cycled pulsing schemes investigated differ slightly by parti-
tioning of the pulse-train into subsets of pulses (30, 60, 120,
etc.) and cycling between active electrode pairs until the
desired final number of pulses is achieved per electrode pair
(Figure 1(B)). Thus, the ‘5 pulse cycle, 0 s delay’ scheme
applies 20 pulses per electrode pair (6 electrode pairs), yield-
ing a total of 120 pulses per ‘cycle’. This procedure is
repeated until a total of 600 pulses are applied (i.e., a total
of 5 cycles). While there is no delay associated with this
method, the addition of a delay between each cycle was also
investigated. Lastly, the order in which electrode pairs acti-
vate was examined to minimize consecutive electrode activa-
tion. Figure 1(C) illustrates the enhanced electrode pair
activation pattern (EPAP) evaluated.

Perfused whole organ tissue testing

Organ preparation
All experimental IRE procedures were performed on a previ-
ously validated perfused organ model [13,14]. Porcine livers
were excised at a local abattoir and immediately fit with
Luer-Lock connectors at the major ports of the specimen for
a constant pressure flush (�90mmHg) with three liters of
modified phosphate buffer solution (conductivity of �0.8 S/
m) to mitigate thrombosis and improve overall tissue perfu-
sion. The tissue was then transported via static cold storage
(SCS) until anastomosed to the organ preservation system
(�120min on SCS). The perfusate temperature on the preser-
vation system was set and maintained at 30 �C. After IRE
treatments were delivered, organs were maintained on the
system for an additional 2 h at hypothermic conditions, 4 �C,
and prior to sectioning/staining. A total of six livers were
used, with 6–8 treatments performed per liver (total N¼ 42).
All animals were euthanized and handled in strict accordance
with good animal practice as defined by the relevant
national and local animal welfare bodies, and approved by
Virginia Tech.

To ensure that all electrodes were equidistant for each
treatment performed during these experiments, a custom
built ‘support block’ was designed and laser-cut from acrylic
material. Figure 2 illustrates the monopolar support block for
the 4-monopolar electrode configuration, fiber optic sensor
placement relative to the electrode array, and a detailed
schematic of the machine perfused liver model.

Table 1. Summary of the treatment variations of cycled pulse sequencing. Six different pulsing paradigms were compared. The conventional NanoKnifeVR pulsing
sequence inherently incorporates a 3.5 s delay per every 10 pulses, while all other pulsing paradigms implements their delays between cycles. Pulse delivery
was iterated between 4-monopolar electrodes equally spaced apart by 2 cm, with an electrode exposure of 1.5 cm. The IRE generator was set to deliver 600
pulses at a rate of 90 pulses per minute and a constant voltage of 2700 V.

Parameter Set
No.

Cycles Delay [s]
No. Pulses
per Cycle

No. Total
Pulses

Electrode
Separation [cm]

Electrode
Exposure [cm]

Pulse
Amplitude [V]

Pulse
Width [ms]

Conventional Paradigm 1 3.5 per
10 pulses

100 600 2 1.5 2700 100

1 pulse cycle, 0 s delay 1 0 100 600 2 1.5 2700 100
5 pulse cycle, 0 s delay 5 0 20 600 2 1.5 2700 100
10 pulse cycle, 0 s delay 10 0 10 600 2 1.5 2700 100
10 pulse cycle, 5 s delay 10 5 10 600 2 1.5 2700 100
10 pulse cycle, 10 s delay 10 10 10 600 2 1.5 2700 100
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Morphologic analysis
Sectioning was performed 2 h after the last ablation per-
formed to allow for IRE changes to manifest [15]. The total
perfusion time was no more than 6 h. The tissue was sec-
tioned and sliced through the mid-plane of the treatment
regions for gross evaluation. These sections were stained
with triphenyl tetrazolium chloride (TTC) (MP Biomedicals,
LLC Santa Ana, California) in phosphate buffered saline (15 g/
L) for 5–10min without light exposure. Following staining,
the treatment zones were photographed and measured
along the long and short axis to determine the overall area
of the treatment region. Samples were fixed in formalin over-
night and measured once more 12 h later. Prior studies have
shown no statistical difference in ablation size when compar-
ing the long and short axis measurements pre- and post-
formalin [13,14]. Thus, the post formalin measurements were
used to represent ablation size throughout the manuscript.
ImageJ software (NIH, Bethesda, MD) was used to analyze
and measure the thermally damaged regions and IRE ablated
regions of each tissue sample. Briefly, threshold techniques
were utilized to identify the thermally damaged tissue (dis-
colored tissue regions) and IRE ablation (pale discolored tis-
sue regions). Then, the average thermally damaged area and
average IRE ablation area were expressed as percentage ratio
of thermal damage to IRE ablation. Figure 3 illustrates the
sectioning and ablation measurement process. It should be
noted the calculated IRE ablation area also includes the ther-
mally damaged area; this combination was purposely
included to calculate the percentage of thermal damage in

