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Abstract—Several focal therapies are being investigated
clinically to treat tumors in which surgery is contraindicated.
Many of these ablation techniques, such as radiofrequency
ablation and microwave ablation, rely on thermal damage
mechanisms which can put critical nerves or vasculature at
risk. Irreversible electroporation (IRE) is a minimally invasive, non-thermal technique to destroy tumors. A series of
short electric pulses create nanoscale defects in the cell
membrane, eventually leading to cell death. Typical IRE
protocols deliver a series of 50–100 ls monopolar pulses.
High frequency IRE (H-FIRE) aims to replace these
monopolar pulses with integrated bursts of 0.25–10 ls
bipolar pulses. Here, we examine ablations created using a
broad array of IRE and H-FIRE protocols in a potato tissue
phantom model. Our results show that H-FIRE pulses
require a higher energy dose to create equivalent lesions to
standard IRE treatment protocols. We show that ablations in
potato do not increase when more than 40 H-FIRE bursts
are delivered. These results show that H-FIRE treatment
protocols can be optimized to produce clinically relevant
lesions while maintaining the beneﬁts of a non-thermal
ablation technique.
Keywords—Focal ablation, Non-thermal therapy, H-FIRE,
Tissue phantom.

INTRODUCTION
Electroporation is a phenomenon that takes place
when cells are exposed to intense electric ﬁelds, which
dramatically change the transmembrane potential and
lead to the creation of nanopores on the cell membrane.1,2 In clinical settings, non-lethal pulses have
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been administered to increase the permeability of cell
membranes, allowing for the passage of large macromolecules through the membrane of targeted cells.
These treatment modalities are referred to as electrochemotherapy3,4 or electro-gene therapy,1,2,5,6
depending on the adjunctive macromolecule. These
therapies aim to minimize the lethality of the electrical
pulses to optimize the biological effect of the injected
therapy. In contrast, irreversible electroporation (IRE)
protocols are designed to permanently disrupt cell
membranes within a targeted region.7,8 IRE mechanisms are independent of thermal processes and clinical protocols are designed to minimize temperature
rises in the tissue. This makes IRE an ideal treatment
option for tumors near critical blood vessels and nerves
where thermal ablative techniques, including radiofrequency and microwave ablation, may cause collateral damage or may be limited by the heat-sink
effect.9,10 Recent clinical trials have demonstrated that
IRE is highly efﬁcacious for tumors where surgical
removal or thermal ablation are contraindicated.11
Clinically, IRE is accomplished via introduction of
percutaneous needle electrodes into or around the
target tissue and a series of high voltage pulses, ranging
from 50 to 100 ls in duration, are delivered.11–13
Typical IRE protocols deliver 80–100 pulses, each
separated by an approximately 1 s delay. When
implemented clinically, pulses are synchronized with
the patient’s heartbeat to minimize triggering of
irregular heartbeats and a robust anesthetic protocol
including a neuromuscular blockade is implemented to
prevent the stimulation of muscle contractions.14 The
NanoKnife clinical ablation system (AngioDynamics,
Inc., Latham, NY) utilizes a voltage-to-distance ratio
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of 1500–1700 V/cm and the output voltage is adjusted
based on physician-reported measurements of electrode spacing.15
A positive review highlighting the safety and eﬃcacy
of these treatments in a clinical setting was recently
published by Scheﬀer et al.16 and IRE appears to be
ideally suited for the treatment of tumors less than
3 cm in each dimension with a success rate between
93%17 and 98%.18 IRE is currently being evaluated as
a treatment modality against a number of oncological
disorders including pancreatic,15,19,20 lung,21 brain,22
kidney,23–27 and liver28,29 cancers. Long-term followup on these patients indicated that IRE has the
potential to leave critical blood vessels, nerves, and the
more general healthy stroma unharmed.30–32
While the past decade is marked by numerous
positive results from IRE trials, a prospective clinical
trial for lung tumor treatment was stopped when
investigators observed that only 30% of treatment
subjects (n = 7) showed complete tumor regression at
the 12-month follow-up.33 The reason for this inconsistency is unclear; however, it is potentially due to the
large degree of heterogeneity in lung tissue. The presence of air pockets may also insulate and/or protect
regions of the tumor, possibly diminishing the overall
effectiveness of standard IRE treatments.34 The complexity of treating tumors in these highly heterogeneous tissues and the need to administer a
neuromuscular paralytic to avoid intense muscle contractions apparent in standard IRE treatments necessitate the research and development of novel IRE pulse
protocols to mitigate these challenges.
High frequency IRE (H-FIRE) is a relatively new
variant of IRE which replaces monopolar 100 ls pulses with a burst of shorter duration (0.25–5.0 ls)
alternating positive and negative (bipolar) pulses separated by a short inter-pulse delay (Fig. 1). Theoretical
models of H-FIRE predict that this therapy is capable
of penetrating heterogeneous tissues and producing
more predictable ablations than typical IRE pulses.35
For example, blood vessels in the treatment area can
inﬂuence the electrical ﬁeld of standard IRE pulses if
they are not properly accounted for.36 This is due to
the fact that IRE pulses are relatively long in duration
(‡50 ls) and therefore have lower frequency components (<20 kHz), which are susceptible to the effects
of heterogeneity (Supplemental Fig. 1a). At these frequencies, the impedance of muscle, fat, stroma, and
other tissues can vary signiﬁcantly from healthy or
tumorous tissue.37 At higher frequencies the differences in impedance between these tissue types are
minimized (Supplemental Fig. 1b) and the tissue appears more electrically homogeneous and therefore an
electric ﬁeld distribution which more closely matches
the analytical solution is produced.38 Arena et al.

