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Abstract

The success of electroporation-based treatments (i.e., reversible electroporation
for electrochemotherapy and gene electrotransfer and irreversible electroporation
as a tissue ablation method) depends on complete coverage of the clinical target
volume with a sufficiently strong electric field (exceeding the reversible or
irreversible electroporation threshold, depending on the type of treatment). Elec-
tric field distribution in biological tissue is a complex phenomenon that depends
on several parameters, such as the electrode geometry, parameters of delivered
pulses and tissue composition and electrical properties. Numerical modelling has
proven to be an indispensable tool in investigating and designing electroporation-
based treatments and preparing patient-specific treatment plans. In this chapter,
the basic principles regarding electric field distribution in biological tissue are
explained, with the aim to enable effective electroporation-based treatments.
Biological effects observed in electroporation on tissue level are described,
common electrode designs used in clinical practice are shown and equipped
also with simple models of electric field distribution. The basic principles of
numerical modeling and treatment planning are also explained.
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1 Introduction

Electroporation is a phenomenon in which short high-voltage electric pulses are used
to change the structural integrity of the cell membrane and consequently increase the
membrane permeability. With an appropriate selection of pulse parameters—namely
the amplitude, duration, and number of applied pulses—the phenomenon can be
either reversible or irreversible. In reversible electroporation, the cell membranes
quickly return to their original state and the cells’ ability to divide and function is not
affected in the long term, while in irreversible electroporation the cells lose their
functionality due to high exposure and die (Neumann and Rosenheck 1972; Kotnik
et al. 2011, 2019; Rems and Miklav¢ic¢ 2016). Electroporation has sparked interest
for use in medicine, biotechnology, and food processing (Yarmush et al. 2014;
Mahnic-Kalamiza et al. 2014; Kotnik et al. 2015; Geboers et al. 2020). In medical
applications reversible electroporation is used for facilitating the transport of various
molecules into cells, the most promising treatments being electrochemotherapy
(ECT) and gene electrotransfer (GET) (Mir et al. 1991; SerSa and Miklavci¢ 2008;
Rosazza et al. 2016; StepiSnik et al. 2016), while irreversible electroporation (IRE) is
used for ablation of tumor and cardiac tissue (Davalos et al. 2005; Edd et al. 2006;
Rubinsky 2007; Meijerink et al. 2018; Jiang et al. 2015; Scheffer et al. 2014; Reddy
et al. 2018; Wittkampf et al. 2018; Stewart et al. 2019).

It is generally accepted that reversible and irreversible electroporation occurs in
tissue at a specific electric field strength, i.e., the reversible and irreversible electro-
poration threshold (Fig. 1). A complete coverage of the target tissue volume with
electric field above either the reversible or the irreversible threshold is required to
achieve a therapeutic effect in electroporation-based treatments (Miklav¢ic et al.
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Fig. 1 (a) Reversible and irreversible electroporation and thermal effects are functions of both the
electric field strength and the duration of tissue exposure (mainly the number and duration of
applied pulses). Electroporation may occur at lower electric field threshold if exposure duration is
increased. (b) For a fixed exposure duration of 1 ms (dashed line in panel a), the fraction of
electroporated cells is a function of the electric field strength. The image is reproduced from
Yarmush et al. (2014)
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2006). Electric field distribution in tissue depends on the electrode geometry,
parameters of delivered pulses, and tissue electrical properties. Several electrode
designs and configurations have been developed through the years to support
different therapeutic needs—from plate electrodes mainly used for the treatment of
superficial tumors (e.g., skin metastases), fixed needle arrays, individual needle
electrodes for treatment of deep-seated tumors, to electrodes tailored to specific
treatments such as finger electrodes (Miklav¢i¢ et al. 2014; Geboers et al. 2020).
The geometry of the electrodes largely determines the distribution of electric fields in
tissue.

A wide range of different pulses and pulse protocols is used in practice—from
8 x 100ps pulses used in ECT to 90 x 100ps pulses used in IRE, and millisecond
pulses used in GET. The most straightforward approach to controlling the electric
field strength is by adjusting the applied voltage amplitude according to the distance
between paired electrodes. The manufacturers of pulse generators usually suggest a
fixed voltage-to-distance ratio as the guideline for applied voltage amplitude. How-
ever, voltage-to-distance ratio should not be confused with the electroporation
thresholds (despite sharing the same unit of measure—V/cm), as it is generally
higher than the actual threshold. Electroporation thresholds also depend on the
duration of exposure of target tissue to the electric field, i.e., the number and duration
of applied pulses (Pucihar et al. 2011). In other words, electroporation may occur at a
lower threshold if more pulses or longer pulses are applied, as demonstrated in
Fig. 1.

Another important factor affecting the electric field distribution is tissue
properties. Target tissue is often not a homogenous structure and may include
different tissue types (e.g., skin, fat, and muscle in case of treatment of cutaneous
and subcutaneous targets), which have different electrical and thermal properties.
The local electric field strength depends on the electrical conductivity of the medium
(i.e., tissue), therefore, any inhomogeneity in tissue electrical conductivity affects the
electric field distribution, and needs to be accounted for when planning the treatment
(Dermol-éeme et al. 2020). Furthermore, tissue electrical conductivity is not con-
stant during electroporation but increases due to electroporation, which depends on
the local electric field strength in the tissue, and due to increased temperature. This
rise in electrical conductivity in turn affects the local electric field (Sel et al. 2005;
Ivorra et al. 2009; Corovic et al. 2013).

Electric field distribution in biological tissue is a complex phenomenon with
multiple factors to be considered and is, therefore, often not intuitive or easy to
determine. This chapter provides an overview of basic principles regarding electric
field distribution in biological tissue, with the aim to enable effective
electroporation-based  treatments  (i.e., reversible electroporation  for
electrochemotherapy and gene electrotransfer and irreversible electroporation as a
tissue ablation method). Biological effects of electroporation on tissue level are
explained and common electrode designs for clinical practice are shown and
equipped with results based on contemporary numerical models. The basics of
numerical modelling and patient-specific treatment planning are also provided.
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2 Gross Biological Effects Observed in Electroporation
2.1 Reversible Electroporation

When a biological cell is exposed to an external electric field of sufficient strength
structural and chemical changes occur primarily in the cell membrane but also in
other subcellular structures, such as the cytoskeleton. This process is known as
electroporation or electropermeabilization. So far, three main mechanisms affecting
the cell membrane have been identified (Kotnik et al. 2019): (a) the formation of
hydrophilic pores in the lipid bilayer, (b) chemical changes in membrane lipids (e.g.,
peroxidation), and (c) electrically induced modulation of membrane protein function
(e.g., voltage-gated channels). These mechanisms contribute to a transiently
increased permeability of the cell membrane to water, ions, and molecules of various
sizes, for which the membrane is otherwise impermeable or poorly permeable. The
membrane gradually recovers its physiological level of impermeability (resealing)
within a few minutes after the termination of pulse delivery and, unless the damage
inflicted is leading to cell death, the membrane returns to its natural state within a few
hours. Electroporation causes the formation of additional conductive pathways in the
otherwise poorly conducting cell membrane thus also resulting in an increased bulk
electrical conductivity of affected tissue. Figure 2 shows a diagram of various gross
biological effects encountered in electroporation treatments. The zone of reversible
electroporation is indicated in Fig. 2 with a yellow contour.

Facilitation of cellular uptake by reversible electroporation is the basis of
electrochemotherapy (ECT) and gene electrotransfer (GET), in which cytotoxic
agents and genetic material, respectively, are introduced into cells. The membrane
resealing mechanism traps the introduced material within the cell thus increasing its
effectiveness. ECT has already achieved a firm place in clinical and veterinary
oncology (Cemazar et al. 2008; Kulbacka et al. 2017; Campana et al. 2019) with
the introduction of the European Standard Operating Procedures of ECT (ESOPE) in
2006 (Mir et al. 2006; Gehl et al. 2018). GET is not yet in widespread use in humans,
but ongoing studies show promising results. Currently, the most advanced
applications of GET are DNA vaccination and cytokine therapy (Heller and Heller
2015; Lambricht et al. 2016; Geboers et al. 2020).

