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a b s t r a c t

Irreversible electroporation (IRE) is generally considered to be a non-thermal ablation modality. This
study was designed to examine the relative effect of temperature on IRE ablation sizes for equivalent dose
treatments with constitutive pulses between 1 and 100 ms. 3D in-vitro brain tumor models maintained at
10 �C, 20 �C, 30 �C, or 37 �C were exposed to 500 V treatments using a temperature control algorithm to
limit temperature increases to 5 �C. Treatments consisted of integrated energized times (doses) of 0.01 or
0.1 s. Pulse width, electrical dose, and initial temperature were all found to significantly affect the size of
ablations and the resulting lethal electric field strength. The smallest ablations were created at 10 �C and
ELethal were calculated to be 1729, 1359, 929, 777, 483 V/cm for 0.01 s treatments with 1, 2, 4, 8, and
100 ms pulses, respectively. At 37 �C these values decreased to 773, 614, 507, 462, and 394 V/cm, respec-
tively. Increasing the dose from 0.01 to 0.1 s at 37 �C resulted in statistically significant decreases
(p < 0.001) in ELethal for all treatments except for the 100 ms group. This study found that IRE is a thermally
mediated, dose-dependent ablation modality for pulses on the order of one microsecond. Tissue temper-
atures are not accounted for when determining ablative boundaries in treatment planning algorithms.
This work demonstrates that data generated at room temperature may not be predictive of ablation vol-
umes in-vivo and that local temperatures should be accounted for in treatment planning.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Pulsed electric fields which induce irreversible electroporation
or cytotoxic phospholipid bilayer reorientation can be utilized for
tumor ablation and have been demonstrated to be effective in mur-
ine models [1], canine brain tumor models [2–4], as well as in
human clinical trials of liver [5], pancreatic [6], and prostate cancer
[7]. Irreversible electroporation treatment is available clinically via
the NanoKnife System (NK-IRE) which delivers a series of 50–
100 ms electrical pulses with amplitudes between 500 and
3000 V directly to tumors via two or more needle electrodes [8].
Since its inception as a cancer therapy [9], NK-IRE has been consid-
ered a non-thermal ablation modality [10–13] due to a presumed
independence of therapeutic outcomes from local tissue tempera-
tures. Tissue heating due to resistive losses (Joule heating) is
widely recognized as an effect of energy delivery [14], but is gen-
erally disregarded as an effector of ablation sizes [11,15]. It is
therefore not widely accounted for in treatment planning, rou-
tinely measured clinically, nor included in active feedback during
clinical use.
However, temperature changes have an effect on cell membrane
fluidity and electro-permeability following exposure to 100 ms
pulses [16], supplemental use of laser heating in conjunction with
electrical pulse delivery has been shown to increase ablation vol-
umes in small animals [17], and temperature changes are associated
with changes in viability following exposure to nanosecond pulsed
electric fields [18]. These observations indicate that local tempera-
tures may play a role in affecting biological outcomes for certain
waveforms in the nano- to microsecond pulse-duration space.
Unlike other ablation technologies such as radio frequency ablation,
microwaveablationor cryoablationwhichexert biological effects on
the basis of two independent variables (temperature and time) [19],
pulsed electric field effects have been harder to characterize due to
their responsiveness to a combination of independent variables
including pulse shape [20–22], amplitude [23], duration [24], num-
ber [25], and repetition frequency [26].

In this study, the impact of local temperatures on ablation size
was investigated for pulsed electric field treatments with constitu-
tive pulses between 1 and 100 ms. An active temperature feedback
process (algorithmically controlled electroporation, ACE) [27] was
integrated into the pulse delivery protocol to regulate Joule heating
and mitigate temperature changes as confounding variables.
Experiments were conducted on cells grown in a 3D tumor plat-
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form with baseline temperatures of 10 �C, 20 �C, 30 �C and 37 �C.
The 3D tumors were exposed to treatments at 500 V with inte-
grated energized times (IET), a measure of dose independent of
pulse width [26,28–30], between 0.01 and 0.1 s.

It was found that treatments containing constitutive pulse dura-
tions of 1, 2, 4, and 8 ms are significantlymore sensitive to both local
temperature and total dose than treatmentswith 100 ms pulse dura-
tions. At physiological temperatures, increasing the treatment dose
from 0.01 to 0.1 s resulted in 39% and 7% increases in ablation diam-
eter for treatments consisting of 1 ms and 100 ms pulses, respectively.
When treatmentdosewasfixed to 0.1 s, increasing thebaseline tem-
perature from 20 �C to 37 �C resulted in ablation diameter increases
of 66% and 4% for treatments consisting of 1 ms and 100 ms pulses,
respectively. Combined, elevated temperature (20–37 �C) and dose
(0.01–0.1 s) resulted in ablation diameter increases of 165%, 128%,
48%, 46%, and 34% for treatments consisting for 1 ms, 2 ms, 4 ms,
8 ms, and 100 ms waveforms, respectively. These results confirm that
irreversible electroporation is a thermallymediateddose dependent
ablation modality for treatments with pulses on the order of 1 ms.
Using these results it is conceivable that in vivo treatment protocols
employing microsecond electrical pulses could achieve larger abla-
tion volumes than originally anticipated given the proper combina-
tion of dose, voltage, and treatment temperature.
2. Methods