recently demonstrated that bursts of 1 or 2 ls pulses
can be used to ablate tissue while additionally eliminating the muscle contractions associated with IRE
pulses, further contributing to the efﬁcacy and potential of H-FIRE in the tumor ablation ﬁeld.39 Siddiqui
et al. recently showed that H-FIRE can be safely and
predictably delivered next to critical hepatic anatomy
such as vascular and biliary structure.10
H-FIRE pulses are situated in a relatively unexplored region of the pulse-duration space40 and the
lethal electric ﬁeld thresholds and long term biological
responses for these pulse waveforms are comparatively
unknown. The transmembrane potential does not rise
instantaneously during exposure to a pulsed electric
ﬁelds41 and the charging time for mammalian cell
membranes is approximately 1 ls.42 As result, a
number of interesting biological response arise when
H-FIRE pulses are delivered. The processes of pore
formation and expansion appear to decrease for short
pulse durations (0.25–5 ls) as compared to longer
duration pulses in the 100 ls to 10 ms range and permeabilization of the cell membrane may not be as robust or long lasting for short pulses.43
Current H-FIRE protocols mimic clinical IRE
delivery procedure by energizing each burst for 50–
100 ls and applying a series of 80–100 bursts at a 1 Hz
repetition rate. Recent studies have shown that the
lethal electric ﬁeld threshold increases signiﬁcantly as
pulse duration is decreased.41 An H-FIRE protocol
consisting of 80 bursts of 1–5 ls pulses was shown to
reduce the viability of pancreatic cancer cells in suspension to less than 20% for ﬁelds strengths of 3000 V/
cm or more. In contrast, it was shown that 1250 V/cm
is for equivalent energy 100 ls IRE protocols to reduce
the viability of these cells to the same extent.44 For cells
in suspension, H-FIRE protocols utilizing 250 and
500 ns pulses appear to be relatively ineffective even at
ﬁeld strengths up to 4000 V/cm. However, when cells
are grown in collagen tumor mimics, lethal thresholds
of 2000, 1700, 1100, 760 V/cm were found for H-FIRE
protocols with 0.25, 0.5, 1.0, and 2.0 ls pulses,
respectively.45 Similar studies found that IRE protocols had a lethal threshold of 500 V/cm in collagen
tumor mimics44 and 300–640 V/cm in liver tissue.46–48
This discrepancy between cells in suspension, those
grown in a physiologically mimicking environment,
and in vivo highlights the need for further investigation
of these novel protocols and their resulting thresholds.
In this work, potato tissue phantoms are used as a
surrogate to enable the testing of a wide parameter
array including the number of bursts and individual
pulse duration in search of a potentially optimized
treatment protocol. We investigated the lesion volumes
produced by a clinical prototype system which can
deliver bipolar H-FIRE pulses up to 2500 V in
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b FIGURE 1. H-FIRE protocols replace the monopolar IRE
pulses with a burst of bi-polar pulses. (a) Standard IRE protocol delivers 50–100 ls mono-polar pulses separated by a 1 s
inter-pulse delay; (b) experimental 1.5 kV 50 ls IRE pulse; (c)
H-FIRE protocols deliver a high frequency burst of 1–10 ls bipolar pulses. Each burst of pulse cycles is separated by a 1 s
delay. Energized time per burst or dose rate, represents the
total charged time per burst; (d) experimental 1.5 kV H-FIRE
burst with 26 3 2 ls pulses and a 10 ls delay between alternating polarity pulses; and (e) the first three alternating pulses within an H-FIRE burst.

