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ABSTRACT

Purpose: To develop and validate a perfused organ model for characterizing ablations for irreversible electroporation (IRE)–
based therapies.

Materials and Methods: Eight excised porcine livers were mechanically perfused with a modified phosphate-buffered saline
solution to maintain viability during IRE ablation. IRE pulses were delivered using 2 monopolar electrodes over a range of
parameters, including voltage (1,875–3,000 V), pulse length (70–100 msec), number of pulses (50–600), electrode exposure (1.0–
2.0 cm), and electrode spacing (1.5–2.0 cm). Organs were dissected, and treatment zones were stained with triphenyl tetrazolium
chloride to demonstrate viability and highlight the area of ablation. Results were compared with 17 in vivo ablations performed
in canine livers and 35 previously published ablations performed in porcine livers.

Results: Ablation dimensions in the perfused model correlated well with corresponding in vivo ablations (R2 ¼ 0.9098) with a
95% confidence interval of o 2.2 mm. Additionally, the validated perfused model showed that the IRE ablation zone grew
logarithmically with increasing pulse numbers, showing small difference in ablation size over 200–600 pulses (3.2 mm � 3.8
width and 5.2 mm � 3.9 height).

Conclusions: The perfused organ model provides an alternative to animal trials for investigation of IRE treatments. It may
have an important role in the future development of new devices, algorithms, and techniques for this therapy.

ABBREVIATIONS

IRE = irreversible electroporation, TTC = triphenyl tetrazolium chloride
Irreversible electroporation (IRE) is a focal ablation
therapy that uses high-amplitude, short-duration, pulsed
electric fields to induce cell death via the disruption of
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cell membranes and loss of cell homeostasis (1–4).
During IRE treatment, microsecond pulses are delivered
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field distribution in the target and surrounding tissue.
For a given set of pulse parameters and tissue type, cells
exposed to electric fields beyond a lethal threshold
degenerate. Treatment success depends on accurate
prediction of the ablation size for a given parameter
set. This can be achieved by the use of treatment-
planning algorithms that calculate the induced electric
field distribution in the target and surrounding tissue and
predict ablation size from a priori knowledge of response
of a specific tissue to IRE, including the electric field
thresholds of cell death (6,7) and changes in bulk tissue
conductivity (8,9).
Commonly, in vitro cell suspensions are used as a

model to determine the electric field cell death thresholds
(10,11). More recently, three-dimensional tissue mimics
have been shown to be superior in predicting the field
thresholds in vivo because cell shape in these constructs
leads to a more physiologically relevant model (12,13).
Nevertheless, both these approaches cannot emulate the
change in the bulk conductivity of tissue as observed
in vivo, which is necessary for clinical predictability.
Although IRE has been rapidly deployed to treat cancer
in multiple sites clinically (14–16), substantial opportu-
nity remains to improve understanding of the underlying
mechanisms of action for treatment optimization. This
requires using models that account for biologic complex-
ities, such as blood perfusion, heterogeneous cell pop-
ulations, and anisotropy. Insufficiency of in vitro models
and the prohibitive expense and time required to conduct
in vivo studies have slowed progress of IRE parameter
optimization and device investigation.
In this study, results of a hybrid technique developed

to circumvent the issues encumbering IRE investigations
Table 1 . Summary of Treatment Parameters for Perfused Organ Mo

Study or Published Elsewhere

Parameter

Set

Electrode

Separation (cm)

Electrode

Exposure (cm)

