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Abstract—Thermal tissue injury is an unintended conse-
quence in current irreversible electroporation treatments due
to the induction of Joule heating during the delivery of high
voltage pulsed electric fields. In this study active temperature
control measures including internal electrode cooling and
dynamic energy delivery were investigated as a process for
mitigating thermal injury during treatment. Ex vivo liver was
used to examine the extent of thermal injury induced by
5000 V treatments with delivery rates up to five times faster
than current clinical practice. Active internal cooling of the
electrode resulted in a 36% decrease in peak temperature vs.
non-cooled control treatments. A temperature based feed-
back algorithm (electro-thermal therapy) was demonstrated
as capable of maintaining steady state tissue temperatures
between 30 and 80 �C with and without internal electrode
cooling. Thermal injury volumes of 2.6 cm3 were observed
for protocols with 60 �C temperature set points and electrode
cooling. This volume reduced to 1.5 and 0.1 cm3 for
equivalent treatments with 50 �C and 40 �C set points.
Finally, it was demonstrated that the addition of internal
electrode cooling and active temperature control algorithms
reduced ETT treatment times by 84% (from 343 to 54 s) vs.
non-cooled temperature control strategies with equivalent
thermal injury volumes.

Keywords—Electro-thermal therapy, Focal ablation,

Non-thermal irreversible electroporation, H-FIRE, Liver

cancer.

INTRODUCTION

Surgically inoperable tumors which form near ma-
jor blood vessels or critical structures (e.g. hepatic
veins, inferior vena cava, and biliary tract) are cur-

rently being treated using irreversible electroporation
(IRE).30 IRE has been indicated for these treatments
due in part to being recognized as a non-thermal
therapy.11,13 However, this designation is explicitly
related to the mechanism of cell death (rupture of the
cell membrane caused by high voltage pulsed electric
fields40) and not the absence of tissue heating during
treatment.7

In practice, IRE treatments must be completed un-
der the time restraints of general anesthesia,24 requir-
ing pulses to be delivered in a relatively short period of
time which results in measurable tissue heating.7 For
example, in vivo porcine experiments demonstrate that
70–100 ls, 1 Hz pulses delivered by the NanoKnife
system18 (NK-IRE, AngioDynamics, Latham, NY)
have the ability to rapidly induce Joule heating to the
point of tissue coagulation.7 Without consideration of
local temperature profiles, heating may contribute to
rare, but documented, adverse side effects of NK-IRE
including coagulative necrosis,7 thrombosis,27

abscesses,30 and fistulas.21 Nevertheless, promising
early clinical trials indicate a significant utility for NK-
IRE as a treatment of inoperable tumors22,23,33 while
the need for temperature control in NK-IRE has been
recognized.31 To address the effects of Joule heating,
several electrode design modifications have previously
been proposed. Irrigation of chilled solutions directly
into the tissue during NK-IRE treatments has been
demonstrated.38 Electrodes filled with a phase change
material which absorbs thermal energy at or below
temperatures associated with thermal injury have also
been proposed.2 Additionally, internally liquid cooled
electrodes similar to that used in microwave abla-
tion19,20 have also been examined.31,38
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These electrode cooling techniques have been suc-
cessful approaches to mitigating the deleterious ther-
mal effects associated with NK-IRE (e.g. electrical
arcing), but a question of thermal dosing remains.
There is some evidence which suggests that mild
heating may be synergistic with pulsed electric fields6

and treatments employing microsecond duration elec-
trical pulses exhibit a significant positive temperature
dependence.9 Yet, the temperature increase should be
controlled to avoid adverse side effects. Clinically the
aim is to maximize pulse delivery rates to minimize
treatment times, while maintaining a physician pre-
scribed level of tissue heating. To execute this requires
finding a steady state pulse protocol which is a func-
tion of applied voltage, pulse width, pulse number,
delivery rate, tissue type, tumor position within the
organ, unique tumor vascularization, and blood per-
fusion. To account for all of these variables in situ
without the need for comprehensive computational
electromagnetic pre-treatment planning, a treatment
paradigm which dynamically adjust the pulse param-
eters to the tissue conditions has been conceived.

Electro-thermal therapy (ETT) describes a pulsed
electric field (PEF) treatment in which the pulse
delivery rate is dynamically changed in order to regu-
late local tissue temperature. ETT utilizes a system
controls approach, using temperature as process feed-
back to manage the intra-tumor environment. Pre-
liminary studies have validated that this technique is
capable of achieving and maintaining steady state
temperatures while delivering a specified dose using
in vitro models.32 These studies indicate that integra-
tion of temperature feedback control typically neces-
sitates an increase in treatment duration. This is due to
the need to deliver a specified electrical dose (inte-
grated time) to achieve the prescribed ablation vol-
ume34,36 while the energy delivery
rates are dynamically reduced to constrain tissue
heating. While moderate increases in treatment time
may be acceptable in certain scenarios, there is a need
for ablative techniques which simultaneously prevent
thermal injury while minimizing overall treatment
durations.

An emerging characteristic of PEF treatments
employing microsecond duration electrical pulses is
that the rate of energy delivery plays a relatively small
role in the ablative outcomes.36 Instead, the applied
voltage,17 tissue temperature,9 and total dose34,36 act as
the primary drivers for ablation size. These key char-
acteristics enable the use of techniques which maximize
energy delivery rates to minimize treatment times.

