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ABSTRACT

Purpose: To investigate the feasibility of single-needle high-frequency irreversible electroporation (SN-HFIRE) to create reproducible
tissue ablations in an in vivo pancreatic swine model.

Materials and Methods: SN-HFIRE was performed in swine pancreas in vivo in the absence of intraoperative paralytics or cardiac
synchronization using 3 different voltage waveforms (1-5-1, 2-5-2, and 5-5-5 [on-off-on times (μs)], n ¼ 6/setting) with a total energized
time of 100 μs per burst. At necropsy, ablation size/shape was determined. Immunohistochemistry was performed to quantify apoptosis
using an anticleaved caspase-3 antibody. A numerical model was developed to determine lethal thresholds for each waveform in pancreas.

Results: Mean tissue ablation time was 5.0 ± 0.2 minutes, and no cardiac abnormalities or muscle twitch was detected. Mean ablation
area significantly increased with increasing pulse width (41.0 ± 5.1 mm2 [range 32–66 mm2] vs 44 ± 2.1 mm2 [range 38–56 mm2] vs
85.0 ± 7.0 mm2 [range 63–155 mm2]; 1-5-1, 2-5-2, 5-5-5, respectively; p < 0.0002 5-5-5 vs 1-5-1 and 2-5-2). The majority of the
ablation zone did not stain positive for cleaved caspase-3 (6.1 ± 2.8% [range 1.8–9.1%], 8.8 ± 1.3% [range 5.5–14.0%], and 11.0 ±
1.4% [range 7.1–14.2%] cleaved caspase-3 positive 1-5-1, 2-5-2, 5-5-5, respectively), with significantly more positive staining at the
5-5-5 pulse setting compared with 1-5-1 (p < 0.03). Numerical modeling determined a lethal threshold of 1114 ± 123 V/cm (1-5-1
waveform), 1039 ± 103 V/cm (2-5-2 waveform), and 693 ± 81 V/cm (5-5-5 waveform).

Conclusions: SN-HFIRE induces rapid, predictable ablations in pancreatic tissue in vivo without the need for intraoperative paralytics
or cardiac synchronization.

ABBREVIATIONS

HFIRE ¼ high-frequency irreversible electroporation, IHC ¼ immunohistochemistry, IRE ¼ irreversible electroporation, PDAC ¼
pancreatic ductal adenocarcinoma, SN-HFIRE ¼ single-needle high-frequency irreversible electroporation, TTC ¼ triphenylte-

trazolium chloride
Pancreatic ductal adenocarcinoma (PDAC) is the third most PDAC patients are not suitable candidates for resection (3).
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EDITORS’ RESEARCH HIGHLIGHTS

� This is a preclinical feasibility study of single-needle

high-frequency irreversible electroporation (SN-

HFIRE) for pancreatic ablation in an in vivo swine

model. Six swine pancreases were treated with open

SN-HFIRE without intraprocedural paralytic medica-

tions or cardiac synchronization using varying

voltage waveform settings (1-5-1, 2-5-2, or 5-5-5 μs,

with a total energized time of 100 μs; n ¼ 6 ablations

per setting).

� Key measured outcomes included intraprocedural

muscle twitch and cardiac activity, as well as abla-

tion zone size and volume 6 hours postprocedure.

� All ablations were technically successful, with no

change in muscle twitch or cardiac activity at any

pulse setting during the 5-minute ablations. Major

findings included larger ablation areas (85 vs. 41/44

mm2) and volumes (3344 vs. 1162 and 1339 mm3)

using the 5-5-5 μs pulse setting; ablation zone size

outcomes were then used to develop lethal electric

field thresholds for each pulse setting.

� The results of this small feasibility study support the

ability of SN-HFIRE to create rapid ablation zones in

pancreatic tissue without intraprocedural paralytic

medications or cardiac synchronization. More

comprehensive in vivo investigation in larger

cohorts and tumor models is necessary.

Volume 30 ▪ Number 6 ▪ June ▪ 2019 855
Thus, a clinical need exists for new approaches to aid surgical
margin enhancement and/or ablate tumors in situ.

Irreversible electroporation (IRE) was developed as a
nonthermal means of tissue ablation (5,6). The delivery of
brief, high-amplitude, pulsed electrical fields between 2 (or
more) electrodes increases the transmembrane potential of a
cell above a critical threshold and induces permanent mem-
brane poration and irrecoverable disruption of cell homeo-
stasis (7,8). Because IRE induces cell death in the absence of
thermal damage to vascular or ductal structures (9), it offers
potential advantages compared with thermal ablation in select
cases (10,11). The risk of cardiac asynchrony and muscle
tetany during IRE means pulse delivery must be synchro-
nized with cardiac activity and is (typically) performed with
intraoperative paralytics (12,13). To address these limitations,
high-frequency IRE (HFIRE) was developed (14). Unlike
IRE (monopolar z100 μs pulses), HFIRE uses bipolar
square waves of 1–5 μs pulses delivered in a rapid burst,
obviating the need for cardiac synchronization and intra-
operative paralytics (14,15) (Fig E1 [available online on the
article’s Supplemental Material page at www.jvir.org]).

