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History of Image-Guided Tumor Ablation

Hester J. Scheffer

1.1 Cancer: A Brief History

The oldest descriptions of cancer can be found in ancient manuscripts. Fossilized
bone tumors and the records of Egyptian mummies provide material evidence. The
oldest known account of cancer dates from approximately 3,000-2,500 B.C. It is
possibly attributable to Imhotep, an Egyptian physician and architect. The papyrus
describes eight cases of tumors or ulcers of the breast, which ancient physicians
treated by cauterization with a tool called the “fire drill.” The papyrus continues the
narrative by stating that “there is no effective treatment” [1].

Twelve centuries later, these tumors obtained their modern name — cancer. The
word cancer is credited to the Greek physician Hippocrates (Kos, Greece, 460-370
B.C.). Considered the “father of medicine,” Hippocrates employed the words
‘carcinos’ and ‘carcinoma’ in his descriptions of non-ulcer forming and ulcer form-
ing tumors. Carcinos refers to the familiar zodiac sign Cancer, the Crab. The Greeks
used this term because of the tendril-like projections. Hippocrates believed that both
cancer and depression developed when the four “humors” or bodily fluids — black
bile, yellow bile, phlegm, and blood — fell out of balance with one another, allowing
black bile to collect in excess in whichever part of the body the cancer affected.
From Hippocrates onward, the humoral theory was adopted by the prominent Greek
physicist Claudius Galenus in the second-century A.D. and by Roman and Persian
physicians. This theory’ dominated and influenced Western medical science for the
next 1300 years [2].
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The next great wave in cancer scholarship and understanding came with the
Renaissance, when scholars began to refine their understanding of the human body.
Following the development of the modern scientific method in the Renaissance,
scientists began to apply this to the study of disease. The Belgium physician and
anatomist Andreas Vesalius (1514-1564), considered the founder of modern human
anatomy, used autopsies to identify and understand anatomic structures that had
previously been a mystery. No matter how hard Vesalius sought to confirm
Hippocrates’s theory of black bile, he failed to find this sinister porter of cancer and
depression. And so, in one of the most influential books on anatomy “de humani
corporis fabrica” (1543), Galenus’ theory of black bile as the explanation for cancer
was finally dispelled [2].

This radical change in modern medicine was followed by Italian anatomist
Giovanni Morgagni (1682-1771), who laid the foundations for scientific oncol-
ogy by performing autopsies and relating the patient’s illness to the pathology
found after death. Scottish surgeon John Hunter (1728-1793) suggested that
some cancer could be cured with surgery and described how the surgeon should
decide upon which cancers to operate [3]. The invention of anesthesia in the
nineteenth century allowed the practice of oncological surgery to flourish and
physicians to develop standard surgical approaches. In 1871, the Austrian sur-
geon Theodor Billroth performed the first esophagectomy, followed in 1873 by
the first laryngectomy and most famously, the first gastrectomy in 1881 [4]. The
first pancreaticoduodenectomy was performed in 1898 by the Italian surgeon
Alessandro Codivilla. American surgeon Allen Whipple refined the technique in
1935 to the procedure commonly referred to as the Whipple-procedure. By the
late nineteenth century, several surgeons also started to perform elective resec-
tions of liver tumors. However, without knowledge of the segmental anatomy of
the liver, these were all based on random resections resulting in extremely high
mortality rates. In 1952 Jean-Louis Lortat-Jacob performed the first elective
hepatic resection that was based on the segmental anatomy described by Couinaud
[5]. By the late 1970s, the overall survival benefit of hepatic resection of colorec-
tal liver metastases (CRLM) was established. Couinaud’s anatomic knowledge,
combined with advances in anesthesia and antiseptics, resulted in an impressive
reduction of complications: mortality rates dropped from around 20% during the
mid-1960s to 2—3% during the early 1990s.

The twentieth century also saw the emergence of two other mainstays of
cancer therapy: systemic chemotherapy and external beam radiation therapy. In
1943, a German air raid in Bari, Italy, led to the destruction of 17 American war-
ships. One of the ship’s secret cargo consisted of 70-ton mustard gas bombs to
be used in the battlefield. When the ship exploded, the deadly load dispersed
into the air. The dissemination of the gas to the nearby harbor of Bari resulted
in the death of almost a thousand people in the months following the explosion.
Stewart Francis Alexander, a Lieutenant Colonel and an expert in chemical war-
fare, investigated the aftermath. Autopsies of the victims suggested that pro-
found lymphoid and myeloid suppression had developed after exposure. In his
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report, Alexander theorized that since mustard gas all but ceased the division of
certain types of somatic cells whose nature was to divide fast, it could also
potentially be put to use in helping to suppress the division of certain types of
cancerous cells [6]. Using this information, two pharmacologists from the Yale
School of medicine, Louis Goodman and Alfred Gilman, injected mustine, a
related agent (the prototype nitrogen mustard anticancer chemotherapeutic) into
a patient with non-Hodgkin’s lymphoma. They observed a dramatic reduction in
the patient’s tumor masses [7]. Although the effect lasted only a few weeks, this
was the first step to the realization that cancer could be treated by pharmacologi-
cal agents [8]. This success was soon followed by Sidney Farber, often named
the father of chemotherapy, who was the first to achieve a remission in a child
with acute myeloid leukemia using the folic acid-antagonist aminopterin in
1948 [2]. After this discovery, an extensive search for other chemotherapeutic
agents began, and many different chemotherapeutics were developed. The early
chemotherapy regimens were life-threatening procedures and resulted in a tem-
porary response at best, but some of these agents are still in use. For example,
fluorouracil (5-FU), still one of the mainstays of chemotherapy for colorectal
liver metastases, was first described in 1957. Recently, targeted therapies such
as kinase inhibitors and monoclonal antibodies have been added to the arsenal
of systemic therapies.

In 1895, Wilhelm Conrad Rontgen discovered the basic properties of ionizing
radiation (X-rays) and the possibility of using radiation in medicine. During
early practical work and scientific investigation, experimenters noticed that pro-
longed exposure to X-rays created inflammation and, more rarely, tissue damage
on the skin. Emil Grubbe, a medical student, hypothesized that the destruction of
skin as a side effect of radiation could be used to treat tumors. On March 29,
1896, he bombarded the breast of an aged lady, Rose Lee, in which a painful
recurrence after mastectomy had developed. The treatment resulted in significant
tumor shrinkage. This first radiation treatment indicated the foundation of the
field of radiation oncology [9]. The discovery of Radium in 1898 by Marie Curie
resulted in the speculation whether it could be used for therapy in the same way
as X-rays. Radium was soon seen as a way to treat disorders that were not affected
enough by X-ray treatment because it could be applied in a multitude of ways in
which X-rays could not [10]. By the 1930s, radiation oncologists were able to
achieve permanent remission of several types of cancer in a significant fraction
of patients. Further improvement came with the introduction of megavoltage lin-
ear accelerators in the 1950s. Nowadays, the three main divisions of radiation
therapy are external beam radiation therapy, brachytherapy, and systemic radio-
isotope therapy. The past years, a more precise method of external beam radia-
tion has been developed: stereotactic ablative radiotherapy (SABR). SABR refers
to highly focused radiation treatment, delivering an intense dose concentrated on
the tumor with submillimeter accuracy, while limiting the dose to the surround-
ing organs. SABR is increasingly used to treat lung, liver, brain, and pancreatic
tumors (Fig. 1.1).
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Fig. 1.1 Historical landmarks in oncology

1.2  Image-Guided Tumor Ablation: A Brief History

Decades of intensive cancer research have resulted in continuously improved surgi-
cal, chemotherapeutic, and radiation treatments. This has led to a dramatic improve-
ment in overall cancer survival. However, despite the advances of surgical
techniques, many tumors are still considered unsuitable for surgical resection, espe-
cially primary and secondary liver tumors; for example, only 20-30% of the patients
with CRLM are found eligible for surgery because of unfavorable tumor location,
disease extent or insufficient hepatic reserve, and comorbidity [11]. The use of
radiotherapy for liver tumors is traditionally limited due to the low tolerance of
normal liver tissue to radiation, which results in radiation-induced liver disease in a
significant proportion of patients [12]. Furthermore, although it greatly improves
overall survival, chemotherapy generally has a temporary effect and rarely leads to
complete regression on its own.

1.2.1 Percutaneous Ethanol Ablation
In order to be able to treat some of these unresectable tumors, forward thinking sur-

geons, radiologists, and interventional radiologists started to consider and realize the
potential to treat solid tumors using a completely new modality: “tumor ablation”,
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with the help of electrodes or probes inserted into tumors, delivering chemicals or
energy in order to achieve local control. Historically, percutaneous ethanol injec-
tion (PEI) was the first percutaneous ablative therapy to be clinically applied in the
early 1980s. Ethanol causes thrombosis and disruption of the endothelium of small
blood vessels and induces cell death due to dehydration. The official birth of percu-
taneous interventional oncology was marked by the first papers on PEI of small
hepatic and abdominal tumors and parathyroid hyperplasias [13, 14]. In two subse-
quent papers, Livraghi and Ebara and colleagues demonstrated PEI to be cheap,
safe, and effective in the treatment of hepatocellular carcinoma (HCC) [15, 16].
However, in the treatment of metastatic disease PEI proved less effective, since the
heterogeneous and often fibrous nature of metastatic tumors restricts the diffusion
of ethanol. For a similar reason, other injectable agents such as chemotherapeutic
drugs and hot saline did not provide great efficacy for the treatment of metastatic
liver disease. Different methods for ablation based on the deposition of physical
energy therefore came into being.

1.2.2 Radiofrequency Ablation

Of the different ablation techniques, radiofrequency ablation (RFA) is currently
the most widely employed technique. While the clinical use of RFA is relatively
new, the biological effects of radiofrequency currents were already recognized
long before their therapeutic use was investigated. In 1891, D’ Arsonval demon-
strated that when radiofrequency waves passed through tissue, they caused an
increase in tissue temperature [17]. In 1910, the British urologist Edwin Beer
described a new method for the treatment of bladder neoplasms using cauteriza-
tion through a cystoscope [18], followed in 1911 by William Clark who described
the use of oscillatory desiccation in the treatment of malignant tumors that were
accessible for minor surgical procedures [19]. However, presumably because of
the lack of image guidance, it was not until 1990 that two independent investiga-
tors, McGahan and Rossi, used a modification of prior radiofrequency techniques
to create coagulation via the percutaneous route using specifically designed nee-
dles [20, 21]. In 1993 this technique was used for the first time to ablate liver
tumors in humans [22]. RFA uses a needle applicator that emits an alternating
electric current, which results in the generation of heat and ultimately protein
denaturation resulting in cell death. Over the past 10 years, manufacturers have
designed more powerful generators, developed special programs for heat deposi-
tion, and improved needle designs such as the deployable prongs and the saline-
cooled applicator, which caused less tissue charring, both considerably increasing
coagulation volumes. Nowadays, RFA has reached a high level of reliability for
the treatment of HCCs up to 5-6 cm in size, of hepatic metastases up to 3—4 cm
and, of some extrahepatic malignancies, such as lung, kidney, and bone neoplasms
[23-26].
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1.2.3 High-Intensity Focused Ultrasound

High-intensity focused ultrasound (HIFU) represents another thermal tumor abla-
tion technique. The biological effects of ultrasound were known long before its use
for diagnostic imaging was proposed. During the First World War, the French physi-
cist Paul Langevin worked on a detection method for submarines. He reported that
“fish placed in the beam in the neighborhood of the source operating in a small tank
were killed immediately, and certain observers experienced a painful sensation on
plunging the hand in this region”. In 1942, John Lynn was the first to use HIFU to
create focal ablation lesions in vivo. In the late 1950s, William and Francis Fry
developed a four-element HIFU transducer which was used for the first clinical
HIFU treatments of Parkinsonism and hyperkinesis in 1958 by Russell Meyers. In
the late 1980s, when ultrasound imaging became widely available, US-HIFU was
intensely investigated for the ablation of liver tumors. In 1993, Hynynen and
coworkers proposed the use of magnetic resonance (MR) for therapy guidance. The
combination of MR guidance and HIFU ablation was coined MR-HIFU and marked
the beginning of a renewed interest in this treatment modality.

1.2.4 Cryoablation

Extremely cold temperatures have been used to decrease inflammation and to relieve
pain since the time of the ancient Egyptians. In the nineteenth century an English
physician, James Arnott, used a combination of ice and salt to produce tissue necro-
sis for tumors of the cervix and breast by topic application [27]. Liquid air and
carbon dioxide were subsequently employed as cryogens for the treatment of
tumors, based on the principle used for air conditioning and refrigeration; atmo-
spheric gases warm when compressed and cool during expansion. Following many
experimental studies using liquid nitrogen as cryogen [28], the first clinical experi-
ences with the use of cryotherapy were reported by the late 1980s. The key develop-
ment was the fusion of cryoablation with real-time image guidance to verify the
extent of treatment and to measure the size of the ice ball created by freezing [29].
Interstitial hepatic cryosurgery initially started as an intraoperative procedure,
mostly because of the large size of cryoprobes. Thanks to the subsequent develop-
ment of argon-based cryoablation systems with much thinner cryoprobes and
decreased treatment times, minimally invasive cryoablation techniques, including
the percutaneous approach under cross-sectional image guidance, have been intro-
duced for — predominantly — kidney, lung, and bone malignancies [30].

1.2.5 Laser Ablation

Laser ablation (or laser-induced interstitial thermotherapy) uses laser for thermal
tumor destruction. The neodymium: yttrium-aluminum-garnet (Nd: YAG) laser sys-
tem was initially used to treat head and neck tumors through precise surgical
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dissections rather than for tumor destruction. The first experimental application of
laser hyperthermia for the treatment of liver neoplasms was reported in 1987 [31].
Recent improvements in laser-induced thermotherapy allow larger areas of coagula-
tive necrosis than the earlier systems [32, 33]. However, the clinical acceptance of
laser ablation has been limited, in part due to the technical complexity of the method
requiring several fiber placements compared to the other easier-to-perform thermal
ablation methods.

1.2.6 Microwave Ablation

Microwave ablation (MWA) is the most recently introduced thermal ablation tech-
nique. It uses a monopolar antenna causing water molecules in the tissue to vibrate
at a higher frequency than with RFA. This generates frictional heat in the water
molecules and leads to thermal coagulation of tissue. The first reports about
US-guided percutaneous MWA for the treatment of unresectable HCC were pub-
lished in 1994 [34]. Microwave energy has demonstrated several advantages over
RFA [35]. Microwaves readily penetrate through biologic materials, including
those with low electrical conductivity, such as lung, bone, and dehydrated or
charred tissue. Consequently, microwave power can produce continuous, extremely
high (>150 °C) temperatures, which improves ablation efficacy by increasing ther-
mal conduction into the surrounding tissue. Multiple antennas can be operated
simultaneously [36-38]. On the other hand, the distribution of microwave energy
is inherently more difficult to control, which can lead to unintended injuries to
other tissues [39, 40].

Modern approaches take advantage of the vastly superior armamentarium of
imaging strategies nowadays available. Advances in the technique combined
with improved localization now make it possible to be much more aggressive
and effective in attempting to achieve local control of unresectable primary or
metastatic tumors. Ablative therapies have gained widespread attention and, in
many cases, broad clinical acceptance as methods for treating focal malignan-
cies in a wide range of tumor types and tissues, including primary and second-
ary malignancies of the liver, kidney, lung, and bone [35, 41-44]. Each
minimally invasive ablation technique has their own advantages and disadvan-
tages and particular applications [45]. However, all the currently used effective
ablative modalities are thermal techniques. Because these methods depend on
thermal injury, they inadvertently carry some risk of damage to the adjacent
extracellular environment like blood vessels and bile ducts, which can lead to
serious complications. Other common complications of thermal ablation are
perforation of adjacent bowel structures or the diaphragm. Another disadvan-
tage of thermal ablation is that the extent of the treated area is difficult to con-
trol because blood circulation has a strong local effect on the distribution of
heat. As a result, temperatures near large vessels decrease, which can lead to
incomplete ablation of tumors located near these vessels. Due to this so-called
heat-sink effect, the chance of complete ablation is effectively decreased to up
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to 50% for RFA near large vessels. In recent years, a new method of tumor
ablation has emerged that addresses the limitations of thermal ablation: irre-
versible electroporation.
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History of Electroporation

Andrea Rolong, Rafael V. Davalos, and Boris Rubinsky

2.1 Introduction

Electroporation phenomena can be traced back to the eighteenth century when red
spots on human animal skin (Lichtenberg figures) were observed in the areas where
electric fields were applied. Once the cause of this phenomenon was understood and
control over the parameters that produce electric fields was achieved, a quick adop-
tion of the use of pulsed electric fields to kill microbes was seen in the area of food
and water sterilization. Biomedical applications soon followed where electric fields
began to be used to control movement of biological material: cells were brought in
close proximity and fused together through membrane destabilization (electrofu-
sion), DNA material was introduced into cells through transient pores in the mem-
brane (electrogenetherapy), and chemotherapeutic drugs were directly delivered to
cells (electrochemotherapy). These applications fall under the energy regime known
as reversible electroporation in which temporary cell membrane destabilization is
achieved. Irreversible electroporation (IRE) uses an energy regime much higher
than that of reversible electroporation and induces cell death via various mecha-
nisms. Since the postulation that IRE can be used to ablate substantial volumes in
such a manner that it does not induce significant traditional thermal damage, it has
been widely investigated moving from in vitro studies, to in vivo animal studies, and
finally to human patients through clinical trials. Its nonthermal mechanism to induce
cell death makes it an attractive modality to safely treat unresectable tumors.
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Electroporation is the phenomenon in which cell membrane permeability to ions
and otherwise non-permeant molecules is increased by exposing the cell to short
high electric field pulses. Such increase in permeability is related to the formation
of nanoscale defects or pores in the cell membrane; this led to the adoption of the
term electroporation to describe this occurrence. The goal of this chapter is to pres-
ent a historical review of the use of electric fields leading to the field of electropora-
tion from the first reports of these events in the eighteenth century to modern
applications in minimally invasive surgery.

Time

period Advancement in the field

1754 J.A. Nollet performed experiments with electric fields and noticed formation of red
spots on human and animal skin in the areas where sparks were applied. These can
be explained as thermal Joule heating effects [1] or as damage to the capillaries by
irreversible electroporation [2, 3]

1780 Luigi Galvani discovered “animal electricity” when a dead frog’s muscle twitched

after being placed on an iron grating and having a bronze hook touch its spinal cord.
Alessandro Volta explained the phenomenon as DC current. This led to the invention
of a voltaic pile (first device able to produce steady electric current)

1802 J.W. Ritter performs experiments in electrophysiology and observes a contraction
that occurs after a strong current passes through a stretch of muscle-nerve sample
and is interrupted (Ritter’s opening tetanus) [4]

1898 G.W. Fuller performs what can be considered the first work on irreversible
electroporation phenomena as bactericidal processing of water samples [5]
1903 A.D. Rockwell reports on experiments performed in the late 1800s using Leyden

jars [6]; these could now be explained as hemolysis induced by irreversible
electroporation [7]

1913 A.J. Jex-Blake evaluates the lethal effects of electricity and lightning [8]. It is
currently accepted that some of the injuries caused by lightning, such as Lichtenberg
figures on the skin, are due to irreversible electroporation [9]. These figures are
believed to have the same origins as Nollet’s red spots (mentioned above)

1936 G.M. McKinley concludes that damage caused to living tissues by high-frequency
fields (10-100 MHz) cannot be from thermal origin alone, particularly in the case of
nervous tissue. He proposes that this alternate mechanism associated with electric
fields can be used as a minimally invasive method to selectively ablate specific
tissues [10]

1946 J.E. Nyrop publishes a paper in Nature in which a large portion of bacteria in a
liquid suspension is destroyed at sublethal temperatures by the application of high
radiofrequency electric fields [11]

1951 A.L. Hodgkin explains the Ritter’s opening tetanus as “...(the breakdown)... of the
insulating properties of the membrane ... under the influence of the abnormally high
potential difference” which alludes to what is now referred to as irreversible
electroporation [12]

1956 B. Frankenhaeuser and L. Widén explain the change in normal nerve conductivity
that occurs after electric pulses are applied on nerve nodes; they refer to it as anode
break excitation [13]. In their study, amplitudes of up to ten times the normal
threshold were obtained and pulse duration increased from <1 to >100 ms. They
state the phenomenon is known since at least 1898 [14]
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Time
period

Advancement in the field

1957

Stampfli and Willi describe irreversible and reversible electroporation on a frog
nerve membrane [15]. Stimpfli reports that under certain conditions, membrane
breakdown is irreversible whereas in others it is reversible [16]. He compares the
phenomenon to the breakdown of the dielectric field of a capacitor

1961

H. Doevenspeck [17] describes commercial installations using electrical pulses to
break apart cellular components for industrial food-related processing of animal
meat through nonthermal means, which resemble irreversible electroporation. They
report that these electric pulses can inactivate microorganisms with what is
considered a nonthermal effect producing a small increase in temperature of at most
30 °C

1967

Pivotal papers by Sale and Hamilton on the bactericidal action of electric fields
which set the basis for the field of irreversible electroporation. They contain the
foundation of many of the future studies in electroporation in general [18-20]

1974

U. Zimmerman and his group determine that the electric field in cell counters
induces cell membrane breakdown. Their methodology, which combines
experimentation in Coulter type counters and between parallel plates with the
solution of Laplace’s equation, produced some of the first systematic data on the
electrical parameters required for electroporation in cells. The critical membrane
potential difference leading to membrane breakdown was found to be about

1 V. Results were published in a series of papers [21, 22]. They also suggest
employing erythrocytes and lymphocytes as drug and enzyme carrier systems

1977

K. Kinosita and T. Tsong [23] propose the permeabilization of the cell membrane
due to the application of electric pulses is related to the formation of several pores.
In experiments with red blood cells, they show that the size of the pores can be
varied and that they eventually reseal

1978

S.V. Belov reports on what is probably the first case in which IRE of living tissues is
intentionally pursued [24]. In an investigation of coagulation electrosurgical devices,
he suggests that surgical coagulation is actually related to cell membrane breakdown
due to pulses that have a “high ratio of peak to mean voltages.” The research was
performed on frog leg muscle where histological analysis and measurements of
changes in electrical resistance were used to show the damage to the cell membrane
in tissue without producing a thermal effect

1982

The use of reversible electroporation to produce fusion between cells is described
in a paper by Zimmermann [25]

1982

Neumann and his collaborators coin the term electroporation to describe the
membrane breakdown induced by electric fields and introduce the use of reversible
electroporation to insert genes into cells [26]

1984

After the design by H. Potter et al. [27] of an electroporation cuvette suitable for cell
suspensions, microbiology researchers started to employ electrophoresis power
supplies in order to perform gene transfection by electroporation

1987

S. Orlowski, L.M. Mir, and colleagues [28] and M. Okino and H. Mohri [29]
independently report on the use of reversible electroporation to transiently
permeabilize cells and thereby introduce cytotoxic agents into malignant cells for
the treatment of cancer

1987—
1988

An important series of studies in the field of irreversible electroporation of tissue
began with the 1987 [30] and 1988 [31] papers by R.C. Lee and his coinvestigators
on tissue trauma induced by electrical discharge
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Time
period

Advancement in the field

1989

By performing electrical conductance measurements K. T. Powell et al. [32]
demonstrate that frog skin can be reversibly electroporated

1991

The first report on the use of reversible electroporation to introduce plasmid
DNA into a living tissue was published by Titomirov et al. [33]

1991

L.M. Mir and colleagues publish two breakthrough papers on the use of reversible
electroporation to treat cancer by facilitating the diffusion of anticancer drugs, such
as bleomycin, in the malignant cells. They coin the term electrochemotherapy to
describe this procedure [34] and report on the first clinical trial in the field of
electroporation [35]

1993

Prausnitz et al. publish the first studies on skin electroporation as transdermal
drug delivery [2, 36]

1990—
1999

The study of the contribution of irreversible electroporation to tissue damage
during electrical shock trauma continued since it was first proposed in the 1980s and
was led primarily by R.C. Lee [37-39]. They suggest that irreversibly electroporated
cell membranes could be therapeutically sealed with surfactants [40]

1997

Pifiero et al. show in vitro that electroporation not only caused necrosis but it also
induced cell death with features compatible with apoptosis [41]

1997

K.H. Schoenbach et al. [42, 43] report the first in vitro study on the use of very
high-voltage pulses of “submicrosecond” duration

1998

Treatment planning is performed using numerical methods to determine electric
field distribution. This was pioneered for the case of in vivo reversible
electroporation by D. Miklavcic et al. [44]

1998

L.H. Ramirez et al. [45] report that blood flow is blocked in the area where the
electric field is applied during tissue reversible electroporation. The phenomenon is
later referred to as the vascular lock by Gehl et al. [46]

2000

Al-Khadra et al. report on the role of electroporation on defibrillation [47].
Jex-Blake had previously cited works of the eighteenth century in which animals
were recovered from heart failure induced by electrical current by means of another
electrical shock (defibrillation term not coined at the time)

2003

R.V. Davalos and B. Rubinsky file a provisional US patent application [48]
followed by a non-provisional application in 2004 which proposes the use of
classical IRE (pulses longer than 5 ps) as a tissue ablation method. They point out
that IRE can be easily applied in areas where perfusion is high (e.g., in the vicinity
of blood vessels), as opposed to thermal methods of ablation

2004

C. Yao et al. [49] investigate the use of special pulses, referred to as steep pulsed
electric field (SPEF), to kill cells in vitro and to inhibit tumor growth in vivo. Their
SPEF pulses consist of a fast rising edge (rise time ~200 ns) followed by a slow
exponential decay (t ~ 200 ps), originated from a capacitance discharge. They
propose and demonstrate (in vitro and with delayed tumor growth in mice) that
intracellular effects from the rising slope together with the plasma membrane effects
from the falling slope can be used to destroy both cell nucleus and membrane

2005

R.V. Davalos, L.M. Mir, and B. Rubinsky publish a paper demonstrating that IRE
can be used as an independent tissue ablation method [50] not necessarily
accompanied by thermal effects and that such feature has important implications in
post-treatment healing

2007

IRE is performed on pigs under experimental conditions relatively close to those of a
clinical scenario [51]. IRE was applied in liver using 18-gauge stainless-steel needles
positioned with the assistance of ultrasound sonography. The size and shape of the
lesions is explained in a treatment planning procedure by Edd and Davalos [52]
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Time
period Advancement in the field

2007 Al-Sakere et al. [53, 54] performs in vivo IRE of tumors subcutaneously inoculated
in mice and studies the immune reactions. They achieved 92% complete regression
reusing a protocol that consisted of 80 pulses of 100 ps at 0.3 Hz with a field
magnitude of 2,500 V/ecm

2007 J. Lavee et al. publish a study with pigs in which IRE of the atrium is performed in
order to analyze its applicability for the treatment of atrial fibrillation as an
alternative to methods based on thermal ablation [55]. The demarcation between
ablated and normal tissue was clear and sharp

2010 G. Onik and B. Rubinsky report on the first human clinical trial [56] where 16
patients with prostate cancer were treated with IRE in a series of outpatient
procedures. Potency and continence was preserved in all patients who were
continent and potent prior to treatment

2011 A clinical trial that included 38 patients with advanced liver, lung, and kidney
tumors, where a total of 69 tumors were treated, is performed by Thompson et al. in
Australia [57]

2015 In the largest evaluation to date, 200 patients with locally advanced pancreatic

adenocarcinoma (stage III), underwent either IRE alone (n = 150) or pancreatic
resection combined with IRE for treatment margin enhancement (n = 50) [58]

Note: The above table is not an all-inclusive summary of the all the studies performed on electro-
poration across the various areas of food processing, water sterilization, and biomedicine but rather
a summary of key findings and what is believed to be the first report on each

2.1.1 The Lichtenberg Phenomenon

Probably the first scientific description of a phenomenon indicative of irreversible
electroporation in tissue can be found in the 1754 book of J.A. Nollet “Recherches
sur les causes particulieres des phénoménes électriques” [59]. In experiments with
electrical fields, Nollet noticed the formation of red spots on the skin of humans and
animals in areas where electrical sparks were applied. This same phenomenon was
studied by J.P. Reilly [1], and, according to him, the red spots may be the conse-
quence of stratum corneum degradation due to thermal damage. However, while
thermal Joule heating effects cannot be ruled out, it is probable that those red spots
were in fact caused by damage to the capillaries by irreversible electroporation.
Erythemas are common in skin electroporation [2, 3], and even though some heat-
ing is always expected, it does not seem likely that the electrical generators at the
time (static electricity generators were invented by Otto von Guericke in 1663)
would be able to cause significant heating.