2.1. Cell culture and treatment imaging

Human glioblastoma cells (U118, ATCC, Manassas, VA) were
used due to interest in the use of electroporation in the treatment
of brain tumors [31–33]. Cells were cultured following the sup-
plier’s recommended protocol in DMEM (11965118, Gibco,
Gaithersburg, MD), supplemented with 2% V/V Penicillin-
Streptomycin solution (15070063, Gibco, Gaithersburg, MD) and
10% V/V Fetal Bovine Serum (A3160601, Gibco, Gaithersburg,
MD). Once reaching 80% confluence, the cells were harvested via
trypsinization (25200056, Gibco, Gaithersburg, MD). Following
centrifugation the cells were suspended in fresh media at a con-
centration of 1 � 106 cells/mL.

A 1:1 ratio of 5% collagen (5074-35ML, Advanced BioMatrix, San
Diego, CA) and the cell suspension was created on ice with careful
pipetting to prevent bubble formation. Then, 0.5 mL of the mixture
was rapidlypipetted randomly into thewells of a12-well plateusing
a swirling motion of the pipette tip to ensure complete coverage of
the well. Following overnight incubation at 37 �C, an additional
0.5 mL of media was added. Following established protocols
[26,27,30], 0.4 mL was removed immediately prior to experiments
to provide a consistent load impedance and limit joule heating
[27]. An additional 0.4mLof freshmediawas added to the hydrogels
following treatment and samples were incubated at 37 �C for 24 h
before imaging. To enable visualization of the ablation zones, live/
dead staining was accomplished following a standard 30 minute
incubation protocol with 2 mL of 4 mM Calcein AM (C3100MP, Invit-
rogen, Carlsbad, CA) and 50 mL of 100 mg/mL propidium iodide
(0219545825,MP Biomedicals, Santa Ana, CA) [34]. Following stain-
ing, the samples were washed twice with 500 mL of PBS to reduce
background fluorescence with care not to detach the samples from
the well plates.

Imaging was accomplished via a Leica DMi8 microscope with a
4.2 megapixel digital camera (DFC9000GT, Leica Inc., Wetzlar, Ger-
many). Micrographs of the entire well were captured at 2.5� mag-
nification, images were stitched together using the microscope’s
software (LASX, Leica Inc. Wetzlar, Germany) and, cross sectional
diameters of the ablations were measured. Four measurements
were acquired for each ablation, one each in the horizontal and
vertical directions, and two additional measurements in opposing
diagonal directions. The margin of the ablation zone measure-
ments was defined as the sub-millimeter transition from live
(green) to dead cells (red) in the images. Each experimental param-
eter was evaluated three times (N = 3) yielding 12 measurements
for each parameter. Each measurement value was then correlated
to a finite element model which solved for the time and tempera-
ture dependent electric field within a domain representing the 3D
tumor model, electrodes, and well plate. The electric field value
that corresponded to the ablation diameter was identified as the
lethal threshold for the respective experimental measurement.
Ablation diameter and lethal threshold values were then averaged
and are presented as mean ± standard deviation.

2.2. Treatment protocols

With the goal of the selecting pulse parameters which span cur-
rent clinical treatment modalities and considering the safe operat-
ing parameters of the pulse generation system utilized a series of
waveforms consisting of pulses with durations between 1 ms and
100 ms were evaluated. Given their clinical utility in alleviating
muscle stimulation [35] an alternating polarity waveform consist-
ing of a positive polarity pulse duration (P), a delay (D), and a neg-
ative polarity pulse duration (N) was investigated (Fig. 1a) and is
presented using the notation P-D-N where durations have units
of microseconds [ms]. Symmetric waveforms with pulse durations
of 1 ms, 2 ms, 4 ms, 8 ms and a 1 ms delay between polarity changes
(e.g. 8-1-8) were investigated to span the pulse duration space in
proximity to the charging time of the cell membrane [24]. Addi-
tional experiments were conducted with monopolar 100 ms pulses
(100-0-0) to replicate the pulses used in clinical reversible [36–38]
and irreversible electroporation [2,39,40] treatments. All treat-
ments were administered with pulse amplitudes of 500 V via a cus-
tom pulse generator based on an H-Bridge topology. An integrated
100MSPS data acquisition system was used to record and display
the pulse waveforms in real time.