proportion to the entire ablation, both nonthermal
and thermal.

Thermal measurements
Fiber optic thermal sensors (STB, Luxtron m3300, LumaSense,
Santa Clara, CA, USA) were adhered to the surface, and posi-
tioned at the midpoint of each exposed electrode. The tissue
temperature was measured during treatment at a rate of 0.5
samples per second. Temperature data were plotted over
time to illustrate the thermal differences between each puls-
ing paradigm investigated. Further, the collected thermal
data were utilized to validate the numerical models. Figure 2
specifies the location of each fiber optic temperature sensor
in relation to the electrodes.

Current measurements
The NanoKnifeVR generated .xml data files containing the
treatment protocol and procedure, voltage, current, and
resistance information. All data were imported and read
using an in-house MATLAB program for analysis of the meas-
ured current. Similar data (voltage, current and resistance)
were generated and saved for all cycled pulsing paradigms.
The total energy delivered to the tissue was calculated via
Equation (1).

Energy kJ½ � ¼ Vavg � Iavg½ � � ð#PulsesÞ � ð100� 10�6Þ
1000

(1)

Figure 1. (A) Illustration of the conventional NanoKnifeVR pulse delivery scheme where, 100 pulses were delivered per electrode pair for a total number of 600
pulses to the target tissue. (B) An example of a cycled pulse paradigm (5 pulse cycle, 0 s delay scheme), where, 20 pulses were delivered per electrode pair, yield
120 total pulses per cycle and, again, a total of 600 pulses to the target region. (C) The same cycled pulse paradigm shown in B with an enhanced electrode pair
activation pattern such that no single electrode was activated more than two consecutive times.
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where the average voltage, Vavg, and average current, Iavg,
are defined as the area under the curve divided by the treat-
ment length.

Numerical modeling of varying cycled pulsing paradigms
Numerical modeling was performed in parallel with experi-
mental procedures to explore the effects of various cycled

Figure 2. (A) Computer-Aided Design of a 4-electrode support device to ensure equidistant spacing throughout each treatment, showing critical dimensions
(units in cm), (B, C) fiber optic thermal sensor (red) placement in the ‘xy’ and ‘xz’ plane, respectively. Each temperature sensor was labeled T1 – T4 to understand
temperature trends at each electrode. (D) The implementation of the support devices on the perfused organ model for the 4-monopolar electrode configuration.
(E) Schematic diagram of the perfusion, fiber optic thermal measurement, and pulse delivery systems.

Figure 3. Schematic showing the placement of four monopolar electrodes. The sliced plane is taken at the midpoint of the IRE ablation depth. One half is used to
measure the cross-sectional area. IRE ablation zone and thermally damaged regions are highlighted.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 955



pulsing paradigms for multi-electrode IRE treatments in ex
vivo porcine liver tissue. Previously measured experimental
voltage and current data [14] were employed to visualize
electroporation-induced changes in electrical conductivity,
thereby solving for more representative electric field distribu-
tions and applied electric currents. The finite element model
was developed using COMSOL Multiphysics v5.4a (COMSOL
Inc., Stockholm, Sweden). The domains consisted of liver tis-
sue modeled as a 12� 12� 8 cm ellipsoid and four monopo-
lar NanoKnifeVR electrodes modeled as cylinders with height,
diameter, and spacing of 1.5 cm, 1mm, and 2 cm, respect-
ively. All numerical model material properties are displayed
in Table 2 [16,17].