For the first time this study demonstrates the fea-
sibility of active cooling via an internally perfused
electrode combined with ETT algorithmic control of
in situ temperature profiles for tissue ablation. This was

evaluated in an ex vivo tissue model with a single
internally cooled applicator and grounding pad
(CA + GP). A fiberoptic temperature sensor placed at
either the tissue-electrode or tissue-insulator interface
was used to acquire temperature feedback data and
demonstrate the feasibility of this approach. The
electrode configuration was used to deliver 5000 V
treatments to tissue with pulse delivery rates up to
500 ls/s. The treatments were evaluated for tempera-
ture profiles, pulse delivery rates, time to completion,
and extent of thermal injury. Actively cooled ETT
treatments were then compared to non-cooled treat-
ments. Numerical simulations were then used to pre-
dict the ratio of thermal damage to electrical ablation
volume based on existing experimental data.

The results of this analysis indicate that active
cooling of the applicator reduced thermal injury vol-
umes by 56–84% vs. non-cooled treatments. While
actively cooling the electrodes, the largest thermal in-
jury volumes (2.6 ± 0.4 cm3) were observed for treat-
ments with a 60 �C temperature set point. Reduction of
this set point to 50 �C and 40 �C resulted in signifi-
cantly smaller thermal injury volumes of 1.5 ± 0.3 and
0.1 ± 0.2 cm3, respectively, without significantly
increasing treatment times. A combination of active
cooling and temperature control (2.0 mL/min, 40 �C)
was found to reduce treatment times by 84% (from 5.4
to 0.9 min) without significantly increasing the extent
of thermal injury found for matched non-cooled ETT
treatments. These results confirm the use of active
electrode cooling combined with ETT is a viable
strategy for reducing thermal injury in pulsed electric
field therapies and sets the foundation for in vivo
studies.

MATERIALS AND METHODS

A modified 1.44 mm diameter internally cooled
applicator (Cool-Tip RF ACT1520, Medtronic Inc.,
Minneapolis, Minnesota) with a 2 cm electrode expo-
sure was used to administer the treatments. To equip
the electrode for high voltage experiments, the appli-
cator handle was removed and the electrical leads form
the internal temperature sensor were clipped to prevent
a short circuit through the component. The original
low voltage electrical lead was replaced with 10 kV
rated silicone coated wire (6733-2, Pomona Electronics
Inc., Everett, WA) and exposed metal at the proximal
end was wrapped in polyimide and shrink wrap tubing.
A fiberoptic temperature sensor (TS5, Micronor Inc.,
Camarillo, CA) was affixed to each applicator such
that the temperature sensing element was approxi-
mately half way in the exposed area or 1 cm from the
distal tip of the electrode (Fig. 1a) or at the electrode-
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insulator interface (Supplemental Fig. 1a). In all
experiments, the applicator was placed vertically into
the tissue such that the entire electrode and an addi-
tional 5 mm of insulator were beneath the tissue sur-
face (Fig. 1b). A 4 9 5 cm aluminum foil grounding
pad was placed underneath the tissue served as the
return path to the pulse generator.

Electrical pulses with amplitudes of 5000 V were
delivered using a custom pulse generator based on an
H-Bridge topology which included a 100 MSPS data

acquisition system to record voltage and current
waveforms in real time (Supplemental Fig. 2). Tem-
peratures were acquired by a signal conditioner (Fo-
temp, Micronor Inc., Camarillo, CA). Data was
transmitted over USB and recorded at 3 Hz by a cus-
tom Python application which controlled the pulse
generation system.

All experiments were conducted using a waveform
consisting of a 2 ls positive polarity pulse, a 5 ls de-
lay, and a 2 ls negative polarity pulse (2-5-2 wave-
form, Fig. 1c). This waveform was repeated to deliver
a specified electrical dose with an integrated energized
time (IET) calculated as:

IET ¼
XN

0

ðsp þ snÞ s½ � ð1Þ

where N is the total number of waveforms delivered
and sp and sn are the positive and negative pulse
durations (2 ls), respectively. The total time required
to deliver the target IET (0.01 s or 0.02 s) was auto-
matically recorded and values are reported here as
mean ± standard deviation.

The delay (d) between sequential 2-5-2 waveforms
was either held constant or dynamically adjusted using
a temperature control algorithm to achieve a specified
pulse delivery rate (R) calculated as:

R ¼ sp þ sn
d

ls/s½ � ð2Þ

When enabled, the temperature control algorithm
determined the rate (R) at which waveforms were
delivered:

R Tð Þ ¼ Rmax � q Tð Þ ls/s½ � ð3Þ

q Tð Þ ¼ 0:5� 0:9375 � C Tð Þ þ 0:625 � C Tð Þ3�0:1875

� C Tð Þ5

ð4Þ

C Tð Þ ¼ T� Tt

b
ð5Þ

b ¼ Tt � x ð6Þ

where Rmax is the maximum pulse delivery rate [ls/s]
prescribed, T is the instantaneous temperature [�C], Tt

is the target temperature [�C], and x is a coefficient
affecting the slope between maximum and minimum
energy delivery rates. After preliminary calibration
experiments (Supplemental Fig. 1b) this was held
constant at 0.5 for all experiments except those with an
80 �C set point which required a more aggressive en-
ergy delivery profile (x = 0.1) to reach the target
temperature (Fig. 1d). This metric of pulse delivery