2.2 Irreversible Electroporation

If the applied electric field exceeds a critical threshold, the cell membrane is
damaged to the extent that it can no longer repair itself, resulting in loss of cell
homeostasis. The damaged cells eventually die in a mechanism that is similar to the
programmed cell death known as apoptosis (Yarmush et al. 2014; Rems and
Miklavci¢ 2016). This process is known as irreversible electroporation and has
attracted interest as an alternative method for ablation of various soft tissues due to
its essentially nonthermal cell kill mechanism (Davalos et al. 2005; Scheffer et al.
2014; Aycock and Davalos 2019).
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Fig. 2 Regions of gross biological effects observed in electroporation. Mechanical damage occurs
along the path of needle electrode insertion. Thermal damage and possible pH changes occur in
close proximity to the electrode surface (red), followed by a zone of irreversible electroporation
(orange), a zone of reversible electroporation and vascular effects (yellow), and a zone of transient
blood-brain barrier (BBB) disruption (green). The dashed contour indicates the zone where
excitable tissues, such as nerves and muscles, are stimulated. It should be noted that this diagram
is for illustrative purposes only. The size of specific regions varies with many parameters, including
electrode spacing and length of exposed tip, duration and number of applied pulses, and tissue type.
Moreover, the specific effects do not necessarily overlap with reversible/irreversible electropora-
tion, for instance vascular effects may manifest already at lower electric fields than reversible
electroporation

In the therapeutic setting, several cell death mechanisms are likely to act in
addition to apoptosis, including necrosis caused by the inevitable thermal compo-
nent (Ben-David et al. 2012; Garcia et al. 2014), necroptosis, and the contribution of
the systemic immune response targeting the tumor and potential metastatic sites
(Brock et al. 2020). Irreversible electroporation affects mainly the cells, leaving
other structures and proteins in the extracellular matrix intact, thus maintaining the
structural integrity of the tissue. This promotes tissue regeneration after treatment
and reduces tissue scarring, which is a significant improvement compared to existing
treatment modalities (Vogel et al. 2016). The zone of irreversible electroporation is
indicated in Fig. 2 with an orange contour.

Even though lower pulse amplitudes and significantly fewer pulses are used in
electrochemotherapy, an area of irreversibly electroporated tissue is also present.
However, this area is limited to a few millimeters from the electrode surface and has
little clinical significance for ECT (Zmuc et al. 2019). Similarly, a zone of IRE is also
to be expected in GET, as longer pulses are used. In GET reversible electroporation
and cell survival are imperative for successful transfection, therefore, irreversible
electroporation is undesirable (Lackovi¢ et al. 2009). Moreover, the associated
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heating and pH changers may also negatively affect the plasmid DNA (Maglietti
et al. 2013).

2.3 Thermal Effects

Electroporation, and especially IRE ablation, is commonly referred to as a nonther-
mal modality, which can lead to a wrongful assumption that the thermal component
is completely absent from the treatment. No clinically relevant heating has been
observed in treatments with reversible electroporation. However, in IRE ablation,
several studies have shown that current clinical protocols may lead to elevated
temperatures sufficient to cause thermal damage to varying degrees (Ben-David
et al. 2012; Faroja et al. 2013; Dunki-Jacobs et al. 2014; Wagstaff et al. 2015).
When an electric current flows through a conducting medium, thermal energy is
generated in a process called Joule heating. High voltages (up to 3000 V) are used in
IRE ablation and several hundred pulses are sequentially delivered in a single
session, especially when treating large volumes of tissue with multiple electrode
pairs. While the predominant cell death mechanism in IRE is still nonthermal, these
factors do contribute to a distinct thermal component that results in an area of
necrotic tissue consistent with thermal injury. The area of thermal damage is mostly
confined to the vicinity of the electrodes and may extend further into the surrounding
tissue as the number and duration of pulses increases (Garcia et al. 2011; O’Brien
et al. 2018). The zone where thermal damage is expected is indicated in Fig. 2 with a
red contour.

The currently most common application of IRE ablation is in treatment of tissue
volumes where the use of conventional treatments, such as surgery, radiofrequency
ablation, and microwave ablation, are contraindicated for various reasons. Due to its
predominantly non-thermal mechanism of cell kill, IRE ablation has shown promise
for use in cases where other ablation modalities present an unacceptable risk to
nearby critical anatomical structures such as vessels, bile ducts, and nerve bundles
that are highly susceptible to thermal damage (Maor et al. 2010; Schoellnast et al.
2013; Cannon et al. 2013). However, in such cases, the thermal component of IRE
ablation cannot be neglected. Special care must be taken to place the electrodes at a
sufficient distance from the critical anatomical structures and pulsing protocols used
during treatment must be carefully considered. Recent studies have demonstrated the
potential of internally cooled electrodes (O’Brien et al. 2018) and algorithmically
controlled pulsing protocols (Sano et al. 2020) for regulating the temperature during
ablation. In addition, IRE is unaffected by the heat sink effect and can, therefore, be
successfully used for ablation in the vicinity of large blood vessels, where the
efficacy of thermal ablation modalities is reduced (Ahmed et al. 2011).
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24 Blood Flow Modifying Effects of Pulsed Electric Fields

It is well known that electroporation induces a decrease in local blood flow, which
may be roughly divided into two phases. Immediately after the initiation of pulse
delivery the local blood flow reduces nearly to zero within a few seconds. This rapid
decrease is mainly attributed to the constriction of smooth muscles in the vessel
walls (vasoconstriction). This phase is relatively short, as blood flow recovers to
about 40% of pre-treatment levels in up to 15 min after pulse application (Jarm et al.
2010). After the initial recovery, a stall in blood flow recovery is observed in the
second phase, mainly due to structural changes in the endothelium. Electroporation
causes disruption of the cytoskeletal filaments and intercellular junctions resulting in
increased permeability of the endothelial monolayer (Kanthou et al. 2006; Cemazar
2017). Loss of barrier integrity leads to fluid leakage, resulting in increased intersti-
tial fluid pressure and decreased intravascular pressure (Jarm et al. 2010; Graybill
and Davalos 2020). These factors together manifest in decreased local perfusion,
which may persist for several hours after treatment. The decrease in perfusion is
more pronounced in tumor tissue than in healthy tissue because of the already
abnormal vasculature of tumors, and may persist for up to 24 h after treatment.
The zone of vascular effects corresponds roughly with the zone of reversible
electroporation and is indicated in Fig. 2 with a yellow contour.

The vascular effects of electroporation have further relevance in electroporation-
based treatments. While the application of pulses alone causes a temporary decrease
in blood flow, the addition of the chemotherapeutic agent in ECT has been shown to
cause permanent disruption of local vasculature (CemaZar 2017). The vascular
disrupting effect of ECT is already effectively used in the treatment of bleeding
metastases (Jarm et al. 2010) and is also beneficial in the treatment of highly
vascularized organs, such as the liver. Moreover, it prevents washout of cytostatic
drugs in ECT and plasmids in GET. On the other hand, a reduction in tissue
perfusion also leads to a decreased cooling ability of the affected tissue. In IRE
ablation, a large number of pulses is applied to the target tissue; therefore, Joule
heating by the electrodes is more pronounced and results in a greater thermal
component. A decrease in tissue blood perfusion may contribute even further to
the undesirable thermal component by reducing the amount of heat that the blood is
able to extract from tissue.

2.5 Nerve and Muscle Stimulation

Excitable tissues, such as muscles, nerves, and myocardium, respond to external
electrical stimuli, and the electric field threshold for triggering the action potential in
excitable cells is much lower than that of electroporation. Therefore, the application
of electroporation pulses causes stimulation of nerves and muscles in the vicinity of
the treatment zone, resulting in muscle contractions and acute pain (Golberg and
Rubinsky 2012; Mercadal et al. 2017). The zone of neuromuscular stimulation is
indicated in Fig. 2 with a dashed contour.
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Several advances have been made to reduce the neuromuscular stimulation during
electroporation-based treatments. Local or general anesthesia (depending on treat-
ment type) is used to reduce pain during pulse application, while muscle relaxants
are used to reduce muscle contractions; however, contractions are still observed near
the electrodes (Golberg and Rubinsky 2012). Aside from unpleasant sensations,
muscle contractions can displace the electrodes during treatment. This is particularly
important during IRE ablation of deep-seated tissues, where long needle electrodes
are carefully placed around the target volume. Displacement of the electrodes during
pulses alters the electric field distribution and increases needle trauma, which can
lead to undertreatment and harmful effects on nearby vital structures (Martin et al.
2015). Therefore, in current clinical practice, all IRE procedures are performed under
general anesthesia with complete neuromuscular blockade. Furthermore, to elimi-
nate the risk of triggering cardiac arrhythmias during procedures in the thoracic
region, synchronization of pulse delivery with the patient’s ECG cycle is required;
pulses are timed to be delivered during the absolute myocardial refractory period
(Cannon et al. 2013; Mali et al. 2015).

Several studies have shown that altering pulse dynamics, for example, increasing
the pulse repetition rate of monopolar pulses from 1/s to 5000/s in ECT (Miklav¢ic
et al. 2005; Zupanic et al. 2007), can significantly reduce muscle stimulation and
associated adverse effects without compromising treatment efficacy. A new pulse
protocol for IRE, referred to as high-frequency IRE or H-FIRE has been introduced
in recent studies (Arena et al. 2011; Yao et al. 2017; Ringel-Scaia et al. 2019), in
which conventional monopolar pulses with a repetition rate of 1-5000/s are replaced
by bursts of bipolar pulses with a repetition rate of 50,000-125,000/s.