The final mesh consisted of 187,418 tetrahedral elements
with a maximum of 2,264,706 degrees of freedom. The elec-
tric potential distribution was solved using the Laplace equa-
tion (Equation (2)), and taking the gradient of the electric
potential (Equation (3)),

�r � rr/ð Þ ¼ 0 (2)

E ¼ �rU (3)

where r represents the electrical conductivity, / is the
electric potential, and E is the electric field. Considering a
four-electrode configuration, and assuming that all six elec-
trode pair combinations were used within the treatment, a
total of six current modules were required to solve for the
effective electric field distribution, each of which had
imposed boundary conditions of / ¼ V and / ¼ 0: All
external boundaries were set as electrically insulating with
the boundary condition @/

@n ¼ 0: Prior studies [18–20] have
shown tissue electroporation results in an increase in bulk
tissue electrical conductivity. This effect is captured in the
model by using a sigmoidal curve previously characterized
in O’Brien et al. [13] for porcine liver tissue on the perfused
organ model,

rðjEjÞ ¼ r0 þ rf�r0

1þ D � e�ðjE j �AÞ
B

(4)

where r0 is the initial non-electroporated conductivity, rf is
the peak electroporated conductivity, jEj is the magnitude of
the electric field at any given position, and D, B, and A are
fitting terms. In the context of the perfused organ model,
the empirically determined values for r0, rf , D, B, and A are
0.12 S/m, 0.42 S/m, 10, 30 V/cm, and 580 V/cm, respectively
[14]. Due to the increase ionic mobility during therapy, the

electrical conductivity of biological tissue increases with tem-
perature, and is incorporated within the model via the elec-
trical conductivity temperature coefficient, a:

rðjEj, TÞ ¼ rðjEjÞ � 1þ a � T�T0ð Þ½ � (5)

For direct current (DC) and low-to-medium frequencies
(30 kHz–1GHz), a is a positive coefficient taking on values
between 0�4%=�C [21]. Here, the a coefficient was
defined as 2%=�C:

Temperature profiles are simulated using Pennes’ bioheat
equation that models conductive heat transfer and includes
effects of heat dissipation due to a distributed blood perfu-
sion term. The bioheat equation was modified to incorporate
IRE Joule heating effects through the addition of a Joule
heating term. To reduce computational time, the energy
delivered during one pulse (100 ms) was averaged over the
pulsing period (1 s) by scaling this Joule heating term to the
duty cycle of the pulse. Thus, discrete pulses can now be
defined as a continuous heat source without complex modi-
fications to the numerical time stepping.

Lastly, the cycled pulsing schemes are implemented by
combining the duty cycle approach with time dependent
‘thermal envelopes’. These thermal envelopes are imple-
mented analytically where a defined coefficient v is used to
simulate the on (v ¼ 1) and off (v ¼ 0) period of the Joule
Heating term. Since the Joule Heating term is a continuous
source, these ‘thermal envelopes’ enable the numerical model
to mimic cyclic pulsing across various electrode pairs, with
Joule Heating occurring only across the immediately ener-
gized electrode pair. This resulted in the following equation,

qcp
@T
@t

¼ r � krTð Þ � xbqbcb T�Tbð Þ þ r � jEj2 � p
s

� v (6)

where q describes the density of tissue, cp is the specific heat
of tissue, j is the thermal conductivity, xb is the perfusion, qb
describes the density of blood, cb is the specific heat of blood,
Tb is the arterial blood temperature, r represents the electrical
conductivity, p is the period per pulse, and s represents the
on-time per pulse. Figure 4 illustrates the numerically calcu-
lated electric field distributions for each individual electrode
pair and the cumulative or effective electric field using the
conventional NanoKnifeVR pulsing paradigm for a four elec-
trode configuration. The area was calculated for tissue that
exceeded electric field thresholds of 400, 600 800, and 1000V/
cm and both the conventional and enhanced EPAPs using a

Table 2. Material properties used within the numerical model.

Material Parameter Value Units Ref.

Liver q, Density 1079 kg=m3
� �

[16]
cp, Heat Capacity 3540 J=kg=K½ � [16]
k, Thermal Conductivity 0.52 W=m=K½ � [16]
a Thermal Coefficient of Conductivity 2 [%/�C] [16]
xb, Perfusion 3.575�10�3 1=s½ � [16]
r0, Initial Electrical Conductivity 0.12 S=m½ � [13]
rf, Final Electrical Conductivity 0.42 rf [13]
Eo , Reversible Field Threshold 460 V=cm½ � [17]
E1, Irreversible Field Threshold 700 V=cm½ � [17]

Electrode q, Density 7900 kg=m3
� �

[16]
cp, Heat Capacity 500 J=kg=K½ � [16]
k, Thermal Conductivity 15 W=m=K½ � [16]
r, Electrical Conductivity 2.22�106 S=m½ � [16]
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surface integration taken across the plane at the midpoint of
the electrodes within the 3D model.