Pulse

Amplitude (V) V/d P

1 1.5 2.0 3,000 2,000

2 1.5 2.0 2,650 1,766

3 1.5 2.0 2,250 1,500

4 1.5 2.0 2,250 1,500

5 1.5 2.0 2,250 1,500

6 1.5 1.0 1,875 1,250

7 2.0 1.0 3,000 1,500

8 1.5 1.0 2,625 1,750

9 1.5 1.0 2,625 1,750

10 1.5 1.0 2,625 1,750

11 1.5 1.0 2,625 1,750

12 1.5 1.0 2,625 1,750

13 1.5 1.0 2,625 1,750

14 1.5 1.0 2,625 1,750

Note–The electric field from needle electrodes has an inhomoge

Therefore, the V/d ratio is provided as a general reference metric fo

V/d = voltage to distance.
are reported. Freshly harvested, actively perfused organs
combined with viability stains were used to evaluate the
ablative characteristics of IRE treatments. Although
perfused organ models have been used previously for
other thermal ablation techniques (17–19), translating
this model to IRE requires a unique approach to attain
accurate, predictive outcomes. In contrast to thermal
ablation, IRE shows no inherent macroscopic changes in
dead tissue, requiring viability stains to visualize abla-
tions, something that is possible only by organ-wide
viability. IRE experiments were performed on a perfused
organ model of porcine liver using pulse parameters and
electrode configurations used in in vivo studies for
validated comparison. The goal of the present work
was to establish the perfused organ model as a feasible
substitute to in vivo experiments (20).

MATERIALS AND METHODS

The efficacy of the perfused organ model was examined
for its ability to replicate in vivo outcomes of key system
parameters (20), including electrode separation (ie,
interelectrode spacing), electrode exposure, applied
voltages, and pulse number (Table 1). Parameter sets
1–5 (Table 1) were chosen to be identical to published
IRE experiments on porcine liver (20). The study
reported was conducted in one of the author, S.N.G.'s,
laboratory, allowing maximum insight into the
treatment method. Parameter sets 6–11 were selected
based on standard IRE treatment used in clinical
applications that resulted in creation of clinically
relevant ablation sizes (21,22). Experiments using these
parameters were performed on 4 in vivo canine livers in
del and Corresponding In Vivo Experiments Performed in This

No.

ulses

Pulse

Length (μsec)
Delivery

Rate (Hz)

N

Perfused

Organ Model

Porcine

(30) Canine

70 70 1 4 9

70 70 1 4 4

70 70 1 4 13

50 70 1 4 5

90 70 1 4 4

100 100 1 3 3

100 100 1 21 2

50 100 1 3 3

100 100 1 21 3

200 100 1 3 3

400 100 1 5 3

300 100 1 4

600 100 1 5

150 100 1 3

neous, nonlinear distribution and is highly spatially variable.

r pulse intensity based on needle separation and voltage.
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addition to the perfused organ model to allow close
comparison between the 2 models and to gauge species-
to-species differences. Lastly, parameter sets 12–14 were
performed on the perfused organ model to gauge the
effect of higher pulse numbers on ablation size.

Perfused Organ Model
Organ Preparation. Porcine livers were acquired
from a local slaughterhouse/abattoir within 10 minutes
of death. Connections were made to the portal vein,
hepatic artery, and major hepatic vein using Luer Lock
connectors (Fig E1a, b [available online at www.jvir.
org]). Organs were then immediately perfused with
modified phosphate-buffered saline (Appendix A
[available online at www.jvir.org]) to flush the
vasculature and remove blood clots. Conductivity of
the perfusate at room temperature was 1.63 S/m. After
flushing, organs were transported on ice to the
laboratory, with a total travel time of 120 minutes � 15.

At the laboratory, the organs were flushed again and
connected to the VASOWAVE system (Smart Perfusion
-> CAVESWAVETM system, BioMedInnovations LLC,
Denver, North Carolina) for active perfusion
(Fig 1) (23). Perfusate was delivered at a rate of 60
beats/min with systolic/diastolic perfusion pressure
waveforms of 15/5 mm Hg for portal vein and 90/50
mm Hg for hepatic artery and return via the hepatic vein
at 0–5 mm Hg. Perfusate temperature was maintained at
111C using an external chiller to lower the metabolism
and preserve the organ for up to 10 hours (24) and enable
better matching of electric conductivity to the clinical state
(25). Perfusion was paused during each treatment to
reduce arcing and resumed between trials. After
completion of the IRE treatments (2–3 hours), organs
were perfused for an additional 2 hours before harvest
to allow sufficient time to observe the treatment effect
(26).

