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ABSTRACT

The purpose of this thesis is to give a comprehensive overview of the current status of ir-
reversible electroporation (IRE) in research and clinical practice as an ablation technique

in interventional radiology.

Image-guided percutaneous treatment techniques are gaining importance in interven-
tional oncology as minimally invasive therapeutic option for patients not eligible for surgi-

cal tumor resection, as salvage therapy and even as primary therapy for small tumors.

Irreversible electroporation, a relatively novel technique (introduced to clinical medicine in
2007), has certain benefits compared to well established thermal ablation techniques, but

also possible drawbacks.

The aim of this work is to give an overview ranging from the basic physical principles to

state-of-the-art implementation of irreversible electroporation in Interventional Radiology.

We furthermore want to deliver a thorough review of this technique based on current lit-
erature, including basic, translational science as well as clinical studies. In brief, we will
also compare the outcomes of IRE to other ablation techniques and determine the fields
in which it may be a superior choice of treatment. We will also try to give a future outlook

on this fascinating matter.

Comparative and systematic literature review will constitute the base of this work.
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"The important thing is to not stop questioning. Curiosity has its own reason for
existence. One cannot help but be in awe when he contemplates the mysteries of
eternity, of life, of the marvelous structure of reality. It is enough if one tries

merely to comprehend a little of this mystery each day.”?

- Albert Einstein
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3 INTRODUCTION

Oncology, the study of cancer, is one of the most rapidly evolving areas in modern medi-
cine. Treatment of cancer has been a driving force in medicine ever since it was first de-
scribed in what is the first known paper on the topic — the Edwin Smith Papyrus from
about 3000 BC — an ancient Egyptian textbook of surgery. The writing says about the dis-

ease that “there is no treatment”. 3

Humanity and its technologies have come a long way since then. Oncology today is a con-
flux of the scientific achievements of countless doctors and scientists from sometimes
most particular fields. It is the outcome of several hundred years of research in anatomy,
physiology, chemistry, epidemiology, pathology, biotechnology, and many other related
fields.

Each new development in one of the related fields refines the treatment approach of a
specific cancer type. With the continual progression of cancer therapy, there have been
introduced important advantages in treating and eliminating tumors, so that in fact, today

there are effective treatments, but there is still room for improvement.

Classic tumor surgery often implies major interventions and long recovery periods for the
patient. These are both detrimental for the patient as well as for the health care system,
which is obliged to cut down on cost and the period of hospitalization. Thus, there is a
high demand for less invasive forms of treatment that can precisely target specific tu-

mors. 4

Therapeutic methods such as chemical ablation, cryoablation and high temperature abla-
tion have gained widespread attention and broad clinical acceptance for treating a wide

range of tumor types and tissues. °

Irreversible electroporation (IRE) is a novel minimally invasive approach to tumor abla-
tion, but instead of heating or freezing a tumor, it utilizes a process called electropermea-

bilization or electroporation.



Within just a few decades, electroporation has evolved from being an interesting idea to
becoming a feasible treatment strategy. Electroporation is a platform technology and it is

likely to improve in rapid speed. ©

Electroporation is based on the ability of pulsed electric fields to change the permeability
of cell membranes. This effect can be reversible (reversible electroporation, RE) or irre-

versible (irreversible electroporation, IRE).

Reversible electroporation is used as a way to make cells permeable to chemicals and
large molecules, which otherwise would not be able to pass a cell membrane. This

method is of great use as a clinical technique in chemotherapy (electro chemotherapy) to
notably enhance treatment efficacy by channeling drugs into tumor cells much more effi-

ciently.

Electroporation furthermore enables the transfer of other molecules into cells, e.g. genes.
While viral vectors can have serious limitations in terms of immunogenicity and patho-

genicity, gene electrotransfer is much safer, cheaper and easier to realize. ’

Cells that are treated with RE are able to recover by closing the pores again after the pro-
cedure. This is enabled by applying low electric field strengths to the targeted cells.

Irreversible electroporation is attained through the application of stronger electric
fields or longer periods of pulsation of the field and was initially an undesired effect of
electroporation. It permanently opens cell membranes and forces cells into apoptosis
(programmed cell death) or induces necrosis through impaired cellular homeostasis. IRE
therefore has been discovered as a method of permanently destroying cancerous cells

and today, it is used as a standalone ablation technique.



3.1 GENERAL AND THEORETICAL ADVANTAGES OF IRE

Operating without significant generation of heat and favoring apoptosis over of necrosis,

IRE has certain benefits compared to more established thermal ablation techniques. *

The fundamental difference between IRE and other ablation techniques is its ability to
create cell death without significant heat generation through ultra-short. Consequently,
IRE avoids the problem of the heat/cold-sink effect which is inherent to thermal ablation

techniques.

The heat/cold-sink effect has been a major obstacle for minimally invasive tumor ablation
ever since thermal ablation found its way into clinical practice. It is evoked by the dissipa-
tion of thermal energy near large vessels in the ablation area. The blood flow through the
vessel cools (heat-sink) or respectively heats (cold-sink) the tissue surrounding the vessel
and thus causes incomplete ablation in perivascular tumor tissue, which may result in tu-
mor recurrence.* With IRE there is no heat/cold-sink effect, since ablation is not a result
of thermal energy being applied.

In contrast to thermal ablation techniques IRE also preserves vital structures such as
nerves or vessels, glandular ducts etc. within the ablation zone, since IRE targets cell
membranes and spares the extracellular matrix of tissues (e.g. collagen), which facilitates
regeneration of healthy tissues. Ablation techniques that make use of thermal energy cre-
ate an ablation area where cell death rate is subject to a gradient that lessens to the
outer margin of the ablation area, while IRE happens wherever a certain electric field
strength threshold is exceeded resulting in a sharper border of the ablation zone even on

a microscopic layer. 8

IRE has the theoretical benefit of creating complete cell death within an area, when suffi-
cient electric field strengths are reached. Ablation zones demonstrate sharp margins and
sharp demarcation on the order of only 1-2 cells between affected and spared areas,

hence the trademarked clinically approved IRE device Nano Knife®.



While thermal ablation procedures cause coagulative necrosis of the ablation zone, the
cells affected by IRE also show a significant fraction of apoptosis. Heat induced coagula-
tive necrosis kills tumor cells, but also healthy tissue surrounding the tumor. Vital struc-
tures surrounding or embodied into tumor tissue are destroyed and the destruction of the
ablation area leaves nothing but necrotic debris. This may result in a strong immune sys-

tem response leading to inflammation and in some cases facilitates superinfection.

IRE on the contrary ideally induces apoptosis (to some extent also necrosis) within well-
defined borders. Physiological programmed cell death is a controlled process of the hu-
man body and is well understood by its immune system. The immune system’s response
to this immune mediated cell death, which is a natural part of the cell cycle, is well pro-
grammed and induces phagocytes to clear up post-ablation detritus. This puts substantial
less stress on the immune system, leads to faster regeneration of the organs and better

recovery of the patient after the intervention.*

Real-time monitoring through image guidance (US, CT and MR) before, during and after
treatment is a general advantage of this interventional radiologic procedures. Complica-
tions as well as outcome can be monitored throughout the procedure. Several studies
have demonstrated that the IRE ablation zone size monitored by intra- and postproce-
dural US or CT corresponds well to histologic and gross pathological measurements.® This
suggests a high accuracy of US and CT imaging in monitoring the ablation procedure and

the use of imaging to follow-up the results of an ablation procedure.

Electric energy has another major benefit over mechanical energy (such as heat or cold

temperature), it does not take much time to build up.

"A typical IRE procedure for a solid tumor, with a size of approximately 3 cm in di-
ameter, uses 90 pulses with an ultra-short pulse length of 100 microseconds. A
single IRE ablation session takes less than one minute. Therefore, even with three

or four overlapping ablations, total IRE treatment time is under 5 minutes. ”*

Shorter ablation times correlate with reduced anesthesia time, less complications, less
pain for the patient, decreased costs and the opportunity to treat multiple lesions in one

session.

Despite these and further advantages that will be described in this work, IRE raises hew

questions and interventional radiologists face new problems that need to be solved.



3.2 CHALLENGES OF IRE

Planning and calculating the distribution of electric fields in various and often inhomoge-
neous organic materials is still a challenging task and one of many research fields regard-

ing this technology.

There is still plenty of ongoing research on the topic of the effects of strong electric fields
on non-targeted organs and areas. Undesired muscle contractions during ablation, includ-
ing the diaphragm, are an issue that usually is handled by paralytic agents to induce mus-

cle relaxation.

Another problem that IRE faces is the occurrence of cardiac arrhythmias that can poten-
tially be induced by electrical pulses, especially during the vulnerable period of the cardiac
cycle, the atrial or ventricular systole. Since cardiac synchronization devices have been
developed, which only produce pulses during the non-vulnerable period of the cardiac cy-
cle, no further arrhythmias have been reported in clinical studies. *

One primary consideration behind muscle contractions and cardiac synchronization is, that
for IRE to be performed, the patient needs to undergo general anesthesia. In contrast
thermal ablation can be performed under conscious sedation, which avoids complications

of general anesthesia. °

Equipment wise IRE necessitates neuromuscular and cardiac monitoring, while it does not
require grounding pads, cooling systems or expensive gases used in other ablation tech-

niques.

Irreversible Electroporation requires careful treatment planning, including a combination
of imaging and accurate mathematical modeling to predict the extent of ablation zones.
The mathematical model of the three dimensional electric field distribution in often heter-
ogeneous tissue with different electrical conduction properties still needs a lot of experi-

menting to deduct the correct parameters for each tissue and tumor type. °

Optimal device settings are still being under discussion, as Quin et al.® found that recom-
mended thresholds for IRE as described by the original report of Rubinsky et al.'° can be
much too low to effectively kill tumor cells. The assumption that tumor tissue, known to
be much more resistant to apoptotic pathways, will have the same response to IRE pulses

as normal tissue might present a major flaw.



The vast spectrum of different tumor types and tissues, as well as many of the different
possible applications of IRE, opened up a big new field for future research on this topic.

Almost every day new publications about IRE are being announced.

This thesis will try to provide an overview on the whole topic of irreversible electro-
poration as well as to integrate some of the latest available in-depth knowledge about im-
portant recent publications.



4 HISTORY OF ELECTROPORATION

Irreversible electroporation has only been introduced to clinical medicine in the year 2007,

but its history surprisingly reaches as far back as in the mid-18" century.

4,1 18™ AND 19™ CENTURY , '
RECHERCHES

1 H H SUR LES
In his research Nollet describes the formation of red B e (NS
. . - DES
spots on human skin in areas where electrical sparks SO ..o N S
have been applied. Whether these red spots are a direct -
) o Par 2, LAl NOLLET, 'ﬁ',, 1',4;,;.11@';-" E
consequence of the first known experimental application L P s Bl s Wore de
. Phyfique de Monsercnsor LE DAUPHIN
& Profeffeur Royal de Phyfique Expérimentale

of IRE or evoked through thermal damage to the skin, is NOUYELLE EDITION,

still being discussed today. !

A PARIS,
The idea that these red dots were the first observation B s Do e e
of the effects of IRE on human tissue is being supported s i, & i ko,
by the fact that erythemas are common in electro- Figure 1: 1754 — Nollet !

poration of skin and secondly, that static electric generators of that time were not able to

cause any significant heating.

From 1780 Luigi Galvani observed what he later described as animal electricity. He ob-
served the muscles of a dead frog placed on an iron plate to twitch when touching his spi-
nal cord with a bronze hook. Alessandro Volta deducted from Galvani’s discovery that two
different metals in the same electrolyte create a direct current, that the frog could be re-
placed with a different electrolyte and thus developed the voltaic pile in 1800 — the first

electrical battery. 12

In 1802 J.W. Ritter recognized what is now called Ritter’s opening tetanus which is de-
fined as "the tetanic contraction that occasionally occurs when a strong current, passing
through a long stretch of nerve, is suddenly interrupted’. The phenomenon was not un-
derstood by that time, but in the 20™ century, it essentially led to the understanding of

what electroporation does and how it affects cell membranes. 3



Throughout the 18™ century, these revelations in physiology and electricity were deeply

interconnected and the science of electrophysiology emerged.

In 1898 a study by G.W. Fuller added a new facet to the topic of electroporation and this
might be the first observation of an irreversible electroporation event. The "Report on the
investigations into the purification of the Ohio river water at Louisville, Kentucky”'* de-
scribed an experiment that showed that multiple high voltage discharges have a bacteri-
cidal effect on a water sample without any recognizable development of heat in the

fluid. °

In the late 19* century A.D Rockwell reported his observation that

the red corpuscles in a Leyden jar changed their shape and lost their

color after applying electrical discharges. °

o The change in shape and color was most probably caused by irre-
versible electroporation of the blood cells affected by the flowing
currents in this earliest form of a capacitator (then known as a "con-
denser”. The Leyden jar was a crucial tool for the investigation of
Figure 2. Leyden Jar 2 . . .
electroporation of cells in suspension.

To summarize the history of electroporation before the 20" century, it can be said that
certain important findings occurred that were fully understood in their right context much

later. 12



4.2 FIRST HALF OF THE 20™ CENTURY

A set of lectures by Jex-Blake in 1913 discussed the differ-
ences between the lethal effects of human made electricity
and lightning. He stated that while man-made electricity in
e.g. industrial accidents caused primarily thermal damage, in-

juries through lightning seemed to be of different origin. ¢

A very peculiar phenomenon occurring in humans who were
struck by lightning is the appearance of so called "Lichten-

berg figures”on the skin. These figures are thought to have
the same origin like Nollet’s red spots — irreversible electro-

poration of the skin. 2 Figure 3: Lichtenberg Figure

Another important mentioning in Jex-Blake’s lectures was the recovery of animals from
heart failure induced by the application of electric shocks. Today it is thought that defibril-
lation is significantly influenced by effects from electroporation occuring.

