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Abstract

Introduction: The aim of this study was to review the effect of irreversible electroporation parameter settings on the size of the
ablation zone and the occurrence of thermal effects. This insight would help to optimize treatment protocols and effectively
ablate a tumor while controlling the occurrence of thermal effects. Methods: Various individual studies report the influence
of variation in electroporation parameters on the ablation zone size or occurrence of thermal effects. However, no connections
have yet been established between these studies. With the aim of closing the gap in the understanding of and personalizing irre-
versible electroporation parameter settings, a systematic review was performed according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines. A quality assessment was performed using an in-house developed grading tool
based on components of commonly used grading domains. Data on the electroporation parameters voltage, number of elec-
trodes, inter-electrode distance, active needle length, pulse length/number/protocol/frequency, and pulse interval were extracted.
Ablation zone size and temperature data were grouped per parameter. Spearman correlation and linear regression were used to
define the correlation with outcome measures. Results: A total of 7661 articles were screened, of which 18 preclinical studies
(animal and phantom studies) met the inclusion criteria. These studies were graded as moderate (4/18) and low (14/18) quality.
Only the applied voltage appeared to be a significant linear predictor of ablation zone size: length, surface, and volume. The pulse
number was moderately but nonlinearly correlated with the ablation zone length. Thermal effects were more likely to occur for
higher voltages (>2000 V), higher number of electrodes, and increased active needle length. Conclusion: Firm conclusions are
limited since studies that investigated and precisely reported the influence of electroporation parameters on the ablation zone
size and thermal effects were scarce and mostly graded low quality. High-quality studies are needed to improve the predictability
of the combined effect of variation in parameter combinations and optimize irreversible electroporation treatment protocols.
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Introduction

Irreversible electroporation (IRE) is increasingly used in clinical
practice for local tumor ablation, since the integrity of the vascu-
lature and other vital structures are preserved.'> Comparable to
electrochemotherapy and radiotherapy, IRE is considered a non-
thermal ablation technique, which means that tumor treatment
does not depend on a temperature increase. IRE is performed
by placement of needle electrodes in and around the tumor. A
pulsed electric field with a maximum potential difference of
3000 V is consecutively created between the electrode pairs
and gives rise to an electric current of microsecond duration.
The electric field strength (V/cm) reached during electroporation
determines whether the cell membranes are reversibly or irre-
versibly permeabilized. In most tissues, 680 V/cm is considered
as a target electric field strength threshold to achieve IRE and the
desired cell death.>* Below this threshold electroporation is con-
sidered reversible.” During IRE treatment, several parameters
can be chosen, such as the active needle length, applied
voltage, pulse length, and number of pulses to obtain the
desired treatment effect. The size and shape of the ablation
zone and potential occurrence of unintentional thermal effects
and subsequent damage are a net result of these electroporation
parameters and tissue interactions, such as tissue heterogeneity
and electrical conductivity.*” Thermal effects have been
observed in simulations, experimental models, and clinical
studies on IRE.*'® The area in the vicinity of the electrodes is
most at risk for thermal effects."® Whether thermal damage
occurs (temperatures >50 °C) is dependent on the maximum
temperatures reached during electroporation and the time these
temperatures are maintained. This is also influenced by heat dis-
sipation through blood vessels and heat diffusion into the sur-
rounding tissue.'>™'® Various individual studies reported the
influence of variation in electroporation parameters on the abla-
tion zone size or occurrence of thermal effects. However, no
connections have yet been established between these studies in
a systematic overview. Therefore, the aim of this study was to
review the effect of irreversible electroporation parameter set-
tings on the size of the ablation zone and occurrence of
thermal effects. These insights would help to optimize IRE treat-
ment protocols and provide for an effective tumor ablation and
in terms of safety control the occurrence of thermal effects and
damage.