2.6 Blood-Brain Barrier Disruption

The blood-brain barrier (BBB) is a multicellular endothelial structure that separates
the central nervous system from the peripheral vasculature and restricts the passage
of pathogens and various molecules from the blood into the cerebrospinal fluid
(Obermeier et al. 2013). Due to its high selectivity, BBB is a major obstacle to the
effective penetration of systemically administered therapeutics, thus limiting the
efficacy of treatment for tumors and various neurodegenerative diseases. Recently,
it was discovered that electroporation (EP) applied in the brain can cause a transient
disruption of the BBB lasting for 24-48 h, which may facilitate the uptake of
therapeutic agents (Sharabi and Mardor 2016). The exact mechanism of
EP-induced BBB disruption is still unclear, but it has been reported to occur at
lower thresholds than reversible electroporation of endothelial cells (Sharabi et al.
2019). As with electroporation, BBB disruption is also dependent on electric field
strength as well as exposure duration, meaning that the threshold will decrease with
increasing exposure duration. The zone of transient BBB disruption is represented in
Fig. 2 with a green contour.

EP-induced BBB can be used alone (reversible electroporation only) or in
combination with IRE ablation. The latter may be particularly useful in treatment
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of brain tumors, where IRE is used to ablate most of the tumor mass, while the area
of reversible electroporation and BBB disruption surrounding the ablated tissue is
treated with therapeutic drugs to eliminate infiltrating tumor cells while sparing
healthy brain tissue (Hjouj et al. 2012; Sharabi et al. 2016).

2.7 pH Changes

In recent years new studies have emerged, examining a process previously
overlooked in EP-based treatments—the role of pH changes in cell death
mechanisms (Turjanski et al. 2011; Maglietti et al. 2013; Olaiz et al. 2014). The
theory is based on previous experience in electrochemical treatment of tumors
(EChT) where it was shown that two opposing pH fronts emanate from the two
electrodes, acidic from the anode and basic from the cathode (Miklavcic et al. 1993),
which are related to the extent of the necrotic area (Turjanski et al. 2009). It is
suggested that a similar effect may be present in EP-based treatments. While the
presence of tissue necrosis is not particularly bothersome in IRE ablation, it is
significantly more undesirable in GET. Significant pH changes in the medium can
be detrimental to the plasmids used in GET, as DNA denaturation is influenced by
pH (Maglietti et al. 2013).

The pH change is attributed to the ion transport, which follows the free diffusion
dynamics and is more pronounced at the site of the anode than the cathode (Turjanski
et al. 2009). The transport of ions results in strong anodic acidification and cathodic
alkalinization. A recent in vitro study on cell survival and GET efficacy showed, that
overall cell survival was better in slightly acidic extracellular conditions, however,
the efficacy of GET was decreased (Poto¢nik et al. 2019).

3 Tissue Properties and Computation of Electric Field

Different biological tissues have very different dielectric and thermal properties. The
dielectric character of tissues is described by electrical conductivity (the ability to
transfer electrical charge) and relative permittivity (the ability to store charge and
rotate molecular dipoles). Both properties are frequency dependent. Electrical con-
ductivity increases significantly at frequencies above 100 kHz, while permittivity
decreases with frequency. However, most EP-based treatments are performed in the
lower frequency range, where electrical conductivity can be considered frequency
independent, and displacement currents, which are affected by the permittivity, can
be neglected. Thermal properties of tissue are mainly characterized by thermal
conductivity, specific heat capacity, and tissue perfusion rate. This chapter mainly
focuses on the electrical conductivity, since it directly affects the electric field
distribution in the target tissue. Nevertheless, some relevant thermal properties are
also discussed. At the end of the chapter, the basics of numerical modeling com-
monly used to study and visualize electric field distribution in tissue are explained
as well.
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3.1 Physiological State of Tissue

There is a large discrepancy in measured values of electrical conductivity reported in
literature. Several factors contribute to this variability, for example, tissue inhomo-
geneity and anisotropy, biological variability, and method of measurement. The
physiological state of measured tissue, for instance, pathological changes and
whether the measurements were performed in vivo or ex vivo, also introduce
significant variability within the same tissue type.

In vivo measurements of dielectric properties are quite challenging; therefore,
measurements are often performed ex vivo in excised tissue samples. However, the
dielectric properties of tissues change rapidly and significantly after death, especially
in the lower frequency range (below 1 MHz). For most tissues, the electrical
conductivity and permittivity decrease immediately after excision; for example, in
liver tissue, the dielectric properties measured in vivo can be 16-43% higher than
ex vivo in the GHz range (O’Rourke et al. 2007).

Pathological changes to tissue, such as the presence of fibrosis in cirrhotic liver
and increased fat content in liver steatosis, can have a significant effect on the
dielectric properties, due to inherently different cellular architecture (O’Rourke
et al. 2007; Peyman et al. 2015). For example, cirrhotic liver has a slightly higher
conductivity than normal liver, while liver with steatosis has a lower conductivity
due to the low conductivity of fat.

Malignant tissues have significantly different properties from healthy tissue. It is
generally accepted, that tumors have higher electrical conductivity than normal
tissue (Haemmerich et al. 2009; Laufer et al. 2010; Peyman et al. 2015). This is
mainly attributed to altered cell membrane composition and abnormal microvascu-
lature, which results in a presumably higher ion and water content in tumor tissue
(Peyman et al. 2015). Laufer et al. (2010) and Haemmerich et al. (2009) measured
the conductivity of excised hepatic tumors and normal liver parenchyma. In both
studies, the reported conductivity of tumors was approximately 5 times the value of
normal liver tissue. The dielectric properties of tumors also vary with the tumor type.
For instance, Peyman et al. showed that liver metastases exhibit even higher
dielectric properties compared to primary hepatic tumors (HCC), since they originate
from a different tissue.

Contrary to dielectric properties, thermal properties are not significantly affected
by the pathological changes. Furthermore, changes following death (tissue excision)
occur much later than with electrical properties, and are attributed mainly to tissue
drying (Duck 2012).

3.2 Tissue Anisotropy

Some biological tissues, such as the skeletal muscles, nerves, and bones, exhibit a
distinct directional organization of cells and extracellular structures. This allows an
easier flow of electric current in a specific direction, meaning that the electrical
conductivity of tissue is not equal in all directions. For example in skeletal muscles,
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the electrical conductivity parallel to muscle fibers can be up to 5 times higher than
the conductivity perpendicular to fiber orientation (Gabriel et al. 2009). Anisotropy
may affect the distribution of electric fields in tissue as the electric current preferably
flows along the direction with less resistance. At higher frequencies (~1 MHz) the
electrical properties become essentially isotropic.

3.3 Tissue Perfusion

Tissue perfusion can roughly be divided into microvascular perfusion, which occurs
at the capillary level, and macrovascular perfusion, which refers to blood vessels
with a diameter greater than 3 mm. Both types of perfusion affect the convective heat
transfer; while the well-known heat sink effect is mainly associated with the
macrovasculature, microvascular perfusion plays an important role in heat deposi-
tion and tissue self-cooling ability (Schutt and Haemmerich 2008). In EP-based
treatments, the thermal effects are usually not detrimental, however, in IRE ablation
the reduced cooling ability due to vascular effects may impair the nonthermal
character of treatment.

The characteristics of tumor vasculature and blood flow are very different from
that of normal tissues. Solid tumors are often poorly perfused and oxygenated in
comparison with the surrounding tissue, which is generally homogeneously
vascularized. Variability in the density of capillaries and oxygenation levels within
the tumor volume is often present, abnormal blood vessel walls result in an inferior
blood flow regulation and leaky capillaries. These changes contribute to the devel-
opment of hypoxic regions in the tumor volume and to acidic tissue environment
(Jarm et al. 2010). Abnormal tumor blood flow can represent an obstacle for
antitumor treatments, as it can impede the interstitial delivery of chemotherapeutic
agents. On the other hand, these abnormalities can make the tumor vulnerable due to
vascular disrupting effects, present for example in ECT (Cemazar et al. 2001).

34 Nonhomogenous Tissue

The treated area often consists of more than one tissue type, resulting in a distinct
inhomogeneity of tissue properties, especially the electrical conductivity. Examples
of tissues with the lowest baseline electrical conductivity are bones, fat tissue, and
the outermost layer of the skin (the stratum corneum), while fluids, such as blood and
bile, and tissues with a high ionic content, such as the prostate and kidney, have the
highest electrical conductivity in the human body (Gabriel et al. 1996, 2009; Duck
2012).