Accurately placing multiple electrodes for IRE or HFIRE
demands a high level of technical skill (16). Similarly,
maintaining electrode position and alignment following
placement is critical for ensuring accuracy/completeness of
treatment. Previous studies have used single-needle devices
for IRE delivery in porcine liver (17,18). The purpose of this
study was to determine the efficacy of a single needle,
dual-electrode device for HFIRE delivery in an in vivo
porcine pancreas model and perform numerical modeling
techniques using these data to determine the lethal thresh-
olds for HFIRE in pancreas.

MATERIALS AND METHODS

Study Outcome Measurements
The primary outcome measures of this study were to define
ablation area and volume in a swine pancreas model for 3
different voltage waveforms (1-5-1, 2-5-2, and 5-5-5 [on-
off-on times; μs]). The secondary outcome measures were
the effect of SN-HFIRE on muscle twitch and cardiac ac-
tivity, caspase 3–positive staining as an indicator of
apoptosis, and the calculation of lethal thresholds for SN-
HFIRE in pancreatic tissue.

Assurances
Female Yorkshire pigs (50–55 kg) were used for these studies
(Palmetto Research Swine, Reevesville, South Carolina). All
studies were approved by the Institutional Animal Care and
Use Committee and conformed to the National Institutes of
HealthGuide for AnimalCare andUse of LaboratoryAnimals.

Pulse Delivery
A single 18-gauge bipolar electrode (AngioDynamics Inc.,
Latham, New York; Fig E2 [available online on the article’s
Supplemental Material page at www.jvir.org]) was used to
deliver HFIRE using a custom built HFIRE generator
(EPULSUS-FBM1-5, Energy Pulse Systems, Lisbon,
Portugal) capable of delivering microsecond, bipolar pulses
in rapid bursts. Three bipolar voltage waveforms presenting
pulse widths of 1, 2, and 5 μs, with a delay of 5 μs between
each change in polarity (1-5-1, 2-5-2, and 5-5-5) were
evaluated (Fig E1 [available online on the article’s
Supplemental Material page at www.jvir.org]). The number
of bipolar pulses within each waveform was set to provide
an on (energized) time of 100 μs. A total of 300 bursts at a
2250 V amplitude was set per sequence. The delivery pa-
rameters chosen were selected based on previous reports
demonstrating efficacy with these settings with single needle
(19,20) and multineedle HFIRE in liver (14,15). An oscil-
loscope (DPO2002B, Tektronix Inc., Beaverton, Oregon)
was used to monitor the voltage and current waveforms.
Input voltage was attenuated using a 1000� high-voltage
probe (P5210A, Tektronix Inc.) and current detected via a
10� current probe (2877, Pearson Electronics, Palo Alto,
California) (Fig E3 [available online on the article’s
Supplemental Material page at www.jvir.org]).

Surgical Procedures
Animals were fasted overnight and anesthesia induced
(Telazol, 5 mg/kg, intramuscularly; Xylazine, 2 mg/kg,
intramuscularly; sodium thiopental, 20 mg/kg, intrave-
nously). Following intubation, anesthesia was maintained
with isoflurane by inhalation. Animals were continuously
monitored using telemetry and pulse oximetry, and blood
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samples (<1 mL) were sequentially drawn for analysis
(iSTAT, Abbott, Princeton, New Jersey). A midline incision
(15–20 cm) was made, a Balfour retractor placed, and
monopolar electrocautery used to divide the gastrocolic
ligament to expose the lesser sac. The anterior pancreas
surface was visualized, and the tail and distal body mobi-
lized from the spleen. An accelerometer was attached to the
abdominal wall adjacent to the intended site of electrode
insertion (Fig 1a, Fig E4 [available online on the article’s
Supplemental Material page at www.jvir.org]), and an ul-
trasound (US) probe used to identify regions distal from
major vascular structures (Fig 1a).

