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Irreversible electroporation as a novel
method for soft tissue ablation: review and
challenges in clinical practice

Ireverzibilna elektroporacija kot metoda ablacije mehkih tkiv:
pregled in izzivi pri uporabi v klinicnem okolju

Helena Cindri¢, Bor Kos, Damijan Miklavcic

Abstract

Irreversible electroporation has been evaluated as a novel method for ablation of various soft
tissues for the last fifteen years. This method presents an alternative to the established thermal
ablation methods due to its predominantly non-thermal mechanism of cell kill. It is currently
mostly used for treating patients in whom the application of thermal ablation is contraindicat-
ed due to risk of thermal damage to sensitive nearby structures, or when the presence of heat
sinks reduces ablation efficacy. The main medical application of irreversible electroporation
has until recently been ablation of deep seated tumours, e.g. in the liver, prostate and kidney,
however, in the last few years its potential for the treatment of various arrhythmias has sparked
great interest. Since irreversible electroporation is still a relatively new method, there is a lack of
standardized treatment protocols and planning procedures for use in clinical setting. Numerical
modelling has proven to be an indispensable tool in investigating and designing electropora-
tion-based treatments and preparing patient-specific treatment plans. In this paper the most
recent developments in clinical use of irreversible electroporation ablation are summarized and
its major advantages as well as challenges and possible drawbacks in introducing this novel ab-
lation method into clinical routine are highlighted.

lzvlecek

Koncept ireverzibilne elektroporacije kot samostojne ablacijske metode so prvi¢ predstavili
pred petnajstimi leti. Ireverzibilna elektroporacija je alternativna metoda uveljavljenim ter-
micnim ablacijskim metodam, saj mehanizem unicevanja celic ni odvisen od dviga temperature.
Zaradi netermi¢nega nacina delovanja se zaenkrat uporablja predvsem v primerih, pri katerih
uporaba termicne ablacije ni mogoca zaradi nevarnosti, da se posSkodujejo bliznje obcutljive
anatomske strukture ali se uc¢inkovitost ablacije zmanjsa zaradi odvajanja toplote (t. i. heat sink
ucinek). Trenutno se ireverzibilna elektroporacija v medicini uporablja predvsem za odstranje-
vanje globlje leZecih tumorjev, na primer v jetrih, prostati in ledvicah. V zadnjih letih je veliko
zanimanja vzbudila tudi uporaba metode v srcu, in sicer za zdravljenje razlicnih motenj srénega
ritma. Ker je ablacija z ireverzibilno elektroporacijo sorazmerno nova tehnologija, Se vedno ni
standardnih protokolov zdravljenja in postopkov za nacrtovanje zdravljenja. Numeri¢ne metode
so nepogresljivo orodje pri preucevanju pojava elektroporacije in pri pripravi bolnikom prilago-
jenih nacrtov zdravljenja. Prispevek pregledno prikazuje dosedanjo uporabo ireverzibilne elek-
troporacije v klinicnem okolju, povzema prednosti in osvetljuje glavne probleme pri uvajanju te
obetavne ablacijske metode v klinicno prakso.

Zdrav Vestn | January - February 2021 | Volume 90 | https://doi.org/10.6016/ZdravVestn.2954


https://doi.org/10.6016/ZdravVestn.2954
mailto:damijan.miklavcic%40fe.uni-lj.si?subject=
mailto:damijan.miklavcic%40fe.uni-lj.si?subject=

REVIEW ARTICLE

Cite as/Citirajte kot: Cindric H, Kos B, Miklavcic D. Irreversible electroporation as a novel method for soft
tissue ablation: review and challenges in clinical practice. Zdrav Vestn. 2021;90(1-2):38-53.

DOI: https://doi.org/10.6016/ZdravVestn.2954

1 Introduction
1.1 On electroporation

Electroporation (also called electroper-
meabilization) is a phenomenon by which
we temporarily change the structure of the
cell membrane with short high-voltage
electric pulses. Under the influence of an
electric field membrane lipids are redis-
tributed, so-called hydrophilic pores ap-
pear and chemical reactions on lipids and
transport proteins occur, which increases
permeability and allows passage to various
substances which otherwise couldn't pass
the membrane or do so only with difficulty
(1-4). With the appropriate choice of pa-
rameters of electric pulses, i.e. the num-
ber and duration of pulses, the dynamics
of pulse delivery and the amplitude of the
applied voltage, electroporation can be re-
versible or irreversible. In reversible elec-
troporation, the cell membrane returns to
its original state relatively quickly, so the
long-term ability of the cell to divide and
function is not impaired by the procedure.
With irreversible electroporation, howev-
er, the cell loses functionality and dies (a
process similar to apoptosis) due to expo-
sure to the field (4-7).

Reversible and irreversible electropo-
ration each offer possibilities in numerous
fields - from medicine to biotechnology
to food and wood processing (5,8,9). The
most interest is elicited by its use in med-
icine (10). Reversible electroporation is
interesting mainly from the point of view
of the introduction of various molecules
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into cells, where one of the applications is
electrochemotherapy, in which reversible
electroporation of the tumor enables the
transfer of some chemotherapeutics (bleo-
mycin and cisplatin) into cancer cells, sig-
nificantly increasing their cytotoxicity (11-
14). In contrast to electrochemotherapy, in
which we wish to preserve the cell mem-
brane, we strive for direct destruction of
cells with an electric field with irreversible
electroporation. Irreversible electropora-
tion (IRE) is used mainly for ablation of
various tumors (5,6,15-19), and lately for
cardiac ablation for treatment of arrhyth-
mias (20-23).

1.2 Irreversible electroporation
in medicine

The concept of irreversible electropo-
ration as a standalone method of tissue
ablation was first introduced by Davalos
et al. in 2005 (7). Using a mathematical
model they showed that irreversible elec-
troporation allows for the destruction of
target tissue without tissue heating and
thus without thermal damage, in contrast
to other established ablation methods. The
non-thermal mechanism of cell destruc-
tion quickly aroused considerable interest
in research groups, which was followed by
a number of in vitro studies and in vivo
studies on animal models. Later research
showed that a thermal component is still
present directly adjacent to electrodes, a
consequence of high current density and
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increased electrical conductivity of tissues
due to electroporation (24-26). Despite
this, thermal damage causes only a small
fraction of cell deaths when the procedure
is used properly, as the primary mech-
anism of this new method is still mostly
non-thermal (26).

The first clinical studies on IRE ab-
lation were published in 2010 - in the
prostate (27) and the kidneys (29), which
focused above all on the safety of the pro-
cedure. Numerous clinical trials followed
in the following years, focused on ablating
deep-seated tumor in various organs - the
prostate (27,29-33), kidneys (28,34,35),
liver (36-42), pancreas (43-46) and lungs
(the latter so far unsuccessfully) (47,48).
In recent years, in addition to its use in
oncology, the use of IRE in the heart has
been investigated, namely for the isolation
of pulmonary veins in the treatment of
atrial fibrillation (AF) (20-22,49) and for
the ablation of Purkinje fibers in the treat-
ment of ventricular fibrillation (23).

Ablation with irreversible electropo-
ration has many advantages over estab-
lished thermal methods, which enables its
use in cases when thermal damage to the
surrounding tissues is not acceptable, e.g.
in the immediate vicinity of the bile duct,
or when ablation with thermal ablation
techniques cannot be reliably performed ,
for example due to the proximity of larger
blood vessels (10,19,26,36,41,50-52). As
the method is independent of tempera-
ture, it is not sensitive to the heat sink ef-
fect in proximity to blood vessels, which
is a common problem with thermal abla-
tion methods. An important property of
irreversible electroporation is also that it
destabilizes only the membranes of living
cells, while the remaining structures and
proteins in the intercellular space remain
intact, which improves the integrity of
damaged tissue, reduces scarring and al-
lows for faster tissue regeneration (53).

Involvement of the immune system also
plays an important role in the antitumor
effect of irreversible electroporation. A
fraction of cells in the immediate vicinity
of the electrodes die due to thermal dam-
age (necrosis), which stimulates the local
immune response and thus accelerates the
removal of cancer cells (54,55). Thermal
techniques such as radiofrequency and
microwave ablation and cryoablation are
still routinely used for soft tissue ablation,
but interest in irreversible electroporation
ablation is also growing.

2 Technical aspects of
ablation with irreversible
electroporation

With irreversible electroporation we
strive for complete destruction of cells in
the target tissue. Ablation effectiveness is
directly connected to the strength of the
local electric field in the tissue and the du-
ration of exposure to the field (Figure 1).