Treatments were administered through a custom coaxial ring
and pin electrode configuration (Fig. 1b). The inner pin was fabri-
cated from a 1.64 mm OD blunt stainless steel dispensing needle
(75165A552, McMaster-Carr, Douglasville, GA). The outer ring
was fabricated from 0.89 mm thick, 19 mm diameter 316 stainless
steel tubing (89785 K259, McMaster-Carr, Douglasville, GA). A sec-
ond blunt stainless steel dispensing needle was friction fit to the
outer ring to provide an electrical connection. All components were
held in place via a friction fit to a laser cut acrylic holder.

To remove temperature changes as an experimental variable, a
temperature control algorithm was implemented to achieve a 5 �C
temperature change from the initial temperature. A fiber optic tem-
perature sensor (TS5,Micronor Inc., Camarillo, CA)wasplaced inside
the center pin electrode (Fig. 1c). Temperatures were acquired
(Fotemp,Micronor Inc., Camarillo, CA), transmitted over aUSB Serial
connection, and recorded at 3 Hz using a custom application which
controlled the pulse generator output. This temperature value was
used to determine the rate (R) at which energy was delivered:

R Tð Þ ¼ Rmax � q Tð Þ½ls=s� ð1Þ

q Tð Þ ¼ 0:5� 0:9375 � CðTÞ þ 0:625 � CðTÞ3 � 0:1875 � CðTÞ5 ð2Þ

C Tð Þ ¼ T � Tt

b
ð3Þ

b ¼ Tt � 0:5 ð4Þ
where Rmax is a user defined maximum energy delivery rate [ms/s], T
is the most recent temperature measurement [�C], and Tt is the used



Fig. 1. (a) Schematic representing the ACE protocol consisting of bipolar electrical
pulses with a variable delay between successive waveforms modified by a
temperature control algorithm. The (b) Coaxial ring and pin electrode was used
to deliver treatments to (c) 3D tumor models in a 12 well plate placed on top of a
thermoelectric heater to maintain a specific treatment starting temperature. (d) The
energy delivery rate was dynamically adjusted based on real time temperature
readings to achieve a 5 �C increase in temperature to either 15 �C (black), 25 �C
(dark grey), 35 �C (light grey), or 42 �C (red) independent of the treatment dose or
constitutive pulse width. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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defined target temperature [�C] (Fig. 1d). Temperature overshoot
was not common in this study, but was accounted for programmat-
ically by decreasing Tt to decelerate the pulse delivery rate.

2.3. Integrated energized time

Treatment waveforms were repeated to deliver a specified elec-
trical dose with an integrated energized time (IET) calculated as:
IET ¼
XN
0

ðsp þ snÞ½s� ð5Þ

where sp is the positive pulse duration [ms], sn is the negative pulse
duration [ms], and N is the total number of waveforms delivered.
The primary function of the temperature control algorithm was to
determine the delay (d) between sequential waveforms required
to achieve the target energy delivery rate (R) calculated as:

d ¼ sp þ sn
R

½s� ð6Þ

Integrated times of 0.01 s and 0.1 s were investigated based on
similarity to clinical protocols [3] (0.01 s) and in vitro results [26]
which indicate diminishing returns for longer treatments (0.1 s)

Experiments were conducted with initial temperatures of 10 �C,
20 �C (room temperature), 30 �C, and 37 �C (physiological temper-
ature). Prior to treatment, the 12 well plates were placed on a
benchtop Peltier heating/cooling system (AHP-301CPV, Thermo-
electric Cooling America Corporation, Chicago, IL) using a custom
machined aluminum plate to aid in thermal transfer through direct
mechanical contact (Fig. 1c). A thin layer of ethanol was adminis-
tered between the aluminum and well plate to eliminate any air
pockets and ensure efficient thermal transfer. The sample temper-
ature was then allowed to settle to the specified treatment temper-
ature before initiating treatment.

2.4. Finite element analysis

The electric field within the coaxial electrode is known to be spa-
tially non-uniform [26,29] and to change over time in response to
temperature dependent changes inmedia conductivity [41]. As such,
the lethal electric field threshold (ELethal) or the minimum electric
field necessary to cause cell death can be numerically determined
using a finite element analysis simulation of the electric field within
the electrode. The Electric Currentsmodule,Heat Transfer in Solids, and
Electromagnetic Heating modules in COMSOL Multiphysics (V5.3,
COMSOL Inc., Palo Alto, CA) were used to compute the electric field
distribution in a 2D axisymmetric model via the equations:

r � J ¼ 0 ð7Þ

J ¼ rE ð8Þ

E ¼ �rV ð9Þ
where J is the local current density, E is the electric field, and V is
the voltage. Dielectric charging of the media was considered to be
instantaneous due to the high conductivity and relative permittivity
of cell culture media.