Eight livers were used with 8–13 ablations performed
per liver. Ablations for which accurate dimensions could
not be measured because of traversing blood vessels were
Figure 1. Schematic diagram of the perfusion and the pulse delivery

vein as inlet; (3) vena cava as outlet; (4 ) temperature probe; (5 ) contai
IRE probe; (11) current probe; (12 ) signal conditioner; (13 ) high-voltag
items 1–10 are integrated into the VASOWAVE system, and items 11–

not critical to the success of the treatment.
discarded. Measurements of 86 ablations were obtained
(Table 1).

Electroporation Pulse Delivery. After confirmation
of sufficient, organ-wide perfusion, observed through
uniform inflation of the organ and removal of blood
clots, 2 monopolar 19-gauge needle electrodes
(AngioDynamics Inc, Latham, New York), including the
entire exposed active electrode and 0.5 cm of insulation,
were inserted perpendicular to the surface of the liver
(Fig 2a). IRE treatments were performed using the ECM
830 electroporation pulse generator (BTX Harvard
Apparatus, Holliston, Massachusetts). Treatment para-
meters were selected based on standard IRE treatment
used in clinical applications that result in creation of
clinically relevant ablation sizes (Table 1) (20,27,28).
All pulses were delivered at a rate of 1/s with a pulse width

of either 100 msec or 70 msec. Three additional parameter
sets were performed consisting of 150, 300, and 600 pulses at
2,625 V with an interelectrode separation of 1.5 cm.
Pathologic Analysis. After IRE treatment and 2
hours of additional perfusion, ablation zones were
sliced perpendicular to the electrode through the
middle plane of the ablation for gross evaluation
(Fig 2a). To permit more readily definable ablation
margins, the largest section in the ablation center was
stained with triphenyl tetrazolium chloride (TTC) (MP
Biomedicals, LLC, Santa Ana, California) in phosphate-
buffered saline (10 gr/L) for 5–10 minutes (28). After
staining, ablation height and width were measured
(Fig 2a). Samples were fixed in formalin overnight,
with photographs taken before and after fixation.
Ablation sizes were measured before fixation, as
fixation can cause some tissue deformation.
Canine Model
In vivo canine liver ablations were performed as approved
by an animal ethics committee. Four previously
system: (1 ) perfused porcine liver; (2 ) hepatic artery and portal

ner; (6 ) filter; (7 ) cooler; (8 ) pump; (9 ) waveform generator; (10 )
e attenuator; (14 ) oscilloscope; (15 ) IRE pulse generator. Overall,

14 are used for assessing electric output parameters, which are

http://www.jvir.org
http://www.jvir.org
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Figure 2. (a) Schematic showing placement of the monopolar electrodes. The sliced plane was the largest section in the middle of the

IRE ablation (ie, 15 mm for parameter sets 1–5 and 10 mm for parameter sets 6–11 from surface). Diagram also shows the orientation of

the width and height measured of the ablation. Ablation zone in perfused organ model obtained using parameter set 13 (2,625 V, 600

pulses, 1-cm exposure, 1.5-cm electrode spacing) (b) after staining with TTC and (c) after fixation of the stained sample in formalin for

24 hours. The ablation width and height are shown by black and white arrows, respectively. Small thermally affected zones within the

greater IRE region are observable in close proximity to the probes. (d) Ablation zone in canine liver obtained using parameter set 10

