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Abstract

Tissue electroporation is the basis of several therapies. Among others, it
is used in treatments of solid tumors. Because electroporation exclusively
targets cells and leaves the extracellular matrix unaffected, tumor
treatment near vital structures is feasible, which is a clear advantage over
other therapies based on physical methods. However, careful treatment
planning is required because electroporation is highly dependent on
procedure parameters and tissue properties.

This thesis focuses on the development of tools and models for
treatment planning in electroporation-based therapies, specifically, for
the treatment of internal tumors. The contributions of this thesis are as
follows. First, the development of a web platform which illustrates the
strong dependence of electroporation on treatment parameters and tissue
electrical properties is described. Namely, the dependence on electrode
number and positioning, voltage applied between electrode pairs, and
tissue electrical conductivity. Second, models which describe cell are
presented to predict treatment outcome in cases of treatment overlap
with multiple electrode pairs, which are frequent in electroporation-based
therapies. This study was performed by first characterizing the cell death
models with overlapping treatments, and then, using these models to
analyze how the treatment volume was affected in electroporation-based
therapies. Third, a platform for treatment planning in electroporation-
based therapies is presented. The optimal electrode insertion path can be
planned preoperatively by simulating the predicted treatment volume on
accurate patient-specific models in an easy-to-use and fast way.
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Resum

Diverses teràpies mèdiques es basen en l'electroporació. Entre d'altres,
l'electroporació s'usa per al tractament de tumors sòlids. Com que
només afecta les cèl·lules i la matriu extracel·lular queda intacta, amb
l'electroporació es poden tractar tumors propers a teixits vitals. Tot i
aquest clar avantatge respecte d'altres teràpies fı́siques, els tractaments
s'han de planificar amb precisió perquè el resultat és altament dependent
dels paràmetres del procediment i de les propietats dels teixits.

Aquesta tesi se centra en el desenvolupament d'eines i models per a
la planificació de tractaments amb teràpies basades en electroporació,
concretament, per al tractament de tumors interns. A continuació,
es relacionen les aportacions d'aquesta tesi. Primer, es descriu el
desenvolupament d'una plataforma web que il·lustra la forta dependència
de l'electroporació dels paràmetres del tractament i de les propietats
elèctriques del teixit, en particular, la dependència del nombre i
posició dels elèctrodes, el voltatge aplicat entre parells d'elèctrodes i la
conductivitat elèctrica del teixit. Segon, s'estudien models que descriuen
la mort cel·lular per predir el volum electroporat en casos de superposició
de tractaments amb múltiples parells d'elèctrodes, cosa freqüent en les
teràpies basades en electroporació. Per a aquest estudi, es van superposar
tractaments per caracteritzar els models de mort cel·lular i, després,
aquests models es van usar per analitzar fins a quint punt el volum del
tractament es veu afectat en teràpies basades en electroporació. Tercer, es
presenta una plataforma per a la planificació de tractaments amb teràpies
basades en electroporació. La inserció òptima dels elèctrodes pot ser
planificada preoperativament simulant el volum del tractament en models
precisos especı́fics per a cada pacient de forma senzilla i ràpida.
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Chapter 1

INTRODUCTION

1.1 Overview

Cancer is responsible for one out of six deaths worldwide. In 2018,
more than 18.1 million cancer cases were diagnosed, causing 9.6 million
deaths. Future perspectives are alarming; the number of cases is expected
to grow up to 30 million by 2040, as a result of an increase in life
expectancy and epidemiological and demographic transitions [1].

In adults, around 90% of cancers manifest as solid tumors [2]. Surgical
resection is usually the recommended therapy for this type of cancer. The
intervention consists of excising the tumor and a surrounding margin of
healthy tissue to ensure full eradication of malignant cells. Typically, it
is combined with a secondary adjuvant treatment such as chemotherapy
or radiotherapy to maximize success [3, 4]. Unfortunately, it is not
uncommon for the tumor to grow near vital structures, making surgery
unsuitable. In such cases, patients are simply treated with chemotherapy
or radiotherapy, hoping that the tumor will reduce in size so it can latter
be resected.
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1.1. OVERVIEW

In addition to surgical resection, several focal therapies are used in the
treatment of tumors. One of this therapies is thermal ablation. Thermal
ablation consists of heating tissues to 50-54°C for 4 to 6 minutes to induce
coagulation necrosis of the tumor tissue [5–8]. Alternatively, thermal
damage can also be evoked by cooling the tissue to -20°C for a minute
in a procedure known as cryoablation [9]. Chemical ablation is another
focal therapy in which a cytotoxic substance such as ethanol or acetic acid
is introduced in the tumor which causes dehydration followed by tissue
necrosis [5, 10].

In these therapies, thin needle-shaped actuators are typically used which
allow minimally invasive percutaneous procedures [11, 12]. Compared
to surgical resection where open surgery is usually required, ablation
procedures are, in general, faster, present less side effects, and the hospital
stay is shorter [13–17]. However, neither thermal nor chemical ablation
are suitable for tumors adjacent to vital structures such as vessels or bile
ducts, as the extracellular matrix (i.e., the tissue) is denatured [8, 18].

Electroporation is a phenomenon that affects the cell membrane by
transitorily or permanently increasing its permeability to ions and
macromolecules when the cell is exposed to high electric fields. As an
alternative to the aforementioned ablation procedures, in electroporation-
based therapies, electrical damage is induced to the cell membrane
which increases its permeability to ions and macromolecules. Two
outcomes can be defined: reversible electroporation, when the membrane
recovers after field exposure and the cell remains viable, and irreversible
electroporation, which causes cell death due to homeostasis loss, even
if the membrane is capable of resealing. Both effects are the basis
of therapies for solid tumor eradication. First, in electrochemotherapy
(ECT), a chemotherapeutic agent is introduced to the tissue which
can then penetrate into the cell thanks to the increased membrane
permeability of reversible electroporation [19]. Second, with irreversible
electroporation it is possible to ablate the malignant tissue, in a therapy
known as non-thermal irreversible electroporation (NTIRE) [20].
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CHAPTER 1. INTRODUCTION

Because electroporation exclusively targets the cell membrane, the
extracellular matrix is left unaffected [21]. Even if cells that belong
to critical structures are ablated, the preservation of tissue allows
re-population of healthy cells in a matter of weeks [22, 23]. Thus,
electroporation-based therapies are a promising alternative when surgical
resection or other ablation therapies are unfeasible.

However, even though electroporation therapies have been around for
more than twenty years, they have yet to be included in standard
clinical practice for the treatment of internal tumors. Electroporation
interventions are complex because they require between 2 and 6 needle
electrodes to cover the whole treatment volume, as the electrodes must
be placed closely (2 cm) to generate the required high electric fields [24].
In comparison, the same volume can be treated with a single electrode
with radiofrequency thermal ablation. In addition, the treatment volume
is highly dependent on the number of electrodes, their relative position,
the applied voltage, and the type of tissue. Therefore, accurate treatment
planning is required to preoperatively assess lesion size and shape in order
to ensure treatment efficacy and safety [25, 26].

Patient-specific treatment planning is a multi-step process [27]. First, the
target volume must be identified from medical images. From the same
images, tissues are delineated (segmented) to generate a heterogeneous
3D model which represents patient anatomy. The actuators are then
virtually inserted into the model, the treatment parameters are defined,
and the treatment volume is simulated. Finally, it is assessed if the
simulated treatment volume is enclosing the target volume. Otherwise,
treatment parameter can be modified and the treatment can be simulated
again. For practical reasons, it is important that all these steps are
included in a single platform. Regrettably, this is rarely the case.

Electroporation-based therapies are a promising alternative to conven-
tional focal ablation procedures when these are unsuitable. The non-
thermal action mechanism of electroporation is key to treat tumors near
vital structures. In recent years, research in treatment planning has helped
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1.2. RESEARCH GOALS

to increase the use of electroporation in clinical practice [25, 28]. How-
ever, clinicians have to deal with multiple tools to perform all the steps,
which is far from optimal. Within this context, a platform that integrates
all the required tools could encourage the use of electroporation-based
therapies.

1.2 Research goals

The scope of this thesis was to contribute to the development of treatment
planning methodologies and tools for electroporation-based therapies,
specifically for tumor ablation with irreversible electroporation.

The volume that will be effectively treated in electroporation-based
therapies is typically predicted by computing the electric field distribution
and by determining the region whose electric field magnitude surpasses
a threshold. This approach has been successfully demonstrated in many
studies. However, it is not straightforward to calculate the electric field
distribution when using needle electrodes, even if the tissue is considered
to be completely homogeneous. The electric field distribution that results
when voltages are applied across electrodes is non uniform and highly
dependent on the number of electrodes, their position, the voltage applied
between pairs of electrodes, and the type of tissue. A first goal of this
thesis was to develop an open web platform that provides a good initial
estimate of the electric field distribution to illustrate such dependencies
for students, researchers and clinicians. This tool assumes that treatment
is delivered to a homogeneous tissue.

However, biological tissues are heterogeneous and the field distribution
is further modified. In order to accurately predict the treatment volume
in electroporation therapies, a more complex model is needed which
accounts for the different electrical properties of tumor, healthy tissue,
and other surrounding structures. Thus, the main goal of this thesis
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CHAPTER 1. INTRODUCTION

was to develop a platform to generate patient-specific models where the
treatment volume can be accurately predicted. That is, a platform for
treatment planning in electroporation-based therapies.

Treatment of large tumors is achieved in electroporation-based therapies
by delivering multiple treatments across pairs of electrodes. Typically,
up to six or seven electrodes are required. During the conception of
the treatment planning platform, it was noticed that current treatment
planning methodologies and tools for electroporation-based therapies
consider that there is no interaction between the different electrodes pairs,
and that the overall treatment volume can be obtained as the geometric
union of individual single-pair treatments. Therefore, a secondary goal
of this thesis was to quantify the interaction between pairs, that is, to
model treatment overlap in electroporation-based therapies.

1.3 Dissertation outline

Chapter 2 provides an overview of the effects of electric fields on
biological tissues and the electroporation phenomenon. The clinical
applications of electroporation are presented, and it is explained how
treatment planning must be approached for such therapies.

Chapter 3 presents the web-platform that was developed to illustrate
how treatment parameters affect the electric field distribution in
electroporation-based therapies. Specifically, the dependence on elec-
trode number and location, voltage, and tissue properties.

Next, chapter 4 describes the in vitro study where cell death due to
treatment overlap in multiple-pair scenarios was characterized. This
chapter explores how cell death is influenced by treatment overlap,
how it can be modeled, and how the treatment volume is affected in
electroporation-based therapies.

5



1.3. DISSERTATION OUTLINE

The main contribution of this thesis, the platform for treatment planning
in electroporation-based therapies, is presented in Chapter 5. With this
platform, a heterogeneous, patient-specific, model is generated from
medical images, and the electroporation volume is simulated to ensure
full coverage of the malignant tissue. An overview of the whole platform
is provided, from development to case of use and validation.

At last, chapter 6 overviews the main contributions and conclusions of
this thesis and suggests future lines of work.
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Chapter 2

BACKGROUND

2.1 Electric fields in biological tissue

Biological tissues are highly complex with highly heterogeneous
structures. However, viewed from an physicochemical perspective,
tissues can be simplified as cells embedded in an ionic aqueous solution,
that is, an electrolyte solution [29]. Under the application of an electric
field, an electric force is exerted on the ions. Because ions can freely
move in the aqueous solution, an ionic flow (i.e., electric current) is
induced [30]. Thus, biological tissues are electrical conductors.

The aqueous solution in which the cells are contained is the main
constituent of the extracellular medium. The intracellular medium also
mostly consists of an aqueous solution. Whereas the intracellular
medium primary contains potassium ions (K+), in the extracellular
medium sodium (Na+) and chloride (Cl-) ions prevail [31]. The two
media are separated by the cell membrane, which is made of a dual layer
of phospholipids facing each other, known as the lipid bilayer. Due to
the hydrophobic nature of lipids, the membrane is usually impermeable
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2.1. ELECTRIC FIELDS IN BIOLOGICAL TISSUE

to water and ions. Nonetheless, it contains mechanisms that allow water
and ion transfer to maintain cell homeostasis [32, 33].

In normal physiological conditions, the extracellular medium contains
slightly more positively charged ions than the intracellular medium. This
imbalance of charges generates transmembrane voltage (TMV) of a few
tenths of millivolts, known as the rest TMV [34]. However, when an
external electric field is applied, positively charged ions are driven in the
direction of the field, and negative ions in the opposite direction. Because
ions cannot cross the cell membrane, charges of opposite sign accumulate
at each side. Thus, the membrane polarizes and an abnormal TMV is
induced [35].

Artificially increasing the TMV can evoke some physiological responses.
Excitable cells, such as neurons, contain ion channels in the cell
membrane that are sensitive to the TMV. When a certain TMV threshold
is reached (around 20 to 55 mV) the membrane depolarizes and an action
potential is induced [36, 37]. Thus, artificially increasing the TMV in
neurons can lead to triggering nerve impulses which lead to sensations,
including pain, and muscle contractions [38].

The electroporation phenomenon is another possible consequence of
increasing the magnitude of the TMV by a high external electric field.
This effect is evoked when the magnitude of the TMV surpasses a
threshold between 0.2 and 1 V [39]. Electroporation is the phenomenon
where cell membrane permeability to ions and macromolecules is
increased [40–42]. Although the exact mechanisms of action are not
yet fully understood, recent findings support the hypothesis that simple
nanometric pores are created in the cell membrane, at least during the
first stages of the process [43,44]. Once the electric field ceases, the pores
are rapidly resealed, but some membrane defects persist which keeps the
permeability high for seconds and even minutes [45–48].

The delivery of electric currents through electrodes to induce electric
field in tissues and thus cause electroporation is accompanied by
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CHAPTER 2. BACKGROUND

two physicochemical effects that are relevant for this dissertation:
electrochemical reactions and heating.

First, the electric fields are generated by applying a voltage difference
between two electrodes. The electric charges flowing through them are
electrons, compared to tissue current which is driven by ion movement.
When direct current (DC) voltages are applied across electrodes,
electrolysis takes place at the electrode-tissue interface, or otherwise,
electric current would not flow [49, 50]. In biological tissues, the main
reactions that occur at the anode are water decomposition into oxygen
gas and hydrogen ions, and chloride ion oxidation which forms chlorine
gas.

2H2O −→ O2 + 4H+ + 4e−

2Cl− −→ Cl2 + 2e−

At the cathode, water molecules decompose into hydrogen gas and
hydroxide ions.

2H2O+ 2e− −→ H2 + 2OH−

These chemical reactions modify the pH: at the anode, oxygen gas
acidifies the solution, whereas at the cathode, the medium becomes more
alkaline due to the presence of hydroxides. Other oxidation reactions can
take place depending on the electrode material, which releases metallic
ions [51].

Another reaction that occurs as a consequence of the induced electric
currents is Joule heating [52, 53]. Biological tissues, like many other
materials, are not perfect electrical conductors. That is, they present
an intrinsic resistance to electric current flow. Thus, heat is generated
because of charge friction and collision with the media.

9



2.2. ELECTROPORATION

2.2 Electroporation

Electroporation is the phenomenon that increases cell membrane
permeability to ions and macromolecules when the cell is exposed to high
electric fields. Typically, field exposure is brief to prevent excessive Joule
heating and it is in the form of pulses. [54]. Two outcomes are defined
for the electroporation phenomenon. First, a transient one where the
cell membrane recovers after the application of the electric field and the
cell remains viable, known as reversible electroporation (RE). Second,
irreversible electroporation (IRE) results in cell death due to homeostasis
loss, even if the membrane is capable of resealing [55]. Whether the
effect is reversible or not depends on the electric field magnitude. RE
is induced by surpassing a certain threshold, whereas IRE occurs once
a higher threshold is reached. The other characteristics of the exposure,
such as the duration of the pulses, the number of pulses, and the repetition
frequency modifies such thresholds. Namely, longer pulses, more pulses,
or shorter inter-pulse pause, reduce the thresholds for both reversible and
irreversible electroporation [56–61].

This section explores the field of electroporation. First, it explains
how the cell membrane reacts under electroporation and which
physical changes are thought to occur. Second, modeling methods of
electroporation are reported for research and for clinical applications.
Finally, it is explained how the phenomenon is used in clinical practice.

2.2.1 Electroporation dynamics

As previously explained in section 2.1, electroporation occurs when the
cell TMV is artificially increased by means of an external electric field.
In general, surpassing a TMV threshold of 0.2 to 1 V is required for
electroporation to take place [39]. Such threshold depends on the type
of waveform (pulse number, duration and repetiton frequency) that is

10



CHAPTER 2. BACKGROUND

applied, and on how electroporation is measured (e.g., by measuring
the uptake of a specific molecule or by analyzing cell death) [39].
Although the exact mechanisms of action are not yet fully understood,
this section explains the most accepted theories based on recent findings,
both experimental and by means of molecular dynamics simulations.

Triggered by the onset of the pulse, charges rapidly accumulate at each
side of the membrane (Fig. 2.1 — before electroporation). In a few
nanoseconds, electroporation phenomenon takes place and membrane
electrical conductiy increases. This first effect is thought to be a simple
pore formation due to membrane rearrangement (Fig. 2.1 — during
electroporation) [43]. Such pores allow ion trespassing, which increases
electrical conductivity. Subsequently, electrical conductivity keeps rising
but at a slower pace, as the pore formation gets stabilized. It has been
suggested that some of the pores transition into stable pores [44]. In
addition, a second population of defects is generated in the membrane
due to structural mismatches in the lipid bilayer [62–64]. A possible
explanation of these defects is lipid peroxidation [65].

Once the electric pulse ceases, the pores rapidly shrink in microseconds
or in very few milliseconds [61, 66]. As a consequence, the electrical
conductivity quickly drops in that time span. After the sudden pore
shrink, slower resealing processes take place which reduce conductivity to
pre-electroporation values [63,66–68]. Additionally, in tissues, electrical
conductivity varies after the application of the pulses, due to osmotic
imbalances and cell swelling caused by the increased permeability due
to electroporation [39, 69].

Although the conductivity drops rapidly after the electric field ceases, cell
membrane remains permeable to molecules for seconds and even minutes
[45–48]. In fact, total ion uptake is higher after the pulses [48, 70–77].
After the rapid pore reseal, other membrane structural defects persist
which allow molecule diffusion (Fig. 2.1 — after electroporation) [68,78].

11



2.2. ELECTROPORATION

Figure 2.1: Schematic representation of the membrane states before, during,
and after electroporation. Before electroporation, the membrane is impermeable
to ions and macromolecules. During the application of pulses, the membrane
rearranges into pores where ions can cross and the conductivity rises. After the
pores reseal, the conductivity drops because ions cannot cross as freely, but
membrane defects persist allowing the diffusion of macromolecules. Adapted
from “Pore schematic” by MDougM (https://commons.wikimedia.org/wiki/File:
Pore schematic.svg).

2.2.2 Electroporation modeling

Electroporation is a phenomenon that occurs at the cell level when a TMV
is surpassed. However, in tissues, which are composed of numerous

12
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CHAPTER 2. BACKGROUND

densely packed cells with complex geometries, it is impractical to
evaluate electroporation at the cell level. Instead, it is assumed that the
combination of microscopic elements results in homogeneous properties
at a macroscopic scale. Thus, tissue electroporation occurs when the
macroscopic electric field surpasses a threshold. The field distribution
can be simulated with numerical methods [79–81].

