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1History 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 

H.J. Scheffer



5

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 Röntgen 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).

1 History of Image-Guided Tumor Ablation
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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].

1 History of Image-Guided Tumor Ablation
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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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2History 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]

A. Rolong et al.



15

Time 
period Advancement in the field
1957 Stämpfli and Willi describe irreversible and reversible electroporation on a frog 

nerve membrane [15]. Stämpfli 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

2 History of Electroporation
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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 Piñero 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 μs) 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 (τ ~ 200 μs), 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 μs at 0.3 Hz with a field 
magnitude of 2,500 V/cm

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].

2 History of Electroporation
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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 H2O 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 μs) 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/cm 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 μs), 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 (Vm) 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].

2.4  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. Stämpfli 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. Stämpfli 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.” Stämpfli 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 μs 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 μs 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 

2 History of Electroporation



24

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. Kandušer and M. Ušaj [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. Piñero 
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 μs 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 μs 
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 μs 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-μs-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 μs 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 (n = 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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3Multi-scale Biophysical Principles 
in Clinical Irreversible Electroporation

Daniel C. Sweeney, Robert E. Neal II, 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. 
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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 
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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 μs 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 l. The potential 
drop across that path provides the electric field along the orientation of l for every 
point along the path on each electrode and through tissue as

 

∆V d
x

x

= − ⋅∫
1

2

E l.
 

(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 Ω (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 dΩ, the flux 
integral

 
I d= ⋅∫

Ω
ΩJ

  
(3.2)

gives the current I as the integral of the current flow density J through an arbitrary 
closed surface\partial Ω. 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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vector components J = < Jx, Jy, Jz> where Jx, Jy, and Jz 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 Ω, 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 Ω. For low-frequency 
or DC electric fields, we can relate E to J through Ohm’s law on Ω as

 J E= σ .  (3.3)

where
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Because the electrical potential drop as well as the current flow can occur in each 
spatial dimension, the conductivity σ  must be represented as a 3 × 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
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Fig. 3.2 Phenomenological relationship between electrical conductivity σij and electrical current 
density J = < Jx, Jy, Jz >. (a) Each component of the total electric current density vector J may 
experience a different conductivity through each unit component dΩ within an ohmic material. (b) 
A potential drop ΔV = V1 − V2 between conducting surfaces separated by an ohmic material with 
conductivity σ results in a current density J through that material and an electric field of uniform 
intensity |E| = ΔV/l
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to show these interactions explicitly, where the subscripts on E and J indicate the direc-
tion of that vector component (i.e., Jx is the current density in the x direction) and the 
subscripts on σ are the ratio of each electric field component to each current density 
component (i.e., σxy is the ratio of the electric field component Ex divided by the current 
density component Jy). For a typical material, σ  is generally symmetrical, meaning that
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(3.4)

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 ϵ0. 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 Jc through a material in a 
domain Ω with relative permittivity r  is given as

 
J

E
c r t
=

∂
∂

 0 .
 

(3.5)

Similar to conductivity, r  is given by the permittivity tensor
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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 Jc
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(3.6)

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 ϵr 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 ω = 2πf (where f is given in Hz.) in a 
uniform material as Jc = ϵrϵ0ωE, 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]

 
σ ω+( )∇ ⋅ =j r 0 0E ,  (3.7)

where 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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Fig. 3.4 Conductivity and relative permittivity of common tissues treated using electroporation- 
based therapies. The electrical conductivity σ (left) and relative permittivity ϵr (right) of common 
tissues are plotted for frequencies from 1 Hz to 1 MHz [17]
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(3.8)

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

K
=

1

σ
.
 

(3.9)

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 I. 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/l, where A is the surface area of the plates 
and l is the distance between them. In this case, the resistance of the material is 
given as R = l/(Aσ), 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.

3.2.3  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 ∇⋅E = 0. Considering the definition of 
an electric field E = −∇φ, 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 l

l

S

j2

j1
A

l

Cylinder and plate for which 
d >> r and A >> r, d and d is 
the cylinder length

r

l

j2
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2
1

πd
l rcosh /− ( )

Parallel cylinders of length d 
in an infinite material for 
which l >> r1, r2

r1 r2
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r
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r
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4
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π r
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Adapted from Bergman et al. [4]
To calculate resistance, use R = 1/(σK) where K is the shape function listed in the right column

 ∇ =2 0ϕ  (3.10)

where φ is the local electric potential field and the Laplacian operator is defined 
for Cartesian coordinates as ∇2φ = φxx + φyy + φzz. From a physical perspective, 
Laplace’s equation indicates that no electric field source exists within the material 
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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 = −∇φ ≈ −ΔV/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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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])

Table 3.2 Typical electrical properties of cellular components of an isolated cell

Parameter Variable Value Unit Reference
Permittivity of free space ϵ0 8.854 × 10−12 As/Vm

Extracellular (saline) relative 
permittivity

ϵe 75 [6]

Extracellular (saline) conductivity σe 1.25 S/m Measured
Cell membrane relative permittivity ϵm 7 [22]
Cell membrane conductivity σm 3 × 10−7 S/m [19]

Cell membrane thickness dm 4 nm [3]
Cytoplasm relative permittivity ϵi 60 [21]
Cytoplasm conductivity σi 0.5 S/m [22]
Cell radius r 10 μm

Adapted from Čemažar et al. [8]
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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 ra = rb = ρ0 placed at positions (xa, 
ya) and (xb, yb) with their centers offset by distance dab is given as
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for the general form of the analytical solution for two electrodes [9, 28] to Eq. 3.10, 
with constants as
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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

 
ϕ θ θm sr f ER,( ) = ( )cos ,  (3.12)
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In this case, the cell membrane has a thickness of dm, 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 σi, σm, and σe, respectively. In reality, 
there is a time dependence on the induced transmembrane potential φm. 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 (dm << R). Through substitution of σ + jϵrϵ0ω for σ 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 
(ϵi ≈ ϵe ≈ 0), and the conductivities of the internal and external media are signifi-
cantly greater than that of the membrane (σm << σi,σe), the membrane charging time 
constant τ is given by
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We may now rewrite the time-dependent Schwan equation as
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which demonstrates how the transmembrane potential depends on the geometric 
contributions of the cell shape fs, the exponential dependence on time t, and the polar 
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position θ. 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. 3.6 The surface area of the cell membrane experiencing a significantly increased transmem-
brane potential φm(θ) is increased for cell geometries perpendicular to the electric field. The trans-
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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])
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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 = 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 rm. > r* and indicates that, once hydrophilic pores are 
formed, they tend to aggregate at r = rm 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 π ϕa rp m

2 2  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 2πrγ, and 
whole membrane experiences a surface tension πr2Γ. 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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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 
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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
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where φm is the transmembrane potential and ap accounts for the difference in 
dielectric properties between an intact membrane and the surrounding aqueous 
environment, estimated as [1, 38]
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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 
1 V [39].

3.4  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, 

D.C. Sweeney et al.



57

Skewness

0 cm
500

450

400

350

300

250
|E|

(V/cm)

200

150

100

50

+2 cm −2 cm

−5
°

0°

A
ng

ul
at

io
n

+
5°

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 (σ = 0.1 S/m, ϵr = 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

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 
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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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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 σij is not equal in each coordinate direction (σxx ≠ σyy ≠ σzz) 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. 3.9 A tissue exhibiting anisotropic conductivity will distort the expected electric field 
depending on the electrode placement. Electrodes were inserted into simulated anisotropic tissue 
(muscle; ϵr = 80; σ σ σ σ= xx yy zz, , ) 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)
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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 ℘)

 
℘= ⋅ =J E Eσ 2

.  

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 = ℘, assuming perfect conversion from electrical energy to heat (i.e., Q 
= σ|E|2). Thus, the material conductivity σ 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
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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, (c) left dorsal sagittal, and (d) superior transverse perspectives. Distortions in the 
electric field occur at the tissue-tissue and tissue-air boundaries
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where ρ is the density of the material, cp is the heat capacity of the material, T is 
temperature, q m is the heat generated from metabolic processes within the tissue, 
and q p 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

 
σ α σ σ σD E T T T A B,( ) = + −( ) + −( ) − −( )( )



1 0 0 0( ) exp expmax E

 

where T is the temperature, T0 is the initial temperature, α is the conductivity- 
temperature coefficient (~ 1–3 %/°C) [34], σ0 is the initial electrical conductivity, 
σmax is 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 
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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 (σ) and dynamic conductivity 
σ(|E|,T) 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 (σ = 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 σ, the electric field distribution closely mirrors that predicted by Eq. 3.11; 
when a dynamic conductivity σ(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 70–90 × 100  μs 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.

D.C. Sweeney et al.



63

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 (σ = 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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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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4Numerical Modelling for Prediction 
and Evaluation of Treatment Outcome

Bor Kos and Damijan Miklavčič

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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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:

 
−∇ ∇( ) =σ V 0  

 E V= −∇  

where ∇ is the gradient operator, V is the electric potential, σ is the electric conduc-
tivity and E is the electric field strength [54]. An illustration of the electric field in a 

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]
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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) 

2
1 Electric

field vector

E  [V/cm]
800

700

600

500

400

300

Fig. 4.1 Electric field around a 
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field direction (scaled in size by field 
strength) around an active electrode 
pair indicated by numbers 1 and 2. The 
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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 10−4, since the pulses are 
delivered with cardiac synchronization and they are typically less than 100 μs 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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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 

B. Kos and D. Miklavčič



73

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, 

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)
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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.
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Fig. 4.4 Slice plot of the 
electric field in a prolate 
spheroid tumour model. 
The electric field was 
optimized for field delivery 
with two electrodes to at 
least 400 V/cm in a 2D 
cross-section, but the 
coverage is less than 90% 
in the 3D model 
(Reproduced with 
permission from Kos and 
Miklavčič [32])
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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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5The Effect of Irreversible Electroporation 
on Blood Vessels, Bile Ducts, Urinary 
Tract, Intestines, and Nerves

Jantien A. Vogel, Laurien G.P.H. 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), (ii) 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 

5 The Effect of Irreversible Electroporation 



84

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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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 

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]
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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-Arguiñarena 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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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 

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). (c) Follow-up CT scan per-
formed 1 month later still shows bile duct dilatation (arrowheads) [28]
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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  Urinary Tract

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 T1a 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 [n = 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.

J.A. Vogel et al.
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6Anesthetic Management During 
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 

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 I Electrode removal

Postoperative 
hemorrhage

1 III Re-laparotomy

Pain 2 II, III Oral, IV, and neuraxial 
analgesics

Pneumonia 1 II Antibiotics
Peripheral edema 1 II Compression stockings

Liver (percutaneous) Pneumothorax 2 II Chest tube
Pancreas Arrhythmia 1 I None

Pancreatitis + bile 
leakage

1 III Drainage, antibiotics

Kidney Hematuria 1 I None
Pelvis Nerve function loss 1 II/III 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 (20–45  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.

a

b

c

Fig. 6.2 Simplified electroencephalographic (EEG) trace during irreversible electroporation, (a) 
before induction of anesthesia, (b) after induction of anesthesia, (c) 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.

a b c

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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7Complications 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 IV.

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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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].

a b

c d

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
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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 

a

Fluoroscopy

Non-enhanced CT CECT

CECT

b

c d

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. (c) 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
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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) Incidencea 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
aClassified as low-, intermediate-, high-, and very high risk if incidence <1%, ≥1 to <5%, ≥5 to 
<25%, and ≥25%, respectively
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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 

a b

c d

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; (c) 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 Ampère), 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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8Treatment 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.
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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 PerfInt 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 μs). 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 
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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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9Thermal 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: Δφm.

Δφm can be quantitatively determined with the following equation:

 
∆ϕ σm E f= − × ( )× ∝ × ∅1 5. cos  

• ∆φm Potential difference at a specific location of cell membrane
• E Electric field strength in V/cm
• ∝ Cell radius
• ∅ Angle of the radial direction vector
• f(σ) 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.

9.4  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 cm3 water (= 1 g) with 1 °C. The tempera-
ture increase of a given volume can then be calculated according to the formula:

 
∆T

E

v
=

 

• E energy in J
• V volume in cm3

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 μs 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 cm3) (Fig. 9.3).

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

 P I V= × ~ 4J per pulse  

And thus 90 × 4 J = 360 J for 90 pulses.
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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 from t = 0 to t = τ

 

Ω t Ae

C

C

E

t( ) =

=
( )
( )













∫
−

( )

0

0

ττ a

RT dt

ln
τ  

• c(t) Concentration of living cells at time t
• c(0) Initial concentration of living cells
• R Universal gas constant
• A “Frequency” factor for the kinetic expression (s−1)
• Ea Activation energy for the irreversible damage reaction (J mol−1)

The A and Ea 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  The Influence 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 1 × 90 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. 9.7 Temperature (T) and current development (A) over time for various active tip lengths and 
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. 9.8 Temperature (T) and current development (A) over time for various interelectrode dis-
tances with 1,000 V/cm and 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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 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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10Irreversible Electroporation of Liver 
Tumors

Karin Nielsen, Hester J. Scheffer, M. Petrousjka van den Tol, 
and Anders Nilsson

10.1  Introduction

The liver is a well-known site for tumors of benign as well as malignant origin. In 
the Western world, the most frequent hepatic malignancies encountered are liver 
metastases, especially but not solely from colorectal origin. Primary liver tumors, or 
the hepatocellular carcinoma (HCC), more frequently develop in people from Asian 
and Mediterranean countries. Although treatment of various solid tumors can be 
very different, they all have one thing in common. The only treatment option with 
curative intent is local treatment. Because nowadays several treatment modalities 
are available, diagnosis and treatment evaluation should be done by a specialized 
multidisciplinary (oncologic) liver team including a dedicated surgeon, an interven-
tional and a diagnostic radiologist, a medical oncologist, a hepatologist, a radiation 
oncologist, a pathologist, and a nuclear medicine physician.

Historically, surgical resection is considered the gold standard for potentially 
curative treatment. However, site, size, and number of the tumor(s) can prohibit pos-
sibilities for a complete resection. Fortunately, the search for alternatives to achieve 
complete tumor eradication in a part of this patient population has already been 
started in the 1980s and is still continuing. Local tumor ablation has emerged as a 
popular alternative to broaden the therapeutic possibilities for a selection of these 
patients. The most well-known ablation technique for liver tumors is radiofrequency 
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ablation (RFA) and microwave ablation (MWA). Although very effective in selected 
cases, it is not suitable for all liver tumors. To overcome two limitations of thermal 
ablation, the heat sink effect and the risk for collateral damage to surrounding struc-
tures, the search for alternatives is ongoing. Irreversible electroporation has pre-
sented itself as a less thermal ablation technique that can offer a solution for tumors 
located in the hilum of the liver near large bile ducts and portal veins.

IRE is based on the pulsatile application of a strong electric field (1,000–1,500 V/
cm) between electrodes inserted around the tumor. These electrical pulses alter the 
existing transmembrane potential. As a consequence, nanoscale defects appear in 
the lipid bilayer of the cell membrane. Depending on the amplitude and duration of 
the pulses, the permeability of the cell membrane is reversible after which the cell 
survives or irreversible after which the cell dies through loss of homeostasis [1]. 
Although IRE is believed to effectively destroy all cells within the ablation zone, the 
less thermal nature of IRE results in relative preservation of the extracellular matrix. 
Preclinical studies show that, as a result, the structural integrity of inlaying and 
adjacent tissue structures like blood vessels, bile ducts, nerves, and other vital struc-
tures is largely preserved [2–4]. Therefore, the technique possibly provides a solu-
tion for treatment of tumors located in the hilum of the liver.

10.2  Physiological and Anatomical Considerations

10.2.1  Segments

The liver, being the second largest organ in the human body, weighs about 1,200–
1,800 g and is divided in the small left lobe (15% of the total weight) and the right 
lobe by the falciform ligament and the dorsal umbilical fissure.

The internal structure of the liver is preferably described by its functional anat-
omy rather than its morphological anatomy. Although on the outer surface of the 
liver there is an absence of visible anatomical boundaries, the liver is composed of 
eight different segments that are hemodynamically autonomous. The French surgeon 
and anatomist Claude Couinaud was the first to describe these functionally indepen-
dent segments, allowing partial liver resections without damaging other segments. 
The current system to describe the internal anatomy was named after him (Fig. 10.1).

The first division is formed by the first bifurcation of the portal vein, dividing the 
liver into the left and right half. The second bifurcation of the left and right portal vein 
divides both halves in four portal sectors: right posterior, right anterior, left medial, 
and left anterior. These four sectors are separated by the left-middle and right hepatic 
veins. The plane in which the middle hepatic vein is located, which runs from the 
gallbladder to inferior caval vein, divides the left 1/3 and the right 2/3 hemiliver.

After a third bifurcation of the portal vein, all but one of the four sectors is 
divided in two autonomic segments with their own portal pedicle containing a bile 
duct, a portal vein branch, and an artery. Only the left anterior sector consists of one 
segment (segment II), which contains the left hepatic vein.

Segment I, or the caudate lobe, receives portal triads from both liver halves and 
has veins that drain directly into the vena cava. It lies on the left side of the vena 
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cava somewhat hidden by the lesser omentum on the dorsal side of the liver. The 
caudate lobe is connected to the right liver half by the caudate process ventral of the 
vena cava and by the ligamentum vena cava on the dorsal side of the caval vein. 
Segments II, VII, and VIII have a close relation with the diaphragm; segment II lies 
especially close to the heart.

The location of the lobus caudatus, or segment I, has been described above. 
The remaining individual segments are numbered in a clockwise fashion starting 
superiorly in the left hemiliver. Segments II and III lie lateral to the left hepatic 
vein and falciform ligament with II superior and III inferior to the portal plane. 
Segment IV lies medial to the falciform ligament, between the left and middle 
hepatic veins. It is subdivided into IVa (superior) and IVb (inferior) subsegments. 
Segments V to VIII make up the right hemiliver. Segment V is located below the 
portal plane between the middle and right hepatic veins in close relation with the 
gallbladder. Segment VI is located below the portal plane lateral to the right 
hepatic vein and is related with the right kidney and the hepatic flexure of the 
colon. Segment VII is located above the portal plane lateral to the right hepatic 
vein and is mainly located retroperitoneal. Segment VIII is located above the por-
tal plane between the middle and right hepatic veins and is closely related to the 
vena cava and the diaphragm.
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Fig. 10.1 Claude Couinaud’s segmental liver anatomy
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10.2.2  Portal Triad

The portal triad consists of three main structures: arterial blood supply, branches of 
the portal venous system, and bile ducts.

The arterial blood supply is responsible for 25% of the total blood volume and 
50% of oxygen supply. The proper hepatic artery originates from the celiac trunk. 
At the hepatoduodenal ligament, the proper hepatic artery divides in the right 
hepatic artery and the left hepatic artery. The intrahepatic course of the arterial 
blood flow follows the portal branches and bile ducts to the different segments, 
although the right hepatic artery often supplies segment IV. Ligation of the proper 
hepatic artery often leads to necrosis of the liver, depending on collateral circula-
tion. Ligation of the left or right hepatic artery does not lead to necrosis because 
small intersegmental arteries between the left and right lobe will open within 24 h 
after ligation. Anatomical variation is as frequent as 40%.

The intrahepatic bile ducts follow the portal triads toward the hilum, where the 
right and left hepatic ducts unite to form the common hepatic duct. The right hepatic 
duct stretching only 1 cm is very short. In over 15% of the patients, there are ana-
tomical variants. Sometimes bile ducts from segments V/VIII and VI/VII drain 
separately in the left hepatic duct, and occasionally segment VII/VIII has their own 
bile duct that terminates in the common bile duct.

The gallbladder is attached to liver segments IV and V. Depending on the local-
ization of the tumor, a cholecystectomy prior to ablation can be mandatory.

The portal vein is responsible for 75% of hepatic blood flow and 50% of its oxy-
gen supply. The superior mesenteric and splenic veins, together with the left and 
right gastric veins, compose the portal vein. It traverses the hepatoduodenal liga-
ment, and at the hilum, there is a bifurcation in a short right and a longer left extra-
hepatic branch. The intrahepatic bifurcations are described above (“Segments”). 
Intrahepatic anastomoses between the portal system do not occur.

10.2.3  Venous Drainage

The venous drainage of the liver consists of three hepatic veins, although accessory 
veins exist in 15% of the patients. The right hepatic vein drains segment VI/VII and 
a part of V/VIII. The middle hepatic vein drains segment IVb completely and a part 
of segment IVa/V/VIII. The left hepatic vein drains segment II/III and part of IVa.

All three veins drain on the suprahepatic vena cava. The middle and the left veins 
often share a short common tract that enters the vena cava. This common vein has a 
longer extrahepatic course than the right vein. Segment I drains directly into the 
vena cava with multiple smaller veins.

10.3  Organ-Specific Disease: Solid Hepatic Tumors

Many different tumors from different origin can manifest in the liver parenchyma. 
The indication for IRE of nonsolid lesions has not yet been established and is there-
fore beyond the scope of this chapter.
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10.3.1  Benign

10.3.1.1  Hepatocellular Adenoma
Hepatocellular adenoma (HCA) is a relative uncommon benign tumor of the liver 
that occurs more frequently in women than in men. The female/male ratio ranges 
between 3.9:1 and 11:1 [5]. Over the years an association between oral contracep-
tives and hepatocellular adenoma emerged and was first described in the 1970s [6]. 
The relative risk ratios for HCA of women that had used contraceptives for more 
than 9 years were 25 compared to women that had used oral contraceptives for less 
than 1 year. Although uncommon in men, adenomas are associated with the use of 
anabolic steroids [7]. Other conditions associated with adenomas are androgenic 
steroids, beta-thalassemia, tyrosinemia, type 1 diabetes mellitus, hemochromatosis, 
barbiturate usage, and clomiphene intake.

Spontaneous development of an HCA into hepatocellular carcinoma is rare but 
possible in larger lesions. In addition, these larger adenomas have the potential for 
spontaneous rupture and bleeding, possibly leading to shock. Therefore, when over 
5 cm in diameter, local treatment of an HCA such as surgical resection, RFA, or 
embolization should be considered. During pregnancy, hormone-induced growth of 
a preexisting HCA can lead to spontaneous hemorrhage or rupture that may threaten 
the life of both mother and child. Hence, female patients with large (>5  cm) or 
hormone-sensitive adenomas are advised either to avoid pregnancy or to undergo 
invasive treatment prior to pregnancy [8–10]. When an adenoma occurs in the pres-
ence of a glycogen storage disease (types 1 and 3), it can also be a precursor of a 
hepatocellular carcinoma [11].

10.3.1.2  Focal Nodular Hyperplasia (FNH)
This benign lesion of the liver is typically an incidental finding in women in their 
reproductive years. The origin of FNH is thought to be due to hyperplastic growth 
of normal hepatocytes with a malformed biliary draining system. It is also thought 
to be in response to a preexistent arteriovenous malformation [12]. When the diag-
nosis is certain, treatment is rarely indicated. Only large (>5 cm) lesions may be the 
cause of abdominal complaints, especially when located in the left liver lobe. The 
arterial supply is derived from the hepatic artery, whereas the venous drainage is 
into the hepatic veins. FNH does not contain portal venous supply. This makes this 
lesion especially vulnerable to arterial embolization.

10.3.1.3  (Giant) Hemangioma
Hepatic hemangioma is a benign, nonneoplastic hypervascular lesion, also known 
as a venous malformation. Its exact etiology is unknown; however, there might be a 
genetic component to its origin. Hemangiomas are the most frequently encountered 
benign liver tumors. Lesions over 5 cm are referred to as giant hemangiomas [13]. 
Although most hemangiomas are asymptomatic, larger lesions may produce a vari-
ety of symptoms including pain, fullness, nausea, vomiting, and fever. For patients 
with invalidating symptoms, the most renowned treatment is surgical resection. 
Unfortunately, surgical resection is associated with morbidity up to 27% and even a 
small risk of mortality [13–15]. Although mainly based on small case series and 

10 Irreversible Electroporation of Liver Tumors



144

case reports, radiofrequency ablation (RFA) has shown promising results in the 
recent literature for the less-invasive treatment of relatively small GCH with only 
minor complications documented [16, 17]. Recently bipolar RFA was suggested as 
a successful alternative for surgery in a small study population [18]. A remarkable 
volume reduction (58–92%) coincided with complete (two out of four patients) or 
considerable (two out of four patients) symptom relief. However, complications like 
acute kidney failure have been described [19].

10.3.2  Malignant

Most malignant hepatic tumors in the Western world are metastases from different 
primary tumors, most often from colorectal origin. In Mediterranean, African, and 
Asian countries, hepatocellular carcinoma is more frequent.

10.3.2.1  Liver Metastases
A large number of primary malignancies have the ability to metastasize to the liver. 
There is general consensus that treatment of metastases from colorectal origin can 
be curative, and therefore local treatment should be initiated when tumor burden 
allows for complete eradication. Although small bowel tumor metastases are rare, 
general consensus considers workup and treatment similar to metastases from 
colorectal origin. There is no consensus for treatment of metastases other than from 
intestinal origin. When oligometastases from different primary tumors are present 
(e.g., breast, lung, or melanoma), the indication for treatment should always be 
discussed in a multidisciplinary team.

Colorectal carcinoma is currently the third most common cause of cancer-related 
death in the Western world. The main area of concern for these patients is the devel-
opment of hematogenous metastases in 40–60% of these patients, 50% of which 
have metastases present at time of diagnosis of the primary tumor [20]. Liver metas-
tases are an important determinant of their prognosis; 5-year survival of patients 
without distant metastases at time of diagnosis is 60–95%; this drops dramatically 
to 8% when synchronous liver metastases are present [20].

Historically, surgical resection was considered the gold standard for potentially 
curative treatment. When all metastases can be resected, cure is possible resulting in 
a 5-year overall survival rate between 25% and 60% [21–23]. Nowadays, the only 
criteria for surgical resection are that the future remnant liver should exceed 25% in 
a healthy liver, and 30% after systemic chemotherapy or underlying liver disease, 
with adequate vascular in- and outflow and biliary drainage and at least two contigu-
ous liver segments [24]. Despite broadening of the criteria for resectability, a large 
proportion (70–80%) of patients with CRLM are deemed unresectable owing to a 
insufficient future remnant liver volume, even after conversion chemotherapy. New 
surgical techniques have been developed to overcome this problem. Preoperative 
portal vein embolization (PVE) induces atrophy of the embolized, tumor-bearing 
liver segments, while compensatory hypertrophy occurs in the non- embolized lobe. 
This increases the future remnant liver volume and, supposedly, its function, 
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enabling surgical resection of the tumors. Although this technique converts unre-
sectable to resectable disease in selected patients, tumor progression has been 
described in the interval between embolization and resection, causing 6.4–33% of 
the metastases to be unresectable at time of surgery [25]. PVE is often used in a 
two-stage hepatectomy. In a two-stage strategy, compensatory liver regeneration 
after a first noncurative hepatectomy may enable a second curative resection. 
Seventy percent of the patients that were initially deemed eligible for this strategy 
have shown to undergo both operations.

The search for alternatives to achieve complete tumor eradication without the 
need for surgical resection already started in the 1980s and is still continuing. Local 
tumor ablation has emerged as a popular alternative to broaden the therapeutic pos-
sibilities for a selection of these patients, with radiofrequency ablation (RFA) as the 
clinically most relevant ablation technique up to date.

The principle of RFA is based on generation of a high-frequency alternating cur-
rent, which causes heat with subsequent evaporation of intracellular water which 
leads to irreversible cellular changes, including intracellular protein denaturation, 
melting of membrane lipid bilayers, and coagulative necrosis of individual tumor 
cells and all other cells within the ablation zone. This effect is reached by using elec-
tromagnetic waves with frequencies less than 30 MHz (usually between 375 and 
500 kHz). This causes agitation of ions, which creates frictional heat that extends 
into the tissue by conduction. A probe is inserted into the center of a tumor either 
percutaneously using CT guidance or surgically using intraoperative ultrasound. The 
latter can be performed by an open or laparoscopic approach. After insertion of the 
needle, a little “umbrella” is unfolded to increase the ablation zone, so that a maximal 
diameter of 3–3.5 cm is covered. Larger tumors need multiple ablations.

Recent literature shows that RFA can result in complete tumor clearance and an 
increased life expectancy. Median and 5-year survival rates of patients with solitary 
colorectal hepatic metastases are reported up to 40 months and 46.5%, respectively 
[26]. This technique is especially developed for patients with metastases that are not 
eligible for surgical resection and usually have more than one lesion. This makes the 
comparison to both techniques unreliable. However, when treating a mean of three 
lesions per patient with RFA, a 5-year survival of 18–43% can be achieved [27–29], 
which seems comparable to survival rates following resection of ≥3 lesions of 
22–38% [30, 31]. The only prospective study comparing resection with percutane-
ous RFA in CRLM amenable to surgery was by Otto et al. Although patients with 
lesions up to 5 cm were included, the results are consistent with those of other stud-
ies regarding RFA: a higher rate of local tumor recurrence and shorter progression-
free survival after RFA but with comparable overall survival [32]. Ruers et  al. 
compared RFA combined with chemotherapy and chemotherapy alone in an EORTC 
study and found a significantly prolonged DFS and even a significant improved OS 
(median 45.6 vs 40.5 months, p = 0.01) [33].

Morbidity and mortality of RFA are low compared to other ablative techniques, 
6–9% and 0–2%, respectively [34]. The possibility of a minimally invasive, percu-
taneous approach is a benefit over surgical resection, especially in patients with 
extended comorbidity precluding major surgery.
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An important advantage of target-focused treatment like RFA over surgery 
includes the localized destruction of target tissue alone and preservation of sur-
rounding viable liver tissue, thereby making it possible to treat multiple, bilobar, 
lesions (>10) in one session.

The main disadvantage of RFA is the risk of a local site recurrence, which 
indeed occurs more frequently than after resection. This is in fact a matter of 
concern, with local recurrence rates reported between 3.6% and 40%, compared 
to 2–5% after resection, depending on the size and location of the lesion [28, 
34]. This risk is increased for larger lesions and for tumors located near large 
blood vessels, since heat can be lost to the flowing blood: the so-called “heat 
sink” effect. Lesions <2 cm are hardly susceptible for this problem, but with 
40% the recurrence rate after RFA of lesions >5 cm is high. Therefore, micro-
wave ablation was developed. MWA utilizes dielectric hysteresis with active 
tissue heating and does not rely on the passive conduction of heat. For this rea-
son MWA is often preferred over RFA for perivascular CRLM. However, micro-
wave systems also face several limitations including underpowered generators, 
shaft heating, large-diameter probes, long and relatively thin ablation zones, 
less predictable ablation zones, and higher peak temperatures with the potential 
hazard to occlude important vessels or damage vital structures such as the major 
bile ducts [35].

Historically, conventional external beam radiation therapy (EBRT) has had a 
limited role in the treatment of liver metastases. EBRT uses large radiation fields 
that inevitably deliver a high percentage of the radiation dose to surrounding criti-
cal structures. The low tolerance of liver tissue to radiation raises the risk of 
radiation- induced liver disease (RILD). RILD syndrome is characterized by anic-
teric ascites with elevation of alkaline phosphatase and liver transaminases, which 
occurs 2 weeks to 4 months after radiotherapy and can result in liver failure and 
death [36]. In an attempt to maximize radiation efficacy and minimize toxicity, 
studies investigated other radiation delivery modalities. A recent advancement in 
radiation therapy is stereotactic ablative body radiotherapy (SABR or SBRT). 
Unlike standard radiotherapy, which delivers conventional fractions (ranging 
from 1.5 to 3 Gy) to a larger volume, SABR entails the precise delivery of high-
dose in a single or a few fractions (one to six fractions [37, 38]). This limits the 
dose delivered to healthy liver tissue, resulting in decreased toxicity and dose 
escalation to the tumor. Treatment planning is based on four-dimensional diag-
nostic imaging, taking into account target motion associated with breathing, by 
either respiratory gating or tracking.

SABR has proven to be of value in tumors located centrally around the portal 
triad. However, the technique is precluded when other organs are located within 
8 mm from the radiation area, like the stomach or duodenum. With multiple (>3) 
lesions or lesions >6 cm in diameter, there is still an increased risk of RILD or other 
toxicities [39]. Therefore, SABR seems most suitable in oligometastases that are 
unsuitable for surgical resection or RFA, similar to IRE. Local control, and not sur-
vival, is currently the most important endpoint in studies concerning SABR, due to 
the large variation in cancer stage and patient population. In studies evaluating the 
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use of SABR in patients with unresectable CRLM, the reported 2-year lesion-based 
local control varies from 72% to 90% [40, 41].

10.3.2.2  Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is the most common type of liver cancer and one 
of the most common tumors worldwide. It is a relatively rare disease in developed 
countries but its incidence rapidly increases in areas where hepatitis B infections are 
common. It can present itself by icterus, ascites, coagulation disorders, weight loss, 
and pain in the right upper quadrant of the abdomen.

The most important risk factors vary widely from country to country and include 
alcoholism, hepatitis B, hepatitis C (25% of causes globally), aflatoxin, liver cir-
rhosis, hemochromatosis, alpha-1 antitrypsin deficiency, type 2 diabetes (probably 
aided by obesity), and hemophilia [42–44]. In countries like China where hepatitis 
B is endemic, it is the predominant cause of HCC, whereas in developed countries 
with low incidence of hepatitis B because of high vaccination rates, the major cause 
of HCC is cirrhosis (often secondary to hepatitis C, obesity, or alcohol abuse).