(2,625 V, 200 pulses, 1-cm exposure, 1.5-cm electrode spacing). Arrow indicates ablation margin. Small thermally affected zones within

the greater IRE region are observable in close proximity to the probes. The smaller region of thermal damage in the in vivo model

compared with the perfused organ model for these images is likely due to the lower number of pulses (200 compared with 600).
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condemned male greyhounds (E30 kg) were procured
from approved sources and acclimated Z 24 hours before
procedures to ensure health. Trials were performed on
anesthetized animals receiving pancuronium muscle
blockade (Appendix A [available online at www.jvir.org])
using a similar setup to that previously described (9) and

http://www.jvir.org
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the pulse generator and current measurement device used
for the perfused organ model. Pairs of 2 19-gauge needle
electrodes (1.0 mm diameter, 1.0-cm exposure) were
inserted into the surgically exposed liver separated either
1.5 or 2.0 cm (center-to-center). A series of 100-msec
pulses were delivered at a pulse rate of 1/s, reversing
polarity after every 50 pulses. A 5-second pause after
pulses 10 and 50 enabled storing the data. The average
current recorded over the last 40 msec of the last pulse
delivered was compared with the perfused organ model.
There were 17 ablations performed, investigating varying
electrode separation, applied voltage, and number of
pulses (Table 1).
Determination of Treatment Effect in Canine
Model. Animals were maintained under anesthesia 6
hours following electric pulse delivery before death
induced by pentobarbital overdose. Livers were
removed, and trial sections were separated and
preserved in 10% buffered formalin for 48 hours before
being sectioned into 5-mm slices and photographed.
Images were blinded and analyzed with ImageJ
(National Institutes of Health, Bethesda, Maryland) to
determine maximum ablation width and height
dimensions.
Data Analysis
Independent t tests were performed on individual abla-
tion measurement widths and heights to determine
statistical significance of differences between the per-
fused organ model and in vivo studies for each param-
eter setting. In addition, correlative and linear analysis
was performed on comparisons between in vivo and
perfused organ model ablation sizes for width and height
measurements. A 95% confidence interval was plotted
along the regression line.
Higher order regression analysis was conducted for

comparable perfused organ model and in vivo canine
data on the relationship between the number of pulses
and ablation growth. One-way analysis of variance was
used to analyze the effects of increasing voltages and
number of pulses on ablation sizes. Additionally, inde-
pendent t tests were performed on the final currents from
the perfused organ and in vivo canine experiments.
Generally, a difference with P r .050 was considered
statistically significant. However, for multiple compar-
isons, the Bonferroni correction was applied given as .05/
number of comparisons, reducing the threshold of
equivalence to P r .0045 for ablation measurements
and P r .0083 for current measurements to establish
statistical difference. The t tests and analysis of variance
were performed with JMP statistical software (SAS
Institute Inc, Cary, North Carolina). Regression analysis
and confidence interval were calculated and plotted in
Microsoft Excel 2013 (Microsoft Corporation, Red-
mond, Washington).
RESULTS

Ablation Zones in Perfused Organ Model

and Canine Model
All trials in the perfused organ model resulted in visible
ablations observable as a pale discoloration in the IRE-
treated areas, which was confirmed as nonviable with
TTC staining (28). Although the ablation zone was
detectable visually without staining, TTC staining
enhanced the contrast between the ablated and
nonablated areas (Fig 2b, c). For in vivo treatments,
the ablation zones could be visualized immediately after
slicing as a dark discoloration secondary to erythrocyte
extravasation inside the ablation (Fig 2d) (29).
Comparison of Individual In Vivo and

Perfused Organ Model Ablation

Dimensions
Table 2 presents the ablation dimensions measured from
the perfused organ model, in vivo canine, and in vivo
porcine data (20), including results of independent t tests
(assuming equal variance) conducted between individual
perfused organ model and in vivo dimensions for 11
parameter sets. Of the 22 comparisons made between the
individual widths and heights of the perfused organ
model and in vivo data, only 1 comparison (4.5%)
showed statistical differences—parameter set 7 widths
(P ¼ .0005).
Linear Regression Analysis for Perfused