The strength of the electric field is
mainly influenced by pulse amplitude, but
it is also dependent on electrode dimen-
sions (electrode diameter and length),
the distance between paired electrodes
and on (electric and thermal) properties
of biological tissue. Additionally, the lev-
el of tissue electroporation is also influ-
enced by the dynamics of pulse delivery
(pulse duration and pulse delivery rate).
Determining the optimal parameters for
irreversible electroporation is the subject
of intensive research, as the pulse parame-
ters differ between different target tissues/
organs.

2.1 Ablation of deep-
seated tumors

For ablation of deep-seated tumors long
monopolar needle electrodes are used to
deliver high-voltage electrical pulses. The

Zdrav Vestn | January - February 2021 | Volume 90 | https://doi.org/10.6016/ZdravVestn.2954


https://doi.org/10.6016/ZdravVestn.2954

REVIEW ARTICLE

A)
10°4
=3 ]
o
s 4
< 10%4
5o E
c B
o ]
5 ]
o 4
2
5 104
g E
u ]
10°
0
O PLALALLL A L S L A e 1 L
0 10® 107 10°% 10° 10* 10% 107
Exposure duration (s)
‘:I Electroporation Reversible
not detected electroporation

B)

100+
80
60—

40—

Fraction of exposed cells (%)

20+

250 500 750 1000 1250 1500 1750 2000
Electric field strength (V/cm)

Non-thermal
. irreversible
electroporation

Irreversible
electroporation and
thermal effects

Figure 1: A) Reversible electroporation, irreversible electroporation and thermal effects of
electroporation depend on both the strength of the electric field and the time of exposure
(depending on the duration and number of applied electric pulses). In tissue, the same effect
can be achieved with a shorter exposure time and a higher strength of the electric field, or
with a longer exposure time and a lower strength of the electric field. B) With the selected
duration of electric pulses (example for 1-millisecond pulses - dashed line on panels A and B),
the fraction of reversibly and irreversibly electroporated cells increases with the strength of the
electric field. The figure is summarized from Yarmush ML, et al (8).

number and placement of electrodes de-
pend on the size of the tumor. The use of
two to six electrodes is typical, which are
placed as parallel as possible to each other
and are arranged around the tumor. If nec-
essary, one or more electrodes may also be
located inside the tumor. The electrodes
have an adjustable length, but in practice a
length of 2 cm is most commonly used as
longer electrodes result in excessive elec-
tric currents. Electric pulses are applied to
individual pairs of electrodes so the entire
target volume, i.e. the tumor volume with
a safety margin, is successively covered.
The safety margin width depends on the
type of tumor and usually extends 5-10
mm from the tumor borders. In the case
of larger tumors, the electrodes can also
be retracted (15-20 mm) during therapy;,
thus covering the target volume in seg-
ments. Parameters of electric pulses and
delivery protocols differ between studies,
but a train of 70-100 electric pulses per
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electrode pair is most commonly used,
and the duration of individual pulses in
the train is typically 90 ps (50-100 ps)
(18,37,45). To determine the amplitude,
the ratio between the voltage and the dis-
tance between paired electrodes is mostly
used, but it varies from study to study, as
it also depends on the type of target tissue.
Published in vivo studies show the use of
1000-2500 V/cm ratios (18).

The voltage-to-distance ratio (V/d ratio
with a unit of measurement V/cm), which
is used to determine the voltage at the elec-
trodes, is often confused in literature with
the electric field threshold, required for ir-
reversible electroporation of the target tis-
sue. The electric field in a tissue depends
on the electrical properties and structure
of the tissue. Tissue (and therefore elec-
trical conductivity) is essentially nonho-
mogeneous, and in addition, conductivity
changes dynamically during the proce-
dure due to electroporation and also due
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Figure 2: Example of electric field distribution in homogeneous tissue at different distances between needle electrodes
(1 cm, 1.5 cm and 2 cm) and at the same voltage-to-distance ratio V/d = 1500 V/cm. For better visibility, the color scale is
limited to a range of up to 3000 V/cm. The electric field is not homogeneous and is very high in the immediate vicinity of
the electrodes (even up to 10,000 V/cm), but decreases rapidly with the distance from the electrodes and is between 500
and 1000 V/cm in the middle between the electrodes. The distribution of the electric field also depends on the placement
of the electrodes. At the same V/d ratio, the field in the middle between the electrodes is almost homogeneous at a
distance of 1 cm (A), whereas it becomes increasingly nonhomogeneous with increasing distance (B, C).
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to heating (56,57). In fact, the electric field
near the electrodes is very high (even up
to 10000 V/cm) due to high current densi-
ty, while with increasing distance from the
electrodes it decreases drastically and is
lower than the selected V/d ratio in most
of the target volume (Figure 2). Therefore,
high values are used to determine the
voltage at the electrodes, e.g. 1500 V/cm,
although the electric field threshold at
which irreversible electroporation occurs
in tissue is in fact only around 500-700 V/
cm (depending on the type of tissue and
the number of pulses supplied).

Electrode position planning and place-
ment is still mostly done manually. The
interventional radiologist determines the
positions and trajectories for electrode in-
sertion on the basis of the patient's pre-in-
tervention imaging. Electrode insertion
is then performed with the help of con-
trast-enhanced ultrasound, for example at
ablation in the prostate, or with the help
or interventional CT imaging, for example
in treatment of liver or pancreatic tumors.

The final electrode positions are then in-
serted into the NanoKnife device, which
displays the schematic shape of the abla-
tion zone according to the selected electric
field parameters (voltage-to-distance ratio
at the electrodes). The needle electrodes
are long and thin (diameter 0.8-1.2 mm)
and often bend when inserted. Therefore,
it is extremely difficult to achieve a com-
pletely parallel layout.

The NanoKnife (AngioDynamics,
Latham, New York, USA) is currently the
only commercially available device for
irreversible electroporation and dictates
most protocols in clinical studies. The
manufacturer recommends a V/d ratio
of 1500 V/cm to determine the voltage
amplitude at the electrode pair. The max-
imum voltage the NanoKnife can deliver is
3000 V, so we are limited to distances of
up to 2 cm when placing the electrodes
if we want to maintain a ratio of 1500 V/
cm. Additionally, we are also limited by
the maximum electric current the device
can deliver. If the amplitude of the electric
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Figure 3: An example of a minimally invasive procedure - IRE

ablation of colorectal metastases in the liver. A, B) Pre-interventional
images show a tumor (arrow) near the hepatic and portal veins and
the bile duct. C) Needle electrodes for electroporation are inserted
percutaneously under CT guidance. D) The image taken immediately
after the procedure shows a characteristic hypointense area of ablation
with a hyperintense edge. E, F) The images show a shrinking of the
ablation area two weeks after the procedure. G, H) Three months after
the procedure, the area of ablation on a contrast enhanced CT is barely
visible, and no metabolic activity is detected with a PET CT in the area
of the lesion. The figure is summarized from Scheffer HJ, et al (19).
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current in the pair of electrodes exceeds 50
A, the pulse delivery is automatically ter-
minated. The voltage must then be lowered
accordingly and the procedure repeated.
High-voltage electric pulses can cause
cardiac arrhythmia, so pulses are applied
during the absolute refractory period of
the ventricles (58,17). The pulse delivery
is thus always synchronized with the pa-
tient's electrocardiogram, regardless of the
selected delivery protocol. The NanoKnife
delivers electric pulses in sequences of ten
pulses, followed by a break during which
the device is recharged. Electroporation
pulses also cause strong muscle contrac-
tions, so complete pharmacological paral-
ysis of the patient and general anesthesia
are required. Ablation of deep-seated tu-
mors by irreversible electroporation can
be performed surgically or percutaneous-
ly. The percutaneous procedure is min-
imally invasive and greatly shortens the
time of hospitalization and recovery of the
patient, but it is technically much more
demanding. It is extremely important that
the needle electrodes are inserted exact-
ly according to the pre-procedure plan.
Electrode insertion can be performed
manually under CT guidance or using
navigation systems currently available for
percutaneous treatments (59,61). Figure 3
shows an example of a minimally invasive
procedure - IRE ablation of colorectal me-
tastases in the liver.