Geometries representing a single 12-well (Fig. 2a) were created
based on caliper measurements with separate domains represent-
ing the experimental electrodes, plastic well, and the cell culture
media. A 500 V boundary condition was applied to the top most
surface of the center pin electrode to replicate the location of the
experimental gripper electrode and the top boundary of the ring
electrode was set to ground:

V ¼ 0½V � ð10Þ
The remaining external domain boundaries were set as electri-

cal insulation:

n � J ¼ 0 ð11Þ
The electrical conductivity (r) was set to 4.032 � 106 S/m for

domains representing stainless steel components and to
1 � 10�11 S/m for domains representing plastic components. To
account for temperature dependent changes within the 3D tumors,
the media conductivity (rm) was modeled as:



Fig. 2. Results of finite element simulations showing the (a) temperature distribu-
tion and (b) electrical conductivity distribution for 500 V 0.01 s simulations with a
37 �C initial temperature and a 42 �C temperature set point at the end of the
treatment (t = 116 s). (c) Temperature profiles for treatments with 10 �C (black),
20 �C (dark grey), 30 �C (light grey), or 37 �C (red) starting temperatures at the
center of the pin electrode. Solid lines represent simulated temperature profiles
while dotted lines represent experimentally measured values. The shaded regions
represent one standard deviation from the mean for experimentally measured
values. Data was generated from a minimum of six (N = 6) representative
temperature profiles selected across all waveforms. The (d) conductivity profiles
and at the end of each treatment (10 �C: 92 s, 20 �C: 103, 30 �C: 112 s, 37 �C, 116 s)
and (e) the radial electric field distribution. Data for each conductivity and electric
field plot was derived from the bottom, center, and top of the 3D tumor geometry
and is presented as the mean value. Shaded regions, representing one standard
deviation from the mean, were plotted for the measured conductivity values and
simulated electric field values but were not sufficiently large enough to be visible.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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rm TLð Þ ¼ aþ b � TL
S
m

� �
ð12Þ
where a was 0.6506 S/m and b was 0.0284 S/(m��C) [41] and TL was
the local temperature in degrees Celsius. Due to the relatively low
concentration of cells within the collagen matrix, it was assumed
that conductivity changes due to electroporation of the cells were
negligible [42]. Time dependent heating due to resistive losses were
calculated via the equations:
r � ð�krTÞ ¼ Qh ð13Þ
Qh ¼ R Tð ÞJ � E ð14Þ
where k was the thermal conductivity, T was the local temperature,
J was the local current density, and E was the local electric field. Qh

was the electromagnetic Joule heating associated with energy deliv-
ery. Qh was scaled by a factor R(T) to account for the dynamic duty
cycle associated with active temperature control. The simulations
dynamically controlled the energy delivery rate to achieve temper-
ature changes of 5 �C from the prescribed baseline temperature (10,
20, 30, or 37 �C) and Qh was set to zero once a specified integrated
energized time (IET) was achieved. To account for convective cool-
ing, boundaries in contact with air were modeled as blackbody
radiators:
n � krT ¼ e G� eb Tð Þð Þ ð15Þ
where G was surface irradiation and e was the surface emissivity
defined as 0.9, 0.075, and 0.97 for media, stainless steel, and plastic
components, respectively. The total blackbody emissive power, eb,
was modeled as:
ebðTÞ ¼ n21T4 ð16Þ
where n was the refractive index and 1 was the Stefan-Boltzmann
constant (5.67 � 10�8 [W/(m2�K4)]).

A free tetrahedral mesh was generated in all domains using ini-
tial mesh elements with 2.36 � 10�5 cmminimum and 1.18 � 10�2

cm maximum mesh elements. The mesh was then refined via two
rounds of adaptive meshing wherein the electric field magnitude
(ec.normE) was used as the error indicator to ensure convergence.
The final mesh consisted of 173,090 triangular elements. The sim-
ulations required approximately 15 min to solve a 200 s duration
simulation for each parameter set using a ten core Intel i7-6950x
processor with 64 GB of RAM.

To account for temperature changes throughout the height of
the 3D tumor models, the data within the 3D tumor models was
evaluated at three heights in the z-axis. 2D cut lines were gener-
ated from the center of the inner pin electrode to the edge of the
outer ring electrode. The z-axis of these cut lines corresponded
to the bottom, middle, and top of the 3D tumor geometry. The
magnitude of the local electric fields (V/cm), temperature (�C),
and electrical conductivity (S/m) along the 2D cut lines were cap-
tured at 0.001 cm intervals and exported to a spreadsheet where
the values were averaged and are presented in figures as
mean ± standard deviation. A lookup table was then used to corre-
late each measured diameter from all experimental ablations to a
corresponding lethal electric field value. Results were averaged
for each parameter set and are presented as mean ± standard devi-
ation. Experimental results were statistically compared using a two
sample t-test assuming equal variance at a significance level of
a = 0.01.
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3. Results