Before study initiation, a pulse-delivery protocol was
designed to ensure each animal received ablations of
different waveform settings. The SN-HFIRE device was
inserted into the tail of the pancreas and advanced toward
the body, or into the pancreatic body and advanced toward
the tail (�3 cm between final placements) and HFIRE
delivered. On completion of HFIRE delivery, Doppler mode
US was performed to visualize vascular patency (Fig 1b).
After confirming the absence of bleeding at the site of
insertion, the fascia and skin were closed.
Euthanasia and Necropsy
Animals were euthanized (12 mL EUTHASOL) 6 hours
after the final ablation. At necropsy, the pancreas was
removed, and the ablation sites photographed. The ablation
site was sectioned in parallel with and transversely to the
plane of electrode insertion, and the ablation region photo-
graphed. Pair-matched sections (longitudinal and transverse)
were placed in triphenyltetrazolium chloride (TTC) solution
(5–10 minutes, 20�C). Following TTC staining, measure-
ments of the transverse and cross-sections were used to
calculate the ablation area and volume (15). Tissue samples
were then fixed in 10% (v/v) neutral buffered formalin (4�C)
overnight.
Histological Analysis and Apoptotic

(Caspase 3) Activity
Following fixation samples were prepared and sectioned.
Slides stained with hematoxylin and eosin were used to
identify the ablation region and examined for signs of thermal
damage. To identify necrotic and apoptotic cell death,
immunohistochemistry (IHC) was performed on sections
using an antibody specific against cleaved caspase 3 (AbCam,
Cambridge, Massachusetts) (15). Using scanned IHC images
(2 sections/ablation), ImageJ software (NIH, Bethesda,
Maryland) was used to measure apoptotic and necrotic re-
gions within the ablation zone. Briefly, the complete ablation
zone was selected and the background (nontissue area) sub-
tracted. Threshold techniques were then used to identify
cleaved caspase positive (stained brown) and cleaved caspase
negative (stained blue) regions. These values were used to
calculate the relative area of caspase 3–positive staining
present with data expressed as mean percentage cleaved
caspase - positive staining ± standard error of the mean.
Numerical Modeling
Finite element models were developed using a finite element
package (COMSOL Multiphysics, v.5.4; Stockholm, Swe-
den) to capture electroporation-induced changes in electrical
conductivity, predict electric field distributions, and deter-
mine lethal thresholds for SN-HFIRE ablations in pancreatic
tissue. The domains consisted of pancreatic tissue modeled
as an 84 � 84 � 120-mm ellipsoid with a SN-HFIRE de-
livery device modeled as cylinders of 8.0 � 1.6 � 7.0 mm
(height, diameter, and spacing, respectively) (Fig E2
[available online on the article’s Supplemental Material
page at www.jvir.org]). Electrical current was measured
over a range of voltages during in vivo procedures and
applied to develop a waveform-specific conductivity curve.
Using this curve to differentiate between waveforms within
the numerical model, an electric field distribution was pre-
dicted, a volume integration performed, and the electric field
contours adjusted to match in vivo ablation dimensions and
define the lethal threshold for each voltage waveform. De-
tails of the numerical modeling mathematics employed and
assumptions are presented in Appendix A (available online
on the article’s Supplemental Material page at www.jvir.org)
in conjunction with the material properties applied
(Table E1 [available online on the article’s Supplemental
Material page at www.jvir.org]).
Statistical Analysis
In total, 9 animals were used for this study and 2 pancreatic
ablations performed per animal (n ¼ 6 ablations for each of
the 3 pulse parameters). Sample size was determined based
on previous reports using single needle, dual-electrode IRE
and multi-electrode HFIRE pulse delivery in other tissue
types (15,18,19), from which an a priori power analysis was
performed (assuming an anticipated effect size [f] of 2.5, a
of 0.05, and power [1-b] of 0.95, providing a target sample
size of 3, which was increased to 6 to account for unantic-
ipated variation between ablations [G*Power 3.1 open
source software, Universitat Dusseldorf, Germany]). Data
are presented as mean values ± standard error of the mean.
Statistical analysis was performed using an ordinary one-
way ANOVA with Tukey’s multiple comparison using
GraphPad Prism software (GraphPad Software, Inc., La
Jolla, California). p < .05 was considered significant.
RESULTS

Intraoperative and Postoperative

Observations
The time taken for SN-HFIRE device placement was <10
minutes, and average pulse delivery time was 5.0 ± 0.2
minutes (n ¼18). All 9 animals survived the SN-HFIRE
procedures for the protocol duration. During HFIRE de-
livery, no change in cardiac activity or muscle twitch was
observed for any of the 3 HFIRE pulse delivery settings
used (Fig E4 [available online on the article’s Supplemental
Material page at www.jvir.org]). Immediately following
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Table 1. Physiological Parameters before (Time 0 Hours) and after SN-HFIRE Pancreatic Ablation

Parameter Time (h)