Organ Model versus In Vivo Models
Regression analysis of the perfused organ model versus
all in vivo (ie, canine and porcine) data produced
correlation coefficients of R2 ¼ 0.7903 and R2 ¼
0.6957 for ablation height and width, respectively
(Fig 3a), and a combined correlation coefficient of
R2 ¼ 0.9098 when widths and heights were analyzed
together (Fig 3b). The 95% confidence interval along the
slope of this regression line was determined as r 2.2
mm. Regression analysis for the perfused organ model
data compared separately with the in vivo canine data
produced correlation coefficients between R2 ¼ 0.9164
and R2 ¼ 0.7035 for ablation heights and widths,
respectively, and R2 ¼ 0.9198 when widths and heights
were analyzed together (Fig E2a, b [available online at
www.jvir.org]). Similarly, regression analysis for the
perfused organ model data compared separately with
the in vivo porcine data produced correlation coefficients
between R2 ¼ 0.6045 and R2 ¼ 0.3826 for ablation
heights and widths, respectively, and R2 ¼ 0.87 when
widths and heights were analyzed together (Fig E3a, b
[available online at www.jvir.org]). The linear equations
of the 3 regression analyses (together, canine, porcine)
are y ¼ 1.162x � 0.4766, y ¼ 1.2143x � 0.647, and y ¼
1.0929x � 0.283.

http://www.jvir.org
http://www.jvir.org


Table 2 . Comparison of Ablation Sizes for In Vivo and Perfused Organ Model for Different Parameter Sets

Parameter

Set In Vivo Model

Ablation Width (cm) Independent t Test Ablation Height (cm) Independent t Test

In Vivo

Perfused

Organ Model P Value In Vivo

Perfused

Organ Model P Value

1 Porcine (30) 3.11 � 0.369 3.37 � 0.11 .2778 2 � 0.25 2.43 � 0.21 .1395

2 3.0 � 0.316 3.0 � 0.14 1.0000 1.65 � 0.25 2.1 � 0.08 .0145

3 2.8 � 0.347 2.55 � 0.17 .2497 1.55 � 0.30 1.72 � 0.05 .1968

4 3.24 � 0.568 2.95 � 0.17 .3630 1.6 � 0.10 1.7 � 0.08 .2275

5 3.16 � 0.23 2.95 � 0.23 .2221 1.7 � 0.20 1.65 � 0.21 .4881

6 Canine 3.01 � 0.174 3.2 � 0.30 .3936 1.53 � 0.211 1.67 � 0.06 .3247

7 4.61 � 0.139 3.71 � 0.28 .0005* 2.34 � 0.213 2.39 � 0.32 .6015

8 2.88 � 0.169 3.2 � 0.26 .1537 1.64 � 0.069 2.07 � 0.25 .0473

9 3.37 � 0.537 3.35 � 0.23 .8933 1.97 � 0.120 2.14 � 0.17 .1182

10 4.03 � 0.316 3.96 � 0.11 .7510 2.52 � 0.214 2.6 � 0.1 .5270

11 4.22 � 0.434 4.11 � 0.38 .7332 2.66 � 0.214 2.62 � 0.11 .7425

12 NA 3.91 � 0.28 2.52 � 0.09

13 4.28 � 0.36 3.12 � 0.38

14 3.80 � 0.1 2.33 � 0.15

NA ¼ not available.
nIndicates statistical significance based on required P o .0045 as obtained from the Bonferroni correction.

Figure 3. Linear correlation of ablation (a) width and height considered separately and (b) together for perfused organ model versus all

in vivo models.
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Effect of Increasing IRE Pulses and