3.1. Simulated changes in local conductivity

The effect of temperature change (Fig. 2a) and temperature
dependent electrical conductivity (Fig. 2b) on the electric field
distribution within the 3D tumor models was investigated
numerically (Supplemental Fig. 1) to determine if these factors
were responsible for changes in biological response observed
experimentally. These simulations also served to validate the
temperature dependent ACE algorithm (Equations (1)–(6)). Simu-
lated temperature profiles (Fig. 2c), measured at the center of
the pin electrode, rapidly approached the temperature set point
(5 �C greater than baseline) followed by steady state tempera-
tures of 14.98 ± 0.11, 25.21 ± 0.09, 35.37 ± 0.09, and 42.46 ± 0.
08 �C (Fig. 2c, solid lines). The simulations required a longer
duration to achieve the 0.01 s dose than experimental treat-
ments (Fig. 2c, dotted lines), likely due to the simulations reach-
ing the target temperature more rapidly than the experimental
measurements resulting in earlier throttling of the energy deliv-
ery rate. Numerically, there was spatially varying electrical con-
ductivity distribution (Fig. 2d) at the end of energy delivery for
all treatments with the highest simulated conductivity occurring
at the interface between the pin electrode and the surrounding
material. The profile of the conductivity distribution was similar
between treatments simulated at 10, 20, 30, and 37 �C with the
magnitude being dependent on the initial temperature. The sim-
ulated electric field distribution was found to vary (±5%)
between the beginning and end of the treatments (Supplemental
Figs. 2-3). However, at the end of each treatment (Fig. 2e), the
electric field distribution was found to be independent of the ini-
tial temperature with less than 1.2% variation in the final electric
field strength found within the ablation zones between treat-
ments initiated at 10 �C and 37 �C. This final electric field distri-
bution for each temperature set point was therefore used to
calculate the corresponding experimental lethal electric field
threshold.
Fig. 3. Ablation size is a function of pulse duration. Representative ablations
created by the (a) 1-1-1 and (b) 100-0-0 500 V 0.01 s IET treatments administered at
20 �C (room temperature) showing live (green) and dead (red) cells. (c) Ablation
sizes and (d) lethal thresholds for 500V, 0.01s IET treatments with 1-1-1, 2-1-2, 4-1-
4, 8-1-8, and 100-0-0 waveforms administered at 20 �C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
3.2. Ablation size as a function of pulse width

Experiments conducted at 20 �C were used as a baseline rep-
resenting experiments which are traditionally conducted at room
temperature (Fig. 3). The treatments resulted in circular zones
of dead cells, which were stained red by propidium iodide (Fig. 3-
a-b), surrounded by live cells, which were enzymatically
metabolizing Calcein AM into its green fluorescent components.
A smaller, circular region of live cells were observed in the cen-
ter of the ablations corresponding to the region inside of the
center pin electrode where there is no electric field, and where
temperature increases due to Joule heating were at a theoretical
maximum. For treatments with IET of 0.01 s it was found that
ablation size increased as a function of pulse width. The smallest
ablations, measuring 2.9 ± 0.7 mm were found for treatments
with 1 ms pulse durations (Fig. 3a) while the largest ablations,
measuring 9.0 ± 0.3 mm, were found for treatments with
100 ms pulse durations (Fig. 3b). Between these pulse lengths,
ablation size was found to sequentially increase with pulse
length (Fig. 3c) with ablations measuring 3.9 ± 0.6, 6.2 ± 0.5,
and 7.3 ± 0.5 mm for treatments with 2, 4, and 8 ms constitutive
pulse durations.

The lethal electric field thresholds for these treatments (500 V,
0.01 s IET, 20 �C) were similarly found to be a function of constitu-
tive pulse width (Fig. 3d). Lethal thresholds of 1497 ± 294,
1088 ± 153, 693 ± 49, 591 ± 35, and 485 ± 14 V/cm were found
for 1, 2, 4, 8, and 100 ms pulse width treatments.
3.3. Ablation size as a function of temperature

For the 1-1-1 treatments at 10 �C, ablations measuring 2.4 ± 0.
2 mm were observed (Fig. 4a). The size of the ablation zone
sequentially increased for treatments administered at 20 �C (2.9 ±
0.7 mm, Fig. 4b), 30 �C (4.0 ± 1.0 mm, Fig. 4c), and 37 �C (5.5 ± 0.
3 mm, Fig. 4d). A similar trend was found for the 2-1-2, 4-1-4,
and 8-1-8 treatment waveforms with the smallest ablations occur-
ring at 10 �C and sequentially larger ablations found for treatments
at 20 �C, 30 �C, and 37 �C (Fig. 4e). The smallest variation in abla-
tion size was found for the 100-0-0 waveform treatments. For this
waveform, the 10, 20, and 30 �C treatments were not found to be
statistically significantly different (p > 0.072). However, the 37 �C
100-0-0 ablation was found to be significantly larger than each
of the three lower temperatures (p < 0.001).