FIGURE 1. Overview of ETT treatment protocol. (a) A fiber
optic temperature sensor was attached to an internally cooled
applicator with a 2 cm exposed electrode. (b) The assembly
was inserted into ex vivo tissue such that the entire applicator
and 5 mm of insulation were below the tissue surface and
energy was delivered via the electrode and a distal grounding
pad (A + GP). (c) A 2-5-2 waveform was repeated continuously
with a variable delay determined by the (d) temperature
dependent control algorithm to achieve a desired energy
delivery rate. Treatment continued until a specified integrated
energized time (dose) was achieved.
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rate with units of ls/s was used to enable comparison
to protocols which utilize longer31 (e.g. 50–100 ls) and
shorter17 (e.g. 0.5–2.0 ls) pulses with approximately
equivalent average power, but different pulse repeti-
tion rates. The treatment temperature profiles are
presented as the mean ± standard deviation when R
was held constant. For temperature controlled treat-
ments the median length treatment is presented due to
variation in treatment lengths producing non-repre-
sentative mean temperature profiles.

Active cooling of the applicator was accomplished
via perfusion with ice water which was circulated using
a peristaltic pump (EW-77921-65, Cole-Palmer, Ver-
non Hills, IL) attached to the applicators fluid input
tubing. In all actively cooled experiments, fluid flow
(1–8 mL/min) was started prior to placement of the
applicator and treatments were initiated as soon as
safely possible after insertion of the applicator into the
tissue to avoid substantially pre-cooling the treatment
site.

Numerical Simulation of ETT and Thermal Ablation
Volumes

It was of interest to investigate the potential relative
volumes of both ETT and Thermal ablation zones
produced by the experimental treatments and to
compare these to comparable RFA treatments. Time
domain 2D axisymmetric finite element simulations
incorporating electrodynamics, thermodynamics, and
fluid dynamics components were created using COM-
SOL Multiphysics (Version 5.3, COMSOL Inc., Los
Altos, CA) following previously defined meth-
ods17,34,35 with the addition of a thermal damage
model8,12,37 (see Supplemental Materials). ETT abla-
tion volumes were determined based on lethal electric
field thresholds determined in ex vivo liver for treat-
ments with IET of 0.01–0.04 s.17 To approximate ETT
ablation growth as a function of applied dose, a
piecewise cubic function (Supplemental Fig. 3) was
used to map the instantaneous IET to a lethal
threshold between 6400 V/cm (0.001 s IET) and
587 V/cm (0.04sIET). A parametric conductivity sweep
was conducted to match the simulated current to
experimental values.

The internal geometry of the cooled applicator was
approximated as a 0.51 mm diameter tube (Supple-
mental Fig. 3b) inside of the 1.44 mm diameter elec-
trode applicator. Two rounds of adaptive meshing
were implemented using the electric field as an error
indicator (Supplemental Fig. 3c, d) to ensure conver-
gence. The final mesh contained 839,941 elements and
required approximately 2–3 h to solve 400 s time do-
main simulations on a ten core Intel i7-6950X CPU
with 64 GB of RAM.

Effect of Coolant Flow Rate on Thermal Injury

It was of interest to determine how treatment
parameters affected thermal injury at the electrode-
tissue interface. Ex vivo liver tissue was used to assess
the induction of thermal injury in a clinically relevant
organ. To maximize the potential of inducing thermal
injury, 0.02 s IET 5 kV treatments were administered
with an Rmax of 500 ls/s. This IET (0.02 s) is
approximately the dose prescribed for clinical NK-IRE
treatments (e.g. 90 9 –220 9 , 70–100 ls pulses,
0.006–0.022 IET) and is typical for high frequency IRE
treatments.17

Fluid flow rates of 0.0 (no cooling), 1.0, 2.0, 4.0, and
8.0 mL/min were investigated. To prevent extreme
temperatures which can result in tissue desiccation,
arcing, and damage to the pulse generator, these
experiments were conducted with a temperature set
point of 80 �C. To mitigate the impact of treatment
current as a confounding factor, the grounding pad
was moved to obtain consistent mean currents, mea-
sured throughout the treatment (range: 18.3–21.1 A)
for these protocols. To achieve this, a single test
waveform was delivered and the grounding pad was
moved accordingly to adjust the initial current to
approximately 18 A.

Effect of Temperature Set Point on Thermal Injury

To investigate the effect of ETT temperature set
point on thermal injury 0.02 s IET 5000 V treatments
were administered with an Rmax of 500 ls/s and a
perfusion flow rate of 2.0 mL/min with temperature set
points of 40, 50, and 60 �C. In some actively cooled
temperature controlled treatments the measured tem-
perature failed to reach the 40, 50, or 60 �C target set
points. This may have been due to deflection of the
temperature sensor away from the electrode-tissue
interface or elevated tissue impedance. These treat-
ments were excluded from analysis and additional data
points were acquired.