2.2 Cardiac ablation

One of the most promising applica-
tions of irreversible electroporation is the
pulmonary vein isolation for treatment of
atrial fibrillation (AF). Catheter ablation
of the atrial myocardium at the junction
with the pulmonary veins is an established
method for treatment of AF, with radiof-
requency (RF) ablation and cryoablation
being most commonly used. The main
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Figure 4: A) A circular catheter with numbered electrodes for pulmonary vein ablation; B) A
schematic representation of three biphasic pulses for pulmonary vein ablation with a circular
catheter. The figure is summarized from Stewart MT, et al (22).

weaknesses of RF ablation are limited con-
trol over the expansion of heat in tissue
(and with it increased risk for damage to
non-target tissue) and discontinuities in
the ablation zone. The procedure is also
lengthy and requires an experienced car-
diologist or electrophysiologist as the RF
electrode needs to be manually moved
around the circumference of the pulmo-
nary vein. Irreversible electroporation en-
ables good control over the depth of the
ablation zone and the success of ablation
is not dependent on heat accumulation in
tissue. Compared to RF ablation, the IRE
procedure is much faster, as the pulse de-
livery takes only a few seconds after the
placement of the circular catheter. With
both thermal ablation techniques (RF
and cryoablation) the target tissue for ab-
lation is located outside the pulmonary
veins to avoid scarring venous walls and
with it the risk of pulmonary vein steno-
sis. Irreversible electroporation preserves
the structure of the extracellular space and
thus reduces tissue scarring. Therefore, it
also allows ablation directly at the junction
with the veins without the risk of stenosis
(62). Catheter cardiac ablation by irre-
versible electroporation is currently in the
development phase. Numerous preclin-
ical studies and a first clinical study (20)
have tested different forms of catheters,
from balloon catheters (62) to different

forms of catheters with bipolar electrodes
and biphasic pulses (20). One of the more
promising catheters is a circular catheter
with nine electrodes (Figure 4) (22,49).
Optimal electric pulse parameters are still
the subject of research, but general con-
clusions suggest that a bipolar electrode
configuration in the catheter (alternating
positive and negative electrodes) and ap-
plication of short biphasic pulses provide
the best control over the size of the abla-
tion zone and reduce the intensity of mus-
cle contractions.

2.3 Procedure planning

Technological advancement, especially
with image-guided processes, now enables
the use of minimally invasive procedures,
which greatly shorten the duration of
hospitalization and improve the patient’s
quality of life during recovery. With mini-
mally invasive procedures, especially with
deep-seated tumors, we are limited regard-
ing electrode placement, as mechanical
damage to critical anatomical structures
must be avoided. The first step in treat-
ment planning is to determine the inser-
tion trajectory of the electrodes, following
the manufacturer's instructions that the
electrodes should be as parallel as possi-
ble to each other, as this is the only way to
control the distribution and homogeneity
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of the electric field in the tissue. In the sec-
ond step, we must determine the optimal
number and placement of electrodes and
the optimal parameters of electric pulses
by providing a sufficiently high electric
field in the entire target volume of the
tissue, without damaging nearby critical
anatomical structures. Additionally, we
are limited by the capabilities of clinically
accessible pulse generators — with limited
current and voltage.

Although the NanoKnife device allows
for a schematic representation of the ex-
pected ablation zone according to the
selected electrode placement and pulse
parameters, it assumes that the tumor
is perfectly round and does not take in-
to account the local redistribution of the
electric field due to biological tissue vari-
ability. In addition, the NanoKnife trans-
lates the three-dimensional placement of
the electrodes into two dimensions, so the
ablation zone is represented only in the
plane perpendicular to the electrodes. The
voltage at the electrodes is calculated au-
tomatically according to the desired volt-
age-to-distance ratio. The suitability of the
calculated parameters is checked by mea-
suring the current at the beginning of the
procedure. Each pair of electrodes is first
supplied with 10-20 test pulses. If the mea-
sured current is in the range of 20-30 A,
the parameters are deemed suitable, so the
delivery of the remaining pulses can fol-
low. If the current value is higher or lower,
the voltage or electrode placement must
be adjusted accordingly.

The planning of IRE ablation based
solely on electric current is not reliable,
so in recent years software tools and ap-
plications for the preparation of compre-
hensive pre-intervention plans have been
under active development. The prepa-
ration of a treatment plan is based on a
numerical simulation of the procedure
(37,63-65). The principle of modelling
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ablation with irreversible electroporation
is presented on a simplified theoretical
model of liver tumor (Figure 5/ A). The
model consists of two tissues, namely the
liver parenchyma and a spherical tumor
with a diameter of 16 mm. Four needle
electrodes are arranged around the tumor
in a square configuration, and the maxi-
mum distance between the electrodes is 20
mm. The electrodes together form six ac-
tive ablation pairs. The parameters of the
electric pulses in the model are selected
in accordance with the recommendations
of the manufacturer of the NanoKnife de-
vice, namely 100 pulses per electrode pair
for 90 ps and the ratio between the voltage
and the distance between the electrodes
of 1500 V/cm (Figure 5 / B). The dynamic
of the pulse delivery is as follows: electric
pulses are delivered with a frequency of 1
Hz in a train of 10 pulses, and there is a
3-second pause between individual trains,
which is the time needed to charge the
pulse generator. With a simplified mod-
el, we can quickly check the suitability of
selected pulse parameters and electrode
placement. For each active electrode pair,
the spatial distribution of the electric field
is calculated separately, and the contribu-
tions of individual pairs are finally com-
bined to give the final distribution of the
electric field or, in other words, the tissue
coverage (Figure 5/ C). The threshold for
irreversible electroporation of the tumor
was 600 V/cm for the selected model pa-
rameters (37). By analyzing the contribu-
tion of individual pairs of electrodes to
the total coverage of the target volume, we
can optimize the ablation parameters. In
Figures 5 / D-I we see that with the first
four pairs we cover 75% of the tumor vol-
ume, and with the fifth pair we already
achieve 100% coverage. In the model, in
addition to the distribution of the electric
field, we also calculate the heating of the
target tissue due to Joule heating. Figure
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B) | Electrode Distance  Voltage Pulse Pulse Calculated
pair between (V) duration (us) number  current (A)
electrodes
(cm)
1-2 1,41 2100 90 100 22,92
2-3 1,41 2100 90 100 24,26
3-4 1,41 2100 90 100 24,82
4-1 1,41 2100 90 100 25,23
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Figure 5: A) A simplified numerical model of a liver tumor, surrounded by four needle electrodes. B) Chosen parameters
of electric pulses for the six active electrode pairs in the model. C) Final distribution of the electric field in the tissue.
The round contour of the tumor can be seen. The colour scale is adjusted to the range from 600 to 1500 V/cm for

better visibility. D/I) At the selected model parameters, the threshold for irreversible electroporation of the tumor is
approximately 600 V/cm. The D/l images show the contributions of individual electrode pairs to the total coverage of the
target tissue with an electric field greater than 600 V/cm. We see that the entire volume of the tumor is already covered
by the contributions of the first five pairs.
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6 / A shows the calculated temperature
in the tissue after delivery of 100 pulses
to the first pair of electrodes. We see that
the temperature rises sharply already in
the first pair, which is then followed by
the delivery of pulses to a another 5 pairs.
Figure 6 / B shows the highest calculat-
ed tissue temperature for all 6 electrode
pairs. With rising tissue temperatures the
electrical conductivity of the tissue also
increases, and with it the electric current
(Figure 6 / C). From the final distribution
of the electric field on Figure 5/ C it is ev-
ident that the entire tumor is covered with

electric fields above the default threshold
for IRE (600 V/cm). We could further op-
timize the parameters and thus limit tissue
heating and the risk for unwanted thermal
damage. When preparing an actual pa-
tient-specific plan for the procedure, we
use the patient's pre-intervention images,
on the basis of which we create a simpli-
fied, but anatomically correct, numerical
model of the target organ / tissue. We then
determine the intervention plan in the
model by calculating the electric field dis-
tribution and by optimizing the placement
and voltage on the electrodes (66). The
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Figure 6: A) Tissue temperatre after the first 100 pulses; starting temperature is around 310 K - 37 °C. B) Maximal tissue
temperature calculated after each individual train of 10 pulses. C) The temperature rise causes an increase in tissue
conductivity and therefore an increase in the electric current.

pre-operative treatment plan then has to
be imported into the intervention imaging
domain on the day of the procedure, which
requires the registration of three-dimen-
sional pre-intervention and intervention
images in the same coordinate system.
Image registration is an extremely diffi-
cult procedure, especially with soft tissues,
where deformations are often present. In
addition to the limited precision of image
registration, the time complexity is also
problematic, as the registration process is
still too time-consuming for routine clin-
ical use (60). The pre-operative plans are
thus currently used as a support when per-
forming the actual procedure.