Tissue electrical properties for electroporation modeling

As explained in section 2.1, biological tissues can be simplified
regarding their passive electrical properties. Cells are embedded in an
extracellular aqueous solution, which is electrically conductive. The
intracellular medium is also an electrical conductor, but both media
are separated by the dielectric cell membrane. Every infinitesimal patch
of the extracellular and intracellular media can be represented as a
resistance, whereas every infinitesimal paatch of the membrane acts as
a capacitance [82]. From circuit theory, all elements can be combined
into an equivalent single cell circuit model formed by a resistance
(intracellular medium) in series with a capacitance (cell membrane),
and these two in parallel with another resistance (extracellular medium)
(Fig. 2.2).

This single cell circuit can be extrapolated to a whole tissue. In the
same way that the infinitesimal parts of the three components were
combined to form an equivalent circuit, multiple single cell circuits
can be stacked together [82, 83]. Again, a simplification is obtained
thanks to circuit theory, and the same structure as in the single cell
model remains (Fig. 2.3). Although the electrical components represent
the same elements (i.e., intracellular and extracellular media, and
cell membrane), they take different values because they represent the
macroscopic properties of the tissue.

The equivalent circuit model represents accurately tissues in most
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2.2. ELECTROPORATION

Figure 2.2: Equivalent circuit model of a single cell. All the infinitesimal
portions of the extracellular medium are combined in a single resistance. It is
in parallel with a capacitance (representing the membrane permittivity) which is
in series with a resistance (for the intracellular medium). Adapted from [39].

Figure 2.3: Equivalent circuit model of biological tissues. Electric current can
either flow through the extracellular medium (Ie) or through cells (Ic). In the
former, the properties are only resistive (Rext). Instead, the cell path contains a
resistive component (i.e., the intracellular medium, Rcell) and a capacitor (i.e.,
membrane, Cmem).

conditions. However, during electroporation, cell membrane becomes
permeable, which implies that ions can cross it. That is, the membrane
is electrically conductive. To account for this effect, a variable resistance
is added in parallel to the membrane capacitor (Fig. 2.4) [84, 85]. The
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conductance of this resistance is null in normal conditions, but during
electroporation it rises.

Figure 2.4: Equivalent circuit model of biological tissues accounting for the
electroporation phenomenon. Because the cell membrane is conductive during
electroporation (i.e., electric current flows through it), a variable resistance
Rmem is added in parallel to the membrane capacitance Cmem (Fig. 2.2). The
value of Rmem is infinite before electroporation, but it lowers as a function of
the number and size of pores.

The behavior of this circuit is frequency dependent due to the presence
of the capacitor Cmem. Standard electroporation protocols apply a series
of short DC square pulses. At the beginning of the pulse, a peak in
electric current appears which lasts hundreds of nanoseconds or a few
microseconds because of cell membrane charging. For the remaining
pulse duration, electric current only flows through the extracellular
medium (Rext) and, if electroporation was induced, current also flows
through the cell (Rcell + Rmem). Thus, for DC pulses, membrane
capacitance behaves as an open circuit [84]. The three remaining
resistances are simplified as a single variable resistance (Req = (Rcell +
Rmem)||Rext), whose value depends on the electroporation phenomenon
[86].

Resistance is a magnitude that depends on material electrical properties
(i.e., electrical conductivity) and its geometry. If we consider that Req
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represents an infinitesimal patch of tissue, the resistance can be simply
described by tissue electrical conductivity (σ), and, because Req depends
on the electroporation phenomenon, so does its electrical conductivity.

The dependence of tissue conductivity on the electroporation phe-
nomenon can be expressed as a dependence on the applied electric field
magnitude, that is σ(|E|). For electric fields far below the electropora-
tion threshold (i.e., no electroporation) the electrical conductivity of Req

is that of the extracellular medium. But as cells become electroporated at
higher electric fields, the electrical conductivity rises as electric current
can additionally flow through cells.

The conductivity of Req can be experimentally characterized [87, 88]. A
pulse with a known voltage is applied and the electric current is measured,
from which the electrical conductivity can be derived using Ohm's law.
The electric current induced by a pulse is displayed in Fig. 2.5. If the
voltage is not high enough to induce electroporation, the electric current
stabilizes at a constant value after the initial membrane charging peak (see
Fig. 2.5 blue trace). In this situation, current flows exclusively through
the extracellular medium (Ie) and the base conductivity can be computed.
Instead, if the membrane gets electroporated due to the application of
higher voltages, the electric current rises after the initial peak. This
is a consequence of electroporation, which allows electric conduction
through the cell membrane (Ic). The electric current rapidly increases
to the evolution of the electroporation phenomenon but soon exhibits
saturation (see Fig. 2.5 orange trace). The saturation current is used to
derive the maximum conductivity of the tissue. It has been observed that
the electrical conductivity can rise up to three times, although in some
tissues, such as skin, it can rise up to 20 times [39,89–95]. The transition
from the base conductivity to its maximum value is usually modeled by a
sigmoid function (Fig. 2.6) [25,84,96–98], and, although the shape factor
can be inferred experimentally as well, it is not as trivial [99].

Finally, electrical conductivity is also affected by tissue temperature.
During the application of the pulses, the tissue gets heated as a

16



CHAPTER 2. BACKGROUND

Figure 2.5: Electric current during a 100µs pulse during electroporation
(orange) and without (blue). After the high initial peak due to membrane
charging, the current drops and stabilizes when electroporation does not occur.
Instead, the current rises logarithmically due to the pore formation during
electroporation. Adapted from [39].

Figure 2.6: Sigmoid approximation of the electrical conductivity of a tissue as
a function of the electric field magnitude. Without electroporation, conductivity
only flows through the extracellular medium (σ0). As the electric field increases,
the conductivity rises up to σmax because ions can flow through the membrane.
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consequence of Joule heating [100]. In electrolyte solutions (e.g.,
tissues), the mobility of ions is facilitated by higher temperatures, thus,
the electrical conductivity rises. For physiological fluids, it is estimated
that the conductivity rises 2 % every degree Celsius [101]. In general,
the heat generation is small and it can be ignored. However, in IRE,
where a large amount of pulses with very high voltages are applied,
the temperature increment is not negligible [60]. For needle-shaped
electrodes, the heat generation is larger around the electrodes, where the
current density is the highest.

Simulation of the electroporation volume

The standard methodology to determine the electroporation volume
consists of simulating the stationary electric field distribution to obtain
the tissue subjected to an electric field magnitude above an electric field
threshold. Typically, numerical models such as finite elements method
(FEM) are required to simulate the complex tissues and/or electrode
geometries.

The electric field distribution is simulated by solving the Laplace equation
for electric currents with charge conservation:

∇ · σ∇ϕ = 0 (2.1)

where ϕ is the electric potential, and σ is the electrical conductivity [102].
By solving this equation, the electric field E⃗ can be obtained from the
potential distribution with:

E⃗ = −∇ϕ (2.2)

Notice that eq. (2.1) depends on the electrical conductivity σ. In
the previous section it was explained that tissue conductivity during
electroporation follows a non-linear sigmoid function which depends
on the electric field (see Fig. 2.6). This dependency should not be
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overlooked, as the electric field redistribution due to conductivity changes
has a major impact on the overall electroporation volume [87,95,99,103].
Then, the electric field must be obtained iteratively, as conductivity and
electric field depend of one another.

Dirichlet boundary conditions are used for the active electrodes by setting
the corresponding voltage difference. If more than two electrodes are
used, the floating potential boundary condition should be used for the
inactive electrodes. It imposes that the electric potential at the whole
surface of the electrode is constant with the condition that the total net
flux through the electrode is zero [104, 105].

The electric field distribution is simulated for each electrode pair. If
more than two were simulated, the overall electric field distribution is
obtained by combining the maximum computed field from all individual
pairs. At last, the electroporation volume is determined by obtaining the
tissue whose simulated electric field magnitude surpasses an electric field
threshold.

Computing the probability of cell survival

One of the main limitations of the thresholding method is that, for
a given tissue, a different threshold exists for every pulsing protocol.
Namely, longer pulses, more pulses, or shorter inter-pulse pause, reduce
the thresholds for both reversible and irreversible electroporation [56–61].
In addition, the thresholding method can only distinguish between treated
and untreated tissue, even if it has been shown that there is a transition
from electroporated to unaffected cells. This transition depends mostly
on cell type, morphology, age and size [41, 45, 55, 106, 107].

In the field of food processing, statistical models have been widely studied
to predict microbial inactivation [108]. In 2010, Golberg and Rubinsky
[109] proposed tu use such models to describe cell survival probability
with irreversible electroporation, and they successfully fitted the Peleg-
Fermi model [110] on experimental data of prostate cancer [111]. Since
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then, the Peleg-Fermi model has been widely studied to predict the
treatment volume in irreversible electroporation because it characterizes
cell survival as a function of the electric field magnitude and the number
of pulses [60, 109, 112], compared to other models which only consider
one parameter [59]. With this model, the probability of survival S is
determined by:

S =
1

1 + exp
(

|E|−Ec(n)
A(n)

) (2.3)

where E is the electric field, Ec(n) is the electric field at which half of the
cells are dead, and A(n) determines the slope of the transition. Ec and A
are exponential decay functions that depend on the number of pulses n:

Ec(n) = Ec0 · exp (−k1n) (2.4)

A(n) = A0 · exp (−k2n) (2.5)

where Ec0 and A0 are the initial values, and k1 and k2 are the exponential
decay coefficients. Notice that these four parameters are tissue specific.
This model is not only used to determine the ablation volume as the
tissue whose survival probability is below a threshold (between 1 % and
10 %) [113, 114], but it also describes the transition zone from living to
dead cells (Fig. 2.7).

The main advantage of this model over the thresholding method is that it
can be used for treatments were multiple number of pulses are applied.
Due to electroporation generator limitations, it is not uncommon to
change pulsing parameters to achieve similar outcomes [58, 115]. The
Peleg-Fermi model can be used to compute the probability of survival of
each pulsing sequence, and the overall survival probability St is obtained
as the product of the survival probability of individual treatments Si.

St =
∏
i

Si (2.6)
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Figure 2.7: Illustration of the survival probability obtained with the Peleg-Fermi
model as a function of the number of pulses and the electric field magnitude.
Adapted from [60].

Additional modeling considerations: thermal distribution

During the application of the electric pulses, high electric currents are
induced which can significantly rise the temperature due to Joule heating.
This effect is most prominent in IRE because a high number of pulses
(> 70) are applied. This can have two effects on electroporation treatment
modeling. First, thermal damage can be assessed, as it is not uncommon
to find thermally coagulated tissue around the electrodes [100]. Second,
the dependence of the electrical conductivity on temperature can be
modeled, as it can have a marked impact on the overall electric field
distribution [103, 116]. It is estimated that electrical conductivity rises
2 % every degree Celsius in physiological tissues [101].

Penne's bioheat equation is the thermal model which best describes heat
transfer in biological tissues, as it accounts for tissue metabolic heat
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generation and blood perfusion (heat sink) [117]. The temperature T is
obtained by:

ρc
∂T

∂t
= ∇ · (k∇T )− ρBωBcB(T − TB) +QM +Q (2.7)

where ρ, c, and k are the tissue density, heat capacity, and thermal
conductivity, respectively. The metabolic heat generation is computed
from the temperature difference between the tissue (T ) and the blood
(TB), where ωB is the tissue blood perfusion, ρB is the blood density,
and cB is the blood heat capacity. Qm is the metabolic heat generation,
and Q is any other heat source. For electroporation modeling, Q is the
Joule heating which is derived from the electric currents solution:

Q = ∇ϕ · σ∇ϕ (2.8)

Again, the electric field, the electrical conductivity and the temperature
must be obtained iteratively, as they are dependent of one another.
However, the temperature simulation is time dependent because heat is
generated at every pulse and diffuses in time. Compared to the electric
field simulation which is stationary and only takes a few minutes, solving
the heat equation extends the simulation up to several hours [95].

2.2.3 Medical applications of electroporation

Tissue electroporation is the basis of several therapies. Such therapies
induce electroporation by applying short monophasic or biphasic pulses,
from a few nanoseconds to a few milliseconds, at a repetition
frequency that typically ranges from 1 Hz to a few kilohertz. Although
electroporation could be induced by a single long pulse, it is divided in
shorter and spaced pulses as it has been observed that electroporation
efficacy improves [58]. Although this thesis is mostly focused on IRE
for tumor eradication, this section overviews all the electroporation-based
therapies in clinical use, particularly focusing on the pulsing parameters.
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In electrochemotherapy (ECT), an anti-cancer drug can penetrate into
malignant cells thanks to the increased permeability obtained during RE.
The chemotherapeutic drug (e.g., bleomycin, cisplatin) is inserted into
the tissue locally or systemically prior to electroporation [118, 119]. A
few minutes after, RE is induced and the molecule passively diffuses into
the cell [120, 121], which increases cytotoxicity on the electroporated
cells by a factor of 1.1 to several thousand times [122–124]. Typical
ECT protocols consist of eight 100µs pulses applied at 1 Hz. ECT was
first used for the treatment of skin cancer. In recent years, preclinical
and clinical trials have been investigating its feasibility and short term
efficacy for deep seated tumors such as bone [125], liver [126, 127],
pancreatic [128], prostate [129], brain [130], head and neck [131], and
gastrointestinal [132,133]. It has been possible thanks to an advancement
in electrode technology and, mainly, treatment planning [94,98,131,134–
137].

Another clinical application of RE is electrogene therapy (EGT). EGT
is a non-viral gene delivery method used for applications such as DNA
vaccination and gene cancer therapy in multiple tissues [138–141]. A
vector is inserted into the tissue (systemically or locally) which transfers
into the cells when the membrane becomes permeable during RE.
Typically, eight pulses of a few milliseconds are applied to enhance DNA
uptake. These longer pulses are required because DNA uptake is driven
by electrophoresis [142, 143]. For this same reason, protocols consisting
of initial high-voltage pulse, which permeabilize the membrane, followed
by low-voltage pulse, which drive DNA due to electrophoresis, have been
proposed [142, 144].

Non-thermal irreversible electroporation (NTIRE) is an ablation
procedure used for the ablation of solid tumors [20, 21, 145, 146]. In
comparison to ECT, higher electric fields, and more pulses are applied to
treat the target tumor without the need of an adjuvant drug. Between 70
and 100 pulses of 100µs are usually applied at 1 Hz repetition frequency.
NTIRE has been studied in the past years as an alternative to thermal
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ablation of tumors. Its major advantage when compared to other physical
ablation techniques is that it can be applied near vital structures such as
vessels and bile ducts. Because the damage is non-thermal, only cells are
targeted and the extracellular matrix, that is, the tissue scaffold, is left
unaffected [21]. Even if cells that belong to such structures are ablated,
the preservation of tissue allows re-population of healthy cells in a couple
weeks [22,23]. Nonetheless, due to the high electric fields, Joule heating
is inevitable, which mostly concentrates around the electrodes [147].
Thus, it is contraindicated to insert the electrodes closer than 2 mm
from a major vessel [7]. NTIRE is being researched for the ablation of
liver [148], brain [113, 149], lung [150, 151], pancreas [98, 152, 153] and
prostate [154] cancer.

A major issue of NTIRE is that, due to unsought electrical stimulation
of excitable tissues, patients must be under general anesthesia and
strong muscular relaxants to avoid muscle contractions. In addition, the
pulses are synchronized with the refractory period of the heart beat to
avoid fibrillation [7, 155]. High-frequency irreversible electroporation
(H-FIRE) is a variation of NTIRE where bursts of short biphasic pulses
are applied (from hundreds of nanoseconds to a few microseconds)
[156–158]. Although higher electric fields are required to generate the
same amount of IRE volume, the short pulses practically avoid or
minimize muscle contractions [159–161]. H-FIRE pulsing protocols and
other high frequency waveforms are being investigated for the treatment
of tumors and for cardiac ablation [157, 162–166].

Cardiac ablation based on IRE for treatment of arrhythmias was
proposed very early after the conception of NTIRE [167]. However,
its development halted due to the risk of stimulating cardiac tissue and
causing fibrillation [168]. It was not until H-FIRE was proposed that the
research on electroporation for cardiac ablation resumed. Recently, it is
being investigated as a promising alternative to radiofrequency ablation in
a therapy known as pulsed field ablation (PFA) [166, 169, 170]. PFA can
potentially solve many of the issues typically found with thermal ablation
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such as treatment efficacy which relies on factors such as contact force
and heat sink effect, or post-treatment complications such as esophageal
fistula [171].

Another recent methodology for tissue ablation is based on the synergistic
effect of electroporation and electrolysis, in a process called electrolytic
electroporation (E2) [172]. In E2, cytotoxic electrochemical species
are purposely generated, which enter the cell via electroporation.
The application of 8 to 10 high voltage pulses of 100 µs induces
electroporation, and the consequent low voltage pulses of long duration
(a few minutes) induce electrolysis at the electrode interface [173, 174].
Alternatively, exponential decay pulses have also been proposed to
generate the same effect. The high initial peak permeabilizes the cell
membrane, whereas electrochemical reactions take place during the long
tail of the decaying waveform [175, 176].

2.3 Treatment planning

Treatment planning is a process that consists in fine-tuning a therapy for a
specific patient to predict treatment efficacy while minimizing side effects
prior to the intervention.

In this section it is explored how patient-specific treatment planning
is performed in solid tumor physical therapies. First, general traits
are explained which are used for a wide range of procedures, from
radiotherapy to thermal and non-thermal ablation. Second, the specific
workflow and modeling methodologies used for electroporation-based
therapies treatment planning are detailed.
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2.3.1 Treatment planning in physical therapies for solid
tumors

In the context of solid tumor therapies, treatment planning consists in
designing the optimal treatment parameters to ensure that the whole tumor
can be treated with minimal (or controlled) side effects [177, 178]. For
ablative techniques and other focal therapies, treatment planning is a
multi-step process. First, the treatment volume is localized from medical
images. Second, it is computationally assessed if enough energy/dose can
be safely deliviered. Usually, this step requires to create a model of the
tissues from the medical images, which is used to simulate the treatment
volume according to the delivered energy/dose. Finally, the dose can be
adjusted and the treatment volume is simulated again to fine-tune the
procedure.

A series of terms are defined in treatment planning for referring to the
volume intended to be treated. The visible tumor in medical images (e.g.,
from computed tomography (CT), magnetic ressonance imaging (MRI),
positron emission tomography (PET)) is referred to as the gross tumor
volume (GTV). However, tumors present microscopic infiltration which
is not observable in the images. A wider volume, known as the clinical
target volume (CTV), is estimated to include both visible and microscopic
tumor tissue. The CTV is obtained by adding a margin to the gross
tumor volume (GTV) based on clinical criteria. Such margin should
rather be overestimated to ensure all malignant cells fall within, otherwise
the treatment would fail [27, 149, 179]. However, the CTV location in
space and time is uncertain. Tumor movements occur between the day
of acquisition of the images and the intervention day. The patient lay
down position, breathing, and physiological movement of other internal
organs can affect CTV location. It has been observed on continuous
daily imaging that tumor displacement can be higher than 1 cm. Such
uncertainties must be accounted for during treatment planning.

The planning target volume (PTV) accounts for the CTV plus the
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convenient margins for tumor displacement [27,179,180]. Although this
nomenclature is mostly used in radiotherapy treatment planning, these
terms are also applicable in other focal therapies, such as electroporation.
Figure 2.8 illustrates all these volumes.