Treatments comparing the ETT waveforms to those
used by the clinical NK-IRE protocols were attempted,
however, intense electrical arcing was observed for
100 ls monopolar waveforms in preliminary experi-
ments at 4000 V (Supplemental Fig. 4, Supplemental
Video 1) and these treatments were aborted to avoid
damaging the pulse generator. All other protocols were
repeated a minimum of three times (N = 3). A full
accounting of the experimental parameters investi-
gated in this study is presented in Table 1.

Following treatment, the liver tissue was sectioned
along the applicator insertion path. Some treatment
locations contained a distinctly lighter region of tissue
with a porous texture consistent with thermal injury.3
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The treatment sites were photographed and measure-
ments of the maximal width (w, perpendicular to the
applicator) and maximal length (l, parallel to the
applicator) of the thermal injury zone was measured
for each side of the tissue section. The volume of
thermal injury was then calculated as:

V ¼ p
6
l � w2 cm3

� �
ð7Þ

Treatment sites where the needle path could not be
identified due to improper sectioning were excluded
from evaluation to avoid under estimating the extent
of thermal injury present. Values for each treatment
parameter were then averaged and are presented here
as mean ± standard deviation. Statistical analysis was
completed via a one sided Student’s T Test assuming
unequal variances and an alpha level of 0.05 using
JMP Pro 14 (SAS Institute Inc., Cary, NC).

RESULTS

Numerical Predictions of ETT and Thermal Ablation
Sizes

Experimental current observations indicated a tissue
impedance of approximately 273 X between the elec-
trode and grounding pad. A preliminary parametric
analysis of the simulated tissue domain yielded a
matching electrical conductivity of 0.11 S/m for the
liver tissue which is in agreement with literature values
reported at 500 kHz.10 Simulations predicting the ex-
tent of thermal injury following 100% duty cycle RFA
treatments with amplitudes of 25 V and 50 V indicated
thermal injury volumes of 0.0 and 0.6 cm3, respec-
tively, following a 100 s treatment (Fig. 2a and b). As
the electric field in these RFA treatments was not
sufficient to induce electroporative effects, 0.0 cm3

ETT ablation volumes were predicted for these treat-
ments.

Simulated 5000 V 0.02 s ETT treatments without
cooling resulted in a predicted thermal injury volume

of 2.1 cm3 when energy was delivered at a rate of
200 ls/s. Induction of internal electrode cooling with
fluid flow rates of 1, 2, 4, and 8 mL/min reduced these
predicted thermal injury volumes to 1.5, 1.0, 0.5, and
0.1 cm3, respectively. In each ETT simulation, the tis-
sue received a dose of 0.02 s resulting in a predicted
ETT ablation volume of 12.5 cm3.

Numerical simulations at experimental flow rates
(Fig. 2c, d and Supplemental Fig. 5a–c) indicate that

TABLE 1. Summary of experimental conditions investigated.

Experimental voltage [V] Cooling rate [mL/min] Temperature set point [�C] Replicates Thermal volume [cm3] Treatment time [s]

5000

Fig. 3

– 80 4 0.8 ± 0.2 68.3 ± 1.0

1 80 3 1.2 ± 0.4 40.8 ± 0.0

2 80 3 0.2 ± 0.2 40.8 ± 0.0

4 80 3 0.4 ± 0.1 40.8 ± 0.0

8 80 3 0.1 ± 0.1 40.7 ± 0.0

5000

Fig. 4

– 50 8 0.3 ± 0.3 342.9 ± 220.5

2 40 5 0.1 ± 0.2 53.7 ± 16.7

2 50 3 1.5 ± 0.3 48.3 ± 5.3

2 60 3 2.6 ± 0.4 43.1 ± 4.0

Dash symbols (–) indicate non-cooled experiments.

FIGURE 2. Simulated thermal damage (black contours) and
ETT ablation volumes (red contours) following a 100 s
treatment with RFA or ETT. RFA simulations were
conducted with either 25 V or 50 V delivered with a 100%
duty cycle without cooling. 5000 V 0.02 s ETT treatments were
simulated with a 0.02% duty cycle (200 ls/s) and coolant flow
rates of 0, 1, 2, 4, or 8 mL/min. ETT ablation volumes were
calculated with an electric field threshold of 690 V/cm
consistent with a dose of 0.02 s.
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internal electrode cooling reduces the maximum tem-
perature at the electrode-tissue interface as well as the
peak temperature within the tissue. When cooling is
implemented, the location of maximum temperature
shifts from the electrode-tissue interface outward into
the tissue (Supplemental Fig. 5d). Similarly, the tran-
sient rate of temperature increase (Supplemental
Fig. 5e) decreases as the coolant flow rate increases.
This reduces the predicted thermal injury volume
(Fig. 2e and Supplemental Fig. 5f), but not the pre-
dicted ETT ablation volume (Supplemental Fig. 5 g).

Similar results were found for simulations con-
ducted with energy delivery rates of 500 ls/s (Supple-
mental Fig. 6) which indicated that coolant flow rates
of 8 mL/min or greater would be required to constrain
peak tissue temperatures to below 100 �C. In these
simulations, implementation of temperature control
(Supplemental Fig. 7) reduced the predicted thermal
injury volume at the expense of increasing predicted
treatment times. Simulations implementing a temper-
ature set point of 40 �C with active cooling at 2 mL/
min resulted in a similar thermal injury volume
(0.5 cm3) compared to 50 �C simulations without ac-
tive cooling (0.7 cm3) while significantly reducing the
predicted treatment duration (184 s vs 530 s). As each
simulation delivered an equivalent dose (0.02 s), the
predicted ETT ablation volume remained the same at
12.5 cm3.