we show that there is no statistical difference in the
ablation volumes created by delivering 40 through 200
bursts across two needle electrodes. This work highlights the need to understand the effect of unique
parameters associated with H-FIRE not present in
IRE to result in clinically useful application of
H-FIRE for tissue ablation.

MATERIALS AND METHODS
Electroporation Setup
Experiments were performed using potatoes as a
tissue phantom to enable the evaluation of a large
number of parameters. Potato tissue is relatively
homogeneous and exhibits a signiﬁcant increase in
conductivity after electroporation, mimicking the
response seen in vivo.2,49 While potato does not recapitulate all of the properties of an in vivo tumor, it is a
reasonable model for assessing trends and enables
comparison of ablations to numerical models to
determine the lethal thresholds as is done in vivo.47,50,51
Lesions created in the tissue become visible 12–24 h
post treatment due to the production of melanin52 and
are easily measured using calipers.
Monopolar IRE pulses were generated using a
commercial pulse generator (ECM 830, Harvard
Apparatus, Holliston, MA) and bipolar H-FIRE pulses
were generated using a custom pulse generator. Treatments were delivered to the tissue through two 1.0 mm
diameter clinical IRE probes (NanoKnifeTM Single
Electrode Probes, AngioDynamics, Inc., Latham, NY)
separated by 1.0 or 2.0 cm. These probes have an
adjustable polyimide sheath which was retracted to
expose 0.5 cm of the stainless steel electrodes. Voltage
and current measurements were recorded using a custom high speed data acquisition system. To facilitate
comparison between groups, a simpliﬁed electrical dose
formula was used

Dose ¼ V2  Tp  n  N V2 s ;
ð1Þ
amplitude. We show that when delivering the same
amount of energy, there is a logarithmic relationship
between pulse width (PW) and ablation size. Finally,

where V is the applied voltage, Tp is the pulse width, n
is the number of pulses per burst, and N is the number
of bursts per treatment. This calculation of dose was
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TABLE 1. Treatment protocols evaluated.
Voltage (V)
1500
1500
1500
1500
2000
2000
2000
2000
2000
2000
2000
2000

Pulse width (ls)

Delay (ls)

# of bursts

On-time per burst (ls)

Energy dose (V2 s)

Lesion volume (cm3)

1
2
5
50
2
2
2
2
2
2
2
2

10
10
10
10
10
10
10
10
10
10
10
10

100
100
100
100
10
20
40
60
80
100
150
200

50
50
50
50
100
100
100
100
100
100
100
100

11,250
11,250
11,250
11,250
4000
8000
16,000
24,000
32,000
40,000
60,000
80,000

1.8
3.1
5.6
12.6
1.8
5.7
7.2
8.1
8.2
8.1
9.5
8.5

The visibly darkened tissue is the result of the oxidation process catalyzed by polyphenol oxidase released as the cell membranes lose integrity resulting in
the generation of melanins.52,53 In a preliminary study,
potatoes were sectioned incrementally between 6 and
72 h post-treatment and 48 h was determined to be the
optimal time post-treatment for full coloration of the
ablation zone to occur. Additionally, potatoes were
sectioned at 30 h and the boundary of the ablation was
monitored for 6 h. Over this time, the ablation volume
remained constant (Supplemental Fig. 2), indicating
that melanins were not diffusing out into untreated
regions and confounding measurements. The characteristic lesion resulting from electroporation treatment
displays a near-ellipsoid shape and lesion volume was
calculated by representing the lesion as an ellipsoid
with volume (v)
FIGURE 2. Experimental set-up. A custom pulse generator
produces bipolar H-FIRE pulses (top left). The BTX ECM 830
pulse generator produces standard monopolar IRE pulses
(top right). A custom measurement system (center) records
the pulses and displays voltage, current, and resistance data
on a laptop computer.