Interest in the effect of electricity in biological materials emerged throughout the
eighteenth century. In 1780 Luigi Galvani showed that when a dead frog was placed
on an iron grating and a bronze hook touched the spinal cord, the frog’s muscle
twitched. He described the phenomenon as “animal electricity” but it was Alessandro
Volta who found the correct explanation: the presence of two different metals in the
same electrolyte creates a current. This led to the invention of the voltaic pile —the
first device able to produce steady electric current and a basic element used in later
discoveries on electromagnetism [60].
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Observations on the effects of electric fields on tissue made in the early twentieth
century may be related to electroporation. In 1913 A.J. Jex-Blake discussed the
lethal effects of human made electricity and lightning [8]. He argues that burns from
electricity, as observed in industrial accidents, are related to thermal effects, whereas
electrical injuries from lightning do not seem to be all from thermal origin. It is now
accepted that some of the damaging effects of lightning are caused by irreversible
electroporation [31].

An astonishing nonlethal effect of lighting on humans is the emergence of red
Lichtenberg figures on the skin that disappear in a few days. These figures have
probably the same origin as Nollet’s red spots. It is thought that following the
dielectric breakdown of the skin and subsequent massive electron shower, red blood
cells are extravasated into the superficial layers of the skin from the underlying
capillaries [9] thus forming Lichtenberg figures.

2.2 Pulsed Electric Fields and Water Sterilization

The first work focusing on an irreversible electroporation phenomenon may be
found in the 1898 study by G.W. Fuller titled “Report on the investigations into the
purification of the Ohio river water at Louisville Kentucky” [5]. He discusses an
experiment in which multiple high-voltage discharges are observed to kill bacteria
on a water sample. Temperature was not found to increase significantly because of
the treatment which, based on how irreversible electroporation is currently used for
sterilization of fluids, indicates that Fuller’s report on a bactericidal effect is most
likely due to irreversible electroporation.

A 2001 publication titled “Water purification by electrical discharges” describes
three types of electrical discharges commonly reported for water purification: con-
tact glow discharge electrolysis, dielectric barrier discharges (silent discharges), and
pulsed corona discharges [61]. In contact glow discharge electrolysis, a thin wire
anode in contact with the water surface is charged with a continuous DC voltage,
while the cathode is dipped in water and isolated from anode through porous glass.
A vapor sheath forms around the anode through which current flows as a glow dis-
charge and charged species in the plasma (present in the discharge gap or vapor
sheath around the anode) are accelerated due to the steep potential gradient; they
enter the liquid phase with very high energy. A dielectric barrier discharge reactor
involves the use of electrodes; at least one of them is covered with a thin layer of
dielectric material such as glass or quartz [62]. For water treatment applications
using this type of reactor, a layer of water around one of the electrodes acts as a
dielectric. An AC voltage of around 15 kV is usually applied across the electrodes.
Free electrons and other ions in the discharge gap are accelerated under the influ-
ence of the applied electric field. An electron avalanche (streamer) is produced
through repetition of the process of the free electrons. Lastly, a pulsed corona dis-
charge reactor entails a pulse generator and a reactor. The reactor contains metallic
electrodes usually in a needle—plate arrangement where the needle is connected to a
high-voltage terminal and the plate is grounded. The needle is covered with an
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insulator where only the tip is exposed so that an intense electric field may be
obtained. Electrical discharges in all of these reactors take place in the gas phase in
close proximity to the water surface which allows for plasma chemical reactions to
take place. High-energy electrons produced in electrical discharges face inelastic
collisions with other molecules in the environment which result in either the excita-
tion, dissociation, electron capture, or ionization of target molecules. Here, the pri-
mary reactant is H,O which leads to the formation of free radicals, OH* in particular
and these in turn destroy pollutants in the water [61].

More recent publications have continued to investigate the use of pulsed electric
fields as an affordable and efficient alternative to decontaminate water without the
need for chemicals or more expensive processing. A conducting nanosponge made
of polyurethane coated with carbon nanotubes and silver nanowires was presented
by C. Liu et al. to electroporate bacteria and viruses in water [63], a follow-up study
by the same group reported on a similar method of water purification but with the
use of copper nanowires instead of silver and with static electricity as the power
source for electroporation [64].

2.3  Pulsed Electric Fields and the Food Industry

The field of electroporation has advanced with research carried out simultaneously
in the areas of biomedicine and food processing technology. In food technology,
irreversible electroporation is referred to as pulsed electric field processing or elec-
troplasmolysis in reference to the lysis of cell membranes to extract their contents
and to the bactericidal effect in these types of treatments. The nonthermal bacteri-
cidal effect of electric fields remained an area of research in the food industry
through the first and second half of the twentieth century and continues today [65—
67]. During the first half of the twentieth century, it was not obvious to researchers
whether electric fields had a bactericidal effect beyond those expected from thermal
or electrochemical causes. For instance, A.J.H. Sale and W.A. Hamilton cite a
review published in 1949 that finds accounts both for and against such nonthermal
effects of electric fields [68]. In 1961, H. Doevenspeck [17] describes the use of
electric pulses to disrupt cellular components for industrial food-processing of meat
through nonthermal means—thus resembling irreversible electroporation. These
involve the electrical discharge of electric pulses from carbon electrodes through the
treated material. The paper does not specifically refer to the breakdown of the cell
membrane; nor does it provide specific values for the electric pulses used. Still, the
outcome reported is clearly nonthermal disruption of the cell membrane.
Doevenspeck also reported results showing that these electric pulses can inactivate
microorganisms with a nonthermal effect; treatments produced a small increase in
temperature of at most 30 °C.

The interest in the bactericidal effect of electric fields motivated three outstand-
ing and influential papers by Sale and Hamilton which set the basis for the field of
irreversible electroporation and contain many of the observations and methodology
used in subsequent studies on electroporation [18-20]. The aim of the first paper
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was to demonstrate that high field electric pulses of direct current (DC) can kill cells
without a thermal effect. They assessed the nonthermal bactericidal effect using ten
very short (2-20 ps) DC electric pulses separated by long intervals of a few seconds
in order to minimize the temperature rise. A systematic study with several types of
bacteria and two species of yeast demonstrated that the effect was not related to the
cells’ growth stage, the pH, electrolysis, nor heating. The measured temperature rise
was at most 10 °C. They concluded that the electric field magnitude is the first
parameter that affects cell killing followed by the total time the field is applied. The
electric fields needed to completely ablate the cells were found to be rather substan-
tial: 6 kV/em for Saccharomyces cerevisiae and 16 kV/cm for Escherichia coli.

In the paper that followed [19], Hamilton and Sale explain that the mechanism
by which the pulsed electric fields kill the cells is through the irreversible loss of the
membrane’s function as a semipermeable barrier. The paper reports leakage of cell
contents in the medium of Escherichia coli suspension as a measure of the loss of
cell membrane integrity; this was detected with spectroscopy. It also demonstrated
membrane damage which led to lysis of erythrocytes and protoplasts. Electron
microscopy of E. coli and erythrocytes show that complete membrane breakdown
did not occur which suggests that either the damage was confined to particular areas
that were not identified, or there are other mechanisms that contribute to cell death
without requiring complete and irreversible loss of membrane integrity.

In the third study [20] Sale and Hamilton show that the electric field magnitude
to induce lysis of various organisms ranges from 3.1 to 17 kV/cm (for 50% lysis
with a protocol of ten pulses of 20 ps), while the equivalent induced transmembrane
voltages only range from 0.7 to 1.15 V. They suggest that the transmembrane poten-
tial induced by the external field may cause “conformational changes in the mem-
brane structure resulting in the observed loss of its semipermeable properties.”

In order to compute the induced transmembrane voltage, Sale and Hamilton
employed a model in which the cell was considered to be a conductive sphere iso-
lated from the external conductive medium by a thin dielectric layer. They used
equations derived from those previously described by J.C. Maxwell for calculating
the conduction through a suspension of spheres [69, 70]. The transmembrane volt-
age (V,) is highest at the poles facing the electrodes (i.e., direction of the electric
field, E), and its value at any point on the cell is given by the Schwan equation [71].

24 Pulsed Electric Fields and Medicine

It is unsurprising that the first systematic work on what is now known as reversible
and irreversible electroporation was done on nerves since research on stimulation of
nerves with electricity goes as far back as the work of Galvani. In 1956,
B. Frankenhaeuser and L. Widén published a study that attempted to explain the
phenomenon of anode break excitation [13]. The phenomenon was described as a
change in the normal nerve conductivity behavior when electric pulses are applied
on nerve nodes with (as expressed in their study) amplitudes that are up to ten times
the normal threshold and pulse durations of less than 1 ms to more than 100 ms.
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The authors state that the actual phenomenon is known since at least 1898 [14].
Indicative of reversible and irreversible electroporation, they explain the phenome-
non writing “It is, therefore, concluded that the strong (electrical) shock damaged to
a large extent the nodes... and that these nodes were more or less inactivated.” And
that “It may be concluded that the effect caused by the strong shock is to a fair
extent reversible.” A previous study by Hodgkin [12] as well as several others were
cited in support of their conclusion.

R. Stampfli in collaboration with A. F. Huxley and others produced a series of
studies in the 1950s which explored reversible and irreversible electroporation on
the nerve membrane a frog. Stampfli and Willi [15] write: “We had confirmed the
observation of Frankenhaeuser and Widén [13], showing that anode break excitation
in myelinated nerve can be elicited by strong positive pulses. We were able to show
that such pulses produce a breakdown of membrane resistance and potential, if they
increase the membrane potential by 70-110 mV, which corresponds to a voltage
gradient of approximately half a million V/cm across the membrane. If only one
short pulse is given the membrane recovers immediately after the breakdown like an
electrolytic condenser. If very strong positive pulses on the order of 10 V are applied,
the membrane is destroyed irreversibly.” Stampfli reported that 5-s pulses induced
membrane potentials of about 120-140 mV in a single insulated Ranvier node of a
frog nerve fiber (corresponding to voltage gradients across the membrane of about
500,000 V/cm) and that these can cause breakdown of the membrane resistance.
Under certain conditions, the breakdown is reversible; in others it is irreversible
[16]. He described the phenomenon similar to the breakdown of the dielectric field
of a capacitor.

Research during the 1970s and 1980s was primarily done in the field of revers-
ible electroporation and focused on developing new uses and fundamental under-
standing of the mechanisms driving this phenomenon.

In 1972 E. Neumann and K. Rosenheck showed that electric pulses with a mag-
nitude of 18-24 kV/cm and 150 ps duration, produced reversible permeabilization
of the cell membrane of bovine medullary chromaffin cells which secrete epineph-
rine, norepinephrine, ATP, and proteins [72]. Experiments showed that the largest
increase in temperature was 6 °C (from initial 0 °C) and that the observed effect of
reversible permeabilization was thus nonthermal. The authors relate such phenom-
enon to the physiological release of hormones and neurotransmitters in neurons
instead of recognizing the increase in transmembrane potential induced by the
external electric field resulting in reversible electroporation.

U. Zimmerman and colleagues, possibly unaware of previous studies by Sale and
Hamilton, determined that electric fields induce cell membrane breakdown and that
this could be the cause of discrepancies in the readings of an electrical cell counter.
They developed a methodology combining experimentation in Coulter type coun-
ters and between parallel plates with the solution of Laplace's equation; this pro-
duced some of the first systematic data on the electrical parameters required for
cell electroporation. They explored the dependence of cell membrane breakdown in
human and bovine red blood cells, as expressed by the presence of intracellular
contents in the extracellular solution, to increasing pulse amplitude and length.
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They found the highest degree of membrane breakdown for a pulse length of about
50-100 ps and electric field strength of about 2.6-2.8 kV/cm. The critical mem-
brane potential difference leading to membrane breakdown was found to be about
1 V. Results from this group of studies were published in a couple of papers starting
in 1974 [21, 22]. The parameters from this series of papers are relevant to irrevers-
ible electroporation. A practical outcome of their work is the idea of employing
erythrocytes and lymphocytes as drug and enzyme carrier systems. In addition, they
showed that the effects were not thermal and found different asymptotic values for
human and bovine red blood cells. The latter phenomenon suggested the possibility
for different irreversible electroporation thresholds for various types of cells.

2.4.1 Electrochemotherapy

K. Kinosita and T. Tsong [23] proposed, from osmotic mass transfer experiments
with red blood cells, the permeabilization of the cell membrane from application of
electric pulses forms several pores with radii of a few angstroms. They showed that
the size of these pores can be varied and that they eventually reseal and proposed the
use of permeabilized cells as carriers of chemical species through the circulatory
system. After evaluating the time it takes for the cells to reseal as a function of tem-
perature, they found that impermeability is rapidly regained at 37 °C while cells
remain highly permeable at 3 °C even after 20 h following the application of pulses.

M. Okino and H. Mohri [29] and S. Orlowski et al. [28] proposed the use of
reversible electroporation to reversibly permeabilize cells in order to introduce
cytotoxic agents into malignant cells for a more effective treatment of cancer.

In 1989, electrical conductance experiments performed by K.T. Powell et al. [32]
demonstrated that frog skin can be reversibly electroporated. The report did not
show how that could influence the passage of drugs through the skin but it may have
influenced the following discovery in 1993 by M.R. Prausnitz et al. [36] in which
transdermal drug delivery was achieved by electroporation.

L.M. Mir published two breakthrough papers in 1991 on the use of reversible
electroporation to treat cancer by facilitating the infiltration of anticancer drugs,
such as bleomycin, into malignant cells. They coined the term electrochemother-
apy to describe this procedure [34] and reported on the first clinical trial in the field
of electroporation [35]. M. Belehradek et al. reported on the results from this first
clinical phase I-II trial in which good tolerance by the patients, lack of toxicity,
and overall antitumor effects were observed. These served as the initial encourage-
ment for further studies and developments on electrochemotherapy in clinical
oncology [73].

Electrochemotherapy is now one of the most solid applications of reversible
electroporation, and it is being used clinically to treat cancer patients. Probably the
most updated review information on the topic can be found in [74-76].

Skin electroporation and its use for drug delivery emerged as an important aspect
of reversible electroporation of tissue. The study that established skin electropora-
tion for transdermal drug delivery was published in 1993 [36], and multiple reviews
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have been written on this application of tissue electroporation [77] including a
recent report on in vivo real-time monitoring of this technique [78].

In 1998 [45] a remarkable occurrence observed during tissue reversible electro-
poration was reported: blood flow is blocked in the area where the electric field is
applied. This phenomenon, referred to as the vascular lock [46], has been noticed in
muscle [46], liver [45], and tumors [79]. Disruption of blood flow can affect drug
delivery [46] and be followed by ischemia, which could also be beneficial in the
treatment of tumors [80]. Furthermore, the use of electroporation to intentionally
interrupt blood flow has been proposed to temporarily or permanently reduce perfu-
sion to target areas [81, 82]. Gehl et al. [46] suggested two mechanisms that would
explain why such vascular lock is produced: (1) the electrical stimulus induces an
immediate reflex vasoconstriction of afferent arterioles mediated by the sympa-
thetic system, and (2) the permeabilization of endothelial cells causes an increase of
interstitial pressure and a decrease of intravascular pressure that leads to vascular
collapse.

L.M. Mir published a review article on the considerations for in vivo electroper-
meabilization, specifically for electrochemotherapy and for DNA electrotransfer in
gene therapy [83]. He discusses the different methods of investigation to determine
the electric field distribution in vivo. Delivery of high intrinsic cytotoxicity drugs
and the participation of the host immune response in electrochemotherapy are fur-
ther discussed as well as vascular effects of electric pulses, choosing between intra-
tumoral or intravenous injection of the drug, proper dosage, treatment effect on
tumor margin, an overview of clinical trials, and challenges and considerations for
the future of the field. Similarly, the field of DNA electrotransfer was evaluated, and
questions that remained unanswered were presented in the study as call for contin-
ued research in the different effects and applications of pulsed electric fields in vivo.

J. Gehl and colleagues also pioneered the use of reversible electroporation to
load cancer cells with calcium. Various studies have been published, and results
place the technique as an efficient anticancer treatment [84, 85]. Calcium electro-
poration can induce cell death through ATP depletion; this decrease in ATP could be
due to cellular use, decreased production due to the effects of calcium on the mito-
chondria, and extracellular release through the permeabilized membrane [84].
Electroporation with calcium has shown similar results to electrochemotherapy
which could make it a more affordable option to the use of expensive cytotoxic
drugs [85]; furthermore, a higher concentration of calcium in the extracellular space
could lower the electric field required for successful transfer and subsequent cell
death [86].

2.4.2 Electrofusion

The use of reversible electroporation to produce fusion between cells is described in
the paper by Zimmermann [25]. In 1989, a publication on electroporation and elec-
trofusion [87] by Neumann et al. described the kinetics of electrofusion, electrofu-
sion of lipid bilayers, the role of proteases in electrofusion of mammalian cells, and
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the mechanism of electroporation and electrofusion in erythrocyte membranes,
among others. One of the main biomedical applications of electrofusion is in the
production of hybridomas to create antibodies in large amounts. Electrofusion has
been deemed to have advantages over conventional methods of cell fusion induced
by chemicals due to its high degree of control and increased efficiency. A more
recent review on cell fusion is by M. Kanduser and M. Usaj [88].

2.4.3 Electrogenetherapy

The first ones to coin the term electroporation were Neumann and his collaborators
in a publication from 1982. They used this term to describe the membrane break-
down from the use of pulsed electric fields and introduced the use of reversible
electroporation for the insertion of genes into cells [26]. They also presented a clas-
sical thermodynamic analysis of the formation of pores during electroporation. It is
interesting to note that this paper which focuses on reversible electroporation cau-
tions against the use of irreversible parameters during the procedure. During the two
decades following this work, irreversible electroporation was studied primarily as
an upper limit to reversible electroporation in the context of applications of revers-
ible electroporation. Research in the application of electric pulses has led to numer-
ous other publications in the field of electroporation.

H. Potter et al. [27] designed an electroporation cuvette suitable for cell suspen-
sions which led microbiology researchers to employ electrophoresis power supplies
in order to perform gene transfection by electroporation. Commercial generators
were soon developed specifically intended for electroporation and now this trans-
fection technique is very common in microbiology laboratories. Summaries on the
technique and its applications can be found in several publications, e.g., [87, 89].

The first report on the use of reversible electroporation to introduce plasmid
DNA into a living tissue was published in 1991 by A.V. Titomirov et al. [33]. Gene
delivery to cells in tissue, mediated by reversible electroporation, has become an
area of major importance to biotechnology and medicine. It has also found applica-
tions in the treatment of cancer [90, 91]. Some of the reviews and edited books
written on this particular use of reversible electroporation include [33, 92-94].

2.4.4 Irreversible Electroporation

In the 1930s, the thermal effect of electric fields on biological materials was thor-
oughly investigated [95, 96]. From G.M. McKinley's 1936 report [10], and from
experiments performed during the 1920s and 1930s by other researchers, it was
concluded that damage caused to living tissues by high-frequency fields (10—
100 MHz) cannot be only from thermal origin. McKinley even proposed that this
special “agent” (referring to the electric field) could be used as a minimally inva-
sive ablative method that is selective to specific tissues. Even though there is not
enough methodological data to conclude that electroporation was being
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performed in his study using chick embryos, the paper proposed that electric fields
produce other mechanisms of damage to biological cells in addition to those caused
by thermal means.

A.L. Hodgkin [12] proposed that the Ritter’s opening tetanus phenomenon is
associated with the breakdown of the insulating properties of the membrane under
the influence of an abnormally high potential difference. This explanation describes
a phenomenon equivalent to what is now referred to as irreversible electroporation.
Even the wording suggests the concept of breakdown of a cell membrane viewed as
a dielectric layer. Actually, the notion that the cell membrane could be modeled as a
thin dielectric layer had appeared earlier; in 1925, H. Fricke [97] was able to reason-
ably guess a value of 30 nm for the membrane thickness (actual 7 nm) by analyzing
the passive electrical properties of red blood cells under the assumption that cell
membrane acts electrically as a thin dielectric layer. After this it was reasonable to
expect that some sort of dielectric rupture phenomenon could exist in the case of
living cells as it happens in most dielectrics. A common breakdown mechanism in
dielectrics is the avalanche breakdown: when the dielectric is subjected to a suffi-
ciently high electric field, some bound electrons are freed and accelerated, and then
those electrons can liberate additional electrons during collisions in a process that
leads to a dramatic conductivity increase and, in some cases, to permanent physical
damage of the dielectric material. Now it is accepted that electroporation is not due
to dielectric rupture by electron avalanche [98], but the idea that membrane break-
down could be caused by excessive transmembrane voltage surely helped to under-
stand some experimental observations that are related to electroporation.

These highlights from research in the first half of the twentieth century suggest
that during this period further observations on the effects of electric fields on bio-
logical materials were made that were consistent with the phenomenon of irrevers-
ible electroporation. The concept that the cell membrane is a dielectric and that it
can break down under the application of an electric field seems to have become
accepted. Perhaps the central characteristics of the findings relevant to irreversible
electroporation during this period is the realization that while electricity can induce
damage to biological materials through thermal effects, there is also another mecha-
nism associated with electricity that induces damage and which is not thermal. In
addition evidence seems to be building that electric fields can produce irreversible
damage to the cell membrane.

Irreversible electroporation was initially considered as the upper limit of revers-
ible electroporation and, as such, something to be avoided since the aim for revers-
ible electroporation is to create transient pores in the cell membrane while
maintaining cell viability.

Related to the above paragraph, it is convenient to note that most researchers cite
necrosis due to excessive permeabilization and consequent disruption of the osmotic
balance as the killing mechanism of electroporation. However, in the late 1990s,
two independent papers were published in which it was shown in vitro that electro-
poration not only caused necrosis but it also induced cell death with features com-
patible with apoptosis [41, 99]. In both papers, it is reported that electroporation
leads to chromosomal DNA fragmentation which is considered to be an explicit
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indication of late apoptosis. Another interesting outcome of the paper by J. Pifiero
et al. [41], the authors refer to the use of electrochemotherapy for treating solid
tumors which may indicate that the abstract was actually proposing the use of irre-
versible electroporation for treating tumors. Since the understanding within the sci-
entific community was that irreversible electroporation would induce tissue necrosis
and not apoptosis, it had been considered a deleterious side effect of reversible
electroporation and was to be avoided to prevent instantaneous necrosis leading to
massive tumor necrosis and possible ulceration [100].

2.4.5 Nonthermal Irreversible Electroporation for Tissue
Ablation

In 2003, R.V. Davalos and B. Rubinsky filed a provisional US patent application on
the use of classical irreversible electroporation type of pulses (5 ps or longer) as a
tissue ablation method. With a subsequent paper in 2005, R.V. Davalos, L.M. Mir,
and B. Rubinsky published the founding paper suggesting that IRE can be applied
in such a manner to induce cell death and ablate tissue while mitigating deleterious
thermal effects. This approach would avoid the deleterious effects of massive necro-
sis as described above and spare important tissue structures, such as the extracellu-
lar membrane, to facilitate healthy tissue regeneration. This paper laid the foundation
that IRE can be applied as an independent tissue ablation modality.

This approach of delivering the IRE pulses to minimize what is traditionally
considered thermal damage marked the beginning of a series of studies in the use of
IRE as a technique to treat cancerous tumors which are considered otherwise inop-
erable due to their proximity to sensitive structures. Several of these are discussed
below and show the progression of the field from animal clinical cases into human
clinical trials until the latest studies of today.

A series of papers carried out by Rubinsky’s group confirmed their hypothesis
through treatment of hepatocarcinomas by means of irreversible electroporation.
Edd et al. demonstrated that IRE can selectively ablate areas of non-pathological
rodent livers [101]. In this study, the histological assessment 3 h after pulses were
applied showed some interesting features: the treated areas exhibited microvascular
occlusion, endothelial cell necrosis, and diapedeses, resulting in ischemic damage
to parenchyma and massive pooling of erythrocytes in the hepatic sinusoids.
Hepatocytes displayed blurred cell borders, pale eosinophilic cytoplasm, variable
pyknosis, and vacuolar degeneration. On the other hand, large blood vessel architec-
ture was preserved.

J. Edd and R.V. Davalos described how mathematical modeling aided by com-
puter methods can be employed to predict the shape and extent of the lesion created
by IRE [52]. The basic principle for such modeling is that any specific tissue region
is electroporated if the electric field magnitude is higher than a certain value. Such
threshold is specific to the sort of tissue and the features of the IRE pulses (e.g.,
number of pulses and duration of the pulses). Once this threshold is experimentally
obtained, by using numerical methods on computers, it is possible to predict the
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distribution of the field magnitude in a tissue according to the electrode configura-
tion and the applied voltages to those electrodes. This methodology for treatment
planning was pioneered for the case of in vivo reversible electroporation by
D. Miklavcic’s group [44].

2.4.6 Effects of IRE in Animals

Experiments in live mammals have elucidated some of the characteristic features of
IRE and have aided in the clinical adoption of this ablation modality to treat human
patients. The nonthermal mechanism to induce cell death is still considered to be the
most attractive feature of the use of IRE to ablate tumors.