Validation of ETT Protocol and Active Cooling

Initial validation of the ETT protocol was con-
ducted with the temperature sensor at the electrode-
insulator interface (Supplemental Fig. 1a). 5000 V
0.02 s treatments were administered with an initial
energy delivery rate of 200 ls/s. Without temperature
control or active cooling the measured temperature
transient logarithmically approached 60 �C (Supple-
mental Fig. 1b) over the course of the 100 s treatment.
Some deviation from a consistent temperature profile
was observed as the maximum temperature was
approached indicating that temperatures in proximity
to 100 �C may have been reached along the electrode.

Implementation of the temperature control with a
50 �C set point resulted in longer treatments (103–
160 s) and temperature measurements which
approached, but generally did not exceed the pro-
grammed temperature (Supplemental Fig. 1b). Selec-
tion of the parameter x, which controls the slope of the
control algorithm, had a minimal effect on the algo-
rithm’s performance. Selection of a value of 0.25
resulted in the fastest average treatments
(110.0 ± 5.5 s) with increasing values of x resulting in
incrementally longer treatments of 134.0 ± 6.0 s
(x = 0.5), 140.0 ± 7.9 s (x = 0.75), and

146.7 ± 11.8 s (x = 0.99). Pervious experiments vali-
dating this technique in vitro32 yielded a reduction in
oscillations and an increase in stability when for larger
values of x and a value of 0.5 was utilized for the
majority of the remaining experiments unless otherwise
noted.

Effect of Coolant Flow Rate on Thermal Injury

A temperature sensor paced at the tissue-electrode
interface, corresponding with the middle of the ex-
posed region (Fig. 1a), was used to assess temperatures
where the approximate peak temperatures would oc-
cur. Preliminary 5000 V 0.01 s IET treatments utilizing
a fixed pulse delivery rate of 100 ls/s without cooling
resulted in a mean temperature increase of
57.0 ± 10.9�C during the 100.0 ± 0.002 s duration
treatments (Supplemental Fig. 8). These treatments
reached peak temperatures of 78.8 ± 12.3 �C without
approaching a steady state equilibrium. Dynamic en-
ergy delivery with temperature control was therefore
implemented for all subsequent 5 kV treatments to
prevent the tissue from reaching temperatures associ-
ated with tissue desiccation (approximately 100 �C) in
the longer 0.02 s IET treatments evaluated.

Without cooling (0 mL/min), 5000 V ETT treat-
ments with an Rmax of 500 ls/s reached the 80 �C
temperature set point in 33.0 ± 0.7 s (Fig. 3a) and
maintained a temperature of 80.2 ± 0.4 �C for the
duration of the treatment. These treatments had mean
initial currents of 18.1 ± 0.4 A which increased to
21.5 ± 0.5 A (Fig. 3b). Following treatment, distinct
zones of lighter tissue with a spongy texture, indicative
of thermal injury3,7,31 (Fig. 3c), were observed adjacent
to the electrode insertion path (Fig. 3d). For the non-
cooled treatments, these regions measured
0.83 ± 0.16 cm3. Active cooling with perfusion rates of
1 mL/min, 2 mL/min, 4 mL/min, and 8 mL/min
resulted in temperature profiles which failed to reach
the 80 �C set point or a steady state before the 0.02 s
IET treatment was completed. These treatments
reached peak temperatures of 46.1 ± 2.2 �C,
35.3 ± 4.4 �C, 36.9 ± 4.6 �C, and 39.6 ± 3.1 �C,
respectively (Fig. 3a). The 1 mL/min treatments
resulted in the highest final currents of 22.3 ± 2.1 A,
while the 8 mL/min treatments resulted in the lowest
final currents of 19.1 ± 0.7 A with the 2 and 4 mL/min
currents falling non-sequentially between these values
(Fig. 3b). The largest thermal injury zones were found
for the 1 mL/min treatment groups measuring
1.19 ± 0.40 cm3 (Fig. 3c and e). These were found to
be statistically significantly larger than the non-cooled
(p = 0.004) and the remaining actively cooled treat-
ments (p < 0.001) which measured 0.24 ± 0.17 cm3,
0.37 ± 0.10 cm3, and 0.13 ± 0.09 cm3 for the 2
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(Fig. 3f), 4 (Fig. 3g), and 8 mL/min (Fig. 3h) treat-
ment groups, respectively. As the cooling rate
increased, the thermal injury zone was observed to
narrow along the electrode insertion path resulting in a
teardrop shaped zone with the widest point occurring
at the locations approximately corresponding to the
electrode tip. While the 8 mL/min treatment group
resulted in the smallest thermal injury zones, this group
was not found to be statistically significantly different
than the 2 mL/min (p = 0.41) or 4 mL/min
(p = 0.081) treatment groups.