2.4 Thermal aspects of
irreversible electroporation

Ablation effectiveness with irreversible
electroporation is not dependent on tem-
perature, so the method is often charac-
terized as a non-thermal ablation metod,
which can lead to erroneous thinking that
IRE does not cause any tissue heating. Soft
tissues are good conductors and their elec-
tric conductivity increases during electro-
poration, which can cause high electric
currents and consequent Joule heating of
surrounding tissue. The temperature rise is
most evident in the immediate proximity

Irreversible electroporation as a novel method for soft tissue ablatio

to electrodes, where the temperature can
exceed 60 °C, which can cause coagulation
of cell proteins and immediate cell death
even with brief exposures. Longer dura-
tions of exposure can lead to cell death
even at 43 °C. The increase in temperature
is proportional to the number of electric
pulses and the frequency of pulse delivery.
In larger tumors, where many electrodes
are used and whose contributions overlap,
hundreds of pulses can be cumulatively
delivered to the tissue locally, which can
lead to high temperatures throughout the
target tissue, thus losing the non-ther-
mal nature of IRE. One of the reasons for
choosing IRE ablation over thermal meth-
ods is its use in anatomical locations and
organs where thermal damage is not ac-
ceptable. In such cases the tissue tempera-
ture needs to be controlled and consid-
ered during planning for the procedure.
Heating and cooling of tissues and pulse
delivery dynamic need to be considered in
calculations as well.

In the numerical model, we take into
account the change in the conductivity of
the medium both due to electroporation
and due to heating. Figure 6 / C shows the
increase in electric current as a result of
heating for each active pair of electrodes
separately. Although the V/d ratio is the
same in all electrode pairs, we can see that
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in pairs with lower voltage the current in-
creases by approximately 3 A after the ap-
plication of all 100 pulses, while in pairs
with a higher voltage the current rises by
5-6 A. The increase in electric current is
often considered in literature as one of the
indicators of successful electroporation,
although there are multiple factors for this
increase; among others, as we can see in
Figure 6, there is also an increase in tissue
temperature, which is by no means negli-
gible during IRE.

3 Challenges in introducing
irreversible electroporation
into the clinical practice

Although irreversible electroporation
has proven to be a promising alternative to
existing methods of ablation of various soft
tissues, there are still many problems to be
solved when introducing it into the clinical
practice.

One of the key challenges is the lack
of an indicator of the technical success of
IRE ablation during or immediately after
the procedure. IRE causes immediate tis-
sue edema, so imaging immediately after
the procedure does not provide reliable in-
formation on the area of ablation. Due to
tissue regeneration following IRE (and as-
sociated shrinkage) it is difficult to reliably
demarcate the area of ablation on post-op-
erative imaging, which makes it difficult to
develop and validate numerical models for
intervention planning (68,69).

Studies in the last few years have often
used an increase in electric current as a
measure of successful irreversible electro-
poration. Martin and colleagues in a study
of pancreatic IRE ablation state that with
successful tissue IRE, the electric current
increases by at least 12 A (45). If an ade-
quate increase in current is not achieved
for an individual pair of electrodes after
the introduction of all pulses, an additional

70-100 pulses are suggested (45,70,71).
This way of »controlling« the ablation size
leads to a large number of pulses and thus
to significant heating, and it has not been
proved that additional pulse delivery in-
creases the size of ablation (72). In addi-
tion, the conclusions of the study (45) refer
to the results of ablation in the pancre-
as; soft tissues have a variety of electrical
properties, so the direct transfer of con-
clusions to other tissues is not sufficient-
ly warranted without further research. In
the study (73) O'Brien et al. studied the
influence of internally cooled electrodes
on effectiveness and safety of IRE abla-
tion in the liver. Results of the study have
shown that lower temperatures and lower
electric currents are achieved with the use
of cooled electrodes compared to tradi-
tional electrodes without a change in the
size of the ablation area. Ruarus et al. have
shown in their study (74) that although
an increase in current correlates with the
success of ablation of colorectal metas-
tases, an increase of current for 12 A was
observed in only 10% of patients. The size
and increase of the electric current depend
on tissue composition and also on heating
— either as a consequence of an increase
in conductivity or due to impaired tissue
cooling due to local vascular occlusion
caused by electroporation. In the numeri-
cal model (Figures 5 and 6), we considered
the dynamic properties of the tissues and
calculated the increase in electric current
during IRE ablation of the tumor in the
liver. We have shown that despite a low
increase in electric current we can achieve
complete coverage of the target tissue with
a safety margin, as shown by Ruarus et
al. in their study (74). Increase in current
during IRE ablation can serve as a poten-
tial indicator, but it does not represent a
reliable method for predicting treatment
success (or failure); its misuse can even
lead to increased risk of damage to nearby

Zdrav Vestn | January - February 2021 | Volume 90 | https://doi.org/10.6016/ZdravVestn.2954


https://doi.org/10.6016/ZdravVestn.2954

delicate anatomical structures. Despite an
increasing number of clinical trials in var-
ious organs, there are no studies in which
IRE ablation has been chosen as the prima-
ry treatment option. In most medical cen-
ters, IRE ablation is suggested for patients
in whom current established treatment
options have failed or are contraindicated
for other reasons. Patients in which success
of IRE ablation has been tested so far have
often been previously treated with system-
ic chemotherapy, have recurrent disease
or tumors in hard-to-reach places. When
comparing it to other established ablation
techniques, we must therefore be aware of
the bias to the detriment of IRE ablation.
In addition, there are currently no stan-
dardized protocols for IRE ablation, which
leads to high variability between studies in
terms of the number of electrodes used, the
number and duration of pulses, the size of
the target area, and so on. Inconsistencies
in protocols may adversely affect treatment
outcome, increase patient risk, and there-
fore impede further development. The
publication of the first standardized elec-
trochemotherapy treatment protocols in
2006 (75) has, for example, greatly accel-
erated the development and introduction
of electrochemotherapy as a new method
of treatment of primary and secondary
tumors into clinical practice. The unifi-
cation of treatment protocols in different
clinical centers has expanded the use of
electrochemotherapy and contributed to
new knowledge, so in 2018 a new, updat-
ed and expanded version of standardized
protocols was published (76). Introducing
similar standardized protocols for ablation
with irreversible electroporation would
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increase the replicability of studies and en-
able easier evaluation of the clinical value
of this new ablation method.

4 Conclusion

Irreversible electroporation is an alter-
native method to thermal ablation tech-
niques, such as radiofrequency ablation,
microwave ablation and cryoablation,
since its mechanism of cell destruction
does not depend on tissue temperature.
Because of the mostly non-thermal mech-
anism of action it is especially interesting
for use in organs and in anatomical loca-
tions where thermal damage to surround-
ing tissue is not acceptable. Numerous
clinical studies have demonstrated the ef-
fectiveness and safety of irreversible elec-
troporation in various tissues/organs — for
ablation of deep-seated tumors in the liver,
kidneys, pancreas and prostate, and more
recent studies for pulmonary vein isola-
tion in AF treatment. The main guidelines
for the future dictate the development of
standardized protocols for the ablation of
deep-seated tumors and the development
and validation of tools for pre-operative
treatment planning. Standardization of
a direct indicator for technical success of
IRE ablation is one of the key challenges
with introducing this new and promising
ablation method into the clinical environ-
ment. Despite the challenges that need to
be overcome, irreversible electroporation
is a promising new method of soft tissue
ablation. We can certainly expect fur-
ther development and use of irreversible
electroporation in various branches od
medicine.