Figure 2.8: Schematic illustration of the different volumes considered for
treatment planning: gross tumor volume (GTV), clinical target volume (CTV),
planning target volume (PTV), and treatment volume (TV). Adapted from [27].

After obtaining the volume that must be targeted, the treatment volume
(TV) is simulated to ensure that the whole PTV is successfully eradicated.
The process consists in creating a tissue model, defining the treatment
parameters, and simulating the treatment volume. Simple models only
consider the properties of the healthy organ were the tumor is located.
Nonetheless, more accurate results can be obtained by means of patient-
specific modeling. By delineating the different tissues from medical
images (tissue segmentation), an accurate patient anatomical model is
built and specific properties are assigned to each tissue [12, 28, 94,
98, 113, 181]. Then, the simulation reveals the amount of dose applied
to both the PTV and the surrounding healthy tissue. For example, in
radiotherapy it is simulated how much ionizing radiation is uptaked, or in
thermal ablation the temperature distribution is simulated to asses thermal
damage.

The simulation of the TV serves two purposes. First, to asses the
feasibility of the treatment [25,182,183]. For example, it is possible that
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due to tumor location, the ionizing beams in radiotherapy cannot penetrate
deep enough to reach the PTV. Or, in thermal ablation, vessels close to
the PTV can cool the tissue by the heat sink effect leading to treatment
failure. Second, treatment parameters can be adjusted and the treatment
volume is simulated again to fine-tune the procedure [114, 184–187].

2.3.2 Treatment planning in electroporation-based
therapies

In ECT and NTIRE, treatment efficacy strongly depends on the local
electric field magnitude. For the treatment of internal tumors, needle-
shaped electrodes are used to generate the field. However, the electric
field distribution is very inhomogeneous and it mostly concentrates
around the electrodes. In fact, the electric field distribution is highly
dependent on the electrodes' position and length, the applied voltage, and
the electrical conductivity of the treated tissues. Thus, electroporation
treatments must be accurately planned to account for the uncertainties
in electrode positioning and tissue properties.

Planning workflow

Treatment planning in electroporation-based therapies in essence consists
in simulating the electric field distribution in an anatomical model. As
explained in the previous section, accurate patient-specific 3D models can
be obtained from the segmentation of the tissues from the medical images.
Tissue properties are then assigned, namely, the electrical conductivity.
The electrodes are virtually inserted into the model. The quantity and the
position are determined as a function of the tumor shape and size. To
ensure that the PTV is fully covered, the electrodes are usually placed
neighboring to the tumor surface to ensure enough safety margin [28].
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High electric fields are required for electroporation to take place, which
are generated by applying high voltages. The electric field magnitudes
required for ECT range from 100 to 500 V/cm which, for needle
electrodes, typically translates into voltage to distance ratios from
1000 to 1500 V per cm [123, 188–191]. For NTIRE, higher electric
field thresholds of 500 to 1200 V/cm are required. Such fields are
achieved by applying a voltage to distance ratio between needles of 1500
to 2000 V per cm [25, 192–199]. Because commercial electroporation
generators are limited to 3000 V, the maximum recommended electrode
distance is 2-3 cm [200–202]. The voltage is then set accordingly.
Finally, the electric field is simulated as described in section 2.2.2.

The predicted TV is the tissue whose electric field magnitude surpasses
a threshold. If the PTV is enclosed by the predicted TV and no critical
structures are damaged, the treatment is deemed feasible. The parameters
can be further fine-tuned, namely, electrodes' position and voltage.
Some algorithms have been proposed which optimize the parameters to
ensure TV coverage while minimizing the number of electrodes and the
treatment of healthy tissue [91, 114, 185, 203].

Existing software for electroporation treatment planning

Electroporation treatment planning can be divided in two steps: image
segmentation and electric field modeling. This section explores the
currently available software for these two tasks.

First, image segmentation consists in delineating tissue structures from
medical images to extract patient anatomy. Thus, it is latter possible
to assign specific properties to each tissue. Segmentation is a very
complex process because tissues are highly heterogeneous in shape, size,
location, and texture [204]. In addition, the visualization of tissues is also
dependent on the imaging modality (e.g., CT, MRI), and generally there
is low contrast between tissue types [205]. Whereas it is not too complex
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for the trained eye to distinguish the overall shape of a tissue, there can be
a high disagreement between clinicians when manually delineating tissue
boundaries [206]. For the same reason, automatic algorithms can either
roughly approximate textures and shape of multiple tissues, or they can be
programmed to accurately segment a single tissue from a specific image
modality.

On one hand, general purpose segmentation software generally provides
manual and semi-automatic tools for the segmentation of multiple tissues.
They are usually easy to use and require user input to some extent, but,
because the user provides the algorithm with tissue information (texture,
size, location...), they can be used to segment any tissue type from any
imaging modality. Some general purpose segmentation platforms, free
and paid, are ITK-Snap1 [207], the Medical Imaging Interaction Toolkit
(MITK)2 [208], 3D Slicer3 [209], Amira (Thermo Fisher Scientific,
Waltham, MA, USA), BioImageXD [210], and Icy [211].

On the other hand, there are accurate algorithms for specific tissue
segmentation. Mainly, these are based on recent implementations of deep
learning techniques which have been used for a wide variety of tissues
such as brain [212–214], liver, [215], lung [216], prostate [217], pancreas
[218–220], knee cartilage [221], coronary artery [222], and multiple
organs [223, 224]. Although these are much more accurate than general
purpose tools, they are limited to the specific tissue and imaging modality
they were trained on. In addition, they have been developed for research
purposes and are usually difficult to use by the average user.

The second task of electroporation planning consists in simulating the
electric field distribution. Typically, available software uses numerical
methods to solve the partial differential equations to obtain the electric
field distribution (described in section 2.2.2). COMSOL Multiphysics

1 ITK-Snap: www.itksnap.org
2 MITK: https://www.mitk.org
3 3D Slcier: https://www.slicer.org
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(COMSOL AB, Stockholm, Sweden) and other general purpose finite
elements method (FEM) and finite differences method (FDM) software,
are widely used for modeling the electric field in electroporation-based
therapies [23, 60, 225]. However, the use of this sort of tools requires
significant expertise in physics and in numerical modeling, and, thus, they
are not adequate for clinical users.

There are a few precedents of specific software tools for estimating the
electric field distribution in electroporation based therapies which have
been developed aiming at clinical users. For instance, the electroporation
generator NanoKnife (AngioDynamics, Queensbury, NY, USA), used
for NTIRE procedures, includes a simulation tool which approximates
the electric field distribution after the user specifies the electrodes
arrangement. However, it is quite simple as it assumes a homogeneous
tissue, and it only provides an estimation of the electric field in planes
perpendicular and/or coplanar to the electrodes. In fact, this tool is not
for treatment planning, but rather to confirm in situ that the procedure
has been well planned. Another example is ApiVizTEP [226] which
analytically computes in real time the electric field distribution in a 2D
plane, but it is nor a tool for accurately modeling the TV. Instead, it aims
at illustrating the electric field distribution as a function of the number of
electrodes.

A much more accurate simulation is provided by OpenEP4 [227],
which is a specific software for electroporation-based treatments. With
it, not only the electric field distribution is simulated, but it also
estimates the electroporation volume and the heat generation (to
asses thermal damage), among other electroporation-related variables.
Different electrode number and types can be simulated, as well as their
arrangement. However, it assumes a homogeneous 3D tissue, which for
patient-specific treatment planning is not ideal because it cannot account
for complex tissue geometries.

4 OpenEP: github.com/LSC-UBA/OpenEP
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At last, VISIFIELD5 is a patient-specific web platform for treatment
planning of ECT and NTIRE therapies [24, 228]. From medical images,
tissue segmentation can be performed manually, or automatically in
specific tissues such as liver. The user can virtually insert the electrodes
and assign tissue properties, and the electric field distribution is simulated
in the cloud. A treatment plan summary can be downloaded after a
satisfactory electric field simulation. This platform has been used to
successfully plan liver [25] and canine brain tumor therapies [113].
Nonetheless, since its publication, recent studies have shown the
importance of modeling considerations which were not available at the
time. For example, the electrodes cannot be positioned in a non-parallel
fashion, nor inserted at different depths. This can be an issue for planning
the incision of percutaneous deep seated tumors where critical structures
force electrodes insertion at different angles [225]. Failing to model
the electric field in the same conditions that will be met during the
intervention will probably lead to treatment failure. Moreover, it does not
model the dependence of the electrical conductivity on the temperature.
As it has been reported in some numerical studies, the temperature
increase can have a marked impact in the overall treatment volume,
mostly in IRE procedures due to the high number of applied pulses
[103, 116].

5 VISIFIELD: www.visifield.com
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3.1. INTRODUCTION

3.1 Introduction

In recent years, computational treatment planning has greatly improved
prognosis in all branches of medicine. It is already a common practice in
radiotherapy [183, 229, 230], and it is starting to be implemented in other
therapies such as radiofrequency ablation [12, 231] and electroporation
based treatments [28, 185].

Planning for electroporation procedures relies on defining the electrode
setup (number of electrodes and voltage pairs) and simulating the
electric field distribution in the corresponding tissue [101, 232]. It is
generally accepted that, for a given tissue and a given pulsing protocol,
electroporation is effective where the electric field magnitude caused by
the pulses is above a certain threshold. Tissue electrical conductivity
cannot be considered constant in electroporation treatments; because of
the permeability increase to ions during electroporation, conductivity
rises, an effect which is approximated by modeling the conductivity as
a function of the electric field magnitude [87, 96, 99]. Additionally, the
electric field distribution is very susceptible to electrode setup. Thus,
if the conductivity is incorrectly modeled, or the electrodes fail to
be positioned according to the planning, the tumor will not be fully
treated during the intervention. Being able to model and to account for
multiple, plausible, scenarios (considering these uncertainties) will help
in predicting the outcome even when the intervention setup differs from
the planned one.

COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden) and other
general purpose simulation tools based on the FEM or the FDM are
widely used for electroporation modeling in scientific studies [23, 60, 95,
225]. However, the use of this sort of tool requires significant expertise
in physics and in numerical modeling. Thus, they are not adequate for
clinical users.

There are a few precedents of specific software tools for estimating the
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electric field distribution in electroporation based therapies which have
been developed aiming at clinical users.

For instance, the NanoKnife (AngioDynamics, Queensbury, NY, USA)
system for IRE includes a simulation tool to approximate the electric
field distribution once the electrodes are implanted. However, this
tool simply assumes that the electrodes are placed in parallel and
displays an approximation of the volume that will be treated in planes
perpendicular and/or coplanar to the electrodes. Another example is
the educational tool ApiVizTEP [226], which is used to visualize the
electric field distribution using up to twelve electrodes on a 2D domain
representing an anatomical tissue. A more advanced example is the
platform VISIFIELD developed by a team of the University of Ljubljana,
Slovenia. VISIFIELD is an electroporation planning web platform that
allows a patient specific modeling based on patient medical images
[97,228]. It provides tools to manually and automatically perform image
segmentation, to manually insert the electrodes, to compute the electric
field distribution and visualize it. It has already been used in studies
focusing on liver tumors, and on canine brain tumors [25,113]. The use of
VISIFIELD implies the execution of multiple semi automatic processes
with lots of steps. Its authors report that only the segmentation process
takes between 6 minutes and an hour.

VISIFIELD is a powerful tool that can be used for realistic patient specific
treatment planning. COMSOL and other FEM/FDM solvers can also be
used for that same purpose if coupled with external segmentation tools
[98, 225]. However, to account for different scenarios (e.g., electrodes
positioning and length of exposure, applied voltage and electrical
conductivity of the treated tissues) that can differ between planning and
intervention, these tools lack adaptability as they are too complex and
computationally expensive. That is, these tools are too cumbersome to
use when a rapid estimation is desired. On the other hand, the built-in
modeling of NanoKnife and the educational tool ApiVizTEP are much
more adaptable as they provide a near real time simulation of the electric
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field for any electrode configuration, but they perform too simplistic
modeling, considering only a 2D tissue with a constant electrical
conductivity. We have created the tool presented here, EView, trying to
fill the gap between the two approaches for electroporation modeling.
That is, with EView we try to provide a new balance between ease of use
and accuracy. On one hand, compared to the more simple tools, EView
adds 3D modeling in homogeneous tissues with non-linear electrical
conductivity, which provides a much realistic simulation. On the other
hand, it does not evaluate the interaction between different conducting
tissues, such as tumor and healthy organ, that the patient-specific tools
provide, but EView improves user-friendliness and drastically reduces
computation time. Thus, the goal is to provide a good initial estimate
of the electric field distribution and to illustrate the dependencies on
electrodes'positioning, orientation and length, on the applied voltage, and
on the electrical conductivity of the treated tissues. EView aims to be the
first step for students, researchers and clinicians that want to enter the
electroporation field or that want to understand better how the electric
field behaves in electroporation therapies.

We have validated our implementation comparing, for different scenarios,
the computed electric field distribution by EView with that computed
with COMSOL Multiphysics. In addition, we have performed a load test
to ensure a reliable operation and we report the simulation times as a
function of the number of electrodes used.

EView is available at https://eview.upf.edu.
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3.2 Materials and methods

3.2.1 Platform design

EView has been developed with the aim of facilitating the understanding
of how the electric field distribution depends on the geometry of the
electrode setup and the applied voltage. The user simply needs to:
1) specify tissue conductivity (which for the cases of hepatic and
pancreatic tissue is pre-specified), 2) insert the electrodes, and 3) specify
the voltage that will be applied across electrode pairs. The electric field
is simulated according to the specified configuration and the electric
field is displayed. This platform is free to use, but it is required to
register beforehand in order to be able to execute a simulation. Non-
registered users can visualize an example and interact with the electric
field distribution, as well as experience with electrode configurations.
A tutorial is also provided to aid new users getting started, and clear
explanations are available for all the steps.

User workflow

Fig. 3.1 displays the workflow to obtain the simulated electric field
distribution. Upon web page loading, a void scenario is presented,
representing a homogeneous volume. The background is simply black.
The user can select a tissue, place the electrodes in this scenario
and define the voltages that will be applied between the electrode
pairs. Additionally, previous simulation configurations can be loaded
and modified. This way, the electric field distribution can be compared
between slightly modified setups. By simply defining these three
parameters (electrodes's positioning, voltage pairs and tissue) the
simulation can be computed. The modeled electric field is displayed
on the current scenario, and the electric field is projected around the
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electrodes. Alternatively, a medical image can be loaded. Thus, the
electrodes can be placed according to anatomical landmarks and a tissue
can be selected according to the region of interest of the image. The
simulated electric field is visualized as an overlay on the medical image.

Figure 3.1: Workflow diagram of EView for the simulation and visualization of
the electric field. Some of the icons used in this fugure are made by Smashicons
from www.flaticon.com.
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User interface

The main content of the web page is a viewer. A thin sidebar can be
found at the right of the screen, containing the necessary menus and tools
for setting up the electrode configuration, running the simulation and
visualizing the electric field. The viewer is composed of four different
views: a 3D window, and axial, sagittal and coronal views (Fig. 3.2).

Figure 3.2: Screenshot of the webpage with a computed electric field
distribution. The page is composed mainly of the viewer, and a toolbar (right)
containing all the tools for preparing the model and for the visualization. The
displayed medical image is an abdominal CT with a hepatocellular carcinoma
(yellow). Four electrodes (green) are inserted and the isosurface corresponding
to an electric field of 600 V/cm is visualized (red). Medical image from
3D-IRCADb-01 database from IRCAD, France.

The accepted image formats are Neuroimaging Informatics Technology
Initiative (NIfTI), Nearly Raw Raster Data (Nrrd), and Digital Imaging
and Communications in Medicine (DICOM). Brightness and contrast can
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be adjusted in the bottom toolbar of the viewer. The images are never
uploaded to the server, they are only displayed on the client web browser,
and are erased from the browser upon reloading/closing the session.

The configuration of the setup (tissue selection, electrode insertion and
definition of voltage pairs) is performed through the Electroporation menu
(Fig. 3.3.a). A tissue can be selected from the pre-specified ones (liver or
pancreas) or it can be user-defined. Up to six monopolar electrodes can be
inserted, with independent exposure lengths between 5 and 40 mm. The
separation of the electrodes can be measured and all electrodes can be
automatically oriented in parallel to a specific one. The voltage has to be
indicated for each electrode pair within the range from 50 V to 3000 V at
50 V steps. There can be a maximum of N(N−1)/2 pairs for monopolar
electrodes, where N is the number of inserted electrodes. Alternatively,
a single bipolar electrode can be defined. The length of both exposed
parts and the insulator in between can be set independently between 5
and 20 mm.

The electric field magnitude distribution is simulated considering the
specified setup. The result is represented as a field magnitude isosurface
(isoline in the 2D views) whose value (i.e., threshold) can be selected from
50 V/cm to 2000 V/cm at 50 V/cm steps (Fig. 3.3.b). If multiple electrode
pairs are specified, the resulting isosurface corresponds to the geometrical
union of the isosurfaces computed for each electrode pair.

Framework

The platform has been designed as a client-server application. On one
hand, the client contains the tools needed for creating the electrode
configuration and to render the electric field distribution. On the other
hand, the simulation is executed on the server. By using this approach,
the most computationally expensive task is left to the server, freeing the
client from a computational burden.
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Figure 3.3: A configuration with three electrodes and two pairs. (a) Inserted
electrodes and the Electroporation menu. The menu contains three sections:
Tissue, Electrodes, and Pairs. The dynamic (non-linear) conductivity plot is
displayed when the selected tissue is User defined. The Electrodes section shows
a list of all the defined electrodes. Each element has, from left to right, the
distance combobox (to measure separation between electrodes), the electrode
label, the parallel button, the exposed length, and the delete button. The Pairs
section shows a list of the specified pairs, showing the labels of the two selected
electrodes and their voltage. At the bottom of the menu there is a button to
execute the simulation. (b) Visualization of the electric field distribution at
400 V/cm and the Visualization menu. In this menu a simulation (case) can be
selected and the electric field threshold can be specified.

Fig. 3.4 depicts the framework contained in the server. It contains two
application programming interfaces (APIs) for communication between
the client and the server, a data base (DB), a network file system
(NFS), and a computation engine. The client can only communicate via
HTTPS to the APIs: API AUTH and API SIMULATIONS. The former
is used for user registration (sign up) and login. The latter receives
the electrode setup parameters from the client, interacts with the server
to store the parameters in the DB and executes the simulation in the
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computation engine. The result of the simulation is stored in the NFS.
API SIMULATIONS also notifies the client when a simulation is finished,
and the simulation is downloaded from the NFS into the client.

Figure 3.4: Framework diagram of EView. The client communicates to the
server via HTTPS to two APIs, AUTH for authentication of the user (sign up
and log in), and SIMULATIONS to execute a simulation on the server. A DB
stores electrode configuration and the NFS stores the simulation output. The
simulation is executed in a computation engine. Some of the icons used in this
figure are made by Smashicons from www.flaticon.com.

Only open access software has been used for the development of EView.
Fig. 3.5 shows all the technologies used for the client and for the server.
The web (i.e., client) has been developed with html, css and Javascript.
Additionally, React1 was used as the main graphical interface framework.
Three.js2 is a 3D library and ami.js (AMI, Medical Imaging Javascript
Toolkit)3 is a toolkit for medical image web rendering based on Three.js.
Both were used for the visualization of images and the rendering of the

1 React: https://reactjs.org
2 Three.js: https: //threejs.org
3 ami.js; https://github.com/FNNDSC/ami
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electric field. The electric field distribution is computed in the server
using Elmer4. The mesh is created using The Visualization Toolkit
(VTK)5 [233] and The Computational Geometry Algorithms Library
(CGAL)6 [234, 235].