Effect of Temperature Set Point on Thermal Injury

To achieve temperature set points of 40, 50, and 60
�C (Fig. 4a) with active cooling, it was necessary to

FIGURE 3. Thermal damage as a function of coolant
perfusion rate. (a) Temperature and (b) current profiles for
treatments with non cooled (0 mL/min), and active cooling
with perfusion rates of 1, 2, 4, and 8 mL/min. (c) Calculated
thermal damage volumes and representative gross sections
from treatments with (d) 0, (e) 1.0, (f) 2.0, (g) 4.0, and (h) 8 mL/
min cooling rates. * Indicates statistically significantly
different than the non-cooled (0 mL/m) treatment group.

FIGURE 4. Thermal injury as a function of temperature set
point with a fixed coolant perfusion rate of 2 mL/min. (a)
Representative temperature plots for the median duration
treatments for protocols with temperature set points of 40 �C,
50 �C and 60 �C. Treatments with passive cooling (0 mL/min)
are additionally presented for 40 �C and 50 �C temperature set
points. (b) Mean current as a function of time from t = 0 to the
duration of the shortest treatment in each group. Shaded
regions represent one standard deviation from the mean. (c)
Mean treatment times and (d) thermal injury volumes for each
treatment group.
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modify the distance between the electrode and
grounding pad to achieve higher initial treatment
currents (Fig. 4b) of 16.8 ± 1.1, 19.9 ± 0.8, and
25.0 ± 0.9 A, respectively. These treatments reached
maximum currents of 19.8 ± 1.5, 25.8 ± 1.0, and
37.2 ± 3.1 A. The initial and maximum currents for
non-cooled treatments with a set point of 50 �C mea-
sured 19.3 ± 3.5 and 22.4 ± 4.7 A, respectively. Ac-
tively cooled treatments with set points of 40, 50, and
60 �C required 53.7 ± 16.7, 48.3 ± 5.3, and
43.1 ± 4.0 s to complete, respectively (Fig. 4c).
Non-cooled treatments with a temperature set point of
50 �C took significantly (p < 0.011) longer to com-
plete (342.9 ± 220.5 s).

The largest thermal injury zones were observed for
the actively cooled 60 �C temperature set point mea-
suring 2.6 ± 0.4 cm3 (Fig. 5a). Significantly
(p < 0.0001) smaller thermal injury zones were
observed for actively cooled treatments with 50 �C
(1.5 ± 0.3 cm3, Fig. 5b) and 40 �C (0.1 ± 0.2 cm3,
Fig. 5c) set points as well as the non-cooled 50 �C
treatments which measured 0.3 ± 0.3 cm3. There was
not a significant difference between the thermal injury
zones for the actively cooled 40 �C and non-cooled
50 �C treatments (p = 0.35).

DISCUSSION

Active cooling strategies are routinely implemented
in radiofrequency4,28 and microwave ablation1,16 pro-
cedures with irrigating29 or internally perfused25,39

applicators. In RFA, these techniques are implemented
to reduce charring at the electrode-tissue interface
which limits ablation volumes.14 Similarly, cooled mi-
crowave ablation applicators mitigate deleterious
electrode heating due to poor impedance matching

between the tissue and antenna which can cause off
target heating adjacent to the applicator.39 These
strategies enable rapid the production of 3 cm (RFA,
12 min, 40 W)14 to 5 cm (MWA, 10 min, 80 W)39

spherical thermal lesions. In this study, baseline
5000 V treatments had an initial time-average power of
approximately 45 W (500 ls/s 5000 V 18 A). Without
active cooling these treatments (68 s average) produced
a mean thermal injury zone measuring 2.9 9 0.7 cm,
despite the regulation of an 80 �C maximum temper-
ature. This is generally an unwanted effect in IRE
procedures where avoiding thermal injury to critical
adjacent structures is often the rationalization for
selecting the treatment modality. Currently this is
avoided by either reducing the electrode exposure to
reduce treatment currents or by reducing the energy
delivery rate to reduce the average power dissipated in
the tissue.

This study examined two alternative techniques and
their combination for mitigating thermal injury during
IRE treatments: active cooling and computational
control of pulse delivery. Active cooling in the absence
of computational control algorithms was capable of
reducing the peak temperature reached by 5000 V
treatments by 51% vs. non-cooled treatments (with an
80 �C maximum enforced). Similar studies delivering
2700 V 300 9 100 ls pulses (0.03 s IET, 150 ls/s) in a
perfused organ model observed a 22% decrease tem-
perature rise when cooling with room temperature
water at a perfusion rate of 35 mL/min.31 The larger
reduction of temperature observed in the present study
may be accounted for in the use of near freezing
coolant despite the elevated voltage and elevated pulse
delivery rates. It should be noted that a smaller IET
(0.02 s) was used in the present study and a less sub-
stantial temperature difference may be observed for
longer treatments if a steady state equilibrium is
reached in non-cooled treatments.