E. Maor et al. presented the results from a pilot study in which IRE (ten 100 ps
pulses of 3,800 V/cm) was applied to the carotid artery of rats that were kept alive
for 28 days after the procedure [102]. Histology showed that the connective matrix
of the blood vessels remained intact, whereas the number of vascular smooth mus-
cle cells (VSMC) was significantly decreased without pathological observable con-
sequences such as aneurysm, thrombus formation, or necrosis. These findings seem
to indicate that IRE can be applied safely to the vicinity of large blood vessels.
Moreover, the fact that VSMC population was significantly reduced suggests that
IRE could be the basis for treating pathologies such as restenosis and atheroscle-
rotic processes. As a matter of fact, Maor and coinvestigators also performed
research on the use of IRE for treating cardiac restenosis [103].

G. Onik et al. applied in vivo IRE to canine prostates by means of percutaneous
needle electrodes placed under ultrasound guidance [104]. Macroscopic observation
of the induced lesions revealed a very distinct narrow zone of transition from normal
viable tissue to complete necrosis. Nearby structures such as the urethra, vessels,
nerves, and rectum were not affected by the IRE procedure despite the fact that these
areas were deliberately included in the region covered by the high electric field.

Gonzalez et al. performed IRE procedures on pigs under experimental conditions
relatively close to those of a clinical scenario [105]. An incision was made to expose
the liver, and IRE was applied by using 18 gauge needles that were positioned with
the assistance of ultrasound sonography. Following the surgical procedure, animals
were sacrificed at 24 h, 3, 7, and 14 days, and liver samples were excised for histo-
pathological analysis. All 14 animals survived the IRE procedure. It was observed
that upon application of the IRE pulses, a variable degree of generalized muscle
contraction occurred in each animal, and such degree appeared to be related to the
administered amount of muscle relaxant (Pancuronium in this study). Immediately
following pulse application, sonography showed a markedly hypoechoic area in the
expected location of the IRE lesion, and at 24 h, the ultrasound image showed the
area was now uniformly hyperechoic. Histological analysis showed that the IRE
ablated area is continuously necrotic and that the transition between this area and
the adjacent untreated normal parenchyma is abrupt; macroscopic histological anal-
ysis also showed that large vascular structures were mainly unaffected. All animals
manifested peripheral lymphadenopathy in the drainage area of the ablated tissue.
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B. Al-Sakere et al. [53] performed in vivo IRE of tumors subcutaneously inocu-
lated in mice and studied the immune reactions. The objective of the study was to
elucidate the role of the immune system in the ablation of tumors by means of
IRE. They concluded that the immune system is not required in order to success-
fully ablate tumors by IRE, and thus IRE is a feasible option to consider for the
treatment of immunodepressed cancer patients. This study was preceded by an
investigation of multiple electroporation protocols that led to complete regression of
tumors inoculated in mice [54]. Optimal results were obtained by using protocols
that increased the number of pulses from the traditional eight pules delivered at
1 Hz for ECT. Their best results consisted of 80 pulses of 100 ps at 0.3 Hz (an inter-
val of 3.3 s between pulses) with a field magnitude of 2,500 V/cm. With this proto-
col, complete regression was achieved in 12 out of 13 treated tumors, and no thermal
effects were observed.

E.W. Lee et al. showed the potential of IRE to produce an ablation zone with
sharper delineation than other ablation modalities [106] in their 2010 review of IRE
procedures using image guidance. Ultrasound can be used to place the needles in
the target location; computed tomography (CT) and magnetic resonance imaging
(MRI) can be used pre- and post-IRE to visualize the tumor region and confirm suc-
cessful ablation. Histological analysis shows a demarcation between the ablated and
live tissue in the micrometer range (on the order of one- to two-cell thickness) [107].

In 2011, two separate studies from R.V. Davalos’ group reported on the first
clinical cases of the use of IRE to treat naturally occurring cancerous tissue in ani-
mal patients. P.A. Garcia et al. [108] used non-thermal irreversible electroporation
and adjuvant fractionated radiotherapy to treat a canine patient with an inoperable,
spontaneous malignant intracranial glioma. No adverse effects were reported after
an IRE protocol with 50-ps-pulses delivered in 20 pulse trains with a voltage-to-
distance ratio of 1,000 and 1,250 V/cm that resulted in a ~75% reduction of tumor
volume after 48 h and allowed for subsequent fractionated radiotherapy which
began on the 16th day after IRE treatment. Complete remission was achieved for
149 days at which point death ensued from radiation encephalopathy. R.E. Neal II
et al. [109] reported on the treatment of a canine patient with a focal histiocytic
sarcoma of the coxofemoral joint that was causing sciatic neuropathy and bilateral
pelvic limb lameness. The original size of the neoplasm was greater than 136 mL
located in heterogeneous tissue composed of bone, muscle, arteries, and the sciatic
nerve. Complete remission was achieved 6 months after IRE treatment and chemo-
therapy. Both relapsed and suspected chemoresistant tumors were completely
ablated using IRE alone with minimal damage to healthy tissues.

2.4.7 Application of IRE for Human Tumor Ablation

In the first human clinical trial, 16 patients with prostate cancer were treated with
IRE. G. Onik and B. Rubinsky reported on this in 2010 [56] where a series of out-
patient procedures were performed. All patients were continent immediately and all
patients who were potent before the procedure were potent after the procedure.
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Two patients who had bilateral areas treated required 6 months for full return of
potency. Color Doppler ultrasound showed intact flow within the neurovascular
bundle immediately after the procedure. Postoperative biopsies taken from the area
of previously known cancer in 15 patients showed no evidence for cancer. There
was one patient with a negligible PSA who refused a post-operative biopsy and one
in whom a micro-focus of Gleason 6 cancer was found outside the treated area. This
patient was successfully retreated with focal cryosurgery. An important finding
from this study is that vascular elements were patent and intact nerve bundles were
observed; these structures were surrounded by necrotic and fibrotic tissue.

In 2011, another clinical trial that included 38 patients was performed by
Thompson in Australia [57]. The patients presented with advanced liver, lung, or
kidney tumors where a total of 69 tumors were treated. Complete tumor ablation was
observed in 66% of the treatments with the highest percent of failure (or incomplete
treatment) observed for lung and kidney tumors. Both unipolar and bipolar elec-
trodes were used for treatments with 90 pulses of 70 ps duration, delivered in nine
sets of ten pulses per site of delivery. Complications of treatment included cardiac
arrhythmias; after four patients experienced this particular problem, ECG-
synchronized delivery of pulses was then adopted but two additional patients experi-
enced arrhythmias despite of this synchronization. Fifteen of 18 treatments resulted
in complete tumor ablation for patients with hepatocellular carcinoma. This early
success suggested that liver tumors may be the optimal target for IRE ablation.

A study of 44 patients who underwent 48 IRE treatments for hepatocellular car-
cinoma (14 ablations), colorectal metastases (20 ablations), and other types of
metastases (ten ablations) presented a local, recurrence-free survival of 97.4%,
94.6%, and 59.5% at 3, 6, and 12 months, respectively. Recurrence rates were higher
for tumors larger than 4 cm [110].

IRE has also been used to treat locally advanced pancreatic adenocarcinoma. A
study from 2012 evaluated the efficacy of IRE for downstaging and control of this
disease [111]. IRE was performed in 14 patients where the mean tumor size was
3.3 cm. One patient received two treatments and three patients presented with meta-
static disease. Results showed only one case of pancreatitis that was attributed to a
complication from IRE treatment. Post-IRE scans immediately after treatment and
24 h later showed that vascular patency was preserved. Patients with metastatic
disease eventually died from disease progression, but two patients who were suc-
cessfully treated did not show any sign of disease for 11 and 14 months.

A multicenter clinical trial of 27 patients with locally advanced pancreatic cancer
(LAPC) was treated with IRE with or without simultaneous partial resection [112].
Surgical IRE was performed on all patients with the exception of one who under-
went percutaneous IRE. No cases of pancreatitis nor fistula formation were reported,
but there was one 90-day mortality due to hepatic and renal failure and four other
cases with possible IRE-related complications. There was no evidence of disease
recurrence in 26 of the 27 patients still alive by the 90-day follow-up. Additionally,
a significant decrease in the use of narcotics to control pain in patients was reported
in comparison to pre-IRE treatment. The study showed efficacy and relative safety
of the use of IRE to treat locally advanced pancreatic cancer.
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Two subsequent multicenter, prospective institutional review board (IRB)-
approved evaluations reported in 2014 and 2015 focused on the use of IRE to treat
locally advanced cancers. The former [113] evaluated 107 patients treated with
117 IRE procedures who presented with tumors involving vascular structures
(<5 mm in proximity to major vessels); this vascular invasion made the tumors
unresectable and not amenable for thermal ablation. Patient treatment was com-
prised of 84 ablations for pancreatic cancer, 17 for liver tumors, and the rest included
lung, kidney, mediastinal, pelvic, and prostate. Complications occurred more often
for pancreatic cancers and open surgery; the most common were bleeding, venous
thromboembolism, and biliary complications. The local recurrence-free survival
was calculated to be 12.7 months, and no significant vascular complications were
encountered. The study published last year [58] presents the case of 200 LAPC
patients (stage III), comprising the largest evaluation to date, who underwent either
IRE alone (n = 150) or pancreatic resection combined with IRE for treatment mar-
gin enhancement (7 = 50). IRE was successfully completed in all patients; they had
initially undergone induction chemotherapy and 52% were additionally given
chemoradiation therapy for a median of 6 months prior to IRE. Six patients experi-
enced local recurrence as reported with a median follow-up of 29 months. A median
overall survival of 24.9 months ranging from 4.9 to 85 months was calculated for
this group of patients which consolidates IRE with adjuvant chemotherapy and
chemoradiotherapy as the combination therapy to induce the longest-term LAPC
disease control as currently reported in the literature.

IRE treatment has been successfully performed through laparotomy [112, 114],
laparoscopy [110], and percutaneous incision [111, 115]. Percutaneous treatment
has shown the least amount of complications from IRE procedures [113] due to its
less-invasive nature which in turn promotes a faster recovery. This led to a particular
study on percutaneous IRE of LAPC using a dorsal approach [116] motivated by the
impediment to use the ventral approach on the 67-year-old patient with a stage III
pancreatic tumor. Electrode placement in the 5-cm tumor located in close proximity
to collateral vessels and duodenum was performed through the dorsal approach
since the most commonly used ventral approach would pose high risk of complica-
tions from the procedure alone. This is the first report on the success of this particu-
lar dorsal approach and thus provides an alternative in IRE method of delivery for
patients with tumors of intricate morphologies involving critical structures.

IRE has also been used to treat renal tumors. Aside from the first study aforemen-
tioned by Thomson et al. [57] and an almost simultaneous study also published in
2011 by Pech et al. [117], the largest study on the use of IRE to ablate renal tumors
was reported by Trimmer et al. [118] in which 20 patients with T1a renal carcinoma
(n = 13), indeterminate masses (n = 5), or benign masses (n = 2) underwent
CT-guided IRE. Mean tumor size was 2.2 cm + 0.7. All patients were successfully
treated with no major complications although seven patients presented with minor
complications that included difficult-to-control pain, urinary retention, and self-
limiting perinephric hematomas. Incomplete ablation caused two patients to undergo
salvage therapy at 6 weeks; all 15 patients imaged at 6 months had no evidence of
recurrence; and only one patient was observed to experience recurrence at 1 year
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post-IRE. This study reinforced the safety of the use of IRE to treat renal tumors
despite suffering from selection bias—all tumors were small in size and distant
from major blood vessels or critical structures.

A recent review on the use of IRE to treat renal tumors was published earlier
this year [119]. The authors warrant consideration when applying the same param-
eters used for IRE ablations of the liver to treat renal masses. Two phase I and II
prospective clinical trials plan to assess the safety and efficacy of IRE in the treat-
ment of renal cancer [120]. Wendler et al. reported on the “IRENE trial” that will
evaluate completeness of ablation in renal tumors at 28 days after percutaneous
IRE by performing histopathological analysis of tissue samples from partial
resection. MRI will be performed after 2, 7, and 28 days from IRE procedure, and
image analysis will be done to compare and evaluate any changes [120]. Wagstaff
et al. report on a similar protocol with a smaller sample size (ten patients instead
of 20) in which there will be no inclusion limitation based on tumor size but only
patients who are expected to undergo radical nephrectomy will be included in the
study [121]. Objectives of this study include evaluating the safety and efficacy of
renal mass ablation with IRE through histopathology of resection specimens, as
well as the efficacy of MRI and CEUS imaging of ablation zone. Preliminary
results from the first three patients enrolled in the IRENE trial were recently pub-
lished [122]. Renal cell carcinoma tumors of 15—-17 mm were treated with IRE;
results describe a new distribution of the ablation zone with negative margins for
all three tumors, complete tumor necrosis for two of them, and residual tumor of
unclear malignancy in the center of one of them. Results will continue to be gath-
ered as part of these clinical trials which will help in the optimization of IRE
parameters to successfully treat renal tumors. If it is concluded that IRE does not
present great advantage over other more commonly used ablation techniques, a
niche application of IRE could include central renal tumors in close proximity to
blood vessels and collecting system in which the nonthermal mode of ablation can
be exploited [119].

2.4.8 Other Applications of IRE

Nononcologic applications of IRE could include treatment of hypertension through
renal sympathetic nerve denervation [123]; this possibility comes from previous
successes in this area by radiofrequency ablation [124, 125] which gave an indica-
tion to some of the advantages that could be obtained through the use of IRE where
heat sink effects and undesired vascular complications can be avoided. IRE may
also be used to prevent arterial restenosis following angioplasty; this was shown
through a series of studies from Rubinsky’s group [103, 126, 127] that confirmed
ablation of vascular smooth muscle cells by endovascular IRE where the elastic
lamina remained intact and the endothelial layer is allowed to regenerate. Vascular
connective tissue matrix remained undamaged while no aneurysm nor thrombus
formation was observed; these findings highlight the implications of the use of IRE
in the treatment of cardiovascular disorders.
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Another application of IRE is in the area of tissue engineering. A study published
early last year evaluated its feasibility to introduce pores in bacterial cellulose scaf-
folds by delivering pulsed electric fields of high enough magnitude to kill the bac-
teria in specific locations and at particular times during cellulose production [128].
The use of IRE to decellularize organs has also been investigated [129]; results
point toward potential applications in the fields of tissue engineering and regenera-
tive medicine where the inherent mechanisms of IRE to nonthermally ablate tissue
while sparing the extracellular matrix, blood vessels, and nerves, could have major
implications. Similarly, these characteristics of IRE have also found an application
for wound healing and scarless skin regeneration [130, 131], organ regeneration
[132], and as an antiseptic for burn wounds [133].
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Multi-scale Biophysical Principles
in Clinical Irreversible Electroporation

Daniel C. Sweeney, Robert E. Neal Il, and Rafael V. Davalos

3.1 Introduction

Irreversible electroporation (IRE) is a focal ablation methodology that involves gen-
erating brief, but intense, electric fields in a target tissue. These electric fields operate
on the cell level to electrically perforate—or permeabilize—the cell membrane while
maintaining the structural integrity of the extracellular components [12]. The devel-
opment of IRE technology significantly improved the outcomes of patients with late-
stage pancreatic cancer. A study investigating such outcomes found that the median
survival of stage III pancreatic cancer patients rose from 6—13 to 24.9 months in a
200-person study following IRE treatment [31], roughly doubling patient post-
treatment survival.

The movement of electrons and other charged moieties is central to the mecha-
nisms driving the clinical efficacy of IRE, which are motivated by an electrical
potential (voltage) gradient. Similar to heat conduction, such a gradient is usually
established using one electrode/s from which the electrons flow (source) and one or
more electrode that accept the flow of electrodes (sinks). The geometry of the source
and sink electrodes largely determine the distribution of electric field within a target
tissue during an IRE procedure. It is imperative that the clinician has a conceptual
understanding of how electric fields are distributed when treating a patient with IRE,
and we seek to provide the context and intuitive understanding of the phenomena
motiving IRE treatment in this chapter.

One of the central considerations inherent in any procedure involving the appli-
cation of electric fields is that they are difficult to visualize in real time. Visualization
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is difficult for any electric field distribution because it represents the force that can
be exerted on a unit electrical charge positioned at every point. For the case of the
electric fields generated in IRE procedures, these fields represent the force acting on
a charged particle, rather than the movement of the particle itself, and therefore may
only be evaluated indirectly. While monitoring electron flow [27] and the small
changes in temperature generated during IRE [5], clinicians have largely relied on
treatment planning algorithms and empirical or a priori knowledge of the tumor
anatomy and physiology to determine the order in which ablations should occur and
their positioning within the tissue to optimally destroy the target tissue while mini-
mizing collateral damage to healthy tissue.

Several mathematical techniques form the foundation for the clinically relevant
treatment planning for IRE procedures. Analytical techniques are useful for gaining
an intuitive understanding of the biophysical mechanisms associated with
IRE. These techniques, however, are not able to capture many of the geometric
complexities of biological tissue and have little clinical use outside of gaining a
clinical intuition about how electric fields behave in such materials. Analytical tech-
niques will be discussed at the cellular level, and, while not explicitly accurate for
every example, it is our hope that the conceptual lessons learned from these math-
ematical formulations will give the reader an intuitive understanding of why and
how IRE is performed the way it is.

The finite element method (FEM) is the workhorse of IRE treatment planning
and will be utilized to outline the tissue-level considerations in the second part of
this chapter. In IRE procedures, FEM modeling is especially useful because real,
patient-specific tumor, organ, and tissue geometries are used to plan individual- and
tumor-specific ablations. In a typical model, images from 3-D medical imaging
modalities—such as MRI or CT scans—are reconstructed into 3-D geometries and
then subdivided into smaller sections or finite elements. The governing physical
principles are then solved on each element. These elements are then used to recon-
struct piecewise functions that allow the relevant physical quantities to be deter-
mined at every point within the whole geometry. For example, in a typical IRE
procedure, a clinician might image a tumor and send the scans to an engineer who
will reconstruct the scans into their 3-D geometries. Once reconstructed, the engi-
neer will insert models of electrodes into the tissue and determine how the electric
field should be applied to which electrodes in which order for optimal tissue abla-
tion [16]. The engineer will send the reconstructed model back to the clinician prior
to treatment so that they are able to perform the treatment in the optimal manner.

3.2 Electric Fields

Electromagnetic fields appear ubiquitously throughout the biological realm; chemical
gradients directly give rise to electric fields, appearing in fields from developmental
biology to wound healing. Modern electrodynamic theory was developed by James
Clerk Maxwell in the mid-nineteenth century [32] and has subsequently been adapted
and developed to explain electrical phenomena observed in biological interactions.



3 Multi-scale Biophysical Principles in Clinical Irreversible Electroporation 43

Within a tissue, the local electric field intensity is directly related to the ablation field
[12]. If modeled accurately, it can provide invaluable information to the medical opera-
tor toward the visualization of the expected final lesion volume and how it will change
in relation to adjusting ablation parameters (geometry, pulse number, length, voltage,
etc.). Therefore, the assumptions, considerations, and solutions critical to mathemati-
cally modeling electroporation are developed below with the goals of compiling and
reviewing the essential concepts that have driven the advancement of electroporation.

3.2.1 Pulse Characteristics

The electric fields generated for clinical use have included many different wave
shapes, including triangular, ramp, sinusoidal, and exponential, though typically
treatments are delivered using square pulses. However, typically square pulses are
used for IRE treatment, and it is important to discuss the terminology associated
with such waveforms before delving into the physical concepts relevant to
IRE. Figure 3.1 schematically demonstrates the terminology commonly used to
refer to an IRE pulse waveform. The polarity of a waveform (e.g., monopolar or
bipolar) refers to whether its amplitude varies only in the positive direction or both
in the positive and negative directions. The pulse width refers to the total “on-time,”
or time where the pulse is nonzero, and may be used to describe portions of the
waveform in either the positive or negative direction, or both, depending on the
context. The intra-pulse delay describes how much time passes before the comple-
tion of one pulse and the beginning of another, though it typically is used to describe
the delay between pulses of opposite polarity in bipolar pulses. IRE treatment gen-
erally involves delivering tens to hundreds of pulses with a set amount of time
between each pulse treatment repetition, and the inter-pulse delay is the amount of
time between each pulse. The amplitude describes the magnitude of the potential in

Bipolar Pulse Monopolar Pulse
O)
of,] e | -
Q! lo ®
xXn

@ Positive amplitude (@ Negative pulse width @ Intra-pulse delay
(@ Positive pulse width (&) Pulse repitions (cycles)
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Fig. 3.1 Anatomy of bipolar and monopolar square electrical pulses. Waveforms commonly used

in IRE are shown schematically to indicate terminology. A train of n bipolar pulses are shown fol-
lowed by a single monopolar pulse
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a single direction, measured from the sink electrode. These parameters may vary
from treatment to treatment, but typically 80 pulses with pulse widths of 100 ps and
repeated at once per second 1 Hz are used for an IRE treatment.

3.2.2 Ohm’s Law

The relationship between an electrical potential V and the flow of electrical current
I is frequently described as V = IR where R is the degree to which a given material
will resist the flow of current (resistance), which is the one-dimensional form of
Ohm’s law. Indeed, Ohm’s law must be generalized to accurately represent geome-
tries when considering complex tissue shape factors encountered when applying
Ohm’s law in more than one dimension. In multiple dimensions, the electrical field
E arises from a potential drop between two points connected by path 1. The potential
drop across that path provides the electric field along the orientation of 1 for every
point along the path on each electrode and through tissue as

AV = - [E-dl. 3.1)

The electrical current is defined as the density of electrons flowing through a
closed surface. Similar to the flow of a fluid driven by a pressure head, the flow of
electrons is driven by a potential difference. In the fluid analogy, the total pressure
head is equal to the integral of the pressure gradient at each point in the fluid flow.
Similarly, electrical current flow is described by Eq. 3.1 in much the same manner:
the total potential drop across a material is given by the electric field at every point
integrated between the beginning and ending points.

Further extending the idea of electrical current using the fluid analogy, if we define
the electrical current through a unit of volume, similar to a control volume in fluid
dynamics, we obtain a current density J. If J is defined at every point in a fluid flow, and
we integrate across the entire fluid volume Q (Fig. 3.2a), we can obtain a flow density J
that gives the density of fluid (or electrons) and in which direction it is flowing. In order
to measure such a density, we must define a surface in two-dimensional space through
which J is flowing (Fig. 3.2b). For a simple fluid flow, this surface might be the cross
section of a pipe. Abstracting this to an arbitrary unit surface\partial dQ, the flux
integral

1:<§J-dQ (3.2)

gives the current / as the integral of the current flow density J through an arbitrary
closed surface\partial Q). For a one-dimensional electron flow through a known cross
section, Ohm’s law is given as V = IR. However, visualizing two- and three-dimen-
sional current paths and electric field distributions between two surfaces is slightly
more complicated because the current does not travel homogeneously through the
material but rather as a distribution such that the current density is spread through-
out the entire ohmic material. Thus, the electrical current can be broken into its
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Fig. 3.2 Phenomenological relationship between electrical conductivity ¢; and electrical current
density J = < J,, J,, J, >. (a) Each component of the total electric current density vector J may
experience a different conductivity through each unit component d€2 within an ohmic material. (b)
A potential drop AV =V, — V, between conducting surfaces separated by an ohmic material with
conductivity o results in a current density J through that material and an electric field of uniform
intensity [El = AV/I

vector components J = < J,, J,, /> where J,, J,, and J, are magnitudes of electrical
current density flowing in each the x, y, and z directions.

3.2.2.1 Electrical Conductivity

For an arbitrary geometry in the domain Q, exposed to electric field E, a current
density J will develop in each of the x, y, and z directions. Thus, J, described as the
flow of electrons (electrical current) or ions (ionic current) per unit volume, is moti-
vated by the electric field distribution within a given material Q. For low-frequency
or DC electric fields, we can relate E to J through Ohm’s law on Q as

J=cE. (3.3)
where
Ex O-)cc ny o-xz Jx
E=E |,c=|o, o, o.|d=|J,
Ez sz zy Gzz Jz

Because the electrical potential drop as well as the current flow can occur in each
spatial dimension, the conductivity ¢ must be represented as a 3 x 3 matrix (also called
the conductivity tensor) that describes how the electric field in each direction can impact
the current flows, or is conducted, in each dimension. For current flowing as the result of
a potential drop within an arbitrary material in Cartesian coordinates, we can write

Jx O-xx O-)Cy O-XZ EX
Jy = O-yx o-yy o-yz Ey ’
JZ O-Z)C O-Zy GZZ EZ
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to show these interactions explicitly, where the subscripts on £ and J indicate the direc-
tion of that vector component (i.e., J, is the current density in the x direction) and the
subscripts on ¢ are the ratio of each electric field component to each current density
component (i.e., 6,, is the ratio of the electric field component E, divided by the current
density component J,). For a typical material, ¢ is generally symmetrical, meaning that

o, 0, O, . O 0
c=|o, o, o.|=|0 o, 0] (34)
sz Gzy Gzz O 0 Gzz

3.2.2.2 Permittivity
Rather than simply allowing electron flow, a material may become polarized in the
presence of an electric field at high frequencies. This behavior is known as permit-
tivity. A material’s permittivity describes its ability to become polarized in an elec-
tric field. This effect is due to the realignment of molecular dipoles motivated by the
applied electric field. Permittivity is generally expressed relative to the permittivity
of free space €,. Because it takes time for molecules to rearrange when the electric
field is applied and removed (Fig. 3.3), the permittivity of a material gives rise to the
transient response and may be thought of as the ability of a material to store electri-
cal energy. Such properties are ideal in electrical components such as capacitors that
are designed for this purpose. The capacitive current J. through a material in a
domain € with relative permittivity €, is given as
OE
J.=¢¢, P (3.5)

Similar to conductivity, €, is given by the permittivity tensor

r

a b
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Fig. 3.3 Permittivity describes the extent to which a dielectric material composed of molecular
dipoles or polarizable molecules to reorganize exposed to an electric field. The dipoles that are
normally randomly distributed in a material (a) will realign with respect to the electric field E
within a material (b). This results in the production of a capacitive current J,
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Fig. 3.4 Conductivity and relative permittivity of common tissues treated using electroporation-
based therapies. The electrical conductivity o (left) and relative permittivity €, (right) of common
tissues are plotted for frequencies from 1 Hz to 1 MHz [17]
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which indicates how the capacitive current in each direction is generated through
how the electric field changes in each direction over time. A material that exhibits
such polarization properties is called a dielectric, and its relative permittivity €, may
also be referred to as its dielectric constant. Oftentimes, a material can be consid-
ered isotropic, or possessing uniform material properties in every direction. Even if
a material is not entirely isotropic on a molecular level, it may be considered such if
the bulk conductivity, permittivity, and permeability are presented on a scale at
which the material appears macroscopically homogeneous, such as in liver. In such
cases, the tissue conductivity and permittivity can be determined generally through-
out as a function of frequency, as depicted in Fig. 3.4. Introducing the capacitive
current’s dependence on angular frequency @ = 2zf (where fis given in Hz.) in a
uniform material as J. = €,eowE, we can write an equation stating that no current is
generated within any point within the bulk of the material. This is known as the cur-
rent continuity condition and can be written as [36]

(G + jereoa))V -E=0, 3.7

where j= J=1 is an imaginary number. By solving for E, we obtain a modified
expression similar to Ohm’s law that accounts for the time-dependent changes pres-
ent when the signal changes in time. This transient quantity, analogous to a tissue’s
ohmic resistance, is known as the tissue’s impedance Z. However, in the course of
integration, several spatial dependencies must be considered, though, if conductiv-
ity and permittivity are constant in space and time, the spatial component of the
material’s impedance may be represented by the shape function K. In this case, the
impedance of a tissue is given as
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1

=— 3.8
K (o + je€0) 68

Shape functions will be discussed further in the following section, though the
transient response of a material may be estimated using Eq. 3.8 to estimate the
impedance of a material with uniform, static conductivity and permittivity.
Because biological tissue’s properties change relatively slowly compared to the
duration of the applied electric field in a typical IRE procedure, the electrical
properties are considered quasi-static and are estimated at low frequencies
(DC-1 kHz).