Electric field strength depends on electrical conductivity of the medium (i.e.,
tissue); therefore, any inhomogeneity in tissue composition needs to be accounted
for when calculating the electric field distribution. This is especially important when
treating target volumes that contain tissues with significantly different
conductivities, as the majority of voltage drop, and consequently electric field
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Fig. 3 A simple numerical model of a deep-seated spherical tumor surrounded by fat (a).
Computed electric field distribution in tissue shown in side view (b) and axial view at the largest
diameter of the tumor (c). Tumor volume is outlined in black. The baseline electrical conductivity of
the tumor is 10 times higher than the surrounding fat tissue. The model parameters are taken from
Miklav¢ic et al. (2010)

strength, occurs in tissues with low conductivity. Examples commonly encountered
in clinical practice are deep-seated tumors surrounded by fat tissue (Miklavcic et al.
2010; Denzi et al. 2015) and treatment of subcutaneous tumors through skin (Pavselj
et al. 2005). The stratum corneum presents a major obstacle in transdermal treatment,
such as in the case of plate electrodes. Due to its low conductivity, the majority of
voltage drop occurs in the skin, and therefore limits the depth of field penetration.
Figure 3 shows a simple model of a deep-seated tumor surrounded by fat tissue.
Two needle electrodes are inserted into the tissue 1.5 cm apart and 1500 V is applied
to the left electrode. Tumor has a much higher conductivity than fat; therefore, it
significantly alters the electric field distribution. We can see on panels B and C, that
the electric field strength is lower in the tumor volume than in the surrounding fat.
This is due to a higher resistance and the resulting voltage drop in the fat tissue.

3.5 Dynamic Tissue Conductivity

Under normal conditions, the cell membrane acts as an electric insulator. During
electroporation, the structural changes in the membrane result in the opening of
newly formed current pathways, thus increasing the bulk electrical conductivity of
affected tissue (Ivorra et al. 2009). The increase in bulk conductivity is generally
characterized by a nonlinear dependence on the local electric field. If the electric
field strength exceeds the threshold for reversible electroporation, tissue conductiv-
ity increases from its baseline value as a function of field strength. If the electric field
exceeds a certain threshold, the conductivity increases to its maximum value and
does not increase further with the applied electric field (Pavselj et al. 2005). Various
mathematical functions can be used to describe the increase in conductivity, how-
ever, the most commonly used are functions of a sigmoid shape (Corovic et al.
2013):
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Table 1 Parameters of tissues composing a simplified model of a subcutaneous tumor

Tissue A E, E,

type oo (S/m) | (—) (V/cm) (V/cm) References

Skin 0.008 100 400 1200 Corovic et al. (2013)

Muscle 0.135 3 200 800 Kos et al. (2010) and Corovic et al.
(2013)

Tumor 0.3 3 400 800 Kos et al. (2010) and Corovic et al.
(2013)

Fat 0.02 3.5 100 800 Kos et al. (2010)

G(E) = 60'(1 +sigmoid(E,E1,E2,ao,A)), (1)

where o is the baseline electrical conductivity of target tissue and E is the local
electric field. The shape of the sigmoid function in Eq. (1) is defined by E;, which is
the electric field threshold at which the conductivity starts increasing, E,, which is
the electric field at which the conductivity stops increasing, and A, which is the factor
of maximum conductivity increase at electric fields above E,.

The dynamics of conductivity increase are not the same for all tissue types. In
addition to different baseline conductivity values, the factor of conductivity increase
and the respective electric field thresholds are all tissue dependent. Table 1 shows an
example of tissue parameters (oo, A, E;, and E;) used in a simplified model of a
subcutaneous tumor. We can see that the fat and muscle conductivities start to
increase at a lower electric field than tumor and skin. Furthermore, the factor of
increase is much higher for skin than for muscle or tumor, as the outermost skin
layer, the stratum corneum, is extremely nonconductive in its unperturbed state.
Figure 4 shows the dynamic conductivity as a function of electric field strength
[Eq. (1)] for four different tissues shown in Table 1. The thresholds where the
conductivity starts to increase (E;) and saturates (E,) are indicated with dashed
vertical lines.

Conductivity of biological tissue is also affected by temperature. This is particu-
larly important in IRE where significant heat is produced close to the electrodes. The
relationship between electrical conductivity and temperature increase is commonly
characterized with a linear equation that assumes a constant temperature coefficient
(Rossmanna and Haemmerich 2014):

o(T) =00 (1 + arAT), (2)

where a7 is the temperature coefficient (rate of increase), AT is the temperature
difference with respect to the initial tissue temperature and o, is the baseline
electrical conductivity before the increase. Elevated temperature can increase the
electrical conductivity even beyond its plateau value caused by the local electric field
strength. The dynamic electrical conductivity of tissue is a function of the both
electric field and temperature. One example of modelling this co-dependency is by
combining Egs. (1) and (2):
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Fig. 4 The effect of electroporation on the electrical conductivity of various tissues can be
approximated with sigmoid functions. The baseline conductivity increases when the applied electric
field exceeds the threshold for reversible electroporation. When the irreversible threshold is
exceeded, the conductivity reaches its maximum value and does not increase further with increasing
field strength. The reversible (£;) and irreversible (E,) thresholds are indicated with dashed vertical
lines (S—stratum corneum, M—muscle, T—tumor, F—fat). The baseline conductivities, factors of
conductivity increase, and respective thresholds are taken from Kos et al. (2010 and Corovic et al.
(2013) and are summarized in Table 1

6(E,T) = o(E)- (1 + arAT), (3)

where o(E) represents the nonlinear increase due to electroporation effect. Other
approaches to modelling the combined thermal and electroporation effects are
reported in literature, since it is difficult to decouple the two mechanisms (Garcia
et al. 2011; Zhao et al. 2020).

3.6 Numerical Computation of Electric Field Distribution
in Tissue

To achieve a therapeutic effect, complete coverage of target tissue volume with
sufficiently high electric field is required in all EP-based treatments. Due to tissue-
specific properties and various electrode geometries and pulse parameters used in
treatments, the distribution of electric field is often not easy to determine. Numerical
modelling is an effective way of predicting the shape and strength of the applied
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electric field for a selected set of parameters, electrodes, and target tissues. It is based
on constructing a simplified anatomical model of the target tissue and solving a set of
algebraic equations using the finite element method. The most common numerical
models of electroporation are based on solving the partial differential equation for
electric potential in stationary conditions (Sel et al. 2007; Pavselj and Miklav&i¢
2008; Zupani¢ et al. 2012):

V- (cVV) =0, (4)
E=-VV, (5)

where V is the electric potential, o is the tissue conductivity and electric field E is
defined as the gradient (V) of electric potential. Most EP-based treatments use
50-100ps long pulses, which means all transient phenomena of electroporation
will have settled long before the end of the pulse, and steady-state conditions can
be used for computation. The electrical conductivity change during electroporation
is implemented in the model in the form of a nonlinear function of the local electric
field strength [Eq. (1)].

The initial step in numerical modelling is constructing the model geometry that
reflects the patients’ conditions as closely as possible. For treatment planning
complex geometries are constructed based on patients’ medical images (Groselj
et al. 2015; Kos et al. 2015), however, for investigative purposes (such as in this
chapter) simplified geometries are used, where tumors are usually represented by
spheres or spheroids surrounded by blocks of healthy tissue of sufficiently larger
dimensions. The appropriate electrode geometry is built on the model in the form of
voltage terminals; for deep-seated tumors needle electrodes are generally used, while
for superficial tumors plate or various fixed array electrodes are used. When the
geometry is defined, voltage is applied to the electrodes and electric potential and
field are computed in the whole model domain according to Egs. (4) and (5). The
model complexity can be further increased by including additional anatomical
objects, such as nearby vessels and tissue layers, and by including tissue anisotropy
and inhomogeneity (Kos et al. 2010, 2015).

If thermal effects need to be investigated, for example, in IRE ablation, the
computation needs to be transformed from stationary conditions to time domain.
Thermal effects are most commonly modelled by the modified Pennes’ bioheat
equation (Pennes 1948; Agnass et al. 2020):

orT 2
pca = V(kVT) - Qperf + Qmel + U|E| ’ (6)
where p, C and k are density, thermal capacity, and thermal conductivity of tissue,
respectively, T 'is tissue temperature, 7 is time, Qperr is the blood perfusion term, Qe
is the metabolic heat generation term and o1E|° is the Joule heating term. In this case
the nonlinear conductivity function is a function of electric field and temperature

[Eq. 3)].
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4 Electrode Designs and Configurations

Different therapeutic needs necessitate the development of different electrode types
and models; from noninvasive electrodes intended for transdermal treatment to
various needle electrodes with fixed or variable geometry for treatment of superficial
or deep-seated tumors. Finger and small cavity electrodes have been developed for
treatment in hard-to-reach locations, for example, in the oral cavity. Special elec-
trode designs are continuously being developed for treatment of specific organs; for
instance, thicker needle electrodes (1.8 mm instead of standard 1.2 mm diameter)
with a trocar tip intended to penetrate the rigid bone tissue (Miklav¢ic et al. 2012), or
electrodes with internal cooling to reduce heating during IRE ablation (O’Brien et al.
2018). In this section, a few examples of commercially available electrodes are
shown, although new electrode models are being studied and developed for clinical
use. Some examples of most commonly used electrode types in current clinical
practice are also illustrated with simple numerical models to show the expected
electric field distribution in tissue.