As a result of technological improvements, the number of therapeutic modalities 
available for HCC has increased dramatically. Theoretically, the best treatment for 
small HCC is liver transplantation, but the scarcity of donor organs and high costs 
constrain the use of this treatment. In addition to the traditional surgical resection 
and liver transplantation, other therapies, such as transcatheter arterial chemoembo-
lization (TACE), RFA, percutaneous ethanol injection (PEI), and percutaneous 
microwave ablation (MWA), have also been used. SABR does not currently play a 
primary role in the treatment of HCC and is still considered experimental or a bridge 
to transplantation.

Despite all these treatment options, HCC still has the second highest cancer- 
related mortality worldwide because most patients are diagnosed in an advanced 
stage.

The choice of treatment of HCC is based on the Barcelona criteria [45]. This 
classification uses variables related to tumor stage, liver functional status, perfor-
mance status, and cancer-related symptoms and links the stages described to a treat-
ment algorithm. Stage 0-A-B can be treated with surgical resection, intra-arterial 
therapies, or liver transplantation. Patients with stage C-D disease have to rely on 
(palliative) systemic treatment using sorafenib, phase II trial agents, or symptomatic 
relief. For a patient to be suitable for liver transplantation, one needs to meet the 
Milan criteria: single tumor with diameter ≤5 cm or up to three tumors each with a 
diameter ≤3  cm, no extrahepatic involvement, and no major vessel involvement 
[46]. Therefore, the demand for novel treatment strategies for small HCCs has been 
raised in both surgical resection and nonsurgical resection cases [47].

The 5-year overall survival of all patients with HCC is 14% but highly dependent 
on the stage of the disease. Stages 0 and A have a good 5-year survival after surgery 
(transplantation or resection) with 80–90% and 70–80%, respectively. Median sur-
vival of patients with stage B after intra-arterial therapy is 36–45 months. Overall 
survival decreases to 9–10 months in stage C treated with sorafenib to 3–4 months 
in end-stage HCC [48].
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10.4  Current and Future Indications of IRE

10.4.1  Benign

Currently IRE is not commonly applied for benign liver lesions. The literature 
describes only one case in which a large, centrally located hepatocellular adenoma 
was treated with IRE in a woman with a strong pregnancy wish [49]. Due to the 
central location, the lesion was considered unsuitable for surgical resection and 
thermal ablation. Embolization had also proven unsuccessful due to the tumor’s 
extensive arterial blood supply. Percutaneous IRE treatment was performed without 
complications. However, the ablation zone was much larger than anticipated. Local 
surroundings and tissue-specific conductivity both have an effect on size and shape 
of the ablation zone [50]. Hypothetically, the increased ablation zone size could 
suggest that the conductivity of adenoma tissue is higher than that of normal liver 
parenchyma, resulting in a lower electric field threshold for IRE.  Future work 
should correlate ablation volumes with numerical simulations to determine an effec-
tive electric field threshold for each particular tumor to guide future ablations.

Besides the rare occurrence of centrally located HCAs with absolute treatment indi-
cation, there is currently no other indication for the use of IRE in benign liver tumors.

10.4.2  Malignant

IRE is particularly indicated for malignant liver lesions that are strictly unsuitable 
for surgical resection or thermal ablation due to their anatomic location. Currently 
the indication lies with colorectal liver metastases, HCC, and liver metastases from 
other primary origin. IRE for unresectable perihilar cholangiocarcinoma is cur-
rently under investigation (see chapter 12). The indication for local tumor ablation, 
and thus for IRE, should always be made following multidisciplinary deliberation. 
Similar to surgical resection, the general criterion for image-guided ablation is that 
it is performed with curative intent, which means that all tumors must be suitable for 
some kind of local treatment. Concurrent treatment of additional tumors in the same 
treatment session, by, for example, resection or thermal ablation, is therefore not 
uncommon. IRE is repeatable and can be used to treat residual disease as well as 
new lesions [51].

Although there are no strict size criteria, similar to radiofrequency ablation, IRE 
appears to be most effective for tumors ≤3 cm in diameter; beyond this size treat-
ment efficacy quickly decreases and may require staged therapy with multiple abla-
tion sessions [52]. Similarly, there is no absolute number of tumor eligibility [53]. 
Besides size and number of the lesions, factors such as age, performance status, 
comorbidity, and previous oncologic treatment play part in the assessment of a 
patient’s suitability for local treatment. Given the versatility in local tumor ablation, 
the indication for IRE should be discussed in a multidisciplinary liver tumor board.

In our institution, unsuitability for thermal ablation is defined as follows; in order 
to preserve liver function, at least one hepatic vein and one portal vein must remain 
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patent. Lesions that are located within 5 mm from a major vessel are considered 
unsuitable for radiofrequency ablation due to the risk of incomplete ablation caused 
by the heat sink effect. This risk does not account for microwave ablation. However, 
due to higher temperatures achieved with MWA and more unpredictable size of the 
ablation zone, these vessels are at risk for occlusion. Therefore, if after previous 
liver surgery only two portal veins or hepatic veins remain, and subsequently a 
lesion develops within the fork of one of these veins, MWA is contraindicated due 
to the risk of vessel occlusion and liver perfusion shutdown. Similarly, if only one 
portal vein or hepatic vein remains patent after previous surgical procedures, MWA 
in the vicinity of this vein is too dangerous. In these cases, IRE can be a suitable 
treatment option. Due to the risk for thermal damage, lesions that are located less 
than 5 mm from the right, left, or common bile duct are also considered unsuitable 
for RFA or MWA due to the risk of thermal damage to the bile duct.

10.5  Contraindications

Patient-related contraindications include ASA >3, including patients that are con-
sidered unfit to undergo general anesthesia, and ventricular cardiac arrhythmias. 
Epilepsy can be considered a relative contraindication [54]. Coagulation abnormali-
ties should be corrected (INR <1.2, APTT 25–40 and platelet count >150,000/mcL) 
(see chapter 6).

Tumors infiltrating the portal triad are non-eligible for IRE. The distance between 
the ablation zone and the portal triad including a 0,5–1-cm tumor-free margin 
should be at least 2 mm. The increase in temperature close to the probes can cause 
damage to these vital structures with the risk of hemorrhage or biloma.

Special care is warranted when a metallic stent is present in the bile ducts, since 
the redistribution of the electric field and the development of heat in the presence of 
metal objects are unpredictable and not well understood (see also chapter 9) [55]. 
Recent preclinical work has shown that IRE in the vicinity of a metal stent does not 
cause notable increased heating of the metal stent, but results in higher temperatures 
around the electrodes, which could in theory lead to thermal injury. In vivo, a rem-
nant viable tissue region immediately adjacent to the stent was observed. These 
findings reinforce the appeal to either place plastic biliary endoprostheses or to 
remove metal stents prior to IRE whenever possible [56]. The influence of metallic 
objects on the electric field distribution and subsequent ablation zone should be 
further explored.

10.6  Patient Workup and Treatment Planning

The need for multidisciplinary decision-making cannot be emphasized enough. In 
this way, all possible options can be discussed. The patient should be aware of the 
preliminary phase that IRE is in and should be informed about all other possible 
treatment options.
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Diagnosis of can often rely on pre-procedural imaging using ultrasound, four- 
phase liver CT and/or a contrast-enhanced MRI or 18fluorine deoxyglucose positron 
emission tomography (18F-FDG PET)-CT (for CRLM), combined with the medical 
history of the patient. Blood tests are used for specific tumor markers such as carci-
noembryonic antigen (CEA) for CRLM and alpha-fetoprotein (AFP) for HCC. In 
the case of HCC or metastatic disease other than from colorectal origin, histology is 
preferred using thick needle biopsy.

Safety precautions taken before and during the procedure start with adherence to 
the absolute contraindications mentioned above. All patients should have been fast-
ing for 4–6 h prior to the procedure. All procedures (open and percutaneous) require 
general anesthesia including complete muscle relaxation to prevent muscle contrac-
tions expressed as a train of four of 0 (see chapter “Anesthesiology”). Before com-
mencing the procedure, accurate R wave detection is confirmed by applying a 
three-lead ECG attached to the IRE device. In the beginning, we would use defibril-
lator pads as a precaution. In the absence of major arrhythmias or cardiac complica-
tions, we stopped using them.

10.7  Tips and Tricks on the General Technique, Approach, 
and Image Guidance

With IRE, the important thing is that the needles can be placed in a predetermined 
pattern, at a known distance from each other, more or less parallel and, most users 
would agree, at least a few millimeters away from structures that might otherwise 
be damaged by the small amount of heat that may surround the needles. The nee-
dles can thus be placed intraoperatively, laparoscopically, or percutaneously. The 
guiding techniques can be palpation (if intraoperative), CT, or ultrasound. 
Furthermore, both CT and ultrasound can be performed “freehand”, guided by a 
needle guidance device or by more advanced computer-based robotic techniques. 
It has been suggested that using robotic guidance saves time which is important as 
the IRE needle placement can be quite time consuming, especially when up to six 
needles are being used [57, 58]. However, there is so far no evidence that one tech-
nique, or combination of techniques, is superior when it comes to the ablation 
results, either in respect to initial ablation zone or later local recurrence. The 
approach must then be based upon things like the location of the tumor, the avail-
able resources, and the individual skill set of the person performing the ablation. A 
percutaneous approach is, obviously, less invasive but also dependent on adequate 
imaging. For example, a small tumor in a large patient, difficult to visualize on 
CEUS or CT, might be done using an intraoperative approach, whereas a tumor 
clearly seen on imaging may be done percutaneously using guidance by CT (large 
patient) or ultrasound (slim patient). Any combination of the above can of course 
be used, i.e., intraoperative ultrasound, placing the needles with ultrasound and 
checking the position with CT. The important thing is that those involved are com-
fortable with the chosen method(s) and can place the needles adequately as this is 
vital for a successful result [50, 59]. As with all intervention, seeing one procedure 
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done by someone else (preferably in the same way as one plans to do it) helps 
overcome the learning curve that does exist as with all new procedures [60], and 
tips and tricks can be picked up. Even though the needles are sharp enough to pen-
etrate the skin, a small incision is commonly used to ensure a smooth passage of 
the needle, and when using ultrasound for guidance, this has the added advantage 
that the experienced interventional ultrasonographer will “feel” the tissue planes as 
the needle crosses them without the skin “snagging” around the needle shaft. On 
the other hand, clotted blood from the incisions will eventually interfere with the 
ultrasound quality in an extended needle placement.

As with all IRE treatments, general anesthesia is mandatory with a deep muscle 
relaxation in order to avoid muscle contraction in the patient when the electrical 
treatment pulses are given. At best, excessive movement is disturbing; at worst, it 
may cause dislocation of the needles giving an inadequate treatment result or even 
damage to sensitive structures close to the needle tip. Most patients are treated in a 
supine position as it is the most common examination position both for CT and 
ultrasound and also makes it easier for the anesthetist. However, supine or even 
prone positions may be used to ensure a safe needle passage from the skin to the 
tumor area. Even though IRE is a safe method [52], we still insert needles capable 
of causing damage to blood vessels, bowel structures, etc., and care must be taken 
both with the patient position and tricks like hydrodissection to achieve the best 
needle paths possible.

The actual treatment in an IRE ablation, i.e., the electrical pulses as opposed to 
heat or cold in a thermal ablation, is comparatively safe as indicated by the fact that 
the complication rate has not been seen to go up when larger tumors in more diffi-
cult positions are treated [60]. The electrical pulses may, however, cause a vessel 
spasm seen as a narrowing of both arteries and veins. In most cases this will resolve 
in a short space of time but remaining vessel and bile duct stenosis has been seen 
[61, 62]. Complications that may arise from damage caused by the needles are of 
course mainly localized hematomas or, worse, a diffuse bleeding. When ablating in 
the liver using an intercostal approach, the needle path may cross the pleural space. 
Pneumothorax has been reported but not so far clinically significant. As with all 
ablations in the liver, care should be taken when performing an ablation in a patient 
who has had a papillotomy or a choledochojejunostomy. Prophylactic antibiotics 
should be considered as there is a risk of abscess formation [63, 64]. In vivo studies 
have shown a slight increase in temperature around the needles, and this needs to be 
remembered when placing needles even though no complications have been attrib-
uted to this so far [55]. However, this effect was shown to be more pronounced when 
a metallic stent was placed in the ablation zone even though the stent itself did not 
get hot. Also, after the ablation, viable tissue could be found adjacent to the stent 
that may act as a Faraday’s cage preventing an adequate treatment. The treatment in 
itself, as we ablate liver tissue, will cause an increase of liver function tests but not 
more so than with other ablation techniques and should not be seen as an indication 
of excessive liver damage [65].

As the whole purpose of using IRE as an ablation method is to preserve vul-
nerable structures like vessels, the ablation zone, contrary to a thermal ablation, 
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will still have perfusion albeit decreased. This is important to remember when 
doing follow-up imaging. Many methods have been used and the findings of 
decreased perfusion can be seen on all contrast-enhanced images. CT should be 
done in the portal phase and a 3D analysis may be helpful [66, 67]. B-mode ultra-
sound will show a hypoechoic area just after the ablation and this can be used as 
an indication of the ablation zone but not for absolute size. CEUS however will 
give an accurate estimation of the ablation [68]. When using MRI for follow-up, 
it is important to be familiar with the post-IRE changes as many imaging param-
eters will be altered [69].

10.7.1  Optimizing Target Visibility

Tumor tissue and ablation zones are often barely visible on unenhanced CT espe-
cially when they have been pretreated with chemotherapy. During CT-guided 
IRE, the delineation of tumor and surrounding vessels and the induced coagula-
tion zone are often limited to a time window after administration of intravenous 
contrast material. Consequently, if the maximum dose of the contrast agent is 
reached after one or two injections required for treatment planning before the 
procedure, repetitive intraprocedural monitoring is restricted. This is a major 
drawback because dynamic and real-time tumor and vessel delineation are key to 
safe and precise probe placement. A method to reduce the contrast dose is bolus 
chasing. This allows preablation and postablation contrast imaging for all abla-
tive modalities [70]. To further improve intraprocedural lesion and vessel conspi-
cuity, we recently demonstrated the feasibility of transcatheter CT hepatic 
angiography (CTHA) with percutaneous liver tumor ablation [71]. The injection 
of a contrast agent directly into the proper hepatic artery enables repeated con-
trast-enhanced imaging and real-time CT fluoroscopy, which improves lesion 
conspicuity and also provides real-time information on the vicinity of blood ves-
sels. Immediately after IRE, the ablated area is clearly delineated, with the typi-
cal appearance of the avascular ablation zone surrounded by a hypervascular rim 
(Figs. 10.2, 10.3, and 10.4).

10.8  Complications

A systematic review of the literature evaluated the safety of hepatic IRE in 129 
patients (227 tumors). Overall complication rate was 16% (21/129), and these were 
all minor complications [52]. The electric fields applied in IRE can cause cardiac 
arrhythmias, but synchronized pulsing with the heart rhythm greatly reduces this 
risk (see chapter “Anesthesiology”). The systematic review showed that with car-
diac gating, only minor arrhythmias occurred (incidence = 2.2%). Even when 
hepatic lesions are located close to the heart, IRE can be safely applied when pulses 
are delivered in synchrony with the R wave [73].

When using the open approach, all complications that apply for hepatic surgery 
should be taken into account, especially when IRE is combined with surgical 
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Fig. 10.2 Adapted from Scheffer et al. Definition of depth, length, and width of the treatment 
zone in relation to the electrode application [72]
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Fig. 10.3 Adapted from Scheffer et al. (a) CT pre-IRE shows a central hypoattenuating CRLM 
(arrow). The asterisk represents the inferior vena cava. (b) Planning of electrode configuration, with 
the yellow circle representing the tumor (18-mm length and 16-mm width) and the white arrows 
representing the expected tumor-free margin. (c) Calculated ablation zone extending 5 mm outward 
from each electrode in all directions. (d) CT fluoroscopy showing two of three electrodes placed in 
the periphery of the tumor. (e) Three-dimensional reconstruction of the electrodes positioned in the 
periphery of the tumor and the close proximity of the tumor to the inferior vena cava (asterisk) and 
the common bile duct (arrow) [72]
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Fig. 10.4 Adapted from Scheffer et al. (a) Transcatheter ceCT (CTHA) showing a small nonat-
tenuating CRLM (arrow) adjacent to the middle hepatic vein. (b) PET-CT pre-IRE showing the 
FDG-avid lesion (arrow). (c) CT fluoroscopy with two electrodes in situ. (d) CTHA immediately 
post-IRE showing a large nonenhancing ablation zone surrounding the lesion (arrow) with periph-
eral hyperattenuating rim. (e) ceCT 2 weeks post-IRE showing shrinkage of the hypodense abla-
tion zone. (f) Coronal MPR of ceCT 2 weeks post-IRE. (g) ceCT 3 months post-IRE demonstrating 
further shrinkage of the nonenhancing ablation zone. (h) PET-CT 3 months post-IRE showing 
absence of tracer uptake of the treated lesion. CTHA CT hepatic angiography [72]
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resection. Some complications are directly related to the surgical trauma: hemor-
rhage, wound infection, hernia cicatricialis, biloma, or (intra-abdominal) abscess 
formation. Other complications are related to postoperative pain and inactivity: 
ileus, urinary tract infection, pneumonia, and thromboembolic complications.

Adverse events of the percutaneous approach can be posture-related. When the 
patient is under general anesthesia with the arms positioned over the head, which is 
the required position during CT-guided procedures, there is a significant risk of 
neuropraxia of the brachial plexus [4].

Puncture-related complications such as pneumothorax and hemorrhage are 
infrequently encountered and are comparable to other needle-guided liver inter-
ventions [72].

The lesions included in the systematic review were mostly located close to portal 
vessels and bile ducts. Stenosis or occlusion of these structures was reported in 
8/129 treated patients (6%), of which two were probably related to tumor progres-
sion [74]. Although IRE is believed to be primarily nonthermal, heat development 
immediately adjacent to the electrodes has been described [75], which may have 
caused thermal coagulation and subsequent occlusion of a bile duct that was in 
direct contact with one of the needles [74]. To prevent unintended damage when 
ablating near thermally sensitive critical structures, we therefore recommend avoid-
ing placement of the electrodes less than 2 mm to the central bile ducts or large 
blood vessels. Overall, considering that IRE was mostly performed on tumors near 
or around portal pedicles, vascular and biliary structures, the preservation of these 
structures seems probable. This suggests that IRE may be a safer option than ther-
mal ablation in this area. Further studies with longer follow-up times are still needed 
to confirm these results.

Retrospective comparison of postprocedural pain after hepatic IRE and RFA 
showed similar moderate pain intensity with comparable amounts of self- 
administered pain medication [76].

Traversing the intestines during needle placement should be avoided when pos-
sible. In open IRE this is usually not an issue. During percutaneous IRE pneumo-, 
hydro-, or balloon dissection can be an option to increase the distance between dif-
ferent vital structures (see chapter “Safety-Enhancing Procedures”). This can also 
be useful when a target lesion is located in close proximity to the intestinal tract, like 
the duodenum or stomach. If contact with the intestines cannot be avoided, supple-
mentary antibiotic prophylaxis is recommended.

10.9  Follow-Up and Response Evaluation

A recently published systematic review on hepatic IRE reported rapid elevations 
within 24 h after IRE of liver transaminases ALT and AST, which signals hepatocel-
lular injury [69]. In this study, the transaminases returned to baseline following 1 or 
2 months. Serum bilirubin also rose to peak level on day 1 and normalized 2 months 
later. The peak values of elevation were consistent with those of other ablation 
modalities. During follow-up, tumor markers carcinoembryonic antigen (CEA) for 
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CRLM and alpha-fetoprotein (AFP) for HCC should be monitored preferably 3 
monthly. Bilirubin levels should also be monitored; rising bilirubin can signal bile 
duct occlusion or stenosis as a late complication of IRE treatment or tumor 
progression.

CT and magnetic resonance imaging (MRI) are the most commonly used imag-
ing methods to monitor postablative lesions for remnant or recurrent disease after 
hepatic radiofrequency ablation and microwave ablation. Several studies have 
shown the superiority of PET-CT over morphologic imaging alone in the follow-up 
after thermal ablation of CRLM with a sensitivity and specificity of PET-CT (92% 
and 100%) compared with that of ceCT (83% and 100%) regarding the detection of 
local tumor progression [77]. Much is still unknown about the imaging characteris-
tics of liver lesions treated with IRE. As a consequence, standardized follow-up 
regimens are lacking. To investigate the typical appearance of electroporated 
CRLM, in our institution we have performed regular ceCT, PET-CT, and MRI dur-
ing follow-up.

10.9.1  Computed Tomography

Post-IRE ceCT is used to ensure that the realm of ablation encompasses the origi-
nally targeted volume with a good margin and to exclude complications. Immediately 
after IRE, the ablation zone appears hypodense and can show an enhancing periph-
eral rim. Follow-up CT imaging at 4–6 weeks is performed to exclude new sites of 
disease and local disease progression. Realistically, it is difficult to exclude local 
progression this early after IRE on CT as CRLM typically do not enhance unless 
there are additional sites of involvement or significant increase in the size of the 
postablation hypodense lesions. In the months after ablation, the ablation zone 
slowly decreases in size and should not show uptake of the contrast agent 
(Fig. 10.4g).

10.9.2  Positron Emission Tomography

PET scans show a dynamic response to the IRE ablation. Three days following IRE, 
an FDG-avid peripheral zone surrounding the ablated region appears. This initial 
increase in tracer uptake at the periphery of the IRE region may be explained by an 
inflammatory response, increasing metabolic activity at the targeted region as the 
cellular debris are removed from the targeted site [78]. For PET-avid lesions, we 
have found PET-CT obtained within 24 h after IRE useful to assess completeness of 
ablation, which at this point in time must show absence of tracer uptake within the 
ablated region. In our experience, the inflammatory response visible as increased 
rim-like tracer uptake at the periphery of the lesion can persist for several months, 
which renders evaluation of the ablation zone difficult. However, ablated lesions, 
which show focal uptake rather than rim-like uptake in the periphery, are considered 
suspect for local recurrence.
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10.9.3  Magnetic Resonance Imaging

Prior to IRE, the lesion appears hypointense on T1-weighted imaging (Fig. 10.5a) 
and hyperintense on T2-weighted imaging compared to the normal liver parenchyma 
(Fig. 10.5b). One day post-IRE, T1-weighted contrast-enhanced MRI demonstrates 
a nonenhancing hypointense center and a slightly enhancing peripheral rim (Fig. 10.5d). 
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Fig. 10.5 Adapted from Scheffer et al. MR images of a central CRLM treated with IRE. (a–c) CE 
T1-weighted, T2-weighted, and DWI image of a lesion before IRE. (d, e) MRI 1 day post-IRE 
demonstrating a hypointense ablation zone with hyperintense rim on T2 and an enhancing rim on 
CE T1. (f) DWI 1 day post- IRE with diffusion restriction of the ablated area especially at the 
periphery and reduced diffusion restriction of the ablated lesion (arrow). (g–l) CE T1, T2, and DW 
images 2 weeks and 3 months post-IRE demonstrating resolution of the ablated area [72]
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T2-weighted MRI of the ablated region typically shows a hypointense center, sur-
rounded by a hyperintense reactive rim, probably caused by cytotoxic edema due to 
the ion leakage (Fig.  10.5e). Diffusion-weighted imaging b800 shows a similar 
appearance (Fig. 10.5f).

Comparable findings were reported by Barabasch et al. who prospectively inves-
tigated the MR imaging characteristic after hepatic IRE in 27 patients with 37 
hepatic metastases. In their study, the hyperintense rim and its enhancement resolved 
within 3 months after IRE in 95% of cases [79]. The ablation zones resolved com-
pletely in just over half of the cases (57%, 21/37), by an average of 14 weeks after 
IRE.  As for CT and PET, when evaluating immediate post-IRE outcome, care 
should be taken that the hyperemic rim is not confused with regions of residual 
tumor, which would demonstrate focal and irregular peripheral enhancement [78].

10.10  Disease Recurrence

The main concern following tumor ablation is the risk of developing local tumor 
progression (LTP). On four-phase liver CT, LTP is defined as a growing (>20%, 
longest diameter, axial plane) hypodense lesion within 1 cm of the ablation zone. 
On 18F-FDG PET-CT, focally increased FDG uptake within 1 cm of the ablation 
region is considered an LTP [77]. Early diagnosis of LTP is imperative because 
repeated treatment can still effectuate complete tumor clearance, especially for 
smaller recurrences.

A major challenge in reporting results on IRE for CRLM and HCC is the lack of 
uniform response criteria that can fully capture the efficacy of the procedure. 
Specific periprocedural imaging guidelines are needed to reassure the interventional 
radiologist when complete tumor ablation has occurred. A new response assessment 
system specific for CRLM was recently proposed, which can also be applied to 
ablative and transarterial modalities: the Metabolic Imaging And Marker Integration 
(MIAMI) criteria [51] (Table 10.1).

The value of these criteria lies in the combination of anatomical response param-
eters using the Response Evaluation Criteria In Solid Tumors (RECIST) criteria and 
two functional parameters: PET activity and carcinoembryonic antigen levels. The 
application of the MIAMI criteria stratifies patients into two groups: those who have 
clinical benefit (complete response, partial response, and stable disease) and those 
who have no clinical benefit (progressive disease). The efficacy of IRE for CRLM 
was investigated in this study, and when the MIAMI criteria were applied, patients 
who showed clinical benefit exhibited significantly longer survival than patients 
who did not show clinical benefit (P = 0.018). Clearly, these criteria need validation 
in larger studies before they can be recommended for clinical application.

Barabasch et  al. found that in three patients, in whom the hyperintense rim 
depicted on the MRI study performed within 24 h after was incomplete and did not 
include the full volume of the target lesions, follow-up imaging confirmed that the 
ablation had been incomplete [79]. Accordingly, they suggested that if doubt exists 
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with regard to the local completeness of the procedure after CT-guided IRE, MRI on 
the day after IRE is useful. For the long-term follow-up, they also suggested to start 
at 3 months after the procedure because by that time, signs of inflammation (hyper-
intense rim and strong contrast enhancement), at least in non-cirrhotic liver, should 
have subsided [80]. The radiologic ablation zone measurements show a high corre-
lation with the histologically confirmed ablation zone in a study on IRE in rodent 
liver (P = 0.001 for both T1- and T2-weighted measurements) and could therefore 
also be useful as an indicator for complete or incomplete ablation and for follow-up 
evaluation of clinical outcome [81].

10.11  Results from Literature

New cancer treatments are typically best defined from phase III randomized trials 
comparing the new therapy with the current standard. However, in the field of local 
tumor ablation, this has proven difficult since its introduction decades ago, the num-
ber of randomized trials remains very limited. Most of the clinical data on IRE 
originate from case series and case reports with level 4 evidence and are subject to 
several limitations, such as short follow-up period, low patient number, heteroge-
neous study design and patient selection, retrospective study design, and variable 
imaging modalities [82]. These limitations should be taken in mind when interpret-
ing the current data.

Table 10.1 Proposed Miami criteria

MIAMI criteria

Detail Complete response Partial response Stable disease
Progressive 
disease

Sum of longest 
dimensions on 
CT (RECIST)

Any decrease or 
<20% increase in 
target lesion(s)

Any decrease 
or <20% 
increase

Any decrease 
or <20% 
increase

≥20% increase 
or any new 
lesions

SUVmax on  
PET/CT scan 
(PERCIST)

Resolution of FDG 
uptake in target 
lesion(s)

≥30% 
decrease

No new 
lesions with 
±30% change 
in SUVmax

New abnormal 
FDG-avid 
lesions

CEA level after 
therapy

Normalization of 
CEA level

≥50% 
decrease

– –

Criteria requireda RECIST plus either 
PERCIST or CEA

RECIST plus 
either 
PERCIST or 
CEA

One of two One of two

aIf CT is the only evaluation modality available, the MIAMI response will be the same as the 
RECIST response. If all three modalities are available and there is discordance, the RECIST and 
PERCIST response takes precedence over the CEA response
CEA carcinoembryonic antigen, PERCIST positron emission tomography response criteria in solid 
tumors, RECIST response evaluation criteria in solid tumors, SUVmax maximum standardized 
uptake value
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IRE is, at this time, only used as “last-resort”  curative treatment in patients that 
would otherwise receive chemotherapy with palliative intent [83–85]. Early efficacy 
ranges widely between 55% and 95% in the published studies (Table 10.2). Several 
studies have reported an increased recurrence risk for larger tumors [4, 74, 84, 86]. 
For tumors <3 cm, efficacy is significantly better: Cheung et al. [86] achieved 93% 
ablation success for tumors <3  cm and 100% for tumors <2  cm at 18  months 
(P  =  .003), and Cannon et  al. [83] reported 98% efficacy for tumors <3  cm at 
12 months. Silk et al. [74] described local tumor recurrence in five of nine patients, 
with a median tumor size of 3.0 cm. A likely solution would be to increase either the 
number of probes required to treat larger lesions or the number of probe reposition-
ings. For example, a four-probe array with an interprobe distance of 2 cm creates a 
3-cm ablation zone. Considering a 1-cm tumor-free margin, this would imply a 
maximum lesion size of 1 cm for this four-probe array. Misplacement of the probes 
by a margin of millimeters can result in residual tumor, so accurate imaging during 
the procedure is essential. Presumably, precise placement of larger probe arrays is 
more difficult, especially because probe placement through vulnerable structures 
should be avoided.

Notably, of the tumors treated by Kingham et al. 44% were located <0.5 cm from 
a major portal vein, and 14% were located 0.6–1 cm from a major portal vein, which 
implied a relative contraindication for RF ablation owing to the probability of heat 
sink-induced recurrence [84]. Efficacy at 6 months was 93%. Similarly, IRE near 

Table 10.2 Overview of clinical studies investigating efficacy of IRE for hepatic tumors

Study Year
Patients 
(lesions)

Size (cm), 
median 
(range) Approach

Tumor 
type, per 
patient Efficacy

Cannon 
et al. [83]

2012 44 (48) 2.5 (1.1–5.0) Open (14) HCC (14) 3 months 97%
Percutaneous 
(28)

CRLM (20) 6 months 95%

Lap (2) Other (10)
Cheung 
et al. [86]

2013 11 (18) 1.9 (1–6.1) Percutaneous HCC (11) 3 months 67%
12 months 72%

Hosein 
et al. [51]

2014 29 (58) 2.7 (1.2–7.0) Percutaneous CRLM 11 months 79%

Kingham 
et al. [84]

2012 28 (54) 1.0 (0.5–5.0) Open (22) HCC (2) 3 months 96%
Percutaneous (6) CRLM (21) 6 months 93%

Other (5)
Niessen 
et al. [64]

2016 34 (65) 2.4 (0.2–7.1) Percutaneous HCC (33) 3 months 87.4%
CRLM (22) 6 months 79.8%
Other (10) 12 months 

74.8%
Median TTP 
15.6 months

Silk  
et al. [74]

2014 9 (19) 3.0 (1.0–4.7) Percutaneous CRLM (8) 9 months 55%
Other (1)

Thomson 
et al. [4]

2011 13 (45) 2.8 (1.0–8.8) Percutaneous CRLM (6) 3 months 67%
Other (7)
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the right portal vein (n = 2) and the middle hepatic vein (n = 1) was successful for 
two of three HCCs treated by Cheung et al. The tumor that showed residual disease 
measured 6.1 cm. This suggests that the cellular destruction mechanism is indeed 
not impeded by heat sink.

Current local control rates of IRE are still inferior to thermal ablation and surgi-
cal resection, especially for larger lesions. Several aspects could lead to improved 
efficacy. For example, animal studies have shown that the changes in electric con-
ductivity of the ablated tissue—among others—determine ablation success. These 
changes could provide real-time feedback on treatment outcome [87–89]. However, 
organ-specific and tumor-specific electric field dose-response studies are lacking, 
and much remains unknown about the clinical possibilities to destroy malignant tis-
sues with irregular geometries and heterogeneous properties. Knowledge of the 
electric and thermal properties of different tissue types should allow for the identi-
fication of an optimal electric field—strong enough for maximized tissue ablation 
but weak enough to avoid excessive thermal effects [90]. Hopefully increasing 
knowledge will lead to improved treatment efficacy in the future. The value of IRE 
compared to SABR for hepatic lesions has not been investigated and will be the 
focus of a future trial (COLDFIRE-3, study in preparation).

 Conclusion
At this time, IRE should be reserved for well-selected patients with relatively 
small HCC and (colorectal) liver metastases that are truly unsuitable for resec-
tion and thermal ablation. In general this means tumors abutting the portal triad 
or the hepatic venous pedicle, where thermal ablation is considered unsafe and 
less effective. Technical improvements of the ablation device and increasing 
knowledge about tissue-specific electrical properties may result in improved effi-
cacy in the future.
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11.1  Introduction

Over 95% of pancreatic cancers are exocrine tumors that bare a dismal prognosis. 
Although oncological outcome is best for patients presenting with nonmetastatic 
resectable disease, cure is rarely achieved [1]. Up to 40% of patients present with 
nonmetastatic disease that is considered unresectable due to vascular encasement 
(locally advanced pancreatic carcinoma or LAPC) [1, 2]. These patients are nowadays 
routinely offered systemic chemotherapy with or without radiotherapy. Irreversible 
electroporation (IRE) represents a promising new method for focal destruction of pan-
creatic tumors. Evidence to support its effectiveness is gradually surfacing.