Voltages
The in vivo experiments performed on canine liver
demonstrated that increasing pulse number from 50 to
200 yielded statistically significant increases in ablation
(P ¼ .0016 width, P ¼ .0007 height). However, no
significant growth was observed when increasing the
number of pulses from 200 to 400 (P ¼ .5871 width, P ¼
.4333 height). The perfused organ followed the same
trend as the canine livers, with statistically significant
increases for increasing pulse numbers from 50 to 200
(P ¼ .0005 width, P ¼ .0011 height) and increases in
pulse numbers from 200 to 400 without significance
(P ¼ .5665 width, P ¼ .8056 height). Thus, the validated
perfused model showed that the IRE ablation zone
grows logarithmically with increasing pulse numbers,
with minimal difference in ablation size from 200 to 600
pulses (3.2 mm � 3.8 width, 5.2 mm � 3.9 height). By
fitting the data for width and height of the ablations in
the perfused organ model to separate logarithmic



Figure 4. Growth of ablation size (a) width and (b) height by increasing the number of pulses (treatment parameter sets 8–13). The

curves represent the logarithmic fit to the dimensions obtained in the perfused organ model (POM).
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functions (Fig 4a, b), the following relations were
obtained as a function of pulse number, N:

Width: W¼0:446 ln Nð Þþ1:448 R2¼0:9263
� �

Height: H¼0:385 ln Nð Þþ0:455 R2¼0:8551
� �

Furthermore, the treatment effect in the perfused
organ model was similar to prior in vivo porcine models.
Changing the parameters such as voltage and pulse
numbers had similar effects on the ablation size for the
perfused organ model and in vivo models (Fig 5a–d).
Perfused organ ablations showed a statistically signi-
ficant increase in widths and heights when the applied
voltage increased from 2,250 to 3,000 V (P ¼ .0003
width, P ¼ .0002 height) (Fig 5a, b). The perfused organ
also emulated the response of the in vivo porcine livers
to increasing pulses (Fig 5c, d).

Electric Current Measurements
Overall, it was found that the currents recorded at the
end of the treatments for the perfused organ model were
higher than those recorded for the canine experiments
(Table E1 [available online at www.jvir.org]). However,
only 1 of 6 comparisons (parameter set 9) showed
statistical difference between the in vivo and canine
experiments. For most treatments, the current recorded
was higher when the number of pulses was increased or
when the applied voltage was increased.
DISCUSSION

In this study, the feasibility of using a perfused organ
model as a platform to study the IRE outcome under
varying treatment parameters was investigated. Live
animal models are costly and logistically complex
because of the need to maintain the animals as well as
a full operating theater to maintain a vital animal during
the pulse protocol. Use of the perfused organ model for
this application provides a potentially more accessible
platform for a multitude of additional preclinical experi-
ments to characterize and optimize IRE outcomes for
future enhancements of this therapy. This study demon-
strated a strong correlation overall (R2 ¼ 0.9098) between
ablations obtained in the perfused organ model versus
in vivo ablations, validating the perfused organ model for
IRE therapy outcome characterization under varying
conditions. Performing IRE treatments on an explanted
porcine liver undergoing active perfusion has been reported
before (24). However, that study was proposed primarily to
develop decellularized tissue scaffolds, without comparing
the IRE outcomes against in vivo data.
This study demonstrates the feasibility of using a

perfused organ model for studying effects of pulse
parameters and electrode configurations on IRE abla-
tion zones Specifically, it has been shown that,
for a given set of pulse parameters and electrode
configurations (spacing, exposure, and pulse number),
the perfused organ model and in vivo livers have
statistically equivalent ablation sizes for almost all
treatment parameter sets, with a single difference poten-
tially attributed to the low sample size of the in vivo
data. For in vivo treatments, the ablation zones could be
visualized immediately after slicing as a dark discolor-
ation resulting from erythrocyte extravasation inside the
ablation (29). However, this is not the case for perfused
organ model ablations because removal of all the blood
from the vasculature eliminated discoloring erythrocyte
extravasation.
The overall regression analysis reveals a tight correla-

tion between the obtained in vivo ablation sizes and
ablation sizes in the perfused organ model. However, the
slight deviations of the slope and intercept of the
regression line from the ideal case of y ¼ x indicates
that the perfused organ model and in vivo models show
some differences in response to IRE. Several experimen-
tal conditions might be responsible for this difference.
Pausing the perfusion during the treatment could