0 2 4 6

Naþ (mmol) 139.0 ± 0.6 137.0 ± 1.1 136.0 ± 1.4 135.0 ± 1.8*

Kþ (mmol) 4.0 ± 0.4 4.4 ± 0.3 4.8 ± 0.7 5.3 ± 0.9*

Cl– (mmol) 100.0 ± 1.8 99.0 ± 1.2 98.0 ± 2.4 99.0 ± 1.7

Ca2þ (mmol) 1.40 ± 0.09 1.40 ± 0.07 1.40 ± 0.06 1.40 ± 0.08

TCO2 33.0 ± 2.0 34.0 ± 3.1 33.0 ± 2.2 33.0 ± 2.0

Glucose 117 ± 12 119 ± 10 109 ± 16 97 ± 17

Creatinine (mmol) 1.30 ± 0.17 1.30 ± 0.124 1.60 ± 0.35 2.30 ± 0.46*

Hct 31.0 ± 1.7 30.0 ± 2.2 33.0 ± 2.6 34.0 ± 3.4

Hb2 11.0 ± 0.6 10.0 ± 0.8 11.0 ± 0.9 12.0 ± 1.1

Note–Values are expressed as mean ± standard deviation.

Hb2 ¼ hemoglobin A2; Hct ¼ hematocrit; SN-HFIRE ¼ single-needle high-frequency irreversible electroporation; TCO2 ¼ total carbon

dioxide.

*p < .05 versus time 0 hours, n ¼ 6 animals, 2 SN-HFIRE ablations performed per animal.

Figure 1. (a) Intraoperative image demonstrating pancreatic placement of SN-HFIRE delivery device (green arrow) under US guidance

(blue arrow) and placement of accelerometer (yellow arrow). (b) Representative Doppler US image captured immediately after

completion of SN-HFIRE delivery (green arrow shows the SN-HFIRE delivery device).
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HFIRE delivery, maintenance of vascular flow at the abla-
tion site was apparent as detected by Doppler mode US
(Fig 1b).

Following SN-HFIRE delivery, no significant change in
calcium, chloride, total carbon dioxide, hematocrit, or he-
moglobin A2 was measured (Table 1). Conversely,
potassium and creatinine levels rose significantly, along
with a significant decrease in sodium (Table 1).
Sequential decreases in blood glucose levels were also
observed throughout the study, although these values were
not statistically significant (Table 1).
Gross Necropsy and TTC Staining
Gross tissue inspection revealed an overall ellipsoid shaped
ablation, the longest ablation axis being parallel to the plane
of device insertion (Fig 2a). Following TTC staining, clear
demarcation between dead tissue (white-gray) and healthy,
metabolically viable tissue (red) was visible (Fig 2b).
There was no indication of thermal damage as evidenced
by the absence of tissue charring (Fig 2).
Measurement of ablation area revealed no significant
differences between pulses delivered at 1-5-1 versus 2-5-2
settings (41.0 ± 5.1 mm2 vs 44 ± 2.1 mm2 1-5-1 vs 2-5-2
setting, n ¼ 6 per setting; Table 2, Fig 2c). However, at the
5-5-5 pulse setting, the ablation area was significantly
greater than for the other 2 pulse settings used (85.0 ± 7.0
mm2, p < 0.0001 and p ¼ 0.0001 versus the 1-5-1 and 2-
5-2 settings respectively, n ¼ 6; Fig 2c). Calculation of
ablation volume revealed similar differences, with the 5-5-
5 setting producing significantly greater ablation volumes
than 1-5-1 or 2-5-2 settings, with no significant difference
between 1-5-1 and 2-5-2 (3344 ± 403 mm3 vs 1162 ±
176 mm3 and 1339 ± 190 mm3; 5-5-5 vs 1-5-1 and 2-5-2,
respectively; p ¼ 0.0001, 5-5-5 vs 1-5-1 and p ¼ 0.0003
2-5-2, n ¼ 6 per setting; Table 2, Fig 2c).

Histology and IHC
Histological analysis (hematoxylin and eosin stain)
confirmed the area of pancreatic ablation was contained
within the region surrounding the SN-HFIRE applicator
with clear demarcation between ablated and non-ablated



Figure 2. (a) Representative image of tail of pancreas at necropsy and after cross-sectioning following SN-HFIRE delivery using 2-5-2

pulse delivery (2250 V). Yellow arrows ¼ ablation site. (b) Representative images of pancreatic tissue following TTC staining after

SN-HFIRE delivery (2250 V) at 1-5-1, 2-5-2, or 5-5-5 pulse settings. (c) Ablation area and volume calculated from measurements taken

after TTC staining of pancreatic tissue following SN-HFIRE delivery (2250 V) at 1-5-1, 2-5-2, or 5-5-5 pulse settings. N ¼ 6 per group,

Ablation area *p < .0001 5-5-5 vs 1-5-1, p ¼ .0001 5-5-5 vs 2-5-2; ablation volume *p ¼ .0001 5-5-5 vs 1-5-1, p ¼ .0003 5-5-5 vs 2-5-2.
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tissue (Fig 3a). Gross structural analysis revealed the
apparent preservation of vascular and ductal structures and
connective tissue (Fig 3a, Fig E5 [available online on the
article’s Supplemental Material page at www.jvir.org]).