Over the last years, image-guided pancreatic tumor ablation has gained increased 
interest when surgical options are excluded. However, thermal ablation techniques 
such as radiofrequency ablation (RFA) and microwave ablation (MWA) are associ-
ated with substantial morbidity and mortality, due to the proximity of large vessels, 
the pancreatic and common bile duct, and the gastroduodenal wall [3]. Another 
major downside of thermal ablation techniques is the so-called “heat-sink” effect, 
when heat is lost to the flowing blood, which can hinder complete ablation [4].

One of the most promising new tumor ablation techniques, with distinct theoretical 
advantages over thermal ablative therapies, is irreversible electroporation (IRE). Since 

mailto:mr.meijerink@vumc.nl


168

IRE is thought to leave the integrity of inlaying and adjacent vulnerable structures like 
large blood vessels, bile ducts, and intestines intact, IRE in theory represents a safe and 
feasible method to destroy pancreatic tumors that are considered unsuitable for surgical 
resection. Supporting evidence is gradually surfacing.

11.2  Anatomical and Physiological Considerations

The pancreas lies behind the peritoneum of the posterior abdominal wall and is cov-
ered by connective tissue, although it does not have a true capsule [5]. The second and 
third duodenum curvatures lie around the head of the pancreas. The anterior surface 
of the head of the pancreas is adjacent to the pylorus, the first part of the duodenum, 
and the transverse colon. The posterior surface adjoins the hilum and medial border of 
the right kidney, the inferior caval vein, the renal vasculature, the right gonadal vein, 
and the right muscular crus of the diaphragm. The uncinate process is an extension of 
the pancreatic tissue of variable shape off the lower part of the head of the pancreas, 
extending to the left and upward. The neck of the pancreas is a constricted part of the 
gland extending from the head of the pancreas toward the left, joining the head with 
the body of the pancreas. The neck extends to the right as far as the anterior superior 
pancreaticoduodenal artery from the gastroduodenal artery and lies anterior to the 
confluence of the superior mesenteric and splenic veins to form the portal vein. It is 
partly covered by the pylorus and the peritoneum of the minor omentum. The anterior 
surface of the pancreatic body is covered by the peritoneum of the omental bursa that 
separates the stomach from the pancreas. The stomach and the transverse mesocolon 
abut the body anteriorly. Posterior to the body of the pancreas are the aorta, the origin 
of the superior mesenteric artery, the left crus of the diaphragm, the left kidney and 
adrenal gland, and the splenic vein. The midline part of the body lies over the lumbar 
vertebrae, which makes this area of the pancreas most at risk to abdominal trauma. 
The body passes laterally and merges with the tail of the pancreas without a marked 
junction point. The relatively mobile tail is located in the anterior pararenal space. Its 
tip usually reaches the hilum of the spleen. With the splenic artery and vein, the tail is 
enclosed between the two layers of the splenorenal ligament.

The common bile duct is located in the posterior wall of the duodenum to the 
right of the gastroduodenal artery. The bile duct passes through the pancreatic head, 
to join with the main pancreatic duct before reaching the major duodenal papilla. 
The main pancreatic duct (of Wirsung) is formed by ductules that drain the lobules 
of the gland. At the level of the major papilla, the duct joins the common bile duct. 
In adults the length of the common channel averages 5 mm. The accessory pancre-
atic duct of Santorini, present in more than two thirds of patients, usually commu-
nicates with the main duct. The accessory duct lies anterior to the bile duct and 
usually drains into the minor papilla, which lies proximal to the ampulla of Vater.

The pancreas derives blood from several branches of the celiac and superior 
mesenteric arteries [6]. The descending part of the duodenum and the head of the 
pancreas are supplied by two pancreaticoduodenal arterial arcades. They are formed 
by the anterior and posterior superior pancreaticoduodenal arteries from the 
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gastroduodenal artery that arises off the common hepatic branch of the celiac artery 
to join a second pair of anterior and posterior inferior pancreaticoduodenal arteries. 
The anterior inferior pancreaticoduodenal artery arises from the superior mesenteric 
artery by the inferior margin of the pancreatic neck. The posterior inferior pancreati-
coduodenal artery originates from the gastroduodenal artery. Its course is visible on 
the posterior surface of the pancreas, and branches may join the dorsal pancreatic 
artery. The dorsal pancreatic artery frequently arises from the splenic artery at the 
pancreatic neck. A right branch supplies the head and joins the posterior arcade. 
One or two left branches pass through the body and tail of the pancreas. The course 
of the splenic artery is posterior to the body and tail and loops above and below the 
superior margin of the pancreas. It gives off the great pancreatic artery, which usu-
ally joins one of the posterior superior arcades after giving off the inferior pancre-
atic artery. The caudal pancreatic artery arises from the left gastroepiploic artery or 
from a splenic branch at the spleen. It joins branches of the splenic and great pan-
creatic arteries.

In general, the venous drainage of the pancreas parallels the arterial blood sup-
ply. It flows into the portal vein, which is formed by the joining of the superior 
mesenteric and splenic veins at the confluence behind the neck of the pancreas. The 
portal vein lies behind the pancreas, with the common bile duct to the right and the 
hepatic artery to the left. The pancreatic veins that drain the neck, body, and tail of 
the pancreas join the splenic vein. The pancreaticoduodenal veins lie close to their 
corresponding arteries and empty into the splenic or portal veins. Because of the 
close anatomic relationship of the portal vein with the pancreas, inflammatory or 
neoplastic diseases involving the pancreatic body and tail can lead to portal vein 
occlusion. This in turn can result in retrograde venous drainage toward the splenic 
hilum and the short gastric and left gastroepiploic veins which may result in gastric 
varices.

The superior and inferior lymphatic vessels run along the border of the pancreas, 
respectively, with the splenic blood vessels and the inferior pancreatic artery [7, 8]. 
Those on the left side of the body and tail empty into nodes in the splenic hilum. 
Those on the right side of the body and the pancreatic neck empty into nodes near 
the upper border of the head. Lymphatic vessel drainage of the pancreatic head is 
composed of an anterior system and a posterior system. These vessels generally 
occupy the grooves between the head of the pancreas and the duodenum, near the 
pancreaticoduodenal blood vessels. The lymphatic drainage of the head of the pan-
creas and duodenum eventually flows into the celiac and superior mesenteric groups 
of pancreatic nodes and into the cisterna chyli. The lymphatics of the body pass to 
the pancreaticosplenic nodes lying along the superior border, which drain into celiac 
nodes. The lymphatics of the tail drain into splenic hilar nodes.

The celiac plexus, the largest of the three sympathetic plexuses, is situated at the 
level of the upper part of the first lumbar vertebra and is composed of two large 
ganglia, the celiac ganglia, and a dense network of nerve fibers uniting them together 
[9]. It surrounds the celiac artery and the root of the superior mesenteric artery. It 
lies behind the stomach and the omental bursa, in front of the crus of the diaphragm 
and the commencement of the abdominal aorta, and between the suprarenal glands. 
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The plexus and the ganglia receive the greater and lesser splanchnic nerves of both 
sides and some filaments from the right vagus and give off numerous secondary 
plexuses along the neighboring arteries. The celiac ganglia (semilunar ganglia) are 
two large irregularly shaped masses having the appearance of lymph glands and 
placed one on either side of the middle line in front of the crura of the diaphragm 
close to the suprarenal glands, that on the right side being placed behind the inferior 
vena cava. The upper part of each ganglion is joined by the greater splanchnic nerve, 
while the lower part, which is segmented off and named the aorticorenal ganglion, 
receives the lesser splanchnic nerve and gives off the greater part of the renal plexus. 
The greater splanchnic nerves modulate the activity of the enteric nervous system of 
the foregut. They also provide the sympathetic innervation to the adrenal medulla, 
stimulating catecholamine release. The lesser splanchnic nerves modulate the activ-
ity of the enteric nervous system of the midgut. The nerves that enter the pancreas 
include sympathetic, parasympathetic, and afferent components. The exact relation-
ships of these fibers to the celiac ganglia and their distribution within the gland are 
not fully understood.

The pancreas is two glands intimately mixed together into one organ. The bulk of 
the pancreas is composed of exocrine cells that produce digestive enzymes. The endo-
crine pancreas, composed of small islands of cells (islets of Langerhans), constitutes 
approximately 4.5% of the pancreas volume and receives 10–15% of its blood flow 
[10]. It releases hormones such as insulin, glucagon, pancreatic polypeptide, prepro-
insulin, proglucagon, somatostatin, vasoactive intestinal peptide, growth hormone-
releasing hormone, and gastrin. For these reasons, weight loss and new- onset diabetes 
mellitus often precede the clinical diagnosis of pancreatic carcinoma [11].

11.3  Pancreatic Malignancies

11.3.1  Pancreatic Adenocarcinoma

Pancreatic adenocarcinoma is among the most aggressive of all cancers. The overall 
2-year survival rate is less than 10% and has barely improved over the past decades 
[12]. Tumors are often diagnosed at an advanced stage and as a consequence only 
15–20% of patients are eligible for surgical resection. About 30–40% of patients 
present with locally advanced pancreatic cancer (LAPC, AJCC stage III), for whom 
median overall survival is approximately 1 year [13].

The clinical presentation of pancreatic malignancies depends on the size and 
location of the tumor as well as its metastases. Jaundice, pain, and weight loss are 
classic symptoms of pancreatic cancer [14]. Nonspecific early symptoms often are 
unrecognized; therefore, most pancreatic cancers are advanced at diagnosis. More 
than two thirds of pancreatic cancers occur in the head of the pancreas and usually 
present as steadily increasing jaundice caused by biliary duct obstruction. Painless 
obstructive jaundice traditionally is associated with surgically resectable cancers. 
Obstruction of the bile duct causes jaundice with disproportionately increased lev-
els of conjugated bilirubin and alkaline phosphatase in the blood. The urine is dark 
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because of the high level of conjugated bilirubin and the absence of urobilinogen. 
The stool is pale because of the lack of stercobilinogen in the bowel. In addition to 
jaundice, rising bilirubin levels can cause severe pruritus. Patients with tumors in 
the body and tail of the pancreas generally present with nonspecific pain and weight 
loss. Body and tail tumors are much less likely to cause obstructive signs and symp-
toms. Patients may have pain in the epigastrium or back ranging from a dull ache to 
a severe pain. Tumors in the body and tail usually do not cause symptoms until they 
are large, and most present as locally advanced disease extending to the peritoneum 
and spleen.

11.3.2  Pancreatic Malignant Islet Cell Tumors

Islet cell tumors of the pancreas are rare tumors that are also called pancreatic neuroen-
docrine tumors. These tumors stem from neuroendocrine cells and tend to be slow-
growing lesions that are often well treatable even after they have metastasized. Islet 
cell tumors can produce symptoms since up to half of these tumors may secrete hor-
mones that produce side effects due to excessive secretion of the hormones such as 
insulin (insulinoma), gastrin (gastrinoma), glucagon (glucagonoma), VIP (VIPoma), 
and somatostatin (somatostatinoma).

11.4  Treatment of Pancreatic Malignancies

While surgical resection remains the only curative option, the majority of patients pres-
ent with unresectable disease [15]. Even among those who undergo resection for AJCC 
stage I (tumor confined to the pancreas) and II (tumor growing outside the pancreas or 
pathology proven nodal metastases) disease, the reported median survival is 
15–23 months, with a 5-year survival rate of approximately 20% [16]. Disappointingly, 
over the past decades, only modest improvements in survival have been realized despite 
improvements in diagnostic imaging, surgical technique, and chemotherapeutic 
options. Nevertheless, it remains clear that surgical resection is a prerequisite to achieve 
long-term survival. The prognosis for patients undergoing surgical resection for pan-
creatic ductal adenocarcinoma is highly dependent on margin status, with total gross 
excision and histologically negative margins (R0 resection) being associated with the 
best outcomes. Survival for patients who undergo total gross excision but have histo-
logically positive margins (R1 resection) is reduced according to most series [17]. 
There is now emerging consensus that a subgroup of patients, previously considered 
poor candidates for resection because of the relationship of their primary tumor to sur-
rounding vasculature, may benefit from resection, particularly when preceded by neo-
adjuvant therapy [18]. In these patients, an interface exists between the tumor and the 
superior mesenteric or portal vein measuring 180° or greater of the vessel wall circum-
ference or between the tumor and the celiac trunc or superior mesenteric artery measur-
ing less than 180° of the vessel wall circumference. Short-segment occlusion of the 
superior mesenteric/portal vein or hepatic artery is allowed if considered 
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reconstructable. For patients with unresectable stage III pancreatic cancer, systemic 
therapy with or without radiation has been the standard of care for decades. Relatively 
new chemotherapy regimens such as FOLFIRINOX (5-fluorouracil, leucovorin, irino-
tecan, and oxaliplatin) and the addition of nab-paclitaxel to gemcitabine have recently 
shown to significantly improve survival for patients with metastatic pancreatic adeno-
carcinoma. Nevertheless, the prognosis remains dismal [5, 6].

11.4.1  Chemotherapy for LAPC

Several randomized studies have demonstrated a median overall survival of 9.2–
11.7 months for patients with LAPC treated with gemcitabine alone [19, 20]. Although 
newer, potentially more effective, chemotherapy regimens have become available, 
most of these studies focused on patients with metastatic disease. One major advance-
ment in systemic chemotherapy for pancreatic cancer is FOLFIRINOX (fluorouracil, 
folinic acid, oxaliplatin, and irinotecan), which resulted in a significant improvement 
in progression-free and overall survival of patients with metastatic disease in a phase 
III European study [21]. There is much interest to incorporate FOLFIRINOX into the 
multimodality treatment of LAPC, as several retrospective observational cohorts also 
suggest a survival benefit for patients with stage III pancreatic cancer. Nevertheless, 
no randomized controlled trials have so far evaluated the effect of FOLFIRINOX as a 
stand-alone therapy for LAPC.  Several observational series have reported median 
overall survival results ranging 11.2–18.4 months for first-line FOLFIRINOX with or 
without radiotherapy [22–28]. Although complications such as neutropenia, neutrope-
nic fever, anemia, thrombocytopenia, fatigue, anorexia, mucositis, nausea, vomiting, 
diarrhea, peripheral neuropathy, and alopecia are often encountered, the incorporation 
of specific dose reductions has decreased the number of patients having to stop treat-
ment prior to having reached progression [29].

11.4.2  Radiotherapy for LAPC

The role of concurrent radiotherapy for LAPC remains controversial as the results of 
randomized controlled trials are in conflict [30]. Traditionally, trials using radiotherapy 
include the use of conventional external beam radiation (EBR). This technique uses 
large radiation fields that inevitably deliver a high percentage of the radiation dose into 
critical surrounding structures. When irradiating abdominal tumors with conventional 
external beam radiation, strict adherence to normal structure dose constraints may limit 
the delivery of the intended radiation dose to the tumor and potentially result in prema-
ture local failure and death. Conversely, delivering high doses of radiation to adjacent 
critical structures without strict dose constraints increases the risk of late radiation-
induced complications [31]. A recent advancement in radiation therapy is stereotactic 
ablative body radiotherapy (SABR). SABR can deliver higher doses of radiation more 
precisely to the tumor and a small margin (usually 2–3 mm) because of the rapid dose 
falloff beyond the treated volumes. This limits the dose delivered to normal bowel, 
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resulting in decreased toxicity and dose escalation to the tumor. Several studies inves-
tigated the effects of SABR for patients with LAPC. The reported median overall sur-
vival ranges from 6.2 to 24  months [32–35]. Complications include gastroparesis, 
gastrointestinal (duodenal) bleeding, duodenal or gastric ulcer, anorexia, nausea/vomit-
ing, and thrombosis of the superior mesenteric vein or inferior vena cava.

11.4.3  New Local Ablative Therapies for LAPC

Due to poor efficacy results of currently used treatments, researchers are continu-
ously investigating novel and modified treatment strategies to improve survival. 
Whereas two decades ago, image-guided tumor ablation techniques were still in its 
infancy, nowadays many different ablation techniques have substantially improved 
curative treatment possibilities for numerous types of localized cancer in many dif-
ferent organs. Different nonsurgical thermal ablation techniques (cryoablation, 
radiofrequency ablation (RFA), high-intensity focused ultrasound (HIFU), laser 
ablation, and microwave ablation (MWA)) have been investigated in order to improve 
survival for patients with LAPC. However, ablative therapies are limited due to the 
risk of thermal damage to nearby vital structures, associated with high complication 
rate (28–40%) and high mortality rate (7.5%) [36]. Also, the so-called “heat-sink” 
effect, in which tumor cells near to large vessels are prevented from adequate heating 
due to flowing blood cooling adjacent tissue, can lead to incomplete ablation. This 
effect is another drawback in the performance of thermal ablation in LAPC, since the 
tumor is typically surrounded by major vessels.

Irreversible electroporation (IRE) is a new, image-guided tumor ablation tech-
nique that takes advantage of the electric potential gradient that exists across cell 
membranes. The application of an electric field across a cell alters the cellular trans-
membrane potential. By reaching a sufficiently high voltage, the phospholipid 
bilayer structure of the cell membrane is permanently disrupted, inducing apoptosis 
and cell death [37]. Tumors in contact with vessels can be treated with IRE without 
compromising the vessels or resulting in heat-sink since its effectiveness relies on 
electrical energy. Because of its vessel-sparing mechanism of action, IRE is hypoth-
esized to have wider indications than the thermal ablation technologies. This makes 
IRE a very attractive option in patients with LAPC, as the reason for unresectability 
is usually vascular encasement.

11.5  Patient Selection, Indications, and Contraindications

Because of the relatively high morbidity involved in the radical ablative treatment 
of pancreatic tumors, patient selection is fundamental. Patients must be motivated 
and understand that recovery may be prolonged, and that quality of life and daily 
functioning may be compromised, even following a successful procedure. Physicians 
should take patient comorbidities and overall performance status into account. 
Patients with poor functional reserve at baseline are not good candidates. Patients 
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should be evaluated with detailed and appropriate pre-procedural workup, including 
medical, cardiac, and pulmonary clearance, and optimized prior to the intervention. 
The treatment plan should ideally be made by a multidisciplinary team that includes 
interventional radiologists, surgeons, medical and radiation oncologists, abdominal 
diagnostic radiologists, and gastroenterologists.

Neoadjuvant systemic chemotherapy should be favored for patients with 
LAPC for several reasons. Firstly, to exclude patients with aggressive subtypes 
that will progress and/or metastasize during the induction period and who will 
presumably not benefit from an IRE procedure. Secondly, because a considerable 
percentage of patients will be downstaged to resectable disease and, given the 
promising percentage of R0 resections in this specific group, resection should be 
considered favorable over focal tumor ablation. Lastly, with a decrease in volu-
metric tumor size, the IRE procedure presumably becomes a safer and more 
efficacious treatment option.

Adult patients with non-metastasized histopathologically proven pancreatic ade-
nocarcinoma are considered eligible for irreversible electroporation if the tumor is 
truly unresectable based on at least a dedicated contrast-enhanced pancreatic CT. The 
authors consider a tumor diameter of 5 cm the upper limit for IRE. In case of biliary 
obstruction, adequate biliary drainage prior to the procedure should be guaranteed 
either by placing a (nonmetal) biliary endoprosthesis prior to a percutaneous proce-
dure or by creating a surgical biliodigestive anastomosis prior to an open procedure.

Transmucosal tumor invasion into surrounding intestines or extensive involve-
ment (complete encasement) of the duodenum, a history of ventricular arrhythmias, 
congestive heart failure (>NYHA class 2), uncontrolled hypertension, and any 
implanted cardiac stimulation devices are considered absolute contraindications. 
Coronary artery disease (defined as myocardial infarction within 6 months prior to 
screening); atrial fibrillation; the presence of metallic foreign objects, such as non-
removable self-expanding metal biliary stent (SEMS), in the ablation zone; and 
having received chemo- or immunotherapy maximum 4 weeks prior to the proce-
dure are considered relative contraindications. Patients with a compromised liver 
function (e.g., signs of portal hypertension, INR > 1,5 without use of anticoagu-
lants, ascites) or patients suffering uncontrolled infections are not good candidates. 
If the anatomical location of the tumor would necessitate advancing needles through 
the small bowel or colon safety-enhancing procedures such as pneumo-, hydro-, or 
balloon dissections or laparoscopic surgical assistance may be considered as well as 
a dorsal percutaneous approach [38]. For such procedures, extensive experience 
with percutaneous image-guided tumor ablation is mandatory.

11.6  Patient Workup and Treatment Planning

Eligible patients should be suitable for general anesthesia by anesthetic review 
with special attention to cardiac history and include electrocardiography (ECG). 
Routine blood samples should include electrolyte and creatinine testing, complete 
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blood count, and coagulation studies. For patients taking anticoagulant or anti-
platelet drugs, the risk of stopping the medication must be balanced against the risk 
of harm if treatment is stopped. For low-risk procedures, aspirin can be continued. 
Clopidogrel and warfarin should be stopped although this may require bridging 
anticoagulation with unfractionated or low molecular weight heparin. Consultation 
with a cardiologist is particularly recommended for patients with coronary artery 
stents.

Prophylactic biliary protection is recommended for tumors adjacent to the biliary 
tree in order to prevent biliary obstruction caused by the IRE procedure. Placement 
of a plastic biliary endoprosthesis is much more challenging in the initial days fol-
lowing IRE due to extensive swelling of the ampullary area.

The treatment plan should be based on a dedicated contrast-enhanced abdom-
inal CT (with the upper abdomen scanned according to a dedicated 3-mm-slice- 
multiphase-pancreatic tumor protocol). The size and shape of the tumor should 
determine the number and configuration of the needle electrodes aiming at an 
interelectrode distance of approximately 2  cm and a tumor-free margin of 
0.5 cm.

11.7  Approach, Image Guidance, and Technique

The preferred line of attack for pancreatic IRE will be the topic of widespread 
debate for many years to come. Although, in general, pancreatic surgeons pro-
mote the open approach, most interventional radiologists prefer the percutaneous 
route. At this moment, advocating superiority of one over the other approach is 
ungrounded since no direct comparison has ever been performed. Both approaches 
have distinct advantages and disadvantages. The chapter authors each have their 
own preferences, which will be debated in the following sections. As there is cur-
rently no proof that one method is superior to the other, it can be said that the 
method of choice is the method that works best for the person about to perform 
the treatment. Procedures are always performed under general endotracheal 
anesthesia with deep paralysis, defined as zero twitches before IRE delivery as 
per a standard anesthesia twitch monitor. Using the only commercially available 
system currently out there (NanoKnife, AngioDynamics Inc., Queensbury, NY), 
at least 90 pulses of 1,000–1,500 V/cm with a 90-ms pulse length are delivered 
for each electrode pair, including 10 or 20 test pulses. An ECG-gating device is 
connected to a 5-lead ECG to allow IRE pulses to be synchronized with the 
refractory period of the heart to avoid arrhythmias. When necessary, additional 
doses to block the neuromuscular cascade can be administered by the anesthesi-
ology team. Prior to the procedure, two defibrillation pads are placed and con-
nected to a defibrillator as a precautionary measure. Given the high conductivity 
of pancreatic cancerous tissue and hence the higher risk to induce overcurrent, 
the active working length is routinely set at 1.5  cm by most physicians 
(Table 11.1).
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11.7.1  The Open Approach (R. Martin)

Access for open IRE is performed through a superior midline incision [39]. A supe-
rior midline incision is utilized based on the planned needle placement performed 
most commonly and in a safer manner through a caudal-to-cranial approach. In 
turn, the caudal-to-cranial approach is more easily facilitated through a midline 
laparotomy than through a bilateral subcostal laparotomy. The abdomen is thor-
oughly examined to rule out any type of occult solid organ liver metastases as well 
as peritoneal or mesenteric metastases. Intraoperative ultrasound of the liver is also 
performed to rule out any type of non-palpable liver metastases that may have been 
missed on dynamic CT scan. Only after no evidence of metastatic disease is con-
firmed is intraoperative ultrasound then turned to the operative assessment of the 
tumor. Given the lack of definitive accuracy as well as positive predictive value of 
CT scan alone because of volume averaging, it is important to ensure that the patient 
truly has greater than 180° encasement of the SMA before deciding on in situ IRE 
therapy vs. pancreaticoduodenectomy with margin accentuation with IRE along the 

Table 11.1 The open versus the percutaneous approach for pancreatic IRE

Open Percutaneous
Invasiveness
  Length of hospital stay Long Short
  Impact on quality of life Major Moderate
  Pain assessment 

post-IRE
Moderate–high Low–moderate

Mortality
  Related to IRE 4% 0%
  Related to general 

procedure
2% 0%
2% 0%

Safety
  Complications related to 

probe insertion
Less likely due to manual 
segregation of surrounding 
structures from the pancreas

Crossing the stomach or 
liver often inevitable. 
Traversing major blood 
vessels, the duodenum or 
colon should be avoided

  Complications related to 
the delivery of pulsed 
electrical fields

Collateral damage to surrounding 
intestines less likely

Collateral damage to 
surrounding intestines 
possible

  Complications caused by 
the general procedure

Complications caused by the 
laparotomy such as infection, 
bleeding, bile or pancreatic fluid 
leakage, fistula formation, and 
pancreatitis are common, as are 
pneumonia, pleural effusion, and 
deep vein thrombosis can occur

Complications such as 
pneumonia and deep vein 
thrombosis are rare

Outcome
  Progression-free survival 8.0–13.0 months 8.0–11.0 months
  Overall survival 16.0–23.2 months 17.0–27.0 months
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SMA. Our optimal ultrasound technique is transgastric and is performed with plac-
ing the ultrasound probe on top of the gastric body closer to the pylorus. We recom-
mend imaging with minimal amount of mobilization and avoiding the mobilization 
into the lesser sac, which further impedes optimal intraoperative imaging since this 
will disrupt the tissue planes with air and lead to a greater artifact. The reason for 
performing through a transgastric approach is that the stomach serosa allows for a 
complete and clean apposition of the ultrasound crystals and provides minimal to no 
artifact to truly image a pancreatic head lesion and subsequent portal vein as well as 
superior mesenteric vein. Thus, intraoperative ultrasound imaging has become our 
gold standard for elucidating whether a patient has a true locally advanced tumor or 
a borderline resectable tumor. In short, two monopolar probes with 2-cm spacing 
will deliver an electroporation defect of approximately axial 3.5  cm, anterior- 
posterior 2.5  cm, and cranial-caudal of 2.5  cm. This electroporation defect is 
achieved through a maximum of 1.5-cm exposure, 1,500 V/cm, with 100 μs wave-
length. Preoperative narcotic management was normalized to fentanyl dosages 
because that was the predominant narcotic used, with additional wide ranges of 
other narcotics being used. A jejunal feeding tube was used at the surgeon’s discre-
tion but was placed in most cases secondary to a conservative approach and to avoid 
a prolongation of hospital stay related to delayed gastric emptying. A prophylactic 
gastrojejunostomy, J-tube, or hepaticojejunostomy should be considered at sur-
geon’s discretion (Fig. 11.1).

11.7.2  The Percutaneous US-Guided Approach (A. Nilsson)

When using ultrasound guidance, it is strongly recommended to plan the procedure 
by doing a contrast-enhanced ultrasound on the day before the ablation taking note 
of tumor delineation, projected needle paths, and possible vascular occlusions. 
Ultrasound, as in all types of image-guided intervention, has the advantage of being 
cheap and readily available in most departments. It offers a real-time image with a 
good delineation of vascular structures and spatial resolution, these traits being 

a b c

Fig. 11.1 Axial plane with a triangle probe technique for locally advanced pancreatic tumor with 
a broader base in the axial plane requiring a three-probe posterior placement technique with either 
one probe (or two probes) on top to create the triangle. The probe pair with the longest distance 
(maximum 2.3 cm) is then treated first, followed by other probe pairs to ensure a complete irrevers-
ible electroporation utilizing all probe pairs that are active. Note – probe pair 1–3 is not active since 
the distance between them is more than 2.3-cm spacing [39]
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important when a needle is to be placed very close to critical structures, which is 
most often the case with IRE. On the other hand, when using ultrasound, compared 
to CT, it is more difficult to measure the distance between the needles with absolute 
accuracy and also to know that the needles are parallel. To overcome these short-
comings, it is important to take special care about the positions of the needle inser-
tions making the distances between the needles correct on the skin, maybe even 
with the use of a spacing device (image). Also, as we may not know the exact dis-
tance between needles, starting the treatment with ten pulses of a slightly lower V/
cm than recommended enables the user to deliver some pulses (typically 10–20), 
check the resulting current (graph produced by the machine), and then adjust the V/
cm according to the initial resulting amperes. Another drawback, it has to be admit-
ted, is that needle placement under ultrasound guidance is not possible in all patients 
due to factors like obesity and/or overlying bowel gas so that the pancreas cannot be 
visualized. In most cases, though, the pancreas can be seen and the tip of the IRE 
needle is clearly visible on ultrasound. Another slightly weaker echo is also seen at 
the beginning of the active needle. This makes it easier to estimate if a pullback is 
needed or not. When the needles are in place the treatment, of course, follows the 
same guidelines as with CT guidance, see below.

11.7.3  The Percutaneous CT-Guided Approach (M. Meijerink)

For optimal CT image quality, the arms should be elevated above the patient’s 
head. To define the three-dimensional measurements of the tumor and its vicinity 
to vital structures, a contrast-enhanced (ce)CT or cone-beam CT scan should be 
performed prior to the ablation, preferably using multiplanar image reconstruction 
to verify and if necessary adjust the treatment plan. Needle electrodes will be 
advanced in and around the tumor under CT fluoroscopy guidance, aiming at an 
interelectrode distance of 15–24 mm. For spherical tumors <3 cm, placing three to 
five needles in the edge of the tumor should allow for a complete ablation. For 
lesions ≥3 cm, it is recommended to place one needle electrode in the center of the 
tumor and, depending on lesion size, at least four additional needles aiming at the 
outer margins. To avoid having to traverse the colon or other crucial structures, it 
is often necessary to use an angulated approach. For this reason, either gantry tilt, 
virtual gantry tilt, or CT to ultrasound real-time image registration and fusion soft-
ware is crucial. Similar to percutaneous CT-guided thermal ablation, we advise to 
use pneumo- or hydrodissections whenever considered necessary. The order in 
which the electrodes are placed depends on the position of the patient with regard 
to the gantry (feet or head first) and the position of the physician (right or left side 
of the patient). To avoid blocking your view and to preserve all degrees of freedom 
with respect to the needle trajectory, we advise to begin with the electrode furthest 
away from the operator within the gantry. For larger tumors that need pullback 
ablations for complete coverage, we advise to start with the deep (dorsal) part of 
the tumor and work your way upward to the more superficial part. After having 
placed all electrodes, a ceCT scan is made to verify the exact needle locations and 
the interelectrode distances in a plane perpendicular to the needle electrodes, again 
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using multiplanar image reconstruction. Immediately after the procedure, a third 
ceCT scan will assess the ablation zone and detect crucial early complications such 
as an active perilesional hemorrhage and/or iatrogenic vascular occlusions such as 
acute portal vein thrombosis (Fig. 11.2).

11.8  Complications

IRE-related hazards can be divided into three types: (1) risks associated with the gen-
eral procedure, (2) risks associated with probe insertion, and (3) risks associated with 
exposing patients to pulsed electrical fields. Although an early systematic review 
describes a low overall complication rate for pancreatic IRE of 19% (8–42) and a 
major complication rate of 7% (3–42) [37], in the more recently published prospective 
PANFIRE trial, 10 out of 25 patients developed 23 adverse events (40%) [40].

Expected adverse events associated with the delivery of strong electric pulses 
are cardiac arrhythmias and severe muscle contractions. To prevent these events, 
pulses are generally delivered in the refractory period of the heart and with deep 
muscle paralysis. Scheffer et al. reported eight arrhythmias (CTCAE grade I–II), 
corresponding to a total incidence of 4% (8–194) [37]. Without synchronized puls-
ing, ventricular arrhythmias occurred four times (transient ventricular tachycardia) 
and immediately resolved after pulse delivery was aborted. With the use of cardiac 
synchronization, only atrial arrhythmias occurred, which resolved spontaneously 
or within 24 h after therapy. With the administration of muscle relaxants, no uncon-
trolled muscle contractions were reported. Only Thomson et  al. reported a 

a b

Fig. 11.2 Example of a percutaneous CT-guided IRE procedure of the pancreas. Using trans- 
catheter aortography (with a catheter in the aorta, we can repeatedly visualize the arteries and 
veins, while advancing the needles, with just 20 cc of contrast material [diluted 1:1 with saline])-
guided CT fluoroscopy, one needle is placed in the center and six in the margins of the lesion. In 
this case, a total number of 12 electrode pairs (six connecting the outer electrodes and six connect-
ing the central electrode with the outer electrodes)
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transient increase in systolic blood pressure in all patients directly after IRE 
(20–30 mmHg), which normalized spontaneously [41].

Complications associated with probe insertion were spontaneous pneumothorax 
during anesthesia requiring chest drainage and small subcutaneous hematoma [37, 42].