Figure 3.5: Technological stack diagram used in the development of the client
(electrode and tissue setup) and the server (modeling). Some of the icons used
in this figure are made by Smashicons from www.flaticon.com.

3.2.2 Electric field modeling

Tissue model

A 3D homogeneous FEM mesh is built using VTK and CGAL according
to the setup specified by the user. A linear tetrahedra mesh is built which
contains up to six monopolar electrodes, or a single bipolar electrode. We
performed a mesh convergence study by initially simulating the electric
field on a coarse mesh and then doubling the mesh density iteratively until
the change in the solution was less than 1%. Only the active parts of the

4 Elmer: https://www.csc.fi/ web/elmer
5 VTK: https://www.vtk.org
6 CGAL: https://www.cgal.org
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electrodes are considered. Monopolar electrode length can be set from
5 mm to 40 mm. With a bipolar electrode, the length of both exposed
segments and the insulator in between can be set independently between
5 mm and 20 mm. Both electrode types have a diameter of 1 mm.

The electrodes are meshed in a spherical domain (Fig. 3.6). The size
of the outer sphere was determined by computing the same simulation
on a domain 10 times larger and verified that the Dice score on the
extracted isosurfaces was higher than 95%. The size is set according to
the bounding box containing the electrodes:

rBS =
dBB

2
+ 3dBB (3.1)

dBB = max(dx, dy, dz) (3.2)

where rBS is the radius of the spherical domain, and dBB is the maximum
size of the bounding cube containing all the electrodes, with dx, dy, and
dz as its three orthogonal sizes. However, the product 3dBB is limited
to a minimum of 30 mm and a maximum of 120 mm, which allows to
have enough space between electrodes and the boundary when using short
electrodes, and limits the creation of meshes that are unnecessarily big
when longer electrodes are used.

Figure 3.6: Schematic 2D representation of the size of the bounding sphere.
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A constrained Delaunay triangulation is computed to generate the
tetrahedral mesh [236]. An adaptive criteria is followed to define
tetrahedron size, using a Weibull distribution to place finer elements
around the electrodes and coarser ones near the outer boundary:

r = rmax − (rmax − rmin) exp

(
−
(
d

λ

)κ)
(3.3)

where r is the upper bound of the tetrahedron circumradius of the
Delaunay triangulation, rmax and rmin are the maximum and minimum
radii, respectively, λ is the scale parameter, κ is the shape parameter, and
d is the distance between a point in the mesh and the closest electrode.
The minimum and maximum circumradii are set to 1 mm and 15 mm,
respectively, to allow fine elements in the regions of interest and coarser
ones near the outer boundary. The shape and scale parameters, λ =
50mm and κ = 2, are established to keep a high density of tetrahedra
near the electrodes and to provide a good transition towards the end of the
boundary. Using this approach, the mesh contains around (80−220)×103

tetrahedra depending on the number of electrodes, their position, and the
length of exposure.

Simulation of the electric field distribution

The electric field is simulated using Elmer by solving the governing
equations for electric currents:

∇ · σ∇ϕ = 0 (3.4)

E⃗ = −∇ϕ (3.5)

where, ϕ is the electric potential, σ is the electrical conductivity and
E⃗ is the electric field. Electrical conductivity is known to increase
during electroporation; non-linear models have been widely studied and
they provide quite a good estimation of the electric field distribution
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[25, 60, 84, 87, 95–99, 113, 225, 228]. We adopt the symmetric sigmoid
function model used in [87]:

σ(E) = σ0 +
σmax − σ0

1 + A exp
(
− |E|−B

C

) (3.6)

where |E| is the magnitude of the electric field, σ0 is the static
conductivity (i.e., conductivity for field 0 V/cm), σmax is the maximum
conductivity that can be reached during the electroporation pulse, and A,
B and C are the parameters that define the shape of the sigmoid. This
sigmoid was fitted to ex vivo data for liver and pancreatic porcine tissue
reported in [88] (Table 3.1).

Tissue
σ0

(S/m)
σmax

(S/m)
A

B

(V/cm)
C

(V/cm)
Liver 0.188 0.289 80.03 613.1 252.2

Pancreas 0.214 0.307 0.007 978.1 150.3

Table 3.1: Electrical conductivity of the tissues included in the platform.

Due to the strong non-linear behavior of electrical conductivity, the
solution to eq. (3.4) is obtained iteratively with an initial electrical
conductivity σ0 = σ0. However, this is not sufficient for the algorithm to
converge and would lead to oscillations. Thus, a relaxation mechanism is
included to the computation of the new electric potential:

ϕ∗
k = γϕk + (1− γ)ϕk−1 (3.7)

where γ is the relaxation factor and ϕk is the new approximation of the
electric potential, given the current ϕk−1 and the previous iteration ϕk−1

potentials. Convergence is reached when the L2-norm of change of both
the electric potential and the electric field are smaller than 10−5. The
relaxation factor for liver and pancreas has been set to γ = 0.875 and
γ = 0.972, respectively, to boost convergence while avoiding oscillations.

The electrical conductivity can also be manually defined by the user. For
constant conductivity (i.e., σ0 = σmax), the relaxation mechanism is not
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required. For non constant conductivities (i.e., σ0 < σmax), C is the
parameter which has the greatest influence on the non-linear behavior of
the conductivity because it characterizes the sharpness of the transition
from σ0 to σmax (see eq. (3.6)). Thus, a very non-linear case (C =
50V/cm) has been used to determine the relaxation factor for user defined
conductivities.

1 < σmax/σ0 ≤ 2 → γ = 0.75

2 < σmax/σ0 ≤ 3 → γ = 0.65

3 < σmax/σ0 ≤ 4 → γ = 0.55

(3.8)

With these relaxation values we ensure convergence for all scenarios,
although cases with a weaker non-linear nature are slightly penalized
with extra iterations and, thus, computation time. Notice that a rise in
conductivity above 3 and sharper transitions (C < 50V/cm) are not
expected in biological tissues. Therefore, these parameters have been
limited at 4 and at 50 V/cm, respectively.

A simulation is computed for every electrode pair with the specified
voltage. The outer boundary of the mesh is set as insulating. In multiple
pair scenarios (more than two electrodes), the inactivated electrodes are
modeled with a floating potential boundary condition, which is that the
boundary has an unknown constant potential but the net current through
it is zero, defined by: ∫

∂ΩF

−n⃗ · J dS = 0 (3.9)

where n⃗ is the normal vector, J is the current, and it is integrated over
the boundary surface dS. This boundary condition is solved in Elmer
using the virtual homogeneous boundary condition method [164]. It is
implemented on the discrete level (i.e., directly on the matrix), by solving
the problem Ax = b, with x = ϕF (unknown floating potential) at the
boundary ΩF nodes. First, all the nodes i in ΩF are identified. Second,
a representative node j from ΩF is chosen. Third, all the rows i are
summed to row j. This step can be motivated if we think that the basis
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function is composite of all nodes (with the same unknown potential).
Fourth, all the rows i are replaced with identity (i.e., a ii = 1) and a ij is
set to −1, thus xi = xj = ϕF .

Once all the simulations have been computed, electric field isosurfaces
are extracted from 50 to 2000 V/cm in 50 V/cm steps. If more than one
electrode pair is simulated, the isosurfaces are obtained by computing the
geometrical union between simulations.

3.2.3 Validation

To validate the accuracy of our implementation for multiple setups,
we compared the electric field obtained with EView to the one
computed with COMSOL Multiphysics, a generic FEM software platform
frequently used in treatment planning of electroporation-based treatments
[23, 60, 95]. Eleven different configurations using two electrodes with
variable lengths, separation, and angles were analyzed using constant
(σ = 0.1 S/m) and non-linear (σ0 = 0.1 S/m, σf = 0.3 S/m, A= 100,
B = 100 V/cm, C = 50 V/cm) electrical conductivities, computing a total
of 22 simulations. A voltage of 3 kV was applied in all the cases.
We extracted electric field isosurfaces at 700 V/cm and compared both
implementations by computing the Dice coefficient, Jaccard index and
volume similarity (VS).

Dice =
2|X ∩ Y |
|X|+ |Y |

(3.10)

Jaccard =
|X ∩ Y |
|X ∪ Y |

(3.11)

VS =
|X − Y |
|X|+ |Y |

(3.12)

where X and Y are the volume contained inside each surface.
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In order to evaluate workflow performance, a stress test was conducted,
requesting the server to run a new simulation every minute for over 18
hours, which were also used to analyze and report simulation time. Each
simulation was configured randomly with constraints to mimic plausible
scenarios. The following criteria was used:

– Between 2 and 6 electrodes, with lengths from 5 mm to 40 mm and
placed in a sphere with a radius of 30 mm.

– Between N − 1 and N(N − 1)/2 pairs (N being the number of
electrodes), with voltages from 1000 V to 3000 V.

– Electrical conductivity with σ0 from 0.01 S/m to 0.6 S/m and σmax

between σ0 and 3σ0. A was set between 10 and 1000, and B and C
from 10 V/cm to 1000 V/cm.

3.3 Results and discussion

3.3.1 Modeling accuracy

We compared the electric field obtained with EView to the one computed
with COMSOL. With eleven different configurations with constant and
non-linear electrical conductivities, we obtained a Dice coefficient,
Jaccard index and VS of 98.3± 0.4 %, 96.7± 0.7 %, and 99.0± 0.6 %,
respectively. These results show that the two implementations yield the
same results. The small differences arise from different meshing methods
and slightly different solver convergence criteria. In addition, the graphic
representation of the results (Fig. 3.7) clearly illustrates the importance
of including the non-linear behavior of electrical conductivity. In all
cases it can be observed that the electric field between the electrodes is
higher with the non-linear model. Additionally, Fig. 3.8 shows a smooth
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convergence of the non-linear problem for all 11 cases, and that the
proposed stopping criterion for both the electric potential and the electric
field is necessary because they do not converge at the same iteration
(green and red lines). The proposed iterative method (eq. (3.7)), prevents
the appearance of oscillations and proves to be consistent even for the
most non-linear cases (C = 50V/cm).

Figure 3.7: Configurations of the electrodes used for comparing the results
provided by EView and those provided by COMSOL. Each configuration is
represented schematically, and the simulation is shown under each scheme. An
isosurface at 700 V/cm is represented (EView in white and COMSOL in blue).

The resulting isosurface for multiple electrode pairs corresponds to
the union of the isosurfaces computed for each pair. The union is an
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Figure 3.8: Convergence (L2-norm) of the non-linear system for all 11
configurations for EView (green is the electric potential and red is the electric
field) and COMSOL (blue).

approximation of the treated volume, as each electrode will experience
a different pulse sequence depending on the generator, and the electric
field distribution can be also affected due to Joule heating.

3.3.2 Performance analysis

A stress test was conducted to evaluate workflow performance. A total
of 1092 simulations were executed over 18 h, with only 6 simulations
(0.5 %) failing (due to server overload). However, load prediction for
normal circumstances is expected to be much lower than during the
performed test. Thus, we do not expect server overload during normal
use. The remaining 1086 simulations were used to analyze simulation
time. From Fig. 3.9.a it is observed that the median time and the
variability increase with the number of electrodes. This is an obvious
consequence of the fact that more electrodes allow more pairs. It is
explained considering that for N electrodes, the minimum number of
pairs is N − 1 and the maximum is N(N − 1)/2 (e.g., three electrodes
can have between 2 and 3 pairs, whereas six electrodes can have between
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5 and 15 pairs). From Fig. 3.9.b, a large dispersion in computation times
for any electrode pair number is observed. We mentioned earlier that the
mesh is built adaptively, with the finest elements around the electrodes.
Therefore, more electrodes and longer exposures require more elements
in the mesh, leading to a more expensive computation.

Figure 3.9: (a) is a boxplot of the total simulation time as a function of the
number of electrodes and (b) shows the total execution time as a function of
quantity of electrode pairs, and colored according to the number of electrodes.

The overall simulation process (i.e., since the user sends the simulation
to the server until the result files are stored in the NFS) can be divided
in three parts: meshing, simulating and pre/postprocessing tasks. One
one hand, pre/post-processing takes an average of 0.59 minutes with
2 electrodes and rises linearly up to 1.13 minutes with 6 electrodes,
and meshing rises similarly from 0.37 minutes on 2 electrodes to
0.93 minutes on 6 electrodes. On the other hand, simulation follows an
exponential fashion, with an average of 0.47 minutes on 2 electrodes up to
14.78 minutes on 6 electrodes. From Fig. 3.10 it is observed that on low
number of electrodes (2 and 3), pre/post processing and meshing occupy
around half of the total time, but using more electrodes (hence requiring
more pairs) increases the overall weight of the simulation, up to an 85 %
with 6 electrodes.
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Figure 3.10: Average computation time of the different steps of the simulation
pipeline, pre/post processing, meshing and simulating as a function of the
number of electrodes.

Although the computation times to obtain the electric field for two
electrodes (around 2 minutes) are acceptable, it is clear that with four
or more electrodes the waiting time increases (more than 5 minutes).
Current hardware and FEM software are capable of multithreaded and
even GPU computation. At present, EView does not take advantage of
parallel processing yet and the whole workflow is executed sequentially
on a single thread.

3.3.3 Limitations and lines of improvement

To prioritize a user friendly system that rapidly computes an estimation of
the electric field, the mesh in EView is generated with linear tetrahedra.
Although to model non-linear problems, such as conductivity changes due
to electroporation, quadratic elements should be preferred, we verified
that the error is minimal. When comparing the results of both methods,
we obtained an average Dice coefficient of 97.4± 1.5 % for all the
extracted isosurfaces, with a minimum value of 94.8 %. This error is
negligible if we consider that EView scope is to provide an initial
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estimate. In contrast, the computation time was heavily penalized when
using quadratic elements; the simplest cases took more than five minutes
and the longest more than two hours.

EView computes the electric field given some arbitrarily positioned
electrodes and non-linear tissue properties on a homogeneous 3D domain.
Moreover, the electrodes can be positioned according to anatomical
landmarks of a loaded medical image. This image is only used for
visualization purposes and is not considered during the simulation.
Although this is an improvement over the educational tool ApiVizTEP
[226], it does not evaluate the effect of the presence of tissues with
different conductivities (e.g., tumor, healthy organ, vessels) that is known
to be the cause of failure in some IRE treatments [104]. However, the
goal of EView is to provide a good initial estimate of the electric field
distribution, and multiple tissue scenarios, which require of accurate
image segmentation, are out of the current scope. We plan, however, to
provide a dual domain model (e.g., organ and tumor) in future releases.

Lately, IRE is being investigated as a promising cardiac ablation
procedure [166, 170, 237]. However, with EView it is not possible to
model cardiac IRE scenarios because a reliable simulation should at
least consider myocardium and blood due to the high difference in
conductivities. Nonetheless, with the inclusion of dual tissue modeling
on future releases, we will analyze the feasibility of adapting EView to
cardiac ablation.

3.4 Conclusions

We have developed a web-based platform with the aim of illustrating
the dependence of the electric field distribution on the geometry
of the electrode configuration and the applied voltage in a given
tissue. Currently available platforms for simulating the electric field in
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electroporation-based therapies either require much more sophisticated
models, both computationally and in terms of the required user expertise
(e.g., patient specific planning), or they provide approximate results based
on too simplistic models. With EView we provide the end user with a
simple electroporation simulation workflow that is powerful enough to
analyze complex geometries. We intentionally excluded the possibility of
modeling heterogeneous tissues because that requires image segmentation
and a more complex meshing process, both of which require expert user
interaction and validation.

The approach of implementing EView as a web-server platform allows
expert and non-expert electroporation users to rapidly obtain the
electric field distribution in a computationally inexpensive manner.
The implemented model has been validated against similar software.
Execution times and server reliability have been reported, ensuring that
the end user can obtain the electric field distribution in just 2 min (in the
most simple cases).

Future versions of the platform will include a wider list of pre-specified
tissues, as well as typical electrode configurations in clinical practice.
Because, IRE produces considerable heat due to the Joule effect, tissue
conductivity rises and leads to a slight increase of the treatment volume.
We are planning on computing this margin and displaying it alongside
the threshold isosurface. The possibility of including a two domain
scenario (e.g., organ and tumor) to form a heterogeneous model will be
explored. However, let us remark that this is supposed to be a platform
with a straightforward workflow. Thus, simplicity will be prioritized. In
addition, parallel computation will be assessed to reduce computation
time.
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Modeling methods for treatment planning in overlapping electroporation treatments.
IEEE Transactions on Biomedical Engineering. 2021.
DOI: 10.1109/TBME.2021.3115029
Available at: https://doi.org/10.1109/TBME.2021.3115029

57

https://doi.org/10.1109/TBME.2021.3115029


4.1. INTRODUCTION

4.1 Introduction

Planning electroporation procedures consists in finding an electrode
configuration that generates an electric field that surpasses the electric
field threshold in the target tissue [94, 135, 238, 239]. It is common to
use up to 6 electrodes to be able to reach the whole target tissue. In such
scenarios, planning consists of simulating the electric field distribution for
each electrode pair, and the overall treatment volume (TV) is estimated
as the superposition (i.e., geometrical union) of treatments by each
individual pair. That is, if the tissue receives sufficient electric field from
at least one pair it is considered to be treated, otherwise it is assumed to
be left unaffected [25, 225].

It is known that with longer pulses, more pulses, or shorter inter-pulse
pause, electroporation occurs at lower electric fields [56–59]. Typically,
protocols apply 10 to 100 consecutive pulses between each electrode pair
to reduce the required field magnitude that induces electroporation. For
a given protocol, the threshold is determined by comparing numerical
simulations to experimental data. However, most of the findings are
based on 2-electrode setups, in contrast to actual treatments that can use
up to 6 electrodes to cover the whole target tissue [94, 135, 238, 239].
It is disputable that data obtained for 2-electrode setups can be directly
translated for different configurations. By using more than one electrode
pair, some regions of the tissue are treated multiple times with overlapping
exposures (i.e., the tissue is treated with twice the pulse number, or more).
Campelo et al. [198] characterized irreversible electroporation thresholds
for prostate cancer tissue and found lower values than in similar studies
that used less pairs. Among other reasons, they hypothesized that the
lower field thresholds obtained were due to treatment overlap.

In a study involving irreversible electroporation in canine brain patients,
Garcia et al. [113] proposed to model treatment overlap by, first,
computing a scalar field of cell survival probability for each pair and, then,
obtaining the field of probability of cell survival for the overall treatment
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by combining the individual fields by multiplication. In particular, they
used a statistical model known as Peleg-Fermi equation to compute the
cell survival probability as a function of the number of pulses [109]. This
multiplication approach is not possible when treatment characterization is
based on an electric field threshold because in this situation the outcome
is binary (i.e., cells are intact below the threshold and treated above it).
Instead, the Peleg-Fermi model characterizes the transition from dead
(i.e., treated) to living cells (i.e., untreated). This same methodology for
modeling overlapping treatments has been used in a numerical study for
treatment planning optimization [114].

Whereas the Peleg-Fermi model has been validated for various cell lines
and tissues with single pair setups (i.e., 2 electrodes) [59, 109, 112, 240],
there are no reports validating the overlapping model based on the
multiplication of cell survival probabilities in a controlled environment,
nor it has been proven that it is better than the simpler method based on
the geometrical union of TVs.