Materials and Methods

Literature Search

This systematic review was performed according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines and registered in
INPLASY (INPLASY202230161). To achieve high sensitivity,
our search strategy was conducted with the help of an experi-
enced librarian and relevant databases were included,
PubMed, Embase, Web of Science, Institute of Electrical and
Electronics Engineers (IEEE) Xplore Digital Library, and

American Society of Mechanical Engineers (ASME) Digital
Collection. Studies published from inception up to September
1, 2021, were recorded. A complete overview and description
of the search strategy per database is available in
Supplementary S1. The search comprised both reversible
(RE) and irreversible electroporation studies since the threshold
between both is not dichotomous and RE studies could poten-
tially contain relevant data. Duplicates were removed in
EndNote X8 following the method described by Bramer
et al.'"” All de-duplicated titles and abstracts were assessed in
Rayyan, a web app developed for systematic review screening,
for remaining duplicates and were assessed on eligibility based
on predefined in- and exclusion criteria. Two authors (A.M.H.
and C.G.O) independently reviewed a random sample of 650
articles for eligibility by title and abstract screening.
Consensus was reached on discordant judgments. The remain-
ing articles were screened by the first author (A.M.H.) when the
inter-rater agreement was >95%. In case of any uncertainty to
determine the eligibility, the abstract was independently
assessed by and discussed with the second author (C.G.O.).
Articles included during the title and abstract screening were
assessed in more detail for eligibility during the full-text screen-
ing phase. The full-text screening was performed by the first
author and randomly verified by the second author. To validate
the search, the sensitivity and precision of the search strategy
were determined. Precision was defined according to the
Cochrane definition, and the sensitivity was determined by
the method described by Romeo et al.?'?? Therefore, a
library, “seed list,” consisting of potentially relevant articles
recommended by the writing group and additional potentially
relevant articles retrieved from manual search of the reference
lists of these articles was composed . A paper was considered
as potentially relevant and included in the seed list, if based
on assessment of title and abstract the authors considered that
the article should have been included for full-text assessment.
This seed list was used to test the sensitivity of the search strat-
egy, by assessing the number of articles from the seed list
included in the initial results of the electronic search prior to
screening of articles and reference lists. As a general rule, the
precision ranges between 1% and 10% for a suitable search
strategy.

Eligibility Criteria

Studies were included when all eligibility criteria were met.
Inclusion criteria were: (a) ablation zone and/or temperature
measurements were performed; (b) during or after IRE or RE;
(c) performed on in vivo or ex vivo liver, pancreas, kidneys,
or prostate, or on electroporation of potato or tissue phantoms;
(d) all electroporation parameter settings (voltage, number of
electrodes, inter-electrode distance, active needle length,
number of pulses and pulse length); and (e) their exact values
used for electroporation (eg, a range, mean or maximum param-
eter value are not adequate enough) were described; (f) one
parameter was consecutively varied during the electroporation,
while the other parameters were kept constant and (g) the
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measured ablation zone sizes and temperatures were described
for the consecutive variation per studied electroporation param-
eter. Exclusion criteria were: (a) needle types other than monop-
olar electrodes to align with the clinical practice (eg, bipolar
electrodes); (b) aberrant needle electrode shapes deviating
from a straight needle (eg, plate or flexible endoscopic elec-
trodes (intraluminal electroporation), electrodes used in combi-
nation with a grounding pad or other kind of grounding material
instead of another electrode); (c) electroporation in vitro, on
(single) cell level or performed with the goal to deliver genes,
drugs or chemotherapeutics (electrochemotherapy) into the
cell. Other phantom models, such as potato tubers and (poly-
acrylamide) gel phantoms, are eligible for inclusion; (d) combi-
nation therapy (eg, electrochemotherapy); (e) pulse forms other
than monopolar square wave pulses (eg, bipolar, H-FIRE, expo-
nential decay or sinus formed pulses); (f) simulation models; (g)
undefined orientation of the measured ablation zone size with
reference to the needle insertion path; (h) metal stents or
objects in the electroporation zone; (i) ablation zone and tem-
perature results that were only presented in figures, unable to
precisely determine the results; (j) review articles; (k) confer-
ence abstracts; and () studies published in another language
than English, French, or German. Of all conference abstracts
of which no full-text article was present in the title and abstract
search, a web-based search (Google Scholar, ResearchGate,
author, and co-author name(s) in Embase) was done to investi-
gate whether a full-text article was available. The corresponding
author was approached by e-mail (in cases where the contact
details were available) when the full-text of a relevant abstract
(eg, conference abstract) could not be found to verify whether
the results were published as full-text. The study was excluded
when the full-text could not be found or provided.

