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Abstract

Two treatment modalities based on the electroporation phenomenon,
electro-chemotherapy and irreversible electroporation, have been
developed in the last decades to destroy solid tumors. These treatments
are based on the delivery of short high voltage pulses across electrodes
and their success depends on covering the whole tumor with an adequate
electric field magnitude. This leads to a need for software tools capable of
allowing patient-specific treatment planning. In particular, there is a need
for treatment planning tools similar to those used in radiotherapy in order
to plan the location of the electrodes and the voltage magnitudes to be
applied across these electrodes.

Here it is described a treatment planning platform prototype which allows
users to perform the complete treatment planning sequence in a single
environment. The planned treatment volume is represented on the patient
medical images after computing, by the finite element method, the
electric field magnitude generated by needle-shaped electrodes.

Here it is also reported a study in which the above prototype was
employed for analyzing the potential impact of liver blood vessels on
tumor ablation by irreversible electroporation. From this study it is
concluded that those vessels must not be neglected in treatment planning
and that undertreatment around those vessels may be occurring frequently
in current irreversible electroporation treatments of liver tumors.

Finally, it is described the implementation and characterization of a fast
semi-analytical algorithm for computing the electric field distribution
generated by needle-shaped electrodes. This algorithm is intended to
rapidly pre-visualize the expected treatment region before proceeding
with an accurate, but laborious and slow, computation based numerical
methods.






Resumen

Dos modalidades de tratamiento basadas en el fenémeno de la
electroporacion, la electroquimioterapia y la electroporacion irreversible,
han sido desarrolladas en las uUltimas décadas para destruir tumores
solidos. Estos tratamientos se basan en la aplicaciéon de pulsos cortos de
alta tension a través de electrodos y para su éxito se requiere abarcar todo
el tumor con una magnitud de campo eléctrico adecuada. Esto lleva a la
necesidad de herramientas software que permitan la planificacion de
tratamiento especifica del paciente. En particular, existe la necesidad de
herramientas de planificacion de tratamiento similares a las utilizadas en
radioterapia para planificar la ubicacion de los electrodos y las
magnitudes de voltaje a aplicar a través de estos electrodos.

Aqui se describe un prototipo de plataforma de planificacién de
tratamiento que permite a los usuarios realizar la secuencia completa de
planificacion de tratamiento en un solo entorno. El volumen planificado
de tratamiento se representa sobre las imagenes médicas del paciente
después de calcular, mediante el método de elementos finitos, la magnitud
del campo eléctrico generada por electrodos en forma de aguja.

Aqui también se detalla un estudio en el que el prototipo anterior se
empled para analizar el impacto potencial de los vasos sanguineos
hepéticos sobre la ablacion de tumores por electroporacién irreversible.
De este estudio se concluye que estos vasos no deben ser descuidados en
la planificacion del tratamiento y que alrededor de esos vasos se puede
estar produciendo sub-tratamiento frecuentemente en los tratamientos de
electroporacién irreversible que actualmente se aplican para tumores
hepaticos.

Finalmente, se describe la implementacion y caracterizacion de un
algoritmo semi-analitico rapido para calcular la distribucion de campo
eléctrico generada por electrodos en forma de aguja. Este algoritmo esta
destinado a pre-visualizar rapidamente la region de tratamiento esperada
antes de proceder con un preciso, pero laborioso y lento, proceso de
calculo basado en métodos numéricos.
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CHAPTER 1

Introduction



1.1 Introduction

Electroporation, or electropermeabilization, is the phenomenon in which
the permeability of the cell membrane to ions and molecules is artificially
increased by applying an electrical field that causes the formation of nano-
scale defect in the cell membrane. The electric field applied can be either
in the form of short (dc) pulses or in the form of short (ac) bursts [1]-[4].
Electroporation is a dynamic phenomenon that depends on the local
transmembrane voltage, that is, the voltage difference between the exterior
and the interior of the cell[1]. It is generally stated that electroporation
occurs when the transmembrane voltage reaches a certain threshold. When
an electric field is externally applied to a biological organism, typically by
means of electrodes, an artificially induced transmembrane voltage is
superimposed to the natural resting transmembrane so that the threshold
for electroporation can be reached.

Depending on the number of pulses, their magnitude, their duration and
other factors, permeabilization induced by electroporation can be
temporary and not compromise the viability of the cell ("reversible
electroporation™) or can be permanent (too intense) so that cell
homeostasis is severely disrupted and the cell ends dying by necrotic or
apoptotic processes (“irreversible electroporation') (See Figure 1.1)[3],
[5], [6].

As it will be later described, the artificially induced transmembrane
voltage is proportional to the local electric field magnitude that is created
in tissue because of the passage of current delivered by electrodes.
Therefore, as indicated in figure 1.1, cells in a tissue region will
experience electroporation if the electric field magnitude in that region is
above a threshold. This concept has been tested in a number of
experimental studies and it has been recognized that, for each tissue and
pulse protocol, at least two electric field thresholds can be described: a
threshold for reversible electroporation and a higher threshold for
irreversible electroporation[2], [3], [5], [7].
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Figure 1.1. A schematic representation of the outcomes of electroporation
from the perspective of a single cell (adapted from [8] with permission by
A. lvorra)

Reversible electroporation is the basis of “electrochemotherapy” or ECT
for short, that is used for facilitating the penetration of anticancer drugs,
mainly bleomycin and cisplatin, into malignant cells in the tissue [9].
Irreversible Electroporation (IRE) is a novel non-thermal tissue ablation
method and is currently employed for destroying solid tumors[10].
According to Ivorra et al. irreversible electroporation (IRE) can be
defined as “the permanent or temporal membrane electroporation process
that causes cells to die”[11].

IRE can be performed by applying short pulses (microsecond to
millisecond) of electrical energy applied to a direct tissue by electrodes.
Typically, IRE in soft living tissues is achieved by applying 10 to
100 pulses with a duration in the order of 100 u(micro)s and a field
magnitude from 500 to 3000 V/cm [4], [10].



1.1 Electroporation as a bioelectrical phenomenon

1.1.1 At cellular level

There are numerous evidences from experiments on cell suspensions[12],
[13][14], isolated cells and on artificial membranes[15], [16], indicating
that the electroporation occurs when the transmembrane voltage reaches a
specific threshold. The wvalue of such threshold depends on the
characteristics of the applied pulses (number, duration, and shape) and
also on how electroporation is assessed (e.g. by noticing an increase of
membrane conductance, by detecting intracellular contents release or by
observing cell lysis). Most authors reported threshold values in the range
from200 mVto 1 V.

In electrical terms, the extracellular and intracellular media are considered
to behave as resistive media whereas the lipid bilayer cell membrane is
modeled as a thin dielectric layer. When an electric field is applied to a
biological sample, either a cell suspension or a tissue, the membrane is
charged until it reaches a steady transmembrane voltage, typically in a
time range in the order of 1lus. If the magnitude of the field is large
enough, the induced transmembrane potentials will cause electroporation.
Up to a point, the electroporation phenomenon can be understood as the
dielectric rupture of the cell membrane.

Before electroporation occurs the induced transmembrane voltages are
proportional to the magnitude of the applied field. In the case that a
uniform field is applied to a single cell in suspension, or to a diluted
suspension, it is possible to employ a simple model in order to predict
when electroporation will occur: for a spherical cell of radius r with
negligible membrane conductivity (figure 1.2.) the induced
transmembrane potential (AVm) at each membrane point is[17]:

AV, :g|Eext| rcos(0) (1)

Where 0 is the angle between the radius (from cell center to evaluation
point) and the applied external field (Eex). This expression is sometimes
referred to as the Schwan’s equation.
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Figure 1.2. An external electric (Ee) field induces a modification of the
transmembrane potential. The electric field is intentionally not drawn in
the vicinity of the cell because there it is not uniform (authored by A.
Ivorra; with permission).

Therefore, since AVm is proportional to the cell radius, lower fields are
typically required to achieve electroporation in larger cells that in smaller
cells (although some exceptions have been identified[18]). This fact has
significant consequences when cell suspensions are electroporated in a
cuvette. For instance, the magnitude of the applied electric field needs to
be optimized for each cell type and better results will be obtained for cell
lines with small variations in cell sizes.

Another interesting consequence of the above equation is that
electroporation will not occur uniformly across the cell membrane; some
areas will be easily electroporated (i.e. large |[AVy|) whereas other will
remain intact (JAV | ~ 0 V). In particular, cell areas facing the electrodes,
that is, perpendicular to the field direction (6 ~ 0) will experience larger
transmembrane voltages and therefore will become more -easily
electroporated. This phenomenon is nicely illustrated in[16]. In that paper,
the researchers employed voltage-sensitive fluorescence dyes combined
with fast microscopy and they were able to observe that:

Large |AV,| occurred at the cell poles facing the electrodes.

At those areas, it was observed a huge increase in membrane conductivity
(i.e. electroporation).



1.1.2 At tissue level

For more complex geometries than that shown in Figure 1.2., the
equations that describe the induced transmembrane potential are much
more intricate or do not exist. For those cases, it is convenient to make use
of numerical methods implemented on computers. For instance, in[19]
the finite element method was employed to conclude that the maximum
transmembrane potential induced in erythrocytes (biconcave shape) must
be 22 % lower than the maximum transmembrane potential that is reached
in a spherical cell of the same size.

In dense cell suspensions and tissues, where the spaces between cells are
narrow, the electric field will be far from uniform at the microscopic level.
Hence the above equation for the induced transmembrane voltage in the
case of an isolated cell will be useless for tissues. However, given that the
resistivity of some tissues can be assumed to be homogeneous at the
macroscopic level, it is possible to consider a macroscopic electric field
distribution. Then it is reasonable to hypothesize that cells in a specific
tissue region will be electroporated if the macroscopic electric field
magnitude at that region reaches or surpasses a specific field magnitude
threshold. Such threshold will not only be dependent on electroporation
parameters but also on tissue type, similarly to what happens with
suspensions of cells from different lines. Besides cell sizes, shapes and
orientations, the intercellular distances will also play a significant role.
That is, the separation between cells will modulate the transmembrane
potential induced by the external macroscopic field.

The above hypothesis is now commonly employed to predict the
extension and shape of tissue volume that will be electroporated with a
specific electrode setup. That is, it is key ingredient of treatment planning
for electroporation-based therapies. Figure 1.3. illustrates this hypothesis.
Regardless of the mentioned difficulties, the numerical modeling of
tissues by means of finite element methods (FEM) has been used in
predicting the electroporation outcomes. The finite element requires
building model geometry that includes the tissues and electrodes
geometries. In which the tissues conductivities are models as
homogeneous models (in Figure 1.3 a single tissue type and two needle
electrodes are modeled). Then, the electric field distribution can be
calculated by analytical or numerical methods. In order to identify the
volume of the electroporated tissues, the electric field threshold should be
known in advance. The tissues that exposed to an electric field magnitude
above the Egreshog are electroporated, while no electroporation occurs in
tissues exposed to lower electric field magnitude are not electroporated.
This methodology has been validated in multiple experimental
studies[20]-[23].
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Figure 1.3. The numerical modeling of electric field distribution in
homogeneous tissues. a) The geometrical model composed of two needle
electrodes of 0.5 mm in diameter, 1 cm interelectrode spacing and 1000 V
applied potential. b) The electric field distribution (arrows) on the tissue
surface; four isolines of the electric field magnitude are also displayed
(250, 500, 750 and 1000 V/cm). c) The area where the 1000V/cm electric
field and the induced transmembrane potentials (AVm) (packed round
cells with a diameter of 20 um) are located. d) The same as subfigure (c)
but at an area where the field magnitude is 500 V/cm. Note: the length
scale of the microscopic field distribution in subfigures (c) and (d) is not
the same than the one used for the macroscopic field (authored by A.
Ivorra; with permission).



At least three different electric field thresholds can be defined that are of
interest in electroporation. The lowest of them would be the threshold for
the manifestation of reversible electroporation (E,); only the cells within
areas where E > E,, are electroporated. If a second threshold (Ejqe,) is
reached or surpassed, electroporation will compromise the viability of the
cells. A larger threshold can also be defined (Eermar) Tor the manifestation
of thermal damage caused by the Joule effect. This is particularly relevant
in the case of IRE ablation techniques: if irreversibility threshold is
surpassed but the thermal threshold is not reached then cells are destroyed
but tissue scaffold is spared and that facilitates post-treatment healing[10].
The above modeling strategy employed for computing the electric field
distribution assumed that the conductivity of the tissues was inalterable.
However, recently, a refinement was introduced that further increases the
accuracy of the predictions: the electrical conductivity of a tissue is not
constant but depends on the electric field magnitude it is experiencing[20],
[21]. This models the fact that when electroporation occurs the
conductivity of the tissues increases abruptly and significantly. Such
conductivity increase results in a field redistribution which in turn results
in new conductivity redistribution and so on. Hence, when a high-voltage
pulse is applied to a tissue, if electroporation occurs, the final electric field
distribution will not be reached immediately and such final field
distribution will be different from the distribution computed assuming that
the tissue conductivity is constant.

1.2 Pre-clinical and clinical studies on electroporation

Currently, electroporation-based therapies (Electrochemotherapy and
Irreversible electroporation) are used clinically for tumor treatment. In this
thesis, it was aimed at developing a software treatment planning tool for
electroporation clinical applications. Therefore, Therefore, it was deemed
convenient to briefly survey past and current research on the use of
clinical electroporation. Here are outlined some conclusions from that
survey. It must be noted that here it was not attempted to perform a review
on the use of electroproation-based therapies. The present survey is far
from being a complete and exhaustive review. Its main purpose was to
collect some observations that can be helpful to understand the clinical
implications of electroporation-based therapies.

1.2.1 Electrochemotherapy (ECT)

In the context of cancer treatment, reversible electroporation can be
employed both for gene delivery and for chemotherapeutic drug delivery.
Although electroporation-mediated gene delivery for cancer treatment
shows very promising results[22], its clinical use is still quite immature.
This section focuses on electrochemotherapy, which consists in the use of
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reversible electroporation for introducing chemotherapeutic drugs into
solid tumors cells.

Electrochemotherapy was pioneered by Lluis Mir in the early 90s with an
initial clinical trial for cutaneous and subcutaneous (head and neck) tumor
nodules[3]. Then, electrochemotherapy rapidly gained popularity and
currently exists as an independent treatment procedure in clinical settings.
ECT now is very well established in in clinical centers in Europe and
reported response rates range from 72%-100%[9], [23].

In the 90s and early 2000s, in parallel to clinical trials, several studies
were performed in animal tumor models either spontaneous or
transplanted at different locations such as skeletal muscles, liver, and
brain for optimizing electrochemotherapy protocols and for exploring
different clinical targets. The animal models included mice, rats, and
rabbits in which high ECT antitumor effectiveness was reported on
carcinomas, melanomas, neuroblastomas, and fibrosarcomas in the
muscle, liver or brain [24]-[29].

1.2.1.1 Early pre-clinical studies
e Invitro studies

Electroporation was shown to increase the permeability of different
pharmaceutical and chemotherapeutic molecules into the tissue where an
electric field is applied. In 1988, suitable candidates for ECT were
identified by in vitro studies on Chinese hamster lung fibroblast cell
cultures and were limited to bleomycin and cisplatin[30]. The conditions
that allowed for the chemotherapeutic agent to be suitable for ECT use
were their permeability, which is determined by the size and physic-
chemical properties of the molecules. Both bleomycin and cisplatin act on
breaking the DNA strands upon entering the cells. In vitro studies showed
that bleomycin enters the cell and disrupts DNA strands in 30 seconds
following the electroporation pulse, and only several hundreds of the
molecule are sufficient to kill the cell[31]. It was shown that bleomycin’s
cytotoxicity was increased 300-700 fold when electroporation was applied
in comparison to no electroporation pulses [32]. The cytotoxicity increase
of cisplatin with electroporation was less than that observed with
bleomycin. However, cisplatin was extremely useful to reduce the
cumulative dose of bleomycin in the case of multiple treatments. Note that
a cumulative dose of bleomycin higher than 300mg/m? could contribute to
lung fibrosis[23].

In vivo studies

Electrochemotherapy has been used to treat different types of tumors in
animal models, such as (cats, canines, and horses)[26], [33], [34]. Studies
on brain tumor, liver and pancreas indicated promising results
[35],[24],[3], These studies were also used to demonstrate the most

9



effective route of administration (intravenously or intratumorally), drug
dosage and pulse parameters[32]. It became a standard to employ eight
voltage pulses of 100 ps producing an electric field in the range from 1000
V/cm to 1500 V/cm at a repetition frequency of 1 Hz or 5 kHz. Moreover,
Moreover, a minimum interval of 4-weeks between consecutive ECT
treatment was affirmed for protection against side effects of cumulative
bleomycin doses especially on the lungs[36].

In a comparative study conducted on 25 dogs that suffered from Canine
Mast Cell Tumors (MCT), electrochemotherapy effectiveness in treating
tumors was assessed. During the study, both the duration of response to
treatments and the response rates were assessed. The results showed that
ECT caused similar antitumor success as surgical treatment; however,
treatment response of the surgical treatment was shorter than that of ECT.
This suggests that ECT can be used as an alternative to surgery, especially
when the small nodules are used in one treatment session can result in a
complete response with a long duration. Interestingly, no major side
effects to ECT were reported apart from minor temporary muscle
contraction during the application of ECT and partial necrosis which
resulted in a superficial scar that fell off within a few weeks after the
treatments. The effectiveness of electrochemotherapy on brain tumors of
male rate showed complete tumor ablation with minimal side effects[28].

1.2.1.2. Clinical studies

Electrochemotherapy clinical studies were advanced further in a
successful first clinical phase I-1I trial in 1993 on eight patients with
nodules of head and neck squamous cell carcinomas using bleomycin. The
results were promising with 57% of the nodules having a complete
response within 4-5 days[37]. Recent ECT clinical trials using either
bleomycin or cisplatin, indicate tumor response rates above 80%][38]—
[40].