http://www.jvir.org


Figure 5. Comparison of ablation dimensions (a) width and (b) height, parameter set 1 (3,000 V, 2-cm exposure, 1.5-cm spacing, 70

pulses), parameter set 2 (2,650 V, 2-cm exposure, 1.5-cm spacing, 70 pulses), and parameter set 3 (2,250 V, 2-cm exposure, 1.5-cm

spacing, 70 pulses). Comparison of ablation dimensions (c) width and (d) height for different number of pulses between porcine liver

and perfused organ model (POM), parameter set 3 (2,250 V, 2-cm exposure, 1.5-cm spacing, 70 pulses), parameter set 4 (2,250 V, 2-cm

exposure, 1.5-cm spacing, 50 pulses), and parameter set 5 (2,250 V, 2-cm exposure, 1.5-cm spacing, 90 pulses).
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potentially cause the liver to contract, and owing to the
smaller volume of the liver, more cells are exposed to the
electroporation-inducing electric fields, causing a larger
ablation. Other factors, such as higher electric conduc-
tivity and lower temperature of the perfusate, might also
influence the ablation size and cause differences between
the models. Consistent with the higher perfusate con-
ductivity, the currents recorded at the end of treatment
are higher in the perfused organ model than in the
in vivo canine experiments and are representative of the
differences between the models. However, these currents
for most parameter sets are not statistically different.
Likewise, the linear regression analyses of the in vivo
canine model versus perfused organ model and in vivo
porcine model versus perfused organ model conducted
separately show different correlation coefficients, slopes,
and intercepts. These differences could be attributed to
differences in the pulse repetition rate between the
porcine and canine data and/or tissue-to-tissue and
species-to-species variability. Regardless, future studies
are needed to quantitatively investigate these factors.
Apart from its validation, the perfused organ model
was used to study the effect of increasing pulse numbers
on the ablation dimensions. Finding the optimum
number of pulses for treatments is of critical importance
in terms of maximizing ablation size, while minimizing
treatment time and avoiding thermal damage to the
tissue. It was shown here that when the pulse numbers
are increased from 50 to 600 with the fixed amplitude of
2,625 V, the ablation sizes follow a logarithmically
increasing trend, indicating that increasing pulse num-
bers beyond 200 has little additional effect on the
ablation sizes. This logarithmic response of cells to
electroporation-inducing fields has been observed in
previous in vitro studies (30). However, the present
study validates this trend beyond the 128 IRE pulses
previously reported.
As a validated platform, the perfused organ model

could be used widely to further enhance the field of
electroporation-based therapies. This includes investigat-
ing different pulse timing algorithms, electric current and
arcing conditions, ablation size lookup tables (sets of
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separation and voltage), and new device development
and optimization. Although the feasibility of this model
was shown in the liver, other organs such as the kidney
and pancreas could also be tested. The liver was chosen
for this study because the greatest collections of preclin-
ical and clinical investigations of IRE exist for the liver
(22,31). This might be because, as opposed to other
thermal-based therapies, IRE has shown preservation of
structures surrounding liver tumors, including bile ducts,
bowel, and gallbladder (32).
Future studies may investigate simpler perfusion

systems or circuits. Although the active perfusion system
here used a cardioemulating pulse with several addi-
tional features to mimic physiologic conditions and
maintain viability, it does not preclude the ability to
perform perfused organ model trials with other modal-
ities for attaining active perfusion. For instance,
although the most representative system was used to
prove out the feasibility of a validated model, a basic
peristaltic pump perfusion system with a well-developed
perfusate optimized to maintain tissue viability may also
prove sufficient for attaining viable preclinical trial data.
This study has some limitations that are expected to

be addressed in future works. Similar to prior IRE
in vivo studies, this study was performed only on livers,
and the response needs to be verified for other organs.
The livers in this study were healthy and did not have
any tumors. Also, the fact that perfusion was stopped
during the treatment may cause minor alterations to the
ablation outcome as noted earlier.
In conclusion, this study tested the validity of a novel