3.2.2.3 Shape Functions

For a material with no transient response in more than one dimension, we adapt
Ohm’s law to multiple dimensions using a shape factor K such that the total resis-
tance of the material R is given by

R=-L.
Ko

Representing Ohm’s law in this manner greatly simplifies the estimation of tissue
properties from the electric field distribution using readily measurable quantities,
voltage V and current /. Shape factors calculated for several common electrode
geometries in an electrically homogenous material are given in Table 3.1. For exam-
ple, in the case of an ohmic material separated by two large conducting plates, the
shape factor given in Table 3.1 is K = A/, where A is the surface area of the plates
and [ is the distance between them. In this case, the resistance of the material is
given as R = l/(Ac), which corresponds to the general resistance of a short
cylinder.

This example illustrates two particularly useful concepts in developing an intu-
ition with regard to how electric fields behave. If the area of the electrodes in this
geometry is increased, the total effective resistance of the system is decreased,
meaning that more total current will flow through the material. However, the current
going through the system may be decreased if the distance separating the two plates
is increased. These relationships are intuitively true in a given geometry, and their
interplay is helpful in understanding a material’s response in the presence of an
electric field.

(3.9)

3.2.3 Laplace’s Equation

Given a homogenous material exposed to an electric field, the conductivity (and
permittivity, in the case of a dielectric) may be divided from both the right- and left-
hand sides of the continuity equation, leaving V-E = 0. Considering the definition of
an electric field E = —V ¢, the general form of an electrostatic field can be solved by
Laplace’s equation as
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Table 3.1 Shape functions for calculating the electrical resistance in a tissue for a given electrode

configuration

Electrode geometry

Shape factor (K)

Parallel plates of surface area
A separated by a material of
length /

P

A

l

Cylinder and plate for which
d>>randA>>r,dand dis
the cylinder length

(23

2nd
cosh™ (1/r)

Parallel cylinders of length d
in an infinite material for
which [ >>ry, r,

2rl

cosh™ (212 — 2 =2y j

nhhn

Two spheres in an infinite
material and for which r, > r,

Sphere and plate in a
semi-infinite material and for
which /> r

(2

4rr

1-r/(21)

Adapted from Bergman et al. [4]
To calculate resistance, use R = 1/(cK) where K is the shape function listed in the right column

Vip=0 (3.10)
where ¢ is the local electric potential field and the Laplacian operator is defined
for Cartesian coordinates as V*¢ = ¢,, + ¢,, + ¢... From a physical perspective,

Laplace’s equation indicates that no electric field source exists within the material
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Table 3.2 Typical electrical properties of cellular components of an isolated cell

Parameter Variable | Value Unit Reference
Permittivity of free space €o 8.854 x 10712 As/Vm

Extracellular (saline) relative €, 75 [6]
permittivity

Extracellular (saline) conductivity o, 1.25 S/m Measured
Cell membrane relative permittivity €n 7 [22]

Cell membrane conductivity [ 3x 1077 S/m [19]

Cell membrane thickness d, 4 nm [3]
Cytoplasm relative permittivity €; 60 [21]
Cytoplasm conductivity o; 0.5 S/m [22]

Cell radius r 10 pm

Adapted from Cemazar et al. [8]
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Fig. 3.5 The solution to Laplace’s equation for two infinitely long cylindrical electrodes. The
solution to Laplace’s equation is given for the case of 1.0 V applied across 0.1 cm (ID) cylindrical
electrodes spaced 2.0 cm apart. Contours are given for 10, 20, 30, 40, and 50 V/cm (Adapted from
Mahnic-Kalamiza et al. [28])

and can only exist at the boundaries. From here, modeling the electric field distri-
bution for a particular geometry is performed by solving Laplace’s equation in
each subdomain with a given material property using the isopotential and current
continuity boundary conditions giving an electric field distribution. For the case
of two cylindrical electrodes, the solution to Laplace’s equation is shown in
Fig. 3.5.

3.2.3.1 Parallel Plate Electrodes

The simplest geometry for which an electric field may be calculated is that of two
conductive parallel plates of surface area A separated by distance d (with the condi-
tion that A >>d). The electric field intensity within the material may then be approx-
imated along a single dimension as E = —V¢ ~ —AV/d. By scaling the total current
I for a unit surface area on the conducting electrode as I/A, Ohm’s law confirms the
shape factor given in Table 3.1, yielding
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AV:RI:LI,
Ao

after rearrangement. It is important to note that though the electric field is equivalent
to the voltage-to-distance ratio in the case of parallel plate electrodes, this is not
always the case, and the reader should exercise prudence when applying the prin-
ciples herein described for more complex geometries.

3.2.3.2 Two Cylindrical Electrodes

Electrode configurations consisting of two or more cylindrical, needle electrodes
are almost ubiquitously used in ECT, GET, and IRE. An analytical solution exists
for the electric field intensity as a function of position around the electrode inser-
tions in the plane perpendicular to the exposed conductors. The electric field due to
two long, cylindrical electrodes of equal radius r, = r, = p, placed at positions (x,,
y,) and (x;, y,) with their centers offset by distance d,, is given as

(pab
E(xoayo): :
2log d, +\/d:b —4p,
2p,
X, —x X, —x

(=) + (i =2) (5 =x) (5 -»)
@3.11)

Yo=Y ~ V=

e +0i—) o) +(n—)

for the general form of the analytical solution for two electrodes [9, 28] to Eq. 3.10,
with constants as

X, =X, +|e|-sin6,,6, = arctan 222
Xp =X,
' . Yo 7Y
X, = x, +|e|-sin6,,0, = arctan ——",
xa_xb

Y; =V +|e|'Sin9|’

, . d |(dY
ybzyb+|e|-s1n92,e:5— (Ej -pe.

From this calculation, several particularly important phenomena arise that may
not be obvious. From inspection of Eq. 3.11, we recognize that the electric field does
not decay linearly between the two electrodes—i.e., the voltage-to-distance ratio
does not provide a valid representation of the local electric field intensity,
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dramatically overestimating the treatment result. The electric field intensity distribu-
tion for this geometry is plotted in Fig. 3.5, and it quickly becomes clear that the
shape of the electric field in this configuration appears to resemble the two-dimen-
sional projection of a peanut or an infinity symbol: the electric field intensity is great-
est near the electrode and decays radially between them. Consequently, any electric
field-dependent phenomenon will occur first at the electrode-tissue interface first
before propagating throughout the remaining exposed tissue.

The two-needle electrode geometry may be extrapolated to an arbitrary number
of electrodes placed around a target tissue volume. For N electrodes positioned
around a tissue mass, the electric field distribution is given by the superposition of
the electric fields generated by each electrode, depending on the geometry and the
sequence in which the electric field is applied [14] (Fig. 3.12). However, there are
several important consequences of arranging electrodes in arrays and then energiz-
ing pairs of them in sequence. By energizing any pair electrodes following a differ-
ent pair, the total electric field experienced within the total tissue is a sum of the
electric fields generated by each of the electrode pairs. While this may not signifi-
cantly impact the electric field distribution in a tissue with static conductivity and
permittivity, the electrical properties of biological tissue change as a function of
electric field intensity, temperature, and time. In a realistic procedure, the electric
field distribution between any two sets of electrodes in an array will be dependent
on the electric field distribution generated between the previously energized elec-
trode pairs. This will effectively manifest as unequal resistances measured between
two otherwise geometrically similar electrode pairs. Though IRE schemes are
designed to largely account for these differences, they will nevertheless be present,
and similar resistance measurements should not be expected.

3.3 Cell-Level Phenomena

In general, biological tissue has a very hierarchical structure; a tissue’s smaller scale
components dictate its gross anatomical form. Specifically, in the case of
electroporation-based treatments and therapies, the biophysical action of the treat-
ment at a molecular level dictates the cellular effects which, in turn, dictate the tis-
sue and organ-level outcome of the treatment. It is because of this structure that
attaining a holistic understanding of electroporation processes at the cellular level
helps caregivers exploit the relevant physical mechanisms to attain more accurate
and clinically advantageous treatment plans and protocols.

3.3.1 Transmembrane Potential and the Schwan Equation

The cellular membrane functionally separates the interior of a cell from its external
environment, thereby establishing chemical gradients that the cell utilizes for gen-
erating action potentials, nutrient uptake, and waste export. These chemical gradi-
ents establish an osmotic gradient across the relatively impermeant membrane. Due
to the electrical charge distribution within many of these molecules, the chemical
gradient established across the cell membrane also establishes a large electric
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potential difference (~70 mV). When an electric field is applied across a cell, oppos-
ing charges gather at opposing sides of the membrane and generate an electrically
induced pressure across the membrane. When this pressure surpasses a threshold,
defects in the membrane are expanded and allow molecular transport into and out of
the cell. This is the mechanistic basis for electroporation.

In 1957, H. P. Schwan developed the expression now carrying his name for the
transmembrane potential induced by an exogenous electric field applied to a spher-
ical cell [41]. The Schwan equation is commonly employed to provide an intuitive,
analytical description of the mechanism giving rise to electroporation phenome-
non. The formulation of the Schwan equation considers concentric spherical
regions to represent a cell. The transmembrane potential is the difference in poten-
tial in the radial direction across the thin region separating the center region of the
concentric spheres defining the membrane boundaries; in other words, the mem-
brane is modeled as the dielectric shell. In such a case, the transmembrane poten-
tial is defined as

¢, (r,0)= f,ERcos(0), (3.12)
where

20, [3dmR2cr,. + (3diR -d )(O'm -0, )J

f.= .
2R’ (Gm +26i)(6m +;Gij_2(R_dm )3 (Ge —Gm)(O'i —Gm)

In this case, the cell membrane has a thickness of d,,, and the radius of the cell to
the internal surface of the membrane is R. The conductivity of the cytoplasm, mem-
brane, and extracellular medium are given as o;, 0,,, and o,, respectively. In reality,
there is a time dependence on the induced transmembrane potential ¢,,. This time
dependence can be approximated through further simplifications performed under
the conditions that the membrane diameter is much smaller than the radius of the
cell (d,, << R). Through substitution of ¢ + je, €y for ¢ in order to obtain the tran-
sient components of the transmembrane potential given by the Schwan equation and
if the permittivities of the internal and the external electrolytic media are negligible
(e; ® €, = 0), and the conductivities of the internal and external media are signifi-
cantly greater than that of the membrane (o,, << 0;,0,), the membrane charging time
constant 7 is given by

Re

m

2 [9% Vi ko
o, +20,

We may now rewrite the time-dependent Schwan equation as

T =

0, (r,@,t):fSErcos(O)(l—exp[—ij, (3.13)
T

which demonstrates how the transmembrane potential depends on the geometric
contributions of the cell shape f;, the exponential dependence on time ¢, and the polar
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Fig. 3.6 The surface area of the cell membrane experiencing a significantly increased transmem-
brane potential ¢,,(0) is increased for cell geometries perpendicular to the electric field. The trans-
membrane potentials induced on spherical and oblate and prolate spheroidal cells are plotted and
indicate that the greater the projection of the cell surface parallel to the electric field, the greater
the area on the cell membrane that experiences significantly increase transmembrane potentials
(Adapted from Kotnik and Miklavcic [26])

position . We must consider that cell geometry and orientation with respect to the
electric field affect the induced transmembrane potential. The transmembrane poten-
tials resulting from extending our analysis to prolate and oblate spheroidal geome-
tries with interior membranes (shells) are shown in Fig. 3.6 [25, 26]. The
transmembrane potential profiles shown in Fig. 3.6 highlight how the regions of the
cell surface perpendicular to the electric field experience the greatest transmembrane
potential, resulting in the greatest probability of electroporation in these areas. It is
important to note that the transmembrane potential expression is similar for prolate,
oblate, and spherical cells; the oblate geometry experiences a considerably larger
surface area of the membrane to larger transmembrane potentials than the prolate
geometry. In practical terms, this indicates that cells positioned with their long axes
perpendicular to the electric field (oblate) will exhibit a significantly greater average
membrane permeabilization than if their long axis is parallel to the electric field.

3.3.2 Pore Generation in Bilayer Lipid Membranes

In 1979, Abidor et al. were able to link the increased conductivity and molecular
transport observed post-exposure in bilayer membranes to membrane defects arising
from the colloidal nature of lipid bilayers [1], and in so doing, developed the bio-
physical explanation underpinning modern electroporation theory.

An intact bilayer membrane will form spontaneously in an aqueous material.
Once formed, a membrane is subject to thermodynamic fluctuations that govern its
structural properties at the molecular level; the distance between charged lipid head
groups fluctuates while maintaining the hydrophobic membrane core because of the
random thermodynamic motion of the lipid molecules [24]. Representing these
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Fig. 3.7 Energy of pore formation becomes favorable with increasing transmembrane potential.
A membrane defect that forms as a result of normal thermal fluctuations of the cell membrane
increase in radius is forced to expand in the presence of an increased transmembrane potential—a
hydrophilic pore—and eventually cause the lipid head groups to invert when the defect has reached
a critical radius r = r: to energetically stabilize the structure, forming a hydrophobic pore

random fluctuations as a statistical distribution, it becomes conceivable that there is
a small probability that the random motion of the lipid molecules in the bilayer
membrane will generate a defect in the membrane structure in which an intramo-
lecular space will form that is large enough to permit a molecule to penetrate the
hydrophobic core and emerge on the opposite side (Fig. 3.7). Though not explicitly
detailed here, the derivation of the following interfacial physics calculation is
detailed in [1, 20, 29, 30] for interested readers. In 1999, DeBruin et al. simplified
the explanation of the second type of defects that form as hydrophilic pores by
introducing a quadratic term to represent the energy of this enlarged defect—termed
a hydrophobic pore—rather than the modified Bessel functions used previously [13]
(Fig. 3.7).

Once the radius of a defect reaches a critical value, denoted r = ", the lipid head
groups invert and energetically stabilize the pore, bridging the two membrane leaf-
lets and creating a hydrophilic pore. This stabilization is reflected as a local mini-
mum in the energy function r,, > r" and indicates that, once hydrophilic pores are
formed, they tend to aggregate at r = r,, before collapsing back to an intact mem-
brane. Physically, these dynamics are captured by modeling a hydrophobic pore
using the quadratic term proposed by DeBruin et al. such that a global minimum
energy is achieved at r = 0, where the hydrophobic pore of radius is normalized to
the radius at which the hydrophilic-hydrophobic transition occurs r". The energy
associated with that transition is denoted as E(r«) = E.. The hydrophilic pore energy
is developed by considering a dielectric material separating two bulk phases of a
conducting material. The term 7a przgojl represents the electrical energy that moti-
vates the transition of a hydrophobic to hydrophilic pore, similar to a discrete capac-
itor. The inside of a hydrophilic pore is associated with a linear tension 2zry, and
whole membrane experiences a surface tension z7°[". An additional term is added
here as a quartic term to represent the steric interactions of the lipid head groups in
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the pore with C as the interaction constant. Together, with the introduction of an
exogenous electric field added to the energy function

7

*

E,,.(r)= \ : (3.14)
2nry —mr’T — n'aprz(pjl + (gj r<r<d,
r

2
r 2 2
E*[—J -ma,re, O<r<r,

where ¢,, is the transmembrane potential and g, accounts for the difference in
dielectric properties between an intact membrane and the surrounding aqueous
environment, estimated as [1, 38]

a = (ew _61)60 .

’ 2d

m

Figure 3.7 shows the altered pore energy function arising from increased trans-
membrane potentials. It is of note that dramatic deformation for r > r. occurs at
potentials ~200 mV and has been estimated experimentally to be between 0.2 and
1V [39].

34 Electric Field Distribution in Gross Tissue

Through our discussion of the effects of an electric field on a single cell, we can
expand the discussion to multicellular and tissue-level systems. With the understand-
ing that the electric field intensity, frequency, and waveform are the most easily
manipulated parameters to adjust for electrode arrays of a fixed geometry, and that the
transmembrane potential both directly depends on the magnitude of the applied elec-
tric field and drives electropore formation, a tissue-level perspective of the effect of
electric fields in vitro may be quickly developed. With the electric field intensity driv-
ing electroporative processes, such as IRE, it becomes critical to predict the electric
field distribution within a biological tissue. At frequencies <10 kHz, it is commonly
assumed that the electric field distribution may be approximated using the Laplace
equation. In this case, the tissue is only considered resistive, with no capacitive com-
ponent. While this assumption provides an incomplete model for tissue, it is nonethe-
less widely used and provides valuable information. The typical frequency content of
an electrical signal used in clinical applications of electroporation is below 10 kHz,
and, as such, our discussion will focus on the tissue response within this range.

3.4.1 Deviations in Electrode Geometry

Idealized plate electrodes are considered completely planar, while cylindrical elec-
trodes are considered perfectly cylindrical and parallel. However, in reality,
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scenarios present where it becomes necessary to account for slight variations in
intraoperative electrode placement and positioning. For example, electrodes may be
placed slightly skew, or a particularly dense tissue region may cause electrode
bowing or off-parallel insertion when using needle electrodes. Though these varia-
tions may appear slight, they may result in suboptimal, incomplete, or excessive
ablation.

3.4.1.1 Bowing and Angulation

Inserting and maintaining parallel two-needle electrodes into a highly structured
tissue, even with guides and sharpened ends, may prove challenging due to multiple
tissue layers, dense connective tissue, or soft tissue deformation during treatment.
This angulation results in an intensification of the electric field and current density
toward the conducting surfaces in closest proximity Fig. 3.8. Significant angulation
may result in the incomplete ablation of tissue regions where the conducting sur-
faces of the electrodes are farthest apart and, though complete ablation occurs
around the surfaces of electrodes in close proximity, unwanted heat may be gener-
ated in this region due to the increased current density driving increased Joule heat-
ing (discussed later). Though addressed individually, these aberrations may be

Skewness

+2 cm Ocm -2.cm

e e = 450
e e e 400

—5°

350
IS 300
gl |E|
0 S B & |0
C
< 200

- 150

- 100

+5°

& & &8 -

Fig. 3.8 Angulation and skewness of exposed electrode surfaces can significantly impact the elec-
tric field intensities driving electroporation within the target tissue region. In simulated, isotropic
liver tissue (6 = 0.1 S/m, €, = 80), cylindrical needle electrodes with radii of 1 mm and sharp conical
tips are inserted 10 cm into the simulated tissue mass. One centimeter of the conducting surface of
the electrodes, excluding the tip, was exposed on each electrode, and simulations are given at steady
state, without considering dynamic conductivity tissue responses to the electric field or temperature.
1.5 kV were applied to the two electrodes, which are spaced 1 cm apart in the central image



58 D.C. Sweeney et al.

compounded and result in over- and under-exposed tissue regions to be subopti-
mally or ineffectively treated.

When electrodes deform along their length during placement—called bowing—
regions of tissue may experience increased or decreased electric field intensities
because the electrodes are closer or further apart, respectively. Bowing, similar to
angulation, may cause regions of underexposed tissue to remain insufficiently per-
meabilized to effectively enhance molecular transport or to induce cell death.
Overexposed regions will experience increased Joule heating and may be more sus-
ceptible to unintended thermal damage.

3.4.1.2 Skewness

For an ideal placement, electrodes are often placed in the same plane and focally
ablate the tissue region between the exposed conductors. However, scenarios
present where electrodes may not be inserted to exactly the same depth because of
sensitive tissue structures or other such anatomical consideration. In this case, it
is imperative to consider the ratio of the characteristic length of the exposed con-
ducting surface on the electrodes to the distance between them. If not properly
handled, skew electrodes can either cause an underestimation of the tissue treat-
ment volume because a greater distance than expected separates the two electrode
surfaces. However, if well considered, a skewed electrode placement can confer
the benefit of being able to more elegantly deliver the electric field intensities
necessary for IRE to a tissue region with complexities such as vascularity or
anisotropy.

Generally, though, for an isotropic tissue, angulation will result in an overes-
timate of the ablation volume because the physical distance separating the two
electrodes will be greater. This greater distance may not matter for slightly skew
configurations of a few millimeters but will significantly impact the treatment
volume when the distance between electrode surfaces is more than about half of
their height of the electrode. However, if the two electrodes are placed in close
lateral proximity (i.e., the shaft of the two electrodes are close together) and
separated by roughly the distance similar to that of the exposed electrode sur-
face, the ablation volume will appear ellipsoidal along the axis of the electrode
shafts.

In general, the ratio of conductor surface areas to the distance separating them
indicates whether the electrodes generate an electric field with a conduction shape
function that will more closely resemble a point source and a semi-infinite plane or
a parallel electrode configuration. Small differences in exposed surface area will not
significantly impact the electric field, so long as the electrodes are approximately
symmetric around a central axis. It is important to recognize the distortions that may
be present under these circumstances.

3.4.1.3 Tissue Inhomogeneity

Tissue structure and orientation are complicated by the presence of multiple tissues
performing multiple tasks in close proximity; a tissue’s electrical properties are
derived from this structural organization. Therefore, a tissue’s physiology must be
carefully considered in pretreatment planning for IRE procedures.
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Fig. 3.9 A tissue exhibiting anisotropic conductivity will distort the expected electric field
depending on the electrode placement. Electrodes were inserted into simulated anisotropic tissue
(muscle; €, = 80; 0 =(0,.,0,,0_,)) at the points shown in (a), and the lesion geometries
around the electrodes are indicated by the surfaces around the electrode tips. The electric field
distortions generated in the xy-, yz-, and xz-planes as a result of different anisotropic conductivities
are shown in (b). The electric field was generated using an applied potential of 1.5 kV, and the
500 V/cm electromagnetic intensity isosurface of the resultant electromagnetic field distribution is
shown. The axis indicator refers to the electrode positioning of the images with the electric field
isosurfaces rather than the orientation in (a); this orientation is conserved in (b)

3.4.1.4 Anisotropic Tissue

Electrical anisotropies arise from asymmetric distributions and orientations of tis-
sue and its constituents that allow electrical current to flow in one direction more
easily than another Fig. 3.9. Physically, these anisotropies mean that the conductiv-
ity tensor o; is not equal in each coordinate direction (o,, # 0,, # 0.,) and that the
electric field distribution will be distorted because the electron flow will be directed
according to the particular anisotropy. For example, muscle tissue is highly aniso-
tropic as the muscle fibers stretch along the contractile axis of the tissue. This struc-
ture allows electrical current to flow more easily along the contractile axis with the
fiber alignment, rather than against it.

3.4.1.5 Vascularization and Perfused Tissue

During exposure to electric fields, fluid flow and the vascular structure itself gener-
ate inhomogeneities within the tissue that complicate the prediction of its response
Fig. 3.10. If the perfusate is an electrolyte, for example, blood flowing through the
portal vein in the liver, it may conduct electric current better than the surrounding
tissue and result in a large anisotropy along the axis of fluid flow at the local vessel
region. Conversely, the vascular walls produce a large capacitance that introduces a
nontrivial time dependence into the electric field distribution that might not be pres-
ent in relatively homogeneous bulk tissue, like the lobe of a liver.

3.4.2 Joule Heating

Thermal considerations are critical when planning and delivering IRE treatment to
a target tissue region. While delivering electric current to a tissue, it may be
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Fig. 3.10 The electric field surrounding tumor tissue embedded in normal vascularized tissue
(liver) will distort the electric field delivered to the target tissue. A simulated liver tissue with static
electrical properties (to emphasize the effect of inhomogeneous tissue) is shown with the gallblad-
der, hepatic ducts, liver lobule tissue, and falciform ligament each exhibiting different electrical
properties. The electric field surface shown for a potential ablation zone is shown from the (b) right
dorsal sagittal, (¢) left dorsal sagittal, and (d) superior transverse perspectives. Distortions in the
electric field occur at the tissue-tissue and tissue-air boundaries

important to deliver series of pulses, but it is critical to understand that thermal
energy is generated when electrical current travels through a resistive material.
When electrical energy is consumed by a material, the rate at which it is consumed
is given by the rate of energy conversion (power §2)

@=J-E=cl|E[.

In the case of biological tissue undergoing IRE treatment, this energy delivered
to the tissue is largely transformed into heat. It is desirable for the thermal damage
sustained by a tissue to remain minimal so that protein denaturation does not occur
and the structural integrity of the proteinaceous stromal components is not compro-
mised [11, 18, 35].

For a particular point in space, the heat generated in a unit volume of tissue Q is
given as Q = g, assuming perfect conversion from electrical energy to heat (i.e., Q
= olEP). Thus, the material conductivity ¢ directly impacts the heating of the tissue
as a result of the electrical energy. Generally, the temperature distribution and the
change in temperature for a region of tissue undergoing IRE treatment are calcu-
lated by Pennes bioheat Eq. 3.10 with an added term to account for Joule heating,
which is given by

or o
pcp§=v('<VT)+qm+qrp+0|E|2 (3.15)
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where p is the density of the material, ¢, is the heat capacity of the material, T is
temperature, ¢ ,, is the heat generated from metabolic processes within the tissue,
and ¢ , is the heat added to the tissue by a perfusate.

3.4.2.1 Dynamic Conductivity

The cell membrane serves as a barrier across which chemical and electrical poten-
tial gradients are established to drive cellular processes. When cells become electro-
porated, the membrane develops pores which permit the diffusive exchange of
normally impermanent molecules between the intracellular and extracellular envi-
ronment. This affects the electrical properties of a bulk tissue by both increasing the
conductivity of the extracellular material [23, 37] from the cytoplasm and opening
previously unavailable intracellular current pathways.

The bulk electrical conductivity of a tissue changes as a result of increased cel-
lular permeability during application of electric fields to a target tissue from empiri-
cally determined local electric field intensity as a function of the local electric field
intensity and temperature for a given point in space is given by

o, (ET)=(1+a(T- TO))[O'0 +(C e = )exp(—Aexp(—B|E|))}

where T is the temperature, T; is the initial temperature, « is the conductivity-
temperature coefficient (~ 1-3 %/°C) [34], o, is the initial electrical conductivity,
0,4 18 the electrical conductivity obtained when the tissue is maximally permeabi-
lized, E is the electric field intensity, and A and B are curve-fitting terms [34].