On follow-up, five site-specific complications occurred. Two were portal vein 
thrombosis after open IRE; one required paracentesis and aldactone, and one was 
fatal [37, 43]. Two cases of bile leak (CTCAE grade III–IV) were reported after open 
IRE [44]. One patient had undergone concurrent duodenal stent removal via duode-
notomy; in the other patient, the electrodes were placed transduodenally. Both com-
plications required percutaneous drainage after which they resolved. Scheffer et al. 
reported pancreatitis only once in 42 procedures which resolved spontaneously 
(CTCAE grade II) [37]. Martin et al. reported elevated amylase and lipase in all 27 
patients, without clinical signs of pancreatitis [45]. Abdominal pain grade I was 
reported in all patients (15 of 15) after percutaneous pancreatic ablation [42]. Pain 
was always easily manageable with oral or intravenous analgesics and did not lead to 
prolonged hospitalization. In the recently published prospective PANFIRE trial (per-
cutaneous IRE), 10 out of 25 patients (40%) developed 23 adverse events (two 
CTCAE grade IV) [40]. One patient developed an edematous pancreatitis (Balthazar 
E; CT severity index [CTSI] 4) with bile leakage and hemodynamic instability 
requiring intravenous antibiotics, fluid resuscitation, and percutaneous drainage. 
Another patient presented with massive hematemesis 3 days after discharge caused 
by a duodenal wall ulcer directly adjacent to the ablation zone and was treated with 
blood transfusion and proton pump inhibitors. Three patients developed de novo bili-
ary obstruction requiring biliary drainage within 90 days post-IRE (grade III). Two 
out of three endoscopic retrograde cholangiopancreatography (ERCP) revealed 
swelling of the ampullary area. In these cases, placement of a plastic biliary endo-
prosthesis was challenging, but eventually successful (Fig. 11.3).

Fig. 11.3 Adapted from Scheffer et al. (a) Image from endoscopic retrograde cholangiopancrea-
tography performed 6 weeks after IRE shows erythematous swelling of the ampullary area, with 
major papilla turned backward. (b) Fluoroscopy image shows cannulation of major papilla by 
positioning duodenoscope in “long position” [40]
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Table 11.2 Adverse events of pancreatic IRE

Risks associated with the 
general procedure

Risks associated with 
probe insertion

Site-specific complications

Cardiac arrhythmias Hemorrhage Portal vein thrombosis, arterial stenosis
Transient hypertension Pancreatic fistula Pancreatitis, abdominal pain

Hemorrhagic duodenal wall ulcer
Biliary obstruction, pancreatitis
Nausea, vomiting, diarrhea
Delayed gastric emptying, loss of appetite, 
and reduced intake

2 weeks post IRE1 day post-IREPre-IRE
0

100

U
/L

200

300

*1 outlier: 444 U/L

*5 outliers: range:
441-2569 U/L

*

Amylase
Lipase

*5 outliers,range:
1032-3350 U/L

Fig. 11.4 Adapted from Scheffer et al. Box-and-whisker plot shows amylase and lipase values 
before and after IRE [40]

Another patient presented with cholangitis and an infected biloma, requiring 
percutaneous drainage and placement of a percutaneous transhepatic cholangiog-
raphy drain (PTCD). In one patient, a near occlusion of the – previously slightly 
narrowed – superior mesenteric artery (SMA) was visible on ceCT 6 weeks post-
IRE, with no other signs for local site recurrence. Because she also experienced 
postprandial abdominal cramps, a vascular stent was placed for symptom relief 
and to prevent mesenteric ischemia. Further, 12 gastrointestinal complications 
such as nausea, vomiting, diarrhea, delayed gastric emptying, abdominal pain, 
loss of appetite, and reduced intake were observed (n = 6). Two patients required 
temporary nasogastric drainage and placement of a nasojejunal feeding tube. 
Diarrhea and abdominal pain were treated with loperamide and by adjusting the 
amount of pancreatic enzyme suppletion. There was a significant increase in amy-
lase and lipase 1  day post-IRE compared to pre-IRE values (p  =  0.009 and 
p  =  0.001. After 2  weeks, amylase and lipase had returned to pre-IRE values 
(p = 0.26 and p = 0.12). Three patients developed clinical signs of pancreatitis 
(Table 11.2 and Fig. 11.4).
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11.9  Follow-Up and Response Evaluation

Knowledge of postinterventional MR and CT findings is essential for accurate inter-
pretation of the ablated area [46]. Familiarity with these characteristics prevents con-
fusion between normal or less typical postablational changes and residual or recurrent 
disease. In addition, timely recognition of IRE-related complications and vital tumor 
allows for expedited management and possible retreatment. The World Health 
Organization (WHO) and RECIST criteria depend on decrease in tumor size. 
However, decrease in viable cell mass is not always reflected by changes in tumor 
size. Exclusive reliance on tumor size does therefore not provide a complete assess-
ment of tumor response and may lead to inaccurate conclusions. A preferable method 
of post-IRE treatment evaluation is to combine tumor and ablation zone sizes with 
functional information such as alterations in enhancement and diffusion.

Since little healthy pancreatic parenchyma surrounds the pancreatic tumor, the abla-
tion zone is often ill-defined on MRI and especially on CT. Also, the presence of edema 
within the ablation zone impedes precise ablation zone delineation. A reasonable expla-
nation for the observed hyperintense rim surrounding the ablation zone post-IRE is 
reactive hyperemia of edematous inflammatory origin. However, it cannot be excluded 
that this rim still contains residual disease and longer follow-up is needed to explore the 
exact significance. The remarkable hypointense rim that we found on T2 at 2 weeks 
suggests hemosiderin deposition resulting from degradation of the extravagated eryth-
rocytes in the periphery of the ablation zone [46]. Post- IRE, arterial and portal venous 
phase CT attenuation decreased in nearly all patients. This decline in enhancement is in 
line with the observed postcontrast MRI findings which may be indicative for accurate 
tumor therapy response. The observed intralesional gas pockets may be caused by elec-
trolysis of water into hydrogen and oxygen caused by the electric pulses or by vaporiza-
tion due to heat development or by a combination of these mechanisms.

Initial post-IRE examinations reveal a notable volume increase on ceCT and 
ceMRI, followed by a decrease during follow-up. The calculated volumes varied 
widely between the two modalities, which is caused by the difficult ablation zone 
delineation from surrounding structures. Studies investigating the size and shape of 
the IRE ablation zone have predominantly correlated imaging findings to histology 
in animal studies. Overall, the radiological ablation zone size as measured on CT 
and MRI-DWI correlates well with the histologic ablation zone. In addition, studies 
suggested that ablation zone size and shape depend on the IRE parameters used and 
on the type of tissue ablated. There is clear concordance between our findings and 
preclinical and early clinical studies that describe a reduction of the size of the 
ablated area over several weeks, resulting from the clearance of cellular debris aided 
by the preservation of larger vessels.

Vroomen et  al. all describe DWI-b800 hyperintensity and low ADC values at 
6 weeks to predict tumor residue or early recurrence [46]. Hence, DWI-b800 and ADC 
may be useful to predict early recurrence or incomplete ablation, similar to imaging 
after hepatic ablation. This may allow for earlier retreatment. 18F-fluorodeoxyglucose 
positron emission tomography (18F-FDG PET) CT has demonstrated better diagnostic 
accuracy compared with ceCT and even MRI (without DWI-b800) in the diagnosis of 
pancreatic cancer. Also, 18F-FDG PET is increasingly used to assess tissue response to 
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chemoradiation for LAPC. One recent study showed the difference in maximum stan-
dardized uptake value (SUVmax) pre- and post-chemoradiation for LAPC was an 
independent predictor of clinical outcome [46] (Figs. 11.5 and 11.6).

Fig. 11.5 Adapted from Vroomen et al. Imaging findings during follow-up on ceCT (a) 
Isoattenuating tumor on ceCT pre-IRE (b) CT-guided placement of electrodes around the outer 
border of the tumor (c) Confirmation of correct electrode configuration according to the treatment 
plan with a nonenhanced CT scan (d) Hypoattenuating IRE ablation zone with intralesional gas 
pockets immediately after IRE (e) Hypoattenuating IRE ablation zone at 6 weeks follow-up (f) 
Hypoattenuating IRE ablation zone at 3 months follow-up [46]
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Fig. 11.6 Adapted from Vroomen et al. Prior to IRE: (a) Isointense tumor on T1 sequence (b) 
Hypointense tumor on T1 sequence (portal venous phase) (c) Hyperintense tumor on T2 sequence (d) 
Hyperintense tumor on DWI-b800 sequence (e) Hypointense tumor on ADC map. 1 day post-IRE: 
(f) Isointense IRE ablation zone with small hyperintense blood residues on T1 sequence (g) 
Hypointense IRE ablation zone plus rim enhancement surrounding the treated area on T1 sequence 
(portal venous phase) (h) Hyperintense (+) IRE ablation zone on T2 sequence (i) Hyperintense (+) 
IRE ablation zone on DWI-b800 sequence (j) Isointense IRE ablation zone on ADC map. 2 weeks 
post-IRE: (k) Isointense IRE ablation zone on T1 sequence (l) Hypointense IRE ablation zone plus 
rim- enhancement surrounding the treated area on T1 sequence (portal venous phase) (m) Hyperintense 
(+) IRE ablation zone plus hypointense rim enhancement surrounding the treated area on T2 sequence 
(n) Hyperintense (+) IRE ablation zone on DWI-b800 sequence (o) Isointense IRE ablation zone on 
ADC map. 6 weeks post-IRE: (p) Isointense IRE ablation zone on T1 sequence (q) Hypointense IRE 
ablation zone on T1 sequence (portal venous phase) (r) Hyperintense (+) IRE ablation zone plus 
hypointense rim enhancement surrounding the treated area on T2 sequence (s) Hyperintense (+) IRE 
ablation zone on DWI-b800 (t) Isointense IRE ablation zone on ADC map [46]

11.10  Disease Recurrence

11.10.1  Local Recurrence After Pancreaticoduodenectomy

Regarding the role of repeat surgery after pancreaticoduodenectomy for pancreatic 
ductal adenocarcinoma, there is conflicting data in the literature. Kleef et al. included 
30 patients with recurrent disease, 15 underwent repeat curative intent surgery and 15 
did not [47]. The median survival was 17 months in the group that was resected versus 
9.4 months in those who were not, with statistically significant survival improvement 
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in those patients who were resected after a disease-free interval of greater than 
9 months. A second, larger study evaluated a series of 97 patients with pancreatic 
cancer recurrence. Of these, 57 had an isolated local recurrence and 41 were found to 
be resectable [48]. Again there was a significant survival advantage in those undergo-
ing repeat resection with a median survival of 16.4 versus 9.4 months in those that 
were resectable or unresectable, respectively. The most recent study by Miyazaki 
et  al. examined 170 patients with recurrent pancreatic cancer [49]. Sixty-seven of 
these had isolated recurrences within the pancreatic remnant and 11 ultimately under-
went re-resection. Consistent with the previous reports, they found improved median 
survival of 25 months with repeat resection versus 9.3 months in those not resected. 
Although these three studies show similar results, with improved median survival in 
resectable cases of recurrent pancreatic cancer, a study from MD Anderson Cancer 
Center looked at the results of selective operation for locally recurrent or metastatic 
pancreatic cancer [50]. This study showed little benefit in resecting local recurrences 
in the pancreas even after a disease- free interval on over 20  months. Given the 
advances of systemic chemotherapy and stereotactic body radiation therapy, contro-
versy regarding the specific sequencing of therapy for patients who develop recurrent 
disease within the pancreatic gland remnant remains. No clear guidelines regarding 
retreatment of pancreatic remnant carcinoma exist. Although feasible, the exact role 
for IRE to treat local site recurrences after resection remains unclear.

11.10.2  Local Recurrence After IRE

Although patients with local tumor residue after IRE should be considered suitable for 
retreatment, it may prove difficult to differentiate vital tumor tissue from fibrotic scar 
tissue based on early cross-sectional imaging findings. However, local site recurrence, 
detected at least 6 months after the initial procedure, in the absence of distant disease 
progression retreatment should be considered. Local recurrence (LR) is defined as a 
focal or diffuse growing mass (>20% solid lesion increase in longest diameter on the 
axial plane) within 1 cm of the ablated region compared to the new baseline scan at 
4–12 weeks post-IRE. Although the median time to local progression was 13 months 
in the PANFIRE trial (percutaneous IRE) and 14 months in Martin’s registry (open 
IRE), the number of patients eventually suitable for repeat ablation was low (3/25 in 
the PANFIRE trial), primarily because of coexisting extra- pancreatic disease or a mul-
tidirectional growth pattern of the recurring tumor tissue [40, 44] (Fig. 11.7).

11.11  Results from Literature

11.11.1  Quality of Life

The most relevant and attainable goal in management of LAPC is good symptom pal-
liation. Therefore, quality of life (QoL) outcomes should be carefully weighed against 
survival benefit and treatment-related complications. In the PANFIRE trial, no signifi-
cant decrease in QoL or pain perception was described in the early months after IRE, 
and the deterioration hereafter conceivably reflects disease progression [40].
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11.11.2  Overall and Progression-Free Survival

Ten studies (excluding case reports) reported survival results: six retrospective 
series, two prospective cohorts, and two prospective controlled clinical trials [40, 
42, 44, 51–56]. The chemotherapeutic regimens in these series were heterogeneous 

Fig. 11.7 Adapted from Scheffer et al. and Vroomen et al. The development of a local recurrence. 
Red line, duodenum. (a) CeCT pre-IRE showing the initial tumor (white arrowheads) that was 
treated with IRE (b) MR DWI-b800 6 weeks post-IRE showing new hyperintensity around the 
superior mesenteric artery (white arrowheads) (c) CeCT 4 months post-IRE showing evident local 
recurrence (white arrowhead) (d) re-IRE of the local recurrence [40, 46]
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(Table 11.1). Chemotherapy was administered as palliative therapy, as neoadjuvant 
or induction therapy prior to IRE, or as adjuvant regimen after IRE, which makes 
overall survival results from IRE difficult to interpret. For the open approach, we 
could extract 281 patients with a mean median OS of 15.2 months from IRE and 
22.9 months from date of diagnosis (range 16–23.2 months). For the percutaneous 
group, we included 138 patients with a mean median OS from date of diagnosis of 
22.3 months from the date of diagnosis (range 17–27 months). These heterogeneous 
results are probably caused by differences in selection criteria and referral bias, and 
hence it remains erratic to compare these results and jump to conclusions regarding 
the superior approach or the best (neo)adjuvant chemotherapeutic regimen.

11.12  Ongoing and Future Clinical Trials

There is no standard of care for patients with locally advanced pancreatic cancer. 
Extrapolating results from patients with metastatic pancreatic cancer, most centers 
nowadays offer eligible patients FOLFIRINOX with or without radiotherapy (prefer-
ably SABR). Whether FOLFIRINOX plus SABR is superior to FOLFIRINOX alone 
will hopefully be answered by the PANCRS trial from Stanford, USA 
(NCT01926197), which has been recruiting patients for several years now. If adding 
SABR proves superior, the standard of care probably becomes FOLFIRINOX plus 
SABR for eligible patients.

Anticipating on these results the prospective, multicenter, multinational, phase 
III, randomized controlled trial called the CROSSFIRE trial (NCT02791503) com-
pares the efficacy of chemotherapy (preferably FOLFIRINOX) plus IRE (experi-
mental arm) to the efficacy of chemotherapy plus stereotactic ablative radiotherapy 
or SABR (control arm) in patients with locally advanced, non-resectable, non- 
metastasized, pancreatic cancer in terms of overall survival from randomization. 
Primary participating centers are the VU University Medical Center (Amsterdam, 
the Netherlands) and the Miami Miller School of Medicine (University of Miami, 
Miami, Florida, USA). The trial started including patients in July of 2016.

There is an increasing evidence that margin accentuation for borderline resectable 
pancreatic cancer, performing open IRE of the resection margin prior to resection, is 
effective with an increase in local progression-free survival, distant progression-free 
survival, and overall survival compared to historic controls [44]. One group from 
Berne is focusing on the impact of margin accentuation as compared to a historic 
control group (NCT02952859).

IRE enhances delivery of gemcitabine to pancreatic adenocarcinoma [57]. 
Investigators from Texas will examine how well electrochemotherapy works at 
treating people with stage III pancreatic adenocarcinoma (NCT02592395). 
Electrochemotherapy is a treatment that combines electroporation and chemo-
therapy administration. Electroporation uses an electric current to produce holes 
in pancreatic tumor, which causes the tumor cells to die or take up a higher con-
centration of administered chemotherapy agent. This study will test the safety and 
look at the effect of electrochemotherapy in the treatment of stage III pancreatic 
adenocarcinoma.
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Another group from Guangzhou will study the impact of IRE on immune 
response in patients diagnosed with unresectable pancreatic cancers smaller than 
5.0 cm (NCT02343835). It will profile the immune response to IRE of unresectable 
pancreatic cancers. The intra-tumoral and systemic immune response to IRE will be 
determined and compared to pre-ablated pancreatic cancer specimens and historical 
control specimens.

A probe with two electrodes on a single needle (single insertion device) is cur-
rently being developed by AngioDynamics. The advantage of only having to place 
a single needle in the middle of a tumor seems self-evident for many pancreatic and 
other tumors. A group from Utrecht, the Netherlands, is evaluating IRE with two 
parallel plate electrodes (paddles, personal communication). This would theoreti-
cally lead to less needle-based complications such as pancreatic fistula, bile or pan-
creatic fluid leakage, and hemorrhage and result in a more homogenous energy 
delivery for open procedures.
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12Irreversible Electroporation for Perihilar 
Cholangiocarcinoma (Klatskin Tumors)
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and Martijn R. Meijerink

12.1  Introduction

The overall prognosis for patients with perihilar cholangiocarcinoma (PHC) is dis-
mal. Resection of the tumor remains the only curative treatment, but only 10–20% of 
patients have resectable disease at the time of diagnosis [1]. The majority of patients 
present with locally advanced disease or lymph node metastases upon presentation or 
during exploratory laparotomy which makes resection not amenable. As the progno-
sis of patients with locally advanced PHC (LAPHC) or PHC with lymph node metas-
tases in the palliative setting is significantly better compared to patients with organ 
metastases [2], ablative therapies may be of use for symptom palliation and potential 
survival benefit. Unfortunately, current ablative techniques for LAPHC are limited 
by serious side effects. These limitations may be overcome by irreversible electro-
poration (IRE), of which the safety and feasibility have been demonstrated in the 
presence of main bile ducts and large vascular structures [3–5].
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12.2  Anatomical and Physiological Considerations

PHC, also known as Klatskin tumor, is a rare biliary malignancy originating at or 
near the hepatic duct confluence with an overall incidence of 1.2/100,000 individu-
als. Two-thirds of the cases occur in patients over the age of 65, with a near tenfold 
increase in patients over 80 years of age. The incidence is similar in both men and 
women.

The typical location of PHC in the liver hilum and proximal bile ducts causes 
biliary obstruction with concomitant jaundice. Surgical resection of PHC, consist-
ing of a combined extrahepatic bile duct resection and partial liver resection, is the 
only curative treatment and offers the best chance for long-term survival with a 
reported median overall survival of 19–39  months and 5-year survival rates of 
13–40% in large series [6]. Unfortunately, only a subset of patients is eligible to 
undergo surgical resection as almost 50% of patients have unresectable disease at 
presentation, and during exploratory laparotomy, another 40% have locally advanced 
or metastasized tumors [2]. Of all patients with ultimately unresectable disease, 
approximately 50% of tumors are considered locally advanced because of unrecon-
structable vascular or extensive biliary involvement [2, 7]. Liver transplantation in 
these cases is only performed in a few experienced centers worldwide with very 
strict selection criteria and extensive preoperative workup including neoadjuvant 
treatment. Unfortunately, high dropout rates up to 30% prior to transplantation are 
reported [8, 9].

Systemic chemotherapy is the mainstay of treatment for patients who are not can-
didates for curative resection or neoadjuvant therapy followed by liver transplanta-
tion. Currently, the combination of gemcitabine and cisplatin is the preferred regimen 
in this setting and offers a median progression-free survival of 8 months. However, 
despite palliative treatment with biliary stenting to relieve cholestasis, patients even-
tually often die due to cholangitis, sepsis, and/or liver failure (median overall sur-
vival of 12 months) [2, 10].

Although the overall prognosis of unresectable PHC is poor, patients with LAPHC 
or lymph node metastases beyond the hepatoduodenal ligament (N2) have significant 
longer survival compared to patients with organ metastases [2]. Some 13% of these 
patients even survive for more than 36 months. This particular subgroup of PHC 
patients may therefore benefit from ablative therapies that counteract tumor growth 
and potentially improve biliary stent patency and survival [11].

12.2.1  Ablative Strategies for Advanced PHC

Several ablative therapies for the treatment of advanced PHC have been investi-
gated. Therapies that are currently applied in the context of pilot studies and early 
clinical trials are stereotactic body radiation therapy (SBRT), photodynamic ther-
apy (PDT), (intraductal) radiofrequency ablation (RFA), brachytherapy, and 
microwave ablation (MWA). These modalities generally show variable success 
and high complication rates. Following photodynamic therapy (PDT), a treatment 
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that uses photosensitizing agents plus a particular type of light to produce a form 
of oxygen that kills nearby cells, up to 30% of patients experience serious cutane-
ous phototoxicity. Thermal ablative methods in the region of the portal triad are 
not only associated with an unacceptable proportion of biliary tract injuries but 
also considered less effective due to an imperative heat sink effect caused by the 
large vessels running through the liver hilum [12]. These limitations may be over-
come by irreversible electroporation (IRE), of which the safety and feasibility 
have been demonstrated in the presence of main bile ducts and large vascular 
structures [13, 14].

Although the literature on IRE in PHC is limited, in vivo studies in the liver and 
pancreas of healthy pigs show sharp demarcations of the margins between ablated 
and non-ablated parenchyma including good efficacy adjacent to large vascular 
structures. Importantly, no signs of arterial or venous thrombosis were seen [15–
18]. While these results seem promising, clinical results have to be awaited since 
safety and feasibility have not yet been established in human LAPHC.

Up until now, 17 clinical studies have been published regarding IRE for locally 
advanced pancreatic adenocarcinoma (LAPC), hepatocellular carcinoma (HCC), 
and colorectal liver metastases (CRLM). Among these studies, a total of 486 
patients with unresectable tumors, unsuitable for thermal ablation due to their 
proximity to major vessels, bile ducts, or other organs, were treated with either 
open or percutaneous IRE [3].  These studies showed good results concerning 
safety and feasibility. Morbidity related to the IRE procedure consisted mainly of 
duodenal leakage (in patients with transduodenal needle placement or stent 
removal), pancreatic leakage, bile leakage, (progression of) portal vein thrombosis, 
local post- procedural pain, and transient urinary retention. In one clinical study, 
the effect of IRE on vessel patency in close proximity to the ablation zone was 
evaluated and showed that 151 of 158 major vessels were patent, whereas only 
seven vessels had signs of thrombosis or mild narrowing [19]. In another study, it 
was observed that tumors in close proximity to major bile ducts could be safely 
treated with IRE as 26 of 28 evaluated bile ducts were patent 1 month after treat-
ment (one occlusion occurred) [4].

Although the aforementioned studies suggest that IRE can be safely used in HPB 
tumors and can provide a treatment benefit in terms of improved disease-free and 
overall survival, it is difficult to determine whether this benefit is substantial because 
of selection, low patient number, and short follow-up in these studies. Secondly, 
although results in other HPB tumors are promising, there is only little evidence for 
the use of IRE in the treatment for PHC. The group of Meijerink et al. was the first to 
successfully treat a patient with unresectable PHC with percutaneous IRE [20]. The 
66-year-old female with a 3.8 cm PHC presented with unresectable disease due to 
bilateral extension into the secondary order bile ducts (Figs. 12.1 and 12.2). There 
were no radiological signs of nodal or vascular involvement. A metal wall stent was 
present in the common bile duct. IRE was performed with the patient under general 
anesthesia in the supine position, and a total of six monopolar needle electrodes were 
placed under CT-fluoroscopy guidance. Eighty treatment pulses were successfully 
and safely delivered. After removal of all six needles, CT demonstrated that the portal 
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Fig. 12.1 Adapted from Melenhorst et al. (a) Coronal ceCT image pre-IRE with a hilar cholan-
giocarcinoma (arrow) surrounding a metallic Wallstent present in the common bile duct. (b) 
ceMRI image demonstrating an enhancing mass in the liver hilum surrounding the common bile 
duct. (c) Axial CT image of two electrodes placed alongside the Wallstent. (d) Coronal CT view 
demonstrating all six electrodes and eight electrode pairs during the ablation (red lines). (e) ceCT 
immediately after IRE demonstrating patent vessels and gas bubbles in the ablated area (arrow). 
(f) ceMRI 1 day post-IRE with no signs of complications. (g, h) ceCT 6 months and 1 year after 
IRE demonstrating no tumor progression [20]
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vein and surrounding arteries were patent and the intrahepatic bile ducts appeared 
unremarkable. Post-procedural recovery was uneventful, and the patient was dis-
charged on the fourth day after IRE in good clinical condition. Follow-up CT after 4, 
6, and 12 months showed no tumor progression or metastatic disease.

Further information about safety and efficacy of IRE in advanced PHC is cur-
rently lacking. The authors’ treatment centers in Amsterdam (AMC and VUmc) have 
joined forces and are currently collaborating in the ongoing prospective phase I/II 
trial on IRE for advanced PHC (the ALPACA trial, NL56231.018.15)

12.3  Patient Selection

Given the paucity of results regarding safety and efficacy, the authors strongly recom-
mend to only treat patients in the setting of prospective clinical trials or at least prospec-
tive registries, preferably in highly experienced and high-volume centers. Patients with 
either advanced PHC (locally advanced or N2 nodal metastases) based on imaging or 
staging laparoscopy or potentially resectable PHC but ultimately advanced disease dur-
ing exploratory laparotomy may prove suitable candidates as well as patient with late-
onset resection-site recurrence. For patients with initial unresectability, percutaneous 
IRE seems favorable over an open approach, given the lower complication rate and 
less-invasive nature. In case of intraoperative unresectability, “open” IRE may prove 
preferable.

12.4  Indications and Contraindications

12.4.1  Indications for IRE

Patients with LAPHC, defined as bilateral second-order biliary branch involvement, 
unilateral second-order biliary branch involvement plus arterial or portal encase-
ment contralateral to this side, or (N2) lymph nodes on imaging or during staging 
laparoscopy, in the absence of metastatic disease to distant organs, may qualify for 
IRE. Patients who undergo explorative laparotomy and have inoperable vascular 
ingrowth or lymph node (N2) involvement are deemed unsuitable for resection and 

Fig. 12.2 Adapted from 
Melenhorst et al. 3D 
reconstruction with a 
catheter in the common 
hepatic artery (asterisk) 
and six electrode places 
alongside the metallic 
Wallstent [20]
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may also benefit from local treatment [21]. In these cases, open ultrasound-guided 
IRE can be considered. Patients with late-onset (>6 months after the initial surgery) 
resection-site recurrence represent a third group of patients that may eventually 
prove suitable for IRE (Fig. 12.3). The diagnosis of PHC or lymph node metastases 
must be confirmed with cytology or histopathology using endoscopic or percutaneous 
brush cytology, endoscopic or percutaneous biopsy, or biopsy during laparoscopy.

12.4.2  Contraindications for IRE

IRE is aimed at patients with LAPHC. Patients with resectable PHC or organ metas-
tasized PHC at surgical exploration should be excluded from treatment with 
IRE. Furthermore, patients with PHC >5 cm, metastases to peritoneum, liver, or 
other organs, a history of ventricular cardiac arrhythmias, a recent history of myo-
cardial infarction, uncontrolled hypertension, and uncontrolled infections, and a 
history of epilepsy, partial portal vein thrombosis, and narrowing of both the portal 
vein and either the common hepatic artery, celiac trunk, or superior mesenteric 
artery of >50% do not qualify for treatment with IRE. Extensive vascular involve-
ment of the main branches of the portal vein and/or hepatic artery may result in 
complete occlusion of the artery or vein when IRE is performed. This might lead to 
liver ischemia, a deadly complication.

12.5  Patient Workup and Treatment Planning

Additional biliary drainage is indicated when serum bilirubin level exceeds 
50 μmol/L. These patients will preferably receive placement of percutaneous tran-
shepatic biliary drains (PTCDs) under antibiotic prophylaxis (Fig. 12.4). A percuta-
neous approach allows for more selective segmental biliary drainage compared to 
endoscopic drainage. The PTCD technique involves placement of a thin Chiba 
needle, and a 0.014 in. guidewire under ultrasound guidance to gain access to the 

Fig. 12.3 Example of a patient with a pathology proven local resection-site recurrence diagnosed 
two years after left-sided hemihepatectomy. (a) T1-weighted gadolinium enhanced MRI clearly 
demarcating the recurrence. (b) CT-guided IRE with two electrodes in an oblique-coronal plane. (c) 
Follow-up ceCT at six weeks post-IRE showing two PTC drains, placed prior to the IRE procedure, 
and a recent status after placing two self-expandable metal Wallstents (SEMS) at the biliodigestive 
anastomosis four weeks after the IRE procedure. The PTC drains were safely removed hereafter
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biliary system. Antegrade cholangiography will be used to localize the site of 
obstruction. The guidewire is then maneuvered through the stenosis, and a catheter 
is placed with its distal end in the duodenum for internal- external drainage. 
Externally draining bile is collected in a drain bag during the first 24–48 h, after 
which the catheter is closed in order to achieve internal drainage. Patients should 
only receive IRE when serum bilirubin levels are below 50 μmol/L.

Patients scheduled for open IRE should have undergone endoscopic (if already 
done in referring hospital) or percutaneous biliary drainage of at least the future 
liver remnant, but preferably of the whole liver. This will ensure adequate drainage 
post-IRE.  Patients scheduled for percutaneous IRE should have adequate biliary 
drainage of all liver segments, which may require placement of two to three drains 
depending on tumor extension into the biliary branches.

Unresectable
at imaging

Biliary drainage
(PTCDs or endoprosthesis;

SEMS is allowed)

Preoperative work-up
(may include biliary drainage, staging
laparoscopy, portal vein embolization,

preoperative radiotherapy)

Explorative laparotomy
unresectable

Palliative chemotherapy
+

Follow-up
blood test & ceCT at 6 weeks

and 6, 12 and 24 months

US-guided open
IRE

CT-guided percutaneous
IRE

Self-Expandable Metal
Stunts (SEMS)

Potentially resectable
at imaging

Diagnosis of perihilar
cholangiocarcinoma
by cytology or histopathology

1 week 1 week

4–8 week

4–6 week

2–4 week

4–8 week

Resectable-site
recurrence

Fig. 12.4 Flowchart of patient workup
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A metal biliary stent is not considered to represent an absolute contraindication for 
IRE if there is no contact with the duodenum and as long as a no-touch technique is 
pursued (IRE electrodes are not in contact with the metal stent, as this would lead to 
instant overcurrent and generator shutdown). However, metal stents may cause incom-
plete ablation of tumor tissue, as cell survival was observed surrounding the metal 
stent in an IRE experiment in the liver by Scheffer et al. [22]. In addition, this experi-
ment showed that higher temperatures are reached at the electrode tips, which is why 
careful electrode placement is warranted if thermally vulnerable structures (e.g., bile 
ducts) are in close proximity of the IRE ablation zone.

12.6  Approach, Image Guidance, and Technique

Antibiotic prophylaxis should always be administered, preferable within 1 h prior to 
the procedure. The IRE procedure is performed under general anesthesia with com-
plete muscle paralysis and under cardiac gating either in the operation room or in 
the interventional radiology (CT) room. During the procedure, the cardiac rhythm 
will be closely monitored, and a defibrillator will be present at all times. IRE should 
be performed by a trained interventional radiologist, either percutaneously or dur-
ing explorative laparotomy.

Prior to percutaneous IRE, a pigtail catheter can be placed in the common hepatic 
artery in the CT suite entering from the right common femoral artery, for adminis-
tration of small amounts of intra-arterial contrast during IRE.  This allows the 
repeated and real-time visualization of the vessels adjacent to or encasing the tumor 
and the tumor enhancement pattern, thereby improving the safety and accuracy of 
electrode placement, while reducing the total dose of contrast administered. Next, 
the patient is transported to the CT scan. Percutaneous procedures should be per-
formed using CT fluoroscopy guidance and/or ultrasonographic guidance. The pro-
cedure is conducted under general anesthesia and epidural analgesia with muscle 
relaxants to prevent patient motion and under cardiac gating (using the AccuSync). 
After correct patient positioning, a contrast-enhanced CT scan of the abdomen will 
be performed under general anesthesia to confirm correct staging and exact tumor 
size measurement and for planning of electrode placement.

For clinical application of IRE, the Nanoknife® system (Angiodynamics Inc., 
Latham, New York, USA) is set up to produce 90 microsecond high-voltage (1,500–
3,000  V) direct-current (25–45 A) electrical pulses. Typically, at least 90 pulses 
should be delivered between paired unipolar electrodes, with an exposed tip of  
15–20 mm. The voltage setting for each electroporation will be determined by the 
distance between each pair of electrodes, with the intent to generate at least 1,000 V 
between electrodes. The electrodes will be placed in and around the tumor aiming 
at a macroscopic complete ablation with a 5 mm margin, with the inter-electrode 
distances 12–24 mm and the maximum angulation between electrodes 15°.
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All pulses will be administered in the absolute refractory period with the use of 
electrocardiographic (ECG) synchronization to avoid triggering ventricular arrhyth-
mia. If the lesion is larger or has a different shape than the area that one set of probes 
can cover (according to manufacturer’s guidelines), multiple ablations should be 
performed, until the whole tumor area is ablated. The generator is programmed to 
stop delivery and recharge if the current flow exceeds 50 A. Pullbacks should be 
performed if the target treatment zone is greater than 2 cm in the direction of needle 
placement, and treatment is repeated to cover the entire target.