IHC analysis demonstrated cleaved caspase-3 staining
was predominantly localized to the margin between healthy
and ablated tissue (Fig 3b). Analysis of cleaved caspase 3
staining within the ablation zone demonstrated significantly
less cleaved caspase 3–positive staining in cells (vs cleaved
caspase 3–negative cells) within the ablation zone for all 3
pulse settings (6.1 ± 2.8% [range 1.8–9.1%), 8.8 ± 1.3%
[range 5.5–14.0%), and 11.0 ± 1.4% [range 7.1–14.2%]

http://www.jvir.org


Table 2. Ablation Area and Volume Analysis following

SN-HFIRE Pancreatic Ablation Area (mm2)

Pulse

Setting

Ablation Area

(mm2)

Range Median 25th

%

75th

%

1-5-1 41 ± 5.1 32.1–66.4 37 34 46

2-5-2 44 ± 2.1 38.2–52.0 42 40 49

5-5-5 85 ± 7.0* 63.4–115.4 84 72 95

1-5-1 1162 ± 176 711–1860 1006 843 1592

2-5-2 1339 ± 190 873–2213 1169 1085 1647

5-5-5 3344 ± 403* 2144–4507 3257 2476 4374

Note–Values are expressed as mean ± standard error of the

mean.

*p < 0.05 5-5-5 setting versus 1-5-1 and 2-5-2 setting. N ¼ 6

ablations per setting.
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cleaved caspase-positive staining; 94.0 ± 2.9% [range
91.0-98.0%], 91.0 ± 3.4% [range 86.0-95.0%], 89.0 ±
3.5% [range 84.0-93.0%] cleaved caspase-negative
staining; 1-5-1, 2-5-2, and 5-5-5 settings respectively,
n ¼ 6 per group, p < 0.0001 cleaved caspase-positive
stained versus negative stained cells within treatment
groups, Fig 3c). In analyzing cleaved caspase 3 staining
for the 3 pulse parameters used, the 5-5-5 pulse setting
resulted in significantly greater staining than the 1-5-1
pulse setting (6.1 ± 2.8% vs 11.0 ± 1.4%, n ¼ 6 per
group, p ¼ 0.026).

Numerical Modeling
The parametric sweep analysis yielded a close fit, with R2

values �0.90 for each voltage waveform evaluated
(Table E2 [available online on the article’s Supplemental
Material page at www.jvir.org]). The resulting conductivity
curves for each voltage waveform were then plotted
(Fig 4a). Using these data, the lethal thresholds were
determined to be 1114 ± 123 V/cm (1-5-1 waveform),
1039 ± 103 V/cm (2-5-2 waveform), and 693 ± 81 V/cm
(5-5-5 waveform) (Fig 4b). Finally, 2-dimensional contour
plots of the electric field distribution and predicted ablation
sizes for each voltage waveform were created (Fig 4c).

DISCUSSION

The relative absence of thermal damage and coagulation
following IRE (compared with thermal ablation) means the
integrity of critical structures within or adjacent to the
ablation site remain largely intact. These features offer
clinical advantages to IRE for treating tumors with local
vascular involvement, including PDAC, which is deemed
unsuitable for resection (10,21). Despite these advantages,
several clinical and technical challenges associated with IRE
remain (21).

In this study, we sought to determine if an SN-HFIRE
device could produce rapid, predictable ablations without
the need for paralytics or cardiac synchronization within a
swine model in vivo. The accurate placement and alignment
of multiple electrodes for IRE or HFIRE delivery is critical
for ensuring intended treatment conditions and avoiding
damage to underlying structures, but can be technically
challenging (16). For existing IRE therapy, the need for
intraoperative paralytics and cardiac synchronization may
add difficulty to the procedure; however, the SN-HFIRE
approach provides advantages to overcome each of these
procedural complications. HFIRE does not require intra-
operative paralytics, and no discernable muscle twitch was
detected using HFIRE. Similarly, because HFIRE delivery
did not cause differences in cardiac function, the need to
synchronize pulse delivery with cardiac output is obviated,
allowing completion of HFIRE pulse delivery in approxi-
mately 5 minutes. Collectively, these data demonstrate the
time required to place the SN-HFIRE device (after dissec-
tion) and deliver HFIRE was 10–15 minutes. Previous
studies have used single-needle devices with IRE pulse
delivery in porcine liver (17,18), but none (to our knowl-
edge) have been performed for HFIRE in pancreatic tissue.
A major concern associated with single-needle dual elec-
trode IRE devices lies with the potential for limited electric
field distribution that result in smaller, thinner ablations
(19). From a clinical perspective, this may require multiple
overlapping electrode placements to produce the required
ablative zone.