To illustrate the impact of intraoperative electrical conductivity changes arising
from temperature changes and exposure to electric fields, a simulated liver tissue is
shown in Fig. 3.11 to demonstrate the altered electric field and temperature

Conductivity Implant Radius

Static Dynamic 0.1 cm

[E|

: . o

NOTE: The same values were used for the contours arcross all images

Fig. 3.11 Dynamic conductivity and large conductive obstructions dramatically distort the elec-
tric field distribution. Biological tissues increase their conductivity in applied electric fields as cells
become electroporated. The electric field for the cases of static (¢) and dynamic conductivity
o(IEIT) are plotted in the right panel. The left shows the distortions in electric field created by the
presence of an electrically conductive object near the electrodes delivering IRE pulses with larger
obstructions affecting the electric field distribution more than small obstructions. Temperature
distributions are also given for each scenario and indicate that the temperature distribution is simi-
lar to the electric field distribution
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distributions. It is important to note that the tissue was considered without perfusion
and metabolic components to isolate the impact of the electric field, geometry, and
temperature on the conductivity distribution throughout the tissue. The left panel
shows a static homogenous conductivity (¢ = 0.15 S/m) and a dynamic conductivity
based on the dependence given by Sect. 4.2.1. While in the case of a static conduc-
tivity o, the electric field distribution closely mirrors that predicted by Eq. 3.11;
when a dynamic conductivity o(E, T) is used, the electric field is distorted, and the
electric field intensity becomes more evenly distributed across the tissue between
the electrodes because the current flowing between the electrodes is able to be dis-
tributed across a larger, more conductive region. The increased conductivity of this
region will necessarily permit more current under equipotential pulses and is
responsible for the change in resistance measured between the first pulse and the
last pulse in a train [15].

3.4.2.2 Pulse Number

IRE has typically been performed using a recommended 70-90x 100 ps pulse
delivered once every 1.0 s (1 Hz) at voltages that depend on the target tissue,
desired ablation volume, and electrode geometry [2, 42]. This setting was chosen
because it delivers the optimal number of pulses to achieve efficient cell death
throughout the tissue volume while mitigating thermal damage resulting from
Joule heating [10, 35]. Delivering more pulses will result in a growth of the abla-
tion zone due to the conductivity changes in the tissue and the greater probability
that cells within the ablation zone will be destroyed; though this could dramatically
impact the thermal damage to the tissue. With increasing pulse number, the abla-
tion zone size will initially make significant increases with pulse number during
the first ~70-90 but only marginally impact its size for the following pulses.
However, increasing pulse number, for equivalent-length pulses below the capacity
of the tissue to diffuse the heat generated by a single pulse, also increases the heat
generated in that tissue. Delivering a train of hundreds of pulses may not, effectu-
ally, impact the efficacy of IRE to kill cells but will certainly increase the heat
generated within and around the electrodes and ablation region [35]. For this rea-
son, it is critical to balance the pulse number with minimal thermal damage to the
tissue.

Several strategies to minimize tissue heating during IRE procedures have previ-
ously been employed. Simply adding inter-pulse delays between each pulse allows
some heat to diffuse away from the ablated tissue and results in less overall tem-
perature rise. In a similar vein, performing a train of pulses in rapid succession
followed by a longer delay achieves a similar effect, though with potentially larger
ablations generated within each cycle. Actively cooling the ablation region using a
heat sink would further mitigate IRE’s thermal effects by actively drawing excess
heat out of the tissue instead of allowing it to passively diffuse. Though the specific
details of these methodologies are not outlined here, increasing pulse number also
increases the concern for undesired thermal effects and spurs the need for effective
cooling.
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3.4.2.3 Conductive Implants

Metallic surgical implants (stents, bone screws, etc.) or instruments (other elec-
trodes, hemostats, etc.) have become commonplace, and it must be understood that
introducing such a material to an electrical environment will distort the electric field
distribution at an extend proportional to its size and conductivity relative to the size
and conductivity of the affected tissue. For example, small objects (treatment seeds)
will have a trivial impact, whereas larger objects (stents) will have a greater effect.
The conducting metallic surface will result in the buildup of surface charge which
diverts the flow of electrons with respect to that obstruction. However, a conducting
obstruction on the order of the same diameter as the needle electrodes does not sig-
nificantly distort the final ablation volume, and it has been shown that such struc-
tures do not impede the safe and effective delivery of IRE treatment [33, 40].
Similarly, the temperature distribution in a tissue is relatively unchanged for small
conductive obstructions, with larger obstructions impacting the temperature distri-
bution more significantly, assuming they begin at the same temperature as the sur-
rounding tissue. However, if these obstructions begin at cooler temperatures, they
may serve as heat sinks for heat transfer and ultimately generate lower temperatures
throughout the ablation region, if heating becomes a concern.

3.4.2.4 Electrode Exposure Length

The exposed length of the conductive electrode surface can also impact the electric
field distribution in an ablation region. For example, if only a small portion of the
electrode is exposed, and the electrodes are far apart, the electric field will appear
similar to that of an electric field applied between two spherical electrodes. However,
for longer electrode exposure lengths, the area between the electrodes will begin to
more closely resemble Fig. 3.5 and have a larger ablation zone in the direction par-
allel to the length of the electrodes.

3.4.2.5 Electrode Arrays and Pulse Sequences

It is possible to use multiple electrodes positioned in an array to perform IRE focal
ablation [7]. By grounding one (or multiple) electrode, and energizing another, an
electric field is generated inside the target tissue, as in the case of two-needle elec-
trode. Electrical pulses are often applied between each adjacent electrode combi-
nation to ablate a larger volume of tissue, but it is important to consider the
consequences of these serial pulsing combinations, such as the one shown in
Fig. 3.12a. Realizing that the tissue conductivity is dynamic and dependent on the
local electric field intensity and temperature, it becomes clear that if a region of
tissue has been electroporated previously, it will not have the same electrical prop-
erties with additional exposure. Indeed, additional electrical pulses delivered to the
tissue will depend on the previous electrified state of the tissue. Figure 3.12b shows
a cross-section of the electric field intensity and temperature distributions in simu-
lated liver tissue with steady conductivity (¢ = 0.5 S/m) and dynamic conductivity
given by Sect. 4.2.1. Considering the more realistic case of dynamic conductivity,
the electric field is distorted from what is predicted from simple models, and the
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Fig.3.12 The electric field and temperature distributions generated within a tissue during electro-
poration change the tissue conductivity and therefore depend on the tissue’s pervious electric field
exposure and temperature. A pulsing scheme for a 7-electrode array (blue) generates electric fields
between every combination of two electrodes in the typical circular electrode array shown (1 cm
between electrodes). The electric field and temperature distributions are shown at the completion
of each serial pulsing step

temperature has risen dramatically beyond what the static model predicts. In order

to

induce minimal thermal damage during treatment, it is imperative that the

dynamic response of a tissue to an electric field be considered during treatment
planning and application.

Conclusion

An intuitive understanding of how electric fields behave in biological tissue
involves understanding how electric fields are distributed within a tissue, impact
the constituent cells within that tissue, and abstract that cellular impact back to
measurable tissue-level properties. An understanding of these properties results
in more accurate treatment planning prior to treatment and better clinical
response to any intraoperative complications. IRE treatment is a complex, multi-
scale, biophysical treatment modality that, when its biophysical mechanisms are
appreciated and it is implemented in a well-considered manner, has been shown
to provide clinically viable treatment options for patients that would otherwise
not exist.
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Numerical Modelling for Prediction
and Evaluation of Treatment Outcome

Bor Kos and Damijan Miklav¢ic¢

4.1 Numerical Methods and Models for Treatment Planning

Irreversible electroporation is in many ways similar to radiation therapy. The initial
required action is physical, while the final resolution of the outcome occurs through
a biological mechanism. In the area of radiation therapy, the physical quantity,
which determines the outcome of the therapy, is the delivered radiation dose, which
is most commonly delivered in fractions over a span of consecutive days. The gen-
eral workflow for radiation therapy is that a radiation oncologist determines the
gross tumour volume (GTV - i.e. the total volume of the tumour tissue) and the
clinical target volume (CTV — i.e. the GTV and surrounding safety margin). An
additionally larger volume called planning target volume (PTV) is defined, which
aims to compensate for errors in image segmentation, patient positioning, etc. These
volumes are then transferred to the radiation physicist to prepare and optimize the
treatment plan for each individual patient [7].

Since IRE is a relatively new treatment, it can be useful to use established ter-
minology when developing the methods and protocols for treatment, since this can
only improve the clarity and ease the acceptance of these technologies. Because
IRE requires the insertion of electrodes to the target clinical volume, application of
the treatment over a longer therapy is not feasible, even though there is some evi-
dence that delivering electrical pulses in separate bursts with a relatively short rest
period in between can contribute to increase probability of cell kills [50]. Unlike
with radiotherapy, fractionation of the treatment is not possible, but a radiological
evaluation of treatment outcome might be possible as early as 2 days after treat-
ment [13].
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Table 4.1 Parallelism and similarities between radiotherapy and irreversible electroporation

Radiotherapy

Irreversible electroporation

Simulation — medical imaging (CT or
a combination of CT with PET) of the
patient

Mathematical model of electroporation: measurement
of tissue properties and tissue-level models of
electroporation

Treatment planning: delineation of
target volumes, definition of dose
constraints, calculation of a suitable
plan by numerical modelling and
optimization — number of fractions,
position and intensity of the beams

Treatment planning: medical imaging of the patient,
delineation of target volumes, construction of the
mathematical model geometry, calculation of a
suitable plan by numerical modelling and
optimization — number and positions of electrodes,
number of pulses, delivered voltage for each
electrode pair

Set-up verification: medical imaging is
used for verifying the position of the
patient and target tissues; in
subsequent sessions, lasers and tattoo
marks are used together with patient
anatomy casts

Set-up verification: optimal electrode positions are
registered on the original medical images; electrode
positions are verified using ultrasound, CT or CBCT
imaging

Treatment delivery and monitoring:
radiation is delivered according to the
treatment plan in several fractions,
while imaging is used to control for
breathing movement

Treatment plan delivery and monitoring: after
electrode insertion, electric pulses are delivered in
sync with the heartbeat. Current and voltage are
measured to control for possible errors during electric
pulse delivery

Response assessment: post-treatment
measurement of tumour size or
biological tumour markers with
medical imaging

Response assessment: post-treatment measurement of
tumour size or biological tumour markers with
medical imaging, compared to pretreatment medical
images

Adapted for irreversible electroporation from Pavliha et al. [52]

To continue building the framework of treatment panning, we can look at the

similarities and differences between radiotherapy and IRE treatment planning
(Table 4.1). In radiotherapy, the physical quantity which determines the local out-
come is the absorbed dose in the target tissue expressed in gray (Gy). In IRE, the
respective physical quantities are pulsed electric fields expressed in V/m, pulse
duration, pulse delivery period and number of pulses. While radiation passes
through the body in a straight line and is absorbed in relation with the tissue density,
the electric field at the frequencies used in IRE exists between the electrodes and is
inhomogeneous. The electric field distribution is dependent on the geometry of the
electrodes and the distance between them; the electric properties of tissue, which
vary between individuals and can change with different pathological states of tissue;
and the delivered voltage [14, 56, 59]. The mathematical description of the electric
field is given by the following two equations:

~V(aVV)=0
E=-VV

where V is the gradient operator, V is the electric potential, o is the electric conduc-
tivity and E is the electric field strength [54]. An illustration of the electric field in a
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Fig. 4.1 Electric field around a
tumour. The arrows show the electric
field direction (scaled in size by field
strength) around an active electrode
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non-homogeneous tissue surrounding a tumour is given in Fig. 4.1. Additionally, the
conductivity of tissues is affected by the effects of electroporation. Namely, it
increases with increasing electric field [14, 36]. Therefore, the electric field in tissue
is governed by a partial differential equation, which determines the different meth-
ods that can be used to model these fields in tissue.

Finite element method is most commonly used to solve differential equations
for this kind of mathematical problems [28]. The finite element method involves
discretizing the computational domain into a mesh of elements, which can be of
various shapes. The assumption is that the underlying quantity changes little
enough over the element and that the physical quantity can be then described by
relatively simple functions. The elements can follow the contours of the geom-
etry, which is typically very complex and irregular in the case of tumours in
tissue. Many different FEM solvers exist, both open-source (FEniCS, freeFEM)
and commercial (COMSOL, Matlab, AceFEM) software implementations are
available.

Regardless of the type of software implementation used, the first step in the treat-
ment planning process is building a computational model, which is a description of
the patients’ anatomy and a numerical representation of the clinical target volume
and surrounding tissues. A patient-specific model can be made using geometrical
approximations with simplified shapes (e.g. ellipsoids) or based on actual medical
images. To use medical images, segmentation and then appropriately meshing the
segmented images to a three-dimensional model or directly to a three-dimensional
mesh need to be performed. The segmentation in itself is a complex task: it can be
performed either manually (very time-consuming) or automatically (requires com-
plex algorithms and expert validation). Automatic segmentation has been well
described for liver and liver vessel tissues [42, 45, 53], prostate [12, 25, 48] and
kidney [11, 67]. The tumour tissue mostly requires manual segmentation. For auto-
matic segmentation, there are several packages developed and available to use
(ITK-SNAP, Slicer, Visifield). Automatic segmentation also typically requires a
manual validation by a radiologist. Once segmentation is finished, it has to be trans-
formed into a computational mesh. Again, there are several open-source (TetGen)
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and commercial (Mimics/3matic, Simpleware, Comsol Multiphysics) tools avail-
able, which can transform segmented medical images directly into a volumetric
mesh for finite element analysis.

Then however, the virtual electrodes need to be inserted into the model. This
involves a complex task of modifying the existing mesh to include the elec-
trodes. To avoid this mesh modification, the electrode geometry can be approxi-
mated by selecting appropriate mesh elements to change to the electrode domain,
or the geometry can be built by building the electrodes themselves and then
assigning material parameters to each element individually through look-up
tables [6]. Irrespective of the kind of implementation, it is important to imple-
ment the electroporation-dependent conductivity in the model, since it signifi-
cantly affects the predicted currents and also the size of the IRE lesion. When
comparing the size of effect from a model without any increase in conductivity
vs a model with increase in conductivity, the latter will always predict a larger
volume of effect and also better match experimentally obtained lesions [14, 21,
46, 47, 64, 66].

4.2 Modelling the Effect of Different Pulse Parameters
on Treatment Result

Although IRE is typically referred to as a nonthermal procedure, it brings a non-
negligible temperature rise in play. The currently available AngioDynamics
NanoKnife system can deliver pulses of up to 3 kV and 50 A in amplitude, which
equals a pulse power of up to 150 kW. However the duty cycle (ratio between pulse
duration and period of pulse delivery) is typically below 1074, since the pulses are
delivered with cardiac synchronization and they are typically less than 100 ps long.
Therefore, the average power of an irreversible electroporation treatment is on the
order of 15 W or less.

The thermal energy that pulses deliver will heat the tissue surrounding the active
electrode pair. Because tissue generally has a positive thermal coefficient for con-
ductivity, which is in the range of 1-2%/K, hotter tissue will draw more current and
cause even more heating in the tissue. The heating of tissue can contribute to the
gradual increase in the delivered current through the course of the treatment
(Fig. 4.1). An average temperature rise of 10 °C in the whole treated volume will
therefore cause an increase in current of 10-20% (Fig. 4.2).

Temperature in tissue is most often modelled using the Pennes’ bioheat equation.
This equation features the diffusion equation, whereby heat diffuses in the opposite
direction of the temperature gradient. It also includes terms for heating from meta-
bolic heat generation, which is negligible in comparison with the heating from elec-
tric pulses, and cooling from blood perfusion. Blood perfusion itself is also affected
by temperature and is reduced dramatically once a certain temperature threshold is
reached due to protein coagulation [27, 28]. Blood perfusion is affected directly and
quickly by electric pulses themselves, which restrict blood flow in all but the largest
vessels, as well as microcirculation [30]. Consequently, when modelling thermal
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Fig.4.2 Voltage and current during an IRE procedure in the liver. Pulses are delivered in trains of
10 pulses, and then the drop in voltage requires the machine to recharge. The current in the first
train can be seen to remain constant even though the voltage is decreasing, which can be attributed
to some effects of electroporation. In the last train, the current is 20% higher than the initial current
(Current data from case presented in Kos et al. [33])

effect of irreversible electroporation, perfusion can be included as normal in bioheat
modelling, but care must be taken to reduce the perfusion in areas affected by irre-
versible electroporation.

The thermal effect of IRE pulses can be modelled from the temperature rise itself
by the use of the Arrhenius integral, which is often used in processes where thermal
damage occurs. The Arrhenius integral is a mathematical model describing the
capability of tissue to withstand higher temperatures for a shorter time. The thermal
damage is modelled as a time-dependent process, where a certain activation energy
is required for the process to begin. The higher the temperature, the faster the rate of
the thermal damage occurs. Depending on the selection of the pulse parameters, the
thermal damage can represent a smaller or larger part of actual tissue damage [20,
21, 33]. Even if thermal damage is not contraindicated by the presence of some
critical tissue, thermal heating and associated effects can be limited by selecting an
appropriate number of pulses to achieve the desired effect.

There is some evidence that increasing the number of pulses can increase the
volume of the treated region to a certain extent, but after about 200 pulses, the
increase starts to plateau [62]. This suggests that there could be an optimal number
of pulses which would enable a high efficacy of the electroporation treatment while
keeping the total volume of thermal damage low. To model the dependency of the
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electroporation effect on the number of pulses, different mathematical models have
been proposed [17, 23]. Currently, the Peleg-Fermi model of cell death [55] has
given results most consistent with experimental data [17, 20, 33]. The model was
first developed to describe microbial inactivation due to pulsed electric fields [55]
but has been expanded by Golberg and Rubinsky to mammalian cells. With this
model it is important to note that the parameters of the model, i.e. critical electric
field and the shape constant, are dependent on the number of pulses used [57].
However, they should not be used outside of the range of pulses on which the data
was calibrated on.

4.3 Optimization of Treatment Plans

The goal of treatment plan preparation through optimization of electrode posi-
tions and amplitude of pulses is to ensure adequate target volume coverage and
to minimize exposure and damage to surrounding critical or vulnerable struc-
tures due to irreversible electroporation and thermal damage [71]. In radiother-
apy, various methods are used for radiation delivery, but newer methods such as
intensity-modulated radiation therapy and volumetric modulated arc therapy
require ever more complex treatment planning techniques [10, 31, 63, 68]. Here,
the main goal is to optimize the treatment to ensure maximum sparing of sur-
rounding healthy tissue, while maintaining an adequate dose of radiation in the
CTV.

In contrast to radiation therapy, IRE has fewer difficulties in ensuring nearby
critical structures are not affected because the electric field is very localized. Also
the transition regions between ablated and non-ablated tissue thin [4, 5, 46, 47].
Optimization in general can be performed on a varying number of parameters. A
full parameter list would include six degrees of freedom for each electrode (by
ensuring electrode parallelism only three degrees of freedom are required for all
electrodes) and one degree of freedom for each electrode pair used in the treat-
ment. A four electrode system with parallel electrodes would therefore have 21
parameters (positions of each electrode, direction of all electrodes and voltage
between six electrode pairs). This represents a large parameter space, which can-
not be searched using brute force approaches. An approach using genetic algo-
rithms has been proposed and tested [70], but if the electrode positions are fixed,
also local gradient-based optimization of only voltages is feasible and time-effi-
cient [19].

4.4 2D vs 3D Modelling and Treatment Planning Tools

When we consider any numerical method implementation for solving differential
equations, it is beneficial to look for possible symmetries and choose the lowest
applicable number of dimensions for the model. It is therefore desirable to use 2D
modelling for ease of implementation, display, etc. With a 2D geometry that the
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Fig. 4.3 2D prediction of irreversible electroporation effect in the NanoKnife pulse generator.
The GTV is indicated by a yellow ellipse. The dimensions of this ellipse can be set by the user. The
CTV (GTV plus tumour margin) is an offset of the CTV and is shown in blue. The electrode posi-
tions and distances can be set by the user, indicated by the numbers in circles on the left-hand side
panel. The generator sets the voltage based on the distances between electrodes and a specified
voltage-to-distance setting (Image courtesy of AngioDynamics, Inc. and its affiliates)

actual geometry is approximated by a 2D cross-section, the planning is done on this
geometry with the assumption that it will also suffice for coverage of the whole
CTV. The current software on the AngioDynamics NanoKnife pulse generator bases
the delivered voltage on the distance between electrodes, which can be specified on
a two-dimensional cross-section (Fig. 4.3).

The predicted lesion is shown in grey on the image. This prediction is based on
the results of two numerical studies [16, 18]. The predicted lesion assumes a con-
stant and homogeneous conductivity of the CTV and does not take into account the
changes in tissue conductivity due to electroporation neither due to heating. Since
the tumour conductivity is generally larger than that of normal tissues [26, 29, 39,
49, 56], this is quite a drastic simplification. Consequently a high voltage-to-distance
ratio is recommended for irreversible electroporation treatments. Nearby high-con-
ductivity regions, such as blood vessels, also present a possible pitfall for complete
CTV coverage. This was already anticipated by [18] and was also later shown by
other groups [9, 22, 43]. Additionally, it is possible that, even for strictly optimized
2D results of total coverage of the tumour, when an actual 3D model is considered,
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the coverage could be below optimal [32]. This is illustrated in Fig. 4.4 where cov-
erage was optimized 100% of the area in the 2D cross-section and which resulted in
coverage below the desired electric field strength.

Due to the listed limitations of a 2D approach, it is necessary to use very high
voltage-to-distance ratios for IRE therapies, to ensure that an adequate electric field
is present in the CTV. The drawback of this approach is that the total volume that is
achievable by any electrode configuration is limited. The electric current exceeding
maximum deliverable by the pulse generator is another possible drawback, but this
can be avoided by using a shorter electrode exposure and/or moving electrodes
between pulse sets.

The possible solution to the challenges listed above is to use a fully 3D model
for treatment planning. This allows for full inclusion of tissue heterogeneity,
gives a better and clearer prediction of affected regions in the direction normal
to the 2D plane and allows complete inclusion of distinctly three-dimensional
structures such as blood vessels and other important critical structures. A 3D
approach is, for example, used by the Visifield treatment planning tool that is
being developed (www.visifield.com, University of Ljubljana). It also allows for
automatic segmentation of the liver with liver vessels, prostate and manual seg-
mentation of tumours and other tissues [44, 51]. The patient-specific model is
built from the segmented images, and the numerical computation uses dynamic
conductivity to solve the electric field to the best of accuracy [33, 34, 70]. The
numerical modelling is performed completely automatically and therefore very
user-friendly and does not require in-depth engineering knowledge [44]. The
output also includes cumulative coverage curves for each tissue used in the case,
which is the electroporation equivalent of a dose-volume histogram (Fig. 4.5).
The downside of using the 3D approach is a longer time needed to prepare a
treatment plan and less flexibility to adapt the plan interactively during the
treatment.


http://www.visifield.com
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Fig. 4.5 Cumulative coverage with electric field for the tumour tissue. The horizontal axis shows
electric field strength, while the vertical axis shows the volume fraction of tissue where the electric
field threshold is at least as high as indicated on the horizontal axis. Electric field threshold for
irreversible electroporation taken from Sel et al. [59] (Data adapted for irreversible electroporation
from Edhemovic et al. [19])

4,5 Statistical Methods for Evaluating Treatment Outcomes

Currently, most research on irreversible electroporation effects is focused on find-
ing threshold electric fields, above which complete tissue ablation is expected [15,
16, 46, 47, 58, 59]. However, this is complicated by the fact that different tissues
most probably have different electric field thresholds and the number of pulses also
significantly affects these thresholds [57, 62]. To rectify these issues, Golberg and
Rubinsky [23] have proposed modifying an existing model of cell death, which
was initially developed for modelling microbial deactivation after pulsed electric
field treatment [55]. This kind of modelling allows to present the computed results
in terms of probability of cell kill, and the modelling of probability of adverse
effects is already an active research area in the field of radiotherapy treatment plan-
ning [40, 69].

To develop successful models of probability of tissue damage, it is important to
validate them at different levels of complexity. The initial study by Golberg and
Rubinsky [23] used data from in vitro experiments; however the initial data only
contained data points for up to 10 pulses. Irreversible electroporation treatments
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usually employ a larger number of pulses; therefore it was necessary to validate
these models also within a larger parameters space. With a larger number of pulses,
the Peleg-Fermi model was still the best for the description of final cell kill proba-
bility; however the parameter values were found to be different from those initially
published [17]. This approach has also been translated to treating tissues with irre-
versible electroporation [20, 61].

Another difference between in vitro and in vivo quantization would be the con-
tribution of the immune system. It has been suggested that there is an immune
response present after IRE treatments [2, 8, 41]. Therefore, the modelling of the role
of the immune system in the resolution of final IRE effects should be an interesting
topic of future research.

4.6 Fusion with Navigation Systems

In contrast to radiotherapy with external beams, IRE cannot be controlled as well
for position, since electrode insertion is still performed by hand. Following a treat-
ment plan for electrode placement can be difficult to achieve in practice even with
CT guidance. If strict adherence to the plan cannot be maintained, the final coverage
of the CTV with electric field is affected [34]. The solutions to this issue are the use
of optical or electromagnetic instrument tracking for guidance of electrode inser-
tion. Optical navigation has already been used for guiding electrodes in electroche-
motherapy [24]. With optical navigation, the electrode insertion point and direction
can easily be controlled during treatment; however this approach is most suited to
treatment in areas where there is limited movement between the planning scan and
the actual treatment execution. Electromagnetic navigation has been developed and
tested for guidance of radiofrequency ablation electrodes [1, 3, 65], so it should be
possible to adapt this approach to use in irreversible electroporation as well.

Another option is guidance using intraoperative cone-beam CT and fusion of the
intraoperative images with preoperative planning images. This approach would
allow good adherence to a preoperative treatment plan. This kind of approach is
already in use for guidance of interventions such as radiofrequency ablation or
trans-arterial chemoembolization. Adapting this for irreversible electroporation
should be possible with no additional software or equipment.