4.1 Noninvasive Electrodes

Noninvasive electrodes mainly consist of various types of plate and L-shaped
electrodes and are intended for the treatment of skin and small superficial tumor
nodules, e.g., various skin metastases. These electrodes cannot be inserted into the
tissue, so the skin must be considered when evaluating the treatment response.
Conductive gels are often used to provide better electrical contact between the
electrodes and skin surface.

The plate electrode (Fig. 5a) was most commonly used in early studies of
electrochemotherapy (Miklav¢ic€ et al. 2014). Due to a simple geometry consisting
of two parallel plates, the electric field was most often estimated as the ratio between
the applied voltage and the distance between the inner surfaces of the plates.
However, this simplification is only valid if the distance between the electrodes is
much smaller than their surface area and if the target tissue is homogenous with
electrical conductivity independent of the applied electric field, which is not to be
expected in a real clinical application. The electric field strength depends on the
thickness and conductivity of the tissue in question, but generally, the tissue with
lower conductivity (e.g., skin) experiences a higher electric field. Figure 6 shows the
electric field distribution in a simple model of a skin fold treated with plate electrodes
with 8 mm spacing. With this type of electrodes 8 x 100us pulses are delivered with
a pulse repetition rate of 5000/s with the suggested pulse amplitude of 960 V,
resulting in a voltage-to-distance ratio of 1200 V/cm. Due to an inhomogeneous
tissue and dynamic electrical conductivity, the actual electric field experienced by
the tissue is less than 1200 V/cm as can be seen in Fig. 6. The strongest electric field
is found in the outer layer of skin at the surface of the electrodes and decreases with
distance from the electrodes. For this reason, the distance between the electrodes
must be small compared to their surface area. Panels ¢ and d in Fig. 6 show the
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Fig. 5 Examples of noninvasive electrodes. (a) A plate electrode with a fixed spacing for clinical
use (P-30-8B, EPS Series, IGEA S.p.A., Italy). (b) Clamp plate electrode with adjustable spacing
for veterinary use (M1 Clamp, OnkoDisruptor, Biopulse Biotech, Italy). (¢) L-shaped electrode for
veterinary use (ELECTROvet, Leroy Biotech, France)

skinfold model with added small tumor nodule (4 mm diameter). The electric field
distribution is affected by the higher conductivity of the tumor compared to
surrounding fatty tissue.

The main advantages of plate electrodes are their noninvasiveness and a relatively
easy visualization of the area treated by electric field. However, the applicability of
plate electrodes is limited to small superficial areas, such as earlobes, nose, or
superficial exophytic tumor nodules that can be compressed between the plates. In
addition to plate electrodes with fixed spacing, clamp plate electrodes with
adjustable spacing (Fig. 5b) have also been developed for veterinary
electrochemotherapy of tumors of various sizes. L-shaped electrodes are also used
for treatment of skin and small superficial tumors (Fig. 5¢). Multiple applications are
generally advised with the rotation of the electrode for 90 degrees in between, in
order to treat the target tissue from all directions (SerSa et al. 1996). With the
L-shaped electrode shown on Fig. 5c, 4 x 100p pulses of 1300 V amplitude are
applied in each position. In all noninvasive electrode models, the depth of effective
electric field penetration is very limited—usually to only a few millimeters from the
surface.
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Fig. 6 Electric field distribution with plate electrodes in side view (a, ¢) and axial view (b, d).
Panels (a) and (b) show a simple skinfold model, consisting of skin and fat. Panels (c) and (d) show
the same model with the addition of a tumor with a 4 mm diameter. The distance between the plates
is 8 mm and applied voltage is 960 V, resulting in a voltage to distance ratio of 1200 V/cm. Due to
an inhomogeneous tissue and a dynamic electrical conductivity, the actual electric field experienced
by the majority of tissue volume is lower than 1200 V/cm (dark red contour). The electric field is
strongest in the skin layer due to its low conductivity and immediate proximity to the electrode
surface. The addition of tumor volume (¢, d) alters the field distribution even further. The color scale
is adjusted to the range of up to 1200 V/cm for better visibility

4.2 Needle Electrode Arrays (Fixed Geometry)

Needle electrodes with a fixed geometry are the most commonly used electrode type
in ECT. Unlike non-invasive electrodes, needle electrodes must be inserted into the
tissue. Figure 7, panels a—d show some of the commercially available needle
electrodes with fixed geometry. Although there are many possibilities, the most
common models have either a linear (Fig. 7a, b) or a hexagonal (Fig. 7¢) needle
configuration and are used for treatment of superficial tumors. Figure 7d shows a
different design of a needle electrode, intended for endoscopic and laparoscopic
uses. The electrode has a flexible shaft with a modular needle exposure and is
designed for minimally invasive treatment of lesions localized in the abdominal
parenchyma.

The most common model of linear needle electrodes consists of two rows of four
needles, separated by 4 mm (Fig. 7a). The needles of each row are connected
together, therefore, the electrical connection of the electrode is effectively bipolar
(Bertacchini 2017). Fixed linear electrodes are used for treatment of smaller tumor
nodules. Typically 8 x 100us pulses are delivered with a pulse repetition rate of
5000/s and pulse amplitude of 400 V. Figure 8 shows an example of the electric field
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Fig. 7 Examples of needle electrodes. (a) Electrode array with a fixed linear geometry (4 mm
spacing) for clinical use (N-xx-4B, EPS Series, IGEA S.p.A., Italy). (b) Electrode array with a fixed
linear geometry (5.9 mm spacing) for veterinary use (ELECTROvet, Leroy Biotech, France). (c)
Electrode array with a fixed hexagonal geometry for clinical use (N-xx-HG, EPS Series, IGEA S.p.



40 H. Cindric et al.

distribution using a linear electrode in a homogenous tissue model (a, b) and
nonhomogeneous tissue model (c, d)—a subcutaneous tumor of 6 mm diameter.

Hexagonal electrodes consist of six needles distributed in a hexagonal configura-
tion around the central (seventh) needle. In the electrode model shown in Fig. 7c, the
distance between the needles is 7.3 mm, resulting in cylindrically shaped treatment
area with an approximately 15 mm diameter. This geometry enables the treatment of
larger tumor nodules compared to linear electrodes. Typically 8 x 100us pulses
(4 + 4 with reversed electrode polarity) are delivered with the pulse repetition rate of
5000/s and 730 V amplitude to each needle pair individually. The seven needles
form together 12 unique electrode pairs, resulting in 96 total pulses delivered in a
single application. Figure 9 shows an example of the electric field distribution using
a hexagonal electrode in a homogenous tissue model (a, b) and nonhomogeneous
tissue model (c, d)—a subcutaneous tumor of 12 mm diameter.

For both electrode models, the needle length can be adjusted from 10 to 40 mm.
The depth of electrode insertion dictates the depth of penetration of electric field.
However, with longer electrodes (longer electrode exposure), higher electric currents
are to be expected during treatment, i.e., the current amplitude depends on the depth
of electrode insertion. With fixed needle electrodes the electric field distribution is
more complex than with plate electrodes, since pulses are applied to multiple
electrode pairs and in different directions. Nevertheless, the geometries and neces-
sary parameters have been extensively studied, therefore, the user needs only to
ensure the treated tumor is contained within the needle boundaries (Bertacchini
2017). For larger tumors, multiple applications with repositioning of the electrodes
are often performed (for both linear and hexagonal configurations).