At necropsy, there was no visible indication of hemor-
rhage, and clear demarcation was observed between the
ablated and surrounding tissue, observations confirmed by
histology and IHC. Of particular note, unlike previous re-
ports using bipolar electrodes for HFIRE delivery in porcine
liver (15,22), distribution of cleaved caspase was not uni-
form within the pancreatic ablation. Rather, the majority of
the ablative zone did not stain for cleaved caspase 3, with
positive staining being located predominantly at the margin
between the ablative zone and healthy tissue. This discrep-
ancy in mechanisms underlying cell death within the abla-
tive field may be due to differences in shear stress placed on
cells located within the stronger electrical fields that exist
closest to the SN-HFIRE delivery device (8). However, the
possibility of thermal damage cannot be discounted, and
future studies using fiber optic thermal sensors placed within
the ablation zone could be used to determine the effects of
HFIRE on tissue heating.

Current measurements across a wide range of voltages
throughout HFIRE delivery enabled the development of a
voltage waveform-specific numerical model for an
SN-HFIRE approach in pancreatic tissue. The model
illustrated increased pulse width resulted in an overall
tendency for enhanced ablation volume. Lethal thresh-
olds for the SN-HFIRE approach in pancreatic tissue
were also established. Further, in agreement with previ-
ous studies (23,24), the percentage difference in elec-
trical conductivity (low electric field to high electric
field) is inversely related to the pulse frequency. It is
anticipated that, as this technology evolves, equivalent

http://www.jvir.org


Figure 3. (a) Representative hematoxylin and eosin images of pancreatic tissue following SN-HFIRE delivery (2-5-2, 2250 V). The yellow

box indicates region of magnification. (b) Representative immunohistochemistry images of pancreatic tissue following SN-HFIRE de-

livery (2-5-2, 2250 V) using an antibody against cleaved caspase 3 (brown stain). Yellow box indicates region of magnification. (c)

Relative area of cleaved caspase 3 positive (Casp3 þve) versus cleaved caspase 3 negative (Casp3 –ve) stained tissue. Data are

expressed as percentage of total ablation area. N ¼ 6 per group. *p < 0.0001 cleaved caspase 3–positive versus cleaved caspase 3–

negative staining for each setting. #p ¼ 0.026 cleaved caspase 3–positive staining 5-5-5 versus 1-5-1 settings.
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models can be created based on these data in which
alternative electrode lengths, spacing, or pulse settings
are used for pretreatment planning and predicting abla-
tion shape/volume.

Several important study limitations should be considered
with the data presented here. From a procedural perspec-
tive, it is important to recognize the procedures using SN-
HFIRE were performed with an open approach, pancreas
dissection was performed before ablation, and the study
sample size was designed to use the minimum number of
animals based on statistical outcome. In doing so, these
conditions do not reflect normal clinical practice for treat-
ing PDAC. Future studies have the potential to address
these limitations by using a minimally invasive approach
(without dissection) and using an expanded sample size
with fewer pulse parameters tested. Additionally, within
our experimental design, animals were euthanized 6 hours
after SN-HFIRE. This protocol was selected because it
provides sufficient time to detect and characterize ablations
using an IHC-cleaved caspase 3 approach (15,25) to
compare in vivo ablation characteristics to in silico nu-
merical modeling. Based on our data, survival studies may
be warranted to follow the apoptotic process to completion,
measure pancreas-specific and systemic effects of HFIRE
on physiological function, and ascertain the potential
impact of HFIRE on tissue immune responses (9,26). In
considering the in silico modeling performed, it is impor-
tant to highlight some assumptions made. Specifically, we



Figure 4. (a) Evaluation of dynamic conductivity curves for H-FIRE waveforms for 1-5-1, 2-5-2, and 5-5-5 settings. (b) Numerically

derived lethal electric field thresholds for 1-5-1, 2-5-2, and 5-5-5 settings waveform settings. (c) Two-dimensional contour plot of electric

fields for the 1-5-1, 2-5-2, and 5-5-5 H-FIRE waveforms modeled (representative waveform images are in the lower right corner).

Calculated lethal thresholds are overlaid as white dotted lines and highlighted (white arrows).
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assumed that the end-of-burst voltage and current represent
the state of the electric field at all times during HFIRE
application, and further represented the electrical conduc-
tivity of the tissue without isolation of any tissue capacitive
effects, attributing all current contributions to conductive
currents. Finally, the data on which ablations were modeled
were based on homogenous field distributions in healthy
pancreatic tissue, and thus require validation in cancerous
tissue. Unfortunately, reproducible large-animal models of
PDAC are not readily available. A possible alternative for
future studies may be to use resected human PDAC tissue
for ex vivo analysis of electrical field distribution, or
development of a perfused organ system for pancreas
similar to those used with liver (15,25).