Almost all previously mentioned clinical trials were concerned with
cutaneous nodules and not any subcutaneous, deep-seated tumors.
Treatment of deep-seated tumors by electrochemotherapy was not
attempted until recently[41]. Another clinical trial was conducted in
Greece on 47 patients with cutaneous and subcutaneous tumors in which a
63.83% of the tumors showed a complete response, while 31.91% showed
only partial response and only 4.26% of the tumors show no response at
all[42].

Further clinical trials confirmed the safety and efficacy of using ECT in
treating the tumor with different histologies. A two-year-long study lead
by Marty et al. on 41 patients to evaluate the efficacy of ECT on
cutaneous and subcutaneous metastases using both bleomycin and
cisplatin showed that ECT was effective in treating both cutaneous and
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subcutaneous tumors[9]. Moreover, ECT was tested on treating pancreatic
cancer. A study was carried on 13 patients with advanced pancreatic
cancer in phase I/11. Electrochemotherapy was completed along bleomycin
in an open surgery. All patients underwent Ultra Sound and Magnetic
Resonance Imaging before and after the application of ECT, some were
also assessed by morphological computer tomography. There were no side
effects or major complications recorded with the good functional result.
Moreover, the surrounding viscera was not damaged and most
importantly, ECT was recorded to be able to treat locally advanced
pancreatic cancer [46]. Larkin et al. conducted a research on a total of 111
tumors and reported the effectiveness of using Electrochemotherapy in
treating cancers that are progressive, unable to be operated on or recurrent.
In addition to its competency, the results showed its safety, inexpensive
and absence of pain or bleeding[44].

1.2.2 Irreversible electroporation (IRE)

During the last two decades in which reversible electroporation was
clinically employed for drug and gene delivery, irreversible
electroporation was mainly perceived as a detrimental outcome that
occurred when excessive fields were applied. However, in 2005, Davalos
and Rubinsky proposed that irreversible electroporation could be
employed as a tissue ablation modality without some of the constraints
and drawbacks of thermal methods and without the requirement of any
chemotherapeutic drugs [5]. In 2006, it was experimentally demonstrated
that IRE can selectively ablate areas of non-pathological rodent livers[45].
This later study confirmed the hypotheses by Davalos and Rubinsky and
prompted the development of further animal studies aimed at further
refining the IRE techniques and the study of possible clinical applications.

1.2.2.1 Early pre-clinical studies
e Invitro studies

An in vitro study conducted on MDA-MD-231 human mammary
carcinoma cells, where a set of pulses were incorporated into a three-
dimensional numerical model of the heterogeneous system to establish the
threshold needed to induce IRE. The study results showed that IRE was
induced at 1000 V/cm with an electrode placed within 0.5 mm of the
tissue margin to get the best results. This study found that IRE is an
effective method to fully treat heterogeneous tissue without causing
thermal damage and resulting in side effects (scarring, aesthetic effects)
[46]. Rubinsky et al. conducted systematic studies of the parameters
needed for IRE of cancer cells. In this study, they used an electric field
strength of 125V/cm to 2000V/cm with pulse numbers from 1- 3840.
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While the pulse duration remains constant. The study found that the
prostate cancer cells were completely destroyed without any thermal
damage[47]. Bao et al. systematically studied the electroporation of tumor
and blood cells, in which various electroporation duration and electric
field intensities were applied including irreversible electroporation
threshold (E 110-1200V/cm), the study observed rapid tumor cell death
due to electroporation[48].

Furthermore, the advantages of IRE triggered the interest of researchers
leading to many in vitro studies [46], [49]-[51]. In which the effect of IRE
on the artificial membrane systems, including lipid bilayer sheet
membrane and the isolation of single individual cells from their
extracellular environment has been investigated[52], [53].

e Invivo studies
The effectiveness and safety of IRE have been investigated in several in
vivo studies[54]-[57]. Guo et al. conducted a study on 30 rats with
Hepatomas, the results confirmed the effectiveness of using IRE in
ablation of liver tumors[57]. Furthermore, the ablation effectiveness of
IRE has been investigated in [58] 69 pigs, the results showed that the
increase in the IRE electric field intensity increased the treatment region.
An in vivo study conducted on 87 mice with livers tumors divided the
subjects into two groups and treated them with different combinations of
field strengths (1000V/cm, 2000V/cm) and anti-hyperkalemic therapy.
The study results showed that mice that received 1000V/cm survived
longer than those given 2000V/cm. The study also showed that mice were
given 2000V/cm and anti-hyperkalemic had a higher survival rate than
those treated with 2000V/cm alone [59]. This suggested that ionic
disturbances should be monitored and corrected when doing large ablation
volume IRE.
Another study conducted on 18 pigs that treated different tissue types
using IRE; muscle, kidney, and liver. It was shown that each tissue has its
own electrical conductivity properties that require its own customized IRE
with a specific electrical parameter to induce the best results [60].
Furthermore, the IRE parameters (Electrode parameters, pulse duration,
the number of pulses and tissue electrical properties) were further tested
and validated in many studies on various tissue types. They were tested in
liver, brain, lung, kidney, and prostate in deferent animal models( rat,
rabbit, porcine and dog)[61]-[67].
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1.2.2.2 Clinical studies

IRE has already been tried for the ablation of human tumors. In 2011,
Thomson KR and colleagues investigated the safety of irreversible
electroporation. In their study, a set of 38 volunteers with advanced
malignancy of liver, kidney or lung (with overall 69 separate tumors), who
were unresponsive to other treatment procedures, were subjected to IRE
treatment under general anesthesia. Clinical examinations, biochemistry,
and CT scans of the treated organs were performed before, immediately
after IRE, and after 1 month and 3 months. The study results indicated that
no mortalities occurred in 30 days after IRE. A few complications were
reported: four patients had a transient ventricular arrhythmia, one patient
developed obstruction of the upper urethra after IRE, and one adrenal
gland was unintentionally directly electroporated, which produced
transient severe hypertension. The CT scans results after IRE showed that
complete volume ablation was achieved in 46 tumors, out of 69 (66%),
and that most treatment failures occurred in renal and lung tumors. The
study concluded that IRE can be used as a safe ablation modality for
humans under the use of synchronized electrocardiography (ECG) for
pulse delivery and under general anesthesia[68].

Furthermore, in 2011, IRE was experimentally tested by [69] in a clinical
study for assessing the feasibility and safety of ablating renal cell
carcinoma (RCC) in human tissues by IRE. Six patients scheduled for
curative resection of RCC were subjected to IRE. IRE was followed by
monitoring procedure in which the central hemodynamics were recorded 5
minutes before and after electroporation, electrocardiography (ECG)
before, during, and at scheduled intervals after the intervention, and blood
sampling. The analysis of monitoring results did not show any changes: in
the ST waveforms (STAN) and direction deviations, in the central
hemodynamic 5 min after IRE, in hematological, serum biochemical, and
in the ECG variables during the investigation period and in cardiac
function after IRE therapy, while only one case of supraventricular
extrasystole was encountered. However, the study concluded that the IRE
can be used as feasible and safe technique to treat patients with kidney
tumors[69].

In another study, unresectable soft tissue tumors in the liver and pancreas
in a group of 150 patients were treated and analyzed with IRE over the
period of 2 years. The study results showed that using IRE for larger
lesions or lesions with more vascular involvement showed no significant
increase in side effects or morbidity rate compared to less complex
lesions. This proves that IRE is a safe alternative to conventional ablative
methods for unresectable soft tissue tumors [70].

As for Renal Cell Carcinoma (RCC), a clinical trial conducted on six
patients who were given IRE treatment immediately before the resection
of the tumor. The study results showed no immediate side effects of IRE;
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no change in the hemodynamic state during the study except for one case
of supraventricular extrasystole. This study proved the effectiveness and
safety of IRE over other ablative techniques [69]. In a phase-II clinical
trial conducted [71], on twenty-nine patients with unresectable, centrally
located colorectal liver metastases who were treated with IRE and
followed up 12 months after IRE, a high variation of efficacy with a
higher efficacy for tumors < 3 cm was shown. The study also showed a
local recurrence rate of 67-100%. These results were considered
encouraging and showed an advantage over the only other option that
these patients had which is palliative chemotherapy [71].

A clinical trial was conducted on 139 patients with locally advanced
pancreatic cancer, divided into 2 groups; one group treated with IRE and
standard therapy and the other group treated with standard therapy
(chemotherapy and radiation) alone. The study results showed that
patients who underwent IRE and standard therapy combined had a better
local palliation, distant palliation and overall survival compared to those
who underwent standard therapy alone. The study results showed a
mortality rate of only 2% in the combined therapy [72].

A study on 28 patients with perivascular hepatic malignant tumor showed
that IRE treated all tumors via both open and percutaneous approaches.
Complications occurred in 2 patients and the overall morbidity was 3%.
IRE had a combined local failure of only 7.5% [73]. Another study on
patients with perivascular hepatic malignant tumors showed that 10 out of
14 treated patients (71%) were successfully treated with no reoccurrence
seen during follow-up sessions. Complications were mainly hemorrhage
and occurred in 4 out of 14 (29%) due to multiple needle insertions while
the bile duct remained intact. This study proved that IRE is more effective
than thermo-ablative techniques but still carries a similar risk of
complications [56].

IRE was used to treat two patients with locally advanced pancreatic cancer
and one with colorectal liver metastasis. The study results showed a
successful IRE procedure of the whole tumor in all three patients and on
the minimum 7-month follow-up there was a 100% local control without
any progression. No complications were found to be directly connected to
the procedure [74].

The first numerical study showed that it was possible to destroy cells by
irreversible electroporation without inducing significant temperature
increases. The feasibility of this treatment for different cancer types
including breast cancer was investigated further by determining the
threshold of the electric field required for irreversible electroporation. It
was then found that a threshold of 1000V/cm was capable of achieving
irreversible electroporation to cells in culture[46][75], [76]. Furthermore,
a study on a 3D model consisting of cancer cells cultured in collagen 1
hydrogels treated by IRE and after that compared to that in an in vivo
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system. The study results showed that both systems showed same
characteristics of treating tumors. This study proved the effectiveness of
using a 3D model to mimic in vivo model and therefore proved its clinical
applicability and reliability [51].

1.3 Treatment planning for electroporation-based
therapies

Treatment planning can be defined as the procedure in which the best
conditions for treating a patient are defined. In electroporation-based
therapies, treatment planning is the process in which it is planned, by
means of computer systems, the electric field distribution to be induced in
a patient.

Electroporation-based treatments aims to precisely cover the target
volume with the required electric field distribution while minimizing the
damage to the healthy surrounding tissue.

There are two main approaches for generating electroporation treatment
plans: forward planning, and inverse planning. In forwarding planning,
useres design the treatment plan, simulate it and observe the predicted
result on a computer system.

The users can change the treatment plan parameters (i.e. electrode
position, length, orientation and applied voltages) until an acceptable
solution is achieved. In inverse planning, the electroporation treatment
parameters are specified by the users and then the system automatically
computes the best treatment parameters.

Similar to radiotherapy treatments, electroporation-based treatments are
localized treatments in which the definition of a target volume is
considered to be a prerequisite for an efficient 3D-treatment
planning, depending on high-quality patient specific medical image
(CT or MRI). Adopting the terminology from radiotherapy, three
relevant volumes can be defined in electroporation treatment
planning. The first is the localized and extent (the visible tumor) of
the gross tumor (GTV). The second volume is the clinical target
volume (CTV) which is the GTV plus a margin of tissue containing
the GTV. The CTV volume should be adequately treated to achieve
a cure. The third volume is the planning target volume (PTV) which
manages the uncertainties in planning or treatment delivery[77].
Figure 1.4. shows a proposed radiotherapy treatment plan for liver tumor
based on the International Commission on Radiation Units (ICRU) 62
recommendation[78]. The PTV, CTV and GTV volumes were identified.
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Figure 1.4. Image from a radiotherapy treatment planning procedure for a
patient with a liver tumor. The gross tumor volume (GTV; red) is defined on the
contrast-enhanced CT, the clinical target volume (CTV; blue) is a 2-mm
expansion on the GTV, and the planning target volume (PTV; green) [79].

Furthermore, electroporation treatment planning should take into
consideration the organs at risk (OR) by adding a safety margin around
the PTV to ensure that the organ will not be exposed to unsafe electric
field distribution.

Mathematical and numerical modeling have been used to successfully
predict treatment outcomes in electroporation-based therapies in relatively
simple and experimental scenarios. Several studies used the numerical
modeling for calculating the in vivo electric field distribution[51], [75],
[76], [80]-[83]. The finite element method and the 2D/3D models that
represent the target tissue, and specified electric field threshold value for
identifying the electroporated regions have been used in numerical
modeling[83]-[85]. In these studies it has been validated the notion that
the tissue exposed to electric field higher than the specified threshold can
be considered as effectively treated by electroporation, while no
electroporation occurs in the regions in which the electric field magnitude
is below that threshold. In order to identify the covered volume of the
electroporated region, the threshold value must be known in advance[5],
[83], [86].

Although there are some examples of studies in which numerical methods
have been used to optimize electrode setups for electroporation-based
therapies, very few examples exist in which patient specific treatment
planning has been attempted, either in animals or in humans. Two
examples of electroporation treatment plan based on finite element
method has been conducted for calculating the electric field distribution
on mouse tumor and in muscle tissue models[87], [88]. Another study for
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identifying the electroporation threshold values in liver tissue was
conducted, in which the reversible and irreversible volumes at 360V/cm
and 640V/cm were experimentally compared for static and sequential
models [21], [89]. Furthermore, the impact of electric conductivity
changes on electric field distribution during electroporation has been
experimentally examined [90]-[93].

The impact of electrode configurations (insertion depth, interelectrode
spacing, diameter, and contact surfaces) on electroporation treatment has
been included in numerical modeling and investigated in several studies
[10], [57], [89], [96], [94], [97]. Furthermore, the changes in tissues
electric conductivity during electroporation were numerically and
experimentally investigated [21],[97], [98].

In clinical setting, treatment planning has been used for
electrochemotherapy by institutions in Europe for treating deep-seated
tumors in various organs, such as liver, bone, brain, and soft-tissue[41]
[99][96] [100]. Recently, IRE is being introduced to clinical trials for
treating deep-seated tumors in liver, pancreas, prostate and renal tumors in
many institutions in the USA and Europe[101].

Following the electroporation treatment procedures to ensure safety and
efficacy treatment, a patient-specific treatment plan is required for both
ECT and IRE[84], [96], [99], [102]. Specially for deep-seated tumors that
are heterogeneous in shapes, size, and location in the body; therefore,
obtaining total coverage on the target tissue with sufficient electric field
distribution requires modeling of electric field distribution[103], [104]. To
ensure an excellent treatment quality, it is important to have treatment
planning tool that model the electric field distribution and able optimize
the treatment.

Recently, the University of Ljubljana has developed the first treatment
planning tool for electroporation therapies. It is a web-based tool for
patient-specific planning in different tissues [99], [105]. The tool is
composed of image processing algorithms for segmenting and
reconstructing the 3D models and the numerical modeling for calculating
the electric field distribution is performed by COMSOL Multiphysics
(Comsol AB, Stockholm, Sweden).
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1.4. Research Aims and Objectives:

The general aim of this thesis is to contribute to the development of
treatment planning tools and methods for treatment modalities based on
electroporation.

1.4.1 . Research objectives

The specific research objectives of the thesis are listed below, coarsely in
the order they were pursued:

O1. To develop a prototype of a treatment planning platform for
treatments based on electroporation which employ needle-shaped
electrodes.

O2. To investigate the impact of blood vessels on IRE treatments in the
liver by simulating a large set of clinically plausible treatments in an
anatomically realistic model.

03. To develop a method capable of rapidly computing the electric field
distribution generated by needle-shaped electrodes in order to pre-
visualize the expected treatment region before performing an accurate, but
laborious and slow, computation based numerical methods.

1.5 Dissertation overview

Chapter 1 describes the electroporation phenomena and introduces the
electroporation based therapies for cancer treatment. It contains short
overview of pre-clinical and clinical studies that demonstrated IRE and
ECT treatments in different locations such as the liver, the prostate, the
pancreas, the kidneys and the skin. Diverse parameters that determine the
treatment quality are indicated and are related to the need for patient-
specific treatment planning prior the actual treatment is delivered. Basic
concepts and terminology related to treatment planning are presented.
Chapter 2 describes the development and use of a treatment planning
prototype for electroporation based therapies which employ needle-shaped
electrodes. This platform is implemented on a 3D biomedical image
computing open source framework, GIMIAS, and links to an external
numerical solver, COMSOL Multiphysics, to compute the planned
treatment volume according to the location of the electrodes specified by
the user through an interactive graphical tool. The platform allows users to
perform the complete treatment planning sequence in a single
environment.

Chapter 3 describes a study in which it was quantitatively investigated the
potential impact of liver blood vessels on tumor ablation by irreversible
electroporation. A large set of clinically plausible treatments was
simulated in an anatomically realistic model. From the results it is
concluded that those vessels must not be neglected in treatment planning
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and that undertreatment around those vessels may be occurring frequently
in current irreversible electroporation treatments of liver tumors. In order
to prevent this risk, it is proposed and analyzed a solution based on
infusing isotonic low conductivity liquids into the liver vasculature
Chapter 4 describes the implementation and characterization of a fast
semi-analytical algorithm for computing the electric field distribution
generated by needle-shaped electrodes. The performance of the algorithm
is compared against the performance of simulations based on the finite
element method in terms of speed and accuracy. This algorithm is
intended to rapidly pre-visualize the expected treatment region before
proceeding with an accurate, but laborious and slow, computation based
numerical methods.
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CHAPTER 2

Treatment Planning Platform Prototype for
Electroporation-Based Therapies
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Abstract

Electroporation is the phenomenon in which the permeability of the cell
membrane to ions and molecules is artificially increased by applying an
electrical field that causes a formation of nano-scale defect in the cell
membrane. With the recent advancement of technology, electroporation
therapy (electrochemotherapy(ECT) or irreversible electroporation(IRE))
has become an increasingly attractive option for minimally invasive
treatment of cancer tumors in clinical applications. To perform a
successful ECT or IRE treatment, a patient specific treatment planning is
required. In this study we have developed in a single and complete
platform a patient- specific treatment-planning prototype based on patient
medical image. The Graphical Interface for Medical Image Analysis and
Simulation (GIMIAS) was integrated with the Comsol numerical
simulation software. This prototype has several attributes namely: it
includes algorithms for 3D model geometry reconstruction from patient
medical image, allows physicians to insert and manipulate the electrodes,
calculates the electric field distribution over the patient image, and helps
physicians to better visualize patient’s anatomic structures which allows
them to easily find an adequate treatment.