The PICO corresponding to this review is presented in
Table 1. In vitro studies were beyond the scope of this review
since these studies comprise fundamental research on the cell
response to IRE.

Data Extraction

From each article, data on the electroporation equipment (elec-
troporation generator, pulse type, electrode type, and manufac-
turer), electroporation parameter values (voltage, number of
electrodes, inter-electrode distance (IED), active needle length
(ANL), pulse length, pulse number, pulse protocol [pulse deliv-
ery in a continuous or sequential fashion], pulse frequency
[number of pulses per unit of time], and pulse interval [time
between cycles of sequential pulses, eg, 45 pulses—30s

Table 1. Research question according to the PICO format.

P - Population Humans, animals (in vivo and ex vivo),
and phantom models

Variation in electroporation parameters

Not applicable

Ablation zone size and thermal effects

I - Intervention
C- Comparison
O - Outcome

delay—45 pulses]), ablation zone size (mm/mm?*/mm®),
method to assess and measure the ablation zone size (including
the time interval between the electroporation procedure and the
ablation zone size measurements, the orientation of the elec-
trodes with reference to the ablation zone and number of dimen-
sions in which the ablation zone was measured (length, surface,
or volume) as well as data regarding the measured temperatures
(°C), method, and location of the temperature measurements
were extracted. With respect to temperature data, a distinction
was made between (mean) maximum absolute (T) and (mean)
maximum relative temperature (AT) results. Other collected
baseline characteristics include the study model (humane,
animal, tissue phantom, gel, or potato) investigated in the
study, electroporated organ, ablation of a healthy organ or
tumor tissue, electrode location, sample size per investigated
set of electroporation parameter combinations and number of
ablations performed. Data were only extracted from the individ-
ual sections of each study that met all eligibility criteria. The
data extraction was performed by the first author (A.M.H.)
and randomly verified by the second author (C.G.O.).

Quality Assessment

The large heterogeneity in study designs included in this review
meant that existing quality scores did not fully apply. For this
reason, we have developed a grading tool, composed of compo-
nents from the Newcastle-Ottawa scale, Jadad scale, and
Cochrane guidelines, for quality assessment.”'*>** The
grading tool comprised of the following domains: the study
model, sample size (per investigated set of electroporation
parameter combinations), statistical method, the presence of a
replicable description of the methods section, ethical approval
obtained, availability of the raw data of the ablation zone, and
temperature results, whether all hypotheses stated per included
article were evaluated and whether the conclusion was justified
by the results. An overview of the questions included in the
quality assessment and method of judgment is presented in
Supplementary S2. The quality assessment tool was only
applied to the sections of each study that were eligible for
data extraction, with the exception of more overall quality
assessment questions. Studies were qualified as high, moderate,
or low quality based on their quality assessment score per
domain. In accordance with the Cochrane guidelines, the
overall quality of the articles was scored as high, moderate, or
low when no, up to 2 or more than 2 domains were scored as
inadequate (—), respectively. The quality assessment was per-
formed by the first author (A.M.H.) and randomly verified by
the second author (C.G.O.).

Data Analysis

Electroporation outcomes were categorized into ablation zone
size (length [Figure 1], surface, and volume) and temperature
(T and AT) outcomes and separately analyzed and visualized
per varied electroporation parameter. SPSS version 25 (SPSS,
IBM Corp) and Microsoft Excel were used for data analysis.
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Figure 1. Definition of the length, width, and height of the ablation zone
perpendicular (left) and parallel to the needle insertion path (right).

Per graph, the effect of an individual electroporation param-
eter was investigated. Each individual study, model (animal [in
vivo or ex vivo], gel, or potato), and investigated combination
of electroporation parameters (“protocol”) are separately visual-
ized by dots of a specific color. An electroporation protocol rep-
resents a constant set of parameter values where only the
investigated parameter was consecutively varied. However,
the standard set of electroporation parameter values differed
between consecutive protocol numbers. The standard deviation,
as reported in the included studies, was presented as a measure
of the dispersion in the ablation zone size or temperature data.