In conclusion, a single-needle approach for HFIRE de-
livery can be accurately modeled in silico and leads to
reproducible pancreatic ablations in a swine model in vivo.
These data suggest further development of this technology is
warranted to optimize electrode arrangements/pulse settings,
determine the effects of an SN-HFIRE therapy approach on
pancreatic tissue in animal survival models, and measure
electrical field distribution in human PDAC tissue ex vivo.
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APPENDIX A. NUMERICAL MODELING

Assumptions
In numerically modeling the electric field distribution, the
following assumptions were made. (a) The end-of-burst
voltage and current represent the state of the electric field
at all times during the application of a high-frequency
irreversible electroporation (HFIRE) burst. (b) The end-of-
burst voltage and current represent the electrical conduc-
tivity of the tissue in which any capacitive effects of the
tissue were not isolated and all current contributions are
attributed to conductive currents. Through experimental
application of low- and high-voltage pulses, the changes in
tissue conductivity resulting from electroporation are
determined. (c) The electric field contour pertaining to
irreversibly electroporated pancreatic tissue could be deter-
mined by matching the experimentally determined volu-
metric ablation dimensions with those predicted from the
numerical model. The electric field that matches these two
values was defined as the lethal threshold.
Electric Potential Distribution
The governing equation for the electric potential, F at the
end of a pulse was determined from equation 1 using the
electro-quasistatic approximation and the electric field dis-
tribution, E by taking the gradient of the electric potential as
shown in equation 2:

0 ¼ �V·ðsVFÞ (1)

E ¼ �VF (2)

where s is the tissue conductivity. The electrical boundary
conditions at the tissue-electrode interface were set to
F ¼ V (source) and F ¼ 0 (sink). Boundaries not in contact
with an electrode were treated as electrically insulating.
Electrical Conductivity
It is an established phenomenon that high-voltage pulsed
electric fields induce changes in electrical properties of
biological tissues. These changes are partially attributed to
electroporation of the cellular membrane, which creates
additional intracellular current pathways, increasing
mobility of charged particles (1–3). To account for these
changes, a sigmoidal conductivity curve was adapted from
(1) using the following equation:

s
�
|E|

� ¼ s0
�
1þ A·flc2hs

�
|E|� Edel;Erange

��
(3)

Here, s0 is the tissue conductivity before electroporation, |E|
is the magnitude of the electric field vector at any given
location, Edel is the midpoint of the transition zone, Erange

determines the span of the transition zone, and A is the
multiplier that quantifies the final electroporated state. The
flc2hs is a smoothed Heaviside function with a continuous
second derivative implemented to improve convergence and
convergence rate from the sudden transition of conductivity
from the unelectroporated state to the electroporated state. In
its given form, the function sð|E|Þ changes from s0 to
s0ð1þ AÞ over the range 2·Erange with transition starting at
Edel � Erange and ending at Edel þ Erange.

A parametric sweep varying s0, A, Edel , and Erange was
performed to identify the numerical conditions that best
matched the experimental end-of-burst voltage and current
for all voltage waveforms (1-5-1, 2-5-2, 5-5-5; Fig E6). An
R2 metric was applied to provide a statistical closeness of fit
between the numerically calculated currents and the
measured experimental data. Table E2 provides the
parameters which yielded the best R2 results. It should be
noted the electrical conductivity at the electroporated state
was set to converge to a single value, sf ¼ 0:68 S/m. It
has been previously hypothesized that current flow at beta
dispersion frequencies tend toward intracellular and
extracellular paths. At these frequencies, the capacitive
reactance of the cell membrane behaves as a short circuit,
channeling current flow through both intracellular and
extracellular pathways, similar to that of electroporated
tissue (3). The IT’IS database provides conductivity values
of 0.603 S/m at a frequency of 1 MHz and 0.794 S/m at a
frequency of 100 MHz, providing a lower and upper limit
that agrees with the final conductivity determined within this
numerical model.
H-FIRE Lethal Thresholds
Following parameter estimation, the waveform-specific
electric field distributions were numerically calculated at
the end of 300 bursts. To model the effect of multiple pulses
on the conductivity distribution, the electric field was
computed with the conductivity calculated using equation 4.

s
�
|E|; T

� ¼s0
�
1þ A·flc2hs

�
|E|� Edel;Erange

��

½1þ aðT � T0Þ�;
(4)

where a is the thermal coefficient of conductivity, T the
instantaneous temperature determined from the bioheat
equation (detailed below), and T0 the initial temperature of
the tissue (4,5).