Specific attention should be paid to the placement of electrodes close to bile 
ducts as previous research demonstrated that biliary strictures may occur when nee-
dles are placed within 3 mm of the bile ducts [23].

12.7  Follow-Up and Response Evaluation

Plastic PTC drains should be exchanged for self-expandable metal stents in the days 
or weeks following the IRE procedure to ensure adequate drainage and to prevent 
clogging of the plastic drains by debris caused by the IRE procedure. In case of 
bilateral biliary tract involvement the simultaneous placement of two dedicated bili-
ary stents (kissing stent procedure) should be considered. Bile ducts to atrophic liver 
lobes do not require drainage.

Postoperatively, patients should undergo treatment in an enhanced recovery 
program. Patients should be monitored on the recovery and the surgical ward 
daily, according to current medical practice. Patients with advanced PHC gener-
ally need optimal palliative chemotherapy (gemcitabine/cisplatin) starting within 
6 weeks after the procedure. Follow-up is performed within the routine palliative 
care with measurements of serum markers and contrast-enhanced CT and/or MR 
scans.
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13Irreversible Electroporation of Kidney 
Tumours

Jim Koukounaras, Helen Kavnoudias, 
and Kenneth R. Thomson

13.1  Introduction

Surgical excision is still considered the optimal treatment for malignant renal 
tumours [1, 2]. However, before the advent of computed tomography, renal mass 
lesions smaller than 4 cm were difficult to detect and TNM staging used 4 cm as the 
maximum size of T1a lesions. As a result of increased detection of small, often 
asymptomatic, mass lesions, routine nephrectomy has become less desirable. 
Nephron-sparing nephrectomy with or without laparoscopy has become a routine 
procedure for T1a and some T1b lesions. More recently thermal ablative techniques 
have been employed for T1a lesions particularly when the lesion is exophytic. One 
of the major limitations of these ablative techniques is thermal damage to adjacent 
organs and the collecting system and heat sink effects which limit the efficacy of the 
techniques adjacent to blood vessels. As a result of these limitations, the most suit-
able lesion for thermal ablation is <4 cm in diameter, polar, cortical and distant from 
the renal hilum and collecting system. These limitations also apply to a great extent 
to nephron-sparing surgery.

Percutaneous irreversible electroporation (IRE) is ideally suited to treatment of 
small renal mass lesions because it is a nonthermal method of soft tissue ablation 
which is unaffected by local blood flow and it does not disturb the collagenous struc-
ture of the target tissue. The kidney is easily accessible by percutaneous image- 
guided techniques to facilitate the use of IRE, and non-polar, hilar lesions adjacent to 
the ureter and calyces are not a contraindication to the use of IRE.  Provided the 
lesion is carefully targeted by IRE, lesions larger than 3 cm can be treated effectively 
and safely.
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13.2  Physiological and Anatomical Considerations

The kidneys are paired retroperitoneal structures surrounded by Gerota’s fascia 
that is normally located between the transverse processes of T12–L3 vertebrae, 
with the left kidney typically somewhat more superior in position than the right. 
The upper poles are normally oriented more medially and posteriorly than the 
lower poles. The adrenal glands are situated at the upper pole of each kidney and 
the lower portion of each kidney is closely related to the colon. There are one or 
more renal arteries to each kidney arising directly from the abdominal aorta and 
venous drainage is to the inferior vena cava. The left renal vein passes anterior to 
the aorta about the level of the second part of the duodenum. Urine is secreted into 
the calyces of the collecting system and transported via the ureter to the urinary 
bladder by ureteric peristalsis.

The kidneys serve important functions, including filtration and excretion of met-
abolic waste products, regulation of electrolytes and fluid, acid-base balance and 
stimulation of red blood cell production. They regulate blood pressure via the renin- 
angiotensin- aldosterone system, controlling reabsorption of water and maintaining 
intravascular volume. The kidneys also reabsorb glucose and amino acids and have 
endocrine functions via erythropoietin, calcitriol and vitamin D activation.

13.3  Diseases

The differential diagnosis of a small (<4 cm) renal mass lesion includes benign cyst, 
angiomyolipoma, lymphoma, metastasis, benign mesenchymal tumour, renal sarcoma, 
renal cell carcinoma, adenoma, oncocytoma, abscess and haematoma. The differen-
tiation of these and exclusion of volume averaging artefacts in the renal hilum require 
high-quality triple phase contrast-enhanced computed tomography (CT) (Fig. 13.1), 
supplemented by ultrasound, magnetic resonance imaging (MRI)and sometimes 
biopsy [3–7]. Since most lesions are slow growing, short interval repeat imaging 
may not be helpful. However, in an elderly unfit person with a very small (<2 cm) 
exophytic renal mass, a repeat CT scan after 12 months is a reasonable approach. In 
most cases a definitive diagnosis can be made based on the imaging findings 

Fig. 13.1 Renal tumour. A solid 
mass with abnormal vascularity in 
arterial phase is typical of a renal cell 
carcinoma. Sometimes, however, the 
vascularity may be difficult to detect. 
See Fig. 13.2
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(Fig. 13.2), but lesions <1.5 cm are unlikely to cause significant morbidity at least in 
the short term.

Biopsy is recommended before any indeterminate mass lesion is treated by an 
ablative technique. There is a very small (0.01%) risk of seeding of the biopsy track 
with malignant tumours and this may limit the enthusiasm for biopsy. It is worth not-
ing that tumour seeding may also occur after laparoscopic nephron-sparing surgery. 
The electric field immediately adjacent to the active IRE electrode is lethal to cells 
and this may inhibit seeding.

13.4  Current and Future Indications

IRE is indicated for soft tissue ablation and is suited to focal renal masses of malig-
nant potential. IRE does have advantages when compared to partial nephrectomy as 
the IRE is not dependent on the anatomical relationships of the tumour such as 
blood supply or venous drainage. However, this is an area with a large number of 
therapeutic options, and more long-term data is required to establish the final place 
of IRE in the kidney.

13.5  Contraindications

Provided the patient is able to tolerate a general anaesthetic with muscle paralysis, 
there are almost no contraindications to IRE once a tumour of malignant potential 
has been identified in the kidney. Treatment of nonfocal malignancy such as transi-
tional cell carcinoma is not recommended even though it is probably possible.

Fig. 13.2 Small indeterminate exophytic lesion. (a) A small poorly enhancing exophytic lesion 
(arrowhead) in a patient status post liver resection for colon cancer metastasis (2007). (b) By 2014, 
there was evidence of some growth in size. On biopsy this proved to be a clear cell renal carci-
noma. The prior adjacent surgery, diaphragmatic sulcus and proximity of the colon were indica-
tions for IRE of this lesion (arrowhead)
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Patients with pacemakers and pacemaker-defibrillators should be reviewed by a 
cardiologist prior to an IRE procedure. We prefer to use cardiac-gated delivery of 
IRE in all procedures. In some cases the defibrillator may need to be deactivated 
during the procedure, but a standard demand pacemaker has, in our experience, not 
provided any problem in terms of aberrant rhythm or generation of abnormal cur-
rents through the pacemaker leads.

13.6  Patient Workup and Treatment Planning (Multidisc 
Meetings, Histology, Imaging, Lab, Antibiotics, Pre- 
procedural Safety Procedures, Modelling)

In our institution all renal tract malignancies are reviewed by a multidisciplinary 
committee comprising urologists, radiologists, radiation oncologists and medical 
oncologists. Laboratory results, including renal function, cardiorespiratory status, 
past and recent imaging (CT, ultrasound or magnetic resonance) and histology, are 
presented and a decision is made on the most appropriate treatment for each particu-
lar patient. Lesions which are technically difficult for partial nephrectomy are usu-
ally quite accessible for a focal ablative treatment such as IRE.

Once a decision for IRE has been made, the lesion is studied on the available 
cross-sectional imaging or if necessary further cross-sectional imaging is obtained. 
The kidney is relatively accessible from a prone or oblique approach for percutane-
ous procedures like IRE. Because the kidney will move significantly from a supine 
position to a prone or oblique position, often the final targeting planning will not 
occur until the patient is positioned and anaesthetised for the IRE procedure. It is, 
however, still useful to plan the procedure in general terms so that the tumour and a 
margin of normal tissue can be effectively targeted (Fig. 13.3). Decisions such as 
the number of electrodes, length of active electrode exposure and distance between 
electrodes can be made prior to the procedure to ensure that a complete ablation can 
be achieved. The electrode placement should be designed so that if possible, the 
distance between electrodes is between 1.0 and 2.5 cm. The effective electropora-
tion field extends about 5 mm from the outer margin of the electrode so that pro-
vided adequate current is achieved, a 2.5 cm electrode will cover a 3.0 cm diameter 
tumour. Ideally the electrodes should sit at the margin of the tumour so that a margin 
can be achieved with confidence. If desired this planning can be transferred to the 
AngioDynamics generator to view the electrode siting. This is however only a 
single- plane diagram. Planning can also be performed using the Visifield planning 
software which provides a more robust estimate of the electric filed that will be 
generated [Visifield.com].

13.7  Approach and Image Guidance

The major decision to be made at the time of the procedure is whether to place the 
arms alongside the abdomen or to raise the arms above the imaging field. There is 
an increased risk of brachial plexus injury if the arms are extended forcibly for long 
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periods even when the patient is in a prone oblique position. In most cases the CT 
artefact produced by the arms is below the imaging field of the kidneys (Fig. 13.4). 
We have used the Perfint positioning robot (Fig. 13.5) to aid positioning of IRE 
electrodes and to assist planning of the electrode array when an oblique electrode 

Fig. 13.3 Planning the electrode siting. Using axial images select the top (a) and bottom (b) of the 
tumour, and with a coronal image (c), select the largest region of the tumour. Note the dimensions and 
calculate what electrode spacing and how many electrodes will be required. Even though the tumour 
position will change as the patient is turned from supine to prone, the tumour size will be the same

Fig. 13.4 Patient positioning. In the prone position, the kidney moves forward. As the patient is 
usually on a support to protect the venous return, the arms may be positioned alongside the patient 
below the level of interest. In this example the right arm is only just visible and image degradation 
is acceptable

13 Irreversible Electroporation of Kidney Tumours



206

path is required, but normally for a renal tumour, the electrode path is in the axial 
plane and less difficult than, for instance, a placement through the intercostal spaces 
for a liver tumour.

In our experience it is easier to confirm placement of IRE electrodes in the renal 
target area with CT rather than ultrasound. If ultrasound is used, because the posi-
tion of the patient is likely to be different to that of the diagnostic CT examinations, 
CT/ultrasound fusion may not be possible with older fusion technology.

13.8  Technique (General Technique, Tips and Tricks, 
Procedural Safety Procedures)

Normally the patient is anaesthetised in the supine position, and ECG and blood 
pressure monitoring is established, often with a radial arterial pressure line. ECG 
dots are required for two sets of monitors if cardiac-gated delivery of the electro-
poration is to be used. A Foley catheter is inserted into the urinary bladder, and the 
patient is then positioned prone or prone oblique according to the prior plan. All 
imaging should be performed in expiration as this is the most consistent phase for 
an anaesthetised and paralysed patient. A contrast-enhanced CT in arterial and 
excretion phase is obtained with a skin-marking sheet over the area of interest. Once 
images are obtained, the table position of the upper and lower border of the target 
zone is recorded and a mark made on the patient’s skin. The medial and lateral bor-
ders of the target zone are also marked after calculations from the skin-marking 
sheet. During placement and adjustment of electrodes, respiration is off so that a 
consistent respiratory position is achieved.

Fig. 13.5 Perfint robot. (a) CT data is transmitted to the Perfint robot and the electrode placement 
is planned on the Perfint workstation. Once planning is complete, the robot arm indicates the posi-
tion at which the electrode should be introduced. The operator inserts the electrode through the 
guide. (b) The Perfint robot is in position and the last electrode is about to be inserted. CT fluoros-
copy is used after placement to confirm accurate positioning
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Electrodes are exposed by withdrawing the insulation sleeve and inserted at sites 
according to the prior plan to ensure that the target zone is completely covered. As 
each electrode is placed, the position should be confirmed using a few CT slices or 
CT fluoroscopy. Each electrode cable should be labelled using the numbered labels 
supplied with the blue activator electrode.

Once electrode placement is completed, a non-contrast CT through the target 
kidney is performed and displayed on the workstation. The actual distance between 
each electrode is determined by a stack of images perpendicular to the long axis of 
the electrodes (Fig.  13.6). These measurements are then transferred to the 
AngioDynamics generator. Use of a Faraday probe allows a direct display of the 
current with each pulse and a more aggressive application of the electroporation 
energy without causing the generator to shut down because of excessive current 
(Fig. 13.7). Alternatively a set of ten pulses at a low energy such as 1,200 V/cm can 
be delivered through each electrode pair and the results viewed on the AngioDynamics 
generator monitor after the delivery is complete (Fig. 13.8). Low currents require 
either increase in volts/cm generally or selectively for each electrode pair. High cur-
rents or pulses showing spikes require reduction in the energy to be delivered. A 

Fig. 13.6 Electrode measurements. (a) Pre-electrode placement. CT sagittal reconstruction show-
ing tumours at the upper pole and the lower pole in a patient with Von Hippel Lindau disease. (b) 
CT reconstruction in short axis of the electrode to allow accurate measurements of electrode sepa-
ration. (c) CT reconstruction in long axis of the electrodes to confirm electrodes are truly parallel 
to one another
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further group of about 70–90 pulses are then delivered at the new settings and the 
results displayed for evaluation. Further adjustments are made as necessary and a 
final set of 70–90 pulses delivered. The total number of pulses delivered should be 
about 100 with currents at or above about 35 A. If a single pair of electrodes proves 
difficult to energise with the rest of the array, they can be deleted and activated 
separately.

For each set of activations, the electrode number, volts/cm, and current achieved are 
recorded on a worksheet (Fig. 13.9). Careful recording is critical when there are a large 
number of electrodes, and care should be taken to ensure every possible combination 
of electrodes is activated. These recordings are also important if there is a shutdown 
because of overvoltage. To force the generator to change voltage, the distance specified 
on the generator may be increased or decreased without actually changing the relative 
electrode positions in the patient. The data recorded by the AngioDynamics generator 
should be saved to a USB only at the end of the procedure.

Once the ablation is considered complete, a final CT scan with electrodes in posi-
tion is performed. For best evaluation, contrast is required but this depends on the renal 
function. The ablation zone is of lower attenuation than normal kidney and contains a 
few bubbles of gas. There will be normally minor soft tissue change in the perinephric 
fat as a result of electrode placement. If there is any doubt the ablation is incomplete, 
the electrodes should be repositioned or some of the electroporation repeated.

After the patient is conscious, a trial of void is performed and the indwelling 
urinary catheter removed. If there is a history of prostatism, the catheter is left in 
position until the following day. Even in cases of electroporation reaching the hilum 
of the kidney, significant haematuria is unusual.

Fig. 13.7 Monitoring the IRE pulse. (a) Use of a Faraday current probe. A general view showing 
multiple electrodes in position. The Faraday probe is switched from one electrode pair to another 
as the sets of electric pulses are delivered. It is attached to electrode 5 in this image. (b) This oscil-
loscope display shows a series of pulses around 20 amperes. Each successive pulse in the set of 10 
is slightly lower in current as the voltage falls slightly with each discharge from the capacitor in the 
Nanoknife generator. The shape of this current is ideal
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a

b

Fig. 13.8 Electric pulse delivery. (a) Abnormal “spikey” current display. Although the current 
and voltage are well under cut-off levels, the shape of the pulses indicates that the electric field is 
not uniform. This may be due to very inhomogeneous tumour or due to excessive electrode separa-
tion. Repositioning of one or more electrodes may be required. (b) Completion display of IRE 
electric pulses at the limits of tolerance. Real-time monitoring allows more aggressive current 
delivery with less chance of overcurrent shutdown as the delivery can be aborted just before the 
generator shuts down
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13.9  Complications (Related to Needles, Related to Energy 
Delivery or Related to the General Procedure)

Complications after renal electroporation are very infrequent in our experience. The 
most surprising outcome is that haematuria is most uncommon and has been very 
limited even with deep insertion of the IRE electrodes. The incidence of bleeding in 
our experience, even though it is limited, is equal to or less than the risk after renal 
biopsy.

Even with cardiac gating, long sequences of electroporation pulses may result 
in an increase in blood pressure during the procedure. This is possibly related to 
diaphragmatic contractions and increased venous return to the heart but in truth we 
have no exact cause. The blood pressure is easily controlled by the anaesthetist 
during the procedure and we have not seen persistent hypertension after the 
procedure.

In one case the left adrenal gland was unintentionally included in the electro-
poration field, and this resulted in severe hypertension easily controlled with alpha 
and beta blockade without late sequelae.

PATIENT NAME JAMES BLOGGS LEFT KIDNEY UPPER POLE

JULY 4 2016

1.5 1 2

31.3

1.5

1ID NUMBER

ORGAN

IRE Worksheet

GUIDANCE

POSITION OF
ELECTRODES

CT PERFINT U/S FUSION

DATE

Tumour size

(CM)

X

Y

Z

PAIRS

1/2

1/2

1/3

1/3

2/3

2/3

2/1

PAIRS

DISTANCE

1.8

1.8

2.0

2.0

1.5

1.5

DISTANCE

PAIRS

1.8

DISTANCE

VOLTS/CM

1200

1500

1200

1500

1200

1500

VOLTS/CM

1800

VOLTS/CM

VOLTAGE

2160

2700

2400

3000

1800

2250

VOLTAGE

3000

VOLTAGE

CURRENT

15

25

20

30

15

20

CURRENT

38

CURRENT

NO PULSES

40

80

40

80

40

80

NO PULSES

80

NO PULSES

#1

#2

#3

Fig. 13.9 Worksheet for renal tumour. It is important to record the voltage, separation, number of 
pulses delivered and the current achieved for each pair of electrodes each time any parameters are 
changed. Ideally an increase in current of 15–20 amperes is desirable for IRE. Note that in this 
example, the highlighted distance between electrodes 2 and 3 in sequence #3 has been increased 
artificially to force a higher voltage. The electrode was not physically moved
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Direct puncture damage caused by an electrode is possible with any IRE proce-
dure, but we do not need to introduce fluids to separate adjacent organs and we have 
not employed urinary cooling to protect the collecting system and ureter.

The major complication is an incomplete ablation, but this is part of a learning 
curve in planning deployment of electrodes and ensuring the ablative electric field 
encompasses the entire tumour and a margin.

13.10  (Neo)adjuvant Treatment and Supportive Procedures 
(Renal Failure Support, Urine Cooling, etc.)

Although there is theoretically some advantage in adjuvant chemotherapy with IRE 
in other regions, principally skin tumours, this is not routine practice due to the lack 
of an effective therapeutic agent. Adequate hydration and minimization of contrast 
media is employed as with any CT contrast procedure as the aim of the IRE proce-
dure is to preserve renal function. The lack of thermal effects makes urine cooling 
and tissue separation unnecessary.

13.11  Follow-Up and Response Evaluation (Imaging, Lab)

Standard follow-up protocols as for any other treatment method for renal tumour are 
used. This may be CT or ultrasound as desired. We performed a contrast CT or an 
ultrasound at 1–2 months post IRE in all our patients with further follow-up at 6- 
and then 12-month intervals. Where renal function was reduced, contrast-enhanced 
MR imaging is also suitable (Fig. 13.10).

Fig. 13.10 Follow-up. (a) Prone CT image at completion of IRE and removal of electrodes. Gas 
in the line of the electrodes is related to hydrolysis. (b) MR with contrast (axial 3 phase LAVA 
sequence) in the same patient at 6 months post IRE. The tumour mass has decreased in size and is 
non-enhancing. Note the IRE ablation extended to the central portion of the left kidney
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13.12  Disease Recurrence (Residual Disease, Local Site 
Recurrence or Distant Disease Recurrence)

Residual disease indicates a failure of the original index IRE procedure and is more 
frequent in the early experience of the operator. Following successful (complete) 
ablation, we have not seen evidence of local or distal site recurrence. One of our 
patients has Von Hippel Lindau disease and develops tumours in other renal sites. 
We have performed three procedures and she has had two partial nephrectomies for 
separate tumours.

Our results were presented at SIR 2016 in Vancouver, BC. Nineteen patients of 
ages ranging from 43 to 85 years (mean 70 years) with a total of 27 tumours were 
treated between 2008 and 2015. Six of the 19 patients were undertaken on a salvage 
compassionate basis under an ethics-approved trial to evaluate the safety of the IRE 
technique. Of the 13 other patients, there has been no recurrence of ablated tumours 
where a complete ablation was achieved. Overall, including the salvage patients, 
this experience resulted in an ablation rate of 88% for tumours <3 cm and 63% for 
tumours >3 cm. However seven of the tumours without recurrence were >3 cm in 
diameter. There was no difference in results by site (central or peripheral).

13.13  Results from Literature

Pech et al. first reported human experience of IRE for renal tumour in an “ablate and 
resect” research project, but the interval between ablation and nephrectomy was too 
short to establish any IRE effect [8, 10]. A new Dutch study protocol has been pro-
posed by Wagstaff et al. where the interval between IRE and radical nephrectomy 
will be 4 weeks which will provide data on the histologic changes after IRE [9].

Trimmer et al. reported a small cohort of renal tumours treated by IRE, but their 
selection was for tumours of a smaller size (average 2.9 cm) and a peripheral loca-
tion distant from critical structures [11]. Their study reported no complications and 
ablation rates similar to those achieved with thermal ablation.

Wehle et al. considered that “watchful waiting” and serial CT scan management 
of small renal masses (average 1.83 cm) in patients unsuitable for surgery or ther-
mal ablation are appropriate [12]. This is a widely held view among urologists, but 
“watchful waiting” as a management strategy has not been thoroughly evaluated.

Health technology assessment (www.nice.org.uk) of renal IRE is that current 
evidence on the safety and efficacy of IRE for treating renal cancer is inadequate in 
quality and quantity and that this procedure should only be used in the context of 
research. NICE also stated that studies should report the effect of the procedure on 
local tumour control and patient survival.

Our opinion is that IRE, in experienced hands, is as effective as other ablative 
methods but has far wider application within the renal parenchyma with less restric-
tions on its use.

J. Koukounaras et al.
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14Irreversible Electroporation of Prostate 
Tumors

Matthijs Scheltema and Jean de la Rosette

Abbreviations

AS Active surveillance
CROES Clinical Research Office of the Endourological Society
HIFU High-intensity focused ultrasound
IRE Irreversible electroporation
(mp)MR (Multiparametric) magnetic resonance imaging
PCa Prostate cancer
PSA Prostate-specific antigen
TRUS Transrectal ultrasound
TTMB Transperineal template-mapping biopsies
V Volt

14.1  Introduction on Focal Therapy for Prostate Cancer

The incidence of prostate cancer (PCa) is increasing mainly due to a higher life expec-
tancy and the more frequent use of prostate-specific antigen (PSA) testing. The 
increased search for PCa is often accompanied by early-stage diagnosis. At present 
the recommended therapies by guideline for localized PCa are radical prostatectomy, 
radiotherapy with either brachytherapy or external beam radiotherapy, and active sur-
veillance [9, 14, 18]. Radical treatment is associated with high incidence of side 
effects resulting in impairment of the quality of life of PCa patients. Functional out-
comes vary, with rates of urinary incontinence between 3.2% and 18.3%, urinary 
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irritation or obstruction, bowel symptoms (rectal urgency, frequency, pain, hemato-
chezia, or fecal incontinence) in 2.9–34%, and erections insufficient for intercourse in 
60.8–78.8% [16, 17]. Moreover, the adjuvant hormonal therapy in radiotherapy is 
related with hot flashes, fatigue, depression, gynecomastia, and weight change. Some 
of these symptoms even persisted up to 2 years after the withdrawal of hormonal 
therapy [17]. Active surveillance (AS) is an interesting PCa management option for 
low-risk PCa patients since patients that harbor low-risk PCa have low PCa-specific 
mortality (for risk classification see Table 14.1) [3]. AS comprises regular PSA testing 
and follow-up systematic random biopsies, postponing and selecting definite treat-
ment for patients that show PCa progression or upgrading. However, intermediate- to 
high-risk PCa is sometimes missed due to the inherent errors in current PCa diagnos-
tics. In a large series, upgrading to intermediate- or high-risk PCa was seen in 44% of 
radical prostatectomy specimen for low- grade PCa [5]. Apart from disease progres-
sion or upgrading, up to 20% of patients choosing for AS dropped out by preference, 
highlighting the psychological burden that some patients experience [7].

The rationale for focal therapy in prostate cancer derived from the combination 
of the aforementioned limitations experienced in current treatment options. In focal 
therapy the tumor lesion is targeted while sparing adjacent anatomical structures 
that are of importance for urinary, bowel, and sexual function. Especially damage to 
either the neurovascular bundle(s), connective tissue within the prostate, supplying 
prostatic blood vessels, the urethra or the rectal wall may impair functional out-
comes (see Figs. 14.1 and 14.2 for adjacent anatomical structures). Several ablative 
modalities have been studied, including cryosurgery, radiofrequency ablation 
(RFA), focal brachytherapy, high-intensity focused ultrasound (HIFU), laser abla-
tion, photodynamic therapy, microwave ablation, interstitial laser thermotherapy, 
focal radiotherapy with the CyberKnife, and irreversible electroporation (IRE). In a 
systematic review on focal therapy (n = 2,350) in localized PCa, it was shown that 
focal therapy is a safe treatment option, with the most frequent complications being 
urinary retention (0–17%), urethral stricture (0–5%), and urinary tract infection 
(0–17%). Functional outcomes were promising with pad-free continence rates of 
95–100% and leak-free continence of 83–100%, erectile function (sufficient for 
penetration) was preserved in 54–100%, and bowel symptoms were infrequent 
(0–1%) [22]. No long-term data exists on PCa-specific survival despite one trial 
treating low- to high-risk PCa with cryosurgery, indicating a 87% PCa-specific sur-
vival after 10 years [1]. In the aforementioned systematic review, mandatory post-
focal therapy biopsies were performed in nine series and showed an absence of 
clinically significant PCa in 83–100% and of any PCa in 50–96% of patients [22].

Table 14.1 Defined risk groups in prostate cancer

Low-risk Intermediate-risk High-risk
Gleason score GS 6 GS 7 GS >7
PSA PSA ≤10 ng/mL PSA 10–20 ng/mL PSA ≥20 ng/mL
TNM cT1c-2a cT2b-2c >cT3a

Defined risk groups according to the D’Amico classification [2]. If any of the three determinants 
(Gleason score, PSA, TNM) are positive, patients are upgraded to the corresponding risk group
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14.2  Patient Selection

In focal prostate cancer therapy, only the affected prostatic tissue is targeted, leaving 
untreated prostate tissue unharmed. Since many of the prostate tumors are of multi-
focal origin and current imaging techniques do have not the ability to accurately 
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plexus

Fig. 14.1 Overview 
surrounding organs and 
structures (Copied with 
permission from Porter and 
Wolff [15])

a

b

Fig. 14.2 Neurovascular 
bundle. Relationship of the 
left neurovascular bundle 
with the prostate (a) and 
rectal wall (b) (Copied 
with permission from 
Porter and Wolff [15])
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detect all prostate cancer foci, adequate patient selection for PCa is challenging. In 
a review including 12 series on post-radical prostatectomy specimen, unilateral PCa 
was only found in 18–33% [8]. Especially high-grade (Gleason sum score >7) or 
high-volume PCa (>15% of prostate) is often multifocal [10]. In TRUS-guided 
biopsies, selective sampling of the prostate often misses PCa foci and several stud-
ies showed a poor concordance of tumor grade and volume between transrectal 
ultrasound (TRUS)-obtained biopsies and radical prostatectomy specimen [6]. 
Therefore transperineal template-mapping biopsies (TTMB) are the current 
“golden” standard for patient selection in focal therapy. Thirty cores are taken in 
TTMB, systematically sampling the prostate with a 5 mm inter-biopsy distance by 
using the same transperineal grid used for brachytherapy seed placement.

An international consensus meeting on patient selection agreed that potential 
candidates should have unilateral and low- to intermediate-risk PCa with a clinical 
stage ≤T2a and a minimum life expectancy of more than 10 years [4]. Patients with 
prior pelvic/prostatic surgery or radiotherapy should be counseled with caution. 
Other factors that could complicate focal therapy are prostate calcifications or cysts, 
inflammatory bowel disease, and bleeding disorders.

14.3  Treatment Procedures and Peri- and Postoperative 
Complications

In a regular treatment procedure, patients are admitted the day before the IRE pro-
cedure and will receive antibiotic prophylaxis before the procedure. The procedure 
is performed under general anesthesia, and patients receive a strong muscle relaxant 
to prevent uncontrolled muscle contraction. Up to six IRE electrodes are placed 
using ultrasound guidance in the predetermined target zone with use of the trans-
perineal grid used for brachytherapy seed placement (Fig. 14.3). The predetermined 

Fig. 14.3 Left plane, IRE electrode placement through a transperineal brachygrid. Right plane, 
the transperineal brachygrid projected on the digital screen of the ultrasound machine to guide 
electrode placement
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target zone is based on the topography and number of positive biopsy cores after 
TTMB.  A total of 90 consecutive pulses (1,500  V/cm) are delivered per tumor 
focus, resulting in current between 20 and 50 A. Total ablation time is between 3 
and 5 min and total procedure time is about 1 h. To prevent cardiac arrhythmias, 
pulses are synchronized with the cardiac rhythm using an electrocardiogram syn-
chronizer. Among the perioperative complications are cardiac arrhythmias, severe 
muscle contraction, extended muscle blockage, anesthetic drug toxicity or allergy, 
and damage to adjacent structures by incorrect/displaced electrodes. After the pro-
cedure patients receive a transurethral catheter for up to 24 h to prevent urinary 
retentions. Patients are usually discharged 24 h after the procedure. The most fre-
quent complications following IRE ablation in the prostate are urinary retention, 
irritable bladder symptoms, hematuria, and urinary tract infections.

14.4  Follow-Up After Irreversible Electroporation

In contrast to radical treatment, PSA levels after focal therapy remain detectable. 
Follow-up usually consists of serial PSA testing and periodic prostate biopsies with 
either TRUS guidance or transperineal template mapping. It is recommended to per-
form PSA testing every 3 months for the first year, biannual for the second year, and 
thereafter annually [4]. Follow-up biopsies are performed at least once at 6 months 
or 1 year after the IRE procedure, by preference of the conducting center. When 
clinical suspicion arises, extra prostate biopsies can be performed. Multiparametric 
MRI (mpMRI) is performed 6 months after the IRE ablation and subsequent annu-
ally up to 5 years. It has been shown that mpMRI imaging is a feasible tool to visual-
ize IRE ablation effects, ablated area, and possible residual PCa 4 weeks after IRE 
ablation of PCa foci [24].

14.5  Current Results in Localized Prostate Cancer

The first safety and feasibility trials [12, 21] with IRE in the prostate were con-
ducted in Beagle dogs. All procedures went uneventful with no episodes of urinary 
retention. Potency was preserved after bilateral focal ablation. Pathological analysis 
showed fibrosis in the ablation zone, without any damage to adjacent structures (e.g. 
capsule, urethra, rectal wall, blood vessels, and neurovascular bundle). IRE for 
localized treatment-naïve PCa has been performed in a number of phase 1–2 trials 
[11, 13, 20, 23, 26]. A total of 100 patients have been treated with low- to 
intermediate- risk (Gleason sum score of 6 or 7), organ-confined PCa. None of these 
trials reported major complications but demonstrated IRE as a safe and effective 
treatment modality for focal therapy in localized PCa. Functional outcomes were 
promising, with all patients being pad-free continent after the IRE procedure. 
Potency was preserved in 56–95% of the patients with a good erectile function prior 
to the IRE procedure. It has been shown that IRE effectively ablates all tumor within 
the ablation zone. Sixteen patients underwent a scheduled radical prostatectomy 
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4  weeks after an IRE ablation of their PCa lesion(s). Histopathological analysis 
after radical prostatectomy (n = 16) showed necrotic/fibrotic tissue and no residual 
tumor within the target zone [26]. In line, TTMB after the IRE procedure (n = 21) 
revealed no residual tumor within the ablation zone, but showed significant disease 
outside the ablation zone in five patients [20]. Hypothetically this could be explained 
by sampling error since not all patients received TTMB prior to their IRE proce-
dure, and although TTMB have been shown to have a high negative predictive value 
(92–96%), significant PCa foci can still be missed [19]. In another trial (n = 34), six 
patients showed clinical suspicion for possible residual tumor on mpMRI, but his-
topathological verification was only performed in one patient [23]. Although short- 
term oncological control is hopeful, long-term data are warranted to establish IRE 
as an effective treatment modality for tumor ablation in PCa.

14.6  Ongoing Trials and Future Perspectives

The Clinical Research Office of the Endourological Society (CROES) is conducting 
the first multicenter randomized controlled trial (NCT01835977) in the area of focal 
therapy for localized prostate cancer. IRE will be performed with either a focal or 
extended ablation scheme in 200 patients with unilateral, organ-confined, low- to inter-
mediate-risk (Gleason 6 or 7) PCa. The patient will be evaluated on functional out-
comes with the use of standardized questionnaires and their quality of life. Oncological 
control will be determined by serial PSA testing, TTMB 6 months after the procedure, 
and follow-up mpMRI. Patients that do not meet the inclusion criteria, e.g., bilateral 
disease, may receive an IRE treatment that will not be in the scoop of this study. Results 
will be recorded and evaluated by use of the CROES registry system.