4.3 Single Needle Electrodes (Variable Geometry)

For minimally invasive treatment of deep-seated tumors, single monopolar needle
electrodes are used in pairs to deliver high-voltage electric pulses to target tissue.
Single needle electrodes are the most versatile electrode type, however, their place-
ment is challenging and requires an experienced interventional radiologist
(Rossmeisl et al. 2015; Garcia et al. 2017). Moreover, given the limitations of
available pulse generators in terms of maximum voltage and electric current deliv-
ery, the treatment typically requires the use of more than one pair of electrodes,
further complicating the determination of the electric field distribution in the tissue.
Nevertheless, even a single electrode pair allows effective coverage of larger tissue
volumes than other electrode types. The number and placement of electrodes depend
on the size of the tumor, but typically 3-6 electrodes are used in a polygonal

Fig. 7 (continued) A., Italy). (d) A flexible electrode with modular needle exposure for endoscopic
and laparoscopic use (Stinger, EGPS Series, IGEA S.p.A., Italy). (e) Single needle electrode for IRE
ablation of deep-seated tumors (NanoKnife, Angiodynamics Inc., USA). (f) Single needle
electrodes for ECT of deep-seated tumors (VGD Series, IGEA S.p.A., Italy)
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Fig. 8 Electric field distribution in homogenous (a, b) and nonhomogeneous (c, d) tissue model
using the fixed linear needle electrodes. In the nonhomogeneous model a spherical tumor with 4 mm
diameter is positioned in the center of electrode geometry (black outline). The distance between the
rows is 4 mm, insertion depth is 15 mm and the applied voltage is 400 V, as is recommended for
ECT with this electrode type, resulting in a voltage to distance ratio of 1000 V/cm. Dynamic
electrical conductivity is used in both models. In the nonhomogeneous model, the tumor conduc-
tivity is approximately 3-times the value of surrounding tissue conductivity. The color scale is
adjusted to the range of up to 1200 V/cm for better visibility. Panels (a) and (c¢) show the axial view
at the depth of the largest tumor diameter. Panels (b) and (d) show the side view in the middle
between the needle rows

configuration in close proximity or even inside the tumor mass. The electrodes
should be positioned parallel to each other and at the same depth to achieve a
predictable electric field shape. In practice, this is often difficult to achieve due to
anatomical constraints; moreover, the electrodes are long and thin and tend to bend.
The electrodes also have an adjustable active length (1-4 cm), but in practice 2 cm
are usually used, because longer electrodes result in a (too) high electric current,
which may cause automatic termination of pulse delivery by the pulse generator.
The electric field is the strongest in immediate vicinity of the electrode and
decreases rapidly with distance from the electrode. The proximity of the counter
electrode in the pair is crucial in establishing the necessary field strength in the whole
target volume. Figure 10 illustrates the effect of inter-electrode distance on the
electric field distribution in a simple model with two needle electrodes in a homoge-
neous tissue. A fixed voltage-to-distance ratio of 1500 V/cm is used to determine the
applied voltage, as this value is most commonly recommended for IRE treatment of
deep-seated tumors. The distance between the electrodes is set to either 1 cm, 1.5 cm
or 2 cm. At 1 cm distance, the electric field appears almost homogenous in the
middle between the electrodes with a strength of approximately 1200 V/cm. When
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Fig. 9 Electric field distribution in homogenous (a, b) and nonhomogeneous (c, d) tissue model
using the fixed hexagonal needle electrodes. In the nonhomogeneous model, a tumor with 12 mm
diameter is positioned in the center of electrode geometry (black outline). The distance between the
needles is 7.3 mm, insertion depth is 25 mm and the applied voltage is 730 V, as is recommended
for ECT with this electrode type, resulting in a voltage to distance ratio of 1000 V/cm. Dynamic
electrical conductivity is used in both models. In the nonhomogeneous model, the tumor conduc-
tivity is approximately 3-times the value of surrounding tissue conductivity. The color scale is
adjusted to the range of up to 1200 V/cm for better visibility. Panels a and ¢ show the axial view at
the depth of the largest tumor diameter. Panels b and d show the side view at the central electrode
aligned with the x-axis

the electrodes are positioned further apart, the electric field strength in the middle
decreases and becomes more inhomogeneous. To compensate for this decrease, a
higher voltage needs to be applied to the electrodes; however, the maximum voltage
that can be supplied by the currently approved medical pulse generators is limited to
3000 V, therefore limiting the distance between the electrodes. For example, the
general guideline for IRE ablation is that the electrodes should not be further than
2 cm apart to ensure the recommended voltage-to-distance ratio of 1500 V/cm.

A fixed voltage-to-distance ratio is usually suggested by the manufacturer of the
pulse generator, as a guideline for determining the voltage applied to the electrodes.
However, the applied voltage can then be adjusted by the user. In literature, the
voltage-to-distance ratio is often confused with the electric field threshold, required
for electroporation, as both have the same unit of measure—V/cm. The
recommended voltage-to-distance ratio is much higher than the necessary threshold
for electroporation, to compensate for the decrease in field strength with distance.
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Fig. 10 An example of electric field distribution in homogeneous tissue at different distances
between needle electrodes—1 cm (a, d), 1.5 cm (b, e), and 2 cm (¢, f). A fixed voltage-to-distance
ratio of 1500 V/cm was used to determine the applied voltage. The active length of the electrodes
was 2 cm. The electric field is strongest in the immediate vicinity of the electrodes, but decreases
rapidly with the distance from the electrode surface. For better visibility, the color scale is adjusted
to a range of up to 1500 V/cm, however, very high electric fields (up to 10,000 V/cm) can be found
in tissue directly at the electrode surface

For instance, in Fig. 10 the voltage-to-distance ratio was set to 1500 V/cm. However,
we can see that the 1500 V/cm field strength (dark red contour) only occurs in a few
millimeters from the electrodes, while in most of the tissue between the electrodes
the field strength is considerably lower.

According to manufacturer instructions, the electrodes should be placed parallel
to each other and at the same depth, since it is easier to predict the distribution and
homogeneity of the resulting electric field. However, in biological tissues this
placement is almost impossible to achieve, due to electrode bending and anatomical
constraints. Any imperfections in the electrode positions result in a much more
complex distribution of electric field. Figure 11 shows the effect of electrode
angulation and skewness on the shape of the electric field in a homogeneous tissue.
In a clinical setting some angulation and skewness, as shown in panel d of Fig. 11, is
to be expected. Examples shown in Figs. 10 and 11 are computed in a homogenous
tissue with dynamic conductivity. In reality, biological tissue is inhomogeneous
considering its conductivity, and any inhomogeneity in target tissue properties alters
the electric field distribution even further.

4.4 Finger/Cavity Electrodes
In some anatomical locations, for instance some orifices and cavities, standard

electrodes could not be used. Therefore, electrodes have been designed shaped
specifically for treatment in these challenging locations. Figure 12 shows two



44 H. Cindric et al.

sk = 0.7 cm AV
1500
1400
1300
1200
1100
- 1 1000
- 1 900
800
700
600
500
400
300
200
100

Fig. 11 The effect of electrode skewness and angulation on electric field distribution in homoge-
neous tissue. A fixed voltage-to-distance ratio of 1500 V/cm was used to determine the applied
voltage. The active length of the electrodes was 2 cm. (a) Ideal placement—parallel electrodes,
same depth of insertion. Distance between the needles is 1.5 cm. (b) Parallel electrodes, left
electrode is placed 0.7 cm deeper. (¢) Same depth of insertion, left electrode is inserted at a 10°
angle with respect to the vertical axis of insertion. (d) Left electrode is inserted at an angle and
deeper than the counter electrode. This scenario is most commonly encountered in clinical practice
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Fig. 12 Examples of electrodes for treatment in locations with difficult access. (a) Orthogonal
model (F-15-NO, NFD Series, IGEA S.p.A., Italy) and (b) longitudinal model (F-xx-NL, NFD
Series, IGEA S.p.A., Italy) of a finger electrode with linear needle configuration for treatment in the
human orifices. (¢) Cavity electrode, designed specifically for treatment in the oral cavity in
veterinary oncology (ELECTROvet, Leroy Biotech, France)
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models of finger electrodes, designed for ECT treatment in the human orifices. As
the name suggests the electrode is to be worn on the finger of the user and has the
linear needle configuration. The distance between the rows is 4 mm while the active
length can be either 5 or 10 mm. The needles can be positioned either perpendicular
to the finger (orthogonal model) or at the tip of the finger (longitudinal model) to
allow treatment of difficult-to-reach sites (Bertacchini 2017; Campana et al. 2019).
Panel c of Fig. 12 shows a cavity electrode, designed for ECT of tumors in the oral
cavity of animal patients, which consists of four 10 mm long needles.

5 Pulse Parameters (Treatment Protocols)

Electroporation-based treatments have different needs regarding the desired thera-
peutic effect and therefore require the use of pulse parameters and delivery protocols,
tailored to each type of treatment. The classical electroporation protocol of 8 X
100ps pulses, developed in the first studies of electrochemotherapy, is still the most
widely used protocol in clinical practice, however, several new protocols have also
been developed.

5.1 Electrochemotherapy

Electrochemotherapy (ECT) uses reversible electroporation to facilitate transmem-
brane transport of chemotherapeutic agents with intercellular action, e.g., bleomycin
and cisplatin. The most widely known ECT protocol consists of 8 pulses of 100pus
duration and a pulse repetition rate of 1/s (Mir et al. 1991). In some commercially
available devices today, such as the Cliniporator (IGEA S.p.A., Italy), the protocol is
adjusted so the pulses are no longer delivered at 1/s, but rather in trains of pulses with
a pulse repetition rate of 5000/s. For treatments in the thoracic region, the train
delivery is synchronized with the patients’ electrocardiogram to prevent cardiac
arrhythmias. With a pulse repetition rate of 1/s, each of the eight delivered pulses
manifests as separate muscle contraction perceived by some patients as painful. By
increasing the pulse repetition rate the patient effectively experiences only a single
pulse instead of eight, which decreases the unpleasantness of the procedure (Zupanic
et al. 2007). The most commonly used electrode models in ECT are the fixed linear
and hexagonal needle electrodes for treatment of skin and subcutaneous tumors.
Both electrode models come with recommendations for applied pulse parameters,
namely the applied voltage, provided by the device manufacturer.