The accumulation of tissue thermal injury tissue due to
pulsing was quantified using a thermal damage function ini-
tially quantified by Henriques’ and Moritz [22],

X tð Þ ¼
ðt
0
f � e� Ea

R�T tð Þdt (7)

where f is the frequency factor (7:39 � 1039 s�1), Ea is the
activation energy (2:577� 105 J=mol), R is the universal gas
constant, T is the absolute temperature in Kelvin, and X, is
the total injury due to thermal insult. A value of, X¼ 2:3,
was used to define the minimum conditions to obtain irre-
versible hepatic white tissue coagulation [21–24].

The total treatment time was calculated using the formula
displayed in Equation (8),

Total Treatment Time min½ � ¼
P#
C#�f

� �
þ Dð Þ

� �
epð Þ C#ð Þ

60
(8)

where P# is defined as the number of pulses per electrode
pair, D represents the delay between cycles, ep is the total
number of electrode pair combinations employed in the
therapy, C# is the number of cycles, and f is the pulse deliv-
ery rate (90 pulses per minute).

To determine and closeness of fit and validate the numer-
ical model, the numerically calculated initial and final
electrical current for each pulsing scheme was compared to

the experimentally measured initial and final current. Further,
the temperature at each electrode was calculated and
compared to the experimentally measured temperatures at
each electrode.

Numerical model validation
The numerical model current was determined by integrating
the normal current density over the sink electrode.
Percentage error calculations were performed to compare
the numerically calculated currents and average experimen-
tally measured currents at the start and end of treatments.
Further, temperature measured at each electrode was com-
pared to the numerical model via root mean square error
(RMSE) calculation, also shown in Table 3. Figure 5 illustrates
the closeness in fit from a thermal perspective.

Statistical analysis
A total of six livers were used, with 6–8 treatments per-
formed per liver (total N¼ 42). Data are presented as mean
values 6 standard deviation of the mean. A one-way analysis
of variance (ANOVA) was used to determine whether differ-
ent pulsing paradigms yielded an effect for the parameter of
interest. For parameters in which the ANOVA showed an
effect, a secondary Tukey’s test was performed to determine
which pulsing paradigm(s) were significantly different from
others. All statistical analysis was performed within JMPVR Pro
version 14.0.0 (SAS Institute Inc., Cary, NC).

Figure 4. Visualization of the electric field distributions for each electrode pair. The combined maximum intensity of each individual field represents the effective
electric field distribution from treatment with this four electrode array. This sequence of pulsing represents the conventional NanoKnifeVR pulsing scheme.

Table 3. Comparison between the numerical model and actual experimental results for the initial and final current of each pulsing scheme.

Pulsing Scheme
Percent error

initial current [%]
Percent error

final current [%]
RMSE of

temperature [�C]
Conventional Paradigm – Exp. 5.04 0.19 8.61
Conventional Paradigm – Model
1 pulse cycles, 0 s delay – Exp. 1.24 2.47 6.22
1 pulse cycles, 0 s delay – Model
5 pulse cycles, 0 s delay – Exp. 1.10 10.31 8.83
5 pulse cycles, 0 s delay – Model
10 pulse cycles, 0 s delay – Exp. 7.23 9.74 9.16
10 pulse cycles, 0 s delay – Model
10 pulse cycles, 5 s delay – Exp. 5.74 4.60 9.66
10 pulse cycles, 5 s delay – Model
10 pulse cycles, 10 s delay – Exp. 6.93 4.37 6.02
10pulse cycles, 10 s delay – Model

INTERNATIONAL JOURNAL OF HYPERTHERMIA 957



Results

Perfused whole organ tissue testing

Figure 6(A–F) display representative images of the cross-sec-
tional tissue samples for each pulsing paradigm tested, along

with the corresponding ratio percentage of thermal damage
to IRE ablation. Figure 6(G) shows the percentage ratio of
white tissue coagulation area to IRE treatment zone area for
each pulsing scheme. These measurements illustrated that
20.59 ± 6.48% of the ablation presented white tissue