22



2.1 Introduction

Electroporation therapy is becoming an increasingly attractive option for
minimally invasive treatment of cancer diseases. During electroporation
procedure, electric pulses are delivered into tumor volumes whereby the
electric field distributed to the surrounding tissues which then causes cell
electroporation. The success of electroporation treatment relies on three
main criteria: maximum volume coverage with sufficient electric field
distribution, a minimum damage of healthy tissues, and the choice of the
optimal needle insertions. However, the planning of such treatment is still
difficult in clinical application.

Recently published studies showed a direct relationship between
electroporation parameters (i.e. electrodeposition, length, orientation,
electric potential and the number of pulses) and lesion size and shape. All
these parameters have to be taken into account for providing an efficient
and accurate electroporation treatment[46], [47], [88], [106].

On computer simulation aspects, until now very few developments have
been carried out in the field of electroporation simulation and treatment
planning. Most of the published simulations were conducted on numerical
modeling by means of finite element methods and do not seem to be
simple to integrate the medical imaging for patient-specific treatment
planning. However, it can accurately compute electric field distribution on
modeled geometry[10], [84], [86], [107]-[110].

Recently, a research group in the University of Ljubljana leaded by Prof.
Miklavcic has proposed the first patient-specific electrochemotherapy
treatment planning software. The software makes use of patient-specific
medical images to build the 3D volumes, needle insertion tool and the
Comsol Matlab link for numerical simulation of the electric field
distribution[110]. Later, the same group developed a web-based
electroporation treatment planning software that includes a fully automatic
liver segmentation algorithms, electrode insertion tool and the electric
field distribution was computed by using the Matlab-Comsol finite
element solver[99]. Nevertheless, the geometry identification and the
computation of electric field distribution is a timely process and it seems
to be limited to adequate liver electroporation treatment planning.

In this work, we propose a software prototype for electroporation
treatment planning that incorporates image-processing software, the
building of the 3D geometries from patient-specific medical images,
electrodes insertion, and the calculation of electric field distribution in a
desktop single platform. Here, we describe the implementation of the
electroporation treatment planning platform including the software
development environment, the building of the 3D geometries from
patient-specific medical images, electrodes insertion, and the calculation
of electric field distribution. The goal of our proposed software prototype
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is to provide physicians with an easy and user-friendly platform for
patient-specific electroporation treatment planning.

2.2 Software development environment

The electroporation treatment-planning prototype is a medical image-
based and cross-platform operating system software developed in C++
programming language to calculate the electric field distribution. The
prototype was developed based on Graphical Interface for Medical Image
Analysis and Simulation (GIMIAS) open source package that has been
initially developed by the Center for Computational Image and Simulation
Technologies in Biomedicine (CISTIB) at the University of Sheffield
(UK) and the Pompeu Fabra University (Spain) [93].

The development package (GIMIAS) is a framework that integrates
different tools for medical imaging, computational modeling, computer
graphics, and numerical modeling for building clinical applications.
GIMIAS provides a graphical user interface with all main data
input/output, rendering, data access, and advanced visualization of multi-
modal imaging data. In addition, it is built over a widely used open source
C++ libraries which are the Visualization Toolkit (VTK, supported by
Kitware Inc.), the Insight Toolkit (ITK, also supported by Kitware Inc.),
the DICOM Toolkit (DCMTK, supported by Offis in Germany), the
Medical Imaging Interaction Toolkit (MITK, developed at Division of
Medical Informatics, Deutsches Krebsforschungszentrum (DKFZ),
Germany), and other commonly used C++ libraries (Boost, wxWidgets,
CXXTest, among others)[111]-[113][114].

The software designed to be extended via the addition of plug-ins, which
are software entities that can be created using the C++ language and
integrated into GIMIAS general architecture.

The framework provides set of classes for creating new plug-in[114]:

» DataEntity: This class stores and encapsulates a single data
object (e.g., medical image, transformation, surface mesh, model
simulation result, etc.).

» DataHolder: This class allows objects to register as observers of
data, for instance, to be notified when the data is changed.

» WorkingData: This class holds a reference to the DataHolders
associated to the data required and is currently used by the plug-in
(selected input, output, etc.).

» DataEntityList: This class contains a list populated with the data
entities currently available for processing in the application. The
input data that will be processed by the plug-in and also their
outputs are stored in this list.
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» FrontEndPlugin: This is the base class for all the plug-ins, every
new plug-in must extend from this class. This base class provides
access to the rendering classes but delegates the creation of the
rendering scene to the extending class’ implementation.

» Processor: This class executes one algorithm that produces one or
more input data and generates one or more output data (usually
coming from the DataEntityL.ist).

Furthermore, the framework integrates the VTK, which provides basic
services for scientific visualization, mesh processing data, post-processing
and heterogeneous data management (images, poly data, surface
geometries, volumetric meshes). In addition, it integrates the MITK, ITK,
and DICOM Toolkits to provide multi-modal image processing (MR,
SPECT, MSCT, US, PET) in standard input /output format. The
advantages of using these toolkits are the computational framework and
the underlying designed algorithms which are implemented and optimized
as platforms independent. In addition, the inclusion of data flow model in
their computational framework has two subclasses; the volume subclass
which is responsible for reading images in DICOM format (CT or MRI)
and normal image data, and the mesh subclass which constructs 3D
meshes from geometrical data structure [115].

Figure 2.1. lllustrates the flow diagram of treatment planning prototype. In
the image processing stage, the tool contains sets of algorithms for Image
loading and visualization, segmentation, and volume construction. The
MITK rendering algorithms provide users with the ability of reading and
displaying medical images in different formats (DICOM, Meta Image, and
VTK images) with the possibility of image editing (cropping, orientation,
and merging). Besides that, the noise in the acquired image data could be
eliminated by denoising filters, such as Gaussian blur filter and Median
Image Filter. Furthermore, different ITK segmentation algorithms are
included such as region growing, threshold segmentation and Otsu
segmentation, in addition to the interactive segmentation tool in which
users can edit the segmented region of interest with mesh editor plugin (
MrachingCubes and TetGen or Netgen )[116] that allows 3D surface and
volume construction.
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Figure 2.1. Process flow diagram illustrates the clinical workflow of
electroporation treatment planning.

The treatment planning output is illustrated in Figure 2.1 which shows
three types of electric field distribution visualization: The 2D iso-
contours, The 3D iso-surface over the CT medical image, and the 3D
Iso-surface within the 3D model.

2.3 Building model 3D geometry

2.3.1 Building the 3D volume from a medical image

The first essential step in modeling the electric field distribution is to
define the 3D volumes (i.e. regions or domains) within the human body in
which the electric field will be computed. Within the Region of Interest
(ROI), volumes will be defined according to the tissue types which exhibit
different electrical properties that impact the electric field distribution
(e.g. electric conductivity, o S/m).

To build 3D representative models for electroporation treatment planning,
patient medical image (MRI or CT) is imported into software DICOM
plug-in. The input data image is loaded into GIMIAS DICOM viewer.
Then, the DICOM plug-in creates a volumetric image from the selected
DICOM data. After that, the image is rendered and located in the
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DataEntityList where it becomes accessible for the rest of plug-ins for
further processing.

The 3D geometry is constructed from the patient image by segmentation
of CT or MRI image data set. Therefore and similar to radiotherapy
treatment planning, a set of volumes (GTV, CTV, and PTV) — which
corresponds to different tissues — will be constructed in order to perform
the computation of the electric field by treatment planning tool.
Segmentation of the target tissues and the organs will be performed using
different segmentation algorithms, such as threshold segmentation, binary
segmentation, vtk Connected threshold, and region grow segmentation
algorithms, in addition to the semi-automatic interactive segmentation tool
that provides the user with image editing tools.

Figure 2.2. shows 3D geometry construction of the 2.8cm® liver tumor
from a patient specific CT image[79]. The segmentation of the region of
interest was conducted using region growing segmentation algorithm that
depends on the intensity level, therefore, segments are defined as clusters
of pixels with the same intensity levels. The region growing algorithm
starts with a seeding point extracted by a mouse click on the target region
of interest. The algorithm checks the eight neighboring pixels around the
seeding point and selects all pixels with the same intensity level. Then, the
algorithm continues checking the neighboring pixels and stops when there
are no more neighbor pixels with the same intensity. Furthermore, the
interactive segmentation tools allow the user to add, delete or modify the
segmented cluster according to their need.

The process of converting the segmented volumes into a 3D geometry was
carried out by VtkMarchingcubes algorithm and the surface editor plug-in.
The algorithm constructs a 3D surface mesh from the segmented image
data. The surface mesh is converted to the volumetric mesh using
tetrahedral mesh plug-in. Therefore, the volumetric quality and regularly
shaped elements are ensured by controlling the maximum distance
between neighboring nodes and the radius to edge ratio.

For electroporation numerical simulation, it is necessary to simplify the
volumetric mesh and to generate a proper solid model for finite element
solver. The mesh was simplified using the vtkQuadraticdecimation
algorithm. In order to protect the mesh boundaries during simplification,
the process is controlled by the preserve mesh boundary and preserve
topology parameters. In addition, the vertex classification characterizes
the local geometry and topology according to their local neighborhoods,
the decimation criterion that estimates the error of each vertex if removed,
and the triangulation process that triangulates the whole polygon after
removing vertices.

In our prototype, the Comsol Multiphysics software is used for numerical
modeling of electroporation treatment planning. Unfortunately, Comsol is
often unable to model the surface mesh which leads to difficulties in
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calculating the electric field distribution. Since Comsol-FEM solver works
more efficiently on solid volumes, we integrated the "Create Shape from
Mesh™" and Convert to Solid" algorithms from the FreeCAD library to
convert the volumetric mesh into solid volumes.
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Figure 2.2. The 3D geometry construction process for electroporation treatment
planning extracted from patient-specific computed tomography (CT) scan. The
target treatment volumes(GTV, CTV, and PTV) were identified by the interactive
segmentation tool, while the tissues were segmented by region growing
algorithm. The 3D geometries were constructed by the surface editor-plug-in and
marching cubes Algorithm[79]. Note: The lung and kidney just for graphical
illustration

2.3.2 Electrode insertion and manipulation

In most cases, needle-shaped electrodes are employed in electroporation-
based treatments for deep-seated tumors. In previous numerical studies,
these electrodes are approximated by cylindrically shaped elements which
are later modeled with simple polyhedrons [86].
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We developed an electrode geometry plug-in that allows the user to build
and modify needle electrode geometry through a mouse click on the
position of insertion of the electrode tip. The plug-in allows the user to
identify the electrode active length and diameter. Since the right electrode
position and orientation has an important impact on the treatment efficacy,
our tool employed a user-friendly electrode placement and manipulation
plug-in, which allows the user to manipulate the electrode position and
orientation. For this purpose, we included the VtkTransform filter and the
vtkBoxwidgetTransform filter, by which user can translate the electrode
position and change the electrode orientation.

The needle-shaped electrode is composed of two parts: an active
conductive section and a passive insulating section. The insulating section
(shaft) is not significantly relevant for the electric field computation.
However, it is important to visualize it as the whole trajectory of needle-
shaped electrodes is crucial in clinical scenarios. For instance, it is
necessary to assess whether the electrode can be percutaneously
introduced between two ribs.

2.4 Numerical Modeling of Electric Field Distribution

The electric field distribution can be calculated by the COMSOL
Multiphysics finite element solver that is integrated into our treatment
planning tool. COMSOL Multiphysics supports static, quasi-static, and
fully dynamic analyses, and integrates equation systems and boundary
conditions for a variety of physics. In addition, COMSOL includes the
direct current (DC) conduction which is used for computing the electric
field distribution and a Joule heating equation which is relevant for
computing temperature increase which might cause thermal damage.

In electroporation treatment planning, the Laplace equation for electric
potential is used for calculating the electric field in conductive media:

V.(0.V9) =0 ey
From which the electric field distribution can be determined by using the
equation (2):

E=—- V.p. (2)

This equation has been numerically solved by the Comsol Multiphysics
(Comsol, Stockholm, Sweden) finite element method solver.

In our prototype, we built an electroporation numerical modeling plug-in
that act as Comsol model builder. Our plug-in allows the user to build the
model geometry, to insert the electrodes, to set the material properties
(Tissue conductivity), to set the potential between the electrodes array, to
build the mesh, to run the finite element solver and finally to display the
electric field distribution.
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Furthermore, we incorporated the non-commercial meshing software
package, Tetgen[117], to generate a volumetric mesh from an input
surface mesh. This software was integrated with the simplifications and
decimation algorithms for repairing the intersecting surface meshes that
result, for instance, from the small edges, intersected elements, electrode
penetrating other structures such as the outer boundaries of the domain.
Typically, Comsol FEM solver provides more accurate results by
discretizing the domain into the extremely fine mesh. After studying many
possible refinements in the target domain, we found that extra fine mesh
with minimum and maximum element size of 3e¢* and 7emm, and
maximum element growth rate of 1.35mm provides an accurate solution
and with an acceptable use of computational resources.

It is worth mentioning that our plug-in runs the finite element solver in the
backend without any user interaction with Comsol graphical user interface
by integrating COMSOL model javascript generator. In addition, our
plug-in is integrated within the 3D builder and the simplifications plug-ins
to iteratively allow the user to simplify the 3D volume according to the
FEM mesh needs. Moreover, the post-processing of the computed electric
field is handled by vtk post-processing algorithms that are included in our
software.

2.5 Results

In order to validate the performance of the platform prototype, a complete
patient-specific treatment planning for an anatomically realistic study of
human liver tumor was carried out. The study was performed on CT data
set stored as DICOM images, 512 by 512 pixels with a 12-bit gray level
resolution, 5mm interval and with 67 slides[118]. The computer used for
runtime measures had Intel(R) Core(TM) i7-4770, 3.4GHz CPU, 8GB
RAM and Windows 7 Professional operating system. The study
performed in a typical clinical workflow as indicated in figure 2.1.

Figure 2.3. illustrates an example of a complete irreversible
electroporation treatment planning processed by our prototype. The image
pre-processing phase starts with CT DICOM image loading, enhancement
and denoising without affecting image quality and edges. The performed
pre-processing were processed independently which respectively
corrected the non-uniform luminance noise, suppressed noise and
enhanced contrast and brightness. The noise removal was performed by
applying the ITK MedianlmageFilter that is commonly used as a robust
approach for noise reduction, mainly in the presence of gray-level outliers.
Similar to radiotherapy procedure, segmentation of region of interest
(ROI) could be achieved by use of: threshold segmentation, region
growing and interactive segmentation tool. The three regions of interest
(GTV, CTV and PTV) were segmented according to the treatment
planning procedure. The GTV was contoured on the pre-processed CT
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image. CTV was defined as the GTV+ 3mm margin, while the PTV was
defined as GTV+5mm margin. The whole liver, bones and surrounding
tissues (modeled as a combination of muscle, fat and body fluids) were
also segmented. Moreover, the adjustment of the segmented regions and
the removal of the unwanted leakage was carried by the manual
segmentation tool.

The 3D geometry construction (see method section) from the 2D
segmented regions was performed by Marching cube algorithm and
surface mesh editor tool which is then simplified and decimated by using
simplification algorithms and Tetgen volumetric mesh generator.

3D Geometry Building Workflow FEM Results Post-Processing
(a) Loading DICOM Image (d) 2D IRE Surface Contours

(b)Segmentations & Electrode Insertion COMSOL

SOLVER

Figure 2.3. Simulation of human liver tumor case study by means of the
treatment planning platform prototype.

The electrode insertions was carried by electrode insertion and
manipulation plug-in. In this case study, two needle electrodes (1 mm
diameter, 20mm active length, 20mm interelectrode and 3000 V applied
potential) were inserted around the GTV as shown in figure 2.3. (c). The
3D geometries including the electrodes were added to the numerical
modeling plug-in and combined as one unit geometry with different
electrical properties. The tissues electric conductivity of bones,
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surrounding tissues and liver were set to 0.02 S/m, and 0.2 S/m
respectively; While these values were obtained from experimental data
found in Gabriel et al.[97]. The GTV was given a liver tumor conductivity
of 0.2S/m for the static model [119], while for the dynamic model was set
as in [120] . The electric field distribution was calculated using the
backend link with Comsol FEM solver.

Table 2.1. The estimated running time T (s) of a complete IRE treatment
planning on a case study with liver tumor.

Treatment Planning Numerical Homogeneous -

Parameters Homogeneous -Static T Dynamic T (minutes)
(minutes)

Image-Preprocessing 7 7

Time(s)

Segmentation of ROI 43 43

(GTV,CTV and PTV)

3D Geometry 26 26

construction

Geometry simplification 31 31

Building the numerical 5 5

model

FEM solver estimated 11 41

running time(s)

Overall estimated time 123 153

(T)

The model simulation was performed twice in which homogeneous static
conductivity model was used first , followed by the homogeneous
dynamic conductivity model. In both runs, the estimated time for each
step of the complete procedure was recorded and shown in Table 2.1. The
complete treatment planning in both the homogeneous-static and
homogeneous-dynamic models was performed in an average time of 123
and 153 minutes respectively. The increase in the running time of the
dynamic model was mainly due to the non-linear change in conductivity
during electroporation processes.
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2.6 Discussion

We have presented an integrated software prototype to build a patient-
specific electroporation treatment planning using the GIMIAS medical
image analysis open source software and the Comsol finite element solver.
Apart of the time consumed in the treatment planning process, our
prototype produces an accurate calculation for electric field distribution in
a single user friendly platform for clinical application.