The combination of active cooling and temperature
control enabled the delivery of a 0.02 s IET 5000 V
treatment, greater in both dose and voltage than those
currently administer clinically, in approximately 50–
120 s with prescribed temperature increases of 10 �C,
20 �C, 30 �C, or 40 �C. Assuming an equivalent tem-
perature rise is observed in vivo, this would correspond
to a temperature set points of 47–87 �C. Temperatures
in the range of 42–47 �C have been shown to induce
thermal injury for exposure times on the order of hours
while those above in the rage of 50–90 �C are generally
considered to induce thermal injury for exposure times
of minutes to seconds.5,26 Manual strategies for miti-
gating thermal injury exist, including careful selection
of pulse amplitudes, electrode exposures, and repeti-
tion timing. However, these techniques require a priori
knowledge of a number of in situ biological charac-

FIGURE 5. Representative cross sections from 5000 V ETT
treatments cooled at a rate of 2 mL/min with temperature set
points of (a) 60 �C, (b) 50 �C, and (c) 40 �C.
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teristics. These factors are unlikely to be taken into
account in the existing clinical workflow which cur-
rently involves real-time treatment planning following
electrode placement. Given these constraints, active
temperature control in conjunction with electrode
cooling may help simplify the clinical workflow while
providing an additional means for reducing the risk of
deleterious thermal damage.

The temperature at the electrode-tissue interface in
actively cooled experiments was observed to decrease
rapidly in the first few seconds after insertion. Most
actively cooled experiments were conducted with an
initial temperature between 9 and 14 �C which was 8–
13 �C below baseline. While not ideal, the delay in
initiating treatments was required to ensure that per-
sonnel were at a safe distance from the experimental
setup. Accounting for the decreased baseline temper-
ature active cooling resulted in a 38% reduction in
temperature change vs. non-cooled 5 kV treatments.
The use of low temperature coolants may enable pre-
cooling of the tissue yielding additional protection
against thermal injury. Future optimization will be
necessary to determine optimal cooling times, coolant
temperatures, and clinically acceptable minimum tissue
temperatures.

It was found that the induction of thermal injury is
not exclusively a function of temperature at the elec-
trode-tissue interface. Preliminary experiments indi-
cated that when treatments had identical temperature
profiles (Supplemental Fig. 9a) and coolant perfusion
rates (8 mL/min) the extent of thermal injury was in-
stead dependent on the delivered electrical current
(Supplemental Fig. 9b). An increase in mean treatment
current of 7.9A (1.4 9) resulted in a 12 9 increase in
the thermal injury volume. This indicates that active
cooling may be effective at reducing the temperature at
the electrode-tissue interface, but may be insufficient to
fully address the effect of Joule heating further from
the electrode surface. As Joule heating (QJH) is a
function of both current density (J) and electric field
strength (E):

QJH ¼ J � E W

m3

� �
ð8Þ

increases in current will result in a greater heating per
unit volume. However the rate of heat transfer from
the tissue to the coolant was likely independent of this
experimental input. Therefore, treatments with greater
average power delivery (e.g. approximately 65 W,
Supplemental Fig. 9e) resulted in substantially larger
regions of thermal injury surrounding the electrode
than more conservative treatments (approximately
46 W, Fig. 3). When initial treatment currents were
constrained perfusion at rates of 2, 4, and 8 mL/min

were sufficient to mitigate the induction of thermal
damage which became increasingly localized to the tip
of the electrode. Taken in summation, these results
indicate that active cooling of electrodes may not be
sufficient for generically preventing the induction of
thermal injury as treatment currents in vivo are dy-
namic and depend on tissue characteristics, applicator
arrangement, applicator placement, and local temper-
atures. It is therefore important to implement some
form of active feedback (e.g. temperature, current,
power) management in these treatments to mitigate
thermal injury.

The use of active temperature feedback by ETT
from one, or multiple, locations is a potential solution
to this challenge. As applicator cooling affects the
temperature at the tissue electrode-tissue interface, it
may be necessary to use temperature change, rather
than absolute temperature, as the control signal. In this
study, we demonstrate that dynamically adjusting the
rate at which pulses are delivered is an effective method
for achieving and maintaining a target temperature at
the electrode-tissue interface. Without active cooling,
the ETT algorithm was capable of maintaining tem-
peratures of 30 �C (Supplemental Fig. 8), 40 �C, 50 �C,
60 �C, and 80 �C (Fig. 3), with the lower temperatures
significantly reducing the extent of thermal injury at
the expense of increased treatment times.