Figure 5. Illustrates the measured and numerically calculated thermal response for a ‘10 pulse cycle, 10 s delay’ pulsing sequence at electrode 2 (T2). A schematic
illustrating fiber optic thermal probe location relative to electrodes is shown in the top right corner of the figure. The average RMSE for each electrode was 6.02 �C
for this pulsing paradigm.
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Figure 6. Representative cross-sectional tissue sample images for the (A) conventional paradigm, (B) 1 pulse cycle, 0 s delay, (C) 5 pulse cycles, 0 s delay, (D) 10
pulse cycles, 0 s delay, (E) 10 pulse cycles, 5 s delay, (F) 10 pulse cycles, 10 s delay. Further, a comparison between the experimental and numerical results for (G)
the percentage ratio of white tissue coagulation area to IRE treatment zone area (p< .0001, all pairwise comparisons), (H) the average cross-sectional ablation area
for each pulse scheme, and (I) the average area of white tissue coagulation (X¼2.3, p< .0001, all pairwise comparisons).
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coagulation for the ‘1 pulse cycle, 0 s delay’ pulse scheme,
whereas all other groups demonstrated less than 5% white
tissue coagulation associated with the ablation (p< .0001, all
pairwise comparisons). Similarly, Figure 6(H,I) express average
IRE treatment zone area and white tissue coagulation area,
respectively. No statistical significance was found between
IRE treatment zone area for any pulse schemes evaluated.
However the ‘1 pulse cycle, 0 s delay’ pulse scheme pro-
duced, 2.53 ± 0.48 cm2 of white tissue coagulation whereas
all other groups demonstrated less than 0.5 cm2 white tissue
coagulation associated with the IRE treatment zone
(p< .0001, all comparisons).

Figure 7(A) illustrates the energy delivered for each pulse
paradigm tested. No statistical significance was found
between experimental groups in energy deposition. The ‘1
pulse cycle, 0 s delay’ group induced an average energy of
2.33 ± 0.35 kJ, while the commercial pulse scheme yielded a
2.09 ± 0.37 kJ on average. The ‘5 pulse cycle, 0 s delay’, ‘10
pulse cycle, 0 s delay’, and the ‘10 pulse cycle, 10 s delay’
averages of 1.98 ± 0.32 kJ, 1.88 ± 0.34 kJ and 1.89 ± 0.23 kJ, of
energy respectively. The ‘10 pulse cycle, 5 s delay’ pulse
scheme generated an average energy of 2.14 ± 0.38 kJ.

Figure 7(B) expresses the measured treatment duration.
Here, all pulse cycle groups with a zero second delay were
statistically similar in treatment time and further displayed
shorter treatment times on average (approximately 7min for
all 0 s delay pulse schemes; p< .0001 all pairwise comparisons,
group �) than other pulse schemes. The conventional
paradigm and ‘10 pulse cycle, 5 s delay’ group were found
to be statistically similar compared to other groups
(10.61 ± 0.46min, and 11.29 ± 1.11min; p< .0001 all pairwise
comparisons, group #). Lastly, the treatment time for the ‘10

pulse cycle, 10 s delay’ group was the longest on average and
statistically greater than all other groups (16.29 ± 0.76min,
p< .0001 all pairwise comparisons, group %).

Numerical model results

Here we assumed that the minimum electric field required to
induce cell death with HFIRE (the lethal threshold) could be
determined by comparing the measured ablation area with
those predicted from the numerical model [25–28]. The elec-
tric field that yielded the closest matching volumetric dimen-
sions would be designated as the lethal threshold. Figure
6(H) illustrates the area of tissue within the electric field
threshold of 601 V/cm for each pulse paradigm. This thresh-
old was most similar to the experimentally measured IRE
areas for each pulse paradigm (�12 cm2). There was no more
than 3% difference, between any of the pulsing schemes
400, 600, 800, or 1000 V/cm. Volume integration for tissue
greater than 601 V/cm was also performed, which revealed
approximately 25 cm3 of tissue with an electric field thresh-
old of 601 V/cm.