The uses of GIMIAS open source clinical framework in the development
of our prototype improved and facilitated the applications of the treatment
planning procedure. We described the development environment with
some detailed information that can help physician in understanding and
using the prototype software in clinical applications.

The prototype treatment planning clinical workflow was implemented in
similar procedures to radiotherapy and radiofrequency [77], [99], [110],
[121], [122]. The patient-specific treatment planning procedure requires a
medical image processing and analysis, 3D model construction, and
numerical modeling for calculating the electric field distribution.

The prototype implementation on GIMIAS clinical framework provides
physicians with a powerful medical image processing and analysis
algorithms and tools. The image pre-processing was constructed in a
sequential workflow steps where radiologist and physicians can get
benefits from the set of predefined tools and algorithms for loading the
DICOM images, reviewing, enhancing, filtering and denoising according
to the image quality. The integration of DICOM plug-in simplified the
pre-processing by automatically creating a volumetric image from the
DICOM image and rendered it into the general scene view and it made it
accessible by the implemented plug-ins.

In image processing, the implementation of ITK segmentation algorithms
provides physicians with sets of automatic, semi-automatic and interactive
algorithms that facilitate the identification and segmentation of ROI.
Furthermore, the integration of measurement tool provides them with the
ability to identify the distance margin between the GTV, CTV and PTV
planning. The inclusion of ITK segmentation algorithms provides
physicians with robust segmentation tool. However, incorporating fully
automatic segmentation algorithms that can segment and interpolate
through all image slices and reconstruct the 3D surface mesh improved the
image processing and reduced the segmentation time.

The workflow of 3D model construction was developed in a systematic
process in which physicians can reconstruct 3D mesh from the segmented
ROI, edit the mesh, smoothing and optimizing the geometry curvature
through the surface editor plug-in. The integrated tools for 3D mesh
surface reconstruction and 3D volume constructions provide physicians
with an efficient tool for building the FEM 3D model geometry.
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The prototype allows physicians to compute the electric fields using the
Comsol solver link without user interaction with Comsol graphical user
interface, without the need to Matlab link, and demonstrates the results of
electric field distribution over patient medical image on the prototype
scene view. This helps physicians to optimize the treatment planning
according to the treatment needs. It is worth noting here that once the
model built and executed for the first time, physicians can optimize the
treatment parameters and re-run them without need to rebuild the model.
Thus, the process can be repeated according to the physicians need.

The use of medical image analysis and Numerical simulation of electric
field distribution on a single platform helps physicians to build an efficient
and accurate patient-specific treatment planning. Unfortunately, the
current software prototype cannot perform real-time calculation of electric
field distribution. The image analysis and the numerical modeling is a
timely process and it may delay the treatment for hours or days in some
cases. This motivates the idea of developing a fast treatment planning tool
that can perform real time calculation for electric field distribution during
clinical application. To this end, one of our future objectives is to develop
a fast algorithm for calculating the electric field distribution in analytical
approach rather than numerical approach, and with a simplified image
processing and 3D model reconstruction procedures.

The presented prototype allows performing a complete treatment planning
procedure in a single platform and on the same scene view, which is
important for physicians in evaluating the treatment planning over the
patient medical image prior the treatment. Furthermore, the prototype is
able to perform post-processing of electric field distributions, where
physicians can change the Egresnoig and visualize 2D and 3D plots over the
medical image.

2.7 Conclusions

We introduced a software prototype of electroporation simulation and
treatment planning tools which is a part of electroporation patient-specific
therapy in clinical application. The prototype integrates the patient-
specific treatment planning procedure in a clinical work flow structure in
which 3D model reconstruction from patient medical image, electrode
insertion and numerical calculation of electric field distribution are in a
single platform.

The physicians can greatly benefits from the developed prototype by
generating electroporation treatment planning on patient-image and
evaluate and optimize the electric field distribution prior electroporation
treatment. Moreover, it is possible to include the whole geometry in
numerical simulation, which allows physicians to evaluate the electric
field distribution in the healthy tissue and near the organs at risk.
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Finally, the prototype was constructed in a clinical workflow according to
electroporation treatment planning procedure, which is structured in a
simple, understandable and user friendly form. The prototype provides
physician with an efficient and accurate numerical calculation of electric
field distribution based on patient medical image. Therefore, the
developed prototype can contribute to improve and enhance the
electroporation clinical applications. Despite of it is accuracy and
efficiency; it is a timely procedure and does not support real-time
electroporation treatment planning in clinical application.
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CHAPTER 3

Impact of Liver Blood Vessels on
Irreversible Electroporation Ablation
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Abstract-

Irreversible electroporation is a novel tissue ablation technique which
entails delivering intense electrical pulses to the target tissue, hence
producing fatal defectsin the cell membrane. The present study
numerically analyzes the potential impact of liver blood vessels on
ablation by irreversible electroporation because of their influence on the
electric field distribution. An anatomically realistic computer model of the
liver and its vasculature within an abdominal section was employed, and
blood vessels down to 0.4 mm in diameter were considered. In this model,
the electric field distribution was simulated in a large series of scenarios
(n=576) corresponding to plausible percutaneous irreversible
electroporation treatments by needle electrode pairs. These modeled
treatments were relatively superficial (maximum penetration depth of the
electrode within the liver = 26 mm) and it was ensured that the electrodes
did not penetrate the vessels nor were in contact with them. In terms of the
total ablation volume, the maximum deviation caused by the presence of
the vessels was 6%, which could be considered negligible compared to the
impact by other sources of uncertainty. Sublethal field magnitudes were
noticed around vessels covering volumes of up to 228 mm®. If in the
model the blood was substituted by a liquid with a low electrical
conductivity (0.1 S/m) the maximum volume covered by sublethal field
magnitudes was 3.7 mm® and almost no sublethal regions were
observable. We conclude that undertreatment around blood vessels may
occur in current liver ablation procedures by irreversible electroporation.
Infusion of isotonic low conductivity liquids into the liver vasculature
could prevent this risk.

The content of this chapter is adapted from the following published manuscripts
R. Qasrawi and A. lvorra, “Impact of liver vasculature on electric field
distribution during electroporation treatments: an anatomically realistic
numerical study,” in 6th European Conference of the International Federation for
Medical and Biological Engineering, 2014, pp. 573-576

L. Silve, R. Qasrawi, and A. Ivorra, “Incorporation of the Blood Vessel Wall into
Electroporation Simulations,” 1st World Congress on Electroporation and Pulsed
Electric Fields in Biology, Medicine and Food & Environmental Technologies.
Springer Singapore, 2016. pp. 1-4.

R. Qasrawi, L. Silve, and F. Burdi, “Anatomically Realistic Simulations of Liver
Ablation by Irreversible Electroporation : Impact of Blood Vessels on Ablation
Volumes and Undertreatment,” Technology in cancer research &
treatment (2017): 1533034616687477.
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3.1 Introduction

Irreversible electroporation (IRE) is a relatively novel non-thermal
ablation modality [10]. IRE is typically performed by inserting thin
electrodes into the target tissue and delivering a number (8 to 100) of short
(10 us to 100 ps) high wvoltage pulses across the electrodes thereby
producing field magnitudes in the tissue in an order of 1000 V/cm. These
pulsed fields cause a large increase in cell membrane permeability to ions
and macromolecules which fatally disrupts cell homeostasis [5].

Ablation of soft tumors by IRE has been demonstrated in a number of
clinical studies[68],[70],[73][123], [124]. IRE ablation is not based on
heating, which gives it two major advantages over other ablation
modalities: 1) IRE does not destroy the extracellular matrix, and 2) IRE is
insensitive to thermal sinks. These advantages imply that it is safe and
physically possible to use IRE to treat tissues which are in close proximity
to vital vessels or are in contact with them. The first advantage implies
that it is safe to perform IRE ablation in the vicinity of vital vessels
because the structural properties of those vessels are preserved [73], [125].
It is even possible to directly treat arteries without compromising their
fluidic function[126]. The second advantage implies that it is physically
possible to perform IRE ablation in the vicinity of large blood
vessels[58][127]. In contrast to other ablation modalities based on heating
or freezing, the thermal sink effect produced by large blood vessels does
not hinder IRE ablation. From this last feature, it may be mistakenly
concluded that the presence of blood vessels is irrelevant for IRE ablation.
A subjacent objective of the present work was to illustrate that this is not
the case.

IRE’s effectiveness depends on the temporal features of the sequence of
pulses, but for a given set of temporal features (number of pulses, pulse
duration, and repetition frequency), it is accepted that local IRE
effectiveness depends mainly on the local field magnitude; an electric
field threshold for IRE is typically defined for each tissue type and pulse
protocol[128]. Therefore, any factor that may have an impact on the
electric field distribution may have an impact on the ablation. In the case
of the liver — which tends to be considered as homogenous in electrical
terms — one of those factors may be the contrast in electrical conductivity
between the liver parenchyma and the interior of the blood vessels.
Indeed, recent numerical studies[102],[129],[130] and in vivo studies
[104] have revealed that this sort heterogeneity may have a significant
impact on IRE ablation. However, to the best of our knowledge, its impact
on liver ablation has been neither observed clinically nor assessed for
clinical relevance through numerical studies.

The purpose of the study reported here is to numerically analyze and
quantify the potential impact of liver blood vessels on ablation by
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irreversible electroporation (IRE) due to their influence on the electric
field distribution.

3.2. Materials and Methods

An anatomically realistic computer model of a male human liver, its blood
vessels (down to 0.4 mm in diameter), bones and surrounding tissues was
employed in this study. The 3D anatomical geometry was developed by
the Korea Institute of Science and Technology Information[131]. The
geometry was decimated and prepared for simulation using the Graphical
Interface for Medical Image Analysis and Simulation (GIMIAS) software
platform developed by the Center for Computational Imaging and
Simulation Technology in Biomedicine (CISTIB) at the Universitat
Pompeu Fabra [114]. The main geometrical features of the modeled liver
and its vasculature are indicated in Table 3.1.

Table 3.1. Geometrical measurements of the liver and the vessels used in this

study
Blood Vessels Diameter Length Volume
Min(mm) Max (mm) X)Y,Z)(mm) (ml)
Left vein 1.4 10.9 95.0, 79.6, 60.6 53
Left duct 0.4 4.4 122.3, 46.7, 39.6 0.6
Left artery 05 2.9 6.3, 30.8,19.8 0.6
Middle vein 1.2 13.2 63.0,80.7, 74.4 5.3
Right vein 0.8 14.2 93.3,62.5,121.2 7.3
Right duct 0.5 51 33.0,69.3,60.4 0.3
Right artery 0.4 3.0 50.3,22.9, 36.7 0.3
Portal vein 1.2 18.3 130.4,114.4, 88 9.6
Liver - - 230.9, 170.5, 161.8 1514.3

Electroporation across pairs of needle probes was simulated. The two
probes of the pair were parallel and aligned so that they would form the
opposite sides of an imaginary rectangle. Six arbitrarily chosen locations
and four separations (10, 15, 20 and 25 mm) per location were assayed.
These locations correspond to probe insertions through the anterior part of
the abdomen. Figure 3.1. shows the anatomic model together with the
assayed locations (separation = 25 mm). Each needle probe, with a
diameter of 1 mm, consisted of a passive shaft (length =40 mm) and an
active part (i.e. the electrode) with a length of 10, 15, 20, or 25 mm. The
penetration depth of the pair was adjusted to ensure a complete and
superficial insertion of the active part into the liver with a maximum
proximal distance of 1 mm from the surface of the liver. This resulted in a
maximum penetration depth of 26 mm within the liver.
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Figure 3.1. 3D geometrical representation of the 6 insertion locations
assayed for the electrode pairs (in this case the interelectrode spacing is 25
mm and the electrode length is 25mm).

Electrode locations were carefully checked for ensuring that the electrodes
neither penetrated the vessels nor were in contact with them. It was
ensured that the minimum distance between the electrodes and any vessel
was 0.2 mm. It was also ensured that the probes did not go through bone
tissue. If these conditions were not met, the location of the probe pair was
randomly modified a few millimeters (<5 mm) maintaining the above
constraints regarding parallelism, separation and penetration depth.

For each model (homogeneous and non-homogeneous) three voltages
across the two electrodes were assayed: 2000, 2500 and 3000 V. The total
number of simulated cases for each model was 288 (6 locations x 4
separations x 4 electrode lengths x 3 voltage magnitudes). The electric
field threshold for effectively irreversible electroporation was considered
to be 700 V/cm (2, 15, and 20).

The 3D geometry was imported into COMSOL Multiphysics 4.3a
(COMSOL AB, Stockholm, Sweden). The entire geometry was meshed
using the COMSOL Multiphysics regular refinement method user
controlled tetrahedral mesh with a minimum element size of 0.1 mm. The
total number of elements was above 2,200,000.

The electric field distribution was computed using the ‘Electric Currents
(ec)’ application mode of the AC/DC module of COMSOL. As in
previous studies (15, 21-24), non-linear behavior was assumed for the
hepatic tissue in order to model the increase in tissue -electrical
conductivity during pulse delivery due to electroporation. This behavior
was modeled with the following sigmoid equation describing the

dependence of tissue conductivity (8) of electric field magnitude (|E|):
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— (1)

1+e W
Where ayis the conductivity of the tissue when no field is applied (i.e.

initial conductivity), or is the maximum conductivity the tissue can reach
due to electroporation (i.e. final conductivity), and T and W are two
parameters that describe the morphology of the sigmoid (coarsely,
inflection magnitude and slope respectively). The set of values used for
the hepatic tissue model was: g, = 0.2 S/m, o7 = 0.5 S/m, T = 950 V/cm
and W = 200 V/cm. These values would correspond to hepatic tumors and
have been inferred from experimental data in Prakash et al.[119]. The
values for healthy (normal) liver tissue would be g, = 0.05 S/m, of =
0.3S/m, T = 950 V/cm and W = 200 V/cm; also inferred from data in
Prakash et al. [119]. This set of values was also assayed in this study and
the results obtained are reported as supplementary material. We deemed it
more realistic to model tumor properties rather than healthy liver
properties because IRE treatments mostly occur on tumor tissues (i.e. the
electrodes are inserted into the tumors).

The electrical conductivity of the other tissues was modeled as field
independent. The conductivities of the wvessels (modeled as blood
containers), bones and soft tissues filling the anatomy (modeled as a
combination of muscle, fat and body fluids) were 0.7 S/m, 0.02 S/m, and
0.2 S/m respectively; these values were obtained from experimental data
found in Gabriel et al.[97] . Conductivity values of the electrodes and the
passive shafts were set to 1x10° S/m and 1x10° S/m respectively.

For each case, a simulation was performed assuming the presence of the
vasculature (oyesseis = 0.7 S/cm) and another one was performed under the
assumption that the liver was homogenous (Gyesseis= Giiver)- BOth solutions
were then compared. First, the size of the ablation volumes was compared
(regions in which |E| > 700 V/cm). It was then checked whether there
were any regions in the ablation volume predicted with the homogeneous
assumption (ovessels= Oiiver) that were not included in the ablation volume
predicted with the heterogeneous assumption (oyesses = 0.7 S/cm). That is,
the solution of the homogeneous assumption was considered to be the
target volume and it was checked whether the blood vessels caused
undertreatment within that volume.

In addition to the above referred systematic study with 288 cases, for
graphical illustration, two hypothetical treatment cases were simulated to
emphasize the impact of undertreatment around vessels. First, case H1
was simulated in which the presence of a tumor (20.7 x 19 x 10 mm?®) was
modeled at a distance of 0.3 mm away from the right hepatic vein (Figure
3.2.(a)). In this case, the distinctive conductive properties of the liver and
of the tumor were modeled according to the tumor conductivity models
and parameters described above. The second case (case H2), the impact of

o =0+ [(O'f —00)
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blood vessels on the IRE treatment was assessed by inserting the pair
electrodes (active part =25mm and passive shaft =50 mm) deep into the
liver with a maximum penetration depth of 65mm. The electrodes were
located 1 mm from the right hepatic vein and the portal vein which are
10.2 mm and 14.6 mm in diameter respectively, and 3 mm from the
middle hepatic vein which is 8.1 mm in diameter.

Furthermore, as it is common to employ more than two electrodes in IRE
treatments, additional simulations were performed using three-electrode
and four-electrode arrays. For each array model (homogeneous and non-
homogeneous) two active length used (20 and 25mm), two interelectrode
spacing (20 and 25mm) and three voltages across the electrodes pairs
(2000, 2500 and 3000V). The total number of simulated cases for each
array model was 12 (2 separations x 2 electrode lengths x 3 voltage
magnitudes).

3.3. Results

3.3.1 Simulations indicate that undertreatment may appear
around vessels

Figure 3.2.(a) shows the geometry of the modeled hypothetical treatment
of a tumor (case H1) and Figures 3.2.(b) and 3.2.(c) show a cross section
of the corresponding simulated electric field magnitude assuming that the
liver is homogeneous (Gyessels= Oiiver 7 Owmor) @nd that it is heterogeneous
(Ovessets = 0.7 S/cm # Giiver 7 Owmor) respectively. It can be observed that for
the homogeneous case (Figure 3.2.b) the treatment volume (regions in
which |E“| > 700 V/cm) well covers the tumor (voltage across electrodes =
2000 V). However, once the blood vessels are modeled (Figure 3.2. (c)),
the electric field distribution is distorted around them. In particular, it
could be noticed that there is a tumor region close to the right hepatic vein
(lower vessel) in which the electric field is significantly below 700 V/cm.
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Figure 3.2. X-Y plane plot of electric field magnitude during
hypothetical treatment of a tumor. (a) The 3D geometry model. (b) The
homogeneous model (Gyessels= Giiver # Owumor) TFesult. (c)  The non-
homogeneous model (Gyessels = 0.7 S/m # Giiver 7 Gwmor) result. (d) Result
when the vessel is filled with a low conductivity fluid (oyesseis = 0.1 S/m #

Oliver 7 O'tumor) .