chosen as a simple way to compare the ablation outcomes between treatments with varied pulse parameters. It was recently shown by Sano et al. that when
only voltage is varied between H-FIRE treatments, this
calculation of equivalent dose results in equivalent lethal thresholds.45 Here, we compare treatments where
voltage is held constant and other parameters are
varied.
Pulse parameters used during this study are shown
in Table 1 and the experimental set-up is shown in
Fig. 2. 48 h post-treatment, the potatoes were sliced
parallel to the electrode paths to expose the ablated
region. Lesions were compared by measuring the
optically visible lesions in potato tissue, which became
distinctively darker in color, 48 h post-treatment.

v¼

4
 p  a  b  c [cm3 ],
3

ð2Þ

where a, b, and c are one half of the length, width, and
depth of the ablations. All values are reported as
mean ± standard deviation.
Finite Element Analysis
In silico models for determining the lethal thresholds
of IRE and H-FIRE treatments were generated using
COMSOL Multiphysics (V4.3, COMSOL, Palo Alto,
CA). The general geometry of the potato tissue was
represented as an ellipsoid with the average dimensions
of the tissue phantoms. Two 0.5 cm long cylindrical
geometries with a 1 mm diameter were inserted into
the center of the domain to mimic the experimental
placement of the electrodes. The electric ﬁeld distribution was found by solving the equation:
r  ðrd ruÞ ¼ 0 ½A=m3 ;

ð3Þ
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conductivity function was incorporated into the model
to simulate the changes due to electroporation by
implementing a piecewise function in COMSOL which
was smoothed to be second derivative continuous with
a center point at 255 V/cm, the approximate IRE
threshold of potato tissue.55 The initial conductivity of
0.039 S/m was chosen based on experimental measurements.
It was found that the conductivity of healthy untreated tissue was signiﬁcantly higher than tissue
within the experimental ablation zones (Fig. 3).
Additionally, this change in conductivity was frequency dependent with a larger change occurring at
1 kHz than at 1 MHz. To account for these changes,
the simulations were repeated for multiple values of
conductivity change. The maximum conductivity used
in the sigmoidal function set as a multiple (19–159) of
the initial conductivity based on impedance measurements of healthy and ablated tissue (Fig. 3). Multipliers of 29, 29, 39, and 99 were used for the 1, 2, 5, and
50 ls pulse duration groups, respectively. These values
reﬂect the change in impedance between healthy and
ablated tissue measured at 1 MHz, 500 kHz, 200 kHz,
and 20 kHz, respectively and correspond to the center
frequency of each pulse group. Multiplier values were
rounded to the nearest integer. All remaining boundaries were deﬁned as electrically insulating.
n  J ¼ 0 [A=m2 ];

FIGURE 3. Electrical impedance spectrum of potato tissue
before and after ablation. (a) A five electrode impedance probe
was used to (b) measure the electrical impedance of ablated
and untreated regions of the tissue between 1 kHz and 1 MHz;
(c) there is a significant difference in the conductivity of
healthy and ablated tissue at all frequencies in this range. A
maximum difference of 13.93 was observed at 1 kHz and a
minimum difference of 2.33 was observed at 1 MHz; and (d–g)
numerical simulations showing the 125 V/cm iso-contours for
models using 13, 23, 43, 63, 103, and 153 changes in
conductivity (inside to outside). Simulations were conducted
with (d) 1.0 kV; (e) 1.5 kV; (f) 2.0 kV; and (g) 2.5 kV between
the electrode pairs.

where rd represents the electrical conductivity of the
tissue as a function of the applied electric ﬁeld and u is
the electric potential.54 Boundary values for the electrode–tissue interface were set to u = V0 and 0, where
V0 is the experimental voltage. A sigmoidal changing