In the future a possible development would be to use an interoperative CT scan
to precisely locate electrodes and adjust the treatment plan relatively quickly of the
procedure with known final electrode positions. This could be achieved if reason-
ably quick recalculations would be available giving the performing physician online
information on the projected treatment volumes. Another approach, which however
requires more development, would be to use MRI imaging to directly visualize the
electric fields during IRE treatment, as has already been demonstrated to be feasible
using a research MRI scanner [35, 37, 38, 60].
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The Effect of Irreversible Electroporation
on Blood Vessels, Bile Ducts, Urinary
Tract, Intestines, and Nerves

Jantien A.Vogel, Laurien G.PH. Vroomen,
and Govindarajan Srimathveeravalli

5.1 Introduction

Surgical resection is the definitive treatment option for patients with primary or
metastatic cancers, resulting in the best possible patient outcomes when resection is
achieved with negative margins. However, involvement of vital structures such as
blood vessels and genitourinary or gastrointestinal tract often poses a contraindica-
tion to safe and successful surgical resection.

In light of the limitations of surgical resection for tumors involving the vital
structures, a number of locoregional therapies have been developed in the last
20 years. Focal ablation, which has gained increased attention in the recent years, is
a local technique that uses energy to destroy tumor tissue. Of focal ablation tech-
niques, thermal ablation using radiofrequency ablation (RFA) or microwave abla-
tion (MWA) is most frequently used. The intent of thermal ablation is to destroy
malignant cells; however, extracellular proteins will also be heated and could be
denatured, leading to permanent damage to the tissue infrastructure including vital
structures [1]. Consequently, thermal ablation is contraindicated adjacent to the
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biliary tree, major blood vessels, intestines, nerves, and the urinary tract [2—4].
Moreover, lesions adjacent to major blood vessels pose a challenge to thermal tech-
niques due to the “heat sink™ effect: the cooling effect of blood flow in vessels
greater than 3 mm, leading to incomplete ablation [5, 6].

Irreversible electroporation (IRE) potentially circumvents the abovementioned
limitations. By applying the electric field in situ, irreversible cell damage could be
achieved, leading to cell death without substantially raising the temperature of the
tissue [7]. Considering that the primary working mechanism of IRE is nonthermal,
the extracellular matrix should theoretically remain intact while all cells are
destroyed within the ablation zone [8]. As a result, the structural integrity of inlay-
ing and adjacent vital structures including bile ducts, blood vessels, urinary tract,
prostrate, intestines, and nerves should also be retained due to the preservation of
the collagen framework followed by regeneration [9]. Several animal model and
clinical studies investigating this hypothesis are presented below.

5.2 Blood Vessels
5.2.1 Preclinical Studies

The impact of large blood vessels adjacent to the tumor on the efficacy of IRE
formed the topic of investigation of four preclinical studies [10-13]. In a porcine
model of liver cancer, Charpentier et al. [12] reported that IRE achieved hepatocyte
necrosis extending to the margin of the large hepatic veins, without evidence of heat
sink. In another porcine model of liver cancer, Lee et al. [13] reported that IRE
achieved uniform ablation not sparing perivascular tissue in tumor tissue contiguous
to hepatic veins, as seen on computer tomography (CT) evaluation, gross pathology,
as well as histopathology evaluation. When triphenyltetrazolium chloride vitality
staining was used by Au et al. [10] 10 min after IRE, the demarcated ablation zone
was seen to be unaffected by large blood vessels or bile ducts, and there was little
change thereafter. Lastly, Ben-David et al. [11] reported no influence on the shape
or size of the ablation zone by the presence of blood vessels. Despite generally posi-
tive findings, the effect of large blood vessels on the efficacy of IRE remains incon-
clusive. Although Charpentier et al. [12] found that IRE did not cause a heat sink,
they also reported a more irregular ablation zone in the liver hilum than in intrahe-
patic zones, potentially because the liver hilum is located in proximity of large
blood vessels. When an in vivo rat model was used, Golberg et al. [14] reported that
IRE in the proximity of larger vessels and clustered vessel structures had less effect
than IRE in the tissue parenchyma or in the proximity of smaller vessels, suggesting
either a heat sink or, as they stated, an “electric field sink.”

Other preclinical studies studied the effect of IRE on blood vessel patency, focus-
ing on tissue with blood vessels traversing the ablation zone [11, 13, 15-21]. Nine
studies ablating tissue with traversing blood vessels demonstrated the preservation
of large vessels [16—18], intact architecture [11, 19], and color flow angiography on
2D ultrasound imaging [18] without signs of thrombosis [18, 20]. However, signs of
acute vasculitis such as leukocyte, lymphocyte, and neutrophil infiltration in the
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vessel wall, endothelial damage [13, 16, 17, 19, 21], transient loss of smooth muscle
cells, and occasional interruption of blood flow and occlusion by erythrocytes and
fibrin deposition [19] were also reported, mainly in the smaller vessels. Although
the primary aim of the study of Lee et al. [13] mentioned above was to study the
effect of the presence of blood vessels on IRE rather than IRE on blood vessel
patency, they also reported a transient narrowing of large vessels in 9 out of 23
cases, which resolved after 4 weeks.

Studies investigating IRE-related injury to large blood vessels in the treatment
zone are limited. In two studies where IRE was directly applied to vessels, the
carotid artery was examined [22, 23]. At 24 h after ablation, no difference was seen
between IRE-treated vessels and control vessels in morphology or the number of
cells in the tunica media. After 7-28 days, a lower number (75%) of vascular smooth
muscle cells were present in the tunica media of IRE-treated vessels compared to
controls. However, no signs of thrombosis, aneurysm formation, or vascular rupture
were reported, and there was no change in vessel diameter [22]. After 24 h, endothe-
lial damage seemed to have recovered [23].

5.2.2 Clinical Studies

Clinical studies have focused on evaluating the effect of IRE on vessel patency in
close proximity to the ablation zone.

In a study by Narayanan et al. [24], 101 patients with 129 lesions of various
malignancies were included (liver [100], pancreas [18], kidney [3], pelvis [1], aor-
tocaval lymph nodes [2], adrenal [2], lung [1], retroperitoneal [1], and surgical bed
of a prior Whipple procedure [1]). Observed abnormal IRE-associated vascular
changes on imaging were (i) thrombosis of the left portal vein at 1-month follow-up
(n=1), (i) non-occlusive thrombus in the main portal vein at 24-h follow-up (n = 1),
and (iii) mild vessel narrowing (<20% of original caliber) involving the superior
branch of right portal vein, main right portal vein, and right hepatic vein, respec-
tively, at 24-h follow-up (n = 3). All these were noted in the venous system, with the
highest prevalence of changes in the portal vein. This may be related to flow dynam-
ics within the portal venous system making it more susceptible to vascular damage
[24]. The distance between the treatment area and vessel wall did not appear to be a
significant factor in postprocedural vessel patency [24]. Long-term follow-up
revealed no late vascular deviations in the majority of vessels [24].

Vessel spasm was noted by Scheffer et al. [25], who presented a case report of a
67-year-old patient with locally advanced pancreatic carcinoma (LAPC) (stage III)
who was percutaneously treated with IRE. On contrast-enhanced CT, a spastic but
patent hepatic and splenic artery was visible immediately following the removal of
the electrodes.

Recently, Martin et al. [26] published findings from a study comparing outcomes
between open IRE alone (n = 150) and pancreatic resection plus IRE (n = 50) in 200
patients with LAPC (stage III). Noted vascular complications were a deep venous
thrombosis (n = 1), pseudoaneurysm (n = 1), hepatic arterial thrombosis (n = 1), and
a non-occlusive superior mesenteric vein/portal vein thrombosis (SMV) (n = 1) (all
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Clavien-Dindo grade II). A patient in the in situ group with prior complete portal
vein thrombosis/SMV occlusion died within 90 days after the procedure because of
liver failure. Similarly, Philips et al. [26] reported two cases of bleeding and one
case of progressive portal vein thrombosis after a total of 167 IRE procedures in
various unresectable tumors (with a majority being liver [39.5%] and pancreatic
[35.5%] lesions). Progression of vessel thrombosis may be stimulated by IRE, most
likely through edema after the ablation procedure [27].

It remains a matter of debate whether or not IRE is a safe procedure in the vicin-
ity of blood vessels. The most commonly reported vessel-related complication post-
IRE is thrombosis, with the portal vein being the most affected site. IRE may also
cause hemorrhage. Administration of anticoagulants of which the effect could be
easily reversed (e.g., heparin) may be considered postprocedurally in order to mini-
mize the risk of thrombus formation. Nonetheless, data on this are lacking. In addi-
tion, needle placement in direct contact with blood vessels may result in thrombosis
or hemorrhage as a result of a thermal effect since heat development during IRE
seems unavoidable [28-30]. Consequently, direct contact (>2 mm) between the
active electrode tip and blood vessels should be avoided [31].

5.3  Biliary System

5.3.1 Preclinical Studies

In preclinical studies, preservation of bile ducts post-IRE is noted without any sign
of bile leakage [15, 16, 18]; however, there are signs of acute choledochitis [17] and
occasional apoptotic cells [1].

5.3.2 Clinical Studies

To assess biliary complications after percutaneous IRE of 22 hepatic tumors (in 11
patients) located within 1 cm from major bile ducts, Silk et al. [28] retrospectively
examined all pre- and postprocedural CT images for signs of bile duct dilatation,
obstruction, or leakage (Fig. 5.1). In addition, serum bilirubin and alkaline phospha-
tase values were evaluated to identify possible biliary injury. In their review, an
increase of preexisting or new-onset biliary duct dilatation was detected in three
patients. However, the reported dilatation was secondary to tumor progression in
two out of three cases. Only the subsegmental bile duct prominence, which devel-
oped in the third patient who had no laboratory signs of bile duct injury, was con-
sidered directly related to the IRE procedure. This adverse event might be the result
of a thermal effect since retrospective assessment of the CT images revealed that
one needle was placed in direct contact with the bile duct [28].

Similarly, Kingham et al. [32] evaluated the safety of IRE for patients with
malignant liver tumors that were located near (<1 cm) major hepatic veins or
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Fig. 5.1 (a—d) Representative tumor locations (arrowheads), bile ducts (arrows), and immediate
follow-up imaging after IRE treatment showing ablation cavity (asterisks). Tumors included in the
study were located <1 cm from the common hepatic duct (a) or a primary branch (b) [28]

portal pedicles. Twenty-eight patients with 65 tumors were included, of whom 22
patients [79%] were treated with an open approach and 6 [21%] were treated
percutaneously. Post-IRE, one grade I portal vein thrombosis occurred (1.5%),
with no biliary dilation. Additionally, Hosein and colleagues [33] examined all
available follow-up CT scans and detected no vessel stenosis, thrombosis, or
shunting within or adjacent to the treatment zones. Biliary strictures were also not
observed on postprocedural imaging.

A prospective analysis was performed by Cannon et al. [34] who analyzed the
safety of IRE for hepatic tumors in close proximity to major vascular or biliary
structures or to adjacent organs. Forty-four patients (20 colorectal liver metastases,
14 hepatocellular carcinoma, and 10 other metastases) underwent 48 IRE proce-
dures. Biliary complications were stent occlusion and cholangitis due to biliary
stent occlusion. During follow-up, neither biliary stricture nor portal vein thrombo-
sis was reported.

Lastly, Dollinger et al. [35] evaluated biliary complications after IRE of hepatic
tumors in 24 patients (53 tumors). Bile ducts were located within a radius of 1.0 cm
of the ablation zone. Subacute follow-up MR images (i.e., 1-3 days post-IRE)
showed 15 bile duct injuries: narrowing (n = 8) and dilatation (n = 7). Further, three
patients showed transient abnormalities of laboratory values (bilirubin, 1.6-5.2 mg/
dL) at subacute follow-up.

The abovementioned clinical data corroborate the referenced animal data,
advocating the relative safety of hepatic IRE in proximity of blood vessels and
bile ducts. However, bile ducts adjacent to the target area may be negatively
affected, leading to cholangitis and biliary obstruction. Therefore, prophylactic
biliary protection is recommended prior to the procedure since placement of a
plastic biliary endoprosthesis or percutaneous transhepatic cholangiography drain
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may be more difficult post-IRE due to extensive swelling of the ampullary area
(unpublished data) [36].

5.4 Pancreas
5.4.1 Preclinical Studies

Preclinical studies in swine have demonstrated the feasibility and relative safety of
IRE in pancreatic tissue [37—40]. In all studies, IRE ablations in pancreas were
performed in healthy swine. No immediate complications were seen [37-40]. In
the days following IRE, a transient increase in white blood cell count, normalizing
on the second [39] or third [37] day; a transient increase in amylase and lipase,
normalizing on the second [39], third [37], or 14th day [40]; lactate dehydroge-
nase, normalizing on the 14th day [40]; and aspartate transaminase, normalizing on
the 14th day [40] or remaining elevated throughout the 14 days of evaluation [37]
was seen. Blood urea nitrogen and creatinine remained within normal limits for all
animals [37]. Some animals developed ascites, with a similar increase in amylase
and lipase on day 1 which decreased after; however, no clinical signs of pancreati-
tis were observed and this finding was confirmed on pathologic evaluation [39]. In
the study by Bower et al., all animals experienced a transient hypoglycemia 1-3 h
postoperatively which began to resolve after 5 h and was normalized on the first
postoperative day [37].

5.4.2 Clinical Studies

In the clinical setting, Martin et al. [41] performed a prospective multi-institutional
pilot evaluation of 27 patients undergoing open IRE for LAPC (stage III). IRE
related complications (n = 4) were progression of a portal vein thrombus, a new-
onset complete portal vein thrombosis, a duodenotomy leak after removal of a metal
stent at the time of operation, and a duodenal leak after transduodenal needle
placement.

In addition, Paiella et al. [42] reported two IRE-related adverse events in one
patient after pancreatic IRE: an abscess within the pancreas accompanied by a pan-
creaticoduodenal fistula. Invasive treatment was not necessary since the patient
responded well to broad-spectrum antibiotic therapy.

Trueba-Arguifarena et al. [30] treated a 66-year-old patient with IRE for the
management of a malignant pancreatic adenocarcinoma that involved the celiac
artery. Pre-IRE, contrast-enhanced CT revealed thrombosis of the splenic and mes-
enteric vein with abundant collateral circulation from the intestinal venous return
and a patent portal vein. Five days postprocedural, fluid in the right abdomen and
edema in the wall of ascending colon was detected on imaging, which was probably
due to collateral vein damage by needle placement compromising the venous
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Fig. 5.2 A 52-year-old man with colorectal metastases underwent IRE treatment for two tumor
locations. (a) Initial contrast-enhanced CT scan (portal venous phase) performed before treatment
shows baseline duct width. (b) Follow-up CT scan performed immediately after the procedure
shows ablation cavity and a prominent segmental duct (arrowheads). (¢) Follow-up CT scan per-
formed 1 month later still shows bile duct dilatation (arrowheads) [28]

drainage. This complication was successfully treated with diuretics and resolved
during follow-up. Nine days post-IRE, the patient presented with an episode of
hematemesis that required blood transfusion and was related to six transgastrically
inserted electrodes.

Furthermore, Scheffer et al. prospectively investigated the safety of percutaneous
IRE for LAPC (stage III) in 25 patients [36]. Twenty-three adverse events occurred
in 10 out of 25 patients, with a median grade of Common Terminology Criteria for
Adverse Events (CTCAE) grade I (range, I-III). Within 90 days post-IRE, three out
of ten patients with no previous biliary protection developed new-onset biliary
obstruction (grade III) requiring additional treatment. The placement of the biliary
endoprosthesis or percutaneous transhepatic cholangiography drainage was chal-
lenging in two out of three patients due to extensive swelling of the ampullary area
(Fig. 5.2). Moreover, one patient developed stenosis of the superior mesenteric
artery 6 weeks post-IRE. Lastly, two grade IV complications occurred, one edema-
tous pancreatitis with bile leakage and hemodynamic instability and one life-
threatening hemorrhage caused by a duodenal ulcer.

In a study by Kluger et al. [43], prospective data of consecutive patients who
received IRE for T4 pancreatic tumors were analyzed to determine treatment
safety, using the Clavien-Dindo classification. A total of 50 patients underwent
53 IRE procedures for primary treatment (n = 29) or margin extension (n = 24).
Post-procedural mortality (i.e., within 90 days post-IRE) occurred in six patients,
five of whom were in the primary treatment control group. Among the direct
IRE-related complications, the authors reported upper gastrointestinal hemor-
rhage (grade III; n = 3), duodenal ulceration/perforation (grade III; n = 1), biliary
obstruction (grade III; n = 1), duodenal and bile duct necrosis (grade V; n = 1),
duodenal-cutaneous fistula (grade V; n = 1), portal vein thrombosis (grade V;
n = 1), and bleeding of the gastroduodenal artery (grade V; n = 1). Although there
were no significant differences in the incidences of grade III-IV complications
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based on the modifiable IRE parameters, needle placement, tumor size, or pri-
mary treatment versus margin extension, some complications in patients receiv-
ing treatment in margins seemed to be secondary to the injury of normal
pancreatic tissue.

Pancreatic IRE is generally well tolerated; however, major adverse events could
occur. It is suggested to place electrodes mainly in tumor tissue and circumvent
electrode placement — or ablation- of healthy pancreatic tissue in order to avoid
IRE-induced pancreatitis since IRE may cause self-digestion of the pancreas itself.
The procedure could be performed percutaneously or using an open approach. The
choice is at the discretion of the physician. Although complication rates appear
similar between the two techniques, both approaches have advantages over each
other [36, 44]. The advantage of percutaneous IRE over open IRE is the ability to
use CT guidance during the procedure, which gives the surgeon or radiologist the
ability to determine the exact three-dimensional tumor measurements and its vicin-
ity to surrounding structures. In addition, percutaneous IRE is less invasive than
open IRE since the open approach requires laparotomy. On the contrary, open IRE
enables real-time differentiation between resectable and unresectable tumors and
the detection of metastases that are not yet visible on imaging.

5.5  UrinaryTract
5.5.1 Preclinical Studies

For IRE in urologic tumors, the main concerns are the patency of traversing nerves
and the urinary collecting system. In preclinical performance of IRE around urinary
collecting systems, microscopic evaluation showed a completely destroyed urothe-
lium but intact extracellular matrix [45-49]. However, when evaluated with fluoros-
copy, impeded peristaltic segments were observed [47]. There were no signs of
leakage or damage of the collecting system when ablating kidneys [45, 48, 50], no
signs of kidney failure [50], and no signs of cicatrization, shrinkage, or ulceration of
the renal pelvis and calyces [50]. A transient increase in serum creatinine was seen
but was within the standard values [50].

5.5.2 Clinical Studies

Human data regarding renal IRE is scarce; nonetheless, preliminary data suggest
safety of IRE in the management of renal tumors with preservation of renal func-
tion. Thomson et al. [51] treated ten malignant kidney lesions (in seven patients)
that were unresponsive to alternative treatment methods. One patient with a previ-
ously damaged ureter by RFA developed a ureteric stricture after IRE, requiring a
ureteric stent. Although the ureter or collecting system was centrally located in all
target lesions, no other strictures were observed. Additionally, transient hematuria
(<24 h) occurred in two patients after direct puncture of the renal pelvis by an
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18-gauge needle electrode; however, it resolved spontaneously. In a retrospective
study by Trimmer et al. [52], 20 patients underwent CT-guided IRE of T1la renal
carcinoma (n = 13) or small benign or indeterminate renal masses. Post-IRE, no
major adverse events occurred. However, minor complications, i.e., postprocedural
pain (n = 2), perinephric hematomas (n = 2), and urinary retention secondary to
anesthesia (n = 3), were noted in 35% (7/20).

Regarding focal IRE of the prostate, Valerio et al. [53] described a cohort of 34
men with a median follow-up of 6 months (range, 1-24), of whom potency and
continence were preserved in 95% and 100%, respectively, post-IRE. A study by
Ting et al. [54] examining IRE for localized prostate cancer corroborated these find-
ings. Functional follow-up was comparable to Valerio et al., and there was no sig-
nificant impairment of urinary, sexual, or bowel function after 6-month follow-up.
These data are very promising and may have important clinical implications in
minimizing complications after focal prostatic therapy.

5.6 Nerves
5.6.1 Preclinical Studies

IRE’s effect on nerves has mainly been investigated by applying IRE directly to
sciatic and femoral nerves. Two studies showed that immediately after injury, nerve
continuity was preserved [55, 56]. In one of these, by Li et al. where IRE was per-
formed on the sciatic nerve, the authors reported immediate signs of disintegrated
myelin sheet [55] and immediate complete paralysis with a reduced nerve conduc-
tion velocity. However, these were temporary; the myelin sheet regenerated and the
paralyzed foot recovered normal function after 7 weeks. In another study, where
IRE was also performed on the sciatic nerve, the authors reported loss of Schwann
cells after 3 days [57] but these also regenerated 2 weeks. One study reported that
2 months after IRE treatment on the sciatic nerve, the compound muscle action
potential (CMAP) remained lowered in half of the animals [58]; this finding was
different from Li et al. in which proximal and distal CMAP recovered 7-10 weeks
after IRE, respectively.

In one study where IRE was applied on the vertebrae, no neurologic defects were
detected when IRE was performed directly over the posterior cortex or pedicles
where the nerves exited the central nerve system [59].

5.6.2 Clinical Studies

To date, there are very few articles describing the preliminary results of IRE to treat
locoregional pelvic tumor recurrences that are otherwise unsuitable for established
treatment options due to the vicinity of major nerves, prostate, or ureter.

The first article, by Niessen et al. [60], presented a case report of a 56-year-old
woman who was referred for IRE treatment of a large advanced local recurrence of
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endometrial tumor (maximum tumor diameter was 14.9 cm) with infiltration of the
sacral bone and nerve plexus. Two ablation procedures were performed to cover the
complete target lesion. After the first procedure, no neural symptoms were observed,
such as aggravated back pain, sensory deficit, loss of leg strength, or paresthesia.
Unfortunately, a mild 4+ paresis of the right extensor hallucis longus (L4 to S1)
occurred after the second procedure, which resolved 4 weeks post-IRE. Neurological
examination revealed no sensory loss or impairment of bladder function.

Vroomen et al. [61] (https://www.ncbi.nlm.nih.gov/pubmed/28470395) presented
findings in a series of eight patients (nine tumors) who underwent percutaneous IRE
to treat the recurrence of various tumors (primary rectal [z = 4], anal [n = 1], sigmoid
[n = 1], cervical carcinoma [n = 1], and renal cell carcinoma [n = 1]) after a median
follow-up of 12 months (range, 4-36). One delayed hemorrhage occurred after
restarting anticoagulation therapy 3 days post-IRE. Three patients showed lower
limb motor loss with sensory involvement; partial recovery occurred in one patient.
Two patients developed a hypotonic bladder, with complete recovery in one.
Additionally, two patients showed upper limb motor loss with sensory involvement,
which recovered partially in both.

In conclusion, IRE may represent a suitable technique to treat lesions that are
located in the vicinity of neural structures. Nevertheless, loss of permanent function
may occur. Intraoperative neurophysiologic monitoring (IONM) during percutane-
ous IRE may be helpful to identify impending neural damage and to prevent perma-
nent function loss since neural structures in the vicinity of the target area are often
poorly visualized [62]. Future studies should evaluate its potential utility during IRE.

Conclusion

These preclinical and clinical studies provide a background of evidence suggesting
that IRE may have a suitable role in the treatment of patients who are less than
ideal candidates for current thermal ablation modalities due to tumor location in
proximity to vital structures. Although theoretically IRE has a nonthermal working
mechanism, some studies describe the thermal potential of IRE [29, 63-65]. To
avoid potential thermal damage, electrodes should be placed in a way where there
is no direct contact between the active tip of the needle and a vital structure.
Nevertheless, the clinical data are consistent with the animal models of IRE and
support the hypothesis that vascular structures in and around the treatment zone are
not significantly affected by this modality. The ability to destroy tissue up to the
vessel and biliary wall without damage to the vessel and biliary tree, respectively,
gives IRE the potential to overcome the issue of local recurrences near these vital
structures which, as noted above, is the clinical limitation of the thermal ablation.
Further, data regarding IRE for the treatment of malignant lesions adjacent to neu-
ral structures, as well as renal and prostatic tumors, are very promising and support
the assessment of the safety and efficacy of IRE in larger studies.
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Anesthetic Management During 6
Irreversible Electroporation Procedures

Jenny M. Vieveen and R. Arthur Bouwman

Irreversible electroporation (IRE) has evolved as a promising technique for tumor
ablation. High-voltage electrical field pulses generated between electrodes sur-
rounding the tumor induce cell death by permanently increasing the cell membrane
permeability. For anesthesiologists involved in IRE procedures, these high-voltage
electrical pulses pose specific intraprocedural challenges, and several precautions
have to be taken into account in order to safely perform IRE procedures. In this
chapter, we will discuss all these specific details from the extremely high-voltage
electrical pulses, necessary precautions, and potential complications that may occur
during the procedure.

6.1 Cardiovascular Effects of IRE: Arrhythmias
and Hypertension

Irreversible electroporation uses multiple series of high-voltage electrical pulses
that are locally deposited via electrodes placed around the tumor. Electroporation
increases membrane permeability which allows ion transport to occur over the
cellular membrane. Should these (uncontrolled) ion transports occur in cardiac
tissue, arrhythmias or even fibrillation may occur. Deodhar et al. [1] performed
unsynchronized electroporation close to the heart in swine and showed that fatal
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ventricular arrhythmias occurred during IRE treatment. Also, in humans during
treatment in close proximity to the heart, IRE treatment induced cardiac arrhyth-
mias (Fig. 6.1).

These arrhythmias can largely be prevented by the use of synchronized irre-
versible electroporation. Hereby the electrical pulses are delivered synchro-
nously to the heart rhythm during the absolute refractory period of the heart.
This synchronization is achieved by attaching a preprogrammed commercial
ECG monitor which analyzes the ECG rhythm to detect the R wave. Then the
irreversible electroporation generator delivers a pulse 50 ms after each R wave.

Nielsen et al. [2] describe 28 patients treated with open or percutaneous irre-
versible electroporation using ECG synchronization (Table 6.1). In two IRE pro-
cedures, a minor self-limiting cardiac arrhythmia (ventricular extrasystole and a
bigeminy) was observed. The ventricular extrasystole was seen during an open
IRE procedure apical in the liver near the left diaphragm. After the abortion of
the procedure, the rhythm normalized, and the ablation could be successfully
continued after removal of the electrode that was closest to the heart. The
bigeminy with premature ventricular complexes occurred during a pancreatic
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Fig. 6.1 Electrocardiograph (ECG) trace during irreversible electroporation (IRE) treatment of a
hepatic tumor below the heart. The synchronizer was not used, and ventricular capture of the IRE
pulse resulted in a loss of the arterial pulse because of insufficient time for filling of the left ven-
tricle (Adapted from Ball et al.)

Table 6.1 Complications related to the general procedure during and after IRE in 28 patients

Treatment site Complication N | Grade Intervention
Liver (open procedure) | Arrhythmia 1|1 Electrode removal
Postoperative 1 |10 Re-laparotomy
hemorrhage
Pain 2 |IL I Oral, IV, and neuraxial
analgesics
Pneumonia 1 |II Antibiotics
Peripheral edema 1 |10 Compression stockings
Liver (percutaneous) Pneumothorax 2 |1 Chest tube
Pancreas Arrhythmia 1 I None
Pancreatitis + bile 1 |II Drainage, antibiotics
leakage
Kidney Hematuria 1 |1 None
Pelvis Nerve function loss 1|11 Rehabilitation, physiotherapy

Adapted from Nielsen et al. [2]
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ablation but disappeared within 5 min at the end of the procedure. In both cases,
there was no hemodynamic instability.