The distribution was assessed based on the study design and
sample size per investigated set of electroporation parameter
combinations in combination with the Kolmogorov-Smirnov
test. In the case of an explorative study character and small
number of observations per electroporation parameter combina-
tion, a normal distribution could not be assumed so indicating
the use of non-parametric tests. The Spearman correlation coef-
ficient (rho) was used to assess the relationship between the
electroporation parameters and the ablation zone size and
thermal effects, considering the absence of a normal distribution
and regarding the small sample size. Electroporation parameters
for which p > 0.70 (0-0.50 (weak), 0.50-0.80 (moderate), and
0.80-1 (strong)) were presented in the main article.
Supplementary S5 and S6 present the electroporation parame-
ters that showed no or weak correlation. Significance was con-
sidered as P<.05. In case of a strong correlation and the
presence of a trend in data points, linear regression analysis
was performed to determine whether a linear model could
predict the relation between that electroporation parameter
and the ablation zone size or thermal effects. Finally, it was
assessed which parameters exceeded the threshold for thermal
damage (>50 °C).

Results
Eligible Studies

After removal of duplicates and screening of 7661 articles by
title, abstract, and full-text, 18 articles were included.

A PRISMA flowchart of the article selection process is shown
in Figure 2. Ninety-seven percent of the random sample of
650 articles (630/650) were in- or excluded by both authors.
Consensus was reached on discordant judgments (20/650,
3%). The precision of the search strategy was 9.3%. A total
of 30 articles were recommended for inclusion in the seed
list. Upon manual search of the reference lists of these articles,
78 papers were additionally identified as potentially relevant.
Except for 1 article, all potentially relevant articles from the
seed list were included in the electronic search, suggesting a
sensitivity of the search close to 100%.

Study Characteristics

The study characteristics and additional information on the
method of ablation zone size and temperature measurements
are presented in Supplementary S3. All included studies per-
tained to IRE and no studies investigated RE. Several studies
used multiple models or organ types to investigate the ablation
zone size and temperature effects. Of all 12 included animal
studies, 11 concerned healthy animals and in 1 study a pancre-
atic adenocarcinoma tumor located in the flank was ablated.*®

Electroporation device. Electroporation pulses were delivered by the
NanoKnife IRE generator (AngioDynamics Inc) (n=7),'>?%>!
BTX ECM 830 pulse generator (Harvard Apparatus) (n = 5),>7>>°
custom-made, prototype, or not specified pulse generator (n =4,
n=1," and n=1," respectively).

Ablation zone measurements. Of the 18 included studies, 13
(72%) investigated the ablation zone size, the ablation zone
length (n=7),202732:34363940 ¢ iface (n = 6),33-3537:38:41
volume (n=2),%* or a combination (n=2).*** None of the
included studies investigated the ablation zone size in
humans. Animal models were used in 9 studies to investigate
the ablation zone dimensions. Nine studies used an in vivo
animal model; porcine (n=4), canine (n=2), rabbit (n=2),
and rat (n=1), and an ex vivo model of undefined animal
species was used in 1 study. Consecutively, 7, 2 and 4 studies
performed IRE in an in vivo or ex vivo liver, in vivo kidney,
or potato model, to determine the effect of the variation in abla-
tion parameters on the ablation zone dimensions. Gross pathol-
ogy or macroscopic measurements, eventually in combination
with CT imaging or in Matlab/ImagelJ analyzed photographs
were primarily used to determine the ablation zone size.
Only 2 studies used histopathologic examination combined
with Matlab or Imagel analysis, with additional MR imaging
in 1 of both studies.

Thermal effects. Six studies (33%) performed temperature mea-
surements.'>2328-31 Temperature experiments were performed
in an in vivo animal model; a porcine (n=3) and mice (n=1)
model of the kidney (n=2), liver (n=1), and pancreas (n=1)
in 4 studies, polyacrylamide gel phantom (n=3) or potato
tuber (n=1). None of the included studies have measured the
temperature in human patients during IRE treatment.
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L Identification of studies via databases }

— PubMed Embase Web of Science IEEE American Society of Mechanical
c (n=3354) (n=5075) (n=3928) (n=864) Engineers (ASME)