3.3.2. Impact of vessels on the treated volume

Table 3.2. shows the result of volume analysis for the 576 simulations
(288 homogeneous and 288 non-homogeneous). The average treated
volume (regions in which |177| > 700 V/cm) is indicated for the two
conductivity models (homogenous and heterogeneous), the six assayed
locations and for every combination of electrodes separation distances,
active lengths and voltages. In addition, out of the six assayed locations,
the maximum relative difference between the two conductivity models is
indicated.
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Table 3.2. Average of treatment volumes in mm?® (for six locations) and the
maximum percentage deviation between homogeneous and non-homogeneous
models.

Space 3000 V 2500 V 2000 V
AL NHT HT NHT  NHT HT NHT  NHT HT NHT
(%6D) (%6D) (%6D)

10 398 400 127 319 322 159 239 242 255
15 476 483 343 38 391 281 25 259 239
10 20 506 505 048 349 349 215 210 209 274
25 435 433 270 300 29 275 206 201 437

10 543 546 122 434 438 229 328 332 183
15 650 647 520 622 629 278 381 383 255
15 20 767 770 172 523 522 119 3.01 3.02 147
25 6.56 6.54 147 432 429 092 262 261 087

10 704 705 045 566 568 084 428 428 0.86
15 868 873 093 680 680 087 482 482 058
20 20 931 951 369 668 68 405 388 39 262
25 883 894 424 550 557 402 325 325 210

10 857 863 219 691 695 18 526 528 1.26
15 10.07 100 405 819 822 217 612 613 279

5

25 20 1126 115 5.14 8.28 849 541 5.06 5.18 3.21
4

25 1099 111 262 6.94 7.10 6.04 3.88 3.90 4.84
7

Note: AL: electrode active length; NHT: Non-Homogeneous Tumor tissue, HT:
Homogeneous Tumor tissue, (%D): maximum percentage deviation between the
homogeneous and the nonhomogeneous cases.

The simulation results indicate that there are differences between
homogeneous and non-homogeneous cases regarding the treated volume.
It can be observed that the average integrated volume in cm® increases as
electrode depth, spacing, and applied potential increase. The maximum
percentage deviation of the tumor models ranged from 0.5% up to 6%.

3.3.3. Undertreatment volume quantification

The volume of tissue subjected to undertreatment because of the presence
of blood vessels (heterogeneous case) was quantified by estimating the
integrated volume inside the target region (regions in which |F?| > 700
V/cm for the homogeneous case) which had an electric field magnitude
below 700V/cm. Results in Table 3.3. show the minimum, maximum and
average undertreatment volumes in mm® for the various electrode
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configurations (15-25 mm depth, 10-25 mm spacing, and 3000-2000 V
applied potential).

The results in Table 3.3 indicate that the minimum and maximum
undertreatment volumes found for the 10, 15, 20 and 25 mm active
lengths were (0- 68.7), (0-120.8), (0- 224.7) and (1.4- 227.7) mm°
respectively. In some cases, in which the electrodes were inserted near
very small vessels or > 10 mm away from vessels with diameters ranging
from 2 to 8 mm, the undertreatment volume was close to 0 mm®,

Table 3.3. Volumes of tissue subjected to undertreatment (cm®) because of the
presence of blood vessels

Active Space 3000 V 2500 V 2000 V
length

Min Max Mean Min Max Mean Min Max Mean

10 00 318 195 192 352 283 00 26.6 144
15 00 687 307 00 628 277 00 330 13.3

0 o 16 63 41 00 70 41 00 119 41
5 00 70 37 00 48 24 00 50 24
10 00 154 74 00 112 53 00 58 26
15 619 1208 973 213 819 514 00 304 201
5 20 93 271 196 00 306 151 00 250 118
5 17 228 108 00 79 29 00 45 17
10 00 433 184 00 280 145 00 209 129
15 00 442 264 00 403 172 00 252 122
20 .0 627 2247 1114 504 2017 968 244 1121 615
o5 12 1504 829 00 1096 500 00 632 2856
10 113 364 210 54 408 214 55 338 186
15 56 1195 475 18 659 383 14 384 179
25

20 842 2277 1399 729 2106 1282 36.2 1340 748
25 745 1826 1122 274 1553 666 113 502 273

Note: Min: Minimum, Max: Maximum.

Figure 3.3. illustrates two cases of undertreatment around the vessels. The
green regions represent the isosurfaces of treatment (|§ | = 700 V/cm) for

the homogeneous model. The undertreatment regions (|§| < 700 V/cm)
for the heterogeneous models are depicted in blue.
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Figure 3.3. 3D volume plot of vessels (red), homogeneous treatment region
(green), tumor region (gray, only in b) and untreated spots (blue). (a) Deep
treatment of liver (no tumor) close to the right hepatic vein and the portal vein
with 25mm electrode active length and spacing, and 3000V applied potential. (b)
Tumor case study close to vessels with 15mm active length, 14mm spacing, and
2000V applied a potential (case 2D illustrated in figure 3.2.(c).

The result depicted in Figure 3.3. (a) (case H2) corresponds to the largest
undertreatment volume found heuristically when very deep ablations were
assayed. The numerical results corresponding to this case shown in figure
3.3. (a) indicate that the undertreatment volume was 1049, 731.6, and
313.2 mm? for the 3000, 2500, and 2000 V applied potentials respectively.

3.3.4. Simulated probability of undertreatment

The event rate of undertreatment was estimated from the 288 simulated
cases, and it was considered to occur when there was at least an

undertreated region (|E| < 700 V/em) with a volume >1mm® found
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within the IRE treatment region (|F?| > 700 V/cm for the homogeneous
case).

Table 3.4. Number of cases of undertreatment ( undertreated volume
>1mm?®) out of the 6 assayed insertion locations
Electric Active length

Potential(V) (mm) Space(mm)
10 15 20 25
10 2/6 2/6 2/6 3/6
15 2/6 2/6 3/6 3/6
2000 20 3/6 416 416 4/6
25 3/6 4/6 4/6 5/6
10 2/6 2/6 3/6 3/6
15 2/6 3/6 3/6 416
2500 20 416 416 5/6 6/6
25 5/6 5/6 6/6 6/6
10 3/6 2/6 4/6 416
15 3/6 4/6 5/6 6/6
3000 20 416 5/6 5/6 6/6
25 5/6 5/6 6/6 6/6

The results in Table 3.4. indicate that the minimum and maximum
probability of having undertreatment volume (>1 mm?®) found for the
10mm active length electrode was (2/6 - 4/6) and for the 15, 20 and 25
mm active lengths electrodes were (2/6 - 6/6).

Furthermore, it was found that the presence of vessels with a diameter >
3mm within the target region always produced at least a region of
undertreatment with a volume > 1 mm°.

3.3.5. Three and Four-Electrode Arrays

In order to be further relevant to clinical treatment, we simulated three-
electrode and four-electrode arrays with the wvarious electrode
configurations (20-25 mm depth and 15-25mm spacing). This was
performed by applying 2000, 2500, and 3000V to the possible electrode
sets and between the two diagonal pairs.

The result depicted in Figure 3.4. shows four possible treatment planning
approaches for the targeted tumor in case H1 depicted in Figure 3.2.
Figure 3.4.(a) shows the result of a 2-electrode model with 15mm active
length. The distortion on the electric field distribution is clearly observed
around the blood vessels. Figure 3.4.(b) shows the result of four-electrode
array simulation with 15mm active length. It can be observed that the
four-electrode array increased the treatment zone and reduced the
undertreatment region, however, a small area of electric field distortion
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was still noticed around the vessel. Figure 3.4.(c) shows the simulation
result of three-electrode array simulation with 20mm active length. It can
be observed that the increase of active length increased the treatment
region; nonetheless, a small region of electric field distortion is also
clearly noticed around the vessels. The result depicted in Figure 3.4.(d)
shows the result of low conductivity liquid infusion (0.1S/m); see next
section. A uniform electric field distribution was produced and it was
noticed that the undertreatment region around the vessels was completely
covered.
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Figure 3.4. The X-Y plane plot of electric field magnitude during hypothetical
treatment of a tumor. (a) The non-homogeneous model (Gyessels = 0.7 S/m # Gjiver 7
Owmor) tWO 15mm electrodes model result. (b) The non-homogeneous model
(Ovessets = 0.7 S/m # Giiver # Owumor) four 15mm electrodes model result. (¢c) The
non-homogeneous model (Gyessels = 0.7 S/m # Ojiver 7 Owmor) three 20 mm
electrodes model result. (d) The result of two 15 mm electrodes model when the
vessel is filled with a low conductivity fluid (oyessels = 0.1 S/m # Giiver # Gtumor)-

Furthermore, we repeated the simulation of the maximum undertreatment
volumes found in our study with three electrodes and four-electrode arrays
in order to assess the impact of these approaches on the undertreatment
volumes. The results depicted in Table 3.5. shows the maximum
undertreatment volume found in the repeated simulations. The maximum
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undertreatment volumes found for the 20 and 25 mm active lengths were
(227.7), (291.9) and (215.7) mm® for 2, 3 and 4 electrode arrays
respectively. In cases where the electrodes were inserted near a heavy set
of vessels, a larger undertreatment volume was sometimes found.

Table 3.5. Volumes of tissue subjected to undertreatment because of the
presence of blood vessels of different treatment approaches
Active Spacing  Potential 1Probes  3Probes 2Probes Saline

length (mm) V) Max Max Max Infusion
(mm) (mm?) (mm?) (mm?) (0.1S/m)
Max (mm?®)
2000 112.1 108.1 43.9 0
20 2500 201.7 160.4 87.5 0
3000 224.7 254.3 160.3 2.1
20
2000 63.2 54.2 15.1 0
25 2500 109.6 87.8 32.2 0
3000 159.4 142.6 66.7 0
2000 134.0 68.1 32.7 0
20 2500 210.6 157.4 48.2 0
3000 221.7 291.9 215.7 0
25
2000 50.2 80.1 32 11
25 2500 155.3 118.5 28.9 1.8
3000 182.6 148.2 39.6 2.4

3.3.5. Simulated potential benefit of infusing low conductivity
fluids into liver vasculature for preventing undertreatment

In order to prevent undertreatment due to the heterogeneity conductivity
caused by the liver vessels, we propose to inject the blood vessels with a
low conductivity liquid so that the tissues become more homogeneous in
terms of conductivity. Figure 3.2. (d) illustrates that the electric field
distribution obtained with a model in which the vessel has a conductivity
of 0.1 S/m is almost indistinguishable when compared to that obtained
with the homogenous model. More importantly, the region of tumor
undertreatment observed in Figure 3.2. (c) disappears in Figure 3.2. (d).
The results in Table 3.6. indicate that by reducing the modeled
conductivity of blood vessels, the size of the undertreated volumes is
extremely reduced and in most cases, undertreatment is not noticeable at
all. The event rate of undertreatment is reported in Table 3.7. when the
conductivity of the vessels is set to 0.1 S/m rather than 0.7 S/m.
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Table 3.6. Average undertreated volume (mm®) for different
electrical conductivities of the liver vessels

ﬁﬁgﬁf 3000V 2500V 2000V

(mm)  Space(mm) —g=——7 0.7 0.1 0.7 0.1
Sim) (Sim)  (S/m)  (Sim)  (Sim) _(Sm)

10 318 00 35.2 0 26.6 0

15 687 0 62.8 33.0 0

10 20 63 0 7.0 11.9 0
’s 70 37 48 16 5.0 25

10 154 0 11.2 0 5.8 0

15 1208 81.9 0 304 0

15 20 2711 28 30.6 0 25.0 0
2% 228 0 7.9 0 45 0

10 433 28.0 0 20.9 0

15 44.2 403 0 25.2 0

20 20 247 21 2017 0 1121 0
’s 1504 0 109.6 0 63.2 0

10 36.4 408 0 338 0

15 1195 65.9 38.2 0

25 20 2077 2106 134.0 0
2% 1826 24 155.3 18 502 11
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Table 3.7. A number of cases of undertreatment (undertreated volume
>1mm®) out of the 6 assayed insertion locations when the conductivity of
the vessels is 0.1 S/m.

Electric Active length Space(mm)
Potential(V) (mm) i

10 15 20 25

10 0/6 0/6 0/6 2/6

15 0/6 0/6 0/6 0/6

2000 20 0/6 0/6 0/6 0/6
25 0/6 0/6 0/6 1/6

10 0/6 0/6 0/6 1/6

15 0/6 0/6 0/6 0/6

2500 20 0/6 0/6 0/6 0/6
25 0/6 0/6 0/6 0/6

10 0/6 0/6 0/6 1/6

15 0/6 0/6 2/6 0/6

3000 20 0/6 0/6 2/6 0/6
25 0/6 2/6 2/6 2/6

3.4 Discussion

Complete ablation of viable tumor cells by achieving an adequate electric
field distribution is the purpose of IRE treatment planning. Thus,
understanding the impact of the treatment area characteristics, the electric
conductivity heterogeneities in particular, on the electric field distribution
is crucial to achieving optimal treatment. In this study, the impact of blood
vessels in the treatment zone was examined in a realistic anatomical
model consisting of liver, blood vessels, bones and surrounding tissues
which were obtained from human male CT imaging. In earlier studies, it
has been found that large blood vessels, because of their high
conductivity, may interfere with electric field coverage of tumors in liver
[102],[129],[130] described the impact of blood vessels on electric field
distribution of IRE treatment. In which they experimentally demonstrated
the need to increase the baseline field intensity around large vessels.
Unsurprisingly, our study found that the distortion produced by the
conductivity heterogeneity caused by the presence of a blood vessel was
dependent on the vessel diameter and on the electrode’s distance to the
vessel. This is in agreement with other previous studies [130],[132],[122].
In the present study, we have modeled the blood vessels as simple
containers of blood. That is, they were modeled as homogeneous regions
of higher electrical conductivity than the liver parenchyma. Unfortunately,
our data model didn’t support the inclusion of vessels wall. Furthermore,
the thickness of vessel walls varies enormously around arteries and veins
let alone variability in the structure of veins and arteries. The lack of
existing data about vessel walls as well as the non-uniform geometry
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distribution of vessels limited the possibility of adding accurate vessel
walls around our data model. However, to validate this simplification, an
additional group of simulations was repeated with the inclusion of a 1 mm
vessel wall around large hepatic veins and portal vein, as described in our
previous study[133]. The results of these simulations are included in the
supplementary materials (Figure 3.1. and Table 3.7.). The results show
that the presence of the wall reduces the influence of blood on the electric
field distribution and the undertreatment volumes. However, the relative
difference in undertreatment volume compared to the results reported here
does not exceed 21%.

In terms of treatment volume size (Table 3.2.), our results indicate that
the impact of blood vessels will be mild for superficial liver IRE
treatments. The maximum deviation in volume we observed was only 6%,
which can be perceived as almost negligible if other confounding factors
that influence the outcome of IRE are considered. For instance, tolerances
when placing the electrodes are likely to cause a larger error in treatment
planning. On the other hand, the observed regions of undertreatment
around the blood vessels represent a potentially grave issue. We observed
undertreatment in 65% of the analyzed cases (Table 3.4.). This high
incidence rate would increase if deeper treatments — such as the ones
represented in Figure 3.3. — were analyzed because the electrodes would
be closer to even larger vessels. Therefore, we deem that undertreatment is
likely to occur in current IRE liver treatments. It must be noted that IRE is
particularly prescribed for ablations close to vessels because in those
scenarios other ablative techniques based on temperature are not
usable[134]. Whether undertreated regions of only 1 mm? represent a real
clinical threat is still debatable, particularly because in our analysis
undertreatment typically occurred at the periphery of the target volume
and it must be presumed that in clinical IRE these locations would
correspond to the safety margins considered during treatment planning.
However, undertreatment certainly should be a matter of concern because
any tumor cell left viable is a new potential tumor nodule. Furthermore, it
must also be taken into account that we obtained much larger volumes of
undertreatment, reaching up to 228 mm?® (Table 3.3.). Therefore, although
to the best of our knowledge no clinical cases of recurrence after hepatic
IRE have been reported that were directly linked to undertreatment around
vessels, we advise practitioners of liver IRE to carefully monitor any
possible signs of recurrence around vessels during post-treatment follow-
ups. Again it is convenient to note that undertreatment around vessels has
been experimentally reported by Golberg et al. [130].

Different treatment planning approaches were included in our simulation
in order to be more relevant to clinical applications. Three-electrode and
four-electrode arrays were simulated. Our results show an increase in the
treatment zones and a decrease in the size of undertreatment volumes
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(Table 3.5.). The four-electrode array produced a larger treatment zone
similar to the reported results in Applebaum et al. [58].

In order to prevent undertreatment due to the presence of vessels, we
propose to replace blood in the liver vessels with an isotonic low
conductivity liquid — such as a mixture of normal saline and dextrose 5%
— so that the tissues are made more homogeneous in terms of conductivity.
Our results indeed showed a huge improvement regarding cases of
undertreatment (Table 3.7.) and regarding the size of the undertreated
regions (Table 3.6.) when the conductivity of the vessels is set to 0.1 S/m.
Similar results, not reported here, were obtained with higher (0.2 S/m) and
lower (0.05 S/m) conductivities.

Delivery of low conductivity liquids into the liver vasculature could be
performed either directly through percutaneous trans-hepatic portal
catheterization (PTPC), which has been used for islet transplantation[135],
or through hepatic vascular exclusion (HVE) maneuvers by deploying
clamps through laparoscopy[135]. It is worth noting that total HVE
(THVE) has been used for gene therapy[136] or to improve the
pharmacokinetics of chemotherapeutic drugs [137]. Several low
conductivity solutions could be employed with a reasonable margin of
safety[138],[139],[140]. In particular, by diluting one part of normal saline
(0.9% NaCl, ozc = 1.5 S/m) in fourteen parts of dextrose 5% (oz7c <
0.01 S/m) an isotonic solution with a conductivity of about 0.1 S/m would
be obtained. Note that, if the delivery technique does not substitute the
blood but merely dilutes it, then the conductivity of the injected liquid
would have to be adjusted to a lower value so that the resulting mixture
had an adequate conductivity (0.1 S/m).