5.2 Irreversible Electroporation Ablation
Irreversible electroporation (IRE) is used as a focal ablation method for various soft

tissues and tumors. In IRE ablation, a higher number of monopolar pulses is used
compared to ECT. Parameters of electric pulses and supply protocols differ between
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studies, but 70—100 electric pulses per electrode pair are most commonly used, and
the duration of individual pulses in the train is 50—100us. The pulse delivery is
synchronized with the patients’ electrocardiogram, so the pulses are delivered in the
absolute refractory period to minimize the risk of triggering arrhythmias. In current
pulse generators, sequences of 10 pulses are applied, followed by a short pause to
allow recharging of the generator. The pulse amplitude is most often determined by
using a fixed ratio between the applied voltage and the distance between paired
electrodes.

The most recent development in pulse protocols for IRE is the so-called high-
frequency IRE or H-FIRE (Arena et al. 2011; Yao et al. 2017; Ringel-Scaia et al.
2019). In H-FIRE, bursts of bipolar pulses are applied instead of monopolar pulses
used in classic electroporation protocols. The bipolar pulses consist of two pulses of
opposite polarity. The duration of a single polarity pulse is in the range of a few
microseconds and the pulse repetition rate is in the range of 50,000-125,000/s. The
short duration of the pulses and higher repetition rates provide several benefits over
longer monopolar pulses, such as a higher threshold for nerve and muscle
stimulation.

5.3 Gene Electrotransfer

Gene electrotransfer (GET) uses electrical pulses to introduce gene-encoding plas-
mid DNA into tumor or healthy cells, for example, to induce an antitumor effect or
stimulate the immune response (Gothelf and Gehl 2010; Heller and Heller 2015;
Rosazza et al. 2016; Lampreht Tratar et al. 2017). As in ECT, the DNA plasmid is
injected into the target tissue a few seconds before the pulse application. Unlike the
chemotherapeutics in ECT, plasmid DNA molecules are too large to enter the cell by
diffusion. Therefore, longer (millisecond range) low-voltage pulses, or a combina-
tion of short (microsecond range) high-voltage pulses and long (millisecond range)
low-voltage pulses are used to permeabilize the cell membrane and electrophoreti-
cally deliver the plasmid to the target location (Gothelf and Gehl 2010). The optimal
dose of the plasmids and pulsing protocols are still under development.

5.4 Additional Considerations Regarding Pulse Protocols

Sometimes the recommended pulse parameters cannot be delivered, for instance, due
to the limitations of available equipment or specific properties of the experimental
setup. Studies have shown that a similar therapeutic outcome can be achieved also
with somewhat adjusted pulse parameters (Pucihar et al. 2011; Dermol and
Miklav¢ic¢ 2015; Garcfa-Sanchez et al. 2019). For example, at a fixed field ampli-
tude, a similar fraction of electroporated cells can be obtained by using longer pulses
or a higher number of pulses. In other words, with longer pulses or higher number of
pulses, the critical electric field thresholds shift to lower values (also see Fig. 1). In
order to select equivalent pulse parameters, the relations between the pulse
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amplitude, duration, and number need to be determined. In their experimental study,
Pucihar and colleagues (Pucihar et al. 2011) determined the mathematical relations
between amplitude and pulse duration and amplitude and number of delivered pulses
with respect to the fraction of electroporated cells in vitro. The results of their study
show, that the relations between pulse parameters can be reflected by rather simple
mathematical models and that a similar fraction of electroporation can indeed be
achieved using carefully selected equivalent parameters.

Pulse delivery dynamics, namely the duration of pulses and pulse repetition rate,
also play an important role in tissue heating. The thermal energy W7 is formulated as
the product of power (electrical energy converted to thermal energy per unit time)

and time:
WTP-t</J—Edv>~t</a-E2dv)-t (7)
\%4 \%4

where P is power, ¢ is time (pulse duration), J is current density, E is electric field, o
is electrical conductivity of the tissue. The main factor driving the amount of
generated thermal energy is the pulse amplitude and the associated Joule heating
[J-E term in Eq. (7)] (Lackovi¢ et al. 2009). However, as we can see in Eq. (7), the
amount of thermal energy also depends on the duration of the applied pulses. There
is a considerable difference between the amount of thermal energy generated by a
millisecond pulse and a nanosecond pulse of an equivalent amplitude. Living
tissue also has the ability to diffuse heat due to micro- and macrovascular perfusion.
Tissue cooling effectively happens in the pauses between the individual pulses. If the
tissue capacity to effectively diffuse heat after a single pulse is exceeded the tissue
temperature will begin to increase. Longer pauses between the pulses (lower pulse
repetition rate) result in more effective cooling. However, due to vascular effects of
electroporation, the perfusion and therefore the tissue cooling ability is greatly
diminished. This is especially important in IRE ablation, where several hundreds
of pulses are cumulatively delivered to tissue, resulting in a large amount of
generated heat. Strategies for decreasing the thermal effects are being investigated
by the use of electrodes with internal cooling or development of protocols, where
pulses are delivered in groups with long delays in between (O’Brien et al. 2018;
Sano et al. 2020).

6 Numerical Prediction of Treatment Outcome (Treatment
Planning)

6.1 Cumulative Coverage of Target Tissue

The volume of tissue that can be effectively treated with a single electrode pair is
rather small, therefore, multiple electrodes (electrode pairs) are used in EP-based
treatments—be it the fixed electrode models consisting of multiple needles (Figs. 8
and 9) or multiple single needle electrodes (Figs. 10 and 11). In such cases pulses are
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delivered to electrode pairs in sequence, therefore, the target tissue volume is
cumulatively covered by contributions from all active electrode pairs. The most
conservative method for evaluating cumulative coverage of the target tissue is by
considering each of the electrode pairs as a separate entity and superimposing their
respective contributions as the treatment equivalent field Eq:

max (E,E,_1);n > 1
Eeqn = ;1<n<N, (8)
E,,n=1

where N is the total number of electrode pairs, E., is the treatment equivalent field
after application of pulses to the nth electrode pair, Eq,_; is the treatment equiva-
lent field from electrode pairs 1 to n — 1 and E,, is the actual computed electric field
produced by the nth electrode pair. The final electric field distribution in tissue is
represented by the equivalent electric field after application of pulses to all
N electrode pairs—E.q y. This approach is illustrated in Fig. 13 showing a spherical
tumor model treated with four needle electrodes forming a total of six unique
electrode pairs. A threshold of 600 V/cm (often used as the threshold for IRE of
tumors) is applied to the computed electric field, so the Panels a—f show only tissue
covered in electric field strength of or above this threshold. The tumor volume is
gradually covered in six segments and the final electric field distribution is shown in
panel g. Figure 14 shows the fraction of tumor volume cumulatively covered by
pulses sequentially delivered to each of the electrode pairs.

When using more than one electrode pair some areas of tissue will be covered
more than once, as can be seen in panels a—f of Fig. 13 (darker blue areas, mainly
around the electrodes). This is also very prominent in the hexagonal electrodes,
where the central needle serves as the counter electrode in half of all active electrode
pairs (6 out of 12 pairs), while each of the outer needles is only used in 4 out of
12 pairs. The tissue surrounding the central electrode will therefore cumulatively
experience twice as many pulses as the tissue at the electrode rim.

Considering each pair of electrodes individually will slightly underestimate the
extent of the treated region. First, the conductivity increase is not completely
independent between the pairs, as a small increase persists also during the time
when the pulse delivery is switched to the next pair. Moreover, the required electric
field strength to achieve reversible or irreversible electroporation in the target
volume reduces with increased exposure duration (see also Fig. 1 and Sect. 5.4).
Therefore, in tissue areas that are cumulatively experiencing a higher number of
pulses, electroporation may occur already at a lower electric field than expected
(Pucihar et al. 2011).