2 (n=163)
-
J |
b= v
i Studies identified
(n=13384)
— T Duplicates removed
v 7 (n=5723)
M
Titles and abstracts
screened
(n=7661)
T - Studies excluded
v " (n=6952)
Full-text articles
assessed for eligibility
(n=709)
Studies excluded (n = 691)
E’ No temperature/ablation zone measurements n=177
§ No monopolar needle (e.g. bipolar needle) n=3
S Aberrant needle-electrode type n=24
0 Wrong organ n=11
Full text not available n=4
Language n=18
Conference abstract no full text available n=162
Other (letter to editor, book chapter, review, duplicates) n=112
Simulation model n=36
Metal near needles n=3
Combination therapy n=2
Waveform (e.g. bipolar, exponential decay) n=9

—

) A Parameter settings incompletely described n=50
E stidiesiRclidadii Parameter settings per s.ing'le'treatment'not defined n=24
3 temdticreviaw Paramet'er settlngs not (individually) varied n=25
g Sys ~ Orientation ablation zone measurements unclear n=8

; (n=18) No clear temperature and/or ablation zone size values n=23

Figure 2. Flowchart article selection.

Fiber-optic temperature sensors (n=4), a thermal camera (n=
3) and thermopile temperature sensor (n=1), were used to
perform the temperature measurements.

Quality Assessment

The quality assessment scores of the included studies are shown
in Figure 3. None of the included studies investigated the abla-
tion zone size or temperature effects in human patients.
Additional risks for biases included an inadequate sample size
per investigated set of electroporation parameter combinations
(n<10) or absence of a sample size calculation, overlapping
study results, inappropriate methods description, and inappro-
priate statistical methods. The overall quality score was quali-
fied as moderate in 4 studies (22%) and low in 14 studies

(78%). All included studies comprised fundamental research
on electroporation.

Effect of Variation in Electroporation Parameters

A summative table of the investigated electroporation parame-
ters and parameter values per study are included in
Supplementary S4.

Ablation zone size. Of the 18 included studies, 13 have investi-
gated the relation between variation in an electroporation
parameter and the ablation zone size: length, surface, and
volume.

The effect of variation in applied voltage was studied in 9
reports.” /2832343841 A gionificant correlation and positive
linear relation were shown between the applied voltage and
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Appelbaum et al. (2014)
Ben-David et al. (2012)
Berkenbrock et al. (2018)
Bhonsle et al. (2016)
Canvasser et al. (2018)
Edelblute et al. (2017)
Lee et al. (2013)

Lvetal. (2019)

Neal et al. (2014)

Ruarus et al. (2018)
Scheffer et al. (2016)
Van den Bos et al. (2015)
Wagstaff et al. (2014)
Yao et al. (2017)

Yao et al. (2017)

Yao et al. (2017)

Zhang et al. (2010)
Zhang et al. (2010)

******************Mod/
e/
Vpe

Figure 3. Overview quality assessment score. ** Human patient, * Validated model including animal (in vivo/ex vivo), tissue phantom, gel, or
potato models, + Adequately reported, ? Partially reported: a detail was not reported (eg, pulse interval between sets of consecutive pulses

(sequential pulsing)) and - Incompletely reported and hardly replicable: a few details or major point(s) were absent (eg, electroporation generator
type, method used to analyze the temperature data, or determine the ablation zone size). The overall quality was qualified as High (H; no domain
scored with -), Moderate (M; up to 2 domains scored with -), or Low (L; more than 2 domains scored with -), based on the score per domain.

ablation zone in length (p =0.86; P<.001), surface (p=0.74; P
<.001), and volume (p=0.82; P<.001) (Figure 4).

The effect of pulse number on the IRE ablation zone was inves-
tigated in 6 reports.?®>73%333738 With the increasing pulse number,
an increase in ablation zone length was observed (Figure ).
However, the rate of this increase was not consistent and varied
per study and height of the pulse number. The number of delivered
pulses and ablation zone length showed a moderate correlation (p =
0.78; P<.001). For pulse numbers >200 pulses, the increase in
ablation zone length appears to flatten, deviating from a linear
model. Therefore, the effect of pulse number on the length of the
ablation zone cannot be predicted unambiguously.