In most patients, a transient increase in blood pressure can be observed during elec-
troporation. This increase involves both systolic and diastolic pressure and is generally
mild to moderate (2045 mmHg), but severe increases in blood pressure up to
200 mmHg have been reported. Nielsen et al. [2] describes a median rise of 44 mmHg
of the systolic blood pressure and 19 mmHg of the diastolic pressure. Increases in
blood pressure were most pronounced during pancreatic procedures and were accom-
panied by increase in heart rate. Blood pressure increases responded well to additional
propofol and remifentanil. Also Martin et al. [3] were confronted with intraprocedural
hypertension, but much higher pressures were reported (median systolic BP 190, range
185-215 and median diastolic 98, range 91-115). Blood pressure was largely unre-
sponsive to various types of antihypertensives with minimal to insufficient effects.

The exact mechanism causing this elevation in both blood pressure and heart
rate remains unclear, but stimulation of the autonomous nerve system is a likely
explanation.

6.1.1 Precautions

As previously mentioned, the use of synchronized irreversible electroporation helps
to avoid most cardiac arrhythmias. It is recommended to attach the synchronizing
device to the patient before placing the patient in the CT scanner or covering the
patient in sterile drapes. This allows evaluation of the quality of the ECG signal and
proper function of the synchronization before starting the IRE procedure.
Furthermore, it is strongly recommended during IRE procedures to attach a patient
to an external defibrillator in order to avoid delays in treatment when arrhythmias
requiring defibrillation should occur. This may be especially relevant during percu-
taneous procedures with patient in the CT scanner and when it is impossible to
reach the patient to apply defibrillator pads.

Considering the above irreversible electroporation is contraindicated for
patients with a history of cardiac arrhythmias requiring anti-arrhythmic therapy
and/or pacemaker/implantable cardioverter-defibrillator. Uncontrolled hyperten-
sion, congestive heart failure and active coronary artery disease are relatively
contra indication for IRE procedures. Because there is definite rise in both sys-
tolic and diastolic blood pressure as well as a slight increase in heart rate, these
patients are at risk for cardiac complications. In case of these relative contraindi-
cations, the benefits and risks of IRE treatment should be carefully weighed in
the individual patient.

6.2 Muscle Contractions

Electrical stimulation during IRE elicits muscular contractions, which can be
severe due to the rapid and high-voltage pulses that are used during IRE. As a
consequence, IRE procedures require complete relaxation of the patient during
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irreversible electroporation and thus general anesthesia is necessary. As reported
by Ball et al. [4] contractions of the entire upper body can be observed in inad-
equately paralyzed patients undergoing IRE. Moreover, even if complete mus-
cular relaxation is ensured, local muscle contractions around the electrode
insertion can still be observed. These local contractions are more profound dur-
ing percutaneous procedures, especially when electrodes are placed through
large muscles.

In our opinion to ensure procedural safety, IRE procedures require close moni-
toring of neuromuscular function to ensure deep neuromuscular block. A neuromus-
cular monitoring device should be connected and calibrated before administration
of muscle relaxants. Before electrical pulses are initiated, close communication
within the IRE team should confirm the presence of deep neuromuscular (e.g., typi-
cally train of four (TOF) ratio of zero). Obviously, at the end of the procedure,
adequate reversal of the neuromuscular block should be confirmed. If necessary,
antagonists may be necessary.

6.3  Laboratory Results

As IRE induces cell death via destructing cellular membrane integrity, initial con-
cerns for disturbances in acid-base balance and electrocytes were postulated. In the
study of Ball et al. [4], disturbances in acid-base balance and associated hyperkale-
mia were indeed observed in 4 patients out of 21 patients. The disturbances were
mild, and cancellation of the procedure was not required. In the study from Nielsen
et al. [2], blood tests were performed to measure serum electrolytes, renal function,
and hepatic or pancreatic enzymes. No significant electrolyte abnormalities were
observed in any patient.

Liver and pancreatic enzymes were elevated directly after IRE procedures on the
liver and pancreas, respectively. On the first day after the procedure, the highest
level of the enzyme disturbances was reached.

Chen et al. describes liver function damage occurring 2 h to 2 days after treat-
ment of the liver with IRE in female pigs and a mild inflammatory response. But
after 2 days, the elevated enzymes and white blood cell count starts to return back
to normal and were completely resolved after 14 days.

From available evidence until now, it can be concluded that IRE does not seem
to induce major disturbances in the acid-base and electrolytes and no additional
precautions are warranted. However, enzyme elevation as a sign of damage of the
organ targeted by IRE can be observed, but these elevations are generally also clas-
sified as mild.

6.4 Seizures

Since irreversible electroporation works through electrical pulses, it could poten-
tially provoke an epileptic seizure by the electrical discharge to the brain.
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Therefore the manufacturer of IRE notes epilepsy or a previous seizure in the
medical past as a contraindication for the treatment, although it is not certain if IRE
indeed can induce a seizure.

During electroconvulsive therapy in case of therapy-resistant depression, sei-
zures are induced by application of electrical pulses of 5 Hz or more to the brain.
When ECG synchronization is used during IRE, the change that a pulse frequency
of 5 Hz is reached is diminished and unlikely. In order to explore the occurrence
of seizure activity induced by IRE treatment, we investigated the effect of IRE in
non-epileptic patients by using a simplified EEG monitor and looking at cerebral
activity. No background brain activity was observed in five out of six patients and
none of the patients showed reactive cerebral response on an electrical pulse
(Fig. 6.2).

During their IRE procedures, all patients were under general anesthesia with
propofol according to our local IRE protocol. As propofol is known for its antiepi-
leptic property, the depth of the anesthesia may have precluded seizure activity in
response to IRE.
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Fig. 6.2 Simplified electroencephalographic (EEG) trace during irreversible electroporation, (a)
before induction of anesthesia, (b) after induction of anesthesia, (¢) during IRE. During IRE EEG arti-
facts can be observed, which return to baseline directly after the pulse (Adapted from Nielsen et al. [2])
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Based on these observations, it seems justified to conclude that the chance to
reach minimal frequency necessary to induce a seizure is limited by the use of an
ECG synchronizer. And secondly, as general anesthesia increases the seizure thresh-
old, potential seizure activity may suppress. Therefore, it seems safe to use IRE in
patients with a medical history of epilepsy, but it should be kept in mind that the
number of observations and the experience of IRE in these patients are limited and
clearly more studies are required, before safe application of IRE in patients with
epilepsy can be recommended.

6.5 Patient Position

IRE can be performed both percutaneous and via open procedure. Percutaneous
procedures mostly take place, at least in our hospital, in the CT scanning room. This
setting and the position of the patient will challenge the anesthesiologist.

According to the location of the lesion that will be treated with IRE, the patient
will be in prone, supine, or lateral position. Optimal support of the patient may be
challenged by the constraints of the CT scanner. Unlike the setting in the operation
theater, patients need to fit through the CT scanner with all monitoring cables and
venous access lines in situ. This may be especially challenging when a prone posi-
tion is required.

In the supine position, however, the biggest challenge is the placement of the
arms above the head, which poses a considerable risk of plexus brachialis damage.
In order to avoid image artifacts, the radiologists often requests to position the arms
folded above the head to ensure a clear view of the treatment area. In the study of
Ball et al. [4] 2 patients out of 12 suffered from transient brachial plexus neuro-
praxia, after which positioning of the arms was optimized. A foam face pillow,
designed for prone position, was placed on top of the patient’s head after which the
arms were folded on top of the pillow.

In our clinic, patients are placed with their head on a regular bed pillow, and the
arms are folded above the head (Fig. 6.3). After padding the elbows, padded straps
are used to adjust the arms and prevent them from sliding.

Before the start of the procedure, it is of utmost importance to check whether the
patient can freely move in and out of the CT scanner without the patient touching
the CT scanner, displacing or disconnecting monitor leads or venous access lines.

Fig. 6.3 Open IRE procedure (a) and percutaneous procedure (b) (adapted from Nielsen et al. [2]).
Arm position during during percutaneous IRE procedure in the CT scanner (c¢)
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6.6 Postoperative Pain

Both Nielsen et al. [2] and Ball et al. [4] describe a group of patients who underwent
percutaneous electroporation. Patients who received an open procedure with addi-
tional IRE were all provided with an epidural for postoperative pain. And since their
postoperative pain couldn’t be related to IRE only, it is difficult to relate postopera-
tive pain to the IRE procedure itself in this group.

Most of the percutaneous treated patients reported the posttreatment pain as
mild. The median maximum reported VAS was 3 with a range between 0 and 9. In
most patients, post-procedural pain could well be managed with oral analgesics.
The most painful procedure seems the IRE of the pancreas with reported VAS scores
up to 9. This may very well be explained by the close anatomical relation of the
pancreas with coeliac plexus in addition to the post-procedural reactive pancreatitis
that is induced by IRE treatment of pancreatic tissue. However, using a multimodal
pain treatment postoperative pain was effectively managed in most patients.
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Complications and Procedures
to Enhance Safety

Laurien G.P.H.Vroomen, K. Nielsen, A.H. Ruarus,
and Hester J. Scheffer

As ablative techniques are used more than ever in oncologic treatment, increasing
knowledge about the possible adverse effects has arisen. It is well known that ther-
mal ablation of lesions in the proximity of critical structures, like major bile ducts,
nerves, intestines, ureters, and vessels, has an unacceptable complication rate due to
thermal damage and can therefore be contraindicated in selected cases [1-3].
Irreversible electroporation has been developed to address the tumors that are
located in an area that is unsuitable for thermal ablation. Since the cellular destruc-
tion is, at least theoretically, triggered by a nonthermal mechanism, IRE is consid-
ered to conserve proteins and the underlying connective tissue [4—8]. Preclinical
and early clinical data have demonstrated that IRE can destroy tumor tissue while
preserving the structural integrity of major bile ducts, the urinary tract, and larger
vessels (see Chap. 5: The Effect of Irreversible Electroporation on Blood Vessels,
Bile Ducts, Urinary Tract, Intestines, and Nerves) [9, 10]. Hence, IRE shows prom-
ise for the safe ablation of difficult-to-reach tumors [11-15]. However, physicians
should be aware of potential adverse events that may negatively affect patient out-
come. Awareness, early identification, and the implementation of preventive and
intervening measures may reduce the incidence and severity of complications [16].
This chapter will address the general complications that are associated with IRE
and suggest safety-enhancing procedures. Several general anesthesiology-related
issues, such as pain management and the use of synchronized pulsing with the
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ardiac cycle to prevent arrhythmias, have been discussed in Chap. 6 (Anesthetic
Management During Irreversible.

Electroporation Procedures). Organ-specific complications are summarized here
but discussed more extensively in the various chapters in part I'V.

IRE-related complications can be divided into three categories:

— General risks associated with the procedure
— Risks associated with probe placement
— Risks associated with the pulsed electrical field

7.1 Risks Associated with the General Procedure

Patient selection is crucial for treatment success in any type of tumor [17]. A multi-
disciplinary team should evaluate eligibility of the patients, based on (1) medical
history and physical examination, with specific emphasis on contraindications for
IRE, (2) laboratory assessment, and (3) appropriate preprocedural imaging to assess
the stage of the disease (number, size, and location of lesion[s]). Patients with poor
functional reserve (American Society of Anesthesiologists [ASA] performance sta-
tus >3) at baseline should not be considered candidates for IRE.

A board-certified interventional radiologist, trained by one of the IRE proctors,
should perform the IRE procedure. The preferred approach for IRE is topic of ongo-
ing debate. Both methods have distinct advantages and disadvantages and none has
proven yet to be generally superior over the other. Treatment approach should there-
fore be based on the experience of the performing physician. Since the open
approach requires laparotomy, it enables the use of intraoperative ultrasound (US)
for real-time differentiation between resectable and inoperable tumors and detection
of micro-metastases. Furthermore, it gives the surgeon the possibility to manipulate
overlaying structures to protect them from damage.

The advantage of the less invasive percutaneous IRE-procedure is the use of
CT-guidance. This allows for three-dimensional tumor measurements and evalua-
tion of its relation to surrounding structures. Determining exact inter-electrode dis-
tances and electrode angulations is more accurate than with the US-guided open
approach. The length of hospital stay is in favor of the percutaneous procedure due
to lower complication rates. Nonetheless, both approaches mandate extensive expe-
rience with image-guided tumor ablation.

In postoperative bedridden patients, thromboembolic complications can occur,
which can represent a dangerous event in terms of mortality and morbidity with
high social impact and costs. Postprocedural administration of low-molecular-
weight heparin (LMWH) until the patient has regained daily activity has proven to
be an effective and safe method to prevent these events [18]. After major abdominal
surgery there is evidence to even continue LMWH for a month after surgery [19].

Infection is a major concern after oncological interventions, depending on the
site treatment and is more often encountered after open procedures [20]. Maximum
sterile precautions are therefore mandatory. The issue of prophylactic antibiotic
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agents for tumor ablation is controversial, with some operators administering them
universally and others only in selected cases. There have been no randomized con-
trolled trials on antibiotic agent use in patients undergoing tumor ablation; at pres-
ent, most of the published data pertaining to this topic relate to the personal
experience of various groups [21].

Although percutaneous tumor ablation is generally considered a clean procedure,
pancreatic and hepatic IRE in the presence of a biliary enteric anastomosis, biliary
stent placement, and after sphincterotomy should qualify as clean-contaminated
procedures, due to retrograde enteric bacterial communication with the biliary tract.
In these procedures, prophylactic antibiotics are usually recommended [20].
Furthermore, if during an IRE procedure stomach or bowel is traversed, an addi-
tional dose of antibiotics is often administered. In the absence of definitive scientific
evidence, many practitioners continue the empirical use of prophylaxis.

Different infectious complications, like pneumonia, surgical site infections or
urinary tract infections more frequently occur in patients who underwent lapa-
rotomy. Adequate precautions should be taken, like early urinary catheter removal,
early mobilization and physical therapy, and adequate pain management (see
Chap. 6).

The protracted extended-arm positioning required for CT-guided IRE is known
to cause postural perioperative peripheral nerve injury (PPNI). Optimum patient
positioning with the limbs preferably placed in natural position without stretching
nerves, muscles, tendons, and vessels is helpful to reduce the risk of neural impair-
ment [22]. To achieve safe and optimum positioning, foam wedges, cushions, vac-
uum bag systems, or dedicated positioning molds can be used.

7.2 Risks Associated with Probe Placement

The key to a successful and safe ablation is meticulous treatment planning and per-
procedural imaging. The required number of electrodes and their configuration
should be determined based on features such as tumor shape and size, and its rela-
tion to critical structures that are at risk for injury [17].

During open IRE surrounding structures are often visible and can be moved or
manipulated by the surgeon to some extent. The position of the electrodes is con-
firmed by intraoperative ultrasound, as is the relation of the probes to structures
within the target organ. Eligibility for IRE should be questioned in case of transmu-
cosal tumor invasion into surrounding intestines like the duodenum, considering
the risk for ulceration and/or bleeding [23, 24]. Since bowel transgression may
contaminate the sterile ablation zone, traversing the duodenum or colon with one or
more probes should preferably be avoided during percutaneous IRE. Pneumo-,
hydro-, and balloon-dissection as well as the so-called lever technique are safe,
low-cost, and technically easy-to-perform maneuvers during percutaneous IRE to
create space between intra-abdominal structures (Fig. 7.1). As previously stated,
supplementary antibiotic prophylaxis is recommended if traversing the intestinal
tract is inevitable.
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First electrode in position

Electrode |- =

Fig. 7.1 CT fluoroscopy images during IRE. (a) Positioning the first electrode. (b)
Pneumodissection with CO2 (red arrows) to obtain distance from the adjacent small bowel. (c)
Lever technique with the pneumodissection needle (curved red arrow) which is deviating the small
bowel laterally during the introduction of the second electrode. (d) Positioning of the second elec-
trode passing by the small bowel

CT imaging is crucial for probe placement during percutaneous interventions,
but tumor delineation is often poor on unenhanced CT. When using an intravenous
contrast agent the interventionist is restricted to a certain time-window after admin-
istration. Since the maximum dose of intravenous contrast material is already
reached after one or two contrast injections, repetitive monitoring is precluded.
Repeated imaging is mandatory during the multiple probe placements required for
IRE. To allow repeated and real-time visualization of the tumor and adjacent vessels
without exceeding the contrast threshold, a flush catheter can be placed in the proxi-
mal abdominal aorta (for pancreatic IRE) or in the superior mesenteric artery (for
hepatic IRE) prior to the procedure. Through this catheter, small amounts of diluted
contrast are administered allowing accurate contrast enhanced imaging throughout
the ablation. This improves safety and accuracy of electrode placement, while
reducing the total dose of contrast administration (Fig. 7.2) [25].
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Fluoroscopy

b

Non-enhanced CT

Fig.7.2 (a) Flush catheter placed in the abdominal aorta cranial of the visceral arteries. (b) Flush
catheter used to inject small amounts of contrast on CT to allow repeated and real-time visualiza-
tion of the tumor and adjacent vessels. (¢) Nonenhanced CT with flush catheter in the aorta; celiac
trunk is not visualized within the pancreatic mass (red arrow) and safe electrode positioning
(asterisk) cannot be confirmed. (d) Catheter-based ceCT showing contrast in the celiac trunk (red
arrow) within the pancreatic mass and the safe position of the electrode (asterisk) next to the celiac
trunk

Adverse events associated with needle insertion (e.g., pneumothorax, hemor-
rhage, biliary tract injury) are more often encountered with IRE than with other
ablation techniques, presumably due to the higher number of required insertions,
the necessity for parallel probe placement in order to promote homogeneous energy
delivery, and the fact that difficult-to-reach lesions are often centrally located and by
definition surrounded by critical structures [26]. The recommended inter-electrode
distance for each electrode-pair is 1.5-2.0 cm. Larger lesions require exponentially
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more electrodes and overlapping ablations are usually necessary to obtain a com-
plete ablation including a tumor-free margin [27]. The likelihood for adverse events
as well as incomplete tumor coverage resulting in residual tumor increases with the
number of electrodes [28].

To minimize the risk of per-procedural bleeding, coagulation abnormalities
should be verified and corrected if necessary, aiming at an INR value of <1.20 and
an APTT value of 25—40s.

7.3  Preventing Risks Associated with Pulsed Electrical Field
Exposure

The application of multiple cycles of short and intense (up to 3000 Volt) electrical
pulses presents several challenges in the anesthetic management that need to be
anticipated and can lead to various site-specific complications (Table 7.1). These
complications are discussed in detail in the concerning chapters.

In accordance to the working mechanism of IRE, vascular structures should the-
oretically remain intact [4—6]. However, vessel thrombosis and hemorrhage have

Table 7.1 Site-specific AEs associated with IRE

Organ Complication(s) Incidence® Severity
Liver [12] Bile duct occlusion Intermediate Major
Portal vein thrombosis/occlusion Intermediate Major
Cholangitis Low Major
Hamothorax Low Major
Pneumothorax High Minor
Pleural effusion Intermediate Minor
Pancreas [12,36] | Portal vein thrombosis/occlusion Intermediate Major
Pancreatitis Intermediate Minor — Major
Bile leak Low Major
Pancreaticoduodenal fistula Low Minor — Major
Hematoma Low Minor
Duodenal wall necrosis or leakage Low Major
Kidney [12] Ureter obstruction Low Major
Transient hematuria High Minor
Adrenal ablation Low Minor
Lung [12] Parenchymal hemorrhage Intermediate Major
Pneumothorax Very high Minor
Prostate [36] Transient potency loss Intermediate Minor
Hematuria and/or debris Intermediate Minor
Dysuria Low Minor
Urinary tract infection Low Minor
Urinary retention Low Minor
Lesser pelvis [37] | Neural function loss High [38] Major

Classified as low-, intermediate-, high-, and very high risk if incidence <1%, >1 to <5%, >5 to
<25%, and >25%, respectively



7 Complications and Procedures to Enhance Safety 1

been reported post-IRE [29-31]. The most reported vessel-related complication
post-IRE is thrombosis [11, 30]. The venous system might be more at risk for vas-
cular damage than the arterial system, with the portal vein most often affected due
to flow dynamics. Edema of the ablation zone following IRE may further stimulate
progression of vessel thrombosis and obstruction due to compression [30]. In case
of an acute vessel occlusion, arterial or portal vein stenting may be performed
directly after IRE [24, 32]. For patients prone to a portal vein occlusion, based on a
preexisting narrowed portal vein, the stenting procedure can be facilitated by insert-
ing a catheter into the portal vein prior to the procedure, over which the stent can be
easily deployed afterwards (Fig. 7.3).

Placement of a biliary endoprosthesis or PTC-drain prior to IRE is recom-
mended in case of inadequate biliary drainage. Since an endoscopically placed
biliary endoprosthesis (endoscopic retrograde cholangiopancreaticography
[ERCP]) allows for biliary drainage without the use of an indwelling external
drain, this technique is considered the preferred treatment. In case of biliary

Pre IRE catheter placement portal vein CECT Pre IRE portal vein stenosis

CECT Post IRE with expanded portal vein stent
« . -

' e “.p-r

Fig. 7.3 Portal vein stenting directly after IRE. (a) Catheter placement in the portal vein prior to
IRE; (b) portal vein stenosis on ceCT prior to IRE; (¢) stent positioning over the catheter after IRE;
(d) expanded portal vein stent (Adapted from Vroomen et al. (submitted data))
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obstruction in the weeks following IRE, placement of a biliary endoprosthesis
through ERCP may be more difficult due to extensive swelling of the duodenal or
ampullary area [24]. In the months following IRE, endoscopic placement may be
hampered by IRE-induced fibrosis and remodeling of the ablated area. In these
cases, percutaneous transhepatic bile duct drainage (PTCD) or rendez-vous tech-
niques might be an option [33].

Direct contact between the active needle tip and vulnerable structures can cause
thermal injury, as heat development of the electrodes during IRE has proven inevi-
table (see Chap. 9; Thermal Effects of Irreversible Electroporation) [10, 23, 34, 35].
Although a safety mechanism within the IRE system automatically turns off energy
delivery in case of overcurrent (>50 Ampere), thermal injury cannot be completely
excluded. To avoid potential thermal damage, the distance between the active tip of
the electrode and heat-susceptible bile ducts or vessels should be at least 2 mm [12].
Voltage, pulse length, interelectrode distance, active tip length, and electrode con-
figuration each have a strong effect on temperature development and distribution
during IRE. Sequential pulsing may reduce the temperature rise and consequently
the extent and volume of thermal damage [34]. Further research should demonstrate
whether this is truly beneficial with respect to procedural safety and whether this
does not compromise ablation zone size and oncologic efficacy.
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Treatment Planning, Needle Insertion,
Image Guidance, and Endpoint
Assessment

Lukas Philipp Beyer and Philipp Wiggermann

8.1 Treatment Planning

For IRE in curative intent, the entire tumor with an appropriate safety margin must
be covered by a sufficiently strong electrical field. The exact threshold depends on
the tissue type and IRE parameters including pulse duration and pulse number [1],
but generally electric fields higher than 600 V/cm are recommended [2]. To achieve
this, exact placement of two up to six electrodes around and/or inside the tumor at
precisely defined distances is necessary. For large tumors requiring more than six
electrodes, they can be repositioned to perform overlapping ablations.

In contrast to thermal ablation modalities, IRE can be used to treat tumors in the
immediate vicinity of large vascular structures and heat-sensitive structures such as
nerves or bile ducts. The distribution of the electric field depends on the position of
the electrodes and the conductivity of the tissue and is influenced by higher conduc-
tivity of blood vessels [3]. All electrodes should be placed as parallel as possible to
each other to ensure homogenous energy fields.

This means that careful planning of the electrode placement is mandatory to
achieve complete ablation [4]. The NanoKnife generator includes a simple graphi-
cal simulation of the ablation zone. The probes can be arranged on a grid by the user
and the anticipated ablation zone is displayed. Specific ablation procedure parame-
ters can be defined for each probe pair, and the changes are reflected in the graphical
representation of the ablation zone. The configuration of the ablation zone should
cover the entire tumor and a tumor-free margin [5]. Because the ablation area
extends only a few millimeters outward of the electrodes, they should be placed
neighboring to the tumor [6] to ensure adequate safety margin.

L.P. Beyer, MD, PhD ¢ P. Wiggermann, MD, PhD (I<)
Department of Radiology, University of Regensburg, Regensburg, Germany
e-mail: philipp.wiggermann @ukr.de

© Springer International Publishing AG 2018 115
M.R. Meijerink et al. (eds.), Irreversible Electroporation in Clinical Practice,
https://doi.org/10.1007/978-3-319-55113-5_8


mailto:philipp.wiggermann@ukr.de

116 L.P. Beyer and P. Wiggermann

However, the NanoKnife simulation does not consider the local electric field
distribution, which is the most important factor for successful ablation with
IRE. Therefore, software tools have been developed which allow patient-specific
treatment planning including medical image segmentation and numerical optimiza-
tion of the treatment parameters. They build a three-dimensional model of the target
tissue from the CT or MRI images and use this model to optimize the treatment
parameters.

The web-based GO-SMART environment for planning of minimal invasive can-
cer treatment was cofounded by the European Union [7]. It allows segmentation of
the patient scan, the setup of the ablation parameters including electrode positions,
and the numerical simulation of the ablation lesion. It also allows registration of the
actual applicator positions from the CT data and re-running the simulation with the
actual positions.

In clinical practice the use of software-based planning and simulation for IRE
treatment is often waived because of time constraints. The electrodes are then placed
freehand with a desired separation of 20 mm, which has been shown to be an effec-
tive treatment distance, e.g., for hepatic IRE [8].

8.2 Needle Insertion and Image Guidance

Depending on the tumor type and location, the IRE electrodes can be positioned
either percutaneously under CT or ultrasound guidance or intraoperatively. While
the electrode placement is like RFA or MWA, parallel placement of multiple elec-
trodes with a maximum distance of 2.0 cm can be very challenging [9]. Limited
stability of the 19 gauge IRE electrodes as compared to MW or RF needles makes
it more difficult to correct a needle deviation. Therefore, ablation of deep-seated
and hard-to-image lesions highly depends on the experience of the interventional-
ist and can be very time-consuming. For example, for CT-guided percutaneous
ablation of liver tumors, the average duration for placement of the IRE electrodes
was 87 min [10].

In case of ultrasound guidance for needle placement, electromagnetic tracking-
based fusion imaging with computed tomography/magnetic resonance (CT/MR)
images can be a valuable tool, especially for the liver and prostate [11] interven-
tions. The fused CT or MR images show the same plane as the ultrasound image and
are calculated in real time. For hard-to-visualize lesions in conventional b-mode,
contrast-enhanced US (CEUS) can be fused to improve lesion detection.