ð4Þ

where n is the normal vector to the surface, J is the
electrical current density.
To improve the simulations, two strategies were
employed. First, a two-step simulation was conducted
where a stationary ‘pre-pulse’ was applied using a
voltage of 50 V. This voltage does not result in electric
ﬁelds suﬃciently high enough to change the tissue
conductivity and allows the simulation to determine a
baseline electric ﬁeld distribution. The solution to this
simulation was used as the initial values of a second
sequential stationary solver with the experimental
voltage applied to the energized electrode. This process
signiﬁcantly reduces the simulation time. Second, the
relative tolerance of each of these solvers was reduced
from the default of 0.01 to 1E212. The nonlinear
method was changed from automatic (Newton) to
automatic highly nonlinear (Newton) with a maximum
number of iterations of 2500, an initial damping factor
of 1E28, and minimum damping factor of 1E216.
This forces the solver to search for a more accurate
solution and eliminates ﬁnite element artifacts.
The electrodes were given a default ‘extra ﬁne’ mesh
and the main simulation geometry was deﬁned as a
‘normal’ mesh. This mesh was reﬁned once and the
maximum error between additional successive reﬁne-
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FIGURE 4. Finite element modeling of tissue phantom to
determine lethal thresholds. (a) A dynamic conductivity map
was used to model the instantaneous effects of electroporation on the tissue’s electrical properties; and (b) electric field
distribution when 2500 V was applied between the two energized electrodes.

ments was 1.8% and the average error was 0.3%. The
simulation solved 867,257 degrees of freedom using a
mesh with 636,893 domain elements, 39,994 boundary
elements, and 3122 edge elements. The simulations for
all voltage and conductivity values were completed in
approximately 145 h on an Intel i7 quad core processor with 32 GB RAM. Results of these simulations
with 2500 V applied between the electrodes are shown
in Fig. 4.
Determination of Electric Field Threshold for Cell
Death
48 h post-electroporation, the measured width,
height, and depth of the darkened region of the potato
tissue were recorded (Supplemental Fig. 3). These
measurements were matched to an electric ﬁeld magnitude in the x, y, and z axis obtained from the ﬁnite
element analysis. All experimental groups reported
were repeated a minimum of three times (N = 3) and

FIGURE 5. Constitutive pulse length has a large effect on
lesion volumes when treatments deliver equivalent energy
doses. Bursts with shorter constitutive pulses produced
smaller ablations. The data shows a strong logarithmic correlation (y 5 2.81 * ln(x) + 1.38) between pulse length and lesion volume (r2 value of 0.995). All values between groups
were found to be statistically significantly different for
a 5 0.05 (**) and a 5 0.01 (***).

the mean ± standard deviation for each group were
determined from the electric ﬁeld strengths determined
in all three dimensions (e.g., a minimum of nine values).

RESULTS
Equivalent Energy: Pulse Width Analysis
To investigate the eﬀects of constituent PWs on
lesion volume, four treatment groups receiving equivalent energy doses with varying PWs were investigated.
Electrical dose was held constant at 11,250 V2 s by
energizing the electrodes to 1500 V and delivering 100
bursts, each energized for 50 ls. Bursts with 1, 2, and
5 ls bipolar pulses or 50 ls monopolar constitutive
pulses were evaluated with 50, 24, 10, and 1 pulses per
burst, respectively. This method for deﬁning dose was
based on the assumption that H-FIRE treatments will
be constrained to the on-time (50–100 ls) and pulse
repetition rates (1 Hz or cardiac synchronization)
currently employed in the clinic.
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with the following means and standard deviations:
1.75 ± 0.36, 3.14 ± 0.34, 5.56 ± 0.15, and 12.57 ±
1.82 cm3, respectively. The lethal threshold for these
same respective groups were 312.3 ± 41.8, 257.3 ±
7.6, 222.0 ± 7.0, and 164.4 ± 10.4 V/cm (Fig. 5b).
The lethal thresholds and ablation volumes were found
to be statistically signiﬁcantly different between all
groups (a £ 0.05).
Burst Number Analysis on Lethal Thresholds

FIGURE 6. Ablations created with bursts of 2 ls pulses
where each burst was energized for 100 ls. (a) Treatments
with 103 bursts produced the smallest ablation volumes.
Ablation volumes increased sequentially when 203, 403, and
603 bursts were delivered. However, no significant increases
in ablation volume were found for trials where 60 pulses or
more were administered; and (b) the lethal threshold
decreased sequentially when 103–603 bursts were delivered.
However, no significant changes in lethal threshold were
found between treatments receiving 40 or more bursts. Statistical significance between groups was determined using a
one-sided Student’s T test with unequal variances and
a 5 0.01 (***).