The goal of this work is to quantify cell death due to treatment
overlap in electroporation-based therapies, and to explore and evaluate
methodologies for predicting TV for such scenarios. We performed
an in vitro study on a layer of chinese hamster ovarian (CHO) cells
covered with agarose gel. The study was divided into two phases.
The characterization phase consisted of characterizing the electric field
threshold and the cell death probability for pulsing protocols equivalent
to those conventionally used for ECT and NTIRE with two overlapping
treatments. In the validation phase we created a 2D treatment scenario
where we compared and validated the accuracy of three different methods
in predicting cell death for overlapping treatments.
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4.2 Materials and methods

4.2.1 Cellular preparations

CHO cells were cultured in a T75 flask in Dulbeccos Modified Eagle
Medium (DMEM) supplemented with 10 % fetal bovine serum and 1 %
penicillin/streptomycin. Cells were grown in a humidified incubator at
37 °C and 5 % CO2.

For preparing the samples for the assays, cells were initially washed with
2 ml of phosphate buffer saline (PBS). After a 2-minute trypsinization
in 2 ml Trypsin at 37 °C, 4 ml of complete DMEM were added and
centrifuged at 1200 rpm for 5 minutes. Supernatant was removed
and cells were resuspended in culture medium at concentration of
50×103 cells/ml. Cells were seeded in a 24-well plate at a concentration
of 50×103 cells/well. After 24 hours, a thin layer of low gelling
temperature agarose (1 % in DMEM) was deposited on top of each
cell monolayer. Agarose was heated at 70 °C to 80 °C to melt it and,
subsequently, it was let to cool to 35 °C. Then, culture medium from the
plates containing the cells was replaced by 300 µl of agarose solution per
well and the plate was stored in a fridge (7 °C) for 5 minutes to ensure full
solidification of the gel. Consecutively, 100 µl of DMEM were added to
the wells and the plate was reintroduced in the incubator for 1 hour. The
purpose of the agarose layer was to immobilize living and dead cells to the
bottom of the culture plates. Otherwise, cells dying during the upcoming
electroporation treatments would float in the medium and displace.

Before the electrical treatments, the wells were rinsed twice (500 µl per
rinse) with low conductivity buffer (250 mM sucrose, 10 mM glucose,
10 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM HEPES, 1.8 mM CaCl2,
with pH 7.17, 2.5 mS/cm electrical conductivity, and osmolarity of
305 mOsm) to minimize electrolysis and thermal damage. The remaining
buffer was removed, leaving only the adhered cells covered with the thin
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layer of agarose gel during pulsing. After the treatment, 360 µl of DMEM
were added to the well and the plate was stored at the incubator for 3
hours.

All assays were repeated at least three times on different days to account
for experimental variations.

4.2.2 Pulsing protocols

Fig. 4.1.a displays the electrode configuration for the characterization
phase. Each electrode setup consisted of two short-circuited sets of 4
stainless steel needles with a diameter of 1 mm arranged in line (2.67 mm
separation between consecutive needles). The two linear needles arrays
were obliquely arranged; the closest needles were separated 4 mm and the
two furthest 7 mm. A CNC machined polycarbonate structure was glued
to a 3D printed template to aid in needle placement (Fig. 4.1.d). This
setup generated a linear electric field gradient along the horizontal axis
in the central region between the two sets of electrodes. An 8 mm×1 mm
region of interest (ROI) along this x-axis was analyzed, hence, making it
a 1D model (see Fig. 4.1.b and 4.1.c).

We defined two pulsing protocols equivalent to those typically used in
ECT (trains of 10 pulses) and NTIRE (trains of 100 pulses). The pulses
were applied at repetition frequency of 1 Hz and had a duration of 100 µs.
Two trains of pulses (i.e., two treatments) were consecutively delivered.
For each protocol, assays were performed with either a pause of 10 s or a
pause of 1 minute between the two trains. These inter-train pauses were
chosen according to what occurs during electroporation-based therapies
with multiple pairs; between the activation of two consecutive pairs, it
is required to wait for the generator to recharge (around 10 s), whereas
non-consecutive pairs can be triggered one minute later (or more) after
the first pair is completed.
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Figure 4.1: Electrode configurations for the characterization (a, b, c, d) and
the validation (e, f, g, h) phases. (a), (e): Sizing and disposition of the
electrodes. The shaded region corresponds to the analyzed ROI. (b): Electric
field simulation at 300 V and (c) its distribution alongside the x-axis (solid line)
and at 5 mm (dashed line). The analyzed ROI (8 mm×1 mm, shaded) shows an
almost linear electric field gradient. (f), (g): Electric field simulation at 500 V
between e1 and e2, and between e3 and e1, respectively. (d), (h): photo of the
electrodes and their 3D printed holders.

In clinical electroporation procedures, it is typical to apply the same
voltage-to-distance ratio across the different electrode pairs. Each portion
of tissue then receives overlapping electric fields of different magnitudes
(one magnitude per pair). Because the 1D model consisted of only one
pair, we applied different voltages at each pulse train to generate two
different electric fields. We applied a higher voltage in the first train
and a lower voltage on the second (H+L), and vice versa (L+H). For
each high voltage train, we applied a low voltage train at a ratio of 0,
0.25, 0.5, 0.75, and 1. For example, for a high voltage of 300 V, the
voltage for a 0.25 ratio (25 %) corresponds to 300×0.25 = 75 V. Since
the relationship between the applied voltage and electric field is linear
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for a setup with constant electrical conductivity, these proportions can be
directly translated to electric field magnitude. We refer as EH and EL

to the electric field magnitudes generated with the high and low voltage
trains, respectively. Notice that 0 % indicates that no low pulse train was
applied, i.e., 100%+0% and 0%+100% are the same case. Three different
high voltages were assayed for each protocol to account for experimental
variability (Table 4.1).

Phase Pulses per train Voltage (100%)

Characterization
10
100

240 V
160 V

300 V
220 V

360 V
300 V

Validation 10 400 V 500 V 600 V

Table 4.1: Pulsing parameters.

This previous 1D model served to characterize the effects of treatment
overlap, but it did not represent nor quantified the implications on
real treatments. Thus, we validated the characterized models in a more
realistic geometry. The validation assays consisted of a 2D setup with
three needle electrodes in a right-angled triangle pattern. The electrode
distance was 4 mm and the diameter 1 mm (Fig. 4.1.e). The same voltage
was applied in both pulse trains (100%+100%), but electrode activation
was changed, treating first across e1 and e2 (Fig. 4.1.f), and the then
across e3 and e1 (Fig. 4.1.g). A 12 mm diameter circle delimited the ROI.
In addition, within 0.8 mm radius from the center of the electrode, we
observed clear signs of electrolysis (gas bubbles and in some cases a bit
of gel disruption) in the protocols with the highest voltages. We discarded
this region where non-IRE damage was evident, plus a 0.4 mm safety
margin (0.8+0.4=1.2 mm radius, Fig. 4.1.e). We only report validation
results for the 10 pulse protocols because we did not observe any
significant increase in cell death between one and two consecutive 100
pulse treatments in the characterization phase.

Needles were replaced if visual inspection revealed signs of corrosion.
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4.2.3 Imaging and Segmentation

Three hours after pulsing, the cells were co-stained for an hour at room
temperature with calcein AM at 1 µM and with propidium iodide (PI)
at 15 µM. The cells were imaged in a Zeiss Cell Observer fluorescence
microscopy station (Carl Zeiss, Oberkochen, Germany). Two-channel
images were obtained; calcein AM (green) for living cells and PI (red)
for dead cells. Since the treated area was larger than the microscope field
of view, the region was divided in tiles which were later stitched together
(Figs. 4.2.a and 4.3.a).

Figure 4.2: Fluorescence images and segmentations of the characterization
setup. (a): fluorescence image of a treatment with two trains of 10 pulses at
300 V each with 10 s inter-pulse period with (b) the mapping of the segmented
ROI to the electric field simulation. The 851 V/cm magnitude corresponds to
the electric field threshold of a single 10 pulse train (found in this study).

The images were segmented using Fiji ImageJ [241–243]. The green
channel was binarized automatically by local thresholding using
Bernsen's method [243,244], and the red channel by the robust automatic
threshold selection algorithm [245]. The watershed filter was applied to
the binary images to separate adjacent cells, and an opening operation
removed remaining small particles. Lastly, the cells were filtered by size.

We numerically modeled the electric field. The segmented cell centroids
were mapped to their corresponding locations in the simulated model to
compare the state of the cell (alive/dead) with the received electric field
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Figure 4.3: Fluorescence images and segmentations of the validation setup. (a)
fluorescence image of a treatment with 10 pulse trains, 10 s protocol at 500 V
with the segmented ROI overlayed on the electric field of the first pair (b) and
of the second pair (d). The green channel corresponds to calcein AM staining
(living cells) and the red channel to PI staining (dead cells). The 851 V/cm
magnitude corresponds to the electric field threshold of a single 10 pulse train
(found in this study).

(Fig. 4.2.b, and Fig. 4.3.b and 4.3.c). The electric field distribution was
simulated with Elmer, with the methodology described in [246] under the
assumption of constant electrical conductivity.

4.2.4 Characterization of cell survival

The standard electroporation model consists of simulating the electric
field distribution to classify the electroporated tissue as the region with
an electric field magnitude that surpasses a specific threshold. If multiple
pairs are modeled, the electroporated tissue is simulated for each pair, and
the overall TV is computed as the geometrical union of all the individual
pairs.

Alternatively, cell death due to irreversible electroporation has been
previously characterized using probabilistic models [59]. The probability
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of cell survival (or cell death) is modeled as a function of the electric
field magnitude and describes the transition from living to dead cells. The
Peleg-Fermi model has been widely used because it not only parametrizes
the dependence with the field magnitude but also allows expressing cell
survival S as a function of the number of pulses [109]:

S =
1

1 + exp
(

|E|−Ec(n)
A(n)

) (4.1)

where E is the electric field magnitude, EC(n) is the electric field at
which S = 0.5, and A(n) is the factor which determines the slope of
the transition of the curve. EC and A are exponential decay functions
dependent on the number of pulses n.

Ec(n) = Ec0 · exp (−k1n) (4.2)

A(n) = A0 · exp (−k2n) (4.3)

Ec describes the critical electric field at which 50 % of cells are dead, with
Ec0 being its initial magnitude and k1 its exponential decay coefficient. A
determines the transition from living to dead cells, with an initial value A0

and a decay coefficient k2.

However, since in the present work we independently evaluated protocols
with a fixed number of pulses (either 10+10 or 100+100), the dependence
on the number of pulses could be ignored. Ec and A become constants
and the Peleg-Fermi model becomes a logistic regression:

St =
1

1 + exp (− (β0 + β1E))
(4.4)

with
β0 =

Ec

A
, β1 =

−1

A
(4.5)

where, coarsely, β0 determines the field magnitude at which the transition
from living to dead cells occurs and β1 describes its slope. Cell death
probability is then defined as 1− St.
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Based on the above, we characterized cell survival in the cases in which
two overlapping treatments were applied. We fitted eq. (4.4) with the
experimental data from the characterization (1D) setup for each of the
H+L and L+H pulsing sequences independently. We used R (R Core
Team) [247] with the generalized linear models (glm) [248] function to
fit the data.

For every protocol, we derived the electric field threshold, which we
determined to be the magnitude at which 95 % of cells were dead
according to the fitted logistic regression. We also obtained a confidence
interval of three times the standard error (3SE) of the logistic regression
parameters (β0 and β1), which represented 99.7 % of the deviation. We
considered that two protocols were different if the 3SE intervals did not
overlap.

Second, we modeled survival probability as a function of the two
overlapping treatments. Garcia et al. [113] proposed to evaluate
treatment overlap as the joint probability of individual treatments, i.e., the
probability of survival was computed for each treatment independently
and multiplied:

Soverlap =
∏
i

St,i (4.6)

In their work, they used the Peleg-Fermi model to obtain the
survival probability for each treatment of spontaneous malignant glioma.
However, the Peleg-Fermi model is only calibrated on a single treatment,
which ignores any dependency between the overlapping electric fields.
For this reason, we adapted the logistic regression eq. (4.4) to also
account for the overlapping treatment. A new parameter β2 was added
to characterize the influence of the second electric field in the survival
probability. The adapted logistic model of overlapping treatments defines
the survival probability (Stt) as:

Stt =
1

1 + exp (− (β0 + β1Ei + β2Ej))
(4.7)

where Ei is the electric field generated in treatment i and Ej is the electric
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field from the other treatment j. The contribution of all treatments is
combined again with eq. (4.6). For the present study with two treatments

Soverlap =
∏
i

Stt,i = Stt,1 · Stt,2i

Stt,1 =
1

1 + exp (− (β0 + β1E1 + β2E2))
(4.8)

Stt,2 =
1

1 + exp (− (β0 + β1E2 + β2E1))

We fitted this equation to characterize cell death as a function of the
two overlapping electric fields. We used the data from all the H+L and
L+H protocols, which contained all possible combinations of EH and
EL fields. We only report fittings for the 10 pulse protocols since we
did not observe any significant difference regarding cell survival between
treatments consisting of one train or two trains of 100 pulses in the 1D
configuration.

4.2.5 Assessment of predictive accuracy

We used the validation (2D) setup to analyze the predictive accuracy in
overlapping treatments for three modeling methodologies: A) to model
treatment overlap by obtaining the overall treatment volume (surface
in this case) as the geometrical union of the individual treatments (as
predicted by the field threshold criterion), B) to model treatment overlap
by computing the field of cell survival probability as the product of
the survival probability of individual treatments (St) (eq. (4.6)), and
C) to model treatment overlap by computing the field of cell survival
probability as the product of the adapted logistic model of overlapping
treatments Stt (eq. (4.8)). Methods A and B are known, and method C
is the new method we propose here. For method A we used the electric
field thresholds obtained from the 100%+0% protocols. For method B we
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used the survival curve of the 100%+0% protocol. Method C was fitted
with all the characterization data. The methods were only evaluated for
the 10 pulse protocols.

For each method, we computed the precision and miss rate metrics, as
well as the Dice similarity coefficient:

Precision =
TP

TP + FP
(4.9)

Miss rate =
FN

FN + TP
(4.10)

Dice =
2TP

2TP + FP + FN
(4.11)

TP is the true positive, TN the true negative, FP the false positive
and FN the false negative. Additionally, we computed the area under
the curve (AUC) of the receiver operating characteristic (ROC) curve
to evaluate the overall classification accuracy regardless of the threshold
[249]. Because we were predicting cell death, we considered dead cells
as positives and living cells as negatives. For method A, a cell was
classified as dead if it received an electric field above the IRE threshold.
For methods B and C, a cell was classified as dead if its simulated
probability of survival was below 5 %.

4.2.6 Estimation of overlap implications in tissues

We performed some preliminary 3D simulations to extrapolate the
findings of the 2D cell culture assays to scenarios resembling actual
electroporation-based treatments. We compared the predicted TVs
in overlapping treatments with the three studied methodologies for
10-pulse treatments. Three electrode configurations typically used in
electroporation-based therapies, and in particular in NTIRE procedures,
were simulated, and the ablated volume (irreversibly electroporated)
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was obtained. Three setups were considered: 4-SQ) four electrodes in a
square pattern at 15 mm separation, 20 mm length and 1 mm diameter,
6-RECT): two parallel lines of three electrodes in parallel (forming a
rectangle) at 15 mm separation, 20 mm length and 1 mm diameter, and
7-HEX) six electrodes forming a hexagon with one electrode in the center
at 7.3 mm separation, 20 mm length and 0.7 mm diameter.

Two voltage to distance ratios were considered for the treatments:
1000 V per cm and 1500 V per cm between active electrodes. We limited
the voltage to 3000 V, which is the maximum in most commercial
generators. See the simulated voltages in Table 4.2.

Voltage/distance Voltage (V)
ratio (V per cm) In-line pairs Diagonal pairs

4-SQ
1000 1500 2121
1500 2250 3000

6-RECT
1000 1500 2121
1500 2250 3000

7-HEX
1000 730
1500 1095

Table 4.2: Simulated voltages.

As it has been demonstrated that tissue electrical conductivity rises
during electroporation, which affects the overall electric field distribution,
here, for higher verisimilitude, the simulation was performed on a 3D
homogeneous domain assuming a non-linear electrical conductivity. The
conductivity profile followed a symmetric sigmoid function and had been
fit to ex vivo porcine liver data [87, 88].

σ(E) = σ0 +
σmax − σ0

1 + A exp
(
− |E|−B

C

) (4.12)

where E is the electric field magnitude and σ0 is the (static) conductivity
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when no electric field is applied (0.188 S/m), σf is the maximum
conductivity that can be reached during electroporation (0.289 S/m), and
A (80.03), B (613.14 V/cm) and C (252.2 V/cm) are shape parameters.

Impact on field distribution that preceding treatments can have
on subsequent treatments due to conductivity changes caused by
electroporation

In addition to simulating the in-pulse conductivity, we modeled the
static conductivity to be influenced by the preceding pulses. It has been
observed that after a sequence of pulses, the static conductivity is larger
than it was before the treatment [39]. This phenomenon has not been
previously modeled, but, as an extreme upper bound to this effect, we
defined the static conductivity (σ0,i) to be the average between σ0 and the
previous pair conductivity σi−1(E):

σ0,i =
σ0 + σi−1(E)

2
(4.13)

Notice that this is an extreme assumption, thus, the effect in real scenarios
should be much lower. Eq. (4.12) is then modified:

σ(E) = σ0,i +
σmax − σ0

1 + A exp
(
− |E|−B

C

) (4.14)

4.3 Results

4.3.1 Model characterization

We first modeled cell survival as a function of the electric field eq. (4.4)
for a single pulse train (100%+0%) and for two consecutive trains at EH
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(100%+100%) (Fig. 4.4 and Table. 4.3). On one hand, applying a second
sequence of 10 pulses substantially reduced the electric field threshold
from 851 V/cm to 773 V/cm with a 1 minute resting pause. The drop
was even more accentuated with a 10 s pause, reaching 711 V/cm. This
reduction was still observed considering the 3SE interval. On the other
hand, no significant differences were observed in the 100 pulse protocols,
with a single train threshold of 613 V/cm, and two train thresholds of 621
V/cm and 606 V/cm for 1 minute and 10 s inter-train pauses, respectively.

Figure 4.4: Characterization of cell survival probability as a function of the
electric field magnitude (1) when exposed to a single or two trains of 10 or 100
pulses. The assays were performed with three different voltages (Table 4.1).
In the cases of two trains, the voltage for both sequences was the same. The
shading corresponds to ±3SE.