Another field of focal therapy that received increasing interest is salvage abla-
tive therapy after primary radiotherapy for PCa. Potential patients have a bio-
chemical recurrence or recurrence on imaging, without any evidence of local or 
distant metastases. Prior to salvage ablative therapy, verification of PCa recur-
rence should be performed by (image-guided) prostate biopsies. Follow-up should 
include mpMRI, prostate biopsies after 1 year, and serial PSA testing [25]. At 
present, most experience with salvage ablative therapy is obtained with high-
intensity focused ultrasound and cryosurgery. However it is expected that IRE 
will be a feasible ablative modality, and future trials on salvage ablative therapy 
with IRE are anticipated. Likewise, it is expected that in the near future, trials on 
salvage ablative therapy will commence on local recurrent or residual PCa after 
primary focal therapy with IRE.

 Conclusion
Focal ablation with irreversible electroporation holds great promise for the treat-
ment of localized PCa. The phase 1–2 trials evaluating the safety and efficacy of 
IRE in PCa showed encouraging results on functional preservation and oncologi-
cal control. However long-term data are warranted to establish IRE as an effec-
tive treatment modality for tumor ablation in PCa.
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15.1  Introduction

Malignancies that are notorious for their recurrence within the lesser pelvis fol-
lowing radiotherapy and/or surgery are female and male urogenital tract tumors 
and locoregional recurrences from gastrointestinal origin such as anorectal carci-
nomas [1, 2]. Due to ingrowth in or compression on peripheral nerves, these 
relapsing malignancies can cause aggravating pain and neural function loss. The 
presence of extensive adhesions induced by previous surgical procedures and the 
risk of radiation- induced toxicity in a previously irradiated area precludes radical 
local treatment options such as repeat surgery [3] and stereotactic ablative body 
radiation therapy (SABR) [4–6]. The risk of severe treatment-induced morbidity 
does not seem to outweigh clinical benefit [2, 7, 8]. In general, therapy for this 
specific patient population primarily aims at prolonging the – preferably quality-
preserved – life span, and most patients will be referred to medical oncologists for 
either palliative chemotherapy or best supportive care. Selected patients can be 
offered other local treatment modalities such as radiofrequency ablation (RFA) or 
cryotherapy [9–11]. One important drawback of these thermal treatment modali-
ties is the high risk of inducing thermal damage to important neural structures like 
the sciatic nerve or presacral plexus, as well as to the intestines, ureters, and large 
vessels [12, 13].

mailto:mr.meijerink@vumc.nl


224

15.2  Anatomical and Physiological Considerations

The pelvis is a body cavity bounded by the pelvic bones (Fig. 15.1). The pelvic inlet 
(cranial opening of the pelvis) is the oblique roof and the pelvic floor is the caudal 
boundary. The cavity contains reproductive organs, the urinary bladder and distal 
ureters, the pelvic colon, and the rectum and major arteries, veins, muscles, and 
nerves. In the female, the uterus and vagina occupy the interval between these vis-
cera. The structures work together in a crowded space that can be affected by many 
diseases in different ways. The lesser pelvis or true pelvis is the space enclosed by the 
pelvic girdle and below the pelvic brim: between the pelvic inlet and the pelvic floor. 
This cavity is a short, curved canal, deeper on its posterior than on its anterior wall. 
The greater pelvis (or “false pelvis”) is the space enclosed by the pelvic girdle above 
and in front of the pelvic brim. It is bounded on either side by the ilium; in front it is 
incomplete, presenting a wide interval between the anterior borders of the ilia; behind 
is a deep notch on either side between the ilium and the base of the sacrum. The 
greater pelvis is generally considered the caudal part of the abdominal cavity (this is 
why it is sometimes called the false pelvis). For example, the femoral nerve from L2 
to L4 is located within the greater pelvis, but not in the lesser pelvis.

Extensive knowledge about the pelvic nervous system anatomy is quintessential 
to prevent unnecessary morbidity and to make a well thought-out therapeutic deci-
sion, since both thermal and nonthermal ablative therapies can cause irreversible 
and complete nerve function loss. The fourth and fifth lumbar spinal nerves form the 
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Fig. 15.1 Pelvic nervous system anatomy. The somatic nerves are displayed in orange, the sym-
pathetic and parasympathetic in yellow and blue, and the mixed autonomic fibers in green
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lumbosacral trunk. The lumbosacral trunk goes on to join the first through fourth 
sacral nerves as they exit the sacrum to form the sacral plexus.

The obturator nerve arises from the lumbar plexus and doesn’t innervate any-
thing in the pelvis, but it runs through the pelvis to the medial thigh.

The sacral plexus runs down on the posterior pelvic wall anterior to the pirifor-
mis muscle. Nerves that stem from the sacral plexus include the sciatic nerve; the 
pudendal nerve; the gluteal, quadratus femoris, internal obturator, and piriform 
nerves; the posterior femoral cutaneous nerve; the perforating cutaneous nerve; 
and the pelvic splanchnic nerves. The sciatic nerve, formed by the fourth lumbar 
through the third sacral spinal nerves, leaves the pelvis through the greater sciatic 
foramen to enter the gluteal area. The pudendal nerve, formed from the second 
through the fourth spinal sacral nerves, exits the pelvis through the greater sciatic 
foramen and enters the perineum through the lesser sciatic foramen to innervate 
the muscles and skin of the perineum. The superior and inferior gluteal nerve, 
formed by, respectively, the fourth lumbar through the first sacral and the fifth 
lumbar through the second sacral spinal nerves, leave the greater sciatic foramen 
to innervate gluteal muscles. The nerve to the quadratus femoris and internal obtu-
rator muscle, formed from the fourth lumbar through the second sacral spinal 
nerves, leaves the greater sciatic foramen to innervate hip muscles. The piriformis 
muscle nerve stems from the first and second sacral spinal nerves. The posterior 
femoral cutaneous nerve and the perforating cutaneous nerve formed from the 
second and third sacral spinal nerves to innervate the skin of the perineum, thigh, 
leg, and buttock.

The coccygeal plexus of nerve fibers is formed by the fourth and fifth sacral spi-
nal nerves and the coccygeal nerves. It supplies the coccygeus and levator ani mus-
cles and the sacrococcygeal joint. Anococcygeal nerves innervate the skin between 
the coccyx and anus.

The pelvic autonomic nerves that innervate the pelvic cavity can be subdivided 
into the sacral sympathetic trunk, the superior and inferior hypogastric plexus, and 
the pelvic splanchnic nerves (S2–S4). The sacral sympathetic trunks are a continu-
ation of the lumbar sympathetic trunks that run in front of the sacrum and behind 
the rectum. The right and left sacral sympathetic trunks unite anterior to the coccyx 
at the ganglion impar. These trunks provide fibers to the hypogastric plexus and 
postganglionic sympathetic fibers to the sacral plexus that innervate the lower 
extremities. The superior hypogastric plexus sits in front of the sacral promontory 
and contains sympathetic fibers from the aortic plexus. It descends into the pelvis 
and divides into the left and right hypogastric nerves. The inferior hypogastric 
plexuses are formed when the right and left hypogastric nerves are joined by pre-
ganglionic parasympathetic fibers from the pelvic splanchnic nerves. The plexuses 
are located on each side of the rectum and the base of the bladder. They contain 
both sympathetic and parasympathetic fibers. The pelvic splanchnic nerves are pre-
ganglionic parasympathetic fibers that originate from the second, third, and fourth 
sacral spinal segments. They join the hypogastric nerves to form the inferior hypo-
gastric plexuses.
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15.3  Malignant Tumor Recurrences Within the Pelvic Cavity

Despite advances achieved in the radical treatment of primary colorectal and uro-
genital cancer, locoregional relapse remains a major therapeutic concern. Although 
the list of primary malignancies capable of recurring within the lower abdomen is 
long, the most frequently encountered are recurring rectal cancer, recurring gyneco-
logical tumors, and recurring prostate cancer. The latter has been extensively dis-
cussed in Chap. 14.

15.3.1  Recurring Rectal Cancer

Over the past decades, the oncological outcome for primary rectal cancer has 
improved due to refinements in chemotherapy, (chemo)radiation, and surgery. 
Despite this, there still is a 10% rate of local recurrence and this recurrence threat-
ens survival and quality of life of the affected patient [14]. Local recurrence is 
defined as any non-nodal tumor recurrence within the pelvic cavity, including the 
neorectum, mesentery, pelvic viscera, pelvic sidewall structures, and bone. Risk 
factors associated with local control are more bulky tumors (T3/T4), node positiv-
ity, and adverse pathology such as lymphovascular invasion or perineural invasion 
[15, 16]. Technical failures in the performance of total mesorectal excision are 
likely to account for a considerable number of locally recurrent rectal cancers. 
Neoadjuvant therapy has shown to decrease the risk of local recurrence at the cost 
of certain risks, as perioperative morbidity is higher in patients who receive radio-
therapy, whether it is given preoperatively or postoperatively [17]. Due to the vari-
able anatomy and heterogeneous clinical presentation, the detection and clinical 
management remains complex.

Several groups have attempted to characterize patterns of recurrence. One 
study describes a classification based on anatomical location within the pelvis, 
defining recurrence as either [1] axial (anastomotic, mesorectal, or perirectal 
soft tissue or perineum); [2] anterior, involving the genitourinary (GU) tract; or 
[3] posterior, involving the sacrum and presacral fascia; or [4] lateral bony 
pelvis [18].

Without treatment, many patients will suffer from invalidating symptoms such as 
pain, obstruction, hemorrhage, and sepsis, and they will rarely survive beyond 
5 years. Approximately 50% of these local recurrences are limited to the pelvis and 
can be considered for curative re-excision [1, 14]. The objectives of re-excision – 
complete tumor resection, preservation of function, and avoidance of complica-
tions – are equal to those of the initial surgery but considerably more challenging to 
achieve. The surgical field has been disrupted and often irradiated; the tumors are 
frequently adherent to critical adjacent organs and structures. While aggressive 
resections offer the best opportunity for local control, palliation, and cure, they also 
carry a high risk of complications and long-term morbidity [15].
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15.3.2  Recurring Gynecological Cancer

Gynecological cancers (cancers affecting the ovaries, uterus, cervix, vulva, and 
vagina) are among the most common cancers in women. Globally, a woman’s risk 
of developing cancer of the cervix, ovaries, or uterus by the age of 65 is 2.2%; can-
cers of the vulva and vagina are less common [2]. Since the biology of ovarian 
cancer differs from that of other gynecological cancers and since focal ablative 
therapies for primary ovarian carcinomas or local recurrences are rarely indicated, 
we will focus on malignant tumor recurrences from primary cervical, endometrial, 
and vulvar cancer.

Endometrial cancer is the most common genital tract cancer among women in 
developed countries. The worldwide risk that a woman will develop cancer of the 
uterus by the age of 65 is 0.59%. The treatment standard of women with endome-
trial cancer is surgery, followed, in some patients, by radiotherapy, with or without 
chemotherapy. The prognosis for women with early-stage disease is good. Women 
who present with advanced or recurrent disease have a much poorer prognosis, with 
a median overall survival of approximately 10 months [19, 20].

Cervical cancer is the second most common cancer in women up to 65 years of 
age, and it is the most frequent cause of death from gynecological cancers world-
wide. Women with cervical cancer are treated primarily by surgery or chemoradio-
therapy; a small number require both modalities. For small volume early-stage 
disease, surgery and radiotherapy appear to be equally effective, and concurrent 
chemoradiation is more effective than radiation alone [21]. Surgery may be more 
beneficial in younger women, in whom ovaries can be preserved, and vaginal atro-
phy, stenosis, and other long-term sequelae of radiotherapy can be avoided [2].

Cancer of the vulva is rare; when combined with cancer of the vagina, it accounts 
for less than 1% of all cancer cases and 8% of gynecological cancers [22]. 
Management of women with vulvar cancer usually involves surgery to stage and 
control the disease and to prevent local recurrence. Chemoradiotherapy may be 
given as the initial treatment in women with larger, more advanced lesions involving 
the urethra/bladder or anal canal/rectum or who are considered unsuitable for sur-
gery. It may also be used as an adjunct to surgery in patients who have inadequate 
surgical resection margins or lymph nodes involved with cancer.

Unfortunately, in some women with gynecological cancer, the disease will return 
(recur) or progress after initial treatment. Although the surgical management of early 
cancers is relatively straightforward, with lower associated morbidity and mortality, 
the surgical management of advanced and recurrent cancer is significantly more com-
plicated, often requiring very extensive operations. Pelvic exenterative surgery 
involves removal of some or all of the pelvic organs, including the lower bowel (rec-
tum with or without the sigmoid colon and sometimes the anal canal), the bladder, 
reproductive organs (including womb, fallopian tubes, ovaries, vagina, and vulva), the 
pelvic peritoneum (the membrane that lines the pelvis and pelvic organs), and some-
times the perineum (external area around the vagina and anus), with reconstruction.
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15.4  Patient Selection

For recurring cancers within the pelvic cavity, the aim of exenterative surgery should 
be resection of all tumors with clear histological margins with the intent of cure. It 
is a radical, often mutilating, surgery that is associated with significant postopera-
tive side effects (morbidity) and risk of death (mortality), and it is a major undertak-
ing for both the patient and surgeon. The number of patients eligible for exenterative 
surgery is small, especially since the presence of nearby anatomical structures ren-
ders them unsuitable for complementary radical procedures [8, 18]. Generally, the 
maximum tolerable radiation dose has already been reached during treatment of the 
primary tumor. In these cases, re-irradiation is often precluded due to the high risk 
of radiation-induced complications [4].

In the past two decades, thermal ablation has worked its way into everyday clini-
cal practice. Apart from the (potentially) curative possibilities, thermal ablation can 
be valuable in the palliative setting to achieve cytoreduction and pain relief [9–11]. 
For example, palliative CT-guided RFA for painful pelvic recurrences of rectal can-
cer is considered a feasible and effective treatment in selected cases where the 
recurrence is located at a safe distance from major nerves, intestines, and urogenital 
tract structures [9, 23–25].

Since irreversible electroporation (IRE) is regarded to leave supporting tissue 
largely unaffected, the structural integrity of large blood vessels, the bladder and 
ureters, and the intestines is thought to be preserved [26, 27]. Moreover, initially 
damaged axons may regenerate with complete recovery of function, according to 
preclinical animal studies [28–30]. For these reasons, IRE may prove a safe and 
feasible treatment option for patients with malignant tumor recurrences in the lesser 
pelvis that are considered unsuitable for established focal therapies.

Because of the relatively high morbidity involved in the radical ablative treat-
ment of tumors within the pelvic cavity, patient selection is fundamental. Patients 
must be motivated and understand that recovery may be prolonged, and quality of 
life and function compromised, even following a successful procedure. Physicians 
should take patient comorbidities and overall performance status into account. 
Patients with poor functional reserve at baseline are not good candidates. Patients 
should be evaluated with detailed and appropriate pre-procedural workup, includ-
ing medical, cardiac, and pulmonary clearance, and optimized prior to the 
 intervention. The treatment plan should ideally be made by a multidisciplinary 
team that includes interventional radiologists, surgeons, medical and radiation 
oncologists, abdominal diagnostic radiologists, and gastroenterologists or 
gynecologists.

Because of the high risk of occult multifocal disease and the difficulty in con-
trolling recurrence by surgery alone, neoadjuvant therapy with either chemoradio-
therapy or chemotherapy alone should be considered in all cases of recurrent 
cancer. Many patients will have been previously irradiated. As a result, adminis-
tering additional doses of radiation may prove unsafe or unfavorable. Delivery of 
chemotherapy and/or radiotherapy is generally best when given pre-procedurally 
as neo-adjuvant or induction therapy primarily aimed at size reduction or to 
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induce a presumed synergistic effect, as adjuvant treatment may be poorly 
tolerated.

IRE may represent a suitable technique to treat pathology-proven locoregional 
pelvic tumor recurrences that are truly unsuitable for established treatments such as 
surgical excision, (re)irradiation, and thermal ablation. Although with IRE radical 
destruction seems achievable for smaller lesions, this currently is unrealistic for 
patients presenting with larger tumors. For these patients, symptom prevention and 
pain relief should be the primary aim.

15.5  Indications and Contraindications

Adult patients with a good performance status (WHO 0–1) and preferably small, 
well-delineated, and pathology-proven tumor recurrence may qualify for percutane-
ous IRE. For smaller tumors (≤3 cm), a radical ablation to improve oncological 
outcome seems feasible. For larger lesions or for patients with extensive extra- 
pelvic disease, the intent should be symptom prevention and pain relief. The indica-
tion should always be made in the setting of a multidisciplinary tumor board. 
Patients need to comprehend the risks associated with the procedure and be willing 
to sign a written informed consent. High-quality cross-sectional imaging should be 
performed maximum 6 weeks prior to the procedure to exclude multifocal pelvic 
and extra-pelvic disease and for treatment planning. The lesions should be unsuit-
able for surgical excision and radical stereotactic body radiation therapy. Further 
systemic therapy, either palliative or neo-adjuvant to induce size reduction, should 
be considered unfavorable.

Transmucosal tumor invasion into surrounding intestines or extensive involve-
ment (complete encasement) of the intestines, ureters, bladder, or urethra, preg-
nancy, a history of ventricular arrhythmias, congestive heart failure (>NYHA class 
2), uncontrolled hypertension, and any implanted cardiac stimulation devices are 
considered absolute contraindications. Coronary artery disease (defined as myocar-
dial infarction within 6 months prior to screening), atrial fibrillation, the presence of 
metallic foreign objects in the ablation zone, and having received chemo- or immu-
notherapy maximum 4 weeks prior to the procedure are considered relative contra-
indications [31]. If the anatomical location of the tumor would necessitate advancing 
needles through bony structures, intestines, or major blood vessels, the use of 
safety-enhancing procedures such as pneumo-, hydro-, or balloon dissections or 
laparoscopic surgical assistance may be considered. For such procedures, extensive 
experience with percutaneous image-guided tumor ablation is mandatory.

15.6  Patient Workup and Treatment Planning

For tumors that are likely to show tracer uptake, a baseline 18F–FDG PET (CT) 
scan is recommended to rule out extra-pelvic disease and to be able to assess local 
response or local tumor residue/recurrence after treatment. For bony involvement, 
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MRI with at least T1, T2, high b-value DWI, and contrast-enhanced sequences are 
recommended to evaluate the extent of the ingrowth and to reliably establish the 
boundaries of the lesion. The size and shape of the tumor should determine the 
number and configuration of the needle electrodes aiming at a tumor-free margin of 
0.5–1.0 cm. Eligible patients should be suitable for general anesthesia by anesthetic 
review with special attention to cardiac history and include electrocardiography 
(ECG) [32]. Routine blood samples should include electrolyte and creatinine test-
ing, complete blood count, and coagulation studies. For patients taking anticoagu-
lant or antiplatelet drugs, the risk of stopping the medication must be balanced 
against the risk of harm if treatment is stopped. For low-risk procedures, aspirin can 
be continued. Clopidogrel and warfarin should be stopped although this may require 
bridging anticoagulation with unfractionated or low molecular weight heparin. 
Consultation with a cardiologist is particularly recommended for patients with coro-
nary artery stents.

15.7  Approach, Image Guidance, and Technique

All procedures are performed under general anesthesia in prone, side-lying, or 
supine position depending on the tumor location and the intended needle track. 
Prior to the procedure, two defibrillation pads are placed and connected to a defibril-
lator as a precautionary measure. With no data about open or laparoscopic proce-
dures within the pelvic cavity, the preferred approach is percutaneous. Given the 
real-time superior three-dimensional evaluation of the nonmoving target tissue and 
the electrodes, combined with the much less invasive nature of the procedure, it 
seems unlikely that a surgical approach will ever prove superior for ablations in the 
pelvic cavity. To define the three-dimensional measurements of the tumor and its 
vicinity to vital structures, a contrast-enhanced (ce) CT or cone-beam CT scan 
should always be performed prior to the ablation, preferably using multiplanar 
image reconstruction to verify and if necessary adjust the treatment plan. Needle 
electrodes with an exposure length of 20 mm will be advanced in and around the 
tumor under CT fluoroscopy guidance, aiming at an inter-needle distance of 
15–24  mm. Using the only commercially available system currently out there 
(NanoKnife, AngioDynamics Inc., Queensbury, NY), at least 100 pulses of 1,000–
1,500 V/cm with a 90 μs pulse length are delivered for each electrode pair. An ECG- 
gating device is connected to a 5-lead ECG to allow IRE pulses to be synchronized 
with the refractory period of the heart to avoid arrhythmias. Immediately before 
IRE, complete muscle relaxation is confirmed using a peripheral nerve stimulator to 
assess neuromuscular transmission. When necessary, additional doses to block the 
neuromuscular cascade can be administered by the anesthesiology team. For larger 
tumors, the electrodes need to be repositioned or pulled back for one or more over-
lapping ablations. Immediately after the procedure, a second ceCT scan will assess 
the ablation zone and detect crucial early complications such as an active perile-
sional hemorrhage.
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15.8 Complications

With only one retrospective case series reporting results after IRE of eight patients 
(nine tumors) and one case report, reporting on a very large tumor recurrence 
involving the sacral bone, safety for IRE in the pelvic cavity has not yet been estab-
lished [39, 40]. There were no deaths within 90 days post-IRE. One patient experi-
enced a delayed hemorrhage after restarting anticoagulation therapy 3 days after the 
procedure (CTCAE grade III). Eight CTCAE grade II complications occurred in six 
out of eight patients. Three patients showed lower limb motor loss (all PNI type: II 
[axonotmesis]), with partial recovery in one patient. Two patients developed a hypo-
tonic bladder (PNI type: I [neurapraxia] and PNI type: II [axonotmesis]) with com-
plete recovery in one patient. Two patients showed upper limb motor loss, with 
partial recovery in both patients (PNI type: II [axonotmesis]). One patient devel-
oped a vagino-tumoral fistula following the IRE procedure. Procedure-related 
details including complications are summarized in Tables 15.1, 15.2, and 15.3.

Table 15.1 Classification based on location and involvement of other structure by Jimenez et al. 
[18]

Patterns of tumor 
recurrence within the 
pelvic cavity based 
on location and 
involvement of other 
structures

1.  Axial, which can be subdivided into anastomotic, mesorectal or 
perirectal soft tissue, or perineum following APE

2.  Anterior, involving the GU tract including the bladder, vagina, 
uterus, seminal vesicles, and prostate

3.  Posterior, involving the sacrum and presacral fascia, and lateral, 
involving the soft tissues of the pelvic sidewall and lateral bony 
pelvis

4.  Lateral, involving the soft tissues of the pelvic sidewall and lateral 
bony pelvis

Table 15.2 Seddon’s classification [33]

Score Tissue injured Clinical findings Prognosis
Neurapraxia I Myelin Profound motor loss, 

paralysis lasting days to 
months

Excellent

Normal to minimal 
sensory involvement

Axonotmesis II Myelin, axon Complete motor loss 
with sensory 
involvement

Fair OR
Complete motor loss 
with normal sensation

Neurotmesis III Connective sheath damage 
ranges from partial to 
complete nerve disruption.

Complete motor loss Poor
Complete sensation 
loss
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15.9  Follow-Up and Response Evaluation

The fibrotic scar tissue will substitute the electroporated tumor cells (Fig. 15.2d). 
This physiological process lasts several weeks to months and is often associated 
with a reactive inflammatory immune response at the margins of the ablation 
zone, which makes assessment with 18F–FDG PET (CT) in the first weeks to 
months less reliable. The ablated tissue should show lack of contrast enhancement 
(Fig. 15.3). Because of the limited size reduction, conventional or revised response 
evaluation criteria in solid tumors (RECIST) appear inappropriate [34, 35]. More 
sophisticated response evaluation criteria such as the PET response criteria in 
solid tumors (PERCIST) [36], modified RECIST [37], or Choi criteria [38] seem 
favorable.

15.10  Disease Recurrence

One of the major advantages of both thermal and nonthermal tumor ablation is the abil-
ity to retreat residual vital tumor tissue or recurring lesions. Re-IRE should be consid-
ered if the recurring or residual tumor tissue is limited to a solitary and well- demarcated 
area and if the aim for retreatment, either to improve oncological outcome pursuing a 
radical ablation or to induce symptom relief, remains attainable. Controlling early or 
multifocal recurrences may prove demanding. In these cases, the biological meaning-
fulness should be readdressed in a multidisciplinary oncology board. Given the diffi-
culties to distinguish recurring tissue from reactive inflammatory tissue post-IRE, we 
suggest to confirm the presence of the vital tumor tissue using core biopsies.

15.11  Results from Literature

In the series from the authors, after a median follow-up of 12 months (range 4–36), 
four patients were still alive and four had deceased, respectively, 11, 12, 21, and 
36 months after IRE [40]. Although no LSRs have been objectified according to 
conventional RECIST so far, unequivocal LSR was observed in five patients (five 
lesions) using PERCIST criteria. For lesions with a largest tumor diameter of ≤3 cm 
(five out of nine), up until now, one LSR has been detected (29 mm) (Fig. 15.3). 
Contrarily, all (four out of eight) lesions with a diameter of >3 cm recurred. CT-guided 
core biopsy confirmed tumor relapse in one patient who was successfully retreated 
with percutaneous IRE 16 months after the first treatment; hereafter no local recur-
rence was detected until his death (Patient 1, Fig. 15.2). Tumor recurrence distant 
from the pelvic treatment site was present in three out of seven patients: cerebral 
(n = 1) and lung (n = 2). The lesion-based primary efficacy rate was 38% (three out 
of eight) and the assisted efficacy rate was 50% (four out of eight). Prior to IRE, three 
patients reported debilitating pain; 3 months after IRE, pain perception had remained 
unchanged in one patient (VAS score 5; patient 2) and had improved slightly (VAS 
score 5–4; patient 5) and considerably (VAS score 6–3; patient 3) in the other two.
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a

b

c

Fig. 15.2 18F–FDG PET-CT image of a 48-year-old male patient with two small pathologically 
proven locoregional recurrences (arrows) of primary rectal adenocarcinoma in the precoccygeal 
and right peri-prostatic area (a). Nonenhanced CT scan showing the inserted needle electrodes 
prior to pulse delivery (b). 18F-FDG PET-CT image 3 months after IRE showing no signs for 
residual or recurring disease (c) (Reprinted with permission from Vroomen LG et al. Cardiovasc 
Intervent Radiol 2017) [40]
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a b c

d e f

g h i

Fig. 15.3 18F–FDG PET-CT image (a) of a 70-year-old male patient with an 18F–FDG avid 60-mm 
pathologically proven locoregional recurrence (arrows) of primary rectal adenocarcinoma in the left 
parasacral area. Pre-IRE biopsy (b) of the initial LSR showing malignant cells on hematoxylin and 
eosin (HE) staining. Nonenhanced CT scan (c) showing three of the inserted needle electrodes prior 
to pulse delivery during the initial IRE procedure. 18F–FDG PET-CT image (d) 4 months after the 
initial IRE procedure showing a LSR. Pre-IRE biopsy (e) of the LSR prior to the second IRE proce-
dure showing malignant cells (white arrows) encompassed by inflammatory cells (arrow heads); both 
embedded in the fibrotic tissue (asterisks) on HE staining. Nonenhanced CT scan (f) showing two of 
the inserted needle electrodes just before pulse delivery during the second IRE procedure. 18F–FDG 
PET-CT image (g) 3 months after the second IRE procedure showing no signs for residual or recurring 
disease. Post-IRE biopsy (h) of the ablated area after the second IRE procedure showing fibrotic tissue 
on HE staining. Nonenhanced CT scan (i) 6 months after the second IRE showing no signs of LSR 
(Reprinted with permission from Vroomen LG et al. Cardiovasc Intervent Radiol 2017) [40]

In the case report by Niessen et al. [39], a patient suffering from a huge advanced 
local recurrence of endometrial cancer (11.9 × 11.6 × 14.9  cm) (Fig.  15.2a) with 
infiltration of the sacral bone and nerve plexus was treated with percutaneous IRE 
for palliative purposes. Due to the immediate proximity to the sacral plexus, the 
patient could neither undergo surgical therapy nor a second radiation therapy. Only 
minor temporary impairment of the neural function occurred, even though a large 
infiltrating tissue volume (941 cm3) was ablated (Fig. 15.4).

In conclusion, IRE may represent a suitable technique to treat well-selected 
locoregional pelvic tumor recurrences; however, as opposed to preclinical animal 
studies, permanent neural function loss can occur. Although radical ablation seems 
achievable for smaller lesions, this currently seems unrealistic for patients presenting 
with larger tumors. For these patients, symptom prevention and pain relief should be 
the focus of future clinical studies.
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15.12  Ongoing and Future Clinical Trials

Given the heterogeneity of tumor type and tumor size, anatomical location, and 
treatment indication (symptom palliation or disease control), it may prove difficult 
to setup prospective safety and early efficacy studies for the abovementioned spe-
cific indications. For these reasons, we suggest to include all patients in prospective 
registries if treated outside the setting of controlled clinical trials.
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16Irreversible Electroporation of Lung 
Tumors
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and S.B. Solomon

16.1  Introduction

Lung and bronchial cancer has the second highest incidence of new diagnosis in 
cancer patients and is the cause of the largest number of patient deaths due to cancer 
in the last decade. In addition to primary disease, lung is a common site for meta-
static disease from colorectal cancer, breast cancer, and melanoma [1]. Partial 
(lobectomy) or complete resection of the lung remains the gold standard for treating 
this disease. However, surgery reduces lung capacity and results in significant 
reduction in quality of life in the postsurgical setting. Image-guided ablation is a 
suitable alternative to patients for whom surgery is contraindicated as this treatment 
approach can preserve lung volume and function and allow re-treatment in case of 
recurrent or metachronous disease. Ablation can be performed as a same day dis-
charge procedure with minimal loss of lung function. When used as palliation, abla-
tion will not impact quality of life associated with recovery from a surgical 
procedure. Unlike surgery, chemotherapy need not be interrupted, and image-guided 
therapy may also support treatment at earlier time points while avoiding risk of 
undesirable symptoms. Finally, ablation presents a lower technical burden to physi-
cians and resource limited hospitals and therefore may be well suited for wider use. 
Ablation techniques that induce significant alterations in temperature of the targeted 
tissue are currently used to treat tumors in the lung. Such thermal ablation tech-
niques pose certain efficacy limitations and risks that necessitate investigation of 
alternate ablation therapies for use in the lung. Irreversible electroporation (IRE) 
has the potential to overcome these limitations and serve as an important option for 
treatment of primary and metastatic disease in the lung.

mailto:solomonS@mskcc.org
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16.2  Physiological and Anatomical Considerations

IRE and radiofrequency ablation (RFA) both rely on application of electric fields for 
tissue ablation; however, the working mechanism of IRE is substantially different 
from RFA. IRE achieves cell death through loss of cell homeostasis, not requiring 
sustained increases in tissue temperature for tissue necrosis [2], and thus can be 
considered to be a “nonthermal” ablation technique [3]. Because of this working 
principle, IRE is generally not affected by the heat sink effect from the presence of 
large blood vessels or airways that negatively impacts thermal ablation of tumors in 
the lung [4, 5]. Further, IRE does not appear to have any obvious effect on the extra-
cellular matrix and collagenous structures within the ablation zone. Thermal abla-
tion denatures proteins and collagen within the ablation zone, resulting in loss of 
airways and smaller blood vessels. IRE ablations are marked by sharp boundary 
regions, with large blood vessels and bronchi within the ablation region appearing 
intact in the posttreatment setting [4, 5]. Preservation of bronchi in the lung may 
help avoid complications such as bronchopleural fistula that can arise following 
thermal ablation in lung. These results indicate that IRE may be well suited for 
increased preservation of lung capacity and minimize complications through spar-
ing of bronchi in the ablative or peri-ablative regions.

16.3  Disease Indication

As per NCCN and ESMO guidelines, surgery remains the definitive therapy for 
primary of different lung tumors as long as the patient can tolerate treatment and the 
disease has not metastasized beyond the lung. Radiation is the second line of treat-
ment, often used with patients in the postsurgical setting for control of secondary 
disease sites and for treatment of regional metastasis. The role of ablation is limited 
to treatment of smaller tumors (<2 cm) and commonly performed on patients who 
are not eligible for surgery. Similar guidelines to treatment are followed for patients 
with metastatic breast or colon cancer to the lung. IRE can therefore be expected to 
fulfill a similar role in patients with either primary tumors or metastatic disease in 
the lung. Diffuse tumors can be especially challenging to treat with ablation therapy 
and pose a challenge to establishing clear ablation margins. Such patients are con-
traindicated to receive therapy with IRE.

16.4  Contraindications

IRE requires the application of high-voltage electric pulses for tumor ablation. 
Applications of such pulses carry the known risks of neuromuscular stimulation and 
can affect normal electrophysiological functions in the heart. Therefore, patients 
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with cardiac dysrhythmia, heart failure, pacemaker or defibrillator, and stents within 
the ablation in-field should not be considered for treatment with IRE. Location of 
the tumor within 5 cm of the heart is also a contraindication to use of IRE [6]. As 
metal implants like stents can affect efficacy of IRE, patients with such implants in 
the proximity of the tumor may not be eligible to receive treatment. IRE also pres-
ents the risk of hemorrhage and bleeding due to needle placement and electric pulse 
delivery. Patients on anticoagulants must therefore be able to temporarily stop medi-
cation during the perioperative period.