The smallest lethal electric field thresholds were found for the
treatments with baseline temperatures of 37 �C and were calcu-
lated as 773 ± 52, 614 ± 26, 507 ± 23, 462 ± 8, and 394 ± 37 V/c
m for the 1-1-1, 2-1-2, 4-1-4, 8-1-8, and 100-0-0 waveforms,



Fig. 4. Ablation sizes are a function of initial treatment temperature. The ablations
created by 500 V, 0.01 s IET, 1-1-1 treatments with starting temperatures of (a) 10,
(b) 20, (c) 30, and (d) 37 �C with live cells stained green and dead cells stained red.
(e) Ablation sizes and (f) lethal thresholds for 500 V, 0.01 s IET as a function of
starting temperature for 1-1-1 (black dots), 2-1-2 (black dashes), 4-1-4 (grey
dashes), 8-1-8 (grey solid), and 100-0-0(red) waveforms. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.) Fig. 5. Outcomes from treatments with large 0.1 s IET doses are temperature

dependent. The ablations created by 500 V, 0.1 s IET, 1-1-1 treatments with starting
temperatures of (a) 20 �C and (b) 37 �C. Live cells are stained green and dead cells
are stained red. (c) Ablation sizes and (d) lethal thresholds for 500 V, 0.1 s IET
treatments with 1-1-1, 2-1-2, 4-1-4, 8-1-8, and 100-0-0 waveforms and starting
temperatures of 20 �C (black) or 37 �C (red). * represents values which were found
to be statistically significantly different (p < 0.001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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respectively. A full accounting of ablation sizes and lethal electric
field thresholds can be found in Supplemental Table 1.

3.4. Ablation size as a function of integrated energized time

A similar temperature dependent response was observed for
treatments where the delivered dose was increased by a factor of
10 (from 0.01 to 0.1 s IET). The smallest ablations in this treatment
group (500 V, 0.1 s IET) were found for protocols utilizing the 1-1-1
waveform with an initial temperature of 20 �C (4.5 ± 0.6 mm,
Fig. 5a). Increasing the initial temperature to 37 �C (Fig. 5b)
resulted in a significant (p < 0.0001) increase in ablation size to
7.7 ± 0.6 mm (Fig. 5b-c). This yielded a significant (p < 0.0001)
decrease in lethal threshold from 957 ± 120 V/cm to 568 ± 44 V/
cm (Fig. 5d). Similar statistically significant (p < 0.0001) increases
in ablation diameter (Fig. 5c) and decreases in lethal threshold
(Fig. 5d) were found for the 2-1-2, 4-1-4, and 8-1-8 waveform
0.1 s IET treatments when the initial temperature was increased
from 20 �C to 37 �C. However, significant differences in ablation
size (p = 0.03) and lethal thresholds (p = 0.44) were not found
for the 100-0-0 waveforms between the 20 �C and 37 �C treat-
ments. A full accounting of the ablation diameters and lethal
thresholds for treatments with IETs of 0.1 s can be found in Supple-
mental Table 2.
3.5. Relative impact of dose and temperature

Ablations created with the 1-1-1 waveform exhibited the great-
est sensitivity to changes in IET and starting temperature (Fig. 6).
With IET fixed to 0.01 s, these ablations increased in diameter by
91% when the starting temperature was increased from room tem-
perature (20 �C) to physiological temperature (37 �C). With the
same waveform, an increase in diameter of 66% was observed for
10� greater dose (0.1 s IET) treatments over this temperature
range (20–37 �C). In contrast, ablations created by the 100-0-0
waveform increased in diameter by 25% and 4% over this temper-
ature range (20–37 �C) for IET of 0.01 and 0.1 s, respectively. The 2-
1-2, 4-1-4, and 8-1-8 waveform treatments were also sensitive to
changes in either IET or starting temperature with a general trend
of decreasing effect size as pulse width increased. Comparisons of
low dose (0.01 s IET) room temperature (20 �C, LD:RT) to high dose
(0.1 s IET) physiological temperature (37 �C, HD:PT) treatments



Fig. 6. Assessment of the relative impact of temperature and IET on ablation
diameters. Variables represent the conditions which were changed for a given
constant parameter (IET or initial temperature). LD:RT represents the low dose
(0.01 s) room temperature (20 �C) treatment groups. HD:PT represents the high
dose (0.1 s) physiological temperature (37 �C) treatment groups. Individual bars
represent treatments administered with the 1-1-1 (black), 2-1-2 (dark grey), 4-1-4
(grey), 8-1-8 (light grey), and 100-0-0 (red) waveforms. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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yielded increases in ablation diameters of 165%, 128%, 48%, and
46%, for 1-1-1, 2-1-2, 4-1-4, and 8-1-8 waveforms, respectively.