Tissue temperature throughout treatment was modeled
using a modified Pennes’ bioheat equation that incorporates
a joule heating term s|VF|2. The modified equation is given
in equation 5.

rcp
vT

vt
¼ V·ðkVTÞ � ubrbcbðT � TbÞ þ s|VF|2 (5)

where r is the density of the tissue, cp is the specific heat of
the tissue, k is the thermal conductivity, ub is the blood
perfusion, rb is the blood density, cb is the specific heat of
the blood, and Tb is the blood temperature. The tissue
boundaries were defined as adiabatic at the edge of the
domain to illustrate the maximum temperature increase
within the tissue model . Further, a duty cycle approach was
applied to the thermal simulation, averaging the thermal
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energy of a single pulse over a period of 1 second to
significantly reduce the computation time. Three hundred
bursts of energy were simulated and the final conductivity
distribution and electric field distribution were used for the
lethal threshold estimations.

The minimum electric field threshold required to induce
cell death with H-FIRE (the lethal threshold) was deter-
mined by comparing the volumetric ablation dimensions
with those produced from the numerical model. The
voltage-distance ratios that yielded the best matching di-
mensions were designated as the lethal thresholds for each
voltage waveform. The lethal thresholds for the 1-5-1, 2-5-
2, and 5-5-5 were 1113.85 ± 123.2, 1039.47 ± 103.21, and
692.93 ± 80.77 V/cm, respectively.
Figure E1. (a) Representative image of typical IRE voltage waveform. (b) Representative image of 1-5-1 HFIRE voltage waveform.

(c) Representative image of 2-5-2 HFIRE voltage waveform. (d) Representative image of 5-5-5 HFIRE voltage waveform.

Figure E2. (a) Computer rendering of the SN- HFIRE bipolar electrode device alongside image of the SN-HFIRE bipolar electrode device

and (b) a computer rendering of the device within the pancreatic domain.
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Figure E3. Schematic representation of the equipment setup used for pancreatic SN-HFIRE delivery.
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Figure E4. (a) Accelerometer used to determine potential muscle movement during SN-HFIRE pulse delivery prior to placement. (b)

Representative image indicating positioning of accelerometer (blue arrow) during HFIRE delivery. (c) Representative accelerometer data

for SN-HFIRE delivery for the 1-5-1 (orange line), 2-5-2 (red line), or 5-5-5 (black line) pulse settings employed. (d) Representative screen

capture of cardiac data obtained during 5-5-5 SN-HFIRE pulse delivery.
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Figure E5. (a) Representative H&E image of pancreatic tissue following SN-HFIRE delivery (2-5-2, 2,250V) in which vascular (blue box)

(b, c) and ductal (yellow box) (d, e) are magnified to highlight preservation of architectural integrity at the margins of, and within, the

ablative zone.
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Figure E6. Comparison of experimentally measured and numerically calculated voltage as a function of current for (a) the 1-5-1

waveform; (b) the 2-5-2 waveform, and (c) the 5-5-5 waveform. (d) Comparison of the experimental current waveform (n ¼ 3) to the

numerically derived current waveform for a 1-5-1 pulse setting. Of note, the experimental data shows an initial sharp peak, representing

the capacitive effects of the tissue, which are not capatured within the numerically derived current waveform.
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Table E2. Parameter Estimation Results for the Numerical

Model

Voltage

Waveform

s0;

S=m
A Edel ;

V =cm
Erange ;

V =cm
R2

1-5-1 0.39 0.74 1100 750 0.95

2-5-2 0.36 0.89 1000 700 0.90

5-5-5 0.30 1.27 700 500 0.90

Table E1. Tissue and Probe Properties Used for Numerical Modeling

Material Parameter Value Units

Pancreas r; Density 1087 kg/m3

cp ; Heat capacity 3164 ðJ=kgÞ ⁄ K
k ; Thermal conductivity 0.51 W ⁄ ðm*KÞ
a, Thermal coefficient of conductivity 0.032 %=�C
ub , Perfusion 7:15e�3 1/s

Insulation r; Density 2329 kg/m3

cp ; Heat capacity 700 ðJ=kgÞ ⁄ K
k ; Thermal conductivity 130 W ⁄ ðm*KÞ
s; Electrical conductivity 1:0e�12 S=m

Electrode r; Density 7900 kg/m3

cp ; Heat capacity 500 ðJ=kgÞ ⁄ K
k ; Thermal conductivity 15 W ⁄ ðm*KÞ
s; Electrical conductivity 2:22e�6 S=m

Note–Data obtained from IT’IS Database for thermal and electromagnetic parameteres of biological tissues, Version 3.0 (Hasgall et al.

Available online at www.itis.ethz.ch/database.
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