References

1. Neumann E, Rosenheck K. Permeability changes induced by electric impulses in vesicular membranes. J
Membr Biol. 1972;10(3):279-90. DOI: 10.1007/BF01867861 PMID: 4667921

Irreversible electroporation as a novel method for soft tissue ablatio

49


https://doi.org/10.1007/BF01867861
https://pubmed.ncbi.nlm.nih.gov/4667921

ONCOLOGY

50

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

Miklavcic D, Puc M. Electroporation. In: Wiley Encyclopedia of Biomedical Engineering. Atlanta,

Georgia: American Cancer Society; 2006. Available from: https://onlinelibrary.wiley.com/doi/
book/10.1002/9780471740360 DOI: 10.1002/9780471740360.ebs1390

Kotnik T, Pucihar G, Miklavcic D. The Cell in the Electric Field. In: Kee ST, Gehl J, Lee EW. Clinical Aspects of
Electroporation. New York (NY): Springer; 2011. pp. 19-29. [cited 2018 Apr 29]. Available from: https://link.
springer.com/chapter/10.1007/978-1-4419-8363-3_3 DOI: 10.1007/978-1-4419-8363-3_3

Kotnik T, Rems L, Tarek M, Miklav¢i¢ D. Membrane Electroporation and Electropermeabilization:
mechanisms and Models. Annu Rev Biophys. 2019;48(1):63-91. DOI: 10.1146/annurev-
biophys-052118-115451 PMID: 30786231

Kotnik T, Frey W, Sack M, Haberl Megli¢ S, Peterka M, Miklavcic D. Electroporation-based applications in
biotechnology. Trends Biotechnol. 2015;33(8):480-8. DOI: 10.1016/j.tibtech.2015.06.002 PMID: 26116227
Rems L, Miklavcic¢ D. Tutorial: electroporation of cells in complex materials and tissue. J Appl Phys.
2016;119(20):201101. DOI: 10.1063/1.4949264

Davalos RV, Mir IL, Rubinsky B. Tissue ablation with irreversible electroporation. Ann Biomed Eng.
2005;33(2):223-31. DOI: 10.1007/s10439-005-8981-8 PMID: 15771276

Yarmush ML, Golberg A, Sersa G, Kotnik T, Miklavcic D. Electroporation-based technologies for medicine:
principles, applications, and challenges. Annu Rev Biomed Eng. 2014;16(1):295-320. DOI: 10.1146/annurev-
bioeng-071813-104622 PMID: 24905876

Mahnic-Kalamiza S, Vorobiev E, Miklavcic D. Electroporation in food processing and biorefinery. J Membr
Biol. 2014;247(12):1279-304. DOI: 10.1007/500232-014-9737-x PMID: 25287023

Geboers B, Scheffer HJ, Graybill PM, Ruarus AH, Nieuwenhuizen S, Puijk RS, et al. High-Voltage Electrical
Pulsesin Oncology: Irreversible Electroporation, Electrochemotherapy, Gene Electrotransfer, Electrofusion,
and Electroimmunotherapy. Radiology. 2020;295(2):254-72. DOI: 10.1148/radiol.2020192190 PMID:
32208094

Mir LM, Orlowski S, Belehradek J, Paoletti C. Electrochemotherapy potentiation of antitumour effect

of bleomycin by local electric pulses. Eur J Cancer Exf Engl. 1991;27(1):68-72. DOI: 10.1016/0277-
5379(91)90064-K PMID: 1707289

Sersa G, Miklavcic D. electrochemotherapy of Tumours. J Vis Exp. 2008(22):1038. DOI: 10.3791/1038 PMID:
19229171

Stepisnik T, Jarm T, Groselj A, Edhemovic |, Djoki¢ M, Ivanecz A, et al. Electrochemotherapy - An effective
method for treatment of tumors with combination of chemotherapeutic agent and electric field. Zdrav
Vestn. 2016;85(1):41-55.

Clover AJ, Salwa SP, Bourke MG, McKiernan J, Forde PF, O’Sullivan ST, et al. Electrochemotherapy for the
treatment of primary basal cell carcinoma; A randomised control trial comparing electrochemotherapy
and surgery with five year follow up. Eur J Surg Oncol. 2020;46(5):847-54. DOI: 10.1016/].€js0.2019.11.509
PMID: 31862134

Edd JF, Horowitz L, Davalos RV, Mir LM, Rubinsky B. In vivo results of a new focal tissue ablation technique:
irreversible electroporation. IEEE Trans Biomed Eng. 2006;53(7):1409-15. DOI: 10.1109/TBME.2006.873745
PMID: 16830945

Rubinsky B. Irreversible electroporation in medicine. Technol Cancer Res Treat. 2007;6(4):255-60. DO
10.1177/153303460700600401 PMID: 17668932

Meijerink MR, Scheffer HJ, Narayanan G. Irreversible Electroporation in Clinical Practice. New york:
Springer International Publishing; 2018.

Jiang C, Davalos RV, Bischof JC. A review of basic to clinical studies of irreversible electroporation therapy.
IEEE Trans Biomed Eng. 2015;62(1):4-20. DOI: 10.1109/TBME.2014.2367543 PMID: 25389236

Scheffer HJ, Nielsen K, de Jong MC, van Tilborg AAJM, Vieveen JM, Bouwman ARA, et al. Irreversible
electroporation for nonthermal tumor ablation in the clinical setting: a systematic review of safety and
efficacy. J Vasc Interv Radiol. 2014;25(7):997-1011. DOI: 10.1016/].jvir.2014.01.028 PMID: 24656178

Reddy VY, Koruth J, Jais P, Petru J, Timko F, Skalsky I, et al. Ablation of Atrial Fibrillation With Pulsed
Electric Fields: An Ultra-Rapid, Tissue-Selective Modality for Cardiac Ablation. JACC Clin Electrophysiol.
2018;4(8):987-95. DOI: 10.1016/j.jacep.2018.04.005 PMID: 30139499

Wittkampf FH, van Es R, Neven K. Electroporation and its Relevance for Cardiac Catheter Ablation. JACC
Clin Electrophysiol. 2018;4(8):977-86. DOI: 10.1016/].jacep.2018.06.005 PMID: 30139498

Stewart MT, Haines DE, Verma A, Kirchhof N, Barka N, Grassl E, et al. Intracardiac pulsed field ablation:
proof of feasibility in a chronic porcine model. Heart Rhythm. 2019;16(5):754-64. DOI: 10.1016/].
hrthm.2018.10.030 PMID: 30385383

Livia C, Sugrue A, Witt T, Polkinghorne MD, Maor E, Kapa S, et al. Elimination of Purkinje Fibers by
Electroporation Reduces Ventricular Fibrillation Vulnerability. J Am Heart Assoc. 2018;7(15):e009070. DO
10.1161/JAHA.118.009070 PMID: 30371233

Zdrav Vestn | January - February 2021 | Volume 90 | https://doi.org/10.6016/ZdravVestn.2954


https://doi.org/10.6016/ZdravVestn.2954
https://onlinelibrary.wiley.com/doi/book/10.1002/9780471740360
https://onlinelibrary.wiley.com/doi/book/10.1002/9780471740360
https://doi.org/10.1002/9780471740360.ebs1390
https://link.springer.com/chapter/10.1007/978-1-4419-8363-3_3
https://link.springer.com/chapter/10.1007/978-1-4419-8363-3_3
https://doi.org/10.1007/978-1-4419-8363-3_3
https://doi.org/10.1146/annurev-biophys-052118-115451
https://doi.org/10.1146/annurev-biophys-052118-115451
https://pubmed.ncbi.nlm.nih.gov/30786231
https://doi.org/10.1016/j.tibtech.2015.06.002
https://pubmed.ncbi.nlm.nih.gov/26116227
https://doi.org/10.1063/1.4949264
https://doi.org/10.1007/s10439-005-8981-8
https://pubmed.ncbi.nlm.nih.gov/15771276
https://doi.org/10.1146/annurev-bioeng-071813-104622
https://doi.org/10.1146/annurev-bioeng-071813-104622
https://pubmed.ncbi.nlm.nih.gov/24905876
https://doi.org/10.1007/s00232-014-9737-x
https://pubmed.ncbi.nlm.nih.gov/25287023
https://doi.org/10.1148/radiol.2020192190
https://pubmed.ncbi.nlm.nih.gov/32208094
https://doi.org/10.1016/0277-5379(91)90064-K
https://doi.org/10.1016/0277-5379(91)90064-K
https://pubmed.ncbi.nlm.nih.gov/1707289
https://doi.org/10.3791/1038
https://pubmed.ncbi.nlm.nih.gov/19229171
https://doi.org/10.1016/j.ejso.2019.11.509
https://pubmed.ncbi.nlm.nih.gov/31862134
https://doi.org/10.1109/TBME.2006.873745
https://pubmed.ncbi.nlm.nih.gov/16830945
https://doi.org/10.1177/153303460700600401
https://pubmed.ncbi.nlm.nih.gov/17668932
https://doi.org/10.1109/TBME.2014.2367543
https://pubmed.ncbi.nlm.nih.gov/25389236
https://doi.org/10.1016/j.jvir.2014.01.028
https://pubmed.ncbi.nlm.nih.gov/24656178
https://doi.org/10.1016/j.jacep.2018.04.005
https://pubmed.ncbi.nlm.nih.gov/30139499
https://doi.org/10.1016/j.jacep.2018.06.005
https://pubmed.ncbi.nlm.nih.gov/30139498
https://doi.org/10.1016/j.hrthm.2018.10.030
https://doi.org/10.1016/j.hrthm.2018.10.030
https://pubmed.ncbi.nlm.nih.gov/30385383
https://doi.org/10.1161/JAHA.118.009070
https://pubmed.ncbi.nlm.nih.gov/30371233