During the 1920s and 30s G.M. McKinley performed a series of experiments on chick em-
bryos and concluded that the damage caused by high frequency fields cannot solely be
caused by thermal energy. His paper proposes that there are also other related mecha-

nisms involved. 7

H. Fricke’s 1925 hypothesis for the cell membrane to be a dielectric layer opened the dis-

cussion for the event of a dielectric rupture phenomenon caused by electric fields. 8

In 1951 A.L. Hodgkin made the significant connection and linked Ritter’s opening tetanus
to a breakdown of the insulating properties of cell membranes. This was about the first
understanding of how the process of what today is called electroporation might actually

work. 19

In the mid-1900s a growing body of evidence also supported the notion that the applica-
tion of electricity to biological tissues not only caused thermal damage, but that there
must be another mechanism involved. The concept that cell membranes are dielectric lay-
ers that can break down under the application of electrical currents has found growing ac-

ceptance in the scientific community. 2

12



4.3 1950101970

Till 1956 electric nerve stimulation has been researched for almost 180 years since Gal-
vani’s discovery of “animal electricity”. Unsurprisingly, then the first systematic work on
reversible and irreversible electroporation by B. Frankenhaeuser and L. Widén was done
on nerves. The scientists found that nerves could be inactivated through the application of
electric pulses at amplitudes up to ten times the normal threshold and pulse duration in-
creased from under 1ms to more than 100ms. They published the study under the title
"Anode break excitation in desheathed frog nerve”and described the phenomenon to be

reversible to a fair extent. 2

Stampfli et al. confirmed this observation in a soon following paper entitled "Membrane
potential of a Ranvier Node measured after the electrical destruction of its membrane”
and commented that membranes recovered like an electrolytic condenser immediately af-
ter breaking down under one short pulse, while very strong pulses destroyed the mem-

brane irreversibly. 2!

Since G.W. Fuller’s study of the bactericidal effects of electroporation in 1898 the research
on electroporation was carried out in parallel between biomedicine and the food pro-
cessing technologies. In 1961 H. Doevenspeck reported about non-thermal ablation using
electric pulses to break apart cellular components for the processing of animal meat.
Doevenspeck’s results showed that the outcome of his study was clearly provided by non-

thermal effects on the cell membrane. 2

Only six years later, in 1967 the team of Sale and Hamilton set the scientific basis for the
field of irreversible electroporation with the release of three exceptional papers about the

“bactericidal action of electric fields”.

The first of the papers evaluated the non-thermal bactericidal effect of electric fields on
microorganisms, namely bacteria and yeasts. The applied field currents ranged up to 25
kV/cm. The death of the organisms was not due to the products of electrolysis and the
temperature rise in the suspension was too small to cause any lethal effects. Also, no
changes in the pH of the suspension were of any significance. The sensitivity to electric
fields of the various species also differed, so that the yeasts showed more sensitivity than

the bacteria. 23

The conclusion of this study was that the parameters for killing a cell, in order of im-

portance, are the electrical field strength and secondly the time of exposure.



In the second study, the team tried to expose the exact mechanism by which the cells are
being killed. The spectroscopy of the leakage of Eschericia coli cell content in the medium
was the essential observation which led to the expertise, that the irreversible loss of the

membrane’s function as a barrier is what causes the cells to die. 2*

Electron microscopy was used to demonstrate this judgement, but a complete breakdown
of the membrane could not be verified. This suggested that the damage affected areas
that could not be identified.

The third paper showed that the electric field strengths for inducing lysis of different or-
ganisms range from 3.1 kV/cm to 17 kV/cm while the equivalent induced transmembrane
voltages only range from 0.7 V to 1.15 V. This observation led to the understanding that
the external electric field induces "conformational changes in the membrane structure re-

sulting in the loss of its semipermeable properties”, %>

By the end of the 1960s, it was widely accepted that electrical pulses have a permeabiliz-
ing effect on cell membranes and that this effect can lead to the loss of homeostasis in
the cell which then leads to lysis of the cell. It was understood that this effect is non-ther-
mal and that certain electrical field magnitudes can be tolerated and reversed, while oth-

ers lead to irreversible and lethal damage. °1?



4.4 1970710 2000

The following 30 years of research in the field revolved around electroporation, mainly
ruling out irreversible electroporation as an undesired side effect serving only as the up-

per limit to reversible electroporation.

U. Zimmermann and his group delivered first systematic data on the electrical parameters
for electroporation and irreversible electroporation in cells. Testing human and bovine red
blood cells surprisingly resulted in different asymptotic values for electroporation. This
suggested different irreversible electroporation thresholds in different cell types. 2

The first to propose that the permeabilization of cell membranes using electroporation
works through the formation of pores were K. Kinosita and T. Tsong in the year 1977.
The team was able to show that the size of the pores can be varied and that these pores
eventually reseal. %’ In their osmotic mass transfer experiments of blood cells, they were
also able to show, that the process of resealing also largely depends on temperature. "Af
37 °C the treated membrane rapidly regains its impermeability to cations, whereas, at 3
°C the cells remain highly permeable even after 20h.” %4 This observation adds another
parameter to electroporation and the potential ability and achieve cell states close to IRE,
but with the ability to reseal.

With cell fusion and the introduction of genes into cells two major discoveries were made

in the year 1982, bringing electroporation into the limelight of modern medicine. 2°3°

By the end of the 1980s, research in electroporation begins to switch from bare cells to

tissue pursues the following three important directions.

M. Okino, H. Mohri and Orlowski et al. independently described the use of reversible per-
meabilization of cell membranes as an effective way to introduce cytotoxic agents into

malignant cells. 33

Prausnitz et al., who were influenced by a paper of Powell et al. demonstrating the re-
versible electroporation of frog skin, discovered in 1989 that transdermal drug delivery

was significantly increased through the incorporation of electroporation. 33

From 1987 Lee et al. investigated induced trauma through electrical discharge and proved
that 1 to 30 discharges of 1 ms and 150 V/cm separated by 5s did produce a temperature
rise of less than 0.1 °C and caused irreversible damage. The dissected rat muscles that

were used in this experiment showed a decrease in electrical resistance following each



pulse. This important finding suggests that the conductivity of the affected tissue can be a
measure of tissue damage. Longer application times of up to 1 s were found to increase
tissue temperature for 10 to 20 °C and was therefore considered to injure cells in both

ways, thermally and non-thermally. 3¢

In the last decade of the 20" century reversible electroporation evolved into a feasible
method to enhance drug delivery into cells, while irreversible electroporation still repre-

sented the undesirable effect.

Titomirov et al. were the first to report a successful introduction of plasmid DNA into a liv-
ing tissue in 1991. In the same year L.M. Mir published his work on the facilitation of anti-
cancer drugs into malignant cells forming the term electrochemotherapy. It is today a
well-established application of reversible electroporation and widely accepted as a treat-

ment option for cancer patients. 3°
Skin electroporation was established in 1993 for transdermal drug delivery. 33

Two independent papers published in the late 90s were able to prove that cell death in-
duced by electroporation was not only caused by necrosis, but also through apoptosis.
Both papers found chromosomal DNA fragmentation via in vitro experiments that are a

clear sign of late apoptosis. 3637

J. Pifiero et al. were the first to suggest irreversible electroporation as a possible tumor
treatment option by stating "7he possibility of killing tumor cells by electroporation, as a
variant of electrotherapy, constitutes, in our opinion, a promising procedure in cancer
therapy, avoiding the undesirable side effects normally derived from treatment with cyto-

toxic drugs.” %

A vascular lock phenomenon was first described in 1998 and defined as blood flow being
blocked in the area where the electric field is applied. The resulting ischemia is being

thought of as a beneficial effect in the context of tumor treatment. 38
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4.5 2000 T0 2008

Nanosecond Pulsed Electric Field (nsPEF) was an area of research formed by Schoenbach
et al. in 1997 that tried to prove that ultra-high voltage pulses of only nanoseconds could
electroporate internal cell structures without the disturbance of the cell membrane. How-
ever, more recent studies on the matter demonstrated that this is not the case and the
cell membrane is affected in the same way as internal structures. nsPEF is still worth
mentioning because it has been found out that this method after all, can induce apoptosis
and is even partially capable of inhibiting tumor growth. 3°

Yao et al. followed the idea of nsPEF and put their efforts in creating an IRE ablation
method to "destroy both nucleus and membrane”in 2004 which they called Steep Pulsed
Electric Field (SPEF). Their procedure combined the supposed intracellular effects from
"high-frequency components”with the “fow-frequency components”that were known to
affect the outer membrane of cells. They succeeded in killing tumor cells and delayed tu-
mor growth by applying SPEF pulses of a fast rising edge (~ 200 ns) followed by a slow
exponential decay (T ~ 200 ps). %

Considering that the low amplitude they used and that the rise time of 200 ns today is
commonly used in electroporation A. Ivorra and B. Rubinsky believe that the observed ef-
fects do "not differ from the effects of conventional IRE” and that therefore Yao et al.
were, despite unconsciously, the “first ones to obtain evidence of the capabilities of IRE

as a tissue ablation method for tumors”. 12

In 2004 R. Davalos and B. Rubinsky filed a US patent application recognizing IRE as an
ablation method that, in contrast to existing thermal ablation methods, can easily be ap-
plied in highly perfused areas e.g. areas in the proximity of blood vessels. They stated
that IRE can be designed in a way to avoid thermal damages from the electric pulses and
that this feature would improve post-treatment healing. The team referred to their proce-
dure as non-thermal irreversible electroporation (NTIRE) — which is the type of IRE that is

performed today. #

Much NTIRE research was done subsequently, establishing possible treatment strategies
for human hepatocarcinoma cells in vitro. Experiments on rodents and pigs followed and

showed, that while tumor cells could be destroyed, large blood vessels remained intact.



J. Edd and R. Davalos performed IRE on 14 pigs using ultrasound guided 18 gauge stain-
less needles and came to the following conclusions. All of the pigs survived the treatment.
Generalized muscle contraction occurred, but could be treated with Pancuronium. Ultra-
sound examination of the ablation zone presented hypoechoic areas directly following the
ablation, but permuted into a uniform hyperechoic space after 24 hours. The histological
examination of the livers demonstrated the ablation area continuously necrotic with sharp
demarcation between the ablated zones and the supposedly physiological tissue. Macro-

scopic assessment showed large vessels not affected by the procedure. %

Similar research was performed by Rubinsky et al. producing further interesting results. In
a series of studies, the researchers showed that the connective tissue of vessels stayed
intact, while the number of vascular smooth muscle cells was decreased when performing
IRE on the carotid arteries. They suggested that IRE could be a way to treat atheroscle-

rotic processes. *

Collaborating with Onik et al, the Rubinsky group also experimented with the ablation of
prostate tissue in vitro and could show that structures such as urethra, bladder, rectum,
vessels and nerves could be preserved during the ablation, even though they were in-

cluded in the areas of the high electric field application. 1°

Lee et al. reported similar findings as Rubinsky while inserting electrodes percutaneously
into pig livers. Apoptotic processes could be demonstrated as well as sharp transition
zones between ablated and normal tissue. The researchers also showed that real-time

monitoring was possible during the process. 8

Al-Sakere et al. studied the immune response following IRE and concluded that an im-
mune response is not necessary to successfully ablate tumors by IRE and IRE could there-
fore be a feasible treatment option for immunodepressed cancer patients. *

J. Edd and R. Davalos analyzed mathematical computer modeling to predict the shape
and extent of lesions created by IRE. Their task was to evaluate thresholds for specific
sorts of tissues in experiments and incorporate their findings into computer models to
predict the distribution of a field's magnitude in a tissue according to electrode configura-

tions and applied voltages. *



In 2007 Lavee et al. studied the potential of IRE as an ablation method for the treatment
of atrial fibrillation as an alternative to thermal ablation methods. They also reported that
the demarcation zones were clear and sharp. The treated areas manifested electrical iso-
lation and the authors concluded that IRE is "a new and exciting modality to perform
atrial ablation, which holds the potential of providing very swift, precise, and complete

transmurality with no local heating effects.” **

It is finally worth mentioning the work of Tekle et al., who demonstrated the exposure of
phosphatdylserine (PS) to the outer surface of cell membranes when affected by electro-
poration. PS is an important component of phospholipid membranes and is used as a key
element in the cell cycle to signal apoptosis to macrophages engulfing the cells. The au-

thors refer to these cells as apoptosis-mimetic and consider this phenomenon to facilitate
the process of non-inflammatory phagocytosis altogether. This also supports the findings
about the preservation of tissue scaffolding and helps to explain the rapid recovery of tis-

sues after an IRE treatment. %

The first high voltage pulse generator using single-use disposable electrodes and there-
fore representing the first commercial system approved for clinical irreversible electro-

poration was produced in 2008.

Since 2008 IRE new areas of application for IRE are developed at a rapid pace and IRE
has been established as a standalone ablation technique. As a new treatment option IRE
opened a large new field for research and today it is ready to compete with well-estab-

lished thermal ablation techniques and able to prove its capabilities in this process. 12
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5 BIOCHEMISTRY AND PHYSICS OF ELECTROPORATION

In order to understand irreversible electroporation and to efficiently use it in the treat-
ment of patients, a certain understanding of cellular physiology, knowledge about electric
fields and to some extent the comprehension of the calculations and mathematical models

in use is required.

This chapter will provide insight into these biotechnological fields.