At physiological temperatures (37 �C), the 100-0-0 waveform
displayed relatively little dependence on IET and a 10� increase
from 0.01 s to 0.1 s resulted in only a 6.8% increase in ablation
diameter. This waveform was similarly unaffected by treatment
temperature (20 �C vs 37 �C) for treatments with IET of 0.1 s, yield-
ing a 4.2% increase in ablation diameter. In combination, the tran-
sition from the LD:RT to HD:PT protocol resulted in an increase in
ablation diameter of 34% which was smaller than any of the other
waveforms investigated.
3.6. Discussion

Irreversible electroporation is generally considered to be a non-
thermal ablation modality due the hypothesized independence of
NK-IRE ablation sizes on local temperatures. This study contradicts
that hypothesis, in particular for bipolar waveforms with pulse
durations on the order of the cell membrane charging time, and
demonstrates that IRE is a temperature dependent ablation modal-
ity. The extent to which these observations translate to clinical tis-
sue ablation will need to be the focus of future work, however,
preliminary studies have indicated a synergistic effect of IRE with
external heating [17]. These results have significant implications
related to technology development as it has been previously
assumed that nano- and microsecond pulses are not capable of
achieving the ablations possible with NK-IRE due to the vast
majority of preclinical in vitro experiments being conducted at
room temperature (approximately 20 �C) [23,26,29,43–45]. The
baseline 20 �C treatments (Fig. 3) conducted here largely confirm
the findings of prior studies that shorter pulses (1–8 ms) result in
smaller ablations than 100 ms pulses with the added benefit of this
study constraining tissue heating to 5 �C to further eliminate fre-
quency and conductivity dependent Joule heating as a confounding
factor. Prior studies have hypothesized that this pulse-width
dependent effect was a function of cell membrane charging time
[45,46] and indicated that variations in the morphologically sensi-
tive charging time can be used to selectively target one population
over another [46,47]. The results presented here follow those
hypotheses to their logical conclusion that modification of the cell
membrane charging time by modifying the local temperature and
thus the local conductivity will have an impact on ablative out-
comes. In this case, increasing temperature likely decreases the cell
membrane charging time by decreasing the resistive component
associated with the exponential resistive-capacitive (RC) circuit
model often used to explain this phenomena.

Unfortunately, this also indicates that microsecond duration
pulses may be less likely to achieve cell type specific targeting
in vivo than at room temperature as the elevated temperatures
may disproportionately reduce the charging times of one cell type
over another, closing the gap which enables selectivity. It will be of
interest to repeat experiments comparing lethal effects on healthy
astrocytes versus brain cancer [46], and tumor initiating versus
non-tumor initiating cells [47] at physiological temperatures to
examine if discrimination between these cell types is still possible.
Ultimately, selective targeting in vivomay require the utilization of
sub-microsecond duration pulses [18,43,48,49] which carry their
own challenges in terms of requisite electric fields, electronic
equipment development, and production of electromagnetic noise
in a clinical environment.

Conversely, lower temperatures may be beneficial in increasing
selectivity between cell types as decreases in membrane charging
rate may disproportionately affect cell types with larger membrane
capacitances yielding larger charging times. Pre-cooling of tissue
in vivo may be beneficial in reducing off-target bio-electric effects
on specific cell types (e.g. nerves) in addition to the obvious effects
of mitigating thermal injury. However, substantial in vitro and
in vivowork will be necessary to investigate these potential effects.
It is additionally unclear how changes in temperature will effect
reversible or non-lethal electroporative effects in vitro and
in vivo. Changes in morphology and transient electroporation
effects were not explicitly investigated here and it will be of inter-
est in future experiments to determine if cells which resided inside
the area ablated at physiological temperatures exhibit a transient
permeability to small molecules at hypothermic temperatures.

Interestingly, 1-1-1 and 2-1-2 waveform ablation sizes exhib-
ited a high degree of sensitivity to both increased temperature
(47–91% increase) and increased dose (27–60% increase). In combi-
nation, increases in both parameters resulted in a total change in
ablation size of 165% and 128% for these waveforms, respectively
(Fig. 6). This combinatorial benefit was less dramatic for the treat-
ments with longer constitutive pulses (34–48%) indicating that for
pulses approximately 1–2 ms in duration the underlying biophysics
does not reach a steady state, under these experimental conditions.
Increases in dose had a relatively large effect (28% increase) on the
100-0-0 ablation size at 20 �C, but only a minor effect at physiolog-
ical temperatures (6%). This indicates that there is a temperature
dependent dose beyond which further increases in dose have a
minimal effect on ablation size. This experimental observation is
confounding in light of clinical practices in which pulse delivery
is continued until a specific change in tissue resistance is observed
[50]. One potential explanation for the improved outcomes
observed with this clinical practice, partially supported by these
experiments, is that sustained pulse delivery results in hyperther-
mic tissue temperatures which reduce the electric field strength
required to induce cytotoxic effects.