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

REVIEW ARTICLE

Dunki-Jacobs EM, Philips P, Martin RC. Evaluation of thermal injury to liver, pancreas and kidney during
irreversible electroporation in an in vivo experimental model. Br J Surg. 2014;101(9):1113-21. DOI: 10.1002/
bjs.9536 PMID: 24961953

Faroja M, Ahmed M, Appelbaum L, Ben-David E, Moussa M, Sosna J, et al. Irreversible electroporation
ablation: is all the damage nonthermal? Radiology. 2013;266(2):462-70. DOI: 10.1148/radiol.12120609
PMID: 23169795

Garcia PA, Davalos RV, Miklavcic D. A numerical investigation of the electric and thermal cell kill
distributions in electroporation-based therapies in tissue. PLoS One. 2014;9(8):2103083. DOI: 10.1371/
journal.pone.0103083 PMID: 25115970

Onik G, Rubinsky B. Irreversible Electroporation: First Patient Experience Focal Therapy of Prostate
Cancer. In: Rubinsky B. Irreversible Electroporation. Heidelberg: Berlin: Springer; 2010. pp. 235-47. DOI:
10.1007/978-3-642-05420-4_10

Pech M, Janitzky A, Wendler JJ, Strang C, Blaschke S, Dudeck O, et al. Irreversible electroporation of renal
cell carcinoma: a first-in-man phase | clinical study. Cardiovasc Intervent Radiol. 2011;34(1):132-8. DOI:
10.1007/s00270-010-9964-1 PMID: 20711837

Onik G, Mikus P, Rubinsky B. Irreversible electroporation: implications for prostate ablation. Technol
Cancer Res Treat. 2007;6(4):295-300. DOI: 10.1177/153303460700600405 PMID: 17668936

van den Bos W, Scheltema MJ, Siriwardana AR, Kalsbeek AM, Thompson JE, Ting F, et al. Focal irreversible
electroporation as primary treatment for localized prostate cancer. BJU Int. 2018;121(5):716-24. DOI:
10.1111/bju.13983 PMID: 28796935

van den Bos W, de Bruin DM, Muller BG, Varkarakis IM, Karagiannis AA, Zondervan PJ, et al. The safety

and efficacy of irreversible electroporation for the ablation of prostate cancer: a multicentre prospective
human in vivo pilot study protocol. BMJ Open. 2014;4(10):e006382. DOI: 10.1136/bmjopen-2014-006382
PMID: 25354827

Davalos RV, Bhonsle S, Neal RE. Implications and considerations of thermal effects when applying
irreversible electroporation tissue ablation therapy. Prostate. 2015;75(10):1114-8. DOI: 10.1002/pros.22986
PMID: 25809014

Campelo S, Valerio M, Ahmed HU, Hu Y, Arena SL, Neal RE, et al. An evaluation of irreversible
electroporation thresholds in human prostate cancer and potential correlations to physiological
measurements. APL Bioeng. 2017;1(1):016101. DOI: 10.1063/1.5005828 PMID: 31069281

Wendler JJ, Pech M, Fischbach F, Jirgens J, Friebe B, Baumunk D, et al. Initial Assessment of the

Efficacy of Irreversible Electroporation in the Focal Treatment of Localized Renal Cell Carcinoma With
Delayed-interval Kidney Tumor Resection (Irreversible Electroporation of Kidney Tumors Before Partial
Nephrectomy [IRENE] Trial-An Ablate-and-Resect Pilot Study). Urology. 2018;114:224-32. DOI: 10.1016/j.
urology.2017.12.016 PMID: 29305201

Buijs M, Zondervan PJ, de Bruin DM, van Lienden KP, Bex A, van Delden OM. Feasibility and safety of
irreversible electroporation (IRE) in patients with small renal masses: results of a prospective study. Urol
Oncol. 2019;37(3):183.e1-8. DOI: 10.1016/j.urolonc.2018.11.008 PMID: 30509869

Scheffer HJ, Melenhorst MC, Echenique AM, Nielsen K, van Tilborg AA, van den Bos W, et al. Irreversible
Electroporation for Colorectal Liver Metastases. Tech Vasc Interv Radiol. 2015;18(3):159-69. DOI: 10.1053/].
tvir.2015.06.007 PMID: 26365546

Kos B, Voigt P, Miklavcic D, Moche M. Careful treatment planning enables safe ablation of liver tumors
adjacent to major blood vessels by percutaneous irreversible electroporation (IRE). Radiol Oncol.
2015;49(3):234-41. DOI: 10.1515/raon-2015-0031 PMID: 26401128

Puijk RS, Ruarus AH, Scheffer HJ, Vroomen LG, van Tilborg AA, de Vries JJ, et al. Percutaneous Liver Tumour
Ablation: Image Guidance, Endpoint Assessment, and Quality Control. Can Assoc Radiol J. 2018;69(1):51-
62.DOI: 10.1016/].carj.2017.11.001 PMID: 29458955

Verloh N, Jensch I, Lirken L, Haimerl M, Dollinger M, Renner P, et al. Similar complication rates for
irreversible electroporation and thermal ablation in patients with hepatocellular tumors. Radiol Oncol.
2019;53(1):116-22. DOI: 10.2478/raon-2019-0011 PMID: 30840591

Cohen El, Field D, Lynskey GE, Kim AY. Technology of irreversible electroporation and review of its clinical
data on liver cancers. Expert Rev Med Devices. 2018;15(2):99-106. DOI: 10.1080/17434440.2018.1425612
PMID: 29307242

Cannon R, Ellis S, Hayes D, Narayanan G, Martin RC. Safety and early efficacy of irreversible electroporation
for hepatic tumors in proximity to vital structures. J Surg Oncol. 2013;107(5):544-9. DOI: 10.1002/js0.23280
PMID: 23090720

Stillstrom D, Beermann M, Engstrand J, Freedman J, Nilsson H. Initial experience with irreversible
electroporation of liver tumours. Eur J Radiol Open. 2019;6:62-7. DOI: 10.1016/].€jr0.2019.01.004 PMID:
30723754

Irreversible electroporation as a novel method for soft tissue ablatio 51


https://doi.org/10.1002/bjs.9536
https://doi.org/10.1002/bjs.9536
https://pubmed.ncbi.nlm.nih.gov/24961953
https://doi.org/10.1148/radiol.12120609
https://pubmed.ncbi.nlm.nih.gov/23169795
https://doi.org/10.1371/journal.pone.0103083
https://doi.org/10.1371/journal.pone.0103083
https://pubmed.ncbi.nlm.nih.gov/25115970
https://doi.org/10.1007/978-3-642-05420-4_10
https://doi.org/10.1007/s00270-010-9964-1
https://pubmed.ncbi.nlm.nih.gov/20711837
https://doi.org/10.1177/153303460700600405
https://pubmed.ncbi.nlm.nih.gov/17668936
https://doi.org/10.1111/bju.13983
https://pubmed.ncbi.nlm.nih.gov/28796935
https://doi.org/10.1136/bmjopen-2014-006382
https://pubmed.ncbi.nlm.nih.gov/25354827
https://doi.org/10.1002/pros.22986
https://pubmed.ncbi.nlm.nih.gov/25809014
https://doi.org/10.1063/1.5005828
https://pubmed.ncbi.nlm.nih.gov/31069281
https://doi.org/10.1016/j.urology.2017.12.016
https://doi.org/10.1016/j.urology.2017.12.016
https://pubmed.ncbi.nlm.nih.gov/29305201
https://doi.org/10.1016/j.urolonc.2018.11.008
https://pubmed.ncbi.nlm.nih.gov/30509869
https://doi.org/10.1053/j.tvir.2015.06.007
https://doi.org/10.1053/j.tvir.2015.06.007
https://pubmed.ncbi.nlm.nih.gov/26365546
https://doi.org/10.1515/raon-2015-0031
https://pubmed.ncbi.nlm.nih.gov/26401128
https://doi.org/10.1016/j.carj.2017.11.001
https://pubmed.ncbi.nlm.nih.gov/29458955
https://doi.org/10.2478/raon-2019-0011
https://pubmed.ncbi.nlm.nih.gov/30840591
https://doi.org/10.1080/17434440.2018.1425612
https://pubmed.ncbi.nlm.nih.gov/29307242
https://doi.org/10.1002/jso.23280
https://pubmed.ncbi.nlm.nih.gov/23090720
https://doi.org/10.1016/j.ejro.2019.01.004
https://pubmed.ncbi.nlm.nih.gov/30723754