3.5 Conclusion

Due to their impact on electric field distribution, liver blood vessels may
have an impact on IRE treatments in terms of treatment volume size and
shape. This numerical study shows that the impact of blood vessels occurs
around the medium size vessels and on the periphery of the treatment
region, which may sufficiently distort the electric field distribution that
resulted in undertreatment regions, with the potential effect on the quality
of IRE cancer treatment. According to the reported results, the frequent
random positions with different electrode settings indicated that the
probability of undertreatment could occur frequently in hepatic IRE
treatments. These undertreatment regions correspond to areas where the
applied electric field is potentially sub-lethal. Therefore, caution is
advised due to the possibility of these undertreated volumes to become
new tumor nodules. This risk could be minimized by replacing blood in
the liver vasculature, or by diluting it, with isotonic low conductivity
liquids.
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3.6 Supplementary Material

Table 3.8. Average of treatment volumes (cm®) and the maximum percentage
deviation between homogeneous and non-homogeneous models. Considering
in the model the electrical conductivity of healthy (normal) liver.

AL Space 3000 V 2500 V 2000 V
NH HN NH NH HN NH NH HN NH
(%D) %D %D
10 47 48 23 37 38 30 28 29 33
15 58 59 51 44 45 48 31 31 23
10 20 65 65 10 48 48 08 29 29 11
25 64 65 6.8 40 41 73 23 23 32
10 63 63 25 50 51 30 38 38 30
15 142 144 24 96 97 29 45 44 39
15 20 9.2 93 1.0 69 69 12 43 43 21
25 90 91 08 60 59 13 32 31 36
10 80 80 09 64 64 07 49 49 14
15 101 101 1.0 80 80 16 57 57 15
20 9o 111 114 56 82 85 47 51 52 56
25 118 119 65 78 79 65 38 37 68
10 97 97 26 78 78 19 59 59 13
15 120 120 18 95 95 16 68 68 09
25 20 136 139 28 102 104 31 65 66 30
25 143 145 21 96 97 26 45 44 33

Note: AL: Active Length, NH: Non-Homogeneous Normal tissue, HN: Homogeneous
Normal tissue, (%D): maximum percentage deviation between the homogeneous and the
non-homogeneous cases.
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Table 3.9. Volumes (mm®) of tissue subjected to undertreatment because of the
presence of blood vessels. Considering in the model the electrical conductivity of
healthy (normal) liver.

AL Space 3000 V 2500 V 2000 V
(mm) (mm)

Min Max Mean Min Max Mean Min Max Mean

10 0.0 53.3 34.5 00 551 31 00 487 301
15 0.0 1191 586 00 824 406 00 331 192

10 20 44 10.1 7.9 1.6 5.9 4.4 0.0 4.9 3.2
25 3.0 12.2 7.8 0.0 8.2 3.7 0.0 6.5 3.3
10 0.0 28.6 13.8 00 173 8.5 00 132 6.3
15 15 1146 1606 1452 938 109.1 103.2 14.6 418 304
20 156 547 37.0 6.1 531 31.7 0.0 483 215
25 4.2 454 20.4 20 248 10.8 0.0 8.2 31
10 2.0 76.2 32.7 1.3 529 27.0 00 375 20.4
20 15 0.0 1094 518 00 621 34.6 00 534 284
20 120.1 4437 2167 90.2 370.0 1718 412 1932 1134
25 499 2916 1721 351 2244 1423 0.0 880 398
10 31.1 639 481 166 54.2 37.6 9.2 418 27.8
25 15 95 1215 554 41 765 34.7 15 417 18.1

20 1148 4020 2126 979 3446 1769 572 200.6 103.2
25 745 1979 1436 608 1619 999 195 520 324

Note: Min: Minimum, Max: Maximum.

Table 3.10. Volumes of tumor tissue subjected to undertreatment because
of the presence of blood vessels of different IRE thresholds (V/cm).

Active length Space 500 600 700 800 1000
(mm) (mm) Vicm Vicm V/cm  V/icm  V/em

15 95.7 63.1 44.2 35.2 15.2

20 20 319 272.3 2248 180 49.2

25 317.9 2029 159.4 75.5 19.6

15 190.7 142.1 1195 878 41.1

25 20 273 2712 2277 2063 984

25 2415 2042 182.6 153.7 119.8

Note: 3000 V applied potential
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Table 3.11. A number of cases of undertreatment (undertreated volume
>Imm®) out of the 6 assayed insertion locations. Considering in the
model the electrical conductivity of healthy (normal) liver.

Electric Active length Space(mm)
Potential(V) (mm) P

10 15 20 25

10 206 206 2/6 3/6

15 206 2/6 3/6 3/6

2000 20 3/6 4/6 4/6 4/6
25 36 4/6 416 5/6

10 206 206 3/6 3/6

15 216 3/6 4/6 416

2500 20 416 56 6/6 6/6
25 5/6  5/6 6/6 6/6

10 36 4l6 416 416

15 36 4/6 5/6 6/6

3000 20 416 506 5/6 6/6
25 5/6 5/6 6/6 6/6

Table 3.12. Average undertreated volume (mm?) for different
electrical conductivities of the liver vessels. Considering of
healthy (normal) liver.

Active

length  Space 3000V 2500V 2000V
(mm)  (mm) 0.7 0.1 0.7 0.1 0.7 0.1
(S/Im) (S/m)  (S/m) (S/m) (S/m) (S/m)
10 345 0.0 35.1 0 30.1 0
15 58.6 0 40.6 0 19.2 0
10 20 7.9 0 4.4 0 3.2 0
25 7.8 6.5 3.7 3.9 3.3 3.2
10 13.8 0 8.5 0 6.3 0
15 145.2 11 103.2 1.4 30.4 1.2
15 20 37.0 1.2 31.7 0 215 3.6
25 20.4 2.7 10.8 0 3.1
10 327 0 27.0 0 20.4 0
15 51.8 0 34.6 0 28.4
20 20 216.7 3.3 171.8 15 113.4 1.2
25 172.1 7.9 142.3 17.7 39.8 3.1
10 48.1 2 37.6 1 27.8 0.7
15 55.4 7.3 34.7 4.9 18.1 1.4
2 20 2126 11 176.9 6 103.2 2

25 1436 3.2 99.9 2.8 324 1.5




Table 3.13. A number of cases of undertreated volume >1mm?® out of the 6
assayed insertion locations When the conductivity of the vessels is 0.1

S/m. normal tissue.

Potential(\V)  Active length(mm) Space(mm)

10 15 20 25

10 0/6  0/6 0/6 2/6

15 06  1/6 2/6 0/6

2000 20 0/6 0/6 216 216
25 16 206 2/6 2/6

10 0/6  0/6 0/6 2/6

15 0/6 216 0/6 0/6

2500 20 o6 0l6 1/6 3/6
25 16 306 3/6 1/6

10 0/6 0/6 0/6 216

15 0/6 216 216 3/6

3000 20 06 0/ 0/6 206
25 06  1/6 2/6 0/6

.
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Figure 3.5. X-Y plane plot of electric field magnitude during hypothetical treatment of a
tumor. (&) The non-homogeneous model (Gyessels = 0.7 S/M = Gyai # Giiver 7 Ctumor) FeSUIL.
(d) The non-homogeneous model (Gyesseis = 0.7 S/m # Gyail # Oiiver 7 Gtumor) fesult (c) The
non-homogeneous model (oyessets = 0.7 S/m # Gyan # Giiver 7 Gtumor) FeSUlt 3-electrode array
(d) Result when the vessel is filled with a low conductivity fluid (oyessels = 0.1 S/m # Gjiver

# Gtumor) -
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CHAPTER4

Fast Semi-Analytical Approach for Field
Computation in Electroporation Treatment
Planning
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Abstract

Electroporation based therapies are becoming an increasingly attractive
option for minimally invasive treatment of tumors. Electroporation
treatment effectiveness mainly depends on electric field distribution.
Typically numerical methods are used for modeling the electric field
distribution, which is highly computational demanding and time-
consuming. In this chapter it is presented a fast semi-analytical algorithm
to calculate the electric field distribution when needle-shaped electrodes
are employed for treatment delivery. The solution presented here makes
the use of approximating needle electrodes needle electrodes as strings of
charged spheres in a electrostatics problem. The algorithm calculates the
position, number of spheres, electric potential and electric charges of the
spheres, and then calculates the electric field at any point in the space by
superposition. A systematic study of 20 cases with various possible
configurations for pair of needles (Parallel, non-Parallel or asymmetric)
was conducted for validation purpose. The semi-analytical algorithm
results were compared with results from simulations computed with the
finite element method (FEM). In particular the algorithm results were
compared to simulations in which the medium conductivity was modeled
as constant and to simulations in which it was modeled the dependence of
tissue conductivity on the electric field due to the electroproation
phenomenon (dynamic conductivity). The total current percentage
deviation, the surface Euclidean distance and the maximum average
distance of the ablation zone were estimated. The results showed a very
good correlation between the algorithm and the FEM simulation under the
assumption of constant conductivity. The comparison with homogenous-
static and homogeneous -dynamic models indicated a maximum average
distance of 5.6 and 9.8 mm respectively. However, the semi-analytical
prototype was able to represent the solution with 1s, while the average
estimated running time of numerical static and dynamic models were
42.8s and 243.1s respectively. Despite the limitations of the semi-
analytical solution to the constant conductivity, it will be very useful in
providing physicians with fast feedback on electric field distribution
especially when they aim to optimize the treatment planning.

The content of this chapter is adapted from the following article (in preparation
for publication):

R. Qasrawi, B. Mercadal , Q. Castellvi, Z. Abdeen, and A. Ivorra, " Fast Semi-
Analytical Algorithm for Computing the Electric Field Distribution in
Electroporation Treatment Planning. (In Preparation for Submission)
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4.1 Introduction

Image-guided tumor ablation therapies using the electroporation technigque
have been developed as a minimally invasive treatment for cancer
treatment due to its high effectiveness, minimal side effects and low
cost[55], [141]-[144]. Electroporation treatment has become a widely
used technique in the clinical routine for cutaneous, subcutaneous and
recently for deep-seated tumors with response rates of approximately 70-
100%][68], [142], [145], [146]. The treatment is entering routine clinical
practice in the USA and many Europe countries. Currently, the technology
is used for skin, liver, kidney, prostate, pancreatic, colorectal and renal
tumors [101], [108], [147]-[149].

Treatment planning is used to determine treatment region size and shape.
It involves managing and controlling the electroporation parameters, such
as electrode geometry (active length, diameters, and orientations) as well
as electrode placement for specifically applied potentials[94], [150]. There
are two types of electroporation treatment, namely: electrochemotherapy
that is used for allowing cytotoxic drugs to enter the cell[151][152]. And
the non-thermal irreversible electroporation (N-IRE) that is used for
ablating deep-seated tumors[5].

The success of electroporation therapy depends on the appropriate settings
of treatment parameters and on the placement of electrodes into the target
lesion to achieve complete tumor coverage with adequate electric field
distribution[94]. In fact, Electroporation-based treatment has been
identified and developed for many clinical applications, such as ECT and
IRE. Despite standard operating procedures to ensure safe and successful
treatment for the targeted tumors have been set[153][134], [21],
nevertheless, patient-specific treatment planning is required prior deep-
seated tumor treatment application [96], [99], [122].

Usually, deep-seated tumors have diverse shapes, size, and location. This
entails exposing the target tissues with sufficient electric field that
requires long needle electrodes and a proper electric field distribution.
This can only be achieved by means of numerical or analytical modeling
of electric field distribution based on real data from the patient medical
image and proper electrode insertions.

Electroporation treatment planning tools have been used for this purpose
[96], [99], [122] with inherent drawbacks. For example, numerical
modeling has been used in many studies for different electroporation
treatment purposes based on commercial packages developed for more
general physics/electromagnetic  simulations, such as COMSOL
(www.comsol.com). Recently, Mehedi et al. introduced a simple
analytical model for calculating electric fields in tissues based on the
fractional-order model. The preliminary results of this study indicated that
the calculated electric field distribution might help to find the optimal
electrode configurations in electroporation treatment planning[155].
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Furthermore, a web-based electroporation treatment planning software has
been developed by the University of Ljubljana[99]. The software includes
image processing algorithms for automatic tissue segmentations, surface
reconstruction algorithms for generating the 3D model of the tissue,
procedures for electrode insertions, while the electric field distribution is
computed based on the Matlab—Comsol integration for numerical
modeling. Unfortunately, the COMSOL numerical modeling requires a
3D simplified volume geometry, in order to save the computational time
and resources. The software managed to minimize the process of 3D
geometry reconstruction of the liver treatment plan by using the automatic
segmentation algorithm for a liver from CT images. Also, it includes an
efficient interactive tool for electrode insertion. However, the geometry
simplification  (meshing, cleaning, curvature, optimization, and
decimation) still needed for numerical modeling. Furthermore, the post-
processing of the computed electric fields and currents is handled by
Matlab using built-in COMSOL functions.

In this study, we developed a fast semi-analytical algorithm for estimating
the electric field distribution with accuracy that resembles numerical
modeling. The algorithm designed to facilitate the real-time clinical
application by providing physicians with very fast feedback on the electric
field distribution when they are trying different electrode positions and
orientations. Furthermore, it can provide a preliminary approximation for
electric field distribution before performing the accurate simulation.

4.2 Methods

The fast semi-analytical algorithm has been developed as a voxel-based
prototype software in C++ programming language and integrated to
GIMIAS software package[114]. The key ideas of the algorithm were
first conceived by Quim Castellvi and Antoni Ivorra. Borja Mercadal
devised the set of equations implemented in the algorithm and performed
the first trials in Matlab. Radwan Qasrawi implemented prototype, the
integration into GIMIAS and the validation presented here.The following
sections describe the electrode geometry creations and the fast semi-
analytical algorithm for electric field distribution calculation.

4.2.1 The semi-analytical algorithm

The semi-analytical algorithm applies the superposition principle in
approximating the electrodes geometry from a set of conductive spheres
and analytically calculates the electric field distribution generated from
each sphere, while the overall electric field magnitude equals the sum of
the spheres individual contributions.
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In preliminary tests, it was found that the most accurate results were
achieved upon assuming spheres separated by a distance equal to its radius
as shown in the figure 4.1.:

Figure 4.1. The approximated 3D electrodes geometry from a chain of
conductive spheres.

The radius is calculated by imposing two conditions: that the contact
surface of the medium is the same as the needles we are modeling, and the
total length occupied by the spheres is the same as the needles. This
means that to calculate the radius of our spheres, first we have to take into
account that the sphere at the top, as well as the sphere at the bottom, has
a higher contribution to the total surface than the other spheres. Then the
surface would be:

S =2x%3nR?+ (n—2) X 2wR? (1)

R is the radius of the spheres and n the total number of spheres. The
second condition leads to the following equation:
m+1DR=nh 2

h is the length of the needle. The system of equations 1 and 2 which is
assumed to be equal to the surface of the needle (approximated as a
cylinder), allows calculation of the sphere’s radius as well as a number of
spheres which in turn will lead to the calculation of the sphere centers.

After defining the spherical electrode geometry, the algorithm computes
the electric field distribution assuming that the spheres act as point current
sources. For obtaining the expressions that provide the electric field
induced by these current sources, it was employed the duality between the
current in volume conductors and the charge in electrostatics [156]. That
is, it was solved an electrostatic problem equivalent to the current

conduction problem.
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The voltage difference between the two needles is U which means that we
have a number of spheres nl at a potential V=U/2 (first needle) and a
number of spheres n2 at a potential V=-U/2 (second needle). This
represents the system of conductors, which under electrostatic equilibrium
the electric field inside them will be zero and its electric potential will be
constant. The electric potential generated by a conducting sphere in the
outer regions is assumed to be the same as that generated by a punctual
charge:

V() = 3

4mer

Q is the charge of the sphere and r the distance from the point at which we
are calculating the potential and the center of the sphere.

The potential of one sphere will be the sum of the potential generated by
its own charge and the potentials generated by the rest of the charges in

our geometry:
V= Q; Q1 Q2 ey Oy
' 4meR; 4med;, Amed;, 4med; n

(4)

Where d; is the distance between the surface of sphere i and the center of
the sphere j and N is the total number of spheres (N=n1+n2). Equation 4 is
the same as:

j=N
j=1
With b defined as:
11
=R,
bij= 11 (6)

= e,

If both needles have equal radii, b; will be a symmetric matrix. Since we
know that the potential of the spheres has to be:

+E i = 1, ,nl
Vi = U . (7)
-3 i=n;+1,..,n4
Then we calculate the charges by solving the linear system:

Qi = a;;V; (8)
Where a; is the inverse matrix of bj;.
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These charges can be associated to the current injected by each needle.
This current will be proportional to the sum of the charges of the spheres:

o
Ineedie =g z Q; (9)

needle

Where ¢ is the conductivity of the medium. This approximation does not
take into account that the current on the two needles has to be the same
but with opposite sign. To correct this, we add the condition that the sum
of the two currents has to be lower than a certain value or tolerance. This
leads to two additional equations to add to our linear system for the
calculation of the charges:

g

&

=1

N
z )
i=1

Where § is the tolerance. We have not studied the optimal value of the
tolerance. We imposed a tolerance of 1 mA arbitrarily because we will
work generally with currents in the order of amperes.

Finally, with this additional condition, to find the values of the charges we
need to solve by the least squares method the linear system composed by
equations 8 and 10:

Qi<é

-

(10)

K

( Qi = a;V;
N
o
—Z Qi<é
= (11)
N

ZQLZ—S

i=1

K

From the spheres positions and its charges, we can calculate the electric
field at any point in the space by superposition. The electric field at an
arbitrary point will be the sum of the field generated by each sphere:

o G-n)

B =—L U7 12
N

HE D (13)
i=1

Where r is the position at which we are calculating the field and r; is the
center of the sphere i.
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In our model, we assumed the points in the space to represent the points of
the target geometry that have been extracted from the patient medical
image. The software reconstructs a voxel-based geometry with a scalar
value equal to the electric field distribution at each point in the target
region. Then the tool provides users with an isosurface reconstruction
plug-in based on electric field threshold value by means of
vtkMarchinCube and vtkContourFilter that is built in our planning tool.