perfused organ model for evaluating ablation zone
characteristics from IRE therapies under varying con-
ditions. The ablation zone outcomes from the perfused
organ model were validated against data from in vivo
studies and found to be statistically equivalent to in vivo
ablation outcomes. This model may hold promise for
expediently determining the outcomes from manipulating
further complex aspects of IRE therapy delivery, such as
the introduction of delays between sets of pulses or
introducing environment-altering agents to enable more
optimal and efficient IRE application in clinical practice.
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APPENDIX A.

SUPPLEMENTAL MATERIALS AND

METHODS

Composition of Modified Phosphate-

Buffered Saline Solution
The modified phosphate-buffered saline solution for
perfusion of the liver model contained sodium chloride
(NaCl; 137 mmol/L), potassium chloride (KCl; 2.7
mmol/L), disodium phosphate (Na2HPO4; 10 mmol/L),
monopotassium phosphate (KH2PO4, 1.8 mmol/L),
calcium chloride (CaCl2, 1 mmol/L), and magnesium
chloride (MgCl2, 0.5 mmol/L).
Figure E1. (a) Porcine liver being perfused on VASOWAVE perfusion

hepatic artery, and vena cava.

Figure E2. (a, b) Linear correlation of ablation dimensions for in vivo
Perfusion Model Electric Measurement

Equipment
For the perfusion model, an oscilloscope (DPO2002B;
Tektronix, Inc, Beaverton, Oregon) was used to view the
output waveforms using a 50-MHz 1,000� high-voltage
probe (P5210A; Tektronix, Inc), and the current was
measured using an active clamp on a 50-MHz current
probe (TCP305; Tektronix, Inc) (Fig 1).
In Vivo Canine Model Electric

Measurement Equipment
For the canine model, a Protek DSO-2090 USB
computer-interface oscilloscope (GS Instruments Co,
system. (b) Connections made to the excised liver: portal vein,

canine versus perfused organ model.
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Ltd, Incheon, Korea) provided current measurements on
a laptop using DSO-2090 software (GS Instruments
Co, Ltd).
Experimental Procedure on Canine Model
Before the procedure, subjects were administered ace-
promazine (0.1 mg/kg), atropine (0.05 mg/kg), and
morphine (0.2 mg/kg), and then general anesthesia was
Figure E3. (a, b) Linear correlation of ablation dimensions for in vivo

Table E1 . Electric Currents at the End of Treatment for Perfused Org

Parameter Set

Current Recorded at End o

In Vivo (Canine)

1

2

3

4

5

6 6.74 � 1.08

7 23.2 � 13.4

8 29.11 � 15.89

9 15.5 � 4

10 14 � 0.94

11 28.09 � 0.4

12

13

14

nIndicates statistical significance based on the required P o .0083 a
induced with propofol (6 mg/kg, then 0.5 mg/kg/min)
and maintained with inhaled isoflurane (1%–2%). After
ensuring adequate anesthesia (monitored with electro-
encephalography brain activity bispectral index), a mid-
line incision was made, and tissues were maneuvered to
access the liver. Immediately before pulse delivery,
pancuronium was delivered intravenously to mitigate
electrically mediated muscle contraction (initial 0.2 mg/kg
dose, adjusted to contraction intensity).
porcine versus perfused organ model.

an and In Vivo (Canine) Model

f Treatment (A) Independent t Test

Perfused Organ Model P Value

56 � 13.06

31.23 � 5.74

26.2 � 2.64

18.9 � 1.05

20.7 � 5.02

14 � 5.29 .166

23.73 � 4 .8563

30.13 � 12.93 .9413

23.41 � 4.11 .0016*

22.66 � 3.06 .0093

34.2 � 15.37 .6177

24.5 � 3.7

28.83 � 6.74

15 � 2.65

s obtained from the Bonferroni correction.
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