Adjustments in active needle length affected the height of the
ablation zone and had a negligible effect on the ablation zone
length (Figure 6). Although these findings were based on a
single study.?® A weak correlation was present between the
ANL and ablation zone volume as shown in Supplementary S5.%%

Electroporation parameters that showed no or a weak corre-
lation with the ablation zone size are presented in
Supplementary S5. Including the effect of the inter-electrode

distance® and pulse length?” on the ablation zone length, rela-
tion between pulse number and ablation zone surface,>="=®
effect of the active needle length on the ablation zone
volume®® and influence of variation in pulse protocol, fre-
quency and interval on the ablation zone length and
volume.>® No study investigated the relation between the
number of electrodes and ablation zone size.

Thermal effects. Ofthe 18 included studies, 6 have measured the
temperature for variation in electroporation parameter values.

Three reports investigated the effect of the applied voltage
on the temperature.>>?%>! Increasing the voltage was moder-
ately correlated with an increase in absolute temperature (p=
0.75; P<.001), strongly correlated with the relative temperature
(p=0.82; P=.023) and linearly related to both temperature
results, T and AT (Figure 7).

The effect of variation in inter-electrode distance, pulse
interval, and pulse length were all studied in 1 report.’' A
strong linear correlation was observed between the IED
and absolute temperature (p=0.94; P =.005) (Figure 8).
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Figure 4. Effect of variation in voltage on the ablation zone length, surface, and volume.

The relative temperature and pulse interval showed a strong
negative linear correlation (p =—-0.84; P=.038) (Figure 9).
While a weak correlation (p=—0.36, P =.478) was observed
between the absolute temperature and increased pulse inter-
val. With increasing pulse interval from 30 to 90 ps, the abso-
lute temperature practically remained constant, and the
relative temperature slightly decreased. Higher temperatures

were measured with increasing pulse length but did not
follow a linear model (Figure 10).

The influence of the number of electrodes and pulse number
on thermal effects both were investigated in 1 study.'**° The
measurement technique, location and investigated model (in
vivo animal or gel) influenced the measured temperature. This
effect was especially observed for the pulse number and
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Figure 6. Effect of variation in active needle length on the length and height of the ablation zone.

number of electrodes used for IRE. The temperature increased for
increasing pulse numbers and higher relative temperatures were
measured in the gel phantom in comparison to in vivo results,
while the same IRE protocol was used (Figure 11). Overall, the
effect of pulse number on the relative temperature was repre-
sented by a weak correlation (p=0.33; P=.429). An increase
in absolute temperature was observed for most protocols when
the number of electrodes was increased from 3 to 4 (Figures
12 and 13). Lower temperatures were measured when a surface
camera was used and when the temperature outside the ablation

zone (AZ) was measured by fiber-optic probes or a surface
camera (Figure 13). Temperature results that related to fiber
optic probes located in between the electrodes were strongly lin-
early correlated (p=0.89; P=.106) with the number of
electrodes.

The active needle length®®>! and pulse protocol*' showed
no or a weak correlation with temperature effects and are pre-
sented in Supplementary S6. A decrease in temperature was
observed when 90 pulses were delivered in trains of 30 pulses
(10-30-30-30) instead of a continuous pulse protocol (10-90).
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Figure 7. Effect of variation in voltage on the absolute (T) and relative (AT) temperature.

The relative temperature slightly increased when the 120 pulses
were delivered in trains of 20 pulses (20-20-20-20-20-20) in com-
parison to a 30-30-30-30 pulse protocol. Variation in the pulse
frequency was not investigated in the studies that reported temper-
ature effects.

The threshold for thermal damage (>50 °C) was exceeded by
the electroporation parameters voltage (>2000 V, Figure 7),
number of electrodes (3 and 4 electrodes, fiber, in between or
within 5 mm of the ablation zone, Figure 12) and ANL (10
and 15 mm, Supplementary S6). The highest temperatures
were reached for the 4-electrode configuration, with reported
peak temperatures around 80 °C, measured by a fiber-optic
probe in the core of the ablation zone.