Figure 6(I) illustrates the thermally damaged tissue area
for each pulse scheme. The ‘1 pulse cycle, 0 s delay’ pulse
group portrayed 1.68 cm2 of tissue experiencing white tissue
coagulation (X ¼ 2.3), well within one standard deviation of
the experimental data (difference of 0.72 cm2). The conven-
tional pulsing protocol yielded at 0.65 cm2 of tissue experi-
encing white tissue coagulation. The ‘10 pulse cycle, 10 s
delay’ pulse cycle sequence illustrated the least, with an area
of 0.005 cm2, or a 99.3% reduction of thermal damage area
in comparison to the conventional pulse scheme. Each multi-
cycle pulsing paradigms illustrated less area thermal damage

Figure 7. (A) The calculated average energy delivered to the tissue, and (B) the measured treatment time for each pulse paradigm, where �, #, and % groups are
significantly different from one another (p< .0001, all pairwise comparisons).
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Figure 8. Numerical modeling data of (A) the area of tissue that experiences an electric field greater than 601 V/cm for the conventional and enhanced EPAPs.
(B) The area of tissue that experiences thermal damage (X¼2.3) for both EPAPs. (C) The percentage ratio of thermal damage area to IRE treatment zone area.
The initial temperature within the numerical model was set to To ¼ 30�C to match the experimental settings.
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on average than the single-cycle scheme (‘1 pulse cycle, 0 s
delay’ and the conventional pulse scheme).

The percentage ratio of thermal injury area to IRE ablation
area was also evaluated numerically. These numerical results
were within one standard deviation of the experimentally
measured results and indicated that as much as 13.14% of
the ‘1st pulse cycle, 0 s delay’ ablation area would present
white tissue coagulation. Figure 6(G) illustrates these findings
in detail.

Further, a direct comparison between the conventional and
enhanced EPAPs was performed to identify any significant dif-
ferences in IRE or white tissue coagulation areas. The results

indicate essentially no changes to the IRE area (Figure 8(A))
and a slight, but not statistically significant, reduction in ther-
mal damage area (Figure 8(B)) for all pulse paradigms. Overall,
the incorporation of cycled pulsing, with an enhanced EPAP
could reduce the surface area and volumetric thermal damage
by as much as 13.6% in comparison to the conventional pulse
paradigm, while maintaining the effective electric field thresh-
olds within 2.1%.

Figure 9 shows the numerical results for the comparison
of the conventional sequence (Figure 9(A)), a 10 pulse cycle,
5 s delay pulse paradigm (Figure 9(B)), and the same cycled
pulse paradigm model with an enhanced EPAP (Figure 9(C)).

Figure 9. The numerically derived thermal distribution at the completion of each initial electrode pair activation, as well as the final electric field and thermal dis-
tribution 50 s post therapy for a (A) conventional paradigm and conventional EPAP, (B) a cycled pulsing paradigm (10 pulse cycles, 5 s delay) with a conventional
EPAP, (C) a cycled pulsing paradigm (10 pulse cycles, 5 s delay) with an enhanced EPAP. The time at each electrode pair activation is displayed in the top left cor-
ner. The area in which the onset of thermal damage occurs (X¼2.3) is outlined in green. Initial temperature within the numerical model was set to To ¼ 30�C to
match the experimental settings.
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Analysis was performed across the plane, at the midpoint of
the electrodes within the 3D model. A series of time-lapse
images illustrates the thermal distribution at the first cycle of
each electrode pair. The farthest right panels illustrate the
thermal distribution and effective electric field at the comple-
tion of each treatment. Further, the boundary at which white
tissue coagulation (X¼2.3) occurs is overlaid and outlined in
green. The thermal distribution throughout and completion
of treatment illustrates an asymmetric thermal distribution
for the conventional pulse paradigm, while both cycled puls-
ing schemes illustrated uniform temperature distributions
and smaller thermal damage volumes. Two supplemental
videos labeled Multimedia S1A (https://doi.org/10.6084/m9.
figshare.9599690) and Multimedia S1B (https://doi.org/10.
6084/m9.figshare.9598943), illustrate more detail on these
numerical findings and demonstrate the differences between
the ‘1 pulse cycle, 0 s delay’ and the ‘5 pulse cycle, 0 s delay’
pulse paradigms.

Discussion

In this study, the effects of varying pulsing paradigms on
induced current, resultant temperature, and treatment zone
size were investigated for multi-electrode (4-electrode config-
uration) IRE treatments. The desirable effects of IRE treat-
ments are not dependent on thermal events, but thermal
damage can still occur due to Joule heating [7]. The restruc-
turing of the pulse delivery mechanism with the intent to
redistribute the delivered energy uniformly across all electro-
des and reduce the successive on (energized) time that any
active electrode may experience throughout treatment could
improve IRE treatment by limiting thermal tissue damage,
preventing generator crashes, and enhancing energy delivery
to the tissue.