A factor in driving the transition from monopolar to bipolar
waveforms for electroporation treatments was that NK-IRE abla-
tions are relatively limited in size (compared to thermal tech-
niques) because pulse amplitudes are constrained by the
induction of intense muscle contractions. These muscle contrac-
tions must be medically managed via neuromuscular paralytics
[51] and there are clinical limitations to their safety and efficacy.
Preliminary in vitro studies indicated that pulse durations on the
order of 1 ms were significantly less lethal than equivalently dosed
100 ms pulses [23,45], potentially due to bipolar cancellation effects
[21,22]. This led to concerns that technologically challenging pulse
amplitudes would be required to match or exceed NK-IRE ablation
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volumes, potentially offsetting the reduction in muscle contrac-
tions observed with shorter pulses [35,52]. The results presented
here demonstrate that lethal thresholds for 1–2 ms waveforms at
physiological temperatures are within a clinically feasible range
(462–614 V/cm, Fig. 4) and help to explain the disparity between
thresholds derived in vitro at room temperature (1090–1500 V/
cm, Fig. 3) and in vivo at physiological temperatures (522–650 V/
cm [53,54]).

Early pre-clinical work has demonstrated the feasibility of
5000 V 2 ms waveforms to produce 4–5 cm ablation zones utilizing
typical clinical doses (0.01–0.02 s IET) [55] and the results from
this study indicate that further gains in ablation sizes with
microsecond duration pulses may be possible using larger doses
in vivo. Clinically, there are tradeoffs between the time needed to
deliver higher dose treatments (0.01 versus 0.1 s IET) for marginal
gains in ablation diameter versus the complexities associated with
placing multiple electrodes (or electrode pairs) to achieve multiple
smaller ablations with an equivalent volume. Therefore protocols
requiring extreme doses (0.1 s and beyond) may not have a direct
clinical benefit, but may still elucidate new aspects of the underly-
ing biophysical phenomena.

In this study, the ability of ACE to maintain a target temperature
at a single location (internal to the center electrode) was demon-
strated. This enabled the examination of starting temperature on
ablative outcomes due to a relatively small increase in temperature
throughout the culture platform which had a negligible effect on
the electric field distribution. However, it is unclear how the tem-
perature at the ultimate ablation margin affected cell viability. Pre-
sumably in vivo treatments will be administered with relatively
consistent temperatures (approximately 37 �C) and any positive
effects provided by elevated temperature will only occur in regions
affected by regional Joule heating. Future work will be necessary to
demonstrate if the technology is capable of achieving a target tem-
perature at a specified distal location (e.g. 0.5–3.0 cm from the
electrode) and if this distal temperature has an impact on ablation
outcomes. Due to the relatively thin cross sectional geometry of
the 3D tumor models the majority of heat transfer in the system
occurs vertically into the environment and heat dissipation out-
ward from the electrode through the collagen matrix is relatively
constrained. This makes investigation of multiple temperature
set points at a specified distal location challenging in the present
model. Future work will be necessary to either develop a more
thermally insulated culture platform or to investigate these phe-
nomena in tissue where thermal transport to the external environ-
ment is mitigated.

This study has a number of important limitations. While a broad
number of experimental parameters were investigated, the effects
of a single voltage were examined on a single cell line in a single
collagen based cell culture platform. This material rapidly melts
at temperatures above 42 �C, limiting the ability to evaluate the
effects of extreme temperatures on ablation outcomes. Other
in vitro models including media only cell suspensions can be eval-
uated, but direct comparisons may be challenging due to morpho-
logical changes towards spherical geometries in suspension which
may affect the charging time of the cell membrane. In vitromodels,
such as the one utilized here, typically fail to recapitulate the
abrupt conductivity changes due to electroporation [42] that are
observed in vivo [56,57] and it is unclear how these changes will
affect treatment outcomes in vivo. However, increases in tissue
conductivity due to electroporation are hypothesized to positively
affect cell membrane charging in a manner similar to temperature
increases leading to a favorable feed forward effect. Future work
will be necessary to decouple the thermal and electroporative
effects on conductivity that are observed in vivo and it will be
important to determine if processes for heating temperatures
above physiological levels have a beneficial effect on ablation out-
comes in vivo prior to using the data generated here for treatment
planning purposes. Finally, utilization of the ACE algorithm to
maintain a steady state temperature may increase the total treat-
ment time especially at higher voltages (3000–5000 V) where Joule
heating can become a significant factor. Future work will be neces-
sary to develop techniques to overcome these increases if treat-
ment times become a logistical and medical challenge in a
clinical setting.

4. Conclusion

This work demonstrates that irreversible electroporation is a
thermally mediated ablation modality. Temperature dependencies
were highly correlated to pulse width, with the largest impact
observed for treatments utilizing pulses on the order of the cell
membrane charging time. Future work will be necessary to deter-
mine the in vivo implications of these findings, however, this pre-
liminary work indicates that precise control over local
temperatures may have a positive impact on ablation outcomes
and ablation size predictability.
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