ONCOLOGY

52

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Leen E, Picard J, Stebbing J, Abel M, Dhillon T, Wasan H. Percutaneous irreversible electroporation with
systemic treatment for locally advanced pancreatic adenocarcinoma. J Gastrointest Oncol. 2018;9(2):275-
81.DO0I:10.21037/jg0.2018.01.14 PMID: 29755766

Narayanan G, Hosein PJ, Beulaygue IC, Froud T, Scheffer HJ, Venkat SR, et al. Percutaneous Image-
Guided Irreversible Electroporation for the Treatment of Unresectable, Locally Advanced Pancreatic
Adenocarcinoma. J Vasc Interv Radiol. 2017;28(3):342-8. DOI: 10.1016/].jvir.2016.10.023 PMID: 27993507
Martin RC, Durham AN, Besselink MG, lannitti D, Weiss MJ, Wolfgang CL, et al. Irreversible electroporation
in locally advanced pancreatic cancer: A call for standardization of energy delivery. J Surg Oncol.
2016;114(7):865-71. DOI: 10.1002/j50.24404 PMID: 27546233

Martin RC, Kwon D, Chalikonda S, Sellers M, Kotz E, Scoggins C, et al. Treatment of 200 locally advanced
(stage Ill) pancreatic adenocarcinoma patients with irreversible electroporation: safety and efficacy. Ann
Surg. 2015;262(3):486-94. DOI: 10.1097/SLA.0000000000001441 PMID: 26258317

Ricke J, Jirgens JH, Deschamps F, Tselikas L, Uhde K, Kosiek O, et al. Irreversible electroporation (IRE) fails
to demonstrate efficacy in a prospective multicenter phase Il trial on lung malignancies: the ALICE trial.
Cardiovasc Intervent Radiol. 2015;38(2):401-8. DOI: 10.1007/s00270-014-1049-0 PMID: 25609208

Usman M, Moore W, Talati R, Watkins K, Bilfinger TV. Irreversible electroporation of lung neoplasm: a case
series. Med Sci Monit. 2012;18(6):CS43-7. DOI: 10.12659/MSM.882888 PMID: 22648257

Maor E, Sugrue A, Witt C, Vaidya VR, DeSimone CV, Asirvatham SJ, et al. Pulsed electric fields for cardiac
ablation and beyond: A state-of-the-art review. Heart Rhythm. 2019;16(7):1112-20. DOI: 10.1016/].
hrthm.2019.01.012 PMID: 30641148

Maor E, Ivorra A, Leor J, Rubinsky B. The effect of irreversible electroporation on blood vessels. Technol
Cancer Res Treat. 2007;6(4):307-12. DOI: 10.1177/153303460700600407 PMID: 17668938

Sutter O, Calvo J, N’Kontchou G, Nault JC, Ourabia R, Nahon P, et al. Safety and Efficacy of Irreversible
Electroporation for the Treatment of Hepatocellular Carcinoma Not Amenable to Thermal Ablation
Techniques: A Retrospective Single-Center Case Series. Radiology. 2017;284(3):877-86. DOI: 10.1148/
radiol.2017161413 PMID: 28453431

Ben-David E, Ahmed M, Faroja M, Moussa M, Wandel A, Sosna J, et al. Irreversible electroporation:
treatment effect is susceptible to local environment and tissue properties. Radiology. 2013;269(3):738-47.
DOI: 10.1148/radiol.13122590 PMID: 23847254

Sano MB, Neal RE, Garcia PA, Gerber D, Robertson J, Davalos RV. Towards the creation of decellularized
organ constructs using irreversible electroporation and active mechanical perfusion. Biomed Eng Online.
2010;9(1):83. DOI: 10.1186/1475-925X-9-83 PMID: 21143979

Neal RE, Rossmeisl JH, Robertson JL, Arena CB, Davis EM, Singh RN, et al. Improved local and systemic
anti-tumor efficacy for irreversible electroporation in immunocompetent versus immunodeficient mice.
PLoS One. 2013;8(5):e64559. DOI: 10.1371/journal.pone.0064559 PMID: 23717630

Ringel-Scaia VM, Beitel-White N, Lorenzo MF, Brock RM, Huie KE, Coutermarsh-Ott S, et al. High-
frequency irreversible electroporation is an effective tumor ablation strategy that induces immunologic
cell death and promotes systemic anti-tumor immunity. EBioMedicine. 2019;44:112-25. DOI: 10.1016/].
ebiom.2019.05.036 PMID: 31130474

Kranjc M, Bajd F, Sersa I, Miklavcic D. Magnetic resonance electrical impedance tomography for measuring
electrical conductivity during electroporation. Physiol Meas. 2014;35(6):985-96. DOI: 10.1088/0967-
3334/35/6/985 PMID: 24844299

Wang, Shao Q, Van de Moortele PF, Racila E, Liu J, Bischof J, et al. Mapping electrical properties
heterogeneity of tumor using boundary informed electrical properties tomography (BIEPT) at 7T. Magn
Reson Med. 2019;81(1):393-409. DOI: 10.1002/mrm.27414 PMID: 30230603

Ball C, Thomson KR, Kavnoudias H. Irreversible electroporation: a new challenge in “out of operating
theater” anesthesia. Anesth Analg. 2010;110(5):1305-9. DOI: 10.1213/ANE.0b013e3181d27b30 PMID:
20142349

Grogelj A, Kos B, Cemazar M, Urban¢ic J, Kragelj G, Bosnjak M, et al. Coupling treatment planning

with navigation system: a new technological approach in treatment of head and neck tumors by
electrochemotherapy. Biomed Eng Online. 2015;14:S2. DOI: 10.1186/1475-925X-14-S3-S2 PMID: 26355773
Fuhrmann I, Probst U, Wiggermann P, Beyer L.. Navigation Systems for Treatment Planning and
Execution of Percutaneous Irreversible Electroporation. Technol Cancer Res Trea. 2018;14:S2. DOI:
10.1177/1533033818791792 PMID: 30071779

Beyer LP, Pregler B, Niessen C, Dollinger M, Graf BM, Mller M, et al. Robot-assisted microwave
thermoablation of liver tumors: a single-center experience. Int J CARS. 2016;11(2):253-9. DOI: 10.1007/
$11548-015-1286-y PMID: 26307269

Witt C, Sugrue A, Padmanabhan D, Vaidya V, Gruba S, Rohl JP, et al. Intrapulmonary Vein Ablation
Without Stenosis: A Novel Balloon-Based Direct Current Electroporation Approach. J Am Heart Assoc.
2018;7(14):009575. DOI: 10.1161/JAHA.118.009575 PMID: 29987121

