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ABSTRACT 
Electroporation involves applying electric field pulses to cells, 
leading to the alteration or destruction of cell membranes. Ir-
reversible electroporation (IRE) creates permanent defects in 
cell membranes and induces cell death. By directly targeting 
IRE to tumors, percutaneous nonthermal ablation is possible. 
The history of IRE, evolution of concepts, theory, biological 
applications, and clinical data regarding its safety and efficacy 
are discussed.

A number of modalities are available for percutaneous tumor abla-
tion. These methods primarily include thermal techniques, such 
as cryoablation, radiofrequency, or microwave ablation, which 

involve cooling or heating the tissue to induce cell death. Because these 
methods depend on thermal injury, they carry some risk to the adjacent 
extracellular environment. Consequently, treating tumors adjacent to 
critical vascular structures is a challenge that potentially limits the ag-
gressiveness of the attempted ablation.

In recent years, electroporation has emerged as a new method of tu-
mor ablation. Electroporation, also known as electropermeabilization, 
involves the application of short pulses of strong electric fields to cells 
and tissues. External electric fields increase the transmembrane poten-
tial, charging the membrane like a capacitor by moving ions from the 
surrounding solution. Applying electric fields to cells is thought to in-
duce the formation of pores, which are responsible for the permeabili-
zation effect; however, more extensive, irreversible damage from higher 
fields is used to ablate tumor cells (Fig. 1). By using small electrodes (~1 
mm diameter) placed close to the target and short, repetitive electric field 
pulses, nonthermal irreversible electroporation (IRE) appears to offer an 
advantage over other ablation methods that involve tissue heating.

While electroporation has been studied and used for decades in the lab-
oratory and food industry, it has not been applied to the field of interven-
tional oncology until recently. Today, human trials utilizing electropora-
tion to treat a variety of tumors are underway. This review describes the 
evolution of the technique from the bench to the bedside and highlights 
the remaining challenges to standardizing its use in tumor ablation.

History of electroporation science
The earliest observations of a phenomena resembling electroporation 

can be traced to the 1700s. The first description of IRE may have been 
made in 1754 by Nollet, who applied electric sparks to human and an-
imal skin and noted resulting red spots. During the 18th century, there 
was increasing interest in the effect of electricity on biological systems, 
most of which was focused on the twitching and contraction induced 
by electrical currents applied to animal spinal cords and to muscle-nerve 
preparations (1). In the 1800s, a report of using high voltage discharges 
to purify river water was the first to describe the bactericidal effect of 
IRE, although the mechanism was not understood at that time. During 
the nineteenth century, there were other reports of electricity used in 
medicine. For example, hemolysis due to the application of pulses of 
electricity was reported, but the underlying mechanisms of electropora-
tion were not known.
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It was not until the twentieth cen-
tury that the phenomenon of electro-
poration was characterized as inducing 
increased membrane permeability or 
that the thermal and nonthermal ef-
fects of electrical energy were resolved. 
Some of the first observations distin-
guished the effects of electrical burns 
from nonthermal electrical injuries due 
to lightning, which are now thought 
to be caused by electroporation (2). 
Additionally, during the early 1900s, 
the concept of the cell membrane 
as a dielectric layer was advanced. In 
1925, a study accurately estimated 
the thickness of the cell membrane by 
assessing the electrical properties of 
red blood cells. Thus, the first half of 
the twentieth century saw two major 
breakthroughs that advanced the un-
derstanding of electroporation: 1) the 
demonstration that membranes are di-
electric structures and 2) that electric-
ity generates both thermal and non-
thermal biological effects.

During the 1950s and 1960s, the 
process of electroporation involving 
the permeabilization of cell mem-
branes was elucidated, primarily in 
experiments on nerves and in studies 
related to food sterilization. For exam-
ple, Stämpfli and Huxley described the 

reversible and IRE of frog nerve mem-
branes, assessing the effect of altering 
the characteristics of the electrical pulse 
applied to the membrane and measur-
ing consequent changes in membrane 
resistance, likening the membrane to 
a capacitor (1). In parallel, since the 
initial observation of the bactericidal 
effect of electricity on river water in 
1898, research on water and food pu-
rification has continued. By the 1960s, 
commercial installations utilizing elec-
trical pulses to provide nonthermal 
bacterial inactivation were available 
(1). This effort culminated in the sem-
inal work of Sale and Hamilton, who 
elucidated the nonthermal bactericidal 
effect of electrical pulses, described the 
optimal pulse variables used to accom-
plish this affect, and demonstrated the 
underlying physiology of the changes 
in membrane conformation and per-
meability (1).