FIGURE 7. Ablations created with a 2 cm separation, 0.5 cm
exposure, 2500 V amplitude pulses. (a) 103; (b) 203; (c) 403;
(d) 603; (e) 803; (f) 1003; (g) 1503; and (h) 2003 bursts.
Delivery of more than 40 bursts does not significantly increase lesion volume. Scale bar is 2 cm.

We found that lesion volumes increased as constituent pulse duration increased despite delivering
equivalent doses of integrated energy (Fig. 5a). Bursts
with 1, 2, 5, and 50 ls pulses produced lesion volumes

Typical IRE protocols prescribe the delivery of 80–
100 pulses. To investigate how deviating from this
aﬀects the treatment volume, we investigated six
additional protocols. The number of bursts was varied
between 10 and 200. Applied voltage (2000 V), PW of
(2 ls), and an energized time of per burst (100 ls) were
held constant. This enabled the electrical dose to vary
between 4000 and 80,000 V2 s. A higher voltage was
used in this experiment to ensure that the 109 burst
group produced contiguous lesions.
The data shown in Fig. 6, indicates that lesion volume increases between 10 and 40 bursts. Treatment
volume plateaued for groups that received more than
40 bursts. Treatments with 10, 20, 40, 60, 80, 100, 150,
and 200 bursts produced lesions which were 1.76 ±
0.68, 5.72 ± 1.91, 7.17 ± 0.87, 8.10 ± 1.38, 8.16 ±
1.01, 8.08 ± 0.47, 9.52 ± 1.12, 8.46 ± 0.13 cm3,
respectively. The lethal threshold for these same
respective groups were 417.8 ± 44.8, 301.5 ± 40.1,
268.7 ± 39.1, 261.8 ± 39.5, 258.4 ± 40.1, 256.0 ±
48.5, 246.6 ± 42.1, and 258.6 ± 32.8 V/cm. Representative ablations from these groups can be seen in
Fig. 7. The ablation volumes for treatments with 10
bursts displayed statistically signiﬁcantly differences
compared to groups receiving 40–200 bursts
(a = 0.01). The ablation volume created by 20 bursts
was also statistically different from the volume created
by 200 bursts (a = 0.01). The lethal thresholds for
treatments with 10 bursts were statistically different
than all groups (a = 0.01) and treatments receiving 20
bursts had statistically different thresholds than the
groups receiving 60 or more bursts. The lethal
thresholds for groups with 40 through 200 bursts were
not found to be statistically signiﬁcantly different.

DISCUSSION
H-FIRE is a relatively new tissue ablation technique
and the eﬀects of diﬀerent protocols on resulting lesion
volume have not been fully examined. When investigating the eﬀects of PW, it was found that when
electrical dose is held constant, bursts with longer
pulses are signiﬁcantly more effective at ablating tissue.
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Bursts with 50 ls constitutive pulses produced lesion
volumes which were 7.29 larger than those with 1 ls
constitutive pulses. This trend was highly correlated
to a logarithmic curve [volume = 1.28Æln(PW) + 1.38
(cm3), r2 = 0.995], where PW is the pulse width in
ls.
The lethal threshold found for H-FIRE protocols
with 50 ls bursts (Fig. 5b) was approximately 165 V/
cm in our potato tissue phantom. Similar IRE protocols in liver and brain suggest a lethal threshold of
approximately 500 V/cm for mammalian tissue,22,46
39 greater than the potato tissue phantom. We
anticipate that H-FIRE protocols will follow a similar
trend in vivo and require an electric ﬁeld approximately
three times greater than potato to ablate mammalian
tissue. Here we found lethal thresholds of 257 and
227 V/cm for 2 ls H-FIRE protocols with 100 bursts
which were energized for 50 and 100 ls, respectively.
Applying this 39 assumption, these protocols should
require approximately 680–770 V/cm to ablate mammalian tissue. Lethal thresholds for pancreatic cancer
cells grown in 3D culture were found to be 855 and
718 V/cm for H-FIRE treatments with 2 ls constitutive pulses energized for 50 and 100 ls, respectively.45
Similar 2 ls H-FIRE treatment protocols delivered to
in vivo rabbit liver corresponded to a lethal threshold
of 861 V/cm which were 2.5–2.79 higher than matched
50 and 100 ls IRE treatments, respectively.56 This
indicates that ablations in potato tissue can provide
some limited guidance for the development of clinical
protocols.
While longer duration pulses appear to be more
eﬀective at ablating tissue, muscle contraction intensity
is highly correlated to pulse duration. In clinical settings, 50–100 ls pulse lengths require a very intense
anesthetic protocol to minimize these muscle contractions14 and delivery with cardiac synchronization in
order to avoid inducing arrhythmia.57 A critical
advantage of the H-FIRE protocol is the use of ultrashort bipolar pulses which have the potential to eliminate these muscle contractions. Rogers et al. showed
that the threshold for muscle contractions, of gastrocnemius muscles, increased from 1.83 to 112 V/cm
when pulse duration was decreased from 100 to 1 ls, a
619 increase. In practical terms, this means that a
signiﬁcantly smaller volume of tissue will be exposed to
muscle stimulating electric ﬁelds when 1 ls pulses are
applied (Supplemental Fig. 4). In contrast, we show
here that the lethal threshold for bursts of 1 ls pulses is
only 1.99 higher than for mono-polar 50 ls pulses.
The signiﬁcant increase in muscle contraction threshold paired with a relatively small increase in lethal
threshold indicates that clinically relevant ablations
can be created without inducing the extreme muscle
contractions seen in typical IRE procedures. This may