Discussion

This work provided an overview of the literature on the influ-
ence of electroporation parameters on the ablation zone size

and the occurrence of thermal effects. Only the applied
voltage appeared to be a significant linear predictor and was
most strongly associated with the ablation zone size: length,
surface, and volume. The pulse number was moderately but non-
linearly correlated with the ablation zone length. An increase in
temperature was seen for an increased voltage, inter-electrode
distance, pulse length, number of electrodes, pulse number,
and active needle length. On the other hand, the temperature
decreased when the pulse interval in between pulse trains
increased and when the total number of pulses was sequentially
delivered instead of continuously. The likelihood of thermal
damage is the greatest for high values of the electroporation
parameters voltage (>2000 V), active needle length, and
number of electrodes because these induce an increase in electric
current and energy release in tissue.

The applied voltage has the strongest correlation with the abla-
tion zone size of all in this review investigated electroporation
parameters. An external applied electric field of approximately
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680 V/cm is required to change the cell’s transmembrane voltage to
1 V, induce rearrangement of the lipid bilayer, and initiate perma-
nent permeabilization of the cell.>** When the applied voltage is
too low, a dumbbell shaped ablation zone will be formed since
the electric field strength is weaker in the center between the elec-
trodes than directly near the electrodes and is not high enough to

irreversibly ablate the tissue.'*® Electroporation parameter settings
are complementary to each other. A decrease in applied voltage can
be compensated by application of higher pulse numbers or an
increased pulse length to electroporate the same cell fraction.*
Thus, adding more pulses or an increase in pulse length will
create a larger ablation zone when the applied voltage is
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unchanged.*** The application of multiple pulses shows a cumu-
lative effect and appears to be more effective (results in the lowest
percentage of living cells) for a complete ablation in comparison to
less pulses delivering the same amount of energy.**** Reducing the
pulse frequency and using an approach of cycled pulse delivery in
multiple small pulse trains with a pause in between the trains, may
enlarge the ablated area.”***¢ The pore exposure time will
increase by this approach, leading to a longer lasting imbalance
in fons and cell death.*® So, cells respond ingeniously to the appli-
cation of an external electric field and the application of electric
pulses.

The IRE mechanism describes why the applied voltage pri-
marily determines the size of the ablation zone.*’ It is important
to keep the voltage as high as possible during IRE treatment.
However, a balance between ablation zone size and thermal
effects should be found since the energy delivery into the sur-
rounding tissue (joule heating) will increase when the applied
voltage is increased, resulting in thermal effects.'”*®

A temperature increase will occur wherever a current flows
that encounters resistance from the surrounding tissue.
Therefore, temperature effects are inseparable from irreversible
electroporation. The amount of energy required to induce an
increase in temperature varies per material and organ. Every
tissue has its own specific heat, depending on the tissue’s
thermal conductivity. The specific heat corresponds to the
amount of joule it takes to raise the temperature of 1 kg of
that specific material or organ by 1 °C.** The specific heat of
human kidney, human liver, potato, and polyacrylamide gel
are 3890, 3600, 3480, and 1750 J/kg °C, respectively.’*>?
Higher temperatures are reached when the same amount of
energy is delivered in polyacrylamide gels in comparison to
kidney tissue. Heat dissipation by blood perfusion also deter-
mines the maximum temperature reached during electropora-
tion.'”'® Therefore, the temperature results presented in this
review should be interpreted with knowledge of the material
or organ of interest, location where the temperature is measured
with reference to the core of the ablation zone and the electro-
poration protocol used.

Mild-hyperthermic temperatures (40-50 °C) and tempera-
tures >50 °C are reached in 30% and 5% of the ablation
zone, based on a systematic review of mathematical models
for thermal effects during IRE treatment.”* No other systematic
reviews or meta-analyses were published on the relation
between IRE parameters and the ablation zone size and occur-
rence of thermal effects, besides this study of Agnass et al.
Unless temperatures >50 °C occur in a relatively small
region, care should be taken not to damage critical structures.
Especially for an increase in the applied voltage, number of
electrodes and amount of delivered pulses, since these parame-
ters are significantly correlated with higher temperatures and
potential thermal damage, as investigated in in vivo porcine
liver and pancreatic tissue.>* This finding is in line with the
results presented in this review. Evidently, awareness and
control of the thermal effect are crucial.