4.2.2. Number of points optimization

The time elapsed by the algorithm depends on the geometry of the needles
which is related to the number of spheres (the ratio length/radius of the
needle conditions the number of spheres). However, on average, all the
calculations before the computation of the electric field do not exceed
0.35 seconds and computing the electric field at a single point takes about
31ps. If we divide our simulation space with a grid of NxNxN points then
the time cost is proportional to N°. To obtain the results in less than 1
second the maximum N we can use is between 25 and 30. If our
simulation space is large, this grid would lead to results that are not highly
accurate. Therefore, we first need to reduce the space for electric field
calculation by narrowing the region in which we expect a field higher than
the iso-surface value.

To choose the minimum and maximum values of X, y, and z, we
approximate the needles as a single charge (with a charge equal to the
total charge of the needle) located in the middle of the needle. We then
calculate the distance at which the electric field generated by these
charges will be significantly lower than our iso-value. Using this distance,
we set the limits of our region keeping in mind that the length of the grid
has to be equal in all directions X, y, and z.

4.2.3. Algorithm validation

We have performed wide-ranging validation studies for testing the semi-
analytical algorithm. The accuracy of our semi-analytical solution has
been validated by comparing it with the numerical simulation results
based on COMSOL. The implementation of electrodes has been validated
by comparing the values of electric current generated by different
electrode configurations, as well as by graphically comparing the Iso-
Surfaces numerically obtained at IRE electric field threshold
(E=800V/cm). Furthermore, we compared the distances between the
numerically estimated Isosurfaces at E=800V/cm with the Isosurfaces
estimated by the semi-analytical solution.

In order to graphically illustrate the correlation between the algorithm
results and the numerical solution, we modeled IRE treatment in six
models in various possible clinical applications. The 3D iso-surface and
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the 2D plan plots were compared, in addition to the estimation of the
Euclidian distance in the X, Y, and Z-Directions.

The accuracy of our semi-analytical algorithm results was compared with
the results of numerical homogeneous static and homogeneous dynamic
conductivity models in a series of 20 cases with different configurations.
The numerical homogeneous static conductivity was set to the
conductivity of the hepatic tumor tissue (0.5S/m) as described in Prakash
et al.[119]. As for the homogeneous dynamic conductivity in the hepatic
tumor tissue, it was modeled with the sigmoid function as described
in[120]. In all cases, the total electric current, the maximum average
distance and the estimated running time were reported and compared.

In order to illustrate the effectiveness of the fast algorithm in clinical
application, a patient-specific treatment plan with a liver tumor of 2.8cm?
was conducted in an anatomically realistic case study[79]. We performed
the simulation in three models (constant-analytical, homogenous-static
and homogeneous-dynamic) in which the tumor, liver, bones and
surrounding tissues were given initial conductivity values (0.2, 0.05, 0.02
and 0.2 S/m) respectively. The homogeneous dynamic conductivity
changes were modeled with the sigmoid function described in [120]. The
electrodes modeled in this case study were 2 needle electrodes with 1e”
mm diameter; 20mm interelectrode space and 20mm electrode active
length and 3000V applied potential. We performed our simulation on CT
data sets stored as DICOM images, 512 by 512 pixels with a 12-bit gray
level resolution, 5mm interval and with 67 slides. The computer used for
runtime measures had Intel(R) Core(TM) i7-4770, 3.4GHz CPU, 8GB
RAM and Windows 7 Professional operating system.

The study included the performance of a complete treatment planning
procedure similar to radiotherapy treatment planning. In this case study,
the difference in electric current, maximum average distance and the
estimated running time were compared.

4.3 Results

Results from simulations performed using the fast analytical algorithm are
compared here with results generated by the numerical simulation based
on the commercial finite element package solver (Comsol Multiphysics,
AS, Stockholm, Sweden). To evaluate our analytical module, we
compared its behavior on a uniform 3D cuboid domain with two needles
electrodes. Furthermore, we evaluated the model according to an
anatomically realistic liver model reconstructed from human CT image.

4.3.1 Comparison of electric field distribution

Electrode configuration is one of the potential variables that affect the
electric field distribution and the electroporation treatment effectiveness.
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It has been shown that the electrode parameters (i.e. the length of
exposure and interelectrode spacing) and the applied potential (i.e. voltage
and current) have major effects on treatment outcomes [94], [150].
Therefore, in order to estimate the accuracy in our semi-analytical
approximation method, we compared the semi-analytical results with the
same models from the numerical simulation in various possible clinical
situations as shown in Table 4.1. The six models were performed on a
uniform cuboid domain under the assumption of constant tissue
conductivity(1S/m). The configurations examined a set of variables
including electric potential, the length of exposure, interelectrode spacing,
electrode thickness, and electrode orientation (0 and ¢). Each simulation
examined one or more variables. The results were compared for IRE
treatment zones where electric field threshold set as E;,=800V/cm.

Table 4.1. The electrode configurations used in the constant conductivity
analytical and numerical simulations

Model Electrode one Electrode Two Spacing
number L 0 L2
1 25e-4 002 0 0 25e4 002 0 O 7 0.02
2 25e-4 002 - - 25e4 002 - -9 8 0.02
30 90 45
3 25e-4 002 30 - 25e4 002 30 -90 10 0.02
90
4 25e4 003 - - 2be4 005 45 -15 12 0.02
60 75
5 25e-4 002 35 - 25e4 002 - -75 8 0.02
35 25
6 25e-4 004 - - 25be4 001 - 120 12 0.02
60 90 45

Note: R:electrode radius, L: electrode active length; V:electric potential; 6:
polar angle (theta); @: azimuthal angle (phi) in spherical coordinate.

In Figure 4.2. (a-f), 3D snapshots from the six cases illustrated in Table
4.1. are presented. For each case, a 3D Isosurface of IRE (E=800V/cm)
plot was obtained from the semi-analytical and numerical models. The
ellipsoidal ablation zones of the electric field distribution were compared
for both simulations. The results of electric field distribution plots in
Figure 4.2. indicated a uniform distribution and a very good agreement
between the solution obtained from the semi-analytical algorithm and the
numerical simulation. However, a small deviation was noticed at the
periphery of the Isosurface of the electric field distribution.

The resulting ablation zones are compared using the Average Maximum
Distance between the overall points. In our calculation, we considered
only the points on the surface of the electric field distribution and deleted
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the intersection points from our calculation since we assumed the
distances to be zero.

@) (b)
(©) @
(e) ®

Figure 4.2. IRE 3D Iso-Surface plot (E;,=800V/cm) of the analytical (blue color)
and numerical (gray color) simulations. Figures (a-f) represent the results of the
constant conductivity models shown in Table 4.1. respectively.
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Table 4.2. The average maximum distance between the semi-analytical and
numerical simulations results.
Model (X-AMD) Max(Y-AMD) Max(Z-AMD) Max(AMD)

(mm) (mm) (mm) (mm)
1 1.9 0.3 0.2 1.9
2 32 0.3 0.4 3.2
3 2.8 0.2 03 2.8
4 4.9 12 03 5.1
5 1.9 0.1 0.1 19
6 2.0 0.1 1.1 2.3

Note: AMD is the Average Maximum Difference; X, Y, Z is the XYZ directions

Table 4.2. shows the comparison of the average maximum distances
between the semi-analytical and numerical simulated models. The results
indicated that the maximum average distance found was 5.1mm in model
4. The results indicate a good correlation with numerical simulation
considering the speed of geometry preparation and the electric field
calculation time (especially in complex geometries).

Furthermore, the result depicted in Table 4.2. shows that the largest
difference was introduced by incorporating various electrode lengths
(model 4 and 6), where the largest maximum average distance found were
4.9, 1.2 and 1.1mm along the X, Y and Z-directions respectively.

4.3.1 Surface distance contours of electric field distribution

In order to quantify the accuracy of our analytical method, we compared it
with the numerical method by estimating the Euclidean surface distances
of the models described in Table 4.1. at different locations in the X-Y and
Z-Y planes. For that, 2D cross-section plots and surface distance
differences were illustrated in the following paragraphs:

Model 1. In Figure 4.3., the two methods were compared in the 2D X-Y
and Z-Y plane plot. Figure 4.3.(a) shows the 2D X-Y plane plot at Z=-
0.15, -0.14 and -0.13. The Z-direction surface distance at the 3 points is
0.2, 0.4 and 1.3 mm respectively. Figure 4.3.(b) shows the 2D Z-Y plane
plot at X=0.15, 0.145, and 0.14. The X- direction surface distance at the 3
points is 0.2, 0.1 and 1.1 mm respectively. The results indicated a very
good correlation with the numerical model and a uniform ellipsoid electric
field distribution is clearly evident.
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Figure 4.3. (a) The X-Y plane plot of electric field magnitude (E4=800V/cm) for
analytical and numerical solutions at Z= -0.15, -0.14 and -0.13 from left to right
respectively.
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43. (b) The Z-Y plane plot of electric field magnitude
(Eth=800V/cm) for analytical and numerical solutions at X=0.15, 0.145 and
0.14 from left to right respectively.

Model 2. In Figure 4.4., the two methods were compared in the 2D X-Y
and Z-Y plane plot. Figure 4.4.(a) shows the 2D X-Y plane plot at Z= -
0.155, -0.15 and -0.14. The Z-direction surface distance at the 3 points is
0.4, 0.6 and 0.8 mm respectively. Figure 4.4.(b) shows the 2D Z-Y plane
plot at X=0.15, 0.155 and 0.157. The X-direction surface distance at the 3
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points is 0.4, 0.5 and 0.7 mm respectively. The results indicated a very
good correlation with the numerical model and a uniform ellipsoid electric
field distribution is noticed.
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Figure 4.4. (a). The X-Y plane plot of electric field magnitude (E=800V/cm) for
analytical and numerical solutions at Z= -0.155, -0.15 and -0.14 from left to right
respectively.
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Figure 4.4. (b) Z-Y plane plot of electric field magnitude (Eth=800V/cm) for
analytical and numerical solutions at X=0.15, 0.155 and 0.157.

Model 3. In Figure 4.5., the two methods were compared in the 2D X-Y
and Z-Y plane plot. Figure 4.5.(a) shows the 2D X-Y plane plot at Z=-
0.16, -0.15 and -0.14. The Z-direction surface distance at the 3 points is
0.2, 0.3 and 0.3 mm respectively. Figure 4.5.(b) shows the 2D Z-Y plane
plot at X=0.15, 0.155 and 0.16. The X-direction surface distance at the 3
points is 0.2, 0.3 and 0.6 mm respectively. The results indicated a very
good correlation with the numerical model and a uniform ellipsoid electric
field distribution is noticed.
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Figure 4.5.(a). The X-Y plane plot of electric field magnitude
(E4#=800V/cm) for analytical and numerical solutions at Z= -0.16, -0.15
and -0.14 from left to right respectively.
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Figure 4.5. (b). Z-Y plane plot of electric field magnitude
(Ex#=800V/cm) for analytical and numerical solutions at X= 0.15, 0.155
and 0.16 from left to right respectively.
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Model 4. In Figure 4.6., the two methods were compared in the 2D X-Y
and Z-Y plane plot. Figure 4.6.(a) shows the 2D X-Y plane plot at Z=0.15,
-0.16 and -0.14. The Z-direction surface distance at the 3 points is 0.9, 1.1
and 1 mm respectively. Figure 4.6.(b) shows the 2D Z-Y plane plot at X=
0.16, 0.15 and 0.14. The X-direction surface distance at the 3 points is 0.8,
1.3 and 1.1 mm respectively. The results indicated a very good correlation
with the numerical model and a uniform ellipsoid electric field
distribution is noticed.
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Figure 4.6.(a). The X-Y plane plot of electric field magnitude
(E4#=800V/cm) for analytical and numerical solutions at Z= -0.15, -0.16
and -0.14 from left to right respectively.
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Figure 4.6. (b). Z-Y plane plot of electric field magnitude (E=800V/cm) for
analytical and numerical solutions at X= 0.16, 0.15 and 0.14 from left to right

respectively.

Model 5. In Figure 4.7., the two methods were compared in the 2D X-Y
and Z-Y plane plot. Figure 4.7.(a) shows the 2D X-Y plane plot at Z= -
0.15,-0.16 and -0.165. The Z-direction surface distance at the 3 points is
0.1, 0.3 and 0.5 mm respectively. Figure 4.7.(b) shows the 2D Z-Y plane
plot at X=0.15, 0.16 and 0.165. The X-direction surface distance at the 3
points is 0.1, 0.2 and 0.6 mm respectively. The results indicated a very
good correlation with the numerical model and a uniform ellipsoid electric
field distribution is noticed.
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Figure 4.7. (a). The X-Y plane plot of electric field magnitude (E=800V/cm) for
analytical and numerical solutions at Z= -0.15, -0.16 and -0.165 from left to right
respectively.
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Figure 4.7. (b). The Z-Y plane plot of electric field magnitude (E=800V/cm) for
analytical and numerical solutions at X= 0.15, 0.16 and 0.165 from left to right
respectively.
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Model 6. In Figure 4.8., the two methods were compared in the 2D X-Y
and Z-Y plane plot. Figure 4.8.(a) shows the 2D X-Y plane plot at Z= -
0.15, -0.145 and -0.14. The Z-direction surface distance at the 3 points is
3.6, 3.9 and 3.1 mm respectively. Figure 4.8.(b) shows the 2D Z-Y plane
plot at X=0.145, 0.15 and 0.155. The X-direction surface distance at the 3
points is 2.4, 2.3 and 2.6 mm respectively. The results indicated a good
correlation with the numerical model and a uniform ellipsoid electric field

distribution is noticed.
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Figure 4.8. (a). The X-Y plane plot of electric field magnitude (E=800V/cm) for
analytical and numerical solutions at Z=-0.15, -0.145 and - 0.14 from left to right

respectively.
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Figure 4.8. (b) The Z-Y plane plot of electric field magnitude (E=800V/cm) for
analytical and numerical solutions at X= 0.145, 0.15 and 0.155 from left to right
respectively.

4.3.2 Comparison with numerical (homogeneous-static and
homogeneous-dynamic) simulation

In order to further validate the accuracy of our semi-analytical solution, a
series of 20 models with different configurations were simulated and
compared with similar numerical simulations. From the results obtained, a
comparison was conducted between semi-analytical constant conductivity,
numerical homogeneous static conductivity, and homogeneous dynamic
conductivity models.
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Table 4.3. The electrode configurations of the 20 models used in the comparison
of the analytical and numerical simulations.

First Electrode Second Electrode Space
(m)

1 2.5e% 0.02 0 0 0.02 0 0 10 0.02
o 25e%™ 002 -30 -90 002 -15 -90 9 0.02
3 25e% 002 -30 -90 002 30 -90 12 0.015
4 25e% 003 -20 -75 005 30 -15 12 0.02
5 2.5e% 002 60 -35 002 -20 0 12 0.02
6 2.5e™ 003 170 80 001 175 -75 13 0.02
7 25e% 0.01 0 0 001 0 0 7 0.01
g 2.5e%™ 0.02 100 90 0.02 -25 90 7 0.015
9 25 0015 30 -90 0015 -30 -90 8 0.02

10 25 0015 25 0 003 -45 0 10 0.2
11 2.5e™ 0.02 0 9 002 10 -9 14 0.025
12

12 25e™  0.025 0 0 0025 0 0 0.025
13 5e% 0.015 0 0 0015 0 0 3 0.01
14 5% 00015 30 -90 0015 -45 90 6 0.015
15 5% 0015 -55 -60 0015 -35 -75 5 0.015
16 5% 0015 45 -90 0.025 -35 100 6 0.02
17 5e% 0015 -50 -90 0015 30 -90 6 0.01
18  5e* 0.02 40 90 002 -30 90 6 0.02

19 5% 002 -60 -90 0.04 0 90 12 0.02
20 5™ 0025 -30 0 0025 -45 60 5 0.01

Note: R: electrode radius, L: electrode active length; V:electric potential;
¢: polar angle (theta); @: azimuthal angle (phi) in spherical coordinate.

Table 4.3. illustrates the 20 models with the various configurations. To
quantify the differences between the various electrode configurations and
the three models (constant, static and dynamic), we examined the total
electric current between the two electrodes, the maximum average
distance and the estimated running time. Furthermore, we calculated the
percentage deviation which represents the accuracy as a percent deviation
between the analytical and numerical values:

o (Analytical — Nuemrical) = 100
% deviation = _ (14)
Numerical

Results in Table 4.4. show the % deviation in the negative and positive
total current passing through the electrodes of the 20 models described in
Table 4.3.
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Table 4.4.The total current measured in (A) for the semi-analytical,
numerical homogeneous-static and numerical homogeneous-dynamic
hepatic tumor conductivity.

Model Semi- H-Static H - Ana-H- Ana-H-
Analytical Dynamic Static Dynamic

(%D) (%D)
1 88.9 90.1 84.3 -1.3 5.5
2 79.2 74.5 73.5 6.4 7.8
3 111.6 105.2 97.0 6.1 15.1
4 176.6 170.4 152.8 3.6 15.6
5 104.3 105.2 97.2 -0.9 7.4
6 101.5 94.6 87.7 7.4 15.7
7 38.8 40.2 38.3 -3.5 1.4
8 63.4 64.0 58.5 -0.9 8.4
9 60.6 64.3 61.9 -5.7 -2.0
10 58.8 56.5 51.4 4.2 14.5
11 91.3 88.6 81.2 3.0 12.4
12 29.8 30.9 27.4 -3.4 8.8
13 46.2 47.1 421 -1.9 9.7
14 65.5 65.0 57.1 0.8 14.7
15 54.2 545 47.8 -0.6 13.4
16 68.1 69.9 63.3 -2.5 7.6
17 166.6 159.9 143.8 4.2 15.9
18 68.2 68.0 58.6 0.3 16.4
19 125.4 127.6 118.9 -1.7 55
20 121 122.3 114.4 -1.1 5.8

Note H-Static: Homogeneous-Static in (A); H-Dynamic: Homogeneous-
Dynamic in (A); %Div: the percentage deviation in the total current; Ana-H-
Static: Analytical to the homogeneous static comparison; Ana-H-Dynamic:
Analytical to the homogeneous static comparison.