For the 10 pulse protocol, we characterized treatment overlap with two
different electric fields by applying H+L and L+H trains. The results
are presented in Table. 4.3 and Fig. 4.5. In the 10 s group with H+L
pulsing, there is a tendency of higher cell death with EL of 50% and
75% (thresholds of 807 V/cm and 790 V/cm, respectively). However, the
3SE region of the 50% case overlaps with the 0% one. A similar trend
is found with the 1 minute H+L protocols, but the intervals for all the
combinations overlap with the 100%+0%. In the 10 s L+H case only
EL=75% presents a higher death ratio, and no effect is observed with

72



CHAPTER 4. MODELING METHODS FOR TREATMENT OVERLAP

Pulses Period
Voltage
strength

Threshold
(V/cm)

+3SE
(V/cm)

-3SE
(V/cm)

10
+
10

10 s

100%+0% 851 876 828
100%+25% 877 920 837
100%+50% 807 846 771
100%+75% 790 824 757
100%+100% 711 741 682
100%+0% 851 876 828
25%+100% 844 882 807
50%+100% 846 883 810
75%+100% 796 831 763
100%+100% 711 741 682

1 min

100%+0% 851 876 828
100%+25% 877 920 837
100%+50% 839 878 802
100%+75% 807 846 770
100%+100% 803 843 765
100%+0% 851 876 828
25%+100% 805 838 773
50%+100% 816 850 784
75%+100% 831 867 798
100%+100% 773 802 745

100
+

100

— 100%+0% 613 634 593
10 s 100%+100% 606 628 586

1 min 100%+100% 621 643 599

Table 4.3: Electric field thresholds for two trains of variable voltage at 10 s
and 1 minute inter-pulse period. The thresholds were determined to be the
magnitude at which 95 % of cells were dead according to the logistic regressions.
See Figures 4.4 and 4.5 for the logistic curves.
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a 1 minute pause. These same findings can be observed in Fig. 4.5.a
and 4.5.b where below EL=50% the survival distribution does not change,
but at 75% and 100% cells are killed at lower electric fields. The fitting
parameters of the logistic regression (eq. (4.4)) for all H+L and L+H
protocols are displayed in Table 4.4.

Figure 4.5: Fitting of the survival probability of H+L (a, c) and L+H (b, d)
trains (10 pulse trains). Inter-pulse period of 10 s (a, b) and 1 minute (c, d).
The notation 0 % is just to indicate that no voltage was applied. The shading
corresponds to ± interval of the fitting, and they are only represented in
the 100%+0% and 100%+100% cases to ease image interpretation. All 3SE
intervals are displayed in Table. 4.3.

Fig. 4.6 displays a heatmap representation of survival probability for all
the H+L and L+H protocols (colored stripes) and the predicted contours
using the three proposed methods. It can be observed that the method
we propose here, C (dashed line), which truly models the effect of
overlapping treatments (Stt), fits the experimental data better than the
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method proposed by Garcia et al., B (solid line), in which the probability
of survival for the overall treatment is computed as the product of the
probability of survival of the individual treatments (St).

Figure 4.6: Representations of experimental and modeled cell survival
probabilities of the data from the characterization phase for the 10 pulse
protocols at 10 s (a) and 1 minute (b) inter-pulse pauses. Each of the colormap
stripes corresponds to experimental data from a H+L or L+H protocol, with the
black circles being their probability of survival at 0.95, 0.5 and 0.05. The dotted
line indicates the boundary for ensuring cell death (probability of survival = 0.05)
according to the electric field threshold criterion (method A). The solid lines
indicate isocontours of the probability of survival computed as the product of the
survival probabilities of the two individual treatments (method B). Notice that
method B is the same for 10 s and 1 minute pause treatments. The dashed lines
indicate isocontours of the probability of survival computed as the product of the
adapted logistic model of overlapping treatments (method C).

Coefficients of the models

Table 4.4 shows the coefficients of the logistic regression fittings (eq. 4.4)
for all the H+L and L+H curves displayed in Figures 4.4 and 4.5.
For method B, the coefficients are the ones displayed of the 100%+0%
protocol (bold). The coefficients of method C are displayed in Table 4.5.
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Pulses Period
Voltage β0 β1 (cm/V)
strength Mean ±3SE Mean ±3SE

10
+
10

10 s

100%+0% 9.913 9.782 10.046 -1.51·10-2 -1.53·10-2 -1.49·10-2

100%+25% 9.409 9.204 9.617 -1.41·10-2 -1.44·10-2 -1.38·10-2

100%+50% 10.895 10.663 11.131 -1.71·10-2 -1.75·10-2 -1.68·10-2

100%+75% 9.435 9.244 9.627 -1.57·10-2 -1.60·10-2 -1.53·10-2

100%+100% 10.204 10.002 10.410 -1.85·10-2 -1.89·10-2 -1.81·10-2

100%+0% 9.913 9.782 10.046 -1.51·10-2 -1.53·10-2 -1.49·10-2

25%+100% 9.746 9.543 9.952 -1.50·10-2 -1.54·10-2 -1.47·10-2

50%+100% 9.438 9.245 9.633 -1.46·10-2 -1.50·10-2 -1.43·10-2

75%+100% 9.759 9.563 9.958 -1.60·10-2 -1.63·10-2 -1.56·10-2

100%+100% 10.204 10.002 10.410 -1.85·10-2 -1.89·10-2 -1.81·10-2

1 min

100%+0% 9.913 9.782 10.046 -1.51·10-2 -1.53·10-2 -1.49·10-2

100%+25% 10.327 10.113 10.544 -1.58·10-2 -1.62·10-2 -1.55·10-2

100%+50% 10.493 10.263 10.727 -1.67·10-2 -1.70·10-2 -1.63·10-2

100%+75% 9.863 9.638 10.091 -1.60·10-2 -1.63·10-2 -1.56·10-2

100%+100% 9.795 9.625 9.968 -1.65·10-2 -1.68·10-2 -1.62·10-2

100%+0% 9.913 9.782 10.046 -1.51·10-2 -1.53·10-2 -1.49·10-2

25%+100% 10.673 10.473 10.876 -1.69·10-2 -1.73·10-2 -1.66·10-2

50%+100% 9.764 9.578 9.952 -1.56·10-2 -1.59·10-2 -1.53·10-2

75%+100% 10.189 9.992 10.389 -1.58·10-2 -1.61·10-2 -1.55·10-2

100%+100% 9.795 9.625 9.968 -1.65·10-2 -1.68·10-2 -1.62·10-2

100
+

100

— 100%+0% 7.087 6.970 7.206 -1.64·10-2 -1.66·10-2 -1.61·10-2

10 s 100%+100% 6.599 6.485 6.714 -1.57·10-2 -1.60·10-2 -1.55·10-2

1 min 100%+100% 6.679 6.559 6.801 -1.55·10-2 -1.58·10-2 -1.52·10-2

Table 4.4: Coefficient (mean±3SE) of the the H+L and L+H models (eq. (4.4)).
The coefficients of method B are highlighted in bold.

Protocol
β0 β1 (cm/V) β2 (cm/V)

Mean ±3SE Mean ±3SE Mean ±3SE
10+10

10 s
9.648 9.461 9.835 -1.47·10-2 -1.50·10-2 -1.44·10-2 -1.10·10-3 -1.20·10-3 -1.00·10-3

10+10
10 min

9.919 9.732 10.105 -1.53·10-2 -1.56·10-2 -1.50·10-2 -2.00·10-4 -2.90·10-4 -1.11·10-4

Table 4.5: Coefficients (mean±3SE) of the adapted logistic regression of
overlapping pairs (method C).
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4.3.2 Model validation

After the characterization of the three models, we used a 2D setup
to analyze their predictive accuracy of the studied models. Fig. 4.7
shows heatmap representations of the survival density of the validation
experiments. The results replicate the findings from the characterization
models. Cells that received overlapping treatments with EL ≥ 75%
showed a lower survival density, and a higher death ratio was
accomplished with 10 s pause than with 1 minute pause.

Figure 4.7: Heatmap representations of cell survival density of the validation
phase as a function of the field magnitudes of the two overlapping treatments.
Treatment protocols of 10+10 pulses at 10 s (a) and at 1 minute (b) inter-
train pauses. E1 corresponds to the electric field generated between e1 and e2
(Fig. 4.1.f) and E2 is the field between e3 and e1 (Fig 4.1.g). The heatmap is
divided in 20 V/cm bins. The dotted line displays the electric field threshold
(method A). The 5 %, 50 %, and 95 % survival probabilities are represented in
the solid and dashed lines for method B and C, respectively (same curves as in
Fig. 4.6).

The predictive accuracy of the three methods for modeling treatment
overlap is shown in Table 4.6. All methods are equally good in
classifying dead cells, with all of them having a precision >0.982 and
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a maximum difference of 0.004. However, methods B and C classify
slightly better the living cells over A, indicated by lower miss rate,
which leads to an increased Dice score (0.009 percent points for B and
0.023-0.030 for C). Overall, all methods are very accurate at classifying
the state of cells (alive or dead), with an AUC>0.961 (and less than 0.003
difference between methods). These differences in classification are also
displayed in Fig. 4.8 were we computed the predicted treatment area.

Protocol Method Precision Miss rate Dice AUC

10+10
10 s

A 0.986 0.343 0.788 0.961
B 0.986 0.331 0.797 0.962
C 0.982 0.300 0.818 0.964

10+10
10 min

A 0.990 0.353 0.782 0.967
B 0.989 0.341 0.791 0.968
C 0.987 0.321 0.805 0.969

Table 4.6: Metrics of the predictive power of the three proposed methods. a)
electric field threshold, b) product of individual pairs, c) product of the adapted
logistic model of overlapping electric fields.

In the 100 and 100+100 pulses protocols we observed signs of electrolysis
around the needles, both in needles acting as anodes and in the
needles acting cathodes. DMEM contained phenol red, which colored
the surroundings of the electrodes in yellow (around the anode) and pink
(around the cathode) due to pH change. We also observed gas bubbles.
These signs were mild with a single treatment, but much noticeable with
two consecutive trains. Additionally, we monitored the applied voltage
and the electric current. No significant changes were observed in any
treatment.
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Figure 4.8: Predicted treated area with the three analyzed methods for a protocol
of two trains of 10 pulses at 600 V, 1 minute pause. (a) electric field distribution
(white contour at the irreversible electric field threshold of 851 V/cm). (b)
probability of survival of the product of individual pairs (yellow contour at
95 % cell death). (c) probability of survival of the adapted logistic model of
overlapping electric fields (cyan contour at 95 % cell death). (d): original image
with calcein AM in the green channel (living cells) and PI in the red channel
(dead cells) (e): segmentation of the ROI with an overlay of the isocontours at
the defined critical values for the three methods (same colors as in (a), (b) and
(c)).

4.3.3 Predicted treatment volume in th 3D tissues

We performed 3D simulations on electrode configurations typically found
in actual electroporation-based treatments to compare the predicted IRE
volume with the three studied models. For method A, an electric field
threshold of 851 V/cm was used (corresponding to 95 % of cell death
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of a single treatment of 10 pulses). For methods B and C, the ablated
volume was set to be that which had a survival probability of 5 % or lower.
Because method C was calibrated only for two overlapping treatments,
the survival probability was only computed using the two trains that
generated the highest electric fields (at each mesh node).

The predicted volumes are reported in Table 4.7 and are displayed in
Figs. 4.9, 4.10, and 4.11. Using method A as a baseline, an increment
in the overall volume of 13.7± 5.5 % was found with method B. Method
C showed a slightly larger volume, 15.3± 5.8 % with 1 minute pause and
22.9± 8.6 % with 10 s pause, both with respect to A.

Electrode Voltage/distance Predicted TV (cm3)

configuration ratio (V per cm) A B
C

(1 minute)
C

(10 s)

4-SQ
1000 4.80 5.27 5.44 5.85
1500 10.77 12.32 12.51 13.17

6-RECT
1000 7.42 8.52 8.63 9.32
1500 17.03 20.00 20.11 21.17

7-HEX
1000 1.69 2.04 2.08 2.29
1500 5.10 5.34 5.35 5.50

Table 4.7: Predicted treatment volume with the three studied methods for the
different electrode configurations and pulsing parameters.

In addition to simulating the in-pulse conductivity, we also modeled
the impact on field distribution that preceding treatments can have
on subsequent treatments due to conductivity changes caused by
electroporation (eq. 4.14) to analyze if it can further influence treatment
overlap. The predicted volumes are reported in Table 4.8 and are
displayed in Fig. 4.12. The effect was minimal, with an average
difference of 0.7 %.
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Figure 4.9: Predicted ablated volume in the 4-SQ setup. Electrode spacing is
15 mm and the diameter is 1 mm. (a), (b), and (c) correspond to the treatment
at 1000 V per cm voltage to distance ratio, and (d), (e), and (f) correspond to
the simulation with 1500 V per cm. (a) and (d) display the predicted volume for
method C at 10 s inter-treatment pause. (b) and (e) are the transversal cross
section and (c) and (f) are the longitudinal cross section with the simulated
electric field distribution. The contours correspond to the predicted TV for
method A (cyan), method B (red), method C for 1 minute inter-treatment pause
(black), and method C for 10 s pause (white).
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Figure 4.10: Predicted ablated volume in the 4-SQ setup. Electrode spacing is
15 mm and the diameter is 1 mm. (a), (b), and (c) correspond to the treatment
at 1000 V per cm voltage to distance ratio, and (d), (e), and (f) correspond to
the simulation with 1500 V per cm. (a) and (d) display the predicted volume for
method C at 10 s inter-treatment pause. (b) and (e) are the transversal cross
section and (c) and (f) are the longitudinal cross section with the simulated
electric field distribution. The contours correspond to the predicted TV for
method A (cyan), method B (red), method C for 1 minute inter-treatment pause
(black), and method C for 10 s pause (white).
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Figure 4.11: Predicted ablated volume in the 7-HEX setup. Electrode spacing is
7.3 mm and the diameter is 0.7 mm. (a), (b), and (c) correspond to the treatment
at 1000 V per cm voltage to distance ratio, and (d), (e), and (f) correspond to
the simulation with 1500 V per cm. (a) and (d) display the predicted volume for
method C at 10 s inter-treatment pause. (b) and (e) are the transversal cross
section and (c) and (f) are the longitudinal cross section with the simulated
electric field distribution. The contours correspond to the predicted TV for
method A (cyan), method B (red), method C for 1 minute inter-treatment pause
(black), and method C for 10 s pause (white).
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Electrode Voltage/distance Difference in predicted TV (%)

configuration ratio (V per cm) A B
C

(1 minute)
C

(10 s)

4-SQ
1000 0.23 0.44 0.43 0.47
1500 0.16 0.22 0.20 0.21

6-RECT
1000 0.27 0.47 0.43 0.47
1500 0.19 0.20 0.17 0.17

7-HEX
1000 0.97 1.23 1.28 1.36
1500 0.26 0.32 0.30 0.32

Table 4.8: Difference of the predicted TV obtained with and without considering
the impact on field distribution that preceding treatments can have on subsequent
treatments due to conductivity changes caused by electroporation.

4.4 Discussion

According to the obtained results, and as expected, treatment overlap
can substantially increase irreversible electroporation damage. Cell death
rises when two high electric field treatments were sequentially applied.

It is known that a higher number of pulses reduces the irreversible electric
field threshold, which tends to saturate at around 70 to 100 pulses [59].
In the 10 pulse protocols, the saturation point was not reached, as we
observed that a second train reduced cell viability. Instead, in the 100
pulse protocol, the second train did not add to cell death.

Another factor which reduces the electric field threshold is inter-pulse
pause. It has been reported that cell membrane needs from seconds to
a few minutes to recover from electroporation. However, if a pulse is
applied before the membrane has fully recovered, the membrane is further
electroporated [57]. Although we were studying the pause between two
trains (instead of pulses), the general effect also applies. This explains
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Figure 4.12: Predicted IRE volume (method C at 10 s pause) using two different
electrical conductivities. The green isosurface corresponds to the simulation
with only in-pulse conductivity changes (eq. 4.12) and the white isosurface
represents the simulation that also considers the preceding pair conductivity
change (eq. 4.14). The two surfaces are overlayed on top of each other, and
it can be observed that the differences are minimal. The top row (a, b and c) are
the simulations at 1000 V per cm voltage to distance ratio, and the bottom row (d,
e and f) are at the simulation with 1500 V per cm. The electrodes configurations
are 4-SQ (a, d), 6-RECT (b, e), and 7-HEX (c, f).

why lower survival probabilities were found with the 10 s pause compared
to 1 minute pause.

Interestingly, the order of the treatments (i.e., whether the higher field
treatment is first or second) did not produce observable differences in the
outcome. Yao et al. [250] found that applying short high voltage pulses
(a few kV/cm for a couple of microseconds) before a standard 80 NTIRE
pulses generated a larger ablation area than with the standard NTIRE
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protocol on potato tuber. Pulsing the other way around did not increase
the treated area. The voltage to distance ratios they used for the high
pulses were of the order of 3-4 kV/cm, which were up to 10 times larger
than the low fields. In our study, we did not surpass 1.5 kV/cm for the
high pulses, and proportionally the low electric fields were not as low
(25 % ratio). These lower fields could explain why we did not observe
any difference between H+L and L+H protocols, i.e., the order of the
overlapping fields did not add to cell death.

Three different methods were compared to predict cell death in
overlapping treatments: A) the geometrical union of the individual
treatments, B) the method proposed by Garcia et al. [113] in which the
overall treatment is obtained by multiplying the fields of probability of
cell survival from the individual treatments, and C) our adapted logistic
model of overlapping treatments. We computed precision (eq. (4.9)),
miss rate (eq. (4.10)) and Dice (eq. (4.11)) metrics, after classifying
the state of the cell with a threshold of 851 V/cm (IRE threshold) for
method A, and a 5 % cell survival probability for methods B and C. A
precision of 1 indicates that the predicted treatment region contains only
dead cells, whereas lower values reveal the proportion of remaining living
cells. In this regard, we found that all the methods perform equally well,
with a precision ≥ 0.982 and a maximum difference of only 0.4 percent
points. On the other hand, the miss rate revealed differences between
the methods. This metric represents the proportion of dead cells that fall
outside the treatment region. Higher scores indicate a larger transition of
living/dead cells. In this case, we found that methods B and C perform
slightly better than the electric field threshold criterion (1.2 to 4.3 percent
points lower), with C marginally outperforming B by up to 3.1 points.
This reduction in miss rate is also reflected in the Dice score. In addition,
the AUC metric reveals how accurate a classifier is regardless of the
threshold. It confirms that all the methods perform great (AUC> 0.961),
with method B and C taking the lead by a minimal margin.

These slight improvements can be graphically understood by observing
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the shape of the ablation area that our 2D setup generated (L-shaped). It
can be seen in Fig. 4.8.e that the isocontour provided by the electric field
threshold criterion (method A) presents a sharp angled corner, whereas
that same corner is smoother with the other two methods. Despite the
slight accuracy improvements offered by methods B and C, these results
suggest that, considering other sources of uncertainty typically present
in electroporation treatment (e.g., placement of the electrodes), overall,
the electric field threshold method can be considered as accurate as the
probabilistic models in predicting the treatment region.

This suggests that for NTIRE procedures, which typically apply between
70 and 100 pulses per pair, treatment overlap does not play a significant
role (we only observed an increase in cell death with overlapping
treatments with 10 pulse protocols, and not with 100 pulses). However,
this study only contemplated two overlapping pulse trains, contrary
to actual procedures which can present more overlapping treatments,
although marginal differences can be presumed.

On the other hand, ECT aims to reversibly electroporate the tissue so
the therapeutic drug can penetrate into the cells, but it is not uncommon
to find damage due to IRE near the electrodes. Due to the lower pulse
count per train (8 to 10 pulses), overlapping treatments can slightly
enlarge the irreversibly treated tissue around the electrodes, according
to our results. This can be further confirmed by some preliminary 3D
simulations, where the predicted IRE lesion volume was increased by
13.7±5.5 % (mean±standard deviation) with B, and up to 22.9±8.6 %
with C when compared to A (Table 4.7).