Different mathematical models or equations are currently
available to predict thermal damage based on the temperatures
reached in and around the ablation zone. For example, the
Arrhenius equation,“’ss’56 a 2-state model,®” 3-state model,58
temperature-dependent time delay model,>® and cumulative
equivalent minutes model.®*%!

The strength of the present work is that the impact of individ-
ual electroporation parameters was systematically investigated
and pooled, providing an overview to what extent each param-
eter has been researched and contributes to electroporation
effects. The trend of the applied voltage as the main parameter
to achieve the desired ablation zone size seen in individual
studies was thus confirmed.

This review also has limitations. First, the number of included
studies was limited due to the strict eligibility criteria. Incomplete
reporting of the electroporation parameter settings used per treat-
ment and the achieved ablation zone size and/or thermal effects
per investigated combination of parameter settings was one of
the main reasons for exclusion. No studies performing IRE in
human patients were eligible for inclusion. Almost all included
animal studies comprised IRE of healthy organs, which differs
from clinical cases in vessel encasement by tumor tissue, tissue
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heterogeneity of tumor tissue, and therefore electrical characteris-
tics and electric field distribution.'” The ablation zone size and
thermal effects were reported per individual electroporation
parameter without a distinction between the investigated organs
nor whether an animal or phantom model (gel/potato) was used,
since a relatively small number of studies could be included.
Nonetheless, the found effects of adjustments in electroporation
parameters show general trends. For translation of the results to
IRE in human patients, it is important to be aware of the additional
effect of tissue characteristics, blood perfusion and potential heat
diffusion into surrounding tissue.’

Assessment of the methodological quality of papers is an
important aspect of systematic reviews. Another limitation of
this study is that previously validated quality scores for

systematic reviews did not fully apply to the types of studies
included. Therefore, a specific score was developed for use in
this study. A few aspects of the quality assessment remained
somewhat difficult, in particular the cutoff for an adequate
sample size (per investigated set of electroporation parameter
combinations). Ideally, this should be based on a sample size
calculation. Many included studies, however, were explorative
in nature and had no formal sample size calculation. A number
of 10 measurements per investigated set of electroporation
parameters was considered as adequate for most cases. As it
was the ultimate goal of this research to identify IRE settings
that impact the ablation size zone and risk for thermal injury
in clinical practice, human patients were rated with one extra
point on the aspect study model. The type of model used was
only one aspect of the quality score and affects 11% of the
total score. Collectively, other methodological items have
more impact on the study’s total score. The formulation of
general recommendations for optimal control and personaliza-
tion of IRE treatment is currently hindered by methodological
shortcomings of available literature. Consequently, there is a
need for high-quality research with a sufficient sample size,
reporting all used electroporation parameter values and includ-
ing a replicable description of how the ablation zone size and
temperature effects are measured.

It is valuable to gain more insight into clinical IRE in human
patients on a large scale. This can be realized by systematically
and precisely reporting the electroporator (eg, applied voltage)
and electrode settings (eg, number of electrodes and configura-
tion) per individual patient in a database in combination with
ablation outcomes, the developed ablation zone size, and
thermal effects. Relevant patient specific electroporation charac-
teristics should be reported as well, such as the location of the
electrodes with reference to mnearby critical structures,
(average) heart rate and the amperage reached during pulse
delivery. Based on the amperage, an indication of the energy
release in tissue and occurrence of thermal effects during
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treatment can be made. All this information provides valuable
insights to develop a model that may guide and personalize clin-
ical electroporation procedures.

Conclusion

Firm conclusions are limited since studies that investigated and
precisely reported the influence of electroporation parameters
on the ablation zone size and thermal effects were scarce and
their overall quality was low to moderate. Only the applied
voltage appeared to be a significant linear predictor and most
strongly associated with the ablation zone size: length,
surface, and volume. The pulse number was moderately but
non-linearly correlated with the ablation zone length. Thermal
effects are inseparable from IRE and were more likely to
occur for higher voltages (>2000 V), higher number of elec-
trodes, and increased active needle length. High-quality
studies are needed to improve the predictability of the combined
effects of variation in parameter combinations and optimize
IRE treatment protocols.
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