The comparison between the constant analytical and homogenous-static
models shows that the minimum and maximum deviations found were
(0.3-7.4 mm). While the minimum and maximum deviation found
between the constant analytical and homogeneous dynamic models were
(2-16.4 mm). The maximum current difference was found in models 6 and
18. This difference in the electric current corresponds to the variation in
electrode lengths and orientations, and thus the common electrode active
length employed in electroporation treatment is of equal length. Varying
the electrode orientation, length and size can also affect the total current
values in the target ablation zone. Results in Table 4.4. show that
changing the electrode active length increased the % deviation. The
minimum value was achieved when the electrodes were inserted in
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parallel and had the same length and size as indicated in models 1, 7, 11
and 12 (Table 4.3.). While with respect to the electric field distribution, a
uniform distribution was noticed in all models as shown in Figure 4.2.

Furthermore, the comparisons between the three simulation models
(constant, static and dynamic) indicated that the analytical to homogenous
dynamic reported higher % deviation in total current than the analytical to
the homogeneous static comparison. This difference was due to the
increases in tissue electric conductivity during the electroporation process.
Results in Table 4.5. illustrates the estimation of the maximum average
distance between each two solutions (constant-analytic to homogeneous-
static and constant-analytic to homogeneous-dynamic) and the maximum
Euclidean distance along the X, Y, and Z-direction, indicated in Table 4.3.
The comparison between the constant-analytical to numerical
homogenous-static indicated a higher % difference compared with
constant analytical to numerical homogeneous-dynamic. The minimum
and maximum Euclidean surface distance for the comparison of analytical
to numerical homogeneous static were (0.2-3.9 mm), (0.1-3.5 mm) and
(0.4-3.5 mm) along the X, Y and Z-direction respectively, while the
smallest and largest maximum average distance values found were (0.3-
5.6 mm). Furthermore, the minimum and maximum Euclidean surface
distance for the analytical to numerical homogeneous-dynamic
comparison were (1.8-8.6 mm), (1.5 -7.5 mm) and (1.4-7.2 mm) along the
X, Y, and Z-direction respectively, while the smallest and largest
maximum average distance found was (1.4 -9.8 mm).
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Table 4.5. The estimated maximum average distance (mm) between the constant
to homogeneous-static and constant to homogeneous-dynamic simulations.

Constant-Homogeneous-Static Constant-Homogeneous-
Dynamic

Model Max- Max- Max- Max- Max- Max- Max- Max-
XD YD ZD AD XD YD ZD AD

1 0.2 0.1 0.8 0.8 5.6 4.25 4.7 6.2
2 2.6 11 2.5 1.9 8.6 3.4 6.2 9.3
3 1.2 0.9 1.3 2.1 8.3 4.2 5.8 9.7
4 3.4 2.7 3.5 5.2 8.1 7.4 7.2 9.1
5 1.2 1.7 1.4 2.3 5.7 4 5.2 8.9
6 2.2 0.9 1.7 2.4 52 53 3.5 6.8
7 0.3 0.2 0.4 0.3 1.8 15 1.7 1.4
8 0.6 0.7 0.5 0.7 51 6.7 4.2 6.2
9 0.9 0.8 0.9 11 2.8 3.2 2.9 5.4
10 1.3 0.9 1.4 1.6 4.8 3.3 5.3 5.9
11 1 0.9 11 1.4 6.8 8.9 5.8 8.3
12 1.2 2.7 1 2.3 51 4.7 4.1 5.6
13 0.4 0.2 0.5 0.6 1.8 2.1 1.4 2.3
14 0.9 0.7 0.6 0.9 7.7 2.5 6.9 8.9
15 0.4 0.2 0.5 0.9 2.5 2.8 2.9 3.2
16 1.2 1.8 0.9 2.5 5.6 6.1 6.4 7.5
17 0.8 0.6 1.4 1.6 4.6 5.6 3.6 7.4
18 0.9 11 1.2 2.2 4 6.3 2.6 5.7
19 3.9 3.5 3.2 5.6 8.1 4.6 4.8 9.8
20 0.5 1.3 0.9 1.9 4.5 7.5 4.7 8.5

Note Max-XD: maximum distance along X-direction; Max-YD: maximum
distance along Y-direction; Max-ZD: maximum distance along Z-direction; Max-
AD: maximum average distance.

Table 4.6. shows the reported running time for the 20 cases described in
Table 4.3. The results in Table 4.6. indicate that the fast semi-analytical
algorithm reported a minimum and maximum estimated running time of
(0.6-1s), while the minimum and maximum estimated running time for
numerical homogeneous-static and numerical homogeneous- dynamic
were (32-60s) and (131-349s) respectively.
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Table 4.6. The estimated running time of constant analytical, homogeneous-static
and homogeneous dynamic models.

Model Analytical- Homogeneous-Static Homogeneous-Dynamic
Run-Time(s) Run-Time(s) Run-Time(s)
1 1 32 185
2 0.9 52 204
3 57 245
4 60 477
5 0.9 45 140
6 0.8 51 357
7 0.9 33 131
8 0.9 44 178
9 48 139
10 43 292
11 0.8 34 159
12 0.8 36 194
13 0.9 32 176
14 35 318
15 42 346
16 0.9 38 292
17 0.9 48 166
18 42 294
19 37 219
20 47 349

The results depicted in Table 4.6. indicated that the fast analytical solution
performed the simulation within an average time of 1s, while the
numerical models were within 43s and 243s respectively.

4.3.3 Comparison with numerical simulation of anatomically
realistic model

The patient specific CT image was imported and processed by our
treatment planning prototype. A set of treatment planning parameters were
reported for measuring the accuracy and the effectiveness of the fast
analytical algorithm compared with the numerical solutions.
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Table 4.7. The estimated time T (s) for processing the major treatment planning

parameters.
Treatment Planning Fast-Analytical Numerical- Numerical
Steps T(s) Static T(s) Dynamic T(s)
Image-Preprocessing 408 408 408
Time(s)
Segmentation of ROI
(GTV,CTV and PTV) 764 2585 2585
3D Geometry
construction 336 1563 1563
Geometry
simplification i 1874 1874
Buﬂdlpg the i 286 298
numerical model
Estimated running 1 636 2457

time(s)

The results in Table 4.7. show the estimated time in seconds for the main
parameters of patient-specific electroporation treatment planning. The
results indicated that the estimated time for image post-processing
(loading, enhancement, and denoising) was 408s and it was the same for
all models as it is an essential step in treatment planning. The threshold
segmentation algorithm in high gray level tissues performed the
segmentation of the target region. The segmentation of the target region
was performed by the threshold segmentation algorithm in high gray level
tissues, the region growing algorithm and the interactive segmentation
tool for segmenting the region of interest (ROI). The segmentation
estimated time (T) was 764s for the semi-analytical model and 2585s for
the numerical model. The 3D geometry construction was performed by the
vtkmarchingcubes algorithm and the surface editor tool. The estimated
time for 3D geometry construction including surface construction,
smoothing and volumetric mesh creation was 336s for semi-analytical and
1563s for numerical. The geometry simplification was performed by the
simplification algorithms including decimation and solid volume creation
in an estimated time (T) of 1874s. Building the numerical simulation
model was performed in 286s for homogenous-static and 298s for
homogeneous dynamic. The estimated running time of the numerical
models was 636s for the homogeneous-static model and 2457s for the
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homogeneous-dynamic model, while the fast analytical solution
performed the simulation in 1s.

Figure 4.9. graphically illustrates the electric field distribution of IRE
treatment planning of liver tumor. Figure 4.9.(a,b and f) shows the IRE
contour lines and the 3D iso-surface plots of IRE treatment planning at
Ethershola=800V/cm. Figure 4.9.(c,d, and e) shows magnified plots of
Figure 4.9. results for better illustration.

Furthermore, the estimated maximum average distance found was
14.3 mm for the comparison of analytical to numerical homogeneous-
static and 10.1for analytical and numerical homogeneous-dynamic
simulation. The maximum Euclidian distances between constant semi-
analytical and homogeneous-static were 14.7, 12.1 and 9.7 mm in X, Y; Z
directions respectively, and between semi-analytical and homogeneous-
dynamic were 11.7, 10.8 and 6.6mm in X, Y, Z directions respectively.
Furthermore, the %deviations in total current were 5.9% in comparison
with homogeneous-static and 8.1% compared with homogeneous-dynamic
model.
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(b)

(d)

(e) 0

Figure 4.9. Electric field distribution calculation by the semi-analytical
algorithm. (a) 2D plot of IRE contour lines at E,=800V/cm; (b) the 3D iso-
surface of IRE treatment plan. (c,d,f) the magnified images of (a), (b) and (f).
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4.4 Discussion

Currently, electroporation-based treatment (electrochemotherapy or
irreversible electroporation) have been used in clinical applications for
cancer treatment[10], [70], [134], [143], [154]. Improving the
electroporation treatment efficiency and safety requires controlling the
electroporation parameters and reducing the damage to the healthy tissues,
this increased the need for a patient-specific treatment planning prior
clinical application.

In this work, a fast semi-analytical algorithm software prototype for
estimating the electric field distribution was described, which can be used
for electroporation (reversible and irreversible) treatment planning in
clinical application. The geometry of the target region can be defined from
the patient specific medical image (CT or MRI) by the use of the
interactive image processing and surface reconstruction tool. The software
also provides users with a simple and interactive needle electrode
insertion tool, in which users can change and manipulate the electrode
parameters with the additional advantage of calculating the electric field
distribution in less than one second.

In similarity to the radiotherapy treatment planning procedures, the fast
semi-analytical electroporation treatment planning prototype has the
required protocols and algorithms for an efficient treatment plan.
Covering target tissue with sufficient electric field distribution is very
important in order to achieve efficient electroporation treatment. Because
the electric field distribution is calculated based on analytical
approximation, which is new in electroporation treatment planning,
comprehensive treatment models were introduced and compared with the
numerical treatment planning method. We found one attempt by Mehedi
et al.[155] that indicate the possibility of using the semi-analytical
solution for calculating electric field distribution in electroporation
treatment.

The main purpose of the semi-analytical tool is to provide a real-time and
accurate estimation of electric field distribution in the target region of
interest. Currently, several image processing tools have been developed
for this purpose [103], [114], [122], [157]. Unfortunately, identifying and
preparing the geometry for numerical calculations of electric field
distribution is a timely operation. Our tool was designed to minimize
efforts and time consumed in image processing and in electric field
calculation.

In the present accuracy validation study, a set of different models with
various electroporation parameters has been simulated as described in
Table 4.1. The comparison results between the constant conductivity
semi-analytical with numerical models are in very good agreement. The
accuracy of the semi-analytical model was compared by estimating the
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maximum average distance between the points of the simulated results,
which was used in the radiofrequency treatment planning validation [121],
[158], [159]. Furthermore, we showed that a uniform electric field
distribution and similar ablation zone can be calculated, even in various
treatment situations and electrode configurations. The average maximum
distance and the surface distance between contours showed a very good
correlation between the two methods. Surprisingly, we believe that this is
probably the first semi-analytical solution for electroporation treatment
planning.

Results in  Figure 4.2.(a) indicate a uniform ellipsoid electric field
distribution around the electrodes, which produced a volume coverage
similar to the numerical. This vividly supports the possibility of using the
semi-analytical algorithm for providing physicians with a fast feedback on
electric field distribution in clinical applications. Changing the electrode
configurations for optimizing the electroporation treatment plan is
intensively used in clinical applications [58], [83], [94], [150], [160].
Figures 4.3.-4.8. showed that the semi-analytical solution is able to
estimate an accurate electric field distribution with respect to the changes
in electrode configurations. The analysis of Euclidean surface distance
showed a small difference between the two models, which is considered
negligible compared to other sources of error in electroporation treatment.
For further investigating the accuracy of our semi-analytical algorithm, we
compared the algorithm results with numerical homogeneous-static and
homogeneous-dynamic conductivity results presented in Table 4.3. The
total electric current, the maximum average distance and the estimated
running time were reported and compared. The results of the %deviation
in electric current indicated a notable difference between the three models
(constant, static and dynamic). The maximum difference was found when
the electrodes' active lengths and orientations do not match. This
difference limits the semi-analytical solution to constant conductivity
simulations.

Furthermore, the comparison of the maximum average distance showed a
difference between the three models. The comparison between constant-
semi-analytical and homogeneous-dynamic reported less difference
compared to the homogeneous-static models. This was due to the non-
linear changes in conductivity during electroporation, which increased the
electric field distribution in the target region and produced a larger
electroporated region[6],[105].

In looking at the comparison of the estimated running time between the
three models. The fast semi-analytical solution can provide physicians
with a fast feedback on electric field distribution within one second, while
the numerical simulation is time-consuming. The numerical simulations
also require hours of work from radiologists and physicians for preparing
a complete electroporation treatment planning. It is worth noting that the
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semi-analytical solution reduced the time consumed in the preparation of
3D models for treatment planning, as well as the time consumed in
estimating the electric field distribution.

Finally, the validation results of the semi-analytical solution in an
anatomically realistic liver model showed that it is a very effective
solution in clinical application. It provides very fast feedback on electric
field distribution compared to numerical solution, especially, when
physicians change the parameters in real-time to optimize the treatment.

In summary, our goal in this study was to develop an accurate semi-
analytical solution to calculate the electric field distribution for
electroporation treatment planning in clinical applications. By comparing
the results of semi-analytical with numerical solutions and from the results
of the accuracy analysis, we managed to accomplish the study goal, and
the proposed solution can be used in electroporation treatment planning
for real-time clinical applications.

4.5 Conclusion

A fast and accurate semi-analytical solution for electroporation treatment
planning has been developed, which can be very useful in many
electroporation therapy applications. The simplicity and functionality in
the identification of target region of interest, electrode insertion and
electric field calculations allow the presented solution to be used in real-
time treatment planning for clinical application. According to the
simulation results, the semi-analytical solution matches very well with the
constant conductivity numerical solution and could be used in
electroporation treatment planning. Finally, the clinical workflow
structure of our treatment planning prototype facilitates the clinical
applications and allows physicians to easily manipulate the
electroporation parameters and to perform patient-specific treatment plan.
For future work, we plan to conduct experimental and clinical studies to
evaluate the clinical value of our fast semi-analytical solution. despite
other electroporation treatment optimization constraints, our tool
facilitates the clinical applications by fast estimation of tumor coverage
with sufficient electric field distribution.
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CHAPTERD

Conclusions
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5.1. General conclusions

In this thesis, treatment planning methods for electroporation-based
treatments were developed and analyzed. In particular, three main
objectives were achieved: it was developed a patient-specific treatment
planning platform prototype based on the integration of the COMSOL
solver into the GIMIAS framework, it was investigated the impact of
blood vessels on IRE liver treatment and it was developed and
characterized a fast semi-analytical algorithm for computing the electric
field distribution generated by needle-shaped electrodes

The conclusions from this thesis can be grouped according to the three
research objectives indicated above:

1. The implemented treatment planning platform prototype allows
users to identify and delineate the treatment planning volumes
(GTV, VTV, and PTV) on the patient medical images. The
integrated algorithms for segmentation, 3D surface construction,
meshing, simplifications, building the volumetric mesh and model
builder plug-in successfully linked to the COMSOL FEM solver,
in a transparent mode to the user, and displayed the electric field
distribution. During development it was found that it was very
practical to integrate the electrode insertion and Tetgen
volumetric mesh generator plug-in into our prototype, as this
resulted in reducing mesh problems and the computation time.
Despite a high degree of automatization, during trials it was made
obvious that accurate treatment planning for electroporation based
therapies is a laborious process as the different tissues have to be
identified, segmented and assigned properties.

2. It was determined that liver blood vessels may have a significant
impact on IRE treatment in terms of volume and shape. This
implies that those vessels must not be neglected in treatment
planning. More importantly, the results showed that medium size
vessels are likely to produce undertreatment around them,
particularly in the periphery of the treatment region. These
undertreatment regions correspond to volumes where the applied
electric field is potentially sub-lethal. Therefore, caution is
advised due to the possibility of these undertreated volumes to
become new tumor nodules. It was determined that by replacing
blood in the liver vasculature, or by diluting it, with isotonic low
conductivity liquids this risk could be minimized.

3. The results from the developed semi-analytical algorithm for
computing the electric field distribution were highly correlated
with the results from a constant conductivity model solved by
FEM. The semi-analytical algorithm was able to estimate and
render the electric field distribution generated by needle-shaped
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electrodes in less than one second. This indicates that the
algorithm may be used to rapidly pre-visualize the expected
treatment volume before proceeding with an accurate, but
laborious and slow, computation based numerical methods.

5.2 Future perspectives and directions

In this thesis, the development of a patient-specific treatment planning
methods in clinical applications was reported. The proposed numerical
modeling prototype in this thesis can be improved in several ways. First,
the integration of fully automatic segmentation algorithms could improve
the medical image analysis, and reduce the time consumed in building the
3D geometry model. Second, building tissue-specific material
properties within the proposed prototype would make the model builder
more efficient.

The second part of this thesis was to assess the impact of liver blood
vessels on IRE treatment efficacy. The proposed solution for recovering
the impact of blood vessels on electroporation treatment by injecting the
liver with isotonic low conductivity liquids could be experimentally tested
and validated in animal models.

The proposed fast analytical solution for estimating the electric field
distribution could be also experimentally tested and validated.
Furthermore, our proposed analytical methods do not include the dynamic
change in conductivity during electroporation, which could be considered
in near future work. In addition, a single integrated software that includes
the numerical modeling platform prototype and the fast analytical
algorithm prototype could be released for clinical application in the near
future.
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