also mitigate the likelihood of inducing cardiac
arrhythmias and enable treatment without the need for
chemical paralytics or cardiac synchronization.
The work presented here indicates that the use of a
small number of high energy bursts may be beneﬁcial
as statistically equivalent lesion volumes were created
by 40–200 bursts when pulse length, number of cycles,
and voltage were held constant. Using IRE pulses,
Bonakdar et al. observed a large change in the conductivity of potato tissue during the ﬁrst 30 pulses and
a signiﬁcantly less dramatic change between 30 and 100
pulses55 indicating that most electroporation is occurring early on in the treatment. Typical clinical IRE
protocols follow the guidance reported in early studies
by Al-Sakere et al. for the delivery of 100 pulses per
location and some treatment protocols have been
reported with 270 total pulses per treatment location.58
The results reported here indicate that pulse delivery,
beyond a critical threshold, may not signiﬁcantly increase the ablation volume.
This data does not refute the clinical beneﬁt that
additional pulses may provide and it is possible that
the optimal number of pulses is diﬀerent for various
healthy and tumorous tissue types which cannot be
recreated in a potato model. However, further investigation in vivo is warranted as this could have significant translational effects through the reduction of
operating room time and anesthetic dose required.
Additionally, overall procedure costs climb the longer
the patient is under anesthesia or in a perioperative
state and therefore a systematic reduction in this time
is ﬁnancially beneﬁcial. For example, when treating
large tumors (>3 cm), it is common for physicians to
bracket the tumor with four or more electrodes and
deliver pulses between each probe combination. A
hypothetical four electrode treatment would currently
deliver 600 pulses. If it is found in vivo that ablation
volumes do not increase past 40 pulses, than this would
reduce the total treatment by 60% to 240 pulses. This
has the potential to drastically shorten treatment times
for very large tumors where the electrodes are pulled
back to treat multiple locations.
There are a number of important limitations to this
study. Potato tissue is far from an ideal model for
investigating IRE. The lethal thresholds for potato
tissue are drastically lower than mammalian tissue
resulting in ablations which are substantially larger
than those seen in vivo. Additionally, this tissue
phantom model is not perfused and Joule heating
could be greater in this model than observed in vivo. It
is unclear how lethal thresholds observed in this model
will translate to healthy and cancerous tissues in vivo
and the thresholds presented here should not be used
for clinical treatment planning. Despite these limitations, potato remains the one of the most viable
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models for comparing the effects of different H-FIRE
protocols at clinically relevant voltages (1000–3000 V).
CONCLUSION
In this study, we used a potato tissue phantom model
to conﬁrm in vitro data on cells in suspension and 3D
culture which showed that lethal thresholds for H-FIRE
treatments increase as constitutive pulse duration
decreases, even when equivalent energy doses are
delivered. Data from these studies indicate that delivering over 40 bursts, while holding other parameters
constant, does not signiﬁcantly reduce the threshold for
cell death or increase the total ablation volume. This
implies that alternative strategies are necessary to increase the size of ablations created by H-FIRE. Future
work should focus on optimizing protocols to deliver the
fewest high-energy H-FIRE bursts possible while
avoiding thermal damage to the tissue.
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