Zdrav Vestn | January - February 2021 | Volume 90 | https://doi.org/10.6016/ZdravVestn.2954


https://doi.org/10.6016/ZdravVestn.2954
https://doi.org/10.21037/jgo.2018.01.14
https://pubmed.ncbi.nlm.nih.gov/29755766
https://doi.org/10.1016/j.jvir.2016.10.023
https://pubmed.ncbi.nlm.nih.gov/27993507
https://doi.org/10.1002/jso.24404
https://pubmed.ncbi.nlm.nih.gov/27546233
https://doi.org/10.1097/SLA.0000000000001441
https://pubmed.ncbi.nlm.nih.gov/26258317
https://doi.org/10.1007/s00270-014-1049-0
https://pubmed.ncbi.nlm.nih.gov/25609208
https://doi.org/10.12659/MSM.882888
https://pubmed.ncbi.nlm.nih.gov/22648257
https://doi.org/10.1016/j.hrthm.2019.01.012
https://doi.org/10.1016/j.hrthm.2019.01.012
https://pubmed.ncbi.nlm.nih.gov/30641148
https://doi.org/10.1177/153303460700600407
https://pubmed.ncbi.nlm.nih.gov/17668938
https://doi.org/10.1148/radiol.2017161413
https://doi.org/10.1148/radiol.2017161413
https://pubmed.ncbi.nlm.nih.gov/28453431
https://doi.org/10.1148/radiol.13122590
https://pubmed.ncbi.nlm.nih.gov/23847254
https://doi.org/10.1186/1475-925X-9-83
https://pubmed.ncbi.nlm.nih.gov/21143979
https://doi.org/10.1371/journal.pone.0064559
https://pubmed.ncbi.nlm.nih.gov/23717630
https://doi.org/10.1016/j.ebiom.2019.05.036
https://doi.org/10.1016/j.ebiom.2019.05.036
https://pubmed.ncbi.nlm.nih.gov/31130474
https://doi.org/10.1088/0967-3334/35/6/985
https://doi.org/10.1088/0967-3334/35/6/985
https://pubmed.ncbi.nlm.nih.gov/24844299
https://doi.org/10.1002/mrm.27414
https://pubmed.ncbi.nlm.nih.gov/30230603
https://doi.org/10.1213/ANE.0b013e3181d27b30
https://pubmed.ncbi.nlm.nih.gov/20142349
https://doi.org/10.1186/1475-925X-14-S3-S2
https://pubmed.ncbi.nlm.nih.gov/26355773
https://doi.org/10.1177/1533033818791792
https://pubmed.ncbi.nlm.nih.gov/30071779
https://doi.org/10.1007/s11548-015-1286-y
https://doi.org/10.1007/s11548-015-1286-y
https://pubmed.ncbi.nlm.nih.gov/26307269
https://doi.org/10.1161/JAHA.118.009575
https://pubmed.ncbi.nlm.nih.gov/29987121

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

4.

75.

76.

REVIEW ARTICLE

Miklavcic D, Snoj M, Zupani¢ A, Kos B, Cemazar M, Kropivnik M, et al. Towards treatment planning and
treatment of deep-seated solid tumors by electrochemotherapy. Biomed Eng Online. 2010;9(1):10. DOI:
10.1186/1475-925X-9-10 PMID: 20178589

Zupanic¢ A, Kos B, Miklavci¢ D. Treatment planning of electroporation-based medical interventions:
electrochemotherapy, gene electrotransfer and irreversible electroporation. Phys Med Biol.
2012;57(17):5425-40. DOI: 10.1088/0031-9155/57/17/5425 PMID: 22864181

Edd JF, Davalos RV. Mathematical modeling of irreversible electroporation for treatment planning. Technol
Cancer Res Treat. 2007;6(4):275-86. DOI: 10.1177/153303460700600403 PMID: 17668934

Zupanic¢ A, Miklav¢ic D. Optimization and Numerical Modeling in Irreversible Electroporation Treatment
Planning. In: Rubinsky B. Irreversible Electroporation. Heidelberg: Berlin: Sringer; 2010. pp. 203-22.
Gallinato O, de Senneville BD, Seror O, Poignard C. Numerical workflow of irreversible electroporation for
deep-seated tumor. Phys Med Biol. 2019;64(5):055016. DOI: 10.1088/1361-6560/ab00c4 PMID: 30669121
Barabasch A, Distelmaier M, Heil P, Kramer NA, Kuhl CK, Bruners P. Magnetic Resonance Imaging Findings
After Percutaneous Irreversible Electroporation of Liver Metastases: A Systematic Longitudinal Study.
Invest Radiol. 2017;52(1):23-9. DOI: 10.1097/RL1.0000000000000301 PMID: 27379698

Padia SA, Johnson GE, Yeung RS, Park JO, Hippe DS, Kogut MJ. Irreversible Electroporation in Patients with
Hepatocellular Carcinoma: Immediate versus Delayed Findings at MR Imaging. Radiology. 2016;278(1):285-
94. DOI: 10.1148/radiol.2015150031 PMID: 26523493

Kingham TP, Karkar AM, D’Angelica MI, Allen PJ, Dematteo RP, Getrajdman G, et al. Ablation of perivascular
hepatic malignant tumors with irreversible electroporation. J Am Coll Surg. 2012;215(3):379-87. DOI:
10.1016/j.jamcollsurg.2012.04.029 PMID: 22704820

Dunki-Jacobs EM, Philips P, Martin RC. Evaluation of resistance as a measure of successful tumor ablation
during irreversible electroporation of the pancreas. J Am Coll Surg. 2014;218(2):179-87. DOI: 10.1016/].
jamcollsurg.2013.10.013 PMID: 24315888

Ben-David E, Appelbaum L, Sosna J, Nissenbaum |, Goldberg SN. Characterization of irreversible
electroporation ablation in in vivo porcine liver. AJR Am J Roentgenol. 2012;198(1):W62-8. DOI: 10.2214/
AJR.11.6940 PMID: 22194517

O’Brien TJ, Bonakdar M, Bhonsle S, Neal RE, Aardema CH, Robertson JL, et al. Effects of internal electrode
cooling on irreversible electroporation using a perfused organ model. Int J Hyperthermia. 2018;35(1):44-
55.DOI: 10.1080/02656736.2018.1473893 PMID: 29806513

Ruarus AH, Vroomen LG, Puijk RS, Scheffer HJ, Faes TJ, Meijerink MR. Conductivity Rise During Irreversible
Electroporation: True Permeabilization or Heat? Cardiovasc Intervent Radiol. 2018;41(8):1257-66. DOI:
10.1007/s00270-018-1971-7 PMID: 29687261

Mir LM, Gehl J, Sersa G, Collins CG, Garbay JR, Billard V, et al. Standard operating procedures of the
electrochemotherapy: instructions for the use of bleomycin or cisplatin administered either systemically
or locally and electric pulses delivered by the CliniporatorTM by means of invasive or non-invasive
electrodes. Eur J Cancer, Suppl. 2006;4(11):14-25. DOI: 10.1016/j.ejcsup.2006.08.003

Gehl J, Sersa G, Matthiessen LW, Muir T, Soden D, Occhini A, et al. Updated standard operating procedures
for electrochemotherapy of cutaneous tumours and skin metastases. Acta Oncol. 2018;57(7):874-82. DOI:
10.1080/0284186X.2018.1454602 PMID: 29577784

Irreversible electroporation as a novel method for soft tissue ablatio 53


https://doi.org/10.1186/1475-925X-9-10
https://pubmed.ncbi.nlm.nih.gov/20178589
https://doi.org/10.1088/0031-9155/57/17/5425
https://pubmed.ncbi.nlm.nih.gov/22864181
https://doi.org/10.1177/153303460700600403
https://pubmed.ncbi.nlm.nih.gov/17668934
https://doi.org/10.1088/1361-6560/ab00c4
https://pubmed.ncbi.nlm.nih.gov/30669121
https://doi.org/10.1097/RLI.0000000000000301
https://pubmed.ncbi.nlm.nih.gov/27379698
https://doi.org/10.1148/radiol.2015150031
https://pubmed.ncbi.nlm.nih.gov/26523493
https://doi.org/10.1016/j.jamcollsurg.2012.04.029
https://pubmed.ncbi.nlm.nih.gov/22704820
https://doi.org/10.1016/j.jamcollsurg.2013.10.013
https://doi.org/10.1016/j.jamcollsurg.2013.10.013
https://pubmed.ncbi.nlm.nih.gov/24315888
https://doi.org/10.2214/AJR.11.6940
https://doi.org/10.2214/AJR.11.6940
https://pubmed.ncbi.nlm.nih.gov/22194517
https://doi.org/10.1080/02656736.2018.1473893
https://pubmed.ncbi.nlm.nih.gov/29806513
https://doi.org/10.1007/s00270-018-1971-7
https://pubmed.ncbi.nlm.nih.gov/29687261
https://doi.org/10.1016/j.ejcsup.2006.08.003
https://doi.org/10.1080/0284186X.2018.1454602
https://pubmed.ncbi.nlm.nih.gov/29577784

	Irreversible electroporation as a novel method for soft tissue ablation: review and challenges in c
	Abstract
	Izvleček
	1 Introduction
	1.1 On electroporation
	1.2 Irreversible electroporation in medicine

	2 Technical aspects of ablation with irreversible electroporation
	2.1 Ablation of deep-seated tumors
	2.2 Cardiac ablation
	2.3 Procedure planning
	2.4 Thermal aspects of irreversible electroporation

	3 Challenges in introducing irreversible electroporation into the clinical practice
	4 Conclusion
	References