Another possible approach to determine the tissue response is by calculating the
probability of effective electroporation in tissue volume. This approach employs the
use of statistical models of cell survival, the most commonly used being the Peleg-
Fermi model (Peleg 1995; Golberg and Rubinsky 2010; Dermol and Miklavcic
2015). The probability of cell survival S is defined as follows:
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Fig. 13 A simplified model of IRE ablation of a subcutaneous tumor. Four electrodes are used in
the model, forming six unique electrode pairs. The tumor volume is gradually covered with electric
field at or above the irreversible threshold—in this case 600 V/cm. Panels (a—f) show the volume of
target tissue covered by at least 600 V/cm after application of pulses to each electrode pair. Panel (g)
shows the final electric field distribution in the target tissue. The round contour of the tumor can be
seen. The color scale is adjusted to the range of 600 to 1500 V/cm for better visibility
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Fig. 14 Cumulative coverage of the tumor volume with electric field. The horizontal axis shows
the electric field strength, while the vertical axis shows the fraction of tumor volume covered with
electric field of at least the value shown on the horizontal axis. Each curve represents the contribu-
tion of a single active electrode pair used in treatment. The critical value for the therapeutic response
in this specific case is the IRE threshold of 600 V/cm, however, this value depends on the tissue type
and treatment application
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where m is the number of pulses, E is the local electric field, E.(m) is the critical
electric field at which 50% of affected cells die, and A(m) is the shape factor defining
the size of the transition zone. Both the critical field and shape factor are functions of
applied pulse number. There are two main benefits of this approach; the number of
applied pulses is included in the calculation, and the nature of probability
calculations allows multiplication of different probabilities to reflect the lower
probability of survival, where applicable:

s= 1] s (10)

N pairs

S(E,m) =

where S, is the probability of cell survival after the application of pulses to the nth
electrode pair. Considering Eq. (10), the cumulative probability of cell survival will
be lower in tissue areas that are covered with multiple pairs.

The last aspect to consider when looking at cumulative coverage is the thermal
effects. As the number of delivered pulses increases, the thermal component
becomes more pronounced. In IRE ablation, up to 100 pulses are delivered to a
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single pair of electrodes. Combining the contributions of all active electrode pairs,
certain tissue areas are cumulatively exposed to several hundred pulses. Due to slow
thermal diffusion in tissue and ineffective blood perfusion during electroporation a
significant thermal component is present (Cornelis et al. 2020). This effect cannot be
neglected even in reversible electroporation protocols, e.g., when using the hexago-
nal electrode. The central needle is active in a total of 6 electrode pairs, so a
cumulative 48 pulses are delivered. Undesirable heating and necrosis may therefore
occur in the areas around the electrodes (Zmuc et al. 2019), especially at the needle
tips, posing a potential risk to anatomical structures that are sensitive to thermal
damage, such as bile ducts and nerves. Special care must be taken when placing the
electrodes, to avoid damage to sensitive structures near the treatment zone.

6.2 The Basics of Patient-Specific Treatment Planning

As can be inferred from the number of factors affecting the electric field, determining
the distribution of the electric field in the target tissue is not a simple task. Since the
success of all EP-based treatments depends on complete coverage of the clinical
target volume (CTV) with a sufficiently high electric field, it is advisable to use some
form of treatment planning to ensure a successful treatment outcome (Miklavcic
et al. 2010; Zupani¢ et al. 2012; Kos 2017). Treatment planning based on numerical
models and computation of electric field has shown promise for guiding the
physicians and veterinarians performing electroporation procedures. In 2015,
Visifield (www.visifield.com, University of Ljubljana, Slovenia) the first online
tool for construction of patient-specific plans for EP-based treatments, was
implemented (Pavliha et al. 2013; Marcan et al. 2015). However, the tool is currently
intended for research and proof of concept and is not yet available for clinical use.

Patient-specific treatment planning is based on constructing an anatomically
accurate numerical model from patients’ medical images (MRI, CT scan). First,
the patients’ preinterventional images are segmented into tissues of interest, namely
the tumor mass, surrounding healthy tissue, and other nearby important anatomical
structures such as blood vessels and bile ducts. A 3D numerical model is then
constructed from the segmented tissue masks and imported into the software for
finite element analysis, such as Comsol Multiphysics (www.comsol.com, Comsol
Inc., Sweden) and FreeFem++ (https://freefem.org/, UPMC, France) (Hecht 2012).
Specific electrical properties are assigned to each tissue in the model to reflect the
inhomogeneity in the treated CTV. The next step is to determine the insertion
trajectory and placement of the electrodes while considering any anatomical
limitations. Finally, we must determine the optimal number and positions of the
electrodes and the optimal parameters of applied electric pulses—mainly the ampli-
tude of pulses and, where possible, also the number of applied pulses. Electric field
distribution is then computed in the model using the finite element method. The
numerical methods for the computation of electric field during electroporation are
explained in more detail in Sects. 3.5 and 3.6. The finalized treatment plan provides
the physician with a graphical representation of the electrode insertion trajectory and
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final placement in the CTV, optimal pulse parameters to be delivered to specified
electrode pairs, and a visualization of the expected electric field distribution in tissue
and coverage of the CTV (Zupani¢ et al. 2012).

When creating a treatment plan, the goal is to ensure complete coverage of the
CTV with minimal damage to (surrounding) critical anatomical structures, while
ensuring the electrode placement and pulse delivery is technically feasible. In search
of the optimal treatment parameters, several difficulties need to be overcome. First of
all, we are limited by the hardware specifications of commercially available pulse
generators, namely the maximum available voltage supply (3000 V) and maximum
allowed electric current (50 A). Even when staying inside the boundaries of available
voltage amplitude, increasing the voltage presents a risk of a high current draw in
tissues with higher electrical conductivity (note: tissue conductivity also increases
during electroporation). Additionally, if the CTV is too large and the electrodes are
positioned too far apart it may be impossible to cover the whole CTV with a
sufficiently high electric field to ensure successful treatment. The use of optimization
algorithms can simplify the search for appropriate electrode positions and voltages.
The limitations need to be formulated as a criterion function, which is then
minimized during the optimization process, resulting in the best candidate solution
for the specified problem (Zupani et al. 2012; Kos 2017). Examples of criterion
functions for ECT and IRE ablation are as follows:

Fger = —100- CTVggy + 10 Vigg + Ivax, (11)
FIRE - —100CTV]RE + 10 VIRE + IO'IMA)(, (12)

where CTVgcr and CTVrg are the volumes of CTV covered in electric field
sufficient to cause reversible and irreversible electroporation respectively, Vigg is
the volume of surrounding healthy tissue subjected to IRE and Iy x is the maximum
delivered electric current. In treatment, we wish to minimize the IRE of healthy
tissue and avoid a large current draw; therefore, the contributions from terms Vigrg
and Iyiax increase the value of the fitness function. The optimal solution will have
the lowest criterion function and the lowest contributions from “undesired” terms.
Egs. (11) and (12) are just simple examples of criterion functions—there are many
ways to formulate the optimization problem.

Treatment plans are currently prepared a few days ahead of intervention using
patients’ preinterventional images. Their usefulness for the physician is limited since
exact electrode placement according to the plan is often difficult to achieve due to
anatomical constraints and other technical difficulties. Coupling the
preinterventional treatment plan with navigation systems aids in more accurate
electrode placement (Groselj et al. 2015; Fuhrmann et al. 2018). To truly utilize
the potential that treatment planning offers, the whole process would need to be
translated from preinterventional phase to the interventional phase—meaning, the
plan being prepared during the procedure using actual electrode placement and with
real-time control of the applied parameters. Nevertheless, treatment planning in its
current realization provides a useful guide for the physicians and veterinarians
performing EP-based treatments (Kos et al. 2010, 2015; Garcia et al. 2017; Gallinato
et al. 2019).
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Although treatment planning is currently mainly applied in human procedures,
there are a few studies, where the possibilities of treatment planning are also
demonstrated for veterinary procedures. In a case report by Kulbacka et al. (2017),
a large oral melanoma in a canine patient was treated with a combination of ECT and
surgery with promising results. The authors demonstrated the possibility of
performing treatment planning using specialized software such as Visifield to
increase the efficacy of ECT in veterinary oncology. In another prospective clinical
study, seven canine patients were treated with IRE ablation for spontaneous malig-
nant glioma using MRI-based treatment planning (Rossmeisl et al. 2015; Garcia
et al. 2017). The authors prepared patient-specific numerical models to determine
the pulse parameters used in the procedures and evaluated the predictive power of
the treatment planning software using radiologically confirmed clinical outcomes.
The results of the study show that the numerical models can evaluate the necessary
treatment parameters and effectively predict clinical outcomes. The application of
treatment planning in veterinary procedures could result in a more effective
treatment.

7 Conclusion

Cell electroporation mainly depends on the local electric field strength and
parameters of delivered pulses (pulse number, duration, and delivery rate). Fixed
and variable electrode geometries can be used efficiently; however, the depth of
electric field penetration and the extent of treated zone around the electrodes is very
limited. Therefore, repositioning of fixed electrodes and the use of multiple electrode
pairs (in case of single needle electrodes) are suggested to effectively cover the target
tissue volume. Increasing the number of pulses can improve the efficacy of treatment
to a limited extent; however, it also increases the risk of thermal damage to tissue,
which can result in damage to critical anatomical structures (bile ducts, nerves,
vessels, etc.) and a longer times to resolve the dead tissue. Numerical modelling
has proven to be an indispensable tool in investigating and designing
electroporation-based treatments and preparing patient-specific treatment plans.
Numerical models can evaluate the necessary treatment parameters and effectively
predict clinical outcomes. The application of treatment planning in veterinary
procedures could result in more effective treatments.
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