16.5  Pretreatment Work-Up

Routine physical examination with laboratory tests, pulmonary function test, and 
imaging studies including chest radiograph and chest CT should be performed as 
patient work-up. EKG work-up must be performed to exclude patients at risk of 
cardiac events. Ideal tumor size or location for IRE treatment is not well unknown 
but tumors 1–3 cm in size may be suitable targets for therapy. Successful tumor 
ablation with IRE is predicated on covering the entire tumor with an electric field of 
intensity of 800 V/cm or higher. Therefore, needle placement and choice of electri-
cal pulse parameters is crucial to obtaining good treatment outcomes. The electric 
field distribution during IRE can be modeled mathematically, and the expected abla-
tion zone can be predicted with some certainty (Fig. 16.1). Therefore, numerical 
simulations can assist in planning of needle placement and selection of electrical 
parameters for treatment.

16.6  Intervention

Patient positioning and approach can be as per physician preference and location of 
tumor. Probe placement can be performed under CT, cone beam CT, or CT fluoro-
scopic guidance referring to the planning images. Due to the softness of surround-
ing normal lung tissue or pneumothorax caused by puncture of probes, tumor 
location or distance from the critical structure can change during the procedure. 
Intra-procedural imaging is therefore critical for accurate needle placement. Care 
must be taken to place needles directly into the tumor for best results. Placement of 
needles bracketing the tumor or in adjacent normal lung may not yield adequate 
results. The electrical impedance can vary substantial based on aeration of lung. 
Deflated lung may provide more homogenous electrical conductivity around the 
tissue, improving treatment outcomes and increasing size of the ablation (Fig. 16.1). 
Parallel placement of electrodes is important for achieving uniform field effects 
within the tumor, and imaging must be performed to ensure proper needle geometry 
before pulse delivery (Fig. 16.2). Experiments in large animal models [5] indicate 
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needle spacing and exposure <1.5 cm, 70 or more pulses delivered at a field strength 
of 1,600  V/cm as optimal for efficacious ablation of lung tissue. IRE should be 
performed under general anesthesia with deep neuromuscular block to avoid mus-
cular contraction. ECG gating is mandatory in all patients. The current drawn dur-
ing treatment must be carefully monitored. Sudden surges in current drawn during 
treatment can indicate risk of electrical arcing, generator shutdown, and incomplete 
treatment. Patterns of changing electrical impedance during pulse delivery can 
reveal evidence of tissue electroporation but is not a validated indicator of effica-
cious tumor destruction.

Fig. 16.1 (a) Placement of needle electrodes for pulse delivery into a lung nodule. Electrodes 
(asterisk), tumor measurements, and electrode spacing are shown. Contingent on the electric field 
strength used and the relative difference in electrical conductivity of the tumor and surrounding 
normal lung, numerical simulation can determine whether (b) inadequate or (c) adequate tumor 
coverage can be achieved (a Courtesy Prof. Thierry de Baere, Institut Gustave Roussy, France)
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16.7  Complications

There are no prospective studies reporting safety of IRE in patient lung. According 
to the one study [7] with a small patient number (n = 23), chest tube placement was 
required due to pneumothorax in 35 %, and tumor seeding along the needle tract 
was seen in 13  %. Complication rate, especially tumor seeding, is quite high. 
Reported tumor seeding rate after lung RFA (radiofrequency ablation) is 0.1 % [8]. 
Pulmonary hemorrhage can be seen frequently because of increased permeability of 
vessels after IRE; however, no severe hemoptysis has been reported so far. 
Postoperative abscess formation, hemothorax, thrombosis, air embolism, or arrhyth-
mia can be seen which are reported in the literature of IRE for the other organs, or 
lung ablation therapy. [9, 10]. Typical IRE treatments require more needle place-
ments than RFA for adequate tumor coverage. Multiple adjustments to needle 

Fig. 16.2 Patient treated with IRE. (a) Lung nodule (arrow) abutted by blood vessels and large 
airway. (b) Parallel placement of two IRE electrode needles (arrowheads) within the tumor. (c) 
Immediate post ablation image shows large hemorrhagic zone (arrow) in the peritreatment region. 
The large airway seems patent
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placement may be required to ensure that electrodes are placed parallel to each 
other. These considerations may contribute to increased risk of pneumothorax and 
bleeding during IRE of tumors in the lung. Preclinical evidence following IRE of 
normal lung suggests there may be remodeling of large airways with some narrow-
ing of the lumen. Clinical studies of IRE in other organs such as the liver suggest 
increased risk of thrombus formation and occasional stenosis in large veins [9, 10].

16.8  Follow-Up and Response Assessment

Similar to RFA, lab tests and imaging are recommended every 3–6 months post- 
intervention. There is significant edema post-IRE (Fig.  16.2) and the treatment 
region can enlarge in size in the first few weeks posttreatment. This can confound 
accurate measurements during early follow-up. Therefore, functional imaging tools 
such as FDG-PET/CT should be employed whenever possible to improve early 
detection of residual disease or recurrence.

16.9  Clinical Experience

There is a single prospective study looking at efficacy and safety following IRE of 
tumors in the lung, and the study reports a local tumor control of <39 %. This study 
was terminated early due to high disease recurrence following treatment [7]. Usman 
et  al. [11] reported two cases treated with lung IRE where both tumors demon-
strated recurrence. Given that the local control rate of RFA or microwave ablation is 
57.9–93.8 % [12, 13], further refinement may be required prior to wider use of IRE 
in the lung.
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17From Local to Systemic Treatment: 
Leveraging Antitumor Immunity 
Following Irreversible Electroporation

Anita G.M. Stam and Tanja D. de Gruijl

17.1  Introduction: Local Ablation Techniques, the Abscopal 
Effect, and Systemic Antitumor Immunity

The clinical success of immune checkpoint inhibitors is set to change the landscape 
of cancer therapy by making immunotherapy part of the standard therapeutic arse-
nal in the war on cancer. For immune checkpoint blockade to be clinically effica-
cious, a previously induced and ongoing or dormant antitumor T cell response that 
can be unleashed by subsequent immune checkpoint blockade is essential. Recent 
studies have demonstrated that neo-epitopes arising from non-synonymous muta-
tions are preferentially targeted by antitumor T cells that are (re)activated by 
immune checkpoint inhibitors [1, 2]. As these epitopes vary widely from individual 
to individual, it is very costly and logistically challenging to devise personalized 
therapies such as custom-made vaccines based on an individual tumor’s mutanome. 
Alternatively, autologous tumors can be used as source of all possibly relevant anti-
gens, including unique neo-antigens. This may be achieved by generating ex vivo 
vaccines based on DNA, mRNA, lysates, apoptotic blebs, or necroptotic fragments 
from surgically removed tumors [3] or by inducing immunogenic antigen release 
in vivo, a process sometimes referred to as in vivo vaccination [4]. Such antigen 
release, resulting from a process known as immunogenic cell death, can be easily 
combined with immune checkpoint blockade to achieve effective triggering of anti-
tumor immunity. Immunogenic cell death may be achieved by conventional means 
such as chemotherapy or radiotherapy or by more novel and experimental therapies 
such as oncolytic virotherapy or local tumor ablation [5, 6].
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Local ablative therapies have been developed for the treatment of isolated tumors 
and metastases. These local therapies are mostly based on thermal ablation, i.e., 
destruction of tumor cells by heat induction. Through the local application of 
extreme temperatures, either high or low, irreversible tissue damage is achieved 
leading to tumor cell apoptosis and coagulative necrosis. Such percutaneous high- 
energy- based ablation techniques have been applied to numerous tumor types, 
including the liver, bone, lung, kidney, breast, adrenal glands, prostate, and head and 
neck [7]. Minimally invasive interventional techniques for in situ tumor destruction 
are gaining ground clinically. Unlike surgery, the treated malignancy is not removed 
from the body, but apoptotic or necrotic cell remnants, induced by the ablative tech-
nique, remain available to be taken up by phagocytes. If apoptosis induction is 
accompanied by the release of damage-associated molecular patterns (DAMPs), 
like ATP and high-mobility group protein B1 [HMGB1], which serve as so-called 
“find me” and “eat me” signals for phagocytes, infiltrating antigen-presenting cells 
(APCs) will become activated and transport tumor fragments to draining lymph 
nodes where adaptive immune activation can take place [4, 7, 8]. In effect this local 
ablation, through, e.g., thermal techniques or radio frequency ablation (RFA), thus 
serves to achieve in vivo tumor vaccination – comprehensively reviewed by Chu 
and Dupuy [7], O’Brien et al. [8], and Bastianpillai et al. [6]. As a result, such local 
therapies can induce a durable and systemic antitumor T cell response that in turn 
can induce regression in distant, non-treated metastases, a phenomenon known as 
the abscopal effect. In keeping with this notion, case reports of spontaneous regres-
sion of metastases following RFA of a primary tumor and enhancement of tumor- 
specific T cell responses have been reported [9].

While the exact mechanism of the abscopal effect in image-guided thermal abla-
tion is not fully understood, it most likely involves the activity of specialized APCs, 
the so-called dendritic cells (DCs). DCs, depending on their maturation state, regu-
late tolerance versus immunity [4, 10]. Immature DCs residing in tissues are 
extremely proficient in antigen uptake; however, in this state, they are poor stimula-
tors of T cells. As DCs mature after exposure to microbial components or, in the 
case of local thermal ablation, endogenous danger signals released by dying cells, 
i.e. DAMPs, they lose their ability to take up antigens and gain T cell stimulatory 
function. On the other hand, if a DC does not receive maturation signals, it becomes 
tolerogenic, a characteristic that prevents it from inducing autoimmunity to self- 
antigens but rather effects the expansion of an immunosuppressive T cell subset, the 
regulatory T cells (Tregs) [4, 10]. Thus, exposure to sufficient quantities of antigens, 
combined with maturation signals, can generate DCs capable of inducing robust 
immune responses. These characteristics of DCs have led investigators to develop 
DC-based immunotherapies that target tumors. For example, DC vaccines have 
been developed that use autologous DCs loaded with tumor antigens generated 
ex vivo. While yielding some evidence of tumor responses, clinical trials testing 
these DC vaccines so far have largely shown them to be ineffective [10]. This may 
be a result of using suboptimal DC subsets, their inadequate maturation induction, 
insufficient co-stimulatory signals, and/or the inability of the injected DCs to travel 
to the lymph nodes to effectively prime T cells. While our understanding of these 
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matters is deepening and will result in superior vaccine designs in the near future, 
in vivo vaccination approaches may also be used to effectively achieve DC-based 
antitumor immunization [10]. Ablative tumor therapies such as radiofrequency 
ablation (RFA) result in massive tumor cell death, leading to the release of antigens, 
which are taken up by DCs, leading to effective antitumor immunity [11, 12]. 
Furthermore, a study by Zerbini and colleagues showed that extracts of RFA-treated 
liver comprising hepatocarcinoma cells could promote the maturation of DCs [13]. 
This is most likely due to the release of DAMPs like heat shock proteins (HSP70 
and HSP96), ATP, calreticulin, and HMGB1, which can bind DAMP receptors on 
DCs, e.g., Toll-like receptors (TLRs), and subsequently induce DC maturation and 
activation [6, 10]. In this regard, the type of cellular stress induced by the tumor 
ablation in large part determines the DAMP repertoire and the immunogenicity of 
the released antigens; the DNA damage response and endoplasmic reticulum (ER) 
stress are two examples of such processes known to elicit immunogenic responses 
[8, 14, 15]. Properly activated DCs will gain the ability to migrate to the tumor- 
draining lymph nodes (TDLN) where they may encounter and (re)activate tumor 
antigen-specific T cells which can subsequently home to more distant sites in the 
body and eliminate (micro)metastases, thus accounting for the observed abscopal 
effect. These observations hold true for intrinsically immunogenic tumors (i.e., with 
high mutation rates and high neo-antigen load, such as lung tumors), but are much 
less pronounced in weakly immunogenic tumors (e.g. prostate tumors) [2]. The lat-
ter may benefit from therapies combining local ablation with immune stimulation, 
e.g., by intratumoral delivery of Toll-like receptor ligands (TLR-L) and/or periop-
erative immune checkpoint inhibition [7, 8]. Indeed, despite the increase in antigen 
availability and ability to mature DCs, RFA of non-immunogenic tumors does not 
usually induce systemic immunity. However, combining thermal ablation with ther-
apies that increase intratumoral DC (ITDC) numbers and maturation levels has been 
successful in mediating immunogenic rejection of tumor metastases in mouse mod-
els [16]. Therefore, high-energy-based local ablation techniques combined with 
(local) immune potentiation have the potential to turn a patient’s tumor into an 
endogenous tumor vaccine.

Currently, the most commonly used thermal techniques use image-guided tech-
nologies to target and destroy tumors. They comprise RFA and microwave ablation 
(MWA), which are high-temperature-based modalities, and cryoablation, which is a 
low-temperature-based modality. Newer technologies, such as high-intensity 
focused ultrasound (HiFU) and laser ablation, are conceptually similar to high- 
temperature- based ablation but are less intensely studied. HiFU is the only noninva-
sive local ablation modality. It involves the use of ultrasound beams that are focused 
on a selected tumor area to generate high temperatures (up to 60 °C) through acous-
tic energy, causing coagulative necrosis [6, 7]. In contrast to these thermal ablation 
techniques, irreversible electroporation (IRE) is a new imaging-guided technique 
which is not primarily based on heat induction but causes formation of small defects 
in the cell membrane by the application of high-voltage electric pulses. This causes 
loss of homeostatic properties of the cell, leading to cell death through apoptosis 
[17, 18]. IRE is based on the pulsatile application of electric energy delivered 
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between several paired electrodes that are placed around the tumor [19]. IRE is 
believed to destroy all cells within the ablation zone, but – due to its primarily non-
thermal mechanism of action – to leave supporting extracellular matrix structures 
unaffected. As a result, larger blood and lymphatic vessels should remain intact, 
facilitating efficient immune infiltration and lymph drainage to and from the tumor 
ablation zone, respectively. This should greatly enhance immunogenicity of the 
IRE-induced antigen release. In the next few paragraphs, we will review the various 
thermal ablation techniques in relation to their ability to induce a systemic antitu-
mor immune response, followed by a brief review of what has been observed so far 
in this regard for IRE and a brief discussion of how in the future IRE may be com-
bined with immune-modulating therapies to further increase its in vivo vaccination 
efficacy.

17.2  Thermal Tumor Ablation: Evidence of the Generation 
of Antitumor Immunity

17.2.1  Radiofrequency Ablation (RFA)

Radiofrequency ablation (RFA) utilizes an alternating radiofrequency current to 
generate heat and is one of the most widely used thermal tumor ablation techniques. 
Considering its widespread use in clinical practice, actual evidence for the induction 
of an immune response following RFA is surprisingly sparse. Nevertheless, reports 
that have appeared in literature are promising. The first study that set out to study an 
RFA-induced antitumor immune response was carried out in 2003 by Wissniowski 
and colleagues, who applied RFA to an induced hepatic tumor in rabbits and har-
vested lymphocytes and collected liver tissue biopsies for further analysis. They 
found that a tumor-specific T cell response was elicited 2 weeks after treatment and 
reported a significantly prolonged survival rate to be associated with treatment. 
Their findings strongly suggested an immunological effect involved in curbing 
tumor growth [20]. Den Brok et  al. also demonstrated a tumor-specific immune 
response following RFA in a murine melanoma model and were able to further aug-
ment this response through CTLA-4 immune checkpoint blockade [21]. In a murine 
colon cancer model, it was shown that RFA, when combined with a tumor vaccine, 
could cause regression of both local and distal tumors [22]. Dromi et al. showed 
increased DC infiltration in the tumor ablation site as well as systemic induction of 
both CD4+ and CD8+ T cell responses post-RFA in a murine urothelial carcinoma 
model and, remarkably, tumor rejection upon tumor rechallenge, a clear sign of the 
successful induction of a memory immune response [23]. Zerbini and colleagues 
investigated immune responses following RFA in patients with hepatocellular car-
cinoma (HCC). They observed enhanced responses of both CD4+ and CD8+ T cells 
to recall antigens, suggestive of a generalized improvement in overall immune sta-
tus, possibly related to reduced tumor-induced immune suppression [24]. Indeed, a 
decrease in CD4+CD25+ forkhead box protein P3 (FoxP3)+ Tregs in response to 
RFA has been reported in patients with HCC [25], confirming that one of the 
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antitumor mechanisms may be the reduction of peripheral tolerance to tumor anti-
gens. In the transitional zone, which forms adjacent to the central area of RFA- 
induced coagulative necrosis, studies have reported inflammatory infiltrates that 
consist of neutrophils, macrophages, DCs, natural killer (NK) cells, and B and T 
cells with tumor specificity [7, 20, 23, 26]. These infiltrating immune subsets have 
also been observed in distant, untreated tumors [27], and their frequencies and acti-
vation state in peripheral blood were modulated by RFA [25, 28, 29]; these observa-
tions are again suggestive of a generalized immune activation by RFA. Increased 
frequencies of tumor-specific T cells have been detected post-RFA in cancer patients 
[24, 30], which appeared to effect increased tumor-free survival in some patients 
[30]. These (memory) T cells can also cause resistance to tumor rechallenge in ani-
mal models [23]. The mechanism by which RFA is able to induce or boost tumor- 
specific systemic immunity is likely due to the release of HSPs following RFA 
treatment [8]. Lysates derived from RFA-treated tumor cells indeed induced DC 
maturation [13] and combined with cytokine-induced killer cells induced an effi-
cient tumor response [12].

17.2.2  Microwave Ablation (MWA)

Microwave ablation (MWA) therapy harnesses the thermal effect of high-frequency 
energy to induce tissue coagulation. Percutaneous MWA was first used for HCC in 
1994 by Seki et al. [31]. Subsequent immune response induction was first docu-
mented in the B16 melanoma model as enhanced NK cell infiltration following 
local microwave hyperthermia [32]. Zhang and colleagues demonstrated local 
invasion of T cells, NK cells, and macrophages subsequent to MWA [33]. 
Szmigielski et al. showed both infiltration of T cells and increased CD4/CD8 ratios 
in MWA- treated prostate cancer [34]. MWA is a relatively weak stimulator of local 
inflammation and as a consequence of innate and acquired antitumor immunity [7]. 
Indeed, the induction of pro-inflammatory cytokines, including IL-1β and IL-6 
[35], by MWA is minimal compared with that by other ablative techniques, as is 
the release of HSP70 [36]. Even so, the extent of inflammatory immune infiltrates 
in the ablated tissue of HCC was shown to be inversely correlated with clinical 
outcome in terms of overall survival and risk of local recurrence [37]. This obser-
vation thus provides evidence of a clinical response resulting from MWA-induced 
immune stimulation.

17.2.3  Cryoablation

Cryoablation, i.e., the destruction of tumor cells by subzero temperatures (of at least 
−40 °C), was developed as a treatment for inoperable liver tumors. The low tem-
peratures are achieved by inserting a probe into the lesion with circulating liquid 
nitrogen or through the expansion of argon gas [38]. The formation of ice crystals 
within the cell causes the cell membrane to rupture, thus inducing rapid cell death. 
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The observation that metastatic tumors would sometimes regress subsequent to 
cryoablation of the primary tumor has been reported in the form of multiple case 
studies since this technique was first used to treat prostate cancer in the 1970s [39, 
40]. Early experimental in vivo data showed tumor-specific seroconversion to occur 
after cryoablation [41, 42]. In addition, NK cell activity [43], tumor-specific T cell 
responses in regional lymph nodes [43], and frequencies of systemically circulating 
T cells [44, 45] have all been shown to increase after cryoablation. Indeed, cryoab-
lation induces a notably higher post-ablative immunogenicity than other focal abla-
tive techniques [7, 44]. After cryoablation, pro-inflammatory cytokines, including 
IL-1β, IL-6, and TNFα, are released in higher quantities than after RFA or MWA 
[35, 46], and antigen accumulation in DCs was also greater after cryoablation than 
after RFA of melanoma tumors in a murine model [11]. Whereas 7 % of DCs in the 
tumor ablation site draining lymph nodes were occupied by intratumorally injected 
model tumor antigens after RFA, 20 % were occupied following in situ cryoablation 
[11]. These studies indicate that cryoablation facilitates improved antigen presenta-
tion and possibly T cell priming. The exact mechanism by which cryoablation 
induces a favorable immune response may be explained by the observed induction 
of extracellular HMGB 1 and nucleotides (both known DAMPs), released from 
dying cells [8, 47].

17.2.4  High-Intensity Focused Ultrasound (HiFU)

High-intensity focused ultrasound (HiFU) therapy entails the noninvasive use of 
ultrasound for local ablation of solid tumors. Two main mechanisms of action have 
been identified [6, 7]: (1) mechanical energy from the sound waves is converted into 
heat, causing coagulation necrosis; (2) HiFU treatment generates small pockets of 
air (bubbles) in the tissue, a phenomenon referred to as acoustic cavitation. These 
bubbles expand and collapse, leading to mechanical tissue destruction. Additionally, 
it may also damage vasculature, leading to ischemia and necrosis [48]. Zhou et al. 
found that levels of immunosuppressive cytokines in the circulation of cancer 
patients were significantly reduced after HiFU [49]. Hu and colleagues were able to 
compare the two mechanisms involved in HiFU, thermal and mechanical, by pre-
dominantly inducing one or the other in vitro [50]. They observed that mechanical 
tumor destruction induced a more potent immune stimulation than thermal destruc-
tion and speculated that the coagulative necrosis induced by thermal tumor ablation 
led to incomplete endogenous danger signal release and that these DAMPs might 
even be structurally compromised by thermal stress. Notably, they were also the first 
to report the release of DAMPs (hsp60 and ATP) following HiFU treatment and 
showed up-regulation of co-stimulatory molecules, signaling HiFU-induced DC 
activation [50]. In a follow-up study, they demonstrated that mechanical lysis stimu-
lated a superior protective effect upon tumor rechallenge, produced more effective 
DC migration, and incited enhanced cytotoxic T cell activity, as compared to ther-
mal tumor destruction [51].
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17.2.5  Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) involves the application of light on intratumorally 
administered photosensitive compounds to generate reactive oxygen species, result-
ing in cell death. Evans et al. were the first to describe the stimulation of cytokine 
(TNF) release by macrophages following PDT [52]. Sublethal doses of PDT have 
also been shown to cause macrophage activation [53]. Moreover, PDT was shown 
to induce tumor-specific antibody responses, regression of metastases, and resis-
tance to tumor rechallenge in in vivo models of metastatic mammary cancer [54, 
55]. In a clinical setting, PDT was shown to enhance immune recognition of tumor- 
associated antigens and to induce a more powerful immune response than conven-
tional surgery [56]. PDT exerts antitumor activity through two main mechanisms 
[6]: (1) the direct mechanism involves the generation of reactive oxygen species 
(ROS) which irrevocably damage cells, leading to apoptosis and necrosis [57]; (2) 
the indirect antitumor effect results from damage to the endothelium of blood ves-
sels, resulting in ischemia. The PDT-induced ROS cause an ER stress response that 
may contribute to the inherent immunogenicity of this therapy [8]. PDT causes the 
release of various DAMPs, among which are calreticulin, ATP, HSP70, and HSP90 
and CRT [58–60]. These DAMPs may explain the observed DC maturation, IL-12 
production, and activation of macrophages, upon exposure to PDT-derived tumor 
lysates [8, 61]. GM-CSF, acting by increasing DC recruitment, maturation, and sur-
vival, and imiquimod, a known TLR7 agonist, have been shown to further augment 
the antitumor effect of PDT [62, 63]. While PDT clearly leads to immunogenic cell 
death, it has one obvious drawback: its application is limited to superficially located 
tumors that are accessible to light [8], unless it is applied intraoperatively.

17.2.6  Stereotactic Radiotherapy

Radiation therapy involves the use of ionizing radiation to damage cellular DNA, 
either through direct ionization or the generation of free radicals. Stereotactic body 
irradiation therapy (SBRT) relies on focused radiation beams targeting a well- defined 
tumor, through detailed imaging and computerized three-dimensional treatment 
planning to deliver the radiation dose with extreme accuracy. It allows for the deliv-
ery of a high dose of radiation to the tumor in a short amount of time. Although its 
efficacy has long been attributed to its direct effect on tumor cells, a growing body of 
evidence suggests the involvement of a secondary immune component. Clinically, 
this was evidenced by the effects on metastases distant from the irradiated field, i.e., 
the aforementioned abscopal effect, which was first identified in this particular con-
text [64]. A study of the abscopal effect in mice with implanted Lewis lung carcino-
mas and fibrosarcomas showed the tumor-specific inhibition of distant tumor growth 
to increase with higher irradiation doses-per-fraction [65]. Various reported studies 
have shown that radiation therapy causes the release of DAMPs and pro-inflamma-
tory cytokines from dying cells, thus effectively inducing immunogenic cell death. 
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Calreticulin, the potent “eat me” signal causing uptake by APCs, is released from 
irradiated tumor cells, facilitating efficient antigen presentation to T cells [66, 67]. In 
addition, HMGB1 and ATP are released, both inflammatory molecules with the abil-
ity to bind and activate DCs, causing the release of IL-1β and facilitating T cell prim-
ing [68–70]. An important role for the TLR4-L HMGB1 in the efficacy of radiotherapy 
was demonstrated by compelling evidence from a study conducted by Apetoh and 
colleagues who showed that patients with a loss-of- function TLR4 allele had higher 
rates of relapse following radiotherapy [68].

17.2.7  Electrochemotherapy (ECT)

Electroporation, also known as electropermeabilization, is a term used to describe 
permeabilization of the cell membrane as a consequence of the application of short 
and intense electric fields across the cell membrane, e.g., in tissues [71]. This 
method was first reported in the early 1970s. The increase in membrane permeabil-
ity is associated with the formation of nanopores in the cell membrane, hence the 
term “electroporation” [18]. The process of electroporation, when used in a revers-
ible fashion, has been used clinically for high-efficiency drug delivery into cells 
[72]. Platinum-based drugs, such as oxaliplatin, and various anthracyclines (most 
notably doxorubicin) have been shown to induce the release of DAMPs from dying 
tumor cells, including calreticulin, HSPs, ATP, and HMGB1 [66, 68, 73–76]. 
Indeed, seminal work from Kroemer, Zitvogel, and colleagues demonstrated that 
the clinical efficacy of many cytostatic drugs relied on a secondarily induced anti-
tumor immune response. From these studies, originally the term “immunogenic 
cell death” was coined. The immunogenic potential of chemotherapy may be even 
more efficiently harnessed by the use of electrochemotherapy (ECT). ECT involves 
the focal application of an electric field to tumor tissues in combination with che-
motherapy, resulting in temporary formation of pores in the tumor cell membrane 
(electroporation) and subsequent high-efficiency uptake of a chemotherapeutic 
agent [72, 77]. Of note, Gerlini et al. observed both the local recruitment and acti-
vation of DCs and the induction of their migration toward draining lymph nodes 
following ECT of melanoma lesions [72, 78]. In various murine tumor models, 
ECT was shown to attract an inflammatory immune infiltrate (including CD11c+ 
DCs and CD11b+ macrophages) and to induce a systemic antitumor immune 
response, offering protection upon rechallenge [79, 80]. Moreover, the combina-
tion of ECT with the TLR9-L CpG (a choice based on the observation of increased 
TLR9 expression post-ECT) further enhanced this systemic antitumor immunity, 
thus potentially offering protection against the outgrowth of distant metastases [79, 
80]. Of note, a recent retrospective study showed remarkably high complete 
response rates in five patients with metastatic melanoma who were treated by ECT 
subsequent to IFNα treatment, suggesting enhancement of ECT efficacy by prior 
immune conditioning of the tumors, possibly by optimizing DC and T cell infiltra-
tion and activation [81].
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17.3  IRE: A Form of In Vivo Vaccination?

Irreversible electroporation (IRE) is a new imaging-guided technique which induces 
nanopore formation in the cell membrane by the application of high-voltage electric 
pulses and provides a promising alternative to heat-induced tumor ablation. 
Depending on the amplitude and duration of the electric pulses, electroporation of 
the cell membrane is reversible after which the cell survives, or irreversible, result-
ing in apoptosis [17, 18]. Due to its primarily nonthermal mechanism of action, IRE 
leaves the structural integrity of inlaying and adjacent accessory tissue structures, 
like vessels, intact [18]. This allows for the selective ablation of diffusely growing 
malignancies that surround such structures, as is typically the case for, e.g., locally 
advanced pancreatic cancer (LAPC). Moreover, for immune effector cells, it should 
allow for easy access to, and migration from, the tumor ablation site.

As yet relatively little is known about the immunological response to IRE. An 
early study from Al-Sakere and colleagues [71] on the effects of IRE up to 6 h after 
treatment in a subcutaneously injected murine tumor model did not show immune 
infiltration into the treated tissue. However, this might well have been due to the 
short time period during which recruitment of an immune infiltrate could effectively 
take place as well as the subcutaneous localization of these transplanted tumors 
which are generally poorly vascularized, thus complicating immune effector cell 
infiltration. More encouraging observations were subsequently reported. For 
instance, Rubinsky et al. reported rapid resolution of cellular debris following IRE 
in a canine prostate tumor, which they interpreted to indicate intact and functional 
draining lymph vessels; they also noticed lymph node reactivity in the ablation 
drainage area, indicative of IRE-induced immune activation [18]. In a rat osteosar-
coma model, increased T cell infiltration and reduced levels of the immunosuppres-
sive cytokine IL-10 were reported following IRE [82]. José and colleagues [83] 
observed extensive areas of necrosis in a xenograft model of intra-pancreatically 
injected tumors, with infiltrating lymphocytes and histiocytes by day 7 after IRE, 
and further increased infiltration by day 14. Of particular interest are the observa-
tions made by Neal and colleagues who studied the effects of IRE in an immune 
competent versus immune compromised mouse model [84]. Post-IRE tumor 
responses were substantially more durable in the immune competent mice as com-
pared to the immune-deficient mice, with decreased tumor burden and increased 
progression-free survival. IRE-treated tumors in the immune competent mice were 
marked by robust T cell infiltration rates at the ablation border. Importantly, tumor 
rechallenge in the immune competent mice resulted in an increased delay in tumor 
outgrowth or even complete prevention of tumor growth, clearly pointing to a pro-
tective memory immune response induced by IRE [84]. In a recent report, Bulvik 
and colleagues have compared the effects of IRE with those of RFA and found 
higher levels of systemic IL-6 post-IRE, which might have resulted from DAMP- 
mediated immune activation [85]. In a s.c. HCC model, superior delayed tumor 
outgrowth was observed after IRE. Moreover, in the border zone surrounding the 
treated lesions, leukocyte infiltration into the ablation zone was demonstrated in 
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IRE-treated, but not in RFA-treated, lesions. This led the authors to conclude that 
not only larger vessels but also the microvasculature was preserved post-IRE, which 
should greatly facilitate leukocyte trafficking [85].

Thus far evidence of post-IRE-induced antitumor immunity in man has been 
lacking. We have therefore studied the effects of IRE on systemic immunity in a 
pilot study of ten patients with locally advanced pancreatic cancer (LAPC) who 
participated in the PANFIRE-I phase I study (NCT01939665, clinicaltrials.gov), in 
which the safety of percutaneous IRE for LAPC was investigated (Scheffer et al. in 
press). Overall, the complications observed in this trial were acceptable. There were 
no deaths directly attributable to IRE and 12 minor (grade I/II) and 11 major (nine 
grade III, two grade IV) complications were recorded. Findings further suggested 
prolonged time to local recurrence, and consequently overall survival, as compared 
to chemotherapy or no treatment (Scheffer et  al. in press). Pancreatic carcinoma 
appears to be moderately immunogenic and to barely induce spontaneous antitumor 
immune responses [86]. Experimental evidence is accumulating to suggest that this 
may in part be caused by local and systemic immune suppression [87, 88] with 
Tregs playing a key role [89]. Nevertheless, pancreatic tumors are amenable to 
immunotherapy with clinical benefit demonstrated after tumor-specific vaccination 
approaches [90–92]. The use of IRE in LAPC results in apoptosis and a decrease in 
tumor load, which may lead to a reduction in tumor-associated immune suppression 
and the simultaneous release of immunogenic apoptotic tumor fragments. This 
could conceivably lead to the generation of antitumor immunity. To test this hypoth-
esis, we monitored Tregs and activation of (tumor-specific) effector T cells in the 
peripheral blood of the IRE-treated LAPC patients (Scheffer et al. submitted). Our 
findings are encouraging in that they confirm a transient and moderate decrease in 
systemic Treg rates, accompanied by a transient increase in frequencies of prolifer-
ating CD8+ T cells. Similar decreases in systemic frequencies of Tregs were previ-
ously reported after RFA [25]. The post-IRE systemic decrease in Treg rates also 
coincided with systemic T cell responses to WT-1, detectable by IFNγ Elispot assay, 
which in turn were more prominent in patients with above median overall survival 
(OS) (Scheffer et al. submitted). WT-1 has been reported to be expressed in 75 % of 
pancreatic tumors and not at all in healthy pancreatic tissues [93], confirming its 
relevance as an immune target antigen. In some patients, we found evidence of pre-
treatment T cell reactivity to WT-1, which is promising as such natural immunity 
may be boosted to enhance antitumor efficacy. Indeed, we found evidence of boosted 
as well as de novo-induced T cell responses to WT-1 in multiple patients following 
IRE (see Fig. 17.1). Although caution is warranted due to the small number of stud-
ied patients, the seeming relationship between WT-1 responsiveness and above 
median OS is particularly exciting. It suggests a relationship between (induced) 
antitumor immunity and a measure of protection against outgrowth of local and 
distant micrometastases.