During the late 1900s, reversible 
electroporation became a mainstream 
technology in medical and biological 
sciences. The early 1980s saw the in-
troduction of electroporation to in-
duce cell fusion (electrofusion) and 
the transfer of DNA into cells (elec-
trotransfer). An early paper described 
the application of short electric pulses 

to mouse lyoma cells deficient in the 
thymidine kinase gene, permitting the 
uptake of plasmid DNA containing the 
herpes simplex thymidine kinase gene 
and producing stable transformants 
(3). The study postulated the “electro-
poration model,” whereby changes in 
the membrane lipids caused increased 
cell permeability and therefore trans-
membrane movement. DNA electro-
transfer can be performed in bacterial 
and eukaryotic cell lines and circum-
vents the need for viral delivery meth-
ods of DNA. 

Electrofusion and DNA electrotrans-
fer have long since been established 
as laboratory applications of revers-
ible electroporation. In the laborato-
ry, electroporation is performed with 
hand-held or bench-top electropora-
tors. These instruments are designed to 
create electric fields in cell solutions. 
Cell suspensions are pipetted into 
glass or plastic cuvettes with two alu-
minum electrodes on either side. The 
application of electrotransfer has been 
expanded beyond DNA to the intro-
duction of enzymes, antibodies, and 
particles, including viruses and other 
biochemical reagents, into cells for in-
tracellular assays. 

During the 1990s, laboratory tech-
niques for gene transfection into cells 
and gene delivery into biological tis-
sues were developed and honed. Early 
on, electroporation led to cell death in 
a large portion of treated cells. Because 
of this, electroporation was initially 
limited to bacterial transformation. 
Over the past few decades, a number of 
advances have improved the efficiency 
of electroporation and its applications. 
Such advances includes determining 
and maintaining optimal pulse pa-
rameters, particularly with the use of 
a square wave electroporator that can 
provide precise, careful control of the 
amplitude and duration (4).

These initial discoveries inspired the 
later application of reversible electropo-
ration to induce cellular permeability in 
large molecules, such as the use of cyto-
toxic agents in the treatment of cancer, 
and to induce permeability in the skin, 
enhancing transdermal drug delivery 
(1). The use of electroporation to en-
hance the uptake of antitumoral drugs 
(electrochemotherapy) was further de-
veloped, leading to clinical trials, as 

Figure 1. Cartoon illustration of irreversible electroporation in a liver tumor. The left panel 
demonstrates a liver containing an ovoid tumor with surrounding two linear  irreversible 
electroporation probes. Magnified view of the tumor reveals movement of the electric current 
(yellow arrows) across a cell membrane that leads to the breakdown of cell membrane integrity, 
the loss of cellular gradients, and the death of the cell. The image in the right panel shows an 
ablated tumor, depicting its preserved adjacent vasculature and ducts. 
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described below. Interestingly, in the 
late 1990s, there were reports that cell 
death due to IRE came not only from 
necrosis but also from apoptosis, which 
may have been the first suggestion that 
electroporation could offer advantages 
as an ablative technique.

Physiological principles underlying 
electroporation

Currently, the transient aqueous 
pore hypothesis is the favored expla-
nation for the physiologic effects of 
electroporation, and recent molecular 
dynamic simulations support this the-
ory (5). By this hypothesis, electropo-
ration entails the creation of nanoscale 
pores or defects in the cell membrane. 
Assuming that membrane hydropho-
bic pores are randomly and sponta-
neously created due to the thermal 
motion of phospholipid molecules, 
the location and size of the pores vary 
randomly. According to classical sur-
face physical chemistry, the forma-
tion energy of a single pore of radius 
r is expressed as ∆Wp(r)=2γπr-πr2Γ (6). 
This expression indicates that in the 
absence of an external electrical field, 
the pore formation energy for a single 
pore, ∆W(r), is the difference between 
the energy gained in the formation of 
the outer edge of the pore (γ) and the 
energy reduction due to the loss of a 
circular patch cut from the membrane 
when the pore was created (πr2Γ). This 
notion is derived from Deryagin’s and 
Gutop’s work on soap film stability 
proposed in the 1960s (6). The con-
stant γ represents the energy per length 
at the edge of the pore; Γ is the energy 
per area of a flat, pore-free membrane. 

The pore formation energy by defi-
nition represents the activation energy 
barrier that thermal fluctuations must 
overcome to generate a hydrophobic 
pore in the absence of a transmem-
brane voltage. The activation energy 
barrier is sufficiently high, such that 
cells do not frequently self-rupture. 
However, these spontaneous pores 
likely permit the emergence of sites 
where physiologic phospholipid trans-
locations occur. If the hydrophobic 
core radius (r) exceeds a critical value, 
rt (0.3 to 0.5 nm), it overcomes the en-
ergy barrier and turns into a hydro-
philic pore, which is presumed to be 
responsible for the initiation of elec-

troporation. After a