It must be pointed out that the modeling methods do not fit the validation
data as well as they fit the characterization data. In the 1D setup, the
reduced cell viability due to overlapping fields follows a curved shape
(Fig. 4.6), but that shape appears straighter when looking at the data
from the validation phase (Fig. 4.7). Although this effect can be partially
accounted by experimental uncertainty (we are reporting a 3SE interval of
around ±30 V/cm), this effect could also be a consequence of the highly
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different electric field distributions between the two setups. While in the
characterization assays the electric field in the two treatments had the
same direction, in the validation setup we applied two fields at different
angles (up to 90 degrees). Membrane polarization mostly occurs at the
surfaces which are perpendicular to the electric field [251]. This implies
that in the 1D setup the cell membrane was always polarized in the same
region. Instead, in the 2D assays, the first and second trains polarized
the membrane in different directions. Thus, there was a larger polarized
area in the 2D setup. This suggests that cells in the validation setup
presented a larger electroporated membrane area [75], which could add
to cell death [252].

Another limitation of the assays is that cell death does not reach 100 %,
even well above the electric field threshold (Fig. 4.7). This is reflected in
the precision metric where no method surpasses 97.5 %. In some images,
we observed noise speckles in the calcein AM channel. We filtered the
cells by size, but some of the noise bypassed it. We also observed living
cells within the ablation zone in most of the images. However, such cells
were no longer adhered to the well surface. It is likely that these cells
were still in an apoptotic process after the 3-hour period we analyzed. It
has been reported that 24 hours is a better interval for evaluating apoptosis
due to IRE [158, 253, 254], but we found in preliminary assays that cell
proliferation overtook the treatment zone after 24 hours.

Finally, the present study is not considering the possible impact of
conductivity changes caused by electroporation. In the cell models
used here the conductivity changes due to electroporation are likely
to be negligible as the thin layer of cells is embedded in a relatively
much bulkier ionic medium. However, it has been demonstrated that
in tissues, where cells are densely packed, the conductivity changes
caused by electroporation can have a substantial impact on the electric
field distribution and hence on the TV [99]. Therefore, for thoroughly
studying treatment overlap, it would be judicious to analyze the impact
on field distribution that preceding treatments can have on subsequent
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treatments due to conductivity changes caused by electroporation.
(Sophisticated mathematical constructs have been proposed to model
such effect [80, 141, 227, 255–258].) Nevertheless, it must be taken
into account that whereas conductivity changes within each pulse (in-
pulse conductivity) can be very high (and that is why they can have a
significant impact on the field distribution), this in-pulse conductivity is
only slightly influenced by the preceding pulses or sequences of pulses
[39]. In the preliminary 3D simulations (Table 4.8 where we coarsely
approximated this effect considering worst-case assumptions, we found
minimal consequences (<1.36 % difference). Therefore, we conclude
that the impact of conductivity changes does not modify the qualitative
conclusions reached here.

4.5 Conclusions

Treatment overlap is present in almost every electroporation procedure
but, to the best of our knowledge, its impact had not yet been quantified.
We found that, as expected, overlapping treatments can substantially
reduce the electric field threshold needed to induce cell death and thus
increase the efficacy of the overall treatment. However, in terms of
TV, we deduce that the impact of overlapping treatments will be minor
in typical NTIRE procedures in which trains of 70 or more pulses
are applied through multiple electrode pairs. Importantly, the overall
ablation volume will be predicted with a reasonable level of accuracy by
simply performing the geometric union of the ablation volumes predicted
for each electrode pair. Although this study did not evaluate treatment
overlap in vivo, we presume that the method used in most NTIRE pre-
clinical and clinical studies is adequate. We also confirmed that the model
proposed by Garcia et al. [113] is valid for predicting treatment overlap,
as well as the adapted logistic model introduced here. At last, even if
this study does not explicitly contemplate ECT, it can be inferred that the
same general conclusions apply to treatment overlap in ECT procedures.
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Chapter 5

A PLATFORM FOR
TREATMENT PLANNING IN
ELECTROPORATION-BASED
THERAPIES

Adapted from:
Perera-Bel E, Aycock KN, Salameh ZS, Davalos RV, Ivorra A, González Ballester MA.
A platfrom for patient-specific treatment planning in electroporation-based therapies.
[In preparation]
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5.1 Introduction

Treatment planning in solid tumor therapies consists of modeling
the treatment volume (TV) preoperatively to ensure full tumor
eradication while preserving surrounding vital structures. Specifically, in
electroporation-based therapies, treatment planning consists of simulating
the electric field distribution that will be applied to the target tissues by
means of electrode pairs. Given a pulsing protocol, the TV is the region
whose electric field magnitude is above a threshold.

The electric field distribution is highly dependent on treatment
parameters. Namely, the number of electrodes, their position, and the
voltage applied between pairs of electrodes. The electrodes are typically
inserted in parallel, evenly spaced, and at the same depth. However,
anatomical constraints are present in the treatment of deep seated
tumors which forbid this strict parallel configuration [225]. For example,
percutaneous treatment of liver tumors must avoid electrode insertion
through bone and vital vessels.

Another factor which strongly influences the electric field distribution is
tissue electrical conductivity [93]. Because of the increased membrane
permeability induced by electroporation, ions can flow through
electroporated cells, which at a macroscopic scale translates as an increase
in electrical conductivity. This behavior is tissue-specific, and it is
typically modeled as a non-linear function which depends on the electric
field magnitude [87, 95, 99, 259]. In addition, tissue conductivity is also
dependent on temperature, which in physiological tissues is estimated to
rise around 2 % every degree Celsius [101].

Therefore, preoperatively predicting the treatment volume in electro-
poration-based therapies is a complex process. First, a heterogeneous
model which represents tissue geometry and electrical properties
is required. Second, planning involves the evaluation of different
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configurations of position, angle, depth and number of electrodes, to
decide on the final plan for the intervention.

Current treatment plans are typically performed using medical imaging
software to extract the anatomical structures from patient medical images,
which are then imported to general purpose finite elements method (FEM)
where the electrodes are inserted and the electric field is simulated
[60, 225]. These tools are versatile and accurate models can be built, but
they require of significant expertise in physics and numerical modeling.
In addition, modeling patient-specific heterogeneous tissues is complex
as fine anatomy details must be preserved. From a clinical point of
view, these systems are impractical: clinicians can rarely dedicate the
required several hours, neither have the technical knowledge necessary
to manipulate such complex tools.

Although there are some dedicated tools for electroporation modeling
[226, 227, 246], to the best of our knowledge, there is only one dedicated
system for treatment planning of electroporation procedures, VISIFIELD
[24, 228]. It is a web platform for patient-specific treatment planning
with an easy workflow for non-technical users such as clinicians. It
provides manual and automatic segmentation tools and includes typical
electrode arrays. The electric field distribution is simulated in the cloud
and a treatment plan summary can be downloaded after a satisfactory
simulation. Nonetheless, since its publication, recent studies have shown
the importance of modeling considerations which were not deemed
significant at the time. For example, the electrodes cannot be positioned
in a non-parallel fashion, nor inserted at different depths. This can be
an issue for planning the incision of percutaneous deep seated tumors
where critical structures force electrodes insertion at different angles.
Failing to model the electric field in the same conditions that will be met
during the intervention will probably lead to treatment failure. Moreover,
it does not model the dependence of the electrical conductivity on the
temperature. As it has been reported in some numerical studies, the
temperature increase can have a marked impact in the overall treatment
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volume, mostly in IRE procedures due to the high number of applied
pulses [103, 116].

Here, we present PIRET, a Platfom for Irreversible and Reversible
Electoporation Therapies, focused on the treatment of solid tumors.
An advanced visualization of medical images and 3D reconstruction of
tissues is provided to help in tissue segmentation, electrode insertion,
and treatment volume assessment. An easy-to-use and fast workflow has
been designed to, hopefully, allow clinicians and other non-technical
users generate treatment plans in clinical practice. Importantly, the
treatment volume is simulated using novel methodologies which not only
consider electrical conductivity non-linearities due to the electroporation
phenomenon, but also due to thermal effects. A detailed description of
the platform is reported including the user workflow, the technological
stack, the implementation of the modeling method, and the user workflow.
A pilot validation study is reported where this platform was used to
successfully retrospectively model the treatment volume of three canine
liver tumors.

5.2 Materials and methods

5.2.1 Platform design

Treatment planning workflow

PIRET has been developed to generate patient-specific treatment plans
in electroporation-based therapies. An easy-to-use workflow with few
steps is provided to facilitate clinicians and non-technical users perform
the treatment plan, which is divided in four steps: image segmentation,
treatment setup preparation, modeling of the electric field, and assessment
of the treatment plan (Fig. 5.1). Namely, image segmentation is required
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to extract the anatomical geometry of the patient to which the electrodes
are virtually inserted. A 3D heterogeneous model is built and the electric
field distribution is simulated according to the applied voltage between
pairs of electrodes. Finally, the predicted TV can be evaluated.

Figure 5.1: Workflow diagram of the platform. The steps are: 1) segmentation
of the target tissues, 2) definition of the treatment setup, 3) numerical modeling
of the electric field distribution, and 4) assessment of the plan.

Step 1 — Image segmentation

In order to build a patient-specific model, the target tissues must be
identified, that is, the tissues must be segmented from the medical images.
Typically, the tumor and the surrounding healthy organ are required, but
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other nearby organs and blood vessels should also be included [225].
Manual, semi-automatic and automatic segmentation tools are included
in the platform.

Step 2 — Treatment setup

The plan continues by setting up the treatment parameters, that is, the
arrangement of electrodes, the voltage applied between pairs, and the
properties of the modeled tissues. First, up to 7 monopolar or bipolar
needle-shaped electrodes can be inserted into the target volume in one of
the predefined arrays (Fig. 5.2). The distance between the electrodes in
the arrays can be adjusted, as well as the needle diameter and electrode
exposure. Individual electrodes can be manually displaced from the
predefined configuration.

The electrode pairs are already defined for the predefined arrays (Fig. 5.2),
and the voltage between pairs is automatically set according to a user-
defined voltage to distance ratio. More electrode pairs can be added or
removed, and the voltage can be individually modified for each pair.

To finish the treatment setup, tissue properties must be assigned to the
different segmentations included in the model.

Step 3 — Electric field modeling

A patient-specific model is built from the selected segmentation images
and the virtually inserted electrodes. The electric field is simulated for all
the defined pairs and the overall contribution is obtained by combining
the maximum computed electric field magnitude from the individual
simulated pairs. The whole process is fully automatic.

There are two simulation methodologies. The fastest method considers
the dependence of tissue electrical conductivity on the electric field.
Alternatively, the thermal distribution can be also computed to model
the conductivity dependence on the temperature and to assess thermal
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Figure 5.2: Schematic illustration of the predefined electrode arrays. The
naming conventions is ”Pattern X”, where the first word indicates the relative
arrangement and X is the number of electrodes. All the electrodes are evenly
spaced. The lines connecting the electrodes indicate the default pairs.

damage, but it is considerably slower. In the case if IRE, the latter
should be preferred because the high number of applied pulses generate
considerable heat [7, 103], although an initial estimation can be obtained
with the former.

Step 4 — Assessment of the predicted treatment volume

In radiotherapy treatment planning, there is a nomenclature to distinguish
between the tumor that is visible in the medical images and the volume
which must be treated to ensure treatment efficacy [27]. Although this
classification has not been previously used for electroporation planning,
the concept also applies. First, the visible tumor in medical images is
referred as the gross tumor volume (GTV). However, tumors present
microscopic infiltration that remain unseen in the images and a margin
is added, which is known as clinical target volume (CTV). Further
uncertainties arise due to differences in patient position between the
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imaging and the treatment, breathing, and physiological movements of
internal organs. In the case of electroporation, numerical inaccuracies
due to tissue conductivity variability should also be accounted for. For
these reasons, a margin is added to the CTV, known as the planning target
volume (PTV) [149, 179, 180]. Therefore, treatment planning consists
of finding the right parameters which successfully treat the PTV while
preserving nearby critical structures.

The TV can be initially visually assessed as the electric field is overlayed
on top of the medical images. In addition, treatment efficacy can be
quantified with the provided tools that display the degree of coverage
of the PTV and the volume of treated healthy tissue. If the plan is
unsatisfactory, either by an insufficient volume fraction or by an over-
treatment of non-pathological tissue, the electric field can be recomputed
by fine-tuning treatment parameters in step 2.

A summary of the electrode pairs, the applied voltage and the simulated
electric current is also presented. Because electroporation generators are
limited to an electric current of 50 A, pairs which predict a higher current
should be avoided. Either lowering the voltage, placing the electrodes
closer together, or reducing the exposure, will reduce the required electric
current.

Graphical user interface

The platform has been designed to have an intuitive and clear interface for
non-technical users (Fig. 5.3). Its main feature is a medical image viewer
so users can easily visualize the anatomy and the pathological tissues.
This viewer is composed of the three orthogonal planes, axial, sagittal,
and coronal, and a 3D render window. To facilitate the visualization
of the tissues, image contrast can be adjusted. Some of the accepted
image formats are Digital Imaging and Communications in Medicine

98



CHAPTER 5. A PLATFORM FOR TREATMENT PLANNING

(DICOM), Neuroimaging Informatics Technology Initiative (NIfTI), and
Nearly Raw Raster Data (Nrrd). Accepted formats for surface meshes are
VTK PolyData (VTK, VTP) and Stereolithography (STL).

Figure 5.3: Overview of the platform. It is divided in three main components.
On the middle there is the image and surface meshes viewer, with axial, sagittal,
and coronal 2D views, and a 3D render window. On the left, there is the ”Data
manager”, with a list of the loaded images and surface meshes, and some
tools to edit them and navigate through the slices. On the right, there is the
”Electroporation planning” toolbox for treatment planning. Medical image and
surface meshes obtained from 3D-IRCADb-01 database from IRCAD, France.

Each of the steps that require user interaction to generate the treatment
plan has its own controls which are found in the Electroporation planning
toolbar, on the right of the viewer. First, there is the Segmentation toolbox
(Fig. 5.4.a). Although third party segmentation images and surface
meshes can be loaded, the platform provides general automatic and semi-
automatic segmentation tools. Alternatively, manual segmentation is also
possible on 2D slices. For these cases, an interpolation tool, based on the
radial basis function interpolation [260] and Laplacian smoothing [261],
is provided to generate a 3D volumes from sparsely segmented 2D slices.
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Figure 5.4: Toolboxes for treatment planning. (a) Segmentation, (b) Setup, and
(c) Assessment

The electrodes are inserted using the Setup toolbox (Fig. 5.4.b).
Monopolar and bipolar needle electrodes are available in 7 different
predefined arrays (Fig. 5.2), with the selected diameter and length
of exposure. In the case of bipolar electrodes, the length of both
exposed parts and the insulator in between can be set independently.
Although the electrodes in the array are uniformly distributed with a
user-defined separation, individual electrodes can be manually displaced.
Additionally, it is possible to define some regions which cannot be

100



CHAPTER 5. A PLATFORM FOR TREATMENT PLANNING

crossed by the electrodes, such as bone or critical vessels. The selected
segmentations are converted into surface meshes which are used to find
intersection points with the electrodes. In case of collision, electrodes are
highlighted in red.

The Setup toolbox is also used to define the voltage across electrode pairs
and to assign tissue properties to the different segmentations included
in the model. Predefined tissues are available with both electrical and
thermal properties.

Finally, the tools for assessing the electric field and determining the
treatment volume are included in the Assessement toolbox (Fig. 5.4.c).
Although the treatment volume can be visually analyzed as the electric
field is overlayed on top of the medical images, we provide tools to
quantify treatment efficacy. That is, by comparing the predicted TV with
the PTV.

The TV is obtained by setting the electric field threshold of the
corresponding tumor tissue. The PTV is derived by expanding the
segmentation of the GTV a few millimeters (user-defined) in all directions
to account for planning uncertainties. The portion of PTV that is covered
by the TV (volume fraction, VF) is computed, as well as the portion of
treated healthy tissue (THV).

VF =
TV ∩ PTV

PTV
(5.1)

THV = (TV ∪ PTV)− TV (5.2)

The volume fraction must be 100 % for treatmente efficacy, while the
THV should be minimized.
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5.2.2 Implementation

Technological stack

The platform has been developed in C++ using proven open-access
libraries. It is based on The Medical Imaging Interaction Toolkit
(MITK)1 [208, 262], which is a library for medical imaging processing
and visualization. Specifically, MITK includes The Insight Toolkit
(ITK)2 [263,264] for image processing, The Visualization Toolkit (VTK)3

[233] for image and volume processing and visualization, and Qt4

for the graphical user interface (GUI). The Computational Geometry
Algorithms Library (CGAL)5 [234, 235] is used to generate the FEM
model, and Elmer6, a mulitphysics FEM solver, is in charge of the electric
field simulation.

Simulation of the electric field distribution

A 3D FEM mesh is built from the segmented tissues to accurately
represent patient anatomy. The electrodes are then included according
to the specified coordinates and insertion angle. The mesh is built
with tetrahedron elements following an adaptive criteria with smaller
elements around the electrodes and coarser ones farther away. Finer
elements are also placed in the boundaries between two tissues to preserve
the anatomical details. For further details see our previous work in
section 3.2.2.

1 MITK: https://www.mitk.org
2 ITK: https://www.itk.org
3 VTK: https://www.vtk.org
4 Qt: https://www.qt.io
5 CGAL: https://www.cgal.org
6 Elmer: https://www.csc.fi/ web/elmer
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The electric field distribution is simulated using FEM by solving the
Laplace equation for electric currents with charge conservation:

∇ · σ∇ϕ = 0 (5.3)

E⃗ = −∇ϕ (5.4)

where ϕ is the electric potential, σ is the electrical conductivity, and E⃗ is
the electric field [102].

It is known that during electroporation, the electrical conductivity rises
due to the increased membrane permeability, an effect typically modeled
as a dependency on the electric field magnitude [60, 96, 97, 99, 265].
Here, we implement the symmetric sigmoid function introduced by Šel
et al. [87]:

σ(E) = σ0 +
σmax − σ0

1 + A exp
(
− |E|−B

C

) (5.5)

where σ(E) is the electrical conductivity which depends on the electric
field E, σ0 is the static conductivity, and σmax is the maximum
conductivity that is reached when the whole tissue is electroporated.

Because of the strong-non-linear relationship between conductivity and
electric field, a relaxed iterative solver is used to ensure convergence.

ϕ∗
k = γϕk + (1− γ)ϕk−1 (5.6)

where γ is the relaxation factor and ϕ∗
k is the new approximation of the

electric potential, given the current ϕk and the previous ϕk−1 potentials.
Convergence is reached when the L2-norm of change of both the electric
potential and the electric field are smaller than 10−5. A strong non-linear
case (C = 50V/cm) was used to determine the relaxation factor as a
function of the rise in electrical conductivity:

σmax/σ0 = 1 → γ = 1

1 < σmax/σ0 ≤ 2 → γ = 0.65

2 < σmax/σ0 ≤ 3 → γ = 0.45

3 < σmax/σ0 → γ = 0.3

(5.7)
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The relaxation factor is determined by the modeled tissue with the highest
σmax/σ0 ratio. Notice that a ratio above 3 or sharper transitions than
C < 50V/cm are not expected in most biological tissues. Thus, σmax/σ0

and C are limited to 5 and 50 V/cm, respectively.

Dirichlet boundary conditions are applied to the two active electrodes,
setting one electrode to the applied voltage and grounding the other one
(i.e., 0 V). When more than one electrode pairs are included, an individual
simulation is computed for each pair. For multi-core CPUs, the different
pairs are simulated in parallel. The overall electric field distribution is
obtained by combining the maximum computed field from all individual
simulated pairs.