In summary (see Fig. 17.2), IRE may aid in the generation of effective antitumor 
immunity through (1) the release of immunogenic (i.e., DAMP and [neo-]antigen 
comprising) apoptotic tumor cell remnants; (2) reduction of tumor-associated 
immune suppression; (3) enhanced immunogenicity by infiltration of innate immune 
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effector cells, including DCs, releasing pro-inflammatory cytokines and chemo-
kines and carrying antigens to the draining lymph nodes; (4) subsequent generation 
of antitumor T cell immunity in the draining lymph nodes resulting either from pas-
sive draining of apoptotic remnants (taken up by lymph node resident DCs) or active 
transport from the tumor site by DCs; and (5) primed killer T cells may subse-
quently home back to the treated tumor site and aid in the clearance of remaining 
tumor cells or provide protection against distant metastases.

The exact mechanisms underlying the potential immunogenic qualities of IRE 
remain to be further unraveled. For example, what DAMPs are released and are 

WT-1

CEFT

pre-IRE post-IRE

78 376

441 408

Fig. 17.1 Specific increase in WT-1 reactive T cells from peripheral blood after irreversible elec-
troporation of a locally advanced pancreatic tumor. Pre- and post (3 month)-IRE IFNγ Elispot 
results are shown after in  vitro restimulation with peripheral blood-derived mononuclear cells, 
against a 15aa overlapping peptide pool covering full-length WT-1 or a peptide pool containing 
MHC-I and MHC-II epitopes from CMV-, EBV-, flu-, and tetanus- derived recall antigens (CEFT). 
Representative wells are shown (one out of n  =  6 for WT-1 and one out of n  =  3 for CEFT). 
Numbers of IFNγ forming spots listed are per 250,000 seeded T cells for WT-1 and per 50,000 T 
cells for CEFT
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they more structurally conserved due to the essentially nonthermal mechanism of 
action of IRE [7, 18]? Do the preserved blood and lymph vessels indeed allow for 
the emigration of antigen carrying DCs or the direct drainage of released anti-
gens and associated DAMPs? Does this result in efficient priming of high avidity 
antitumor effector T cells in the draining lymph nodes? Knowledge of these pro-
cesses may aid in the optimized design of IRE-based in  vivo vaccination 
approaches. Recent developments in the immunotherapy of cancer have now 
opened up ways in which to further boost the IRE-induced antitumor immunity 
through combination therapies.

1. apoptotic
fragments:
antigen
release

2. pro-
inflammatory

immune
infiltration

3. antigen
uptake by DCs 

pre-IRE tumor

4. DC migration,
antigen drainage,
and T cell (cross)-

priming

Mature dendritic cell

Th1

CTL

M1-macrophagemonocytic MDSC

M2-macrophage

Suppressive cytokines

Th2

Treg

Immune suppressive Immune permissive

post-IRE tumor

5. effector T cell
homing to local
and distant
tumors

TDLN

immune
suppressive
cytokine
release

immune suppressive
infiltrate around the
tumor 

Fig. 17.2 Irreversible electroporation (IRE) may lead to the generation of effective antitumor 
immunity. An essentially immune suppressed tumor microenvironment pre-IRE may be con-
verted to an immune permissive environment through the induction of immunogenic tumor cell 
death leading to decreased immune suppression and an influx of pro-inflammatory immune 
effector cells. Systemic tumor-specific T cell immunity may eventually be achieved through (1) 
the release of immunogenic apoptotic tumor cell remnants; (2) reduction of tumor-associated 
immune suppression and recruitment of a pro-inflammatory immune infiltrate, including DCs; 
(3) antigen uptake and activation of infiltrating DCs through damage-associated molecular pat-
terns (DAMPs); (4) subsequent generation of antitumor T cell immunity in the draining lymph 
nodes resulting either from passive draining of immunogenic apoptotic remnants (subsequently 
taken up by lymph node resident DCs) or active transport from the tumor site by DCs; and (5) 
primed killer T cells homing back to the treated tumor site to eliminate remaining tumor cells 
or providing systemic protection against outgrowth of distant metastases. The captioned legend 
shows the various depicted immune suppressive or permissive immune subsets and immune 
suppressive cytokines
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17.4  A Peek into the Future: Combined IRE and Local 
Immune Modulation

Harnessing the immune system in combination with local tumor ablation is an 
approach that may effectively marry local with systemic anticancer efficacy. There is 
increasing evidence that the pretreatment immune status influences the outcome even 
of conventional cancer treatments such as chemo- and radiotherapy. High rates of 
tumor-infiltrating lymphocytes (TILs) and type I IFN response signatures are related 
to higher clinical response rates and represent favorable prognostic factors in patients 
with various tumor types [93–97]. To optimally leverage the immune response trig-
gered by local tumor ablation techniques like IRE, it is important to attract an immune 
infiltrate to the primary and metastatic tumor sites and to ensure efficient T cell prim-
ing in the lymph nodes draining the tumor ablation site. This may be achieved by 
peri-ablative administration of TLR-L and/or immune checkpoint inhibitors.

In particular, TLR-Ls or DAMPs that induce the release of type I IFNs may pro-
vide the “push” needed to kick-start or reawaken an effective antitumor immune 
response. As elegantly shown by Gajewski and colleagues in multiple publications 
[95, 96, 98], type I IFNs released by properly stimulated DCs (in man plasmacytoid 
DCs being the most powerful type I IFN producers) activate infiltrating T and NK 
effector cells and activate and recruit a myeloid DC subset with superior cross- priming 
abilities. In mice, this cross-presenting DC subset with a superior ability to prime 
high-avidity cytotoxic CD8+ T cells is characterized by CD8α expression, in man by 
expression of CD141/BDCA3 and CLEC9A [10]. These DCs in turn can prime a new 
generation of tumor antigen-specific cytotoxic effector T cells in the draining lymph 
nodes. Multiple studies convincingly demonstrated the prognostic as well as predic-
tive power of type I IFN response signatures, e.g., in predicting clinical outcome of 
MAGE-A3 vaccination in melanoma patients [94]. One way in which type I IFN 
release can efficiently be achieved is through plasmacytoid DC activation by the TLR 
agonist CpG [99]. The immunological efficacy of local injection of unmethylated 
CpG type B oligodeoxynucleotides (CpG-B ODNs) in melanoma [100–102] clearly 
indicates the potential of using CpG ODNs as intratumoral immune-activating and 
therapeutic agents, also in combination with local tumor ablation. In two single-
blinded randomized phase II clinical trials, we evaluated the immunological effects of 
local injections of CpG-B at the primary tumor excision site in clinical stage I–II 
melanoma patients by comparing immune parameters in CpG-B-treated patients to 
patients who received a saline placebo [100–102]. We found that administration of 
CpG-B resulted in larger TDLNs and activation in the TDLN of lymph node-resident 
DC subsets [100, 102]. Recruitment to the TDLN of a BDCA3/CD141+CLEC9A+ 
myeloid DC subset with T cell-stimulatory and cross- priming abilities was markedly 
increased following treatment with the combination of CpG-B and GM-CSF [102]. 
Importantly, post-CpG-B treatment increases in tumor-specific CD8+ T cells were 
observed in peripheral blood, consistent with enhanced systemic protection [101]. 
These findings are consistent with those from an in vivo mouse study showing the 
rapid induction of systemic T cell responses against melanoma-associated antigens 
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upon intratumoral delivery of CpG-B [103]. This effect was also shown to hinge on 
the activation of plasmacytoid DC [103]. Kortylewski and colleagues showed that 
although CpG can activate immune cells and induce antitumor efficacy in vivo, liga-
tion of TLR9 by CpG also induces activation of the signal transducer STAT3, resulting 
in IL-10 and IL-6 production and down-modulation of the antitumor immune response 
[104, 105]. In keeping with this notion, our group showed, concurrent with the induc-
tion of a type 1 antitumor immune response, the functional activation of Tregs by 
CpG-B [106]. Application of CpG-STAT3 siRNA complexes, counteracting CpG-
induced immune suppression, might further improve the antitumor response [105]. 
Another pathway that is emerging as a major player in the induction of a type I IFN 
response and that is associated with the induction of spontaneous antitumor immunity 
as well as tumor regression after therapy is the STING pathway, which is activated in 
DC upon cytosolic binding of cyclic dinucleotides (CDNs) derived from dying tumor 
cells [98, 107]. Indeed, targeting the STING pathway may prove to be a more desir-
able route to induce activation and recruitment of cross-priming DC than through 
TLR ligation since it may induce immune-activating type I IFN without activating the 
suppressive STAT3 pathway [108]. CpG ODNs have been successfully combined 
with local tumor ablation techniques to achieve in vivo vaccination in various tumor 
models and in first-in-man clinical trials. Veenstra and colleagues [109] carried out a 
comprehensive evaluation of innate immunity and specific immune responses to 
Her2/neu induced after cryoablation. They found peritumoral administration of CpG 
ODNs following cryoablation to significantly improve treatment outcome in all tested 
mouse strains. Den Brok and colleagues similarly showed that TLR9- mediated activa-
tion of DCs enhanced cross-priming of tumor-specific cytolytic T cells in the lymph 
nodes draining the cryoablation site and synergized with cryoablation to arrive at a 
superior “in vivo DC vaccine” [110]. The same group studied the ability of CpG 
ODNs to enhance antitumor immunity in combination with cryoablation in a mela-
noma model when administered via different routes: peritumoral, intravenous, and 
subcutaneous but distant from the tumor. Their data clearly showed peritumoral 
administration to be superior in the activation of DCs, the induction of tumor-specific 
cytotoxic T cells, and long-lasting tumor protection [111]. This observation was borne 
out by two clinical trials subsequently conducted by Levy and colleagues. They com-
bined localized irradiation of a tumor site with intratumoral injections of CpG-B 
ODNs and showed increased systemic T cell immunity accompanied by abscopal 
responses in distant, untreated tumors in patients with indolent B cell lymphoma [112] 
or mycosis fungoides [113].

Besides the “push” provided by type I IFN-inducing TLR- or STING-Ls, the 
“pull” provided by immune checkpoint inhibitors may help overcome tumor- imposed 
immune suppression at the T cell level. Indeed, CTLA-4 blockade has been effec-
tively combined with local tumor ablation to enhance efficacy of subsequent in vivo 
immunization [7]. As CTLA-4 blockade is particularly important in lifting suppres-
sive barriers in the priming phase of the adaptive immune response, it makes sense to 
combine it with local tumor ablation as this approach can be leveraged to induce 
antitumor immunity in the draining lymph nodes [114]. A preclinical proof-of-con-
cept study in a murine prostate cancer model showed that CTLA-4 blockade in com-
bination with cryoablation of the primary tumor could slow or even prevent the 
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outgrowth of tumors after rechallenge at distant sites [115]. These distant tumors were 
highly infiltrated by CD4+ and CD8+ T cells and had a significantly higher ratio of 
effector T cells to Treg cells as compared to the situation after cryoablation alone. 
Similarly, systemic CTLA-4 blockade enhanced the antitumor efficacy of MWA treat-
ment of subcutaneous HCC tumors, intratumorally injected with GM-CSF-carrying 
microspheres [116]. Local administration of anti-CTLA-4 may be an attractive thera-
peutic option when combined with local tumor ablation, as a murine study in a mela-
noma model has shown that this approach carries equal antitumor efficacy without the 
unwanted, and at times severe, side effects of systemic CTLA-4 blockade [117]. We 
have conducted a first-in-man clinical trial of local low-dose administration of anti-
CTLA4/tremelimumab in stage I/II melanoma patients and were able to show 
increased systemic levels of tumor-specific T cells and decreased systemic rates of 
Tregs (van Pul et al. manuscript in preparation). In particular, the latter observation 
advocates the combined local administration of CpG ODNs and anti-CTLA-4, with 
the latter counteracting unwanted suppressive effects of the former, and together syn-
ergistically enhancing the in vivo vaccination effects of local tumor ablation.

In conclusion, future exploration of clinical strategies combining IRE with local 
immune potentiation may ultimately yield a very effective in  vivo vaccination 
approach. IRE has the added advantage over thermal ablation techniques of post- 
ablative preservation of the blood and lymph vasculature, thus ensuring effective 
immune infiltration of the ablation site as well as migration of (neo-) antigen- 
carrying DCs to the draining lymph nodes. Indeed, the first preclinical and clinical 
studies have provided evidence for post-IRE immune infiltration and the induction 
of tumor-specific systemic T cell immunity. These promising characteristics may be 
further exploited by combining IRE with local administration of immune stimula-
tory agents like type I IFN-inducing TLR-Ls and/or immune checkpoint inhibitors. 
A recent study even hinted at the possibility of a gene therapy-based approach. 
Hepatic arterial infusion of two doses of a naked human GM-CSF plasmid immedi-
ately following liver localized IRE led to systemically detectable levels of hGM- 
CSF within 24 h of IRE in pigs and was accompanied by a denser macrophage 
infiltrate surrounding the ablation zone [118]. Lower intensity electrical fields in the 
periphery of the ablation zone were presumed to be responsible for a localized 
reversible electroporation, leading to the observed transgene expression rather than 
the apoptosis effected by IRE in the central ablation zone. This would allow for the 
exciting possibility of the local delivery and expression of immune modulatory 
transgenes in aid of the in vivo immunization induced by IRE. Translational studies 
in the near future will have to demonstrate whether immune-adjuvanted IRE can 
deliver on its considerable promise.
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18Future Perspectives of IRE
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Govindarajan Naranayan

18.1  Introduction

Modern medicine is constantly developing less invasive methods for treatment of 
disease. While some of the research regarding tissue ablation was documented over 
100 years ago, the majority of the investigative efforts have taken place within the 
past 20 years. Since its first introduction in 1990, the efficacy of thermal ablation 
techniques, such as radiofrequency ablation (RFA) and microwave ablation (MWA), 
has greatly improved due to technological advancements in image guidance, result-
ing in real-time tumor localization and accurate needle targeting. Technical advances 
of the thermal devices such as the development of more powerful generators and 
better-quality probe designs have further improved the efficacy, creating larger, 
more spherical, and more predictable ablation zones.

In the rapidly changing climate of tumor ablation, irreversible electroporation 
(IRE) is the newest kid on the block. Over the past years, IRE has been increasingly 
used in clinical practice because the hypothetical advantages over thermal ablation 
seem intuitive and self-evident. However, hard evidence regarding the actual work-
ing mechanism and – more importantly – regarding the established safety and effi-
cacy is lacking and conclusions drawn from the available data may very well be 
prejudiced.

Preclinical and clinical research has demonstrated proof of concept that IRE is 
capable of creating complete cell death of in situ malignant tumors in humans, with-
out creating major thermal coagulation necrosis. Based on our results, we can fur-
ther conclude that IRE has an acceptable safety profile, considering the treatment of 
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difficult-to-reach tumors that are not suitable for surgical resection and thermal 
ablation. The toxicity profile, the focal treatment site efficacy, and the currently 
reported oncological outcome after IRE mandates the setup of larger-scale phase 
II and III clinical trials for tumors within the liver, biliary tract, pancreas, and 
prostate.

Nonetheless, many aspects of IRE still need to be unraveled. IRE suffers from 
several growing pains that need to be addressed in the following years in order to 
improve its efficacy and further decrease the risk for collateral damage.

18.2  Knowledge Gaps in Irreversible Electroporation

One of the difficulties encountered in clinical practice is the lack of properly vali-
dated tumor-specific standardized treatment protocols, since the current ablation 
protocols are mainly based on animal studies investigating the effect of IRE on 
healthy liver tissue. Recent papers have questioned IRE’s ability to destroy tumor 
tissue in the same way it destroys normal tissue. Qin et  al. found that even at 
1,300 V/cm with 99 pulses, a pulse duration of 100 μs, and 10 Hz, there were still 
islands of viable tumor cells seen [1]. This brings into question a potential flaw in 
the assumption that tumor tissue will have the same response to IRE as normal tis-
sue. The mechanism of cell death following IRE relies on cell apoptotic responses 
to loss of homeostasis from pore formation. Tumor cells, known to be resistant to 
apoptotic pathways, may require higher thresholds to be adequately treated, analo-
gous to increased chemotherapy levels required for tumor cell death [2]. Electric 
field dose- response studies for tumor-specific tissues are scarce, and much remains 
unknown about the clinical possibilities to destroy malignant tissues with irregular 
geometries and heterogeneous properties. An interesting topic to this extent is the 
study from Appelbaum and colleagues, who showed that multiple shorter cycles of 
energy application create larger ablation zones [3]. The authors hypothesized that 
the increase in electrical conductivity induced by an IRE pulse persists after the 
initial pulse and that longer overall exposure results in an increased shift of cellular 
contents caused by the membrane permeabilization, thereby enhancing the ablation 
zone. Apart from their findings, we showed that sequential pulsing simultaneously 
leads to a lower temperature increase, which improves procedural safety. The model 
of sequential pulsing needs to be validated in further animal and clinical studies, but 
could represent a big step forward toward improved safety and efficacy of 
IRE. Researchers are faced with the challenging task to identify the optimal treat-
ment algorithms of different tumor types with heterogeneous electrical properties, 
strong enough to create complete tumor cell death while avoiding thermal damage 
in areas where this can have detrimental effects.

Another shortcoming of IRE that likely reduces procedural efficacy is the lack of 
well-defined intraprocedural endpoints that can be used to confirm effective abla-
tion. With RFA, tissue necrosis is achieved as the tissue gradually desiccates and 
eventually loses its ability to conduct current, which is signaled by a precipitous rise 
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in impedance (“roll-off”), which has been shown to be a significant predictor of 
local control. With IRE, the current should lie between 20 and 40 A during pulse 
delivery, but there is no reliable feedback to inform the clinician whether all tissue 
has been effectively electroporated. Especially with pancreatic IRE, exact delinea-
tion of the irreversible damaged ablation zone with intraprocedural ultrasound or 
CT is not feasible because of the development of edema and gas pockets. Since it 
has been postulated that increased current is a direct derivative of increased mem-
brane permeabilization [4, 5], the group of Martin and colleagues advises a current 
increase of 12–15 A from baseline for each electrode pair [6]. If this increase is not 
reached after the initial 90 pulses, the protocol should be repeated until the desired 
current change is achieved. However, as shown in the chapter on pancreatic IRE, 
there is a steady temperature rise during IRE that is also accompanied by a rise in 
amperage – in an acellular model; caution should be taken when repeating the elec-
troporation protocol, as the accumulated energy may cause thermal damage to the 
heat-susceptible structures in the vicinity of the ablated region. IRE would benefit 
from the establishment of solid intraprocedural endpoints that can be used to con-
firm effective ablation.

A third issue that needs to be addressed is the difficulty of planning the desired 
three-dimensional geometry of the ablation zone and subsequent electrode place-
ment. At the moment, the NanoKnife® generator converts the three-dimensional 
tumor measurements (width, height, and depth) into a two-dimensional oval or 
circle, reducing the tumor to a perfect oval- or circle-shaped “tube,” in which the 
planned electrode configuration is then drawn. In reality, the shape and size of 
deep- seated tumors and the subsequent planning of electrode placement is much 
more complex, and the current software does not take this into account. Recently, 
a web- based treatment-planning software tool of electroporation-based treatments 
was developed, including algorithms for automatic tissue segmentation and gen-
eration of a 3D model of the tissue [7]. The procedure allows the user to define how 
the electrodes will be inserted. Finally, electric field distribution is computed, the 
position of electrodes and the voltage to be applied are optimized using the 3D 
model, and a downloadable treatment plan is made available to the user. This new 
software tool may improve treatment planning and subsequent accuracy of IRE 
delivery.

Last, the geometry of zones of cell death produced by IRE is a complex issue. 
Placement of multiple electrodes at a 1.5–2.0 cm interelectrode distance while care-
fully maneuvering past vessels and bile ducts has proven laborious and time- 
consuming. Misplacement of the probes by a margin of millimeters can already 
result in residual tumor. Placement of larger probe arrays with multiple reposition-
ings to treat larger tumors has proven even more difficult, and local failure rates of 
tumors >3 cm are too high. As has been successfully done with thermal ablation, 
emphasis should be put on the development of electrodes that are capable of creat-
ing larger ablation zones, resulting in fewer electrode repositionings, thereby reduc-
ing the risk of misplacement. The bipolar probe that is currently being developed is 
therefore eagerly awaited.
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18.3  IRE and Cancer Care: Where Do We Go?

18.3.1  Colorectal Liver Metastases

In their ablate and resect COLDFIRE-1 study, Scheffer et al. proved that IRE is 
able to radically destroy in situ colorectal liver metastases [8]. The safety of IRE 
in the liver has been well documented in the literature; however, the local control 
rate remains inferior compared to thermal ablation techniques, especially for 
lesions >3 cm [9–12]. On the other hand, considering that these patients represent 
a group for which no curative treatment option used to be available, a fair chance 
of complete tumor destruction already has major implications. Results of the pro-
spective COLDFIRE-2 study are eagerly awaited and will be published at the end 
of 2017 (Fig. 18.1). Until local control rates improve, IRE should be reserved for 
well-selected patients with relatively small hepatic tumors that are truly unsuit-
able for resection and thermal ablation. In general this means tumors abutting the 
portal triad or the hepatic venous pedicle, where thermal ablation is considered 
unsafe and less effective. A study comparing IRE to stereotactic body radiation 
therapy for small-size colorectal liver metastases, which are unsuitable for surgi-
cal resection and thermal ablation, is currently being constructed (COLDFIRE-3).

Screening
CRLM ≤ 3.5cm

Unsuitable for resection/
thermal ablation

Inclusion
n = 29

Workup
Anesthetic screening
MRI + ablation zone

planning

IRE procedure
Percutaneous/open

Additional procedures

Safety
Adverse events

Technical success
IOUS/CT

MRI

Efficacy
3-monthly 18F-FDG

PET-CT + ceCT; CEA

Follow-up

Inclusion criteria

Exclusion criteria

Fig. 18.1 Flowchart of the COLDFIRE-2 trial study design. The COLDFIRE-2 trial is an ongoing 
phase I/II trial on IRE for patients with small (<3.5 cm) colorectal liver metastases that are unsuit-
able for surgery and thermal ablation [13]
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18.3.2  Pancreatic Cancer

Although ablation of unresectable CRLM is nowadays considered standardized 
practice, pancreatic tumor ablation raises more questions. Rather than pursuing 
cure, pancreatic ablation aims to prolong life expectancy while preserving qual-
ity of life. Previous studies investigating the safety of IRE reported relatively low 
complication rates [14–16], although the prospective Amsterdam PANFIRE (per-
cutaneous IRE) and IMPALA (open IRE) trials revealed a significantly higher 
number of complications. Although a few suggestions were given to reduce IRE-
associated morbidity, these complications weigh heavily when considering IRE 
for LAPC. On the other hand pancreatic IRE shows a promising event-free and 
overall survival. Whether the assumed survival benefit truly outweighs the mor-
bidity associated with pancreatic IRE – in a patient population that is considered 
technically incurable  – needs to be further assessed. Importantly, the possible 
role of immune induction yields promise for further improved survival. Besides 
the introduction of IRE, the traditional cornerstones of LAPC treatment – che-
motherapy and radiation – are also subject to alterations. Recently, the landscape 
for systemic therapy for pancreatic cancer has improved with the advent of fol-
firinox. In LAPC, folfirinox with or without additional chemoradiation showed 
improved survival and in some instances even led to downstaging to resectability 
[17–19]. Additionally, a study in 2013 revealed a survival benefit when nab-
paclitaxel was combined with gemcitabine as compared to gemcitabine alone 
[20]. Improving chemotherapeutic options for pancreatic adenocarcinoma 
remains an active area of research with multiple ongoing studies. Although the 
standard treatment regimen of LAPC generally includes radiation, survival data 
of randomized trials regarding the role of external beam radiation therapy for 
patients with LAPC have been conflicting [21]. Besides, the use of large radia-
tion fields inevitably delivers a high percentage of the radiation dose to the sur-
rounding tissue, leading to significant toxicity. This limits the delivery of the 
intended radiation dose to the tumor, increasing the chance for local failure [22]. 
In order to maximize survival benefit and minimize toxicity, stereotactic ablative 
body radiotherapy (SABR) recently came on stage. SABR is capable of deliver-
ing higher doses of radiation with improved precision using four-dimensional 
diagnostic imaging, resulting in decreased toxicity and dose-escalation to the 
tumor [23, 24]. In a disease with so many systemic manifestations, it is hard to 
see the impact of localized therapy on survival without obtaining some control of 
metastatic spread with systemic therapy. Besides, there is a growing body of lit-
erature that suggests that a multimodal approach combining systemic chemo-
therapy with focal tumor destruction offers great promise to improved survival of 
LAPC [25]. The next step toward implementation of IRE in the treatment of 
LAPC is therefore to compare it with the current standard of care, which consists 
of folfirinox and radiation. This is the aim of the CROSSFIRE-trial, an interna-
tional cross-Atlantic multicenter randomized study with overall survival as the 
primary endpoint, and safety and progression-free survival as secondary end-
points, that started accrual early 2016. In the CROSSFIRE- trial, patients with de 
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novo LAPC will receive four cycles of folfirinox, after which 70 patients will be 
randomized to SABR and 70 to IRE. After completion of local treatment, addi-
tional folfirinox will be given until progressive disease or maximum toxicity 
(Fig. 18.2).

Flow chart of the CROSSFIRE study

2 months

CeCT scan

CeCT scan
every 3 months

STOP

SABR IRE

CROSSOVER

DEATH
(primary endpoints

OS reached)

Untreateable local progression
(secondary endpoints UPFS reached)

*2nd line gemcitation of experimental systemic treatment allowed

Retreatable local progression
(secondary endpoints LPFS reached)

Adjuvant chemotherapy
(> 4 weeks post SABR/IRE)

Dropouts:
• downstagging to resectability
• metastatic disease
• local progression (>5 cm)

SABR
(arm A)

Inclusion
(LAPC)

Neo-adjuvant chemotherapy
folfirinox 4 cycles OR gemcitabin + nab-

paclitaxel 2 cycles until unacceptable toxicity

IRE
(arm B)

Randomization
n=140

n=70

n=35

n=175

>4 weeks
interval

Type of study: phase III RCT; design; intention-to-treat; max crossover allowed; 10%; per patient analysis
will replace intension-to-treat in case of trend (adding patients); RPSFT analysis in case of dissimilar
crossover numbers

n=70

Fig. 18.2 Flowchart of the CROSSFIRE-trial study design. The CROSSFIRE-trial is an ongoing 
international cross-Atlantic multicenter randomized controlled phase III trial comparing 
FOLFIRINOX plus SABR to FOLFIRINOX plus IRE
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18.3.3  Perihilar Cholangiocarcinoma

The indications for IRE may extend beyond the liver and the pancreas. A disease 
where IRE may also show potential is perihilar cholangiocarcinoma (PHC). The 
location of PHC in the liver hilum and proximal bile ducts causes biliary obstruction 
with concomitant jaundice. Despite palliative treatment with biliary stenting to 
relieve cholestasis, patients eventually die of cholangitis, sepsis, or liver failure. As 
with LAPC, approximately 50% of tumors are considered locally advanced because 
of unreconstructable vascular or extensive biliary involvement and during explor-
atory laparotomy another 40% have locally advanced or metastasized tumors [26, 
27]. Liver transplantation is the only chance for cure for these patients but has strict 
selection criteria [28]. Several ablative strategies for the treatment of PHC have been 
investigated, such as photodynamic therapy, intraductal RFA, brachytherapy, and 
MWA, but without great success, mostly due to the heat-sink effect. The successful 
case report by Melenhorst et al. [29] stimulated us to develop the ALPACA- trial, a 
joint effort between the VU University Medical Center and the Academic Medical 
Center in Amsterdam. In this pilot study, ten patients with upfront unresectable PHC 
will be treated with percutaneous IRE, whereas another ten patients that are found to 
have advanced PHC intraoperatively are treated with IRE during the same surgical 
exploration session. Rather than placing a metal stent for biliary protection, which 
may leave a rim of vital tissue behind as shown in Chap. 11, percutaneous biliary 
drainage using plastic stents will be performed prior to IRE for biliary protection. 
The primary aim of the ALPACA-trial is to investigate the safety and feasibility of 
IRE for advanced PHC; secondary endpoints are progression-free and overall sur-
vival and quality of life (see Fig. 18.3 for the flowchart of the ALPACA-trial).

18.4  Future Perspectives

As interventional oncologic therapies evolve, they are combined with other treat-
ments in a multimodality approach to treating cancer. Combined therapy of ablation 
with embolization, radiation with embolization, or chemotherapy with ablation are 
just a few examples of treatment options that show the promise of this multifaceted 
approach to increase treatment effect.

Directly after IRE a margin of reversibly electroporated tissue exists between the 
irreversibly damaged ablation zone and the normal tissue. During this temporary per-
meability of the cell membranes, macromolecules such as chemotherapeutics can 
travel freely into the cells within this zone, a process known as electrochemotherapy. 
Capitalizing on this principle, if IRE were combined with systemic or intratumorally 
injected chemotherapy, marginal remnant viable tumor cells within this zone could be 
eradicated with electrochemotherapy. The therapeutic advantage of combinatorial irre-
versible electroporation and electrochemotherapy is the focus of current studies [30].

On another level, we have proven that besides inducing local tumor destruction, 
the mechanism through which IRE operates also results in a systemic effect. This 
local immune response could result in the destruction of micrometastases in the 
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affected lymph nodes, which could positively affect survival. More importantly, 
locally generated antitumor T-cell responses could ultimately provide protection 
against outgrowth of distant metastases and may lead to memory responses, poten-
tially providing long-term immune protection against tumor outgrowth. Our data 
suggest that IRE offers an attractive and effective in situ vaccination platform to 
combine with immunotherapeutic approaches. In the coming years, this approach 
will be further investigated. A similar potential to recruit the immune system has 
been suggested for RFA [31]. Therefore, although it is paramount that the thermal 
effect of IRE should not exceed the threshold for thermal damage near heat-suscep-
tible structures, the thermal and the electrical element of IRE may have a synergistic 
effect and may induce the greatest antitumor effect together. The immunologic 
potential of electrical and thermal ablation is the current focus of several trials. 

Flow chart of the ALPACA study

Inclusion
(locally advanced PHC or N2 lymph

node metastases)

Primary outcome
safety
90 days

complication rate

Secondary outcome
Quality of life

QoL questionnaires

Secondary outcome
Survival
PFS, OS

Unresectable at imaging Potentially resectable

Preoperative work-up*

Explorative laparotomy

US-guided open IRE

Withdrawn from
study

2 weeks

Unresectable Resectable

Percutaneous biliary drainage
(if indicated)

Percutaneous metal biliary
stent placement

Palliative chemotherapy**+
follow-up

CeCT scan after 6
weeks and every 6

months

CT-guided percutaneous IRE

4 weeks

n=10

n=10

Fig. 18.3 Flowchart of the ALPACA-trial study design. The ALPACA-trial is an ongoing phase I/
II pilot study investigating the safety and feasibility of IRE for patient with locally advanced peri-
hilar cholangiocarcinomas (Klatskin)
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Harnessing the immune system to enhance both local and systemic treatment effect 
is yet another approach that warrants study and may one day offer the bridge 
between local and systemic treatment. The detectable and durable T-cell responses 
point to a protective antitumor immune response induced by IRE. Combining IRE 
with immune stimulation may represent another therapeutic platform for improved 
survival and will be the focus of future studies.

Other indications for IRE that show promise but which are not covered in this 
book are thyroid cancer and intracerebral gliomas [30, 32]. The feasibility of using 
pulsed electric fields to permeabilize the endothelial cells of the blood-brain barrier 
was recently demonstrated. This allows for increased drug transport across the 
blood-brain barrier through the transcellular pathway and may be used in combina-
tion with IRE for brain tumors [33]

The aims of this book are (1) to provide better insight in the working mechanism 
of IRE with respect to the thermal component simulating different clinical scenarios 
and (2) to provide solid data on the specific safety and efficacy of IRE for current 
and future clinical indications. To this extent we can conclude that the clinical treat-
ment protocols for IRE generate considerable heat and every physician should take 
this into account when performing IRE. IRE is capable of creating irreversible cell 
death and to achieve macroscopic complete tumor eradication without inducing 
thermal coagulation necrosis.

As with any new technique, more questions have been raised than answers have 
been given. The technique is still in its infancy, and we are just starting to under-
stand the exact working mechanism of IRE and its side effects. Technical improve-
ments of the ablation device and increasing knowledge about tissue-specific 
electrical properties should result in improved efficacy in the future.

The foundation has been laid for the next grand challenge for IRE: to prove its 
efficacy in large randomized controlled trials. Until then, the technique should be 
reserved for well-selected patients with relatively small tumors that are truly unsuit-
able for resection and thermal ablation.

Nevertheless, based on the available literature and their early clinical experience, 
the authors and editors expect IRE to prove a valuable fortification in the armory of 
interventional oncologists treating patients with cancer in the near future.
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