5.1 CELLULAR PHYSIOLOGY

The cellular membrane is a chemical and electrical barrier that separates the cell interior
from its surroundings. It is a bi-lipid layer that acts as a regulatory barrier permeable only
to very small molecules like water, oxygen and carbon dioxide and to a very small degree
to polar compounds of hydrophobic molecules (e.g. amino acids, DNA, RNA, carbohy-
drates, proteins and ions). These molecules are either transported into the cell via endo-
cytosis or through membrane proteins that allow a controlled carriage through pores and
channels or by active transport. The transmembrane transport of essential ions like Na*,
Ka*, Ca** and CI is largely controlled by the cell with ion pumps and exchangers. These

enable the cell to build up chemical and electrical gradients.
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Figure 4. A detailed diagram of the cell membrane *”

Under physiological conditions the cell keeps chemical gradients for Na* and K* across the

cell membrane to facilitate the membrane potential that is vital to many cellular functions.
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The majority of cellular reactions is controlled by the Ca?* signaling system and the con-
centration of free Ca?* in the cytoplasm is under strict control. It is kept very low (~0.1
MM) inside the cell, while the outside concentrations of free Ca?* are multifold higher
(~1.3 mM). High levels of intracellular ATP entertain the different active ports that main-
tain these gradients and sustain the energy-dependent cellular processes which the cell

integrity depends on.

Depending on the strength and/or time period electric fields are applied to a cell mem-
brane it either temporarily (electroporation) or irreversibly (IRE) increases the permeabil-

ity to molecules and ions by supposedly forming so called nanopores. *

For nanopore-formation it takes at least an electric field of > 0.5 V/nm according to Lee,
Edward W., Wong.*® In their work "Electron Microscopic Demonstration and Evaluation of
IRE induced nanopores”they reference a molecular dynamics simulation made by M. Ta-

rek stating that the formation of pores happens in two steps:

1. After electric field application water molecules line up in
single file and penetrate the hydrophobic center of the
bilayer lipid membrane.

2. The water channels grow in length and diameter, and
expand into water filled pores. At that point the lipid
head groups move from the membrane-water interface
to the middle of the bilayer and the pore stabilizes. Flgure 3 - Fore schematic =

Tarek furthermore proposes that the formation of these pores develops faster with the

application of higher electric fields and that this process happens within nanoseconds. #°
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Figure 6. Series of SEM images of IRE-ablated rabbit hepatocytes with increasing magnification %6
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These openings in the cell membrane lead to a rundown of the Na* and K* gradients and
the loss of the cell’s control over Ca?* levels due to an immense influx of Ca?* from the

extracellular matrix.

The cell tries to compensate by investing much of its energy in the form of ATP into main-
taining the transmembrane ion gradients using the Ca?*, Na* and K*-ATPases. These ef-
forts quickly drain the cell’'s energy sources and this adds up to the direct loss of ATP out
of the cell. Caused by the damage of the cell membrane the production of reactive oxy-
gen species (ROS) increases rapidly and manifoldly, leading to further membrane injury

and protein denaturation.

These developments pose potential threats to a cell’s viability and can activate pathologi-

cal signals that lead to necrotic or apoptotic cell death.

Depending on the parameters of electroporation and the duration of the permeabilization
the cell may be able to recover before control of Ca?* level is lost and reseal, or otherwise
die.

Cell membranes are believed to be able to recover completely on given conditions. While
pores from electroporation form in microseconds it takes minutes to reseal them, depend-
ing on electrical parameters and temperature. Variables for resealing, are the availability
of sufficient ATP for the Na*, K* ATPase to regain membrane potential and for the Ca?*
ATPase to shift enough of the free intracellular Ca?* out of the cell or into the storages of
the sarcoplasmic or endoplasmic reticulum (SR or ER) or the mitochondria. If the cell
manages to reseal the membrane and reestablish ion homeostasis, it can survive and the

electroporation would be reversible.

In cases where the cell does not manage to reestablish ion homeostasis, the formed
pores become permanent and therefore the cell is permeabilized indefinitely. The subse-
quent Ca?* overload and the ROS production being set in motion lead to a secondary
breakdown of the membrane in a vicious cycle. This cycle results in the loss and depletion
of all the ATP resources, the breakdown of the membrane and eventually in cell death ei-
ther via apoptosis (a controlled process requiring ATP) or by necrosis.

Survival or death of a cell largely depends on the balance between degradative mecha-
nisms (largely influenced by Ca?* and ROS) and membrane repair mechanisms. Due to
the loss of proteins, enzymes, coenzymes, RNA and important metabolites, used for the

recycling of ATP, permeabilization of the membrane is perilous to the cell. Thus, most



cells are very apt at membrane repair having effective emergency response mechanisms

to confront leakage. *°

Besides the SR and the ER mitochondria also offer a valuable capacity for Ca** and
thereby play a significant role in shaping and buffering Ca?* signaling. While a small up-
take of Ca?* can have a positive effect on oxidative phosphorylation larger uptakes can re-
sult in a Ca?* overload that results in an opening of the permeability transition pore (PTP).
The widespread opening of mitochondrial PTPs due to a Ca?* overload is basically a cells
final step towards apoptosis or necrosis, constituting a point of no return and therefore

resulting in irreversible electroporation.

It is important to understand that the threshold for the survival of cells varies with the
kind and state of the used tissue, as well as the type of application (in vitro, ex vivo, in

Vvivo).

Whether IRE causes apoptosis or necrosis depends on the availability of ATP during the

process. Cells committed to apoptosis but lacking ATP to achieve it die by necrosis.

Apoptosis is the programmed cell death that is organized in a controlled manner, turning
the cell into encapsulated apoptotic bodies that are usually removed by macrophages
without a trace and without triggering further inflammatory reactions. On the contrary,
necrosis is resulting in cell lysis and an uncontrolled release of cellular components trig-

gering inflammatory reactions.

The morphological features that allow to differentiate apoptosis from necrosis only depict
the final status. There are several different pathways that lead to cell death, all following
their own rules and mechanisms. Because of the large expenditure of ATP caused by elec-
troporation the researchers Hanne Gissel, Raphael C. Lee, and Julie Gehl suggest that it is
more likely that death evoked by electroporation follows a necrotic pathway. ©

The reports on the pathways that lead to cell death are in fact somewhat contradictory.

Newer studies have found that apoptosis in cells exposed to IRE can occur even without
the formation of nanopores, through the release of intracellular calcium from the ER and
mitochondria releasing cytochrome c that initiates apoptosis. The development of ROS in

the cell may induce oxidative stress-mediated apoptosis as well. °



5.2 THE ELECTRIC FIELD

It is important for physicians as well as for researchers to develop a basic understanding
about the nature of electric fields in order to make good use of electroporation. According
to F. Mahmood in fact, "the clinician’s level of comprehension of this technology should
match that of the established treatment technologies, such as external beam radiation

therapy in cancer irradiation. ” °

5.2.1 Basic Theory and Definitions

Electric force is described by Coulomb’s law and is one of the four fundamental inter-
actions known to physics. It emerges from the presence of charges and acts between
charges only. The force F between two point charges is directly proportional to the prod-
uct of the charges and inversely proportional to the square of the distance between

them.>t

4,4,

r

F=K- F

K is Coulomb’s constant, q: and g; are the point charges, r is the distance and “r-hat” is a
unit vector pointing from g, to gi. Two charges that have the same sign act repulsively
while those with different signs attract each other.

The principle of superposition is applied whenever there are more than two point
charges present. It states that the force on any charge in the system is the sum of the
Coulomb forces from each of the other charges. Applying these two principles of electro-
statics it is possible to solve, in theory, any problem of electrode configurations in electro-

poration.

The electric field E is a quantity defined as the electric force per charge F/q. It is under-
stood as a force per charge applied at a point without charge. Its SI units are newtons
per coulomb (N/C), or more conveniently, volts per meter (V/m). A particle of the charge
g in the electric field is subject to a force F = g * E, and therefore E = F / q.

Generally the electric field is a function of space and time (E = E (x,y,zt)). To make life
easier in electroporation, considering that a system's response time is much smaller than
the duration of the exposure to an electric field, it can be assumed to be in a steady state
(E = E (X,y,2)) which cancels out the time factor. The polarization of a cell membrane
takes about 1 us with a typical voltage pulse duration of 0.1 — 10ms in clinical applications
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of electroporation. Furthermore, the pulse generator keeps a constant potential difference

across electrodes so that electrostatic conditions can be assumed.

With forces attracting or repelling each other at different magnitudes depending on their
charge and the space between them the electric field is defined as a vector field that is

generated by electric charges or time-varying magnetic fields.

The relationship between electric and magnetic fields and the mathematical basis for elec-
trostatics in general are described in the Maxwell equations. They should be mentioned
in the context of electric fields, but detailing on this topic would go beyond the scope of

this diploma thesis.

The electric potential ¢ is defined as "the amount of work needed to move a unit
charge from a reference point to a specific point against an electric field”. *> and is meas-
ured in joules per coulomb (= volts). The electric potential is assumed to be zero at infin-
ity. The difference between the electric potentials of two points in space is the electric

voltage.

In theory, the calculation of an electric field is simple and follows the laws of electrostatics
(Maxwell equations). In the reality of the electroporation of biological tissues, many more
variables have to be factored into this calculation. According to F. Mahmood medical doc-
tors should not concern themselves with how the electric field is calculated; rather, they
should be able to interpret the numbers of a calculation and to a certain extent be able to
point out parameters that could alter the electric field from one clinical situation to an-

other. ©

From this practical point of view, medical doctors do not require many more concepts
from electromagnetics, but should give attention to the more concrete issues of the elec-
tric field.

The electric field is called a field, because it can be specified at every point in space and it
can take on different values at these different points in space. But while, for example,
temperature is known to be a scalar field, that takes on different scalar values like for ex-
ample 10°C on the outside of my window and 24 °C inside of it, electric fields are made
up of vectors. That means that in addition to a bare number, the electric field also has a
direction at every point in space. This is known as a vector field E, while the size of each

Vector is denoted as |E| or £and defines the electric field strength.



In clinical situations the parameters of significance are the electric field strength, but also

the orientation of the electric vectors. Why is that so?

Biological tissues like muscle, skin or the parenchyma of organs etc. are anisotropic,

which makes them sensitive to the direction of electric vectors.

a b

Figure 7: Anisotropy of cells ©

Fig. 7 (a) is an artistic representation of anisotropic tissue exposed to a uniform electric
field. The elliptic shapes resemble the cells. The vector of the electric field affects the in-
duced electric field in the cell membranes, while in (b) the direction of the electric field
vector makes no difference as opposed to the cell bodies of circular shape.

The induced transmembrane voltage (AW, for spherical cells is defined by

AW, = 1.5 ERcos 6,

where E'is the electric field in the region where the cell is situated, R is the cell radius, 1.5
is the form factor (f)and @is the angle measured from the center of the cell with respect

to the direction of the field. AW, only lasts for the duration of the exposure to the induced
electric field. This equation resembles spherical cells in a direct current (DC) homogene-

ous field as shown in fig. 5 (b).

When in suspension, many cells have spherical shapes, but for cells in tissue this is mostly
not the case. The most useful approximation for cells in a tissue are cylinders (e.g. muscle

cells, axons), oblate spheroids (e.g. erythrocytes), and prolate spheroids (e.g. bacilli).



For typical tissue eligible for electroporation an approximation between a sphere and a

cylinder makes sense, altering the equation for a cylinder to
AWy, =2 ERcos G,

where f = 2 (opposed to 1.5 for a sphere). In summary, this means that the electrical
field “sees” different geometries from different perspectives in figure 7.a, but not in situa-
tion 7.b. One should keep in mind that in theoretical treatments, cells are usually consid-

ered as spheres, while in reality this tends not to be the case.

When characterizing the electric field of an electrode system, it is common to use V/m to
express the nominal electric field strength. This is, in fact, a close approximation of the
reality in cases where for example, two plate electrodes with a fixed inter-plate distance
are used, for example 100 V difference between the plates and 1cm would equal a nomi-
nal field strength of 100 V/cm.

Switching from plate electrodes to pins or needles with the same inter-electrode distance
of 1cm and voltage difference of 100 V the voltage to meter ratio of 100 V/cm is still in
use, but we have no idea what the actual electric field strength distribution looks like in

the region between the pins, or where “100 V/cm” really is.



Figure 8: Electrode Configuration - Field Distribution ©

Figure 8 displays four different types of representation of the electric fields by three dif-
ferent electrode configurations. (a1, b1) field line plots, (a2, b2, c2) contour plots, (a3,
b3, c3) slice plots, (a4, b4, c4) iso-surface plots.

For the understanding of a given electric field distribution, usually more than one type of
data illustration is needed.

In cases like fig. 8c1 “V/m” is not self-explanatory, it is not even obvious what is meant
by the fraction “V/m” here. To make an approximation of “V/m” in this case, a symmetry

plan and voltage encoding of the electrodes has to be performed.
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To avoid misinterpretation, it is advised to state the nominal vo/tage of the electrodes and
provide concise geometrical data on the electrode configuration, instead of stating an

electric field strength.

On the other hand, in studies where the same electrode configuration is used with differ-

ent voltage conditions “V/m” on the other hand can be very handy. ©

5.2.2 Electric Field Parameters

The most important electric field parameters for electroporation are the pulse generator
the electrode geometry and the tissue.

1. amplitude
duration
frequency
repetition

Pulse generator

2. electrode geometry

3. cell radius/form
ﬁ density
permitivity
Electrode conductivity
configuration mobility
bulk size
heterogeneity

Tissue/agent 4. agent concentration
molecule size
polarity

Figure 9: Electric Field Parameters in Electroporation ©

Figure 9 gives a schematic overview of the most relevant parameters in electroporation,
the ones in bold letters alter the electric field and are therefore directly affecting the level

of induced permeability of the cell membrane.

The pulse generator is the most well-understood and easiest way to control the electric
field strength by simply adjusting the applied voltage. The electric field strength is directly
linked to the applied voltage. Changes in voltage will always result in a linear response of
the electric field strength. E.g. adjusting the voltage from 100 V/m to 200 V/m will always

double the field strength as a result. Therefore
E'=EU/ L,

where E’is the new electric field strength and U’is the new applied voltage, opposed to £

being the old electric field strength and U being the old applied voltage.
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Considering electrode configuration, the relations between size, shape and geometry
of the electrodes are hard to determine. Regardless, the laws of electromagnetics facili-
tate us with the following truth; multiplying all dimensions of an electrode configuration,
including the voltage by the same factor, the electric field is rescaled based on the used

factor. By that means, that electrode configurations can be quite easily scaled.
E'=FEd/d,

E is the old and E’ is the new electric field strength and d is the old and d’ is the new plate
distance (in an example of infinite parallel plate electrodes). For pin electrodes, again, the

principle of superposition has to be applied in the calculations. ©
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Figure 10: Basic electrode configurations. %3

Figure 10 displays different electrode configurations, including hollow organ electrodes in
the form of catheters (fig. 10.6). Flow through systems (fig. 10.7) could be used to treat
body fluids. Other electrode configurations are more common. Figure 10.4 shows the
most commonly used electrode configuration in electroporation; an electrode array with
multiple electrodes that are usually placed surrounding the targeted tumor tissue. >3
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The number of electrodes used as well as their polarization plays a significant role in the

outcome of any electroporation procedure.
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Figure 11: Effects of electrode configuration on electric field intensity in brain tissue; >*
In figure 11.a stream lines for the electric field are indicated in black, minus and plus indi-
cate electrode position and polarity, the electric field intensity is color coded. Figure 11.b
shows the electric field intensity on a logarithmic colored scale along with the field direc-
tion (black arrows). >*

The first two rows in figure 11 demonstrate the different outcome of electroporation with
the same electrode placement, but different polarity. Switching the polarity between dif-

ferent pairs of needles notably enhances the coverage in the electroporated area. 3

To calculate electrode configurations for real life applications, it is best practice to incor-
porate them into physical computer models using commercial packages like COMSOL Mul-
tiphysics. The mathematical approach of the finite element method (FEM) will be dis-
cussed in the next chapter (3.2.3). ©
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Probably the most demanding parameter in the calculation of the electric field distribution
for electroporation is the tissue of the target region. The correct evaluation and calcula-
tion of biological tissues, be it in physiological conditions or in pathological conditions, is a

very challenging task in the planning of the electric field.

The morphology and heterogeneity, as well as local changes in cellularity have tremen-
dous impacts on the electric field, cause perturbation and are able to either reduce or in-
crease local field strength. Varying cell shape, size, density and conductivity greatly affect

the induced transmembrane electric field.

Due to the relatively short pulses used in electroporation the mobility of cells is of no sig-
nificant relevance. The shifts in electric conductivity between different types of tissue and
the size of the bulk target volume are also important parameters and affect the electric

field to a great extent.

As with the configuration of electrodes, numerical computer calculations are needed to
approximate the electric field distribution accordingly to the many tissue types that can be
involved in treatment situations. Uncertainty about the conductivities and thicknesses of
the targeted tissues remain a problem as to what values should be put into these calcula-
tions. There is very little data to work with on the electrical properties of biological tissues
and its intrinsic characteristics to both be a conductor as well as an insulator in a given

situation does complicate the process even further. ©

A. Ivorra and B. Rubinsky have published an interesting paper addressing the problem of
heterogeneity of tissues in 2007. The researchers investigated the use of electrolytic and
non-electrolytic gels to generate the precise electrical fields, which are required for con-
trolling electroporation in irregular tissues. They illustrated their applications using finite
element computer simulations and demonstrated the feasibility of their concepts by irre-
versibly electroporating a rat liver.

The team came to the conclusion that matched conductivity gels could possibly solve a
few problems regarding irregularly shaped tissues (e.g. superficial hard tumors). They
also suggested a new type of electrode; an injectable electrode consisting of highly con-

ductive gels that could be used for the electroporation of hollow structures. >°



5.2.3 Calculations and Models

The ultimate goal of treatment planning in irreversible electroporation is to determine the
optimal modeling for the electrode position and number, electric field amplitude, pulse du-
ration, number and frequency to non-thermally ablate only the targeted tissue. >°

While electropermeabilization, aiming for reversible electroporation, is a threshold phe-
nomenon with a lower and an upper end well within close limits, irreversible electro-
poration has more leeway in terms of upper limits. Still thresholds for initial permeabiliza-
tion need to be determined in experiments and vary greatly between different cells and

tissues.

In vitro electroporation of cells in suspension is the easiest task of mathematical model-
ing. The cells are separate with comparably large distances between them. The electric
field that is applied is homogenous and uniform in direction and magnitude. Therefore,
the mathematical model that is used to calculate the electric field intensity for in vitro

electroporation is the one of an ideal capacitor (£= U/ d).

In ex vivo electroporation experiments usually one type of tissue is involved and pulses
are delivered by plate or needle electrodes of various shapes (see fig.9). Additionally, the
biological tissue consists of distinct cells of varying shapes and types of organization.
Their plasma membrane conductivity is relatively low, compared to the surrounding extra-

cellular matrix. The resulting electric fields can no longer be considered homogenous.

Adding up to complexity of the mathematical model needed to calculate the electric field
intensity and distribution in this case is the circumstance, that during electroporation the
conductivity of the plasma membrane is increased. This substantially changes the electric

phenomena inside the tissue.

As mentioned at the end of the last chapter the /n vivo electroporation of biological tissue
is a delicate affair. Organs are usually composed of different tissues and cells with a great
diversity of geometry, dimensions and structure. This adds an even higher degree of inho-

mogeneity which is further exceeded by the irregular structure of neoplastic tissue.

That being said, mathematical modeling and calculation of electric field distribution is a
relatively simple tool for the analysis and explanation of experimental results. The influ-
ence of electric parameters and organ characteristics can be evaluated. For these models
being adequate, however, they must be rigorously validated with exact measurements of

electrical parameters in vivo.



Mathematical models can be used to simulate different electroporation configurations, but
they cannot replace the experimental work that is needed to determine all of the influenc-
ing factors. Mathematical modeling can greatly help us to understand the processes of
electroporation and our experimental results. It can accelerate the acquisition of
knowledge in this field and lower the costs for new experiments. It cannot replace scien-

tific experimentation. >/
Finite Element Method — FEM

The finite element method is a numerical technique used to simulate processes in physics
that would otherwise be near impossible to calculate. The idea is to break down complex
structures with different physical properties to a level that is much less complex. In the
case of IRE this could be an organ like the liver, which is broken down into lobes, then
smaller lobes and even further into cells. An electric field distribution cannot be solved for

the liver as a whole complex structure. However, it can be solved for a liver cell.

e

Figure 12: 3D finite element mesh of a human heart *¢

The overall pattern of the elements is referred to as “the finite element mesh”. The accu-
racy of the calculation depends on the number of elements in the mesh. It should be an
approximation that is fine enough to give adequate accuracy, but within a reasonable
computing time. The mesh should resemble the elements of the real biological system

that is simulated.
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The elements are then assigned with their properties that should resemble their real
world physical properties like electrical conductivity or resistance or their position in space
or their behavioral changes during electropermeabilization in the case of electroporation.
The properties are usually deducted from experimentation and their validity is essential

for the calculation to produce accurate results.

When applying an electric field to the system the goal would be to get to a mathematical
equation that describes the whole system and its reaction. To get to this equation the be-
havior of every unique element and changes in every defined property (nodes) of this ele-
ment will be expressed in a function. The resulting functions for this element form a ma-
trix, which is a starting point for a series of steps based on the fundamental laws of phys-

ics (mainly electromagnetism in this case; see chapter 3.2.1).

These laws form several system equations that will be applied to the element. The new
matrix will then resemble e.g. a conductivity matrix for the element, which can then be
worked with as a whole e.g. by applying an electric field vector upon it. The processes are
carried out for every element in the mesh to get a conductivity matrix for each one of

them.

The next step is to combine all the individual matrices into one large matrix representing
the conductivity of the whole system. This is achieved by merging and reducing the matri-
ces of the elements through solving the equations of one matrix and substituting the re-

sult into the matrix of the next element.

This process is repeated for as long as until all matrices are resolved and a single solution
is left. This result can then be used like a key working backwards to solve all the equa-
tions of the system and obtain the properties (e.g. electric conductivity) of all elements.
The corresponding electric field intensities can then be easily calculated for the whole sys-

tem.

In relation to IRE it is worth mentioning, that the very first paper on NTIRE was a theoret-
ical study that used FEM to predict nonthermal tissue ablation volumes by pulsed electric
fields. 276

It is very important for the mathematical model to be validated by comparison of the
measured results and the calculated values. A good model is characterized by a high cor-

relation between the results of the calculation and the measurement.



The objective of mathematical modeling regarding electroporation is to make in vivo elec-
troporation more efficient in ablating targeted tissues, while minimizing it in the surround-
ing tissues. Thus, mathematical models can help to minimize side effects and improve the
safety of electroporation. They can furthermore be very useful in the transfer of

knowledge from experimental work into clinical practice. >’



6 FIELDS OF APPLICATION IN MEDICINE

Many clinical applications of electroporation are well established today. Electroporation is
used to enhance the delivery of drugs in chemotherapy. Furthermore, it enables mole-
cules like oligonucleotides, ions, dyes and radioactive tracers to enter cells that would oth-
erwise be inaccessible to them. There are applications for electroporation of the skin to
enhance transdermal transport of large compounds, such as lidocaine, insulin, heparin
and vaccines. Gene electrotransfer is heavily researched and a promising application for

potential new treatments. °

Irreversible electroporation on the other hand has led a shadowy existence until only a
few years ago. It was considered only to be an undesired adverse effect of electro-
poration. A lot of research on electroporation was done to minimize the effects of IRE and

find the accurate thresholds to avoid this effect.

About a decade ago a few scientists began to realize the potential of IRE and to research
on it as a possible standalone ablation technique (see chapter 2.5). The ability to induce
nonthermal cell death and target cell membranes is the main motivation to use IRE in tu-
mor ablation. Sparring of tissue scaffolds, avoiding the heat-sink effect and achieving
sharp demarcation zones within the ablated tissue makes IRE unique among the available

ablation modalities. °

This chapter will showcase IRE’s current capabilities and provide an insight on the status

quo of IRE in the context of clinical applications and studies.

6.1 LIVER

Literature suggests that liver lesions may present the optimal target for IRE ablation. °

Hepatocellular carcinoma (HCC) is the third leading cause of cancer related mortality
worldwide and primary and secondary (metastatic) liver tumors are an increasing global
health problem. While systemic treatment options of HCC remain limited, surgical and lo-
cally ablative therapies offer improved survival outcomes for both, primary and metastatic
tumors. The liver is a common site for metastases, especially from colorectal carcinoma.
Minimally invasive therapies have over the past years matured to proper treatment op-
tions and are part of todays practice guidelines. >



The effective treatment of liver tumors without causing major trauma ensures better post-
operative recovery and much shorter hospitalization times compared to classical tumor
surgery. IRE represents the newest technology in this field and is currently proving its
feasibility compared to the well-established thermal ablation methods. The suggested ad-
vantages are given by the absence of thermal effects and side effects due to thermal ab-

lation.

Figure 13: Schematic of IRE — vascular structures and nerves adjacent to tumor %

The ablation of liver tumors can be a very difficult task adjacent to vascular structures.
These structures can be spared using carefully planned IRE treatment which can there-
fore be safely performed on liver lesions. °

Lee et al. reported the effectiveness of IRE in hepatic tissue ablation and evaluated the
radiologic-pathologic correlation of the IRE-induced cell death in 2010. They performed 55
ultrasound (US) guided ablations on 16 Yorkshire pigs and imaged the results with US,
magnetic resonance (MR) and computer tomography (CT). The mean diameter of the ab-
lation zones was 33.5 mm % 3 and the mean total procedure time per ablation was 6.9
minutes. They had no complications in any of the 16 animals. The ablation zones were
well characterized in all of the imaging modalities and real-time monitoring was feasible
with US. The immunohistochemical evaluation was performed with hematoxylin-eosin (H-
E), Von Kossa and von Willebrand factor (VWF) staining and confirmed complete cell
death within a sharply demarcated treatment area. Involvement of apoptotic cell death
was shown by positive staining of apoptotic markers (TUNEL, BCL-2 oncoprotein). Peri-
ablative structures like blood vessels and bile ducts as well as adjacent nonablated tissues
were preserved. The team concluded that IRE is a "fast, safe and potent ablative method,
causing complete tissue death by means of apoptosis”. &
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Another in vivo experiment on the porcine liver was performed by Ben-David et al. in
2012. The objective was to determine the best parameters for IRE to achieve the largest
target zones of coagulation for two monopolar 18-gauge electrodes. The influencing vari-
ables that were specified were the number of electrical pulses (n = 20-90), the length of
pulses (20-100 ps), generator voltage (2250-3000 V), inter-electrode spacing (1.5-2.5
cm), and a varying length of active electrode exposure (1.0-3.0 cm). Four sets of experi-
ments have been performed in 25 in vivo pig livers with different settings for the five

mentioned variables.

In the first experiment the effects of pulse width and
number was examined simultaneously. Parameter
combinations of at least 50 pulses of not less than 50
microseconds showed no statistical difference in the

size of the resulting coagulation. The ablation zones

were not influenced in their size or shape by the pres-

ence of blood vessels. Blood vessels and bile ducts re- Figure 14: Measurements 32
mained intact while the ablated zones showed severe macroscopic and microscopic
changes. Treatments of 20 pulses of 20 us resulted in significantly smaller ablation zone
width, while their depth (see fig. 14) did not alter. Increasing pulse width or number over
70 caused audible popping during the procedure and resulted in white ablative coagula-

tion around the electrodes.

In the second experiment different generator voltages were tested (2250, 2650 and
3000V, n=70 at 70 ps) and compared at a 1.5cm spacing between electrodes. Increased
voltages yielded in significantly increased ablation width and depth (see fig. 14).

In the third experiment different inter-electrode spacings were tested (1.5, 2.0 and
2.5 cm, n=90 at 100 ps). By increasing the space between the electrodes from 1.5 to 2.0
cm the width of the ablation zone (see fig. 14) was increased. Further increasing to 2.5

cm resulted in either hourglass-shaped or even two noncontiguous ablation zones.

In the last experiment the effect of electrode exposure was evaluated for 1.0, 1.5, 2.0,
2.5 and 3.0 cm active electrode lengths (n=30 at 70 ps, 1.5 cm spacing). Increase in
electrode exposure from 1-3 cm showed a linear correlation to an increased ablation zone
height (see fig. 14).

The scientists concluded that optimal treatment of tumors with IRE is a consequence of

careful planning of the tested parameters to achieve the optimal threshold to ablate the
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tumor tissue effectively without harming adjacent vital structures. They suggest the use
of closely spaced multiple electrodes and note that the multiple variable parameters in

IRE require characterization of the role they play in defining the final area of ablation. ©!

It is important noting, that these experiments were performed on porcine livers under
physiological conditions and that electric field distribution may differ in pathologically in-
fluenced tissues. Laufer et al. found in ex vivo experiments that the conductivity of the tu-

mor tissue in hepatic tumors is much higher than that of normal liver tissue. 62

To further investigate the effects of IRE A untreated end point control rat
in pathological tissues Guo et al. studied
IRE in a rat model of HCC. 30 Sprague-
Dawley rats were inflicted with HCC and
divided into treatment and control
groups. Treatment groups were treated
with eight 100-us 2,500-V pulses to ab-

late the targeted tumor tissue.

Baseline 15-days follow-up H&E slammg g
B 15-days post-IRE treatment rat
MRT scans were performed 15 days after
treatment and showed significant tumor
size reductions (see fig. .15). Pathological

assessment confirmed extensive tumor

necrosis and full regression in 9 out of 10 \

treated rats 7 to 15 days after treatment. Figure 15: MRI and corresponding H&E images of
control rats (A) and treated rats (B) 7%

The researchers came to the conclusion

that IRE "can be an effective strategy for targeted ablation of liver tumors”, &

In 2012 Kingham et al. evaluated the safety and short-term outcomes of IRE to ablate
perivascular malignant liver tumors. They reviewed the outcomes and complications of 28
patients with 65 tumors treated with IRE when resection or thermal ablation was not indi-
cated due to tumor location. 22 Patients were treated via an open approach while 6 were
treated percutaneously. The tumors were sized within a range of 0.5 to 5 cm with a me-
dian tumor size of 1 cm and 25 of them were located <1cm from a major hepatic vein
and 16 were <1 cm from a major portal pedicle. There were no treatment-associated
mortalities and the overall morbidity were 3%. After 6 months one patient showed persis-

tent disease (1.9%) and three tumors recurred locally (5,7%).
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Kingham et al. found IRE to be a safe treatment for perivascular malignant hepatic tu-
mors and liver malignancies and suggested that longer follow-up would be necessary to
determine long-term efficacy. They also noted, that indications for using IRE to treat liver
tumors were not yet clearly defined, but due to the low short term failure rate in their

study, studying the efficacy of IRE in a greater number of patients would be reasonable.%

Cannon et al. came to similar conclusions in 2013, when they studied the safety and effi-
cacy of IRE for hepatic tumors in proximity to vital structures in a clinical setting. They ob-
served treatment related complications and local recurrence free survival (LRFS) of their
patients over a 2-year period. 44 patients were undergoing 48 IRE procedures, 20 colo-
rectal, 14 hepatocellular, and 10 other metastases. 39 patients were treated percutane-

ously, 5 in an open approach.

The majority of the patients (72%) had received and failed at least one other therapeutic
approach prior to being treated with IRE. All (100%) of the performed treatments showed
initial technical success. Five patients faced complications, but all resolved within 30 days.
LRFS was 97.4% at 3 months, 94.6% at 6 months and 59.5% at 12 months with a trend
toward higher recurrence rates for tumors over 4 cm in diameter. The researchers judged
IRE to be a safe treatment for hepatic tumors in proximity to vital structures and pro-
posed further prospective evaluation to determine the optimal effectiveness of IRE in rela-

tion to size and technique for IRE of the liver.

About 70% of liver metastases are surgically unresectable due to their anatomic location,
limited functional liver reserve, or the presence of comorbidities. The 5-year survival rate
for untreated metastatic liver disease is < 1%. Percutaneous thermal ablation techniques
have raised the 5-year survival rate up to around 50% for HCC and to 25%-46% for colo-

rectal metastases. °

Nonetheless, thermal treatment approaches have their limits with tumors in close proxim-
ity to vital structures like bile ducts or major vessels. IRE may present a significant ad-
vancement in treating previously untreatable patients or augment the outcome of patients
previously treated with other techniques.



In 2014 Silk et al. assessed biliary complications after IRE of hepatic tumors that were lo-
cated < 1 cm from major bile ducts. In contrast to the research done by Kingham or Can-
non, the team, especially emphasized on the examination of the safety of IRE for larger,
more centrally located liver tumors in very close proximity to major bile ducts; locations

that are usually contraindicated for thermal ablation.

Within one and a half years 22 hepatic metastases in 11 patients were treated in 15 abla-
tion sessions and reviewed with CT-scans before and after treatment. The median tumor
size treated was 3.0 cm (as opposed to 1.0 cm in Kingham’s paper) and tumors adjacent

to the common, left or right hepatic duct.

A few patients presented with transient abnormal post-ablative laboratory values of biliru-
bin and alkaline phosphatase. In one case the abnormal values persisted due to a local
tumor recurrence that was obstructing bile ducts. In a second patient the persisting val-
ues were caused by a local tumor progression at the porta hepatis. This patient required
stent placement in the bile duct. Both of these patient’s conditions were classified to be

secondary to tumor progression, and not caused by bile duct injury.

Temporary increases of bilirubin and alkaline phosphatase post treatment were linked sec-
ondary to the damage of hepatocytes, leaky blood vessels secondary to endothelial dam-
age resulting in edema, and to increased extracellular pressure that could cause tempo-
rary stasis in the bile ducts. Furthermore, electroporation in areas bordering the ablation
zone, as well as irreversible electroporation cause hepatocytes to leak bilirubin and alka-
line phosphatase, adding up to the other factors. However, the scientists mention that the
abnormal laboratory values may have also been caused by factors related to the previous
treatment history of the patients that was not covered in this work, due to the retrospec-

tive design of the study.

The overall results of this study agree with the previously published observations that IRE
did not cause any major complications related to blood vessel or bile duct damage. It
adds to the existing literature, that IRE may be a safe treatment option also for larger
central tumors close to hepatic veins or the portal pedicle. The authors suggest that fur-
ther studies with extended follow-up periods are necessary to establish the safety profile
of IRE in this setting.



A thorough assessment of IRE risk factors in the treatment of liver malignancies was con-
ducted by Dollinger et al. in 2015. 85 IRE procedures on 114 malignant liver tumors (52
being primary, 62 secondary) not suitable for thermal ablation or resection were investi-
gated. No death related to IRE occurred. The complications included 7.1% (6/85) major
complications and 18.8% (16/85) minor complications, according to the standardized
grading system of the Society of Interventional Radiology. Postablative abscess presented
the most frequent major complication (4.7%, 4/85) and was seen mostly in patients with
bilioenteric anastomosis, which was also identified as a general risk factor for major com-
plications during IRE treatment of the liver. Minor complications mainly included hemor-
rhage, supposedly caused by the lack of cauterization of the needle tracts, and portal vein
branch thrombosis, which is believed to be caused by the portal vein narrowing with re-

duced blood flow. The latter is a previously described complication of IRE ablation. 6768

The study rated IRE ablation of malignant liver tumors as a relatively low-risk procedure,
but emphasized the increased risk of post-ablative abscess formation in patients with bili-

oenteric anastomosis. 8

In a case study of a 68-year-old female with colon cancer and synchronous bilateral unre-
sectable liver metastases, Schoellhammer et al. reported IRE to make the unresectable
resectable. In an interdisciplinary treatment procedure IRE was used for margin ablation
of the tumor, leaving the hepatic veins intact, while removing the microscopic tumorous
margin around these vital structures. The patient was alive and without recurrent disease

30 months after resection. °

Sugimoto et al. evaluated the safety and short-term outcome of Japanese patients with
HCC treated with IRE. Five out of six tumors (86%) were successfully treated, with no lo-
cal recurrence after almost a year. They suggested that image guided percutaneous IRE is
well tolerated by patients and can achieve satisfactory local disease control, especially for
small HCCs. 7°

The current literature on IRE ablation of liver tumors suggests a promising outlook. IRE
has certain advantages over thermal treatments, especially in the proximity of tempera-
ture-sensitive structures such as blood vessels and bile-ducts. Incomplete tissue ablation
adjacent to major hepatic vessels due to the heat-sink effect is not an issue with IRE. It
therefore may overcome most of the problems raised with thermal ablation. In conclusion
IRE offers a treatment option for patients with focal liver tumors that are not eligible for

surgical resection or thermal ablation.



6.2 KIDNEY

Due to advances in medical imaging the detection rate of small renal masses up to 4 cm
in diameter has shown a steady increase in the past two decades. While nephron sparing
surgery is considered to be the gold standard and primary therapy for SRMs, focal thera-
pies such as radiofrequency ablation (RFA) or cryoablation are available for patients with

poor surgical outlook or multiple tumors.

Focal thermal therapies in kidneys face the same problems as in other organs. The vicinity
of vital structures such as blood vessels, nerves, the renal collecting system and ureter as
well as neighboring organs (such as the suprarenal glands or intestines) restricts the ap-
plication of thermal ablation modalities. The heat-sink effect is especially important due to
the high perfusion rate of this organ and can impair the thermal ablation outcome in the
vicinity of large vessels and the renal collecting system. IRE therefore presents a highly
desirable alternative for the treatment of tumors in a well perfused, vital organ like the
kidney.

While irreversible electroporation of tumors of the liver has already gained a respectable
amount of clinical acceptance, IRE of the kidney until recently has mostly been studied in
animal models and is still in an earlier stage of development. One early human trial of IRE
was performed in advanced malignancies in kidneys (besides livers and lungs) but showed

a considerable failure rate with kidney and lung tumors. °

Thomson et al. investigated the safety of IRE in humans for about one year from Novem-
ber 2008. The Australian scientists performed IRE on 69 tumors not responsive to alterna-
tive treatment in 38 volunteers. IRE of the kidney was performed ten times in seven pa-

tients.

One patient developed partial ureteric obstruction and increased creatinine levels follow-
ing IRE of a renal lesion. The ureteric stricture had to be treated with a double-] ureteric
stent. Two patients presented with transient hematuria caused by the punctuation of the
renal pelvis with an 18-gauge electrode. One patient had an electrode tip inserted into the
inferior portion of the left adrenal gland and consecutively suffered from hypertension.
For two following months the patient described severe postural hypotension. Two of the
seven patients required a second IRE procedure. CT-follow up after three months con-

firmed ablation in five of the seven patients.



Albeit facing several complications the researchers found the IRE safety profile to favora-
bly compared with those of thermal ablation devices and prognosticated for IRE to have a

significant impact on cancer management. 72

Another early work on IRE of renal cell carcinoma (RCC) done by Pech et al. in 2011 fo-
cused mainly on cardiac arrhythmias and the safety of ablating RCC tissue using IRE.
Treatment was performed in six patients undergoing general anesthesia and cardiac syn-
chronization of the IRE pulses. Aside from one case of a supraventricular extrasystole no

adverse effects were encountered.

The study suggested the potential advantages of IRE as opposed to thermal ablation
methods, including the absence of the heat-sink-effect, possible conservation of important
structures, avoidance of shrinkage of the renal pelvis or necrosis in this area. The renal
tissue was immediately surgically removed after IRE was performed. The cells showed a
mismatch between plasma and the nuclear volume, but no dead cells were found in the
specimens. IRE of the kidney seemed to offer a feasible and safe technique to treat pa-

tients with kidney tumors. 73

Since 2010 a mentionable amount of research has been performed in animal models.

Tracy et al. evaluated IRE on renal parenchyma and the renal collecting system in a por-
cine model in 2010. Eight female Yorkshire pigs were treated with laparoscopic ablations
using either monopolar or bipolar IRE. The pig’s kidneys were collected between 10

minutes and 14 days for macroscopic and histological analysis. 24 ablations in total have

been performed and all pigs survived the procedure without complications.

The lesions were observed to be initially hemorrhagic, then decreased progressively in
size to small white scars over the 14-day-period. The histologic analysis, which included
NADH staining for cellular viability, showed diffuse tubular desquamation, eosinophilia and
nuclear pyknosis, with absence of cellular viability in the samples taken immediately after
IRE.

Specimens taken after 7 days presented with diffuse cellular necrosis with early peripheral
granulation changes. 14 days after the treatment, marked tissue granulation, chronic in-
flammation and dystrophic calcification with early fibrosis and cellular contraction oc-
curred. Urothelial injuries showed signs of repair 14 days after IRE treatment. 7



To study IRE as a nephron-sparing therapy to reduce the risk of renal failure, Wendler et
al. made the first radiological approach to examine the acute dynamic vascular perfusion
monitored by digital subtraction angiography (DSA) during an NTIRE procedure per-
formed on the porcine kidney in 2011. Additionally, high-resolution X-ray as used in mam-
mography was performed before, during and after NTIRE of three isolated porcine ex vivo

kidneys.
—

Figure 16: DSA while performing NTIRE 7*

Figure 16: The DSA showed no relevant changes, such as extravasations, perfusion gaps,
open areas, accumulations, or stasis in the renal parenchyma during the NTIRE proce-

dure.

Figure 17: Angiography during NTIRE and high-res X-ray could easily be correlated, mark-
ing the NTIRE puncture channels per metal marker. In the marked ablation zones no ex-
travasation and no disruption of the terminal vascular bed of renal cortical parenchyma

was observed.

The results of both radiologic approaches showed no acute vascular destruction of the re-
nal parenchyma and no dysfunction of the kidney perfusion. The researchers concluded
that NTIRE offers an ablation method without collateral vascular damage, as opposed to

thermal ablation methods. 7>
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In the same year the team also studied NTIRE effects on the renal urine-collecting system

using intravenous urography (IVU), urinary cytology as well as histology and MRI.

Figure 18: MRI of the center part of the right kidney at 30 min (a), 7 days (b), a) d 28 days after NTIRE (c)®

They performed 8 NTIRE ablations in three male swine. 7 days after the procedure MRI
and histology demonstrated localized necrosis. 28 days after NTIRE the renal parenchyma
presented with complete destruction and localized scarification, while the urine-collecting
system was preserved and showed urothelial regeneration. IVU and MRI showed normal
morphology of the renal calyxes, pelvis and ureter without any alterations. The team sug-
gested that NTIRE could be used as a targeted ablation method of centrally located renal

masses. 76

In 2013 Olweny et al. investigated a novel generator capable of alternately delivering
NTIRE and TIRE at about 90°C which was supposed to increase the versatility of the de-
vice. All 24 ablations were performed in 12 pigs and showed no adverse effects during or
after the procedure.

The study compared the outcome of NTIRE vs TIRE ablation with this device and came to
the conclusion, that both were safe, but, for obvious reasons, NTIRE's advantages over
thermal ablation methods was lost when TIRE was applied. The NTIRE lesions were sig-
nificantly smaller and had less inflammation than those caused by TIRE. TIRE also caused
more significant and permanent damage to the collecting system and should thus be re-
served for ablation of peripheral lesions. 7/

Thermal energy can also be generated by conventional IRE and even cause thermal in-
jury, based on the tissue type, probe exposure lengths, pulse lengths and proximity to
metal. Dunki-Jacobs et al. therefore suggest in their paper from 2014 to be especially
aware of this when placing the probes in proximity to critical structures and to carefully
choose appropriate settings for probe exposure length and pulse length to prevent ther-

mal injury. 78
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A few other studies conducted in animal models all came to the same conclusion; that IRE
of the kidneys and the renal system may present a safe and feasible new treatment op-
tion. They stated the known advantages of non-thermal ablation over thermal ablation
and emphasized on IRE’s ability to preserve vital structures in well perfused organs like

the kidneys. 728!

Wagstaff et al. provided an interesting study protocol for IRE of the kidney in 2015. In the
quest for further advancement of renal tumor treatment with IRE the researchers sug-

gested a prospective, human, in-vivo study with two major objectives.

The primary objective was to study the safety and efficacy of IRE ablation for renal

masses. The secondary objective was to find a validated imaging modality for follow-up.

Ten patients with solid enhancing masses, who were candidates for radical nephrectomy,
underwent IRE treatment four weeks prior to their nephrectomy. MRI and CEUS (con-
trast-enhanced ultrasound) imaging were performed at baseline, one week and four
weeks post IRE. Pathological examination was performed after radical nephrectomy to

evaluate IRE ablation success.

The researchers aimed to test two-needle electrode configurations with constant device
settings to produce comparable results. To limit radiation exposure for the patients the
follow-up imaging modalities were chosen to be MRI and CEUS. The IRE procedure itself
was CT guided and exposed the patients to an estimated 32 mSv of ionizing radiation. CT

follow-up was found to add too much radiation exposure for the patients.

They also suggested the short follow-up period of only 4 weeks to be a limiting factor for
the study, but considered further delay of the final treatment unethical.

This trial was considered to provide essential knowledge on IRE of renal masses, and may
guide future research on this promising ablative technique. 7

Considering that ablation therapy for small renal masses is gaining importance in clinical
practice and even proved equivalent in outcome compared to surgical resection for ther-
mal techniques such as RFA and microwave ablation, it will be fascinating to see where
protocols like the one presented by Wagstaff et al. will take irreversible electroporation of

kidney tumors in the course of the next few years.



6.3 PANCREAS

Beyond liver and kidney tumors, IRE has also been applied in the treatment of locally ad-

vanced unresectable pancreatic cancer. °

Pancreatic cancer is the fourth leading cause of cancer deaths in the US. It has the high-
est mortality rate of up to 90% upon all known cancer types. The statistics of pancreatic
cancer in the US show that the number of incidences of new cases and the numbers of

death is almost the same. &
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The diagram in Figure 19 also shows that for the past 20 years a progression in the cura-
tive treatment of pancreatic cancer has been almost nonexistent. Despite a combination
of surgical resection and various systemic chemotherapies the disease still has a very poor
prognosis, as the 5-year survival rate of 7.2% clearly indicates. The prognosis also limits
aggressive surgical resection. The median survival time after resection has been reported
to be 10.6 months. 8

Early research on the treatment of pancreatic cancer with IRE was done in animal models,
mainly in swine. A pilot study done by Charpentier et al. in 2010 experimented with differ-
ent parameters of IRE in the treatment of the pancreas of four domestic female swine,
using two monopolar probes spaced 9-15 mm apart and the application of 90 1500 V/cm

pulses to the tissue.

Ablation was successful in three out of four pigs. Probe spacing of 15mm in the fourth pig
at the same pulse duration, amplitude and frequency showed no signs of ablation after
two weeks. It was concluded that the wider probe spacing at this relatively low voltage
did not suffice to produce irreversible electroporation, but resulted in reversible electro-
poration and therefore did not result in cell death. The researchers concluded that IRE ap-

pears to be a safe method for pancreatic tissue ablation. 8
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Another early work on IRE of the pancreas was done by a team of researchers in Louis-
ville, Kentucky in 2011. In their report the scientists mention the limits of thermal tumor
ablation techniques due to pancreatitis or damage to major vascular structures and sug-
gest IRE to possibly solve these problems. The main objectives of their study were to in-
vestigate the optimal settings for IRE of pancreatic tissue and assess the safety of the
procedure in the porcine model. Six female Yorkshire x Landrace swine were treated with
IRE.

One treatment was unsuccessful due to inability to achieve a stable current using a 3-cm
length, 2-cm spaced monopolar probe at 3000 V. Another ablation attempt failed in an-
other swine with too closely spaced (1.5 cm) monopolar probes at 25 pulses of 2300 V.
An additional pig’s treatment initially failed at 18 pulses of 3000 V at a 2 cm spacing. It

was then successfully ablated in a second attempt with 90 pulses at 2000 V.

No immediate complications or cardiac arrhythmias occurred during the experiments. All
animals recovered with no pancreatic necrosis, no ascites and only mild adhesions. Tran-
sient increases in amylase and lipase was recognized until day three post-IRE. Pathologic
analysis after 72 hours, 7 days, and 14 days post-IRE revealed ablation defects with sig-

nificant destruction of the pancreatic tissue with preserved vascular structures.

The researchers could successfully demonstrate that IRE of the pancreas performed at an
optimal voltage is well tolerated while preserving vascular structures and with a rapid res-

olution of pancreatic inflammation. 8

Research done in mouse models in Barcelona, Spain in 2012 found that IRE increased the

mouse survival rate, modulated the pathology and that the mice recovered quickly. &

Bagla and Papadouris reported one case of successful IRE treatment of an unresectable
stage III (T4NOMO) pancreatic adenocarcinoma in a 78-year old male in 2012. Six months
follow up was done with MRI and cancer antigen 19-9 serology and showed no signs of
disease progression or recurrence. The researchers suggested that IRE may be a promis-
ing additive therapy to chemotherapy and radiation in patients with advanced pancreatic

cancer. 88



One of the researchers of the mentioned porcine study that was done in Louisville, Ken-
tucky in 2011 is Robert C.G. Martin II. He also took part in the study of IRE’s effects on
the porcine liver, pancreas and kidney and retroperitoneal tissue that was mentioned
chapter 4.2 of this work. 78

Figure 20: IRE treatment of pancreas %°

Figure 21: IRE treatment of Pancreas®

In 2012 Martin et al. published a prospective multi-institutional pilot study about patients
that underwent IRE for locally advanced pancreatic cancer between December 2009 and
March 2011 that evaluated the safety and efficacy of IRE in these patients. 27 patients
were evaluated for 90-day morbidity, mortality and local disease control. 19 patients had
in situ IRE performed, the other eight patients underwent margin accentuation with IRE in

combination with surgical resection.

IRE was successfully performed in all of the patients (100%). All patients showed transi-
ent elevation of their amylase and lipase levels in the first three days post-IRE. In follow-

up no pancreatitis was found. One mortality happened during the 90-day trial period.

The team evaluated IRE for the ablation of locally advanced adenocarcinoma to be a safe
and feasible primary local treatment in otherwise unresectable pancreatic cancer, but

stated that this therapy is still in the very early evaluation phase of its use and efficacy. *°

The same team published a prospective study in 2013 with 54 patients with locally ad-
vanced pancreatic adenocarcinoma (LAC) to evaluate their overall survival after IRE treat-
ment. In a comparison of IRE with standard therapy, there was improvement in the local
progression-free survival of 14 vs. 6 months, p = 0.01, distant progression-free survival of
15 vs. 9 months, p = 0.02, and overall survival of 20 vs. 13 months, p = 0.03.

IRE ablation therefore was found to offer greater local palliation and potential improved
overall survival compared with the standard radiation-chemotherapy treatments. °
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D. Kwon joined R. Martins team for a prospective study from July 2010 to January 2013
that was published in 2014. The aim was to further investigate IRE’s capabilities in the
multimodal therapeutic context. A total of 48 patients with locally advanced pancreatic

cancer (LAPC) underwent pancreatectomy with IRE margin accentuation of the superior

mesenteric artery and/or the anterior margin of the aorta.

Figure 22: Pancreatectomy with IRE margin accentuation®
Figure 22 (A) displays coronal images of the technique for margin augmentation during

pancreatectomy using IRE in an LAPC. Subsequent probe pullback is demonstrated in (B).

Ablation areas that result from IRE under subsequent pullback is shown in (C).

Figure 23: Sagittal images of IRE margin accentuation®?

Intraoperative IRE was delivered successfully in all of the patients in an average of 12
minutes (see figures 22 & 23). 44 adverse events were detected in 18 patients during the
90-day follow-up, 5 of which were possibly linked to IRE. According to RECIST criteria no

local recurrence was found at the 90-day follow-up.

More than half of the patients could proceed with their adjuvant radiation therapy and
chemotherapy within a median time of 2.4 months. No deaths were reported during the
90-day span. 28 patients (58%) developed recurrence at 24 months, the median overall

survival time was 22 months and progression-free survival was 11 months.
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The study suggests that IRE for margin accentuation results in similar, if not better, out-
comes in comparison with other treatment modalities. The low local recurrence rate ex-
ceeded expectations in the long-term follow-up and more effective treatment could be

achieved through a continuous optimization in multimodal therapy concepts. °2

In 2015 Martin et al. released a major paper on the treatment of 200 LAPC stage III pa-
tients with irreversible electroporation. It is aimed to demonstrate the efficacy of IRE

treatment as a part of a multimodal treatment of LAPC.

The patients were treated and monitored in a multicenter, prospective institutional review
board-approved registry from July 2010 to October 2014. Of the 200 patients with LAPC
150 underwent IRE alone, 50 had pancreatic resection and IRE margin enhancement per-
formed. All patients were treated with induction chemotherapy and about half received

chemo-radiation therapy for a median of 6 months before IRE.

In the follow-up with a median of 29 months 6 patients (3%) have experienced local re-
currence. The median overall survival was 24.9 months within a range from 4.9 to 85

months.

The researchers therefore concluded, that the addition of IRE to conventional multimodal
therapy results in a substantially prolonged survival and that ablative control of the pri-

mary tumor may prolong survival. *3

Despite all the potential advantages brought to pancreatic cancer patients by IRE, Mans-

son et al. report about a major caveat.

In their case report they warn about severe complications with IRE performed in the pres-
ence of a metallic stent. They report that many pancreatic cancer patients have a metallic
stent in the bile duct. According to the manufacturers of IRE equipment contraindications

for IRE ablation include ablation in the vicinity of devices with metallic parts.



The doctors cite the case of a 72-year-old woman who had received a self-expanding me-
tallic stent in the common bile duct due to a biliary obstruction. The patient was initially
excluded from IRE treatment due to the presence of the stent, but 5 months later she

was accepted for IRE treatment of her unresectable LAPC in a private clinic.

Figure 24: CT scan pre and one month post IRE ablation **

One month after treatment the patient reported continued diarrhea and increasing ab-
dominal pain. CT revealed a small abscess (as seen in the right image of figure 24). With-
out any signs of peritonitis, she was treated with antibiotics and then sent home. Eight
weeks post-IRE treatment she still had extensive diarrhea and showed both clinical and
laboratory signs of infection. The diarrhea was treated with a laparoscopic loop sig-
moidostomy. Two days later she went into hypovolemic shock, presented with a dis-
tended abdomen and underwent emergency laparotomy. An extensive, well organized ab-
scess was found behind the transverse colon and both the duodenum as well as the
transverse colon were found to be perforated in close proximity to the stent. Several at-
tempts to repair the damages during the following 20 days failed and the patient eventu-
ally died.

The authors concluded that IRE treatment in the vicinity of the stent in the bile duct may
have caused perforation of the duodenum and transverse colon, and bleeding from a
branch of the superior mesenteric artery which in the end led to her death. ** Since the
perforation appeared delayed it remains unclear whether this complication is directly re-
lated to the IRE procedure or may be a result of prolonged inflammation, abscess or even

tumor invasion.

In conclusion IRE may establish its role in improving the outcome in multimodal treatment
of pancreatic cancer and offers a treatment option in palliative settings where surgical

treatment is restricted due to local tumor invasion in blood vessels and nerves.



6.4 PROSTATE

Equally to many other fields in oncology, focal minimally invasive therapy is gaining inter-
est in the treatment of prostate cancer. Cryoablation shows excellent cancer control rates
and extremely low morbidity ever since Onik et al. introduced the concept of focal cryo-
therapy in 2002. %

However, cryoablation faces some of the typical problems linked to thermal ablation pro-
cedures. Areas bordering ablation zones show variable damage after cryoablation and in-
juries to adjacent structures such as the urethra, the rectum and the neurovascular bun-
dle (NVB) are possible complications. Multiple freeze thaw cycles may be required which
prolongs procedure times significantly. Furthermore, cryoablation catheters are quite com-
plex and require liquid nitrogen or argon gases and is consequently rather expensive.
Widespread acceptance of cryoablation in prostate cancer was therefore limited by these

factors. %

These disadvantages of cryoablation may be overcome by theoretical strengths of irre-
versible electroporation and have consequently led to the first trials of IRE in prostates in

animal models and to the first application of IRE ever performed in humans. °

Onik, Mikus and Rubinsky published a paper on IRE’s implications for prostate ablation in
2007. They treated the prostates of six dogs with US-guided trans-rectally or percutane-
ously placed IRE probes.

The researchers found that the lesions in the prostate caused by IRE had unique charac-
teristics compared to thermal lesions and found sharp margins in the transition zone be-
tween complete necrosis and normal surrounding tissue. Also they observed rapid resolu-

tion of the lesions and marked shrinkage within 2 weeks.

Surrounding structures such as vessels, nerves, the urethra and the rectum were unaf-
fected by the IRE treatment. The concluding thoughts were, that the characteristics of
IRE could be very advantageous in a clinical setting and could potentially benefit the out-

comes of prostate ablation.

The groups first human clinical trial was performed shortly later in 16 male patients with

localized prostate cancer and a major concern in keeping continence and potency.



Figure 25; US of the brachytherapy grid overlay used during the 3D Prostate Mapping Biopsy %

After performing meticulous transperienal mapping biopsy (see fig. 25) patients were
placed in the dorsal lithotomy position. The coordinates of the tumors that were defined
by the mapping biopsy were then used to place four 18-gauge IRE electrodes percutane-

ously under TRUS guidance through the perineum to surround the tumor.

Then 90 pulses of 70-100 ps at 1500 volts in a 100 ms interval were delivered between
node pairs in a bipolar manner until all the permutations for the 4-probe array were cov-
ered. In cases where cancer was adjacent to the NVB (see blue star in fig. 25) the NVB
was included in the ablation area. Patient follow-up was performed three weeks post

treatment via transperienal US guided biopsies.

All patients in the trial tolerated the procedure well. All patients were continent immedi-

ately after the procedure and potency was preserved in all cases where it was given be-
fore treatment. No complications occurred during the IRE ablations. Post-operative biop-
sies showed no evidence of cancer in 15 patients.

One patient was successfully treated with focal cryosurgery after Gleason 6 cancer was
found outside the treated area. HE staining proved all epithelial elements to be gone. Vas-

cular elements and nerve bundles were preserved.

The researchers found many of the advantages seen in the animal model confirmed in
this first patient experience and were pleased with the results and the dosimetry of the
IRE protocol. Furthermore, they were impressed with the speed of IRE compared with



thermal ablation. They suggested that despite all their patients were treated in a focal
manner, IRE could as well be used to treat the whole prostate gland and, as it was the
first patient experience of IRE altogether, they could well imagine to extend IRE treat-
ment to other organs. They found IRE particularly suited to focal therapy of prostate can-

cer, %8

In the context of these findings, it appears remarkable, that not much research on pros-

tate ablation with IRE has been published following this initial success story.

One more multicenter prospective human in vivo pilot study considering the safety and ef-
ficacy of irreversible electroporation for the ablation of prostate cancer was published by
% . . Van den Bos et al. in 2014, *°

An overview article on the topic was released by
Van den Bos in the magazine Interventional Urology
in early 2016.

It stated IRE would be a promising focal therapy for
the treatment of primary or recurrent prostate can-
cer and suggested that because of the appealing
benefits such as the avoidance of long term urinary
complaints and the preservation of sexual function,
IRE would deserve further investigation in this con-

text. 10

Figure 26. Extended lithotomy position
with ultrasound inserted 70
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6.5 LUNG

In May 2010 Dupuy et al. published their study of IRE in a swine lung model. Nine pigs
underwent 15 percutaneous irreversible electroporation treatments under fluoroscopic
guidance. The IRE electrodes were placed in the central and middle third of the right mid
and lower lobes in all animals. Post-IRE X-rays were taken to evaluate eventual occur-
rences of pneumothorax. The pigs were sacrificed either 2 or 4 weeks after treatment and
underwent high-resolution CT scanning and X-ray 1 hour before sacrifice. The lungs then

were investigated in macro- and microscopic pathology.

There were no reports of significant adverse events. Pathological examination revealed fo-
cal areas of diffuse alveolar damage, fibrosis and inflammatory infiltration within the
boundaries of the interlobular septae. The blood vessels and bronchioles within the abla-

tion areas were completely spared.
IRE was concluded to be a safe and effective ablation method in the swine lung model. 1!

A study performed by Deodhar et al. that was also done in a porcine model came to simi-
lar conclusions and proposed IRE to be a “potential alternative to thermal ablative modali-

ties”, 101

In 2011 Thomson et al. released a human trial with 38 volunteers with advanced malig-
nancy of the liver, kidney or lung that were unresponsive to alternative treatment and
signed in for IRE treatment. In total 69 separate tumors were treated with complete tar-

get tumor ablation achieved and verified by CT in 46 cases (66%).

Most treatment failures occurred in renal and lung tumors. Lung tumors were treated in
three patients and none of them had a satisfactory tumor response. It turned out that it
was not possible to completely treat the entire lesions with IRE. Two out of three lung ab-
lations developed a pneumothorax but did not require specific treatment and resolved

spontaneously. 72

Overall human trials did not provide enough evidence, that IRE may be a suited ablation
method for lung nodules in humans. The main technical issue appears to be the great
conductivity difference between airspace and solid tissue and the necessity for exact
probe placement. Treatment of perihilar or mediastinal tumors in close proximity to major

vessels may still be an IRE indication in selected cases.



6.6 BRAIN

Although studies in animal models were published, IRE of the human brain has not yet
been performed. Irreversible electroporation of the canine brain was done by Paulo A.
Garcia who works on the topic since 2009 and has published several papers during the

past years.

In a pilot study in 2009 he and his team conducted the first experiments on canine brains
based on the findings of Davalos, Mir and Rubinsky. Numerical modeling was also used in
the study to calculate the electric field distribution. As opposed to other organs increased
brain pressure (BP) through IRE induced edema had to be treated with mannitol to lower
BP to physiological levels. Neurosonography and MRI was performed 24 hours post-IRE
and confirmed clearly demarcated ablation zones. Postoperative recovery was good with
the canine subject not suffering from any neurologic disabilities and eating within 10
hours of the IRE procedure. IRE has been found to be safe for the treatment of canine

brain tissue. 102

Figure 27: ex vivo high-resolution 7.0 T MRI of NTIRE treated brain 1%

Further studies were published by Garcia et al. in 2010, 2011 and 2014, the latest an in

vitro study on human brain cells. 1%

The canine in vivo experiments were aimed at determining the suitable parameters of
electroporation of brain tissue for effective treatment planning. Conductivities of brain tis-
sue were deducted and used in numerical simulations that also tried to incorporate tem-
perature related changes in conductivity. Correlation between models and experiments
was a target to aid planning for the application of NTIRE therapies in the treatment of

brain cancer. 103.105

The effects of IRE on a malignant glioma was researched in a canine subject. 1
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6.7 BREAST

The amount of research that has been done on the effects of IRE on breast tissue is lim-

ited. Only two publications were found during the research phase of this thesis.

The first study was conducted in 2009 by Neal and Davalos and evaluated IRE as a possi-
ble alternative minimally invasive treatment for breast cancer. The study was set up in
two steps. In the first step in vitro experiments were performed on human mammary car-

cinoma cells to determine a baseline electric field threshold to induce IRE.

A cell shape factor of A = 1.5 (as used for spherical cells — see chapter 3.2) ata 12 ym
cell diameter corresponded to 1.8 V transmembrane voltage in a 1000 V/cm electric field.
This potential is well above the 1 V found to typically induce IRE. The parameters of 80
square wave 1000 V/cm 100 ps pulses at a rate of 1 pulse per second were found to be
sufficient to ablate the 95% of the cells in suspension. The chosen threshold was found to
be sufficient for the design of the in vivo treatment protocols.

In the second step these findings and numbers from in vitro experimentation were incor-
porated into a three dimensional numerical model based on FEM (see chapter 3.2.1). The
shape and size of the simulated tumor mass were chosen to be a sphere of 1 cm in diam-
eter based on what was found to be the most common phenotype in newly diagnosed
breast cancers (50% of the newly diagnosed breast cancers according to the used litera-

ture).

The model simulated the use of two monopolar electrodes showing many unique treat-
ment characteristics of the heterogeneous tissue volumes. IRE was found to be capable of
fully treating the targeted heterogeneous tissues without inducing any thermal effects sig-
nificant enough to cause thermal damage, which was considered to decrease the likeli-

hood of significant scarring.

These facts were found to prove that IRE could provide improved treatment outcome
while minimizing aesthetic effects. It was also supposed that rapid lesion resolution would
enable healthy cells to repopulate the ablated areas, making IRE an advantageous treat-

ment modality for breast cancer and other localized pathologies. 1%’



A second study that was released by Neal et al. in 2010 was built upon the insights
gained in the first study and was the first in vivo study on the topic. Human mammary tu-
mors were orthotopically implanted in female Nu/Nu mice and then ablated with a

1000 V/cm electric field applied via a single needle electrode. All mice tolerated the treat-

ment well and no signs of pain were noted during the study.

Pretreatment

Tumor regression was observed in 5
out of 7 MDA-MB231 human mam-

mary tumors.

Bioluminescence imaging was used to

tag and visualize the cancerous cells

from the tumors. The image in Fig.

28a was taken 1 h prior to treatment

and shows that all tumors had ap-
proximately the same size. Fig. 28b
was taken 4 weeks post-IRE and

shows complete ablation without re-

e gression in the first three mice, while
Min = 1.00e6
Max = 2 S0eB}

the two that did not regress continued
Figure 28: Bioluminescence of IRE-treated tumors 78

to grow and spread.

Histological examination was used to confirm the findings from bioluminescence imaging
and provide further information on why two of the tumors continued to grow. The tumors
that did not regress were found to be the largest tumors in the range and that they were

not sufficiently covered by the electric field and therefore exceeded the treatment region.

The used 1000 V/cm therefore have been found to present the minimum threshold for in
vivo ablation of breast cancer. It was also suggested that an additional resection margin
typically used in surgical resection of at least 0.5 cm should also be incorporated into the
modelling of the ablation zones for IRE.

Based on these results the researchers concluded IRE may be able to successfully treat
breast cancer tissue in the rodent model and could present an advantageous alternative

to surgical resection for breast conserving therapy. %8
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6.8 FURTHER APPLICATIONS

The applications described above present the major areas in which IRE is used as a treat-
ment method today, but IRE and the research surrounding this technique is not limited to

these fields.

Besides the medical uses IRE is heavily used and researched in the context of food
preservation. As already mentioned in the history chapter of this work (see chapter 2) IRE
is used in this field for almost fifty years to deactivate microorganisms with only minimal
product damage. Nonetheless this technology is still under development for possible new
fields of application within this domain. 1%

In medicine IRE is being researched for several other treatment options including the ab-
lation of vascular smooth muscle cells 11° (blood vessels), nerves 112 uveal melanoma

113 (eyes), soft tissue tumors 1** and even for myocardial ablation 1>,

The field is continually progressing and reinventing itself over time with new applications

discovered on a regular basis.



/ COMPARISON OF ABLATION TECHNIQUES

This chapter provides a brief overview of the most important minimally invasive ablation

methods that are currently in clinical use and what sets IRE apart.
Chemical, thermal and non-thermal ablation modalities will be discussed.

Chemical ablation today is still used in developing regions of the world as it is cheap
and can be effective. Instillation of ethanol or acetic acid has been studied for the longest
clinical follow-up periods among all percutaneous ablation techniques, especially as a

treatment modality for HCC in patients with cirrhosis.

Ethanol instillation works through two mechanisms. The first is immediate dehydration of
the cytoplasm, protein denaturation and subsequent coagulation necrosis. The second
mechanism is necrosis of the vascular endothelium, consequent vascular thrombosis and

ultimately ischemic tissue necrosis.

However, chemical ablation largely depends on the tissue composition of a tumor and uni-
form diffusion of the applied agent is hard to achieve. Thus, in developed countries,
chemical ablation has been largely replaced with focal thermal ablation and lately IRE. °

Thermal ablation therapies focus on destroying tumor tissue by applying thermal en-
ergy, either heating (hyperthermic ablation) or cooling (cryoablation), to a tissue to in-
duce irreversible cellular damage. Cytotoxic temperatures are needed for an adequate de-

struction of the entire tumor including a certain ablative margin.

Cryoablation is in widespread clinical use today as a therapy for focal primary renal tu-
mors and treatment of bone tumors and metastases. Current cryoablation devices use the

Joule-Thomson effect to create freeze and thaw cycles in the ablation zone.

The Joule-Thomson effect describes the change in temperature under the influence of
changing compression of a gas. Argon is one example of a gas that cools down to tem-
peratures as low as -140°C during expansion. Systems, working with nitrogen at its criti-

cal point are an alternative currently under development.



Hyperthermic ablation produces irreversible cellular damage at temperatures above
50°C through protein coagulation. Hyperthermic ablation methods currently in use include

RF ablation, microwave ablation, laser ablation and ultrasonic ablation.

Radiofrequency ablation (RFA) presents the best studied, clinically relevant percutane-
ous ablation modality today. RFA uses the Joule effect to rapidly heat a targeted tissue
around an electrode. Tissues near to the electrode are heated most effectively due to the
high current density in this area, while peripheral areas receive heat mainly by thermal

conduction.

Tissue dehydration and water vaporization in the targeted tissue dramatically increase im-
pedance in the circuit and is thus used as an indicator for effective treatment during the

procedure.

Most RF ablation systems operate in a monopo-
lar mode while using different types of elec-
trodes that are chosen depending on the target
tissue. Ground pads are attached to a large sur-
face of the skin to provide for electric current

flow without skin burns.

The electrode designs reach from single inter-

Figure 29: RF electrode designs %

nally cooled electrodes to whole clusters of elec-
trodes as well as expandable electrode systems that deploy several smaller electrodes
from a single needle shaft and create either umbrella- or star-shaped arrays and thereby

distribute heat more effectively in the surrounding tissues than single tip electrodes.

RF ablation is widely in use in the ablation of metastases (especially in the liver) or in the
treatment of cardiac arrhythmias caused by abnormal electrical pathways.

Microwave Ablation uses rotating dipoles to apply electromagnetic energy in the range
from 300 MHz to 300 GHz to tissues and thereby heat them. The applied electromagnetic
energy (typically operated at either 915 MHz or 2.45 GHz) forces molecules with an intrin-
sic dipole moment (e.g. water) to continuously realign with the applied field. The increas-

ing kinetic energy then elevates the local tissue temperature.

A potential advantage of microwaves over other thermal ablation methods are their ability

to readily penetrate through biologic materials irrespective of their electrical conductivity.
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Microwave power can produce extremely high temperatures (>150°C), can be operated
through multiple antennas simultaneously without the need for ground pads and heats

tissue more efficiently than RF energy.

On the downside microwave energy is inherently more difficult to distribute than RF en-
ergy and the devices tend to be a lot bulkier than the ones used in RF. Cable heating can

also present a mentionable drawback.

Microwave ablation found wide clinical acceptance and is mostly used for the ablation of

liver tumors.

Laser ablation is rarely used for thermal tumor ablation and is only rarely adopted across
Europe. Lasers are an efficient and precise energy source for tissue heating and are

widely accepted in medicine e.g. for treatment of the skin or corrective procedures in the
eye. Advantages of lasers in interstitial tumor ablation include MRI suitable optical appli-

cators that are small in diameter and thus eliminate artifacts on CT or MRI images.

The problem with using lasers for interstitial ablation is that light is scattered and ab-
sorbed rapidly by most body tissues and has therefore limited penetration capabilities.
Lasers create only small ablation zones of 1-2 cm in diameter. Furthermore, charred and
desiccated tissues cannot be overcome or penetrated by laser light. High-power lasers
also require cooling of the used fibers to avoid skin burns, increasing the optical applica-

tors diameter and thereby squanders the benefit of a small applicator size.

HIFU — Clinically used for uterus myoma and liver ablation (especially in Asia). Ad-
vantages: Non-invasive & transdermal (like diagnostic ultrasound). Ablation zone can be
customized (from small voxels). Disadvantages: MRI necessary (MRI thermal measure-

ment and planning). Acoustic window and coupling (skin) necessary. Slow.

Thermal ablation in general has its limits considering that heterogeneity of heating

throughout a targeted volume is more often the rule than an exception.

Apart from the heterogenic distribution of temperature in heterogenic tissues no sharp de-
marcation can be achieved in the transitional zones. Temperatures in transitional areas of
ablation show gradual changes, which leads to a margin in the transition zone for cells to

be either ablated or survive the process.



Thermal damage is mostly necrotic damage and therefore results in local and systemic in-

flammatory reactions in order to dismantle all the necrotic debris. 116

The described heat-sink effect (see chapter 1.) is a potential disadvantage of thermal ab-
lation techniques. Thermal ablation in the proximity of large vessels is impaired by the
dissipation of thermal energy thus resulting in incomplete ablation in perivascular tumor

tissue. This can result in incomplete ablation and in tumor recurrence. °

Non-thermal ablation — IRE

Irreversible electroporation has been thoroughly discussed in this diploma thesis. To sum-

marize the most striking benefits:

Targeting the cell membrane and preserving extracellular structures
e Thus preservation of vital structures within IRE-ablated zone

e No heat/cold-sink effect

e Complete ablation with well-demarcated margins

e Apoptotic cell death

¢ Real time monitoring

e Short ablation times

e Shorter recovery periods *

IRE is the youngest technology in the field of minimally invasive ablation therapies and
has certain advantages over well-established ablation methods. The issues that arise with

the use of this fairly new technology are subject of the next chapter.



8 ISSUES AND PROBLEMS OF IRE

Several drawbacks of irreversible electroporation were already discussed throughout this

work.

IRE has proven that it can be a potent ablation technique, but it is also a challenging
piece of technology that requires thorough understanding of its principles, its indications

and its contraindications (see the case report at the end of chapter 4.3).

It is also a very young technology that still needs extensive research and clinical testing in
all of its fields of application. Many of these fields still lack data from human trials and
many of the explored ablation settings and thresholds stem from animal models or even

from in vivo experiments.

To differentiate the known drawbacks a little further it is helpful to subdivide the occur-
rences on one side into general problems that are owed to the nature of the ablation
method itself and on the other side into possible complications that may occur in certain

clinical contexts.
General problems that lie within the technology of IRE include the following topics:

e General anesthesia and presence of an anesthesiologist always required

e Triggering of muscle contractions (can be reduced by muscle relaxation)

e Triggering of cardiac arrhythmia (can be avoided by cardiac gating)

e Experienced operator is required

e Requirement of careful treatment planning and modeling

e Exact placement of multiple parallel electrodes is required (caging of the tumor)

e Ablation may be incomplete due to electric field inconsistencies

e Lack of data supporting preference over other techniques

e Lack of data for long term outcomes

e Thus IRE is still a salvage and experimental niche application and established tech-
niques should be preferred if available and possible

e Thermal damage possible when used at intensities too high for the targeted tissue



Problems that may occur in several clinical contexts:

e Transient damage to nerves

e Possible cell and vessel leakage (mostly transient) leading to edema and enzyme
leakage (liver and pancreas)

e Thrombosis and vascular occlusion was reported in some cases

e Abscesses (reported in patients with bilioenteric anastomosis)

e Complications in the presence of metallic devices / stents

¢ No coagulation at insertion sites may result in bleeding (although needles have
higher gauge than thermal devices=thinner)

These were the main issues that could be identified during the extensive literature study
that has been performed for this thesis. The following compilation was performed to or-

ganize these issues in a comprehensive way.
General problems that lie within the technology of IRE

Muscle contractions. Excitable tissues like muscles and nerves respond to electric stimula-
tions with contractions inflicting pain. Electric field thresholds for muscle contraction is
two orders of magnitude lower than that for electroporation. Muscle contractions during
electroporation can result in the movement of the electrodes and therefore in inducing
electric fields in surprisingly large volumes of non-targeted tissue. Thus, the ablation out-
come can be influenced greatly by the occurrence of muscle contractions. Three mecha-
nisms can provoke a muscle twitch during electroporation; first, a multiple involuntary spi-
nal reflex response, second, direct motor-neuron electrical stimulation in the region of
electrode contact and third, from direct electrical stimulation of denerved muscles. The
muscle contractions can be dealt with in several ways. Careful treatment planning and

electrode design and arrangement can help to prevent muscle contraction. 7

Further, the electric field parameters like wave forms, pulse length and/or frequency can
be modified in @ way to inhibit muscle contraction. High-frequency irreversible electro-
poration (H-FIRE) has been shown to produce ablative lesions at 250 kHz or 500 kHz sim-
ilar to the ones produced with IRE, but without the need for paralytic agents. 118

Cardiac arrhythmia during IRE was first seen in a human trial conducted in 2009 when 38
volunteers with different tumor types were subjected to IRE under general anesthesia. It
was one of the first human trials of IRE ever conducted and thus faced many problems
during the procedure. The cardiac arrhythmias occurred in four of the first patients



treated with IRE. The procedure needed to be aborted in two patients and the arrhythmia
was resolving immediately after ablation abortion. One patient suffered from transient su-
praventricular tachycardia after undergoing IRE treatment, but it resolved without treat-
ment. One patient developed atrial fibrillation that required cardioversion after IRE treat-

ment. Subsequent IRE treatments were performed under cardiac synchronization. 72

In 2011 ECG synchronization was further investigated by Deodhar et al. in an animal
model. Swine lung and myocardium was irreversibly electroporated in 11 pigs. Fatal
events occurred with only unsynchronized IRE and at less than 1.7cm from the heart,

while no major events were seen with ECG synchronized IRE. 11°

Cardiac synchronization may prevent IRE induced arrhythmia, but while Deodhar’s study
showed no adverse effects under synchronization, Sugimoto et al. warned about possible
synchronization failures during IRE and advised to perform IRE near the heart only under

extraordinary caution. %

No adjustability during a pulse train is owed to the short application time of IRE. 90
pulses are often applied within less than two minutes. This leaves a very small timeframe
to let observations during the procedure influence parameters of the complex electric field
distribution. It is simply not feasible to adjust any of the parameters during an IRE ses-
sion. For the same reasons monitoring during electroporation is an issue. Therefore, extra

careful treatment planning and modeling is required prior to performing IRE. °

Thermal damage in IRE was reported in experiments on the porcine liver and pancreas by
Dunki et al. but was largely attributed to inappropriate electrode arrangements and un-

suitable IRE parameters in use. 78

Faroja et al. conducted a study entirely devoted to the topic. In "“Irreversible Electro-
poration Ablation: Is all the Damage Nonthermal?”the team tried to determine whether

high-dose IRE induces thermal damage in physiological liver tissue.

They found that temperature rose in all of their experiments above a 34°C baseline and
correlated linearly with IRE’s energy dose which they defined as the product of voltage
and the number of pulses (oddly they didn't include pulse time in this definition).



Mean temperatures as high as 86°C + 3 have been observed for 270 pulses at 2500 V.
For 90 or more pulses they recorded 50°C or more at the same applied voltage. The team
concluded that IRE can in some conditions induce thermal “white zone” coagulation and

therefore induce thermal necrosis in ablated tissues. 1%

These findings were reviewed by Silk et al. in 2014 and found not to be applicable to clini-
cally accepted IRE treatment parameters due to the protocols used in the study. They
considered the used device settings as not suitable for clinical practice (e.g. unusual high

pulse repetitions and voltage settings).



Problems in their clinical context

Transient damage to nerves was investigated by two different teams in 2011. One study
was conducted in Xi‘an, China by Li et al. in a rodent model. A sequence of 10 100 ps
square pulses of 3800 V/cm was applied to rat sciatic nerves at a treatment length of 10
mm. Follow-up observed the rats for 10 weeks. Findings showed that the nerves treated
with IRE could fully recover after 7 weeks. The scientists concluded that nerve preserva-
tion during IRE treatment is possible for nerves involved in malignant tumors while tumor

tissue could be completely ablated. 112

Another study that was conducted almost in parallel was performed by Schoellnast et al.
to investigate the effects of IRE on nerves in a pig model. The setup resembled the abla-
tion protocol used in the prostate in which an NVB may be ablated twice (worst case sce-
nario). Ablation therefore was done with ninety 70 ps pulses at 1500 V/cm. Histology re-
vealed all nerves exhibiting an axon injury with intact endoneurium and perineurium ar-
chitecture. A comparison group treated with RFA revealed acute coagulative necrosis in-
cluding irreversibly damaged perineurium and endoneurium. IRE was found to damage
nerves, but preserved the endoneurium architecture and therefore has a potential for ax-

onal regeneration. 122

In a second study two years later the same team published the delayed effects on nerve
regeneration. It could be demonstrated that morphological regeneration took place within
a two months’ time period. Functional recovery, however, was variable and it was stated
that in reference to the Chinese study in rodents, because of possible differences in re-
covery times between small non-myelinated, non-sheath nerves compared to the sciatic
nerve, complete functional recovery of the nerves might have taken longer and therefore

may exceed this time period. 1?3

Nonetheless, these experiments suggest that nerve damage caused by IRE treatment may
be of transient character and that full recovery of nerves post-IRE is possible.



Possible blood vessel leakage caused by IRE was reported in a paper published by Silk et
al. and described the formation of edema consequently following the leaky endothelial

damage in vessels, both in and surrounding a treatment area. %

Abscesses in patients with bilioenteric anastomosis was reported in a study investigating
adverse effects of IRE in liver malignancies and therefore classified as a risk factor for IRE
in these patients. Minor complications by the way, mainly consisted of hemorrhage and

portal vein branch thrombosis.

Severe complications in the presence of a metallic stents were reported in a single case
following IRE treatment of pancreatic cancer in close proximity to a metallic bile duct

stent. The case is described in detail in chapter 4.3. *

A lack of coagulation at the insertion sites of IRE probes may result in bleeding, according
to an overview work about the advances of minimally invasive tumor treatments pub-
lished in 2011. °



9 FUTURE OUTLOOK AND CONCLUSION

Current research in irreversible electroporation largely revolves around the determination
of optimal treatment parameters for certain tissues. Clinical trials are to some degree still
rare compared to experiments conducted in animal models. Patient numbers treated with

IRE are still small.

Further in vivo human studies will be needed to produce more data resulting in the devel-
opment of better mathematical models that may improve the ablation technique and

make it an easier and more accessible treatment option for clinicians.

In addition to improved usability and the need for sufficient empirical data from human
trials, the future success of IRE will also depend on the availability of recommendations
and guidelines from major associations of several clinical specialties. These guidelines
should offer a wide range of information regarding certified indications for IRE treatment

as well as clear instructions for the application process and the recommended parameters.

It would also be advantageous for scientists researching IRE to be able to connect with

peers via platforms that are dedicated to IRE as a collaborative research project.

Interdisciplinary collaboration between various specialties such as interventional radiolo-
gist and oncologists, surgeons, etc. will be crucial to advance this technology in the con-

text of multimodal oncologic treatment.

The combination of IRE with other ablation or treatment modalities, for example the more
traditional oncologic approaches, is presumably another topic for lots of research to come.
Interdisciplinary approaches are often fruitful and beneficial for the development of new

treatment approaches — IRE has already proven to be no exception.

Irreversible electroporation will most certainly mature and complement, in some cases

maybe supersede ablation techniques that are currently in use.
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