Simulation of the temperature distribution

During the application of the electric pulses, high electric currents are
induced which can significantly rise the temperature due to Joule heating.
This effect is most prominent in IRE because a high number of pulses
(> 70) are applied. This can have two effects on electroporation treatment
planning. First, thermal damage can be assessed, as it is not uncommon
to find thermally coagulated tissue around the electrodes [100]. Second,
the dependence of the electrical conductivity on temperature can be
modeled [103, 116]. It is estimated that electrical conductivity rises 2 %
every degree Celsius in physiological tissues [101]. Such dependence
can be modeled with this platform, although computation time is highly
penalized because the temperature is time dependent, compared to the
solution of the electric field alone which is stationary.

The Joule heating is derived from the electric potential with:

QJ = ∇ϕ · σ∇ϕ (5.8)

Because the electric field is only generated during the application of
the pulse, the heat is scaled according to the duty cycle of the pulse
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(pulse duration times pulse repetition frequency) to speed up the time-
stepping solution [95]. The temperature distribution T is then obtained
by solving the Penne's bioheat equation, which is the thermal model that
best describes heat transfer in biological tissues [117]:

ρcp
∂T

∂t
= ∇ · (k∇T )− ρBωBcB(T − TB) +QM +QJ (5.9)

where ρ, cp, and k are the tissue density, heat capacity and thermal
conductivity, respectively. Tissue perfusion is determined by blood
perfusion rate ωB, blood density ρB, blood heat capacity cB, and
blood temperature TB = 37°C. QM is the metabolic heat generation, but
for electroporation modeling it can be neglected due to its minimal
contribution to temperature rise [266].

The overall conductivity which models the dependence on the electric
field and the temperature is given by:

σ(E, T ) =

σ0 +
σmax − σ0

1 + A exp
(
− |E|−B

C

)
 · (1 + α(T − Tref )) (5.10)

where α is the temperature coefficient (2 %/°C) and Tref is the reference
temperature (37 °C).

5.3 Results

5.3.1 Platform features

With this platform, we combined all the required tools to perform
treatment planning in electroporation based therapies. There are other
platforms that can be used as well to model the electroporation volume,
but compared to PIRET they either lack features to perform the whole
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treatment planning process, or they do not consider novel modeling
methodologies that have been proved to have a marked impact. In
Table 5.1 we compare the features of such tools, including the web
platform EView described in chapter 3, and PIRET.

FEM ApiVizTEP EView OpenEP Visifield
PIRET

software [226] [246] [227] [97]

M
od

el

3D Yes No Yes Yes Yes Yes
Multiple

Yes No No No Yes Yestissues
Patient

* No No No Yes Yesspecific
σ(E) Yes No Yes Yes Yes Yes

σ(E, T ) Yes No No Yes No Yes

E
le

ct
ro

de

Predefined
No Yes No Yes Yes Yesarrays

Individual
Yes No Yes No No Yespositioning

Workflow Complex Simple Simple Simple Simple Simple
Open source Yes/No Yes Yes Yes Yes Yes

* Models must be created with third-party software

Table 5.1: Comparison of software for modeling the electroporation volume
and/or perform treatment planning.

5.3.2 Pilot study

Data acquisition

We used this platform to retrospectively model the electric field
distribution to predict the treatment volume in three canine patients with
hepatocellular carcinoma (HCC). The treatments are described in detail
in Partridge et al. [267].
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Three client-owned canines were recruited and treated at the Virginia-
Maryland College of Veterinary Medicine Teaching Hospital, VA, USA,
from January to March 2018. Canine 1 was a 15-year-old male toy
poddle, canine 2 was a 13-year old mixed-breed female, and canine
3 was a 14-year-old male toy poddle. The goal of that study was to
determine H-FIRE safety and feasibility, so a treat-and-resect procedure
was established to minimize risks. Thus, the H-FIRE procedure was
planned to only treat a small volume of malignant tissue, as the whole
tumor was excised four days after. 300 biphasic bursts were delivered
at an amplitude of 2250 V through a single 16-gauge bipolar electrode
(AngioDynamics, Latham, New York) inserted percutaneously. The
bursts consisted of a 2 µs pulse, followed by a 5 µs pause, and another
2 µs pulse of reversed polarity (on-off-on, 2-5-2 pulse). The waveform
was repeated for a total on duration of 100 µs.

Canine model

Data consisted of pre-treatment and four-day post-treatment CT scans.
Pre-treatment images were used to build the patient-specific models
which included tumor, liver, vasculature, and adipose tissue. Liver and
tumor segmentation were obtained semi-automatically by interpolating
a few manually segmented slices using the provided radial basis
interpolation function. Major vessels were included, such as the hepatic
vein and the main branches, as well as small arteries near the treatment
volume, which were segmented using region growing algorithm from
manually placed seed points. Adipose tissue adjacent to liver and
tumor surface was segmented with thresholding. The images and the
segmentations are illustrated in Fig. 5.5.

In the work of Partridge et al., the electrical conductivity of the treated
tissue (i.e., tumor) was approximated by adapting the model of O'Brien
et al. [268] with intra-procedural readings of the electric current. For the
liver, we used the same model but modified the baseline conductivity σ0 to

107



5.3. RESULTS

Figure 5.5: Left column: pre-treatment image with the segmentation of liver
(yellow), tumor (green), and vessels (red) for the three patients. The region that
was treated is delimited by the white contour, and the yellow arrow indicates the
electrode. Right: 3D reconstruction of the tissues.
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0.143 S/m to coincide with measurements from healthy canine liver [269].
This value seems reasonable since it is known that tumor conductivity
tends to be higher than that of healthy liver (tumor baseline conductivity
is 0.221 S/m) [270]. Such curves are described by a smoothed Heaviside
function, but this platform uses the model described in eq. 5.10. Thus,
the curves were fitted accordingly (R2 = 0.999).

The electrode insertion angle was approximated from post-treatment CT.
A 1.65 mm diameter bipolar electrode was used, with an active length
of 7 mm and an insulator separation of 8 mm, with a voltage of 2250 V.
Two simulations were computed, considering only the dependence of
the electrical conductivity on the electric field (σ(E)) and additionally
modeling its temperature dependence (σ(E, T )). Tissue electrical and
thermal parameters can be found in Table 5.2.

Unit Blood Fat Liver Tumor
σ0 S/m 0.7 0.038 0.143 0.221

σmax S/m — — 0.322 0.497
A — — — 1 1
B V/cm — — 1000 1000
C V/cm — — 163.6 163.6
ρ kg/m3 1020 911 1079 1079
cp J/kg/K 3617 2348 3540 3540
k W/m/K 0.52 0.21 0.52 0.52
ρB kg/m3 1020 — 1020 1020
ωB 1/s 0.17 — 7.15×10-3 7.15×10-3

cB J/kg/K 3617 — 3617 3617

Table 5.2: Electrical and thermal tissue properties. Blood and fat conductivity,
as well as the thermal properties for all tissues were obtained from [116, 271,
272].
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5.3.3 Evaluation of the predicted treatment volume

Figure 5.5 illustrates the segmented tissue geometry and the patient-
specific model used to simulate the electric field distribution for patient 1.
It also displays the predicted treatment volume and the segmented lesion.

The predicted TV was compared against the segmented lesion volume
from post-treatment imaging by computing the Dice score and volume
similarity (VS) coefficient:

Dice =
2|X ∩ Y |
|X|+ |Y |

(5.11)

VS =
|X − Y |
|X|+ |Y |

(5.12)

where X and Y are the two compared volumes. Whereas VS only
compares the absolute volume, the Dice score also measures the degree
of overlap between the two samples. The two metrics are complementary
and provide a good comprehension of the similarity between the lesion
and the predicted volume.

Fig. 5.7 illustrates the metrics at different electric field magnitudes.
For the σ(E) case, the electric field threshold which maximized
VS (> 0.999) was 633± 61 V/cm, whereas the highest Dice score
(0.845± 0.013) was found at a lower threshold of 609± 75 V/cm.
Higher thresholds were found with the σ(E, T ) model. A maximum VS
was found at an electric field of 704± 52 V/cm, and the largest Dice
score of 0.869± 0.009 was found at 685± 61 V/cm. Similar electric
field thresholds (710± 28 V/cm) were found by Partridge et al. [267].
Table 5.3 shows the electric field thresholds that maximized the similarity
metrics for all three patients.
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Figure 5.6: Left: simulation of the electric field distribution overlayed on top
of the medical images for the three patients. The displayed contours are the
same as in Fig. 5.5. Right: 3D representation of the electric field threshold (red)
which best fitted the lesion (white). The yellow arrows indicate electric field
inhomogeneities due to high conductivity of vessels, and the red arrow due to
the low conductivity of fat.
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Figure 5.7: Similarity metrics between the predicted treatment volume and the
lesion from the post-treatment image for the three patients. The continuous
line shows the Dice score, and the dashed line represents VS. The scores are
displayed for the two models: blue is σ(E) and orange is σ(E, T ). The black
vertical dashed line illustrates the electric field threshold found in [267].

σ(E) σ(E, T )
[267]

Dice VS Dice VS
Patient 1 687 706 748 763 755
Patient 2 632 638 702 712 707
Patient 3 508 556 602 637 626

Table 5.3: Electric field thresholds (V/cm) that maximize the similarity metrics.
The right column shows the thresholds found by Partridge et al.

5.4 Discussion

According to the obtained results on the three canine patients, and as
expected, this platform can be used to accurately predict the electric
field distribution and, thus, the treatment volume in electroporation-based
therapies. Importantly, this platform reduces the complexity to perform
treatment planning, as all the essential tools have been optimized and
integrated for a simple interaction that can be used by non-technical users.
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To the best of our knowledge, PIRET is the most complete platform
for electroporation-based therapies treatment planning, as reported in
Table 5.1.

5.4.1 Model accuracy

The obtained electric field thresholds in this study (704± 52 V/cm) are
in line with the findings from Partridge et al. (710± 28 V/cm), which
used a temperature dependent model similar to the one described here
and solved in COMSOL Multiphysics, a general purpose FEM software.
These small differences arise mainly from variations in the mesh building
process and in numerical convergence criteria. Although in this pilot
study we additionally modeled healthy liver tissue, vessels and adipose
tissue, the influence on the overall volume is minimal. Nonetheless, the
different tissues can substantially modify the electric field locally. This
effect is clearly illustrated in Fig. 5.6 (patient 1, yellow arrows) where
small vessels are near the outer boundary of the lesion and the electric
field in its vicinity is much lower. Although small vessels do not seem
to affect the treatment volume, larger ones can compromise treatment
efficacy [273]. Instead, the electric field tends to “escape” to tissues with
a lower electrical conductivity such as bone, fat or skin (Fig. 5.5, patient
2, red arrow).

Another important consideration that must be addressed during modeling
is if the temperature distribution should also be simulated. In the three
canine cases studied here, the two modeling methods (with σ(E) and
σ(E, T )) showed a significant difference of 10.1 % in the electric
fields threshold that better described the lesion (p-value = 0.01, two-
tailed paired t-test). Some numerical studies already observed that heat
generation can enlarge the predicted electroporation volume, mainly
in therapies where a high number of pulses are applied [103, 116].
Therefore, for NTIRE or H-FIRE, the time dependent model with σ(E, T )
should be preferred. Instead, in procedures such as ECT, the temperature
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increase is minimal due to the application of less pulses with lower
electric fields, and the simpler model will provide equally accurate results
with significant time savings (×15-20). Nevertheless, simulating the
temperature distribution is also useful for evaluating thermal damage as it
is not uncommon to find thermally ablated tissue around the electrodes
[7, 95, 100, 274]. A good approach consists of initially computing the
electric field with the non-thermal model to rapidly approximate the TV,
and later simulating the temperature effects to fine-tune the planning.

The importance of using the appropriate model is clearly observed with
overlap metrics. In the simulated canine models, we found a higher Dice
score with the thermal model (0.869 vs 0.845), which means that the
intersection between the predicted volume and the lesion was higher.
In other words, the model that considered the electrical conductivity
dependence on the temperature was more accurate. It is important to
point out that VS alone cannot tell which model is better, as only the
overall volumes are considered, regardless of the relative position and
shape.

This can have some implications in studies which characterize the electric
field threshold by comparing the volumes from experimental data and
numerical simulations [79, 198, 199, 238]. Although we observed non-
significant differences in the electric field threshold predicted by either
metric (a difference of 10 to 35 V/cm, p-value> 0.12, two-tailed paired
t-test), we believe that overlap metrics can provide a slightly better
approximation of the electric field threshold as not only the overall
volume is contemplated, but also their intersection.

5.4.2 Limitations and lines of improvement

The pilot retrospective study served to validate the accuracy of the
modeling methodology by correlating the electric field distribution with
the lesion. However, the electrode insertion was inferred from post-
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treatment imaging and it was positioned in alignment with the lesion,
which likely contributed to a good matching between the lesion and
the predicted TV. Ideally, to properly assess the treatment planning
capabilities of the platform, the electrode insertion should have been
planned blindly, that is, without any prior knowledge of the lesion
location, size or shape. Therefore, this platform should be tested on real
cases to fully validate its accuracy in predicting the treatment volume.

In addition, physician feedback is needed to fine-tune the application,
as it aims to be used in clinical practice. Nonetheless, we are confident
that the proposed workflow is useful in clinical environments to predict
the treatment volume in an easy-to-use way. And, although the study
has been mostly focused around the treatment of solid tumors with IRE,
PIRET can potentially be used for other electroporation-based therapies
such as EGT and PFA when needle-shaped electrodes are used.

5.5 Conclusions

A platform for patient-specific treatment planning in electroporation-
based therapies has been developed. Importantly, a simple workflow has
been implemented which allows non-technical users plan electroporation
procedures in a much simpler and faster way than previously available.
A 3D model from patient medical images can be easily built to predict
the treatment volume by simulating the electric field distribution. With
this platform, we successfully retrospectively modeled three canine liver
tumors. The predicted treatment volume accurately correlated to the
lesion volume observed in post-treatment images, and the inferred IRE
thresholds were in line with the findings of the original work by Partridge
et al. [267].

Although this study only contemplated canine liver tumors treated
with H-FIRE, the platform has been designed to be versatile. That is,
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to treat solid tumors with ECT or NTIRE in any animal or human
tissue. Additionally, it can potentially be used for other electroporation-
based therapies such as EGT and PFA. Future work will further
validate the platform with more retrospective cases, and, importantly,
with in situ treatment planning. Workflow and interface will be
improved from clinician feedback. Additional research should focus
on coupling treatment planning with image guided interventions and
surgical navigation. Hopefully, this platform will help to introduce
electroporation-based therapies as standard clinical procedures.
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Chapter 6

CONCLUSIONS

Computational tools for electroporation modeling and treatment planning
in electroporation-based therapies have been developed in this thesis.
Specifically, for the treatment of solid tumors with irreversible
electroporation. The contributions are:

• The development of a web-platform which illustrates electroporation
dependence on electrode number and positioning, the voltage applied
between electrode pairs, and the tissue electrical conductivity.

• The characterization and modeling of cell death due to treatment overlap
in irreversible electroporation therapies.

• The development of a patient-specific treatment planning platform for
electroporation-based therapies which has a simple workflow that allows
clinicians and non-expert users plan electroporation procedures.
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6.1 Overview

Chapter 3 presented EView, a web platform which illustrates
how treatment parameters affect the electric field distribution in
electroporation-based therapies. Namely, the electrode number and
positioning, the voltage applied between electrode pairs, and the tissue
electrical conductivity. Currently available platforms for simulating the
electric field either required much more sophisticated models, both
computationally and in terms of the required user expertise, or they
provided approximate results based on too simplistic models. Instead,
EView provides a simple electroporation simulation workflow which is
powerful enough to analyze complex geometries in just a few minutes
which can be easily used by students, researchers and clinicians.

Chapter 4 reported an in vitro study which aimed at characterizing
and modeling cell death in irreversible electroporation therapies due
to treatment overlap. The results showed that treatment overlap could
substantially reduce the electric field threshold needed to induce cell
death and thus increase the efficacy of the overall treatment in certain
conditions. However, in terms of overall treatment volume, minimal
effects were expected in typical NTIRE procedures in which trains of
70 or more pulses are applied through multiple electrode pairs. It was
shown that predicting the treatment volume by simply performing the
geometrical union of the ablation volumes of each individual electrode
pair was accurate enough, although probabilistic models could be used
to also analyze the transition zone. At last, even if this study did not
explicitly contemplate ECT, it could be inferred that the same general
conclusions applied to treatment overlap in ECT procedures.

At last, chapter 5 described a newly developed treatment planning
platform for electroporation-based therapies. The modeling methodology
presented in chapter 3 was extended to simulate the electric
field distribution on patient-specific models. Although the modeling
methodology was more complex, a simple workflow was preserved to
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allow clinicians and non-expert users plan electroporation procedures.
Three canine liver tumors were retrospectively planned and the predicted
treatment volume accurately correlated with post-treatment imaging.
Even though this work only contemplated IRE, it could potentially be
used for ECT and other electroporation-based therapies such as EGT and
PFA. Hopefully, this platform will help in introducing electroporation-
based therapies in standard clinical practice.

6.2 Future perspectives

Treatment planning has been of great interest since the beginning of
electroporation-based therapies. However, due to its complexity it was
mostly found in pre-clincical and clinical studies where the plan is
performed by engineers, rather than by clinicians. Future research should
focus on further validating the platforms developed in this thesis, and
extending their capabilities to ensure more accurate simulations of the
electric field and treatment plans.

Research for improving the two platforms developed here should focus
on accurately characterizing tissue electrical conductivity, as it highly
influences the electric field distribution. Not only conductivity differs
between tissue types, but the rise induced due to electroporation is
also dependent on the pulsing protocol. That is, the number of pulses,
pulse length, and pulse repetition frequency. Therefore, to ensure that
the electric field is accurately simulated, conductivity should be further
characterized for each tissue and application.

Intraoperative monitoring is key in ensuring that the treatment is being
executed as planned. Currently, image-guided interventions are used to
assess electrode insertion. However, electrode endpoint deviations from
the plan are not uncommon due to organ shifts between the imaging
session and the intervention, and an extra safety margin must be added
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during planning to ensure treatment efficacy. Therefore, future research
should focus on surgical navigation systems that register the treatment
plan with the intervention image-guiding system, which, potentially,
could reduce the required safety margin.

In Chapter 4, cell death due to treatment overlap was characterized and it
was revealed that obtaining the overall treatment volume as the geometric
union of the treatment of individual pairs was accurate enough. However,
the study was performed in vitro on a cell monolayer, so further in
vivo validation should be performed to prove that the findings are also
valid for NTIRE pre-clinical and clinical studies. Additionally, the study
only contemplated IRE and it should be investigated if the same overall
conclusions apply to RE. Finally, treatment overlap was analyzed in two
scenarios with different electric field exposures. Whereas in one case
cell membrane was always polarized in the same direction, in the other
one polarization was induced at angles close to 90°. Cell death was
slightly higher in the latter, probably because a larger membrane area
was polarized during the treatments. Understanding this phenomenon is
required to fully validate the implications of treatment overlap.
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RV, González Ballester MA, Ivorra A. EView: An electric field visu-
alization web platform for electroporation-based therapies. Computer
Methods and Programs in Biomedicine. 2020; 197:105682.
DOI: 10.1016/j.cmpb.2020.105682
URL: https://doi.org/10.1016/ j.cmpb.2020.105682

Perera-Bel E, Mercadal B, Garcı́a-Sánchez T, González Ballester MA,
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