Interestingly, 50 �C treatments with active cooling
resulted in larger thermal ablation zones than 50 �C
treatments without cooling. The mean current values
measured were not statistically different (p = 0.3989)
in these treatments, however, the delivery rate (413 vs
87 ls/s) and thus average power delivered was much
greater for the actively cooled treatments. It is likely
that in this scenario, active perfusion was unable to
remove enough energy to prevent thermal injury. It is
possible that the temperature sensors were measuring
an average temperature of both the cooled electrode
surface and the warmer adjacent tissue resulting in a
mischaracterization of the tissue temperature leading
the algorithm to deliver energy at a higher rate than
intended. To address this challenge, it may be neces-
sary for future algorithms to implement a maximum
power limit or use average power as a means for
controlling the delivery rate. Alternatively, it may be
necessary to record temperatures in locations where
the thermal gradient is lower or at multiple locations.
However, decreasing the temperature set point to 40
�C in conjunction with active cooling resulted in neg-
ligible thermal injury with substantially reduced
treatment times compared to the 50 �C non-cooled
treatments (54 vs. 343 s) indicating that selection of
appropriate temperature set points may be sufficient
for preventing thermal damage.
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The Rmax used in this study (500 ls/s) represented
an extreme case which is approximately 5 9 the rate
typically used clinically. This Rmax value was selected
to examine the extent to which treatment times could
be reduced, to overcome the highly efficient removal of
heat at the electrode-tissue interface, and to test the
limitations of the temperature control algorithm.
While it may be feasible to use rates greater than
100 ls/s in vivo, caution should be exercised due to the
potential to induce unintended thermal injury if tem-
perature sensing is limited to the electrode-tissue
interface. The results presented in Fig. 3 clearly
demonstrate that thermal injury adjacent to the elec-
trode is possible even if temperatures measured at the
electrode are below 60 �C. In these scenarios there is
likely an imbalance in the rate of Joule heating in the
tissue surrounding the electrode and the rate of cooling
due to electrode perfusion. As tissue is a relatively poor
thermal conductor there is a natural limitation to the
rate at which energy can be transferred through the
tissue to the cooled electrode. This limitation is likely
responsible for the observation (Fig. 4) that 5000 V
non-cooled treatments at 50 �C resulted in similar
thermal injury volumes to more rapid treatments with
active cooling and a 40 �C set point. Future work will
be necessary to determine the ideal rate of pulse
delivery and control schemes which utilize true energy
or power delivery calculations rather than energized-
timing calculations may be necessary.

The localization of thermal injury towards the
electrode tip may have been due to the internal
geometry of the applicator which likely has a greater
distance between the coolant and distal tip than the
sidewalls of the electrode. This hypothesis is supported
by numerical simulations (Fig. 2) which indicate that
peak temperatures occur in proximity to the tip of the
electrode. Alternatively, electrical corona may have
formed at the sharp tip of the electrode resulting in an
additional source of localized heating not present
along the main body of the electrode. Corona were not
observable through the opaque liver tissue, however,
they appeared stochastically (Supplemental Fig. 4) in
preliminary experiments conducted with the applicator
placed 1–2 mm from a visible surface in muscle tissue.

Numerical simulations using lethal electric field data
obtained from viable tissue indicate that the ablation
created by purely electrical means (12.6 cm3) would be
greater than the maximum observed (2.6 cm3) and
predicted (2.2 cm3) thermal injury volumes. Within the
approximate 100 s duration of ETT treatments, sim-
ulated RFA treatments resulted in even smaller pre-
dicted thermal ablation volumes. This was likely due to
the relatively high impedance load (> 200 X) pre-
sented by the liver tissue in these experiments. This
represents a potential advantage for high voltage

pulsed electric field therapies as the outcomes are rel-
atively independent of the load impedance assuming
the generator is capable of supplying the requisite
power. While outside the scope of this study, it is
possible that these high voltage waveforms could be
used to produce larger thermal ablations than RFA or
MWA if treatment times were extended. In this sce-
nario, temperature feedback would be remain neces-
sary to prevent charring and desiccation at the
electrode-tissue interface.

This study has several important limitations. Eval-
uation of thermal injury was conducted in an ex vivo
non-perfused liver tissue model. While this is the ac-
cepted model for assessing thermal injury for radio
frequency and microwave ablation15 modalities, it does
not enable the assessment of cell death due to irre-
versible electroporation which instead needed to be
evaluated using computational models based on
existing literature data.17 Evaluation of IRE ablations
requires either in vivo tissue or mechanical perfusion of
viable organs. The treatments in this study were
administered at room temperature (18–20 �C) which is
substantially below physiological temperature (37 �C)
and tissue conductivities may be higher in vivo leading
to additional Joule heating. While the computationally
derived tissue conductivity matched existing literature
data, freeze/thaw cycling of commercially obtained
tissue may have affected the observed thermal effects.
In vivo, the uncontrolled treatment protocols admin-
istered in this study will likely result in peak tempera-
tures more than 17 �C greater than those presented
here due to feed forward effects of Joule heating.
Therefore, it may not be possible to administer 5000 V,
200 ls/s treatments in vivo without exceeding 100 �C,
unless an actively cooled electrode is used or a tem-
perature control algorithm is implemented. Addition-
ally, when implementing these active measures,
treatment times in vivo may be greater than predicted
here due to the elevated starting temperature. Finally,
evaluating the effect of temperature regulation due to
blood perfusion was not possible in ex vivo tissue. The
presence of perfused micro- and macro-vasculature
may affect the rate of tissue cooling in vivo favorably
and the active temperature control algorithms imple-
mented here should be capable of responding to real
time variations in local perfusion due to the treatment.

Conclusion

In this study, a process for mitigating thermal injury
in pulsed electric field therapies via an actively cooled
electrode coupled with a dynamic feedback algorithm
was presented. This combination enabled the rapid
delivery of 5 kV irreversible electroporation protocols
without the induction of thermal injury beyond the
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electrode-tissue interface. The dynamic feedback
algorithm was demonstrated as capable of maintaining
tissue temperatures of 30, 40, 50, 60, and 80 �C inde-
pendent of treatment parameters provided the tissue
was heated sufficiently to reach the intended threshold.
This work sets the foundation for in vivo studies using
temperature sensors at the electrode-tissue interface
and remote adjacent locations to prevent unwanted
thermal injury to critical structures during pulsed
electric field therapies.
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