Finite Element Analysis provided insight into the effects
of cycled pulsing on the temperature distribution, and ther-
mal injury distribution. More specifically, it was found that
cycled pulsing patterns mitigate the overall temperature rise
and thermal damage in comparison to single cycle pulsing
schemes. Further, the work reported here illuminated the
potential importance of electrode-pair activation-order within
the pulsing scheme. Although, the difference was not large,
any reduction in potential thermal damage is critical for clini-
cians operating in sensitive regions. Additionally, the proced-
ure time was also evaluated, as too long of a treatment time
could increase risk within the operating room and ultimately
deter clinicians from adopting such pulse schemes.

The experimental results utilizing a perfused organ model
as a test bed demonstrated that the use of cycled pulse
paradigms can reduce the effects of Joule heating while
effectively maintaining and, in some cases, improving the IRE
treatment zone dimensions in comparison to treatments
administered with a conventional pulse scheme. We have
verified the effects of using pulse cycle patterns on electrical
current, tissue temperature, treatment zone size, and total
treatment time for several pulsing schemes. The results indi-
cated that the ‘5 pulse cycle, 0 s delay’ pulsing scheme pro-
vided the largest ablation areas while maintaining a

relatively low electrical current output and thermal damage
index on average. By comparison, the conventional
NanoKnifeVR pulsing scheme yielded the second smallest
ablation area, a longer treatment time, and a slightly larger
electrical current output on average. Regardless, all of the
multi-cycle pulse paradigms evaluated yielded a lower cur-
rent output and larger ablation area than both single-cycle
pulse schemes. Further, experimental testing established that
inter-cycle delays become a critical factor in determining
statistical significance between pulse schemes.

We acknowledge that our results must be interpreted
with caution. For example, it should be noted that the
numerical models described throughout this work define
tissue temperature at 30 �C to match the perfused organ
model settings, rather than a more representative tissue
temperature during surgery (�35 �C). Further, the numerical
model defines tissue perfusion as a constant val-
ue 3:575� 10�3 1=s

� 	
and as half the physiologic value

found in literature [16] to “gain a” better match the perfused
organ model settings [13]. Models were developed to evalu-
ate the thermal damage volumes at these elevated tempera-
tures and perfusion settings. These models revealed larger
thermal injury volumes (<2.2 cm3 difference). However, the
differences in thermally damaged area for cycled pulse
schemes in comparison to the conventional pulse paradigm
remained similar. Further, each of the numerical models
described throughout this work defined tissue perfusion as
constant. A more representative model might express perfu-
sion as a function of electroporation, heating, and/or thermal
damage [17,29,30]. Another limitation is that only explanted,
actively perfused porcine liver tissue was used within this
study and the verification of this thermal mitigation strategy
for other tissue types is still required. Further, all liver tissue
used was from healthy animals and the presence of signifi-
cant liver pathology (i.e., steatohepatitis, cirrhosis, or tumors,
for example) may alter IRE effects. Additionally, the cycle
pulsing paradigms evaluated were not exhaustive. More
studies are required to optimize the mitigation of thermal
tissue damage via IRE pulse delivery. We also appreciate that
the work shown here was only for a 4-electrode configur-
ation and that other electrode configurations could respond
differently to cycled pulsing schemes. Further, the work
herein could be useful in the development of high voltage
generators in the future. The conventional NanoKnifeVR gener-
ator results were effective, but ultimately serendipitous. The
reduction in white tissue coagulation was a direct result of
the 3.5 s delay built into the energy delivery scheme. This
delay was added as a safety feature to account for the small
capacitor banks within the generator.

In conclusion, this study tested the effects of using several
pulse-timing paradigms on electrical current, tissue tempera-
ture, and tissue treatment size. This work successfully shows
that cycled pulsing schemes reduce the electrical current,
increase the treatment zone size, and ultimately maintain a
low tissue temperature in comparison to conventional puls-
ing schemes in an ex vivo perfused porcine liver model.
Cycled pulsing patterns may hold promise for enhancing the
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efficacy of IRE application in clinical practice. This technology
could lead to better overall outcomes for patients.
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