Because CT enables multiplanar reconstruction and the surrounding structures,
we prefer CT guidance for liver and pancreas ablations over ultrasound. CT fluoros-
copy is a valuable tool to reduce intervention times. It is an acquisition mode that
allows continuous image update using in-room table control. After the initial, often
contrast-enhanced planning scan, the electrodes are placed using CT fluoroscopy
for repeated checking of the needle position until all needles are placed in the
required position. Additional spiral CT scans of the liver can be performed during
the intervention to check probe positions.
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One major drawback of CT-guided IRE is the bad visibility of the tumor and
adjacent vessels, making safe probe placement difficult. Several techniques were
suggested to enhance tumor and vessel delineation. To reduce the contrast dose
“bolus chasing” or “low tube voltage,” CT protocols can be used subsequently
enabling the repeated administration of contrast agent [12, 13]. For hepatic IRE, a
catheter can be placed in the hepatic artery for the repeated administration of small
doses to enable real-time repetitive CT fluoroscopy [14] of the tumor and the sur-
rounding vessels. Similarly, for ablation of pancreatic lesions, the placement of a
catheter in the proximal abdominal aorta has been suggested [15].

The development of numerous navigation systems for ablation brings the oppor-
tunity for higher accuracy and faster intervention times. Several different commer-
cially available systems and techniques exist, all with different benefits and
disadvantages [16].

The available navigation systems can generally be divided into two different
classes: those which are fixed absolutely or relatively to the patient and use “robotic”
movements for needle placement and those which use optical or electromagnetic
tracking of the electrodes.

We are currently aware of two vendors in the first group. Both support planning
of several parallel trajectories which makes them suitable for IRE electrode place-
ment. The devices from Perflnt are registered on the floor at a fixed position and
come with a stereotactic arm with a five-DOF axis. The iSys1 is attached to the
treatment table and includes radiopaque markers on the device for semiautomatic
registration in the CT scan. Its application in IRE is currently limited by its restricted
range of motion; therefore several manual repositionings each followed by new
registration scans might have to be performed for one ablation.

To ensure a sufficient target current, it is possible to apply test pulses between each
electrode combination (usually ten pulses of 1,500 V/cm with a duration of 70 ps). If
the applied current lies outside the desired range (usually 20-50 A), the voltage set-
tings can be manually adjusted. After adjustment, the remaining pulses can be admin-
istered. If the tumor is too large for the maximum exposure of 2 cm, one or multiple
pullbacks of the electrodes with subsequent re-ablations can be performed.

8.3  Ablation Monitoring and Endpoint Assessment

Intraprocedural monitoring and post-ablation imaging are key to control the success
of ablation [17]. Awareness of post-IRE imaging findings is of the utmost important
to assess technical efficacy as well as to ensure long-term ablation success and for
the early detection of local recurrence post ablation. Unfortunately, much is still
unknown about the specific imaging findings after IRE.

For hepatic IRE, the practicability of real-time monitoring has been confirmed in
human studies. Typically, a small area with gas forms around the tip of the probes,
probably caused by electrolysis of water into hydrogen gas and oxygen, which
appears as a small hyperechoic area in B-mode ultrasound. Depending on the elec-
troporation protocol used, these small gas bubbles may also cover the entire ablation



118 L.P. Beyer and P. Wiggermann

zone. The ablation zone appears as a hypoechoic area immediately after ablation.
During the next 15 min, this zone progressively becomes more isoechoic, and a
peripheral hyperechoic rim starts to form 90—120 min after ablation. This peripheral
rim was shown to best correlate with the pathologic findings [18] of necrosis/apop-
tosis in the ablation area. In addition, contrast-enhanced ultrasound may offer an
additional advantage by improved delineation of the tumor, respectively, the abla-
tion area.

For short- and long-term follow-up after IRE of hepatic tumors, contrast-
enhanced CT (ceCT) and MRI (ceMRI) are the most commonly used imaging
modalities. Animal studies investigating hepatic IRE showed that ablation area in
histological specimen correlates well with the non-enhancing area in both ceCT and
ceMRI [19, 20], making both imaging modalities suitable to ensure complete cover-
age of the tumor and assessment of the safety margin [21]. Like thermal ablation, a
transient peripheral rim of contrast enhancement can be detected after IRE, reflect-
ing reactive hyperemia [22, 23]. Gas formation can also be noted on CT. When
evaluating ceCT or ceMRI after IRE of hypervascular liver tumors, care should be
taken not to confuse this rim with residual tumor tissue [24].

MRI is particularly useful for assessing the outcome after IRE of non-enhancing
liver tumors and if contrast media is not suitable. On T2-weighted sequences, most
liver metastases appear hyperintense compared to the surrounding liver tissue. After
IRE, the ablation area shows a hypointense central area, surrounded by a hyperin-
tense reactive rim probably caused by edema. The hypointense area showed a high
correlation with the pathologically confirmed ablation zone in an animal study in
rodent liver. Therefore, native MRI with T2-weighted sequences can be a useful
alternative to ceCT or ceMRI imaging for follow-up [20].

Routinely ceCT 1 day post ablation is performed to exclude complications,
ceMRI for further follow-up after 6 weeks, and at regular intervals of 3 months to
rule out local disease progression.

While PET-CT seems to be superior to CT or MRI alone regarding the detection
of local progression after thermal ablation of colorectal liver metastases, no compa-
rable data has been published for IRE [25]. Three days after IRE, an FDG-avid
peripheral rim can be depicted, which may be due to an increasing metabolic activ-
ity at the periphery of the ablation zone. This peripheral increase of FDG uptake
usually disappears 1 month after IRE. Therefore, exclusion of residual tumor tissue
with PET-CT should either be performed within 24 h after IRE or after the initial
inflammatory reaction has resolved [21].

Only few studies exist that describe the role of imaging after pancreatic IRE [26,
27]. Both ceMRI and ceCT revealed an ill-defined ablation zone with absent or
decreased contrast enhancement. Diffusion-weighted imaging (DWI) signal inten-
sity decreased after ablation, and a focal hyperintense spot in the b800 DWI might
be an early predictor of local tumor recurrence. Imaging 6 weeks after IRE showed
a volume increase of the ablation zone, followed by a decrease during further fol-
low-up. Analogous to hepatic IRE, small gas pockets are visible in the ablation area,
probably because of electrolysis. The role of FDG PET-CT in follow-up after pan-
creatic IRE has not been investigated to date.
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Even less data is available on the imaging features after IRE in prostates. While

gray-scale TRUS is unable to visualize IRE ablation effects, CEUS shows a
homogenous, non-perfused ablation zone [28]. Similarly, in ceMRI the ablation
zone is visible as an area of non-contrast enhancement. T2-weighted imaging
showed heterogeneous signal intensity with hypointense margins in some cases.
Both CEUS and T2-weighted MRI showed a strong correlation of the ablation
volume in imaging and pathologic findings. A midterm follow-up study using
CEUS showed a significant involution of the prostate gland during the first
3 months and a significant decrease of the ablation zone during the first 6 months
after IRE [29].
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Thermal Effects of Irreversible
Electroporation

Eran van Veldhuisen, J.A. Vogel, J.H. Klaessens,
and R.M. Verdaasdonk

Although irreversible electroporation (IRE) is thought to be a nonthermal technique
for the ablation of soft tissue, objective temperature measurements and mathemati-
cal models have shown that temperature increase during treatment can be signifi-
cant. The nonthermal mechanism is thought to be caused by a disturbance in the
cell’s homeostasis through the formation of nanopores in the cell membrane, mak-
ing it permeable for its contents. However, histologically, thermal damage is also
observed. Therefore the mechanism of irreversible electroporation is presumed to
be a combination of these effects. Thermal energy produced during treatment with
IRE can both be a contributory factor to cell death and can potentially also be harm-
ful in the presence of thermally vulnerable structures. Previous studies with purely
thermal techniques in the pancreas and liver have shown potential severe morbidity
such as bleedings and bile leakage.

Several IRE parameters, such as field strength and pulse durations, are linearly
related to the production of thermal energy. This ought to be anticipated on by care-
ful treatment planning. Moreover, tissue heterogeneities (both natural and artificial)
such as vascular structures or metal stents can cause a redistribution of the electric
field by an electric field sink effect. This can cause an inhomogeneous distribution
of the electric field, which in turn can cause tumor recurrences. Further insight in
these mechanisms is needed, in order to allow for optimization of treatment.
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9.1 Introduction

Irreversible electroporation (IRE) is an ablation technique that is supposedly not
based on a thermal effect but which is rather based on high-voltage, low-frequency
electrical pulses, damaging cell membranes by creating nanoscale pores, causing
loss of homeostasis and cell death by both apoptosis and necrosis [18]. Hence the
origin of the term “electroporation” suggests that pores are created in cell mem-
branes with the use of electric energy. However, previously published experiments
performing temperature measurements during ablation with IRE have shown that
temperature increase through IRE can be significant in certain cases (e.g. high pulse
numbers, durations, or number of electrodes) to cause thermal damage [8, 26].
Therefore, consensus on the mechanism of work of IRE has not been realized yet. It
is presumed that, through this nonthermal mechanism, IRE can be used as an alter-
native for purely thermal-based ablation techniques such as radiofrequency abla-
tion. These thermal techniques can be contraindicated for the treatment of a
malignancy in case of near presence or involvement with thermally vulnerable
structures such as the duodenum, bile ducts, or blood vessels. Moreover, treatment
efficacy of these techniques can be hampered by a heat sink effect due to cooling
down of the ablation zone through the relatively cool blood flow [24]. However,
vital structures have shown to remain structurally unharmed while performing IRE
on tissue with these structures traversing the ablation zones [10]. Yet the question
remains whether all effects of IRE are of a nonthermal origin. Contrary to the belief
that the production of heat is an unwanted side effect of IRE, a possible thermal
effect could also be used to enhance tissue damage, thus increasing the efficacy of
ablation. Besides heat sink, other factors such as inhomogeneities (both artificial
and natural) may also affect the distribution of the ablation zone. However, a vali-
dated model for prediction of the ablation zone has not been realized yet, due to the
limited insight in the mechanism of work of IRE and factors that contribute to an
altered distribution of the ablation zone.

9.2 The Theoretical Mechanism

The exact mechanism of inducing cell death by irreversible electroporation remains
unknown. The mechanism of permeabilization of cell membranes by electrical
pulses is widely used in order to deliver larger structures into the cell cytoplasm,
such as DNA in electrogene therapy and large medicine molecules in electrochemo-
therapy [20]. It is believed that IRE causes a disturbance in the cell’s homeostasis,
either by permeabilization of the cell membrane through the formation of nanopores
in the lipid bilayer, thermal damage to the cell, or, most expectedly, a combination
of these effects [8, 18]. Likewise, tissue treated with IRE shows both characteristics
of apoptosis and necrosis while performing histological evaluation [8]. Apoptosis
often leads to regeneration of treated tissue, in contrast to necrosis, which leads to
the formation of fibrotic scar tissue. Therefore cell death induced by apoptosis has
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preference over necrosis. IRE is thought to cause relatively more apoptosis, com-
pared to purely thermal techniques. This makes IRE a potentially beneficial tech-
nique in addition to contemporary focal therapy. Yet thermal damage is often seen
while performing histological evaluation of IRE-treated tissue [8]. This can be
explained by the Joule heating effect, where electric energy is converted to thermal
energy while passing through a resistor [26]. However, the ratio between an IRE
effect and a thermal effect remains under discussion.

9.3 The Nonthermal Spectrum of Pulsed Electrical Fields

The effect of electroporation through permeabilization of the cell membrane is
caused by the appliance of electrical pulses across the cell [18]. Under normal con-
ditions, the cell membrane is impermeable for free diffusion of cell contents.
Electroporation causes the electrochemical potential around the cell membrane to
change, therefore inducing instabilities in the polarized cell membrane lipid bilayer.
The shape of the membrane is altered, forming aqueous pathways, so-called nano-
pores, which causes the cell’s contents to diffuse freely through the cell
membrane.

The presumable electroporation effect through permeabilization of the cell mem-
brane is thought to be the result of an induced transmembrane potential through the
appliance of an electric field: Agm.

Ag@m can be quantitatively determined with the following equation:

Apm=—1.5Ex f(0)x o xcos D

* A@m Potential difference at a specific location of cell membrane
e E Electric field strength in V/cm

e« Cell radius

* @ Angle of the radial direction vector

* fl{o) Resultant function of cell’s electrical conductivity

As a result of the induced membrane potential, the cell’s membrane becomes
permeable for free diffusion of the cell’s contents, which induces cell death through
apoptosis [10].

Electroporation is previously determined by measurements of change in mem-
brane impedance of cells subjected to an electric field. This effect can both be
reversible and irreversible. Only irreversible electroporation causes cell death,
whereas reversible electroporation is associated with cell survival. The difference in
outcome between irreversible and reversible electroporation is based on the strength
of the electric field and the duration of the applied pulses. Multiple studies have
demonstrated the nonthermal effects of IRE, using freeze-fracture studies, mathe-
matical models, tissue conductivity, and membrane impedance measurements dur-
ing treatment with IRE. In these studies, a domain of electrical pulse parameters
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was determined that can cause irreversible tissue damage, but with negligible ther-
mal effects [3]. In general, thermal damage is assumed to be caused by temperatures
exceeding 50 °C.

Edd and colleagues measured temperature increase during an in vivo experi-
ment. Although the ablation zones near the edges of the electrodes showed histo-
logical signs of thermal damage, the majority of the treated region showed
macroscopic changes that were likely of a nonthermal origin [7]. The estimated
temperature increase in these zones was 2-3 °C, which is insufficient to cause
thermal damage. Similar results have been reported by Edd and Davalos in compa-
rable experiments where a temperature increase of approximately 1.15 °C was
measured [6]. Hence the fact is that tissue damage cannot be attributed to thermal
damage but as a direct result of IRE. These findings are supported by in vitro
experiments with liver cancer cells demonstrating that complete cell death can be
achieved without thermal effects [14].

In case of a nonthermal mechanism of work, one of the main advantages of IRE
over contemporary ablation techniques would be the lack of thermal damage. As a
result, vital structures such as blood vessels, bile ducts, and nerves would remain
structurally unharmed [10]. Moreover, the effect of IRE would in theory also not be
impaired by the heat sink effect, whereas relatively cool blood flow can reduce the
efficacy of treatment in example of contemporary thermal focal ablation therapies
[24]. Therefore irreversible electroporation can potentially be an asset in the treat-
ment of unresectable tumors.

94 The Thermal Effects of IRE

Although IRE is thought to be a nonthermal ablation technique, previous experi-
ments have shown that there is in fact a detectable temperature increase during
treatment, with significant results of thermal damage proved by histological evalu-
ation [5]. Thermal damage in tissue is characterized macroscopically by white zones
of coagulation [8]. On pathological evaluation, the ablation zones show signs of
streaming cytoplasm and condensation of cell nuclei, the latter being referred to as
“pyknosis” [1]. This is often seen surrounding the electrodes, where the highest
temperatures during treatment are realized.

Higher temperatures are measured closer to the probes and are also reliant on tip
exposure as shown in Figs. 9.1 and 9.2.

The increase of thermal energy is associated with higher electric field strengths,
active tip lengths, interelectrode distances, and/or increasing pulse numbers, as
shown in Figs. 9.2, 9.7, 9.8, and 9.9.

When pulses are delivered sequentially instead of continuously, the temperature
decreases during each break. In addition, by extending the pause between the pulse
series, the resultant temperature increase can be lowered.

Two in vitro [25, 26] and four in vivo studies [5, 8, 27, Vogel et al. 2016 (prelimi-
nary data)], have demonstrated the presence of a temperature increase when per-
forming IRE. In the in vitro studies, a temperature increase was demonstrated,
which was higher with a larger number of pulses, larger pulse duration, or larger
interelectrode distance. Two in vivo studies demonstrated that when settings used
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are within the advised range, no thermal damage is present. In one study, where IRE
in the pancreas and liver of healthy pigs was performed, thermal damage was
reported according to the previously mentioned characteristics. With the use of stan-
dard settings, no thermal damage was observed, while it appeared present when
>270 pulses were used or a voltage of >2,000 V/cm and only in pancreatic tissue. In
the second study, IRE was performed only in liver tissue, and thermal damage was
defined as classic findings of gross and histopathologic coagulation necrosis and
expression of heat-shock protein-70 (HSP-70). Thermal damage was most distinct
when temperatures exceeded 60 °C, whereas purely IRE-based histological features
were seen below 42 °C.

The other two in vivo studies [5, 27], performing IRE in healthy kidney, liver, and
pancreas tissue, demonstrated a mean temperature increase of 21.5 °C, 13.6 °C, and
10.7 °C for the kidney, liver, and pancreas, respectively. This was accompanied by
pathological damage in the study by Wagstaff et al. characterized as a pale region of
discoloration, while the study by Vogel et al. did not report on pathology.

The temperature rise in a volume of tissue can be predicted with a simple model
based on calometry. One calorie (= 4.2 J) is the amount of energy necessary to
increase the temperature of a volume of 1 cm?® water (= 1 g) with 1 °C. The tempera-
ture increase of a given volume can then be calculated according to the formula:

E
AT ==
v

e FEenergyinl]
e Vvolume in cm?

However, due to thermal conduction, the thermal energy produced during abla-
tion will dissipate in a larger volume, and blood perfusion will therefore act as a heat
sink. Depending on the time frame in which the energy is delivered, this cooling
effect becomes more prominent.

An estimation of the maximum temperature increase during treatment with IRE
can be made by assuming an ideal situation with a negligible effect of perfusion (no
heat sink) and by assuming the tissue as virtually 100% water (which is ~80% in
reality).

IRE pulses at 2,000 V, 20 A, with a duration of 90 ps will result in the production
of ~2 J of energy.

The heated volume around two electrodes spaced 1 cm apart can be calculated by
assuming the electrode tips as two cylinders of 2 cm in length and 1 cm in diameter
(=4 cm?®) (Fig. 9.3).

Pulses are delivered with a sequence of 90 pulses per minute, which results in the
following equation:

P =1xV ~4Jperpulse
And thus 90 x 4 J =360 J for 90 pulses.



9 Thermal Effects of Irreversible Electroporation 127

Fig. 9.3 Simplified model ‘ h
of IRE with an IED of ' -

1 cm
Fig.9.4 Time— 1000
temperature threshold curve °
for human skin constructed r L4
from Moritz [17] 100E
®e
— 10 + ]
0, E
g F ®
= L
°
0.1 ¢ L
0.01 I I
40 45 50 55 60

Temperature [°C]

The estimated maximum temperature rise depending on electrode distance is
shown in Fig. 9.8. The resulting temperature will decrease slowly by heat dissipa-
tion or more quickly when there is blood perfusion.

Assuming the maximum temperature rise would only be half the calculated
value, the temperature levels and time exposure of the tissue for over 60 s can easily
result in permanent tissue damage as shown in the Arrhenius integral (Fig. 9.4).
Although this is a straightforward and simplified model, this can be used as a rule
of thumb to estimate the maximum temperature rise using an ablation technique that
produces thermal energy in biological tissues. However, due to the perfusion of the
viable tissue which results in a heat sink effect and the assumption that the treated
tissue exists for a 100% out of water, the overall thermal energy produced during
treatment with IRE is overestimated by definition according to this model.
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9.5  Arrhenius Integral

Many articles have been published on thermal tissue damage related to the tempera-
ture increase over a time period [4, 11, 12, 16, 21, 22]. In basic the Arrhenius reac-
tion rate (1889) and the Henriques—Moritz damage model (1947) describe the total
thermal damage over time fromt=0tot=7

v B
Q(r) = ae Ot

e ¢(r) Concentration of living cells at time #

e ¢(0) Initial concentration of living cells

e R Universal gas constant

e A “Frequency” factor for the kinetic expression (s7!)

e E, Activation energy for the irreversible damage reaction (J mol=!)

The A and E, are the Arrhenius coefficients that must be acquired experimentally,
and for different tissues these are available in literature. With the Arrhenius integral
and the Arrhenius coefficients, the tissue damage can be calculated for time—tem-
perature exposures. In Fig. 9.4 the time—temperature damage thresholds for human
skin are shown [17] from experimental findings. If we take, for example, a tempera-
ture increase of 10 °C, tissue damage will occur from 60 s or longer. And for a
temperature increase of 15 °C, tissue damage will occur already after 2 s. Therefore
we can predict that IRE causes thermal damage in certain cases.

9.6 TheInfluence of Electrical Field Inhomogeneities
on the Distribution of Thermal Energy

9.6.1 Natural Inhomogeneities

The development of thermal energy is inherent to delivering a large electrical power to
a tissue, which can be seen as a resistor. However, the amount of thermal energy differs
with settings. Secondly, an increase could also differ in the presence of different tissue
heterogeneities. For example, the presence of large vascular structures or vessel clusters
could lead to redistribution of the generated thermal energy, thereby lowering the tem-
perature increase [9]. This could hypothetically reduce treatment efficacy.

Secondly, the presence of heat sink effect was demonstrated, where temperature
increase was much higher in ablations of tissue distant from large blood vessels,
while temperature increased only barely in the proximity of large vessels, both in
the pancreas and in liver tissue. However, the effects of this heat sink on pathologi-
cal outcomes remain unknown.
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As with heat sink, large vascular structures and vessel clusters can also cause hetero-
geneous distribution of electric field strength, known as electric field sink. Golberg et al.
performed an observational study for electric field distribution in the presence of natural
heterogeneities such as vascular structures [9]. The results of this experiment showed a
relevant redirection of electric field strength in the presence of vascular structures.
Histologically, cell survival was observed in regions with reduced field strength, whereas
zones distant to vascular structures showed extensive hepatocyte cell death. Not merely
a decrease in field intensity was measured; zones with increased field strength were also
observed. This can be of significant importance during treatment, whereas the presence
of natural heterogeneities and thus redistribution of the electric field can significantly
reduce the effect of treatment and possibly lead to tumor survival.

9.6.2 Artificial Inhomogeneities

At last, the presence of metal parts in the ablation zone could lead to a redistribution
of electrical and thermal energy [25].

However a case report was published by Mansson et al. where a patient with a
metal bile duct stent was treated with IRE and died of a serious complication of
duodenal and colon perforation and bleeding from a branch of the superior mes-
enteric artery, leading to great concerns of IRE around a metal stent [13]. The
causality between the stent and the complication could not be established. Scheffer
et al. demonstrated a higher temperature increase at the electrode tips when a
metal stent was present in the ablation zone, without direct heating of the metal
stent, but, contrarily, a remaining rim of vital tissue, immediately surrounding the
stent [25]. Also Dunki-Jacobs et al. have demonstrated a difference in temperature
increase when metal implants (stents and clips) are present in the ablation area;
however, specific details on these experiments were not provided [5].

Moreover, Neal et al. performed experiments with expired radiotherapy seeds in
ex and in vivo canine prostate and did not demonstrate a difference in the ablation.
However, the lack of effect could be attributed to the small size of the seeds, while
bigger implants could lead to a larger effect [19]. Ben-David and colleagues have
demonstrated that grounded metal plates can result in pulling the electric field away
from the positive electrode, towards the metal plate [2]. However, this effect should
not be present in the case of ungrounded objects.

9.7 Thermal Energy as a Potentially Dangerous Side Effect

As in purely thermal-based ablation techniques such as radiofrequency ablation
(RFA) or high-intensity focused ultrasound (HIFU), temperature increase during
treatment with IRE can be of risk while performing treatment near structures that
are vulnerable to thermal damage. As previously reported in experiments with RFA,
thermal injury to traversing vital structures may cause a potential risk of bleeding
(up to 22%), pancreatic fistulae (14%), or bile leaks in the pancreas (14%) [15].The
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increase in temperature caused by IRE cannot be neglected and can be of serious
threat to these structures. Therefore careful treatment planning is crucial. On the
other hand, structures such as blood vessels and bile ducts induce a heat sink effect,
making these vital structures less prone to the potential thermal effects of irrevers-
ible electroporation [8].

9.8 Thermal Energy as a Contributory Element of IRE

Although thermal damage caused by IRE is often seen as an unwanted side effect,
this feature could also be used as an enhancement of irreversible electroporation.
Thermal damage is only seen surrounding the electrodes (Fig. 9.5), whereas the
temperature during treatment decreases with distance to the electrodes. Therefore,
the periphery of the ablation zone is less prone to thermal damage and cell death by
means of necrosis. Vital structures can be avoided by careful treatment planning and
placement of the electrodes. Moreover, by placing the electrodes centrally in and
around the tumor, thermal damage could potentially enhance treatment efficacy as
contributory factor to cell death.

Yet due to the fact that IRE is a relatively new technique and its mechanism of
work has not fully been understood yet, not all parameters for homogeneous distri-
bution of the ablation zone and optimal treatment settings can be predicted. As a
result, inhomogeneous distribution of the ablation zone can lead to incomplete abla-
tions [9], which, in turn, can cause tumor recurrences. This can be objectified by the
multi-institutional, prospective study performed by Philips et al. from 2009 through
2012, where a total of 150 patients were treated primarily for liver and pancreatic
tumors [23]. In total, after a median follow-up of 18 months, 31% tumor recurrences
were reported. Therefore, better understanding of the distribution of the electric
field and the influence of heterogeneities is needed, in order for better treatment
planning and clinical outcomes.

Fig. 9.5 High-speed color schlieren images show the temperature gradient distribution during
(a—c) an IRE pulse train of ten pulses and (d) the subsequent relaxation using default settings (15-
mm interelectrode distance, 15-mm active tip length, delivering 1x90 pulses with a pulse length
of 90 ms, 90 pulses per minute, and pulse intensity of 1,000 V/cm) [26]
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Fig. 9.6 Temperature increase (7) and current development (A) over time of various voltages and
resultant dissipated energy in a gel experiment investigated with a thermal camera. Asterisk repre-
sents the end of pulse delivery [26]
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resultant total dissipated energy in a gel experiment investigated with a thermal camera. Asterisk
represents the end of pulse delivery [26]
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Fig.9.9 Temperature (7) and current development (A) over time of various pulse lengths and dis-
sipated energy in a gel experiment investigated with a thermal camera. Asterisk represents the end
of pulse delivery [26]

Conclusion

Although the effect of IRE is supposed to be of a nonthermal origin, several
experiments have objectified the increase in thermal energy during ablation. This
is not merely an unwanted side effect, but may also contribute to cell death.
However, damage to structures that are vulnerable to temperature increase can
cause severe morbidity during treatment. This ought to be anticipated on by care-
ful treatment planning. Moreover, tissue heterogeneities may cause inhomoge-
neous distribution of the electric field, which may lead to incomplete ablations
and thus tumor recurrence. Therefore, more insight is needed in the mechanism
of work of irreversible electroporation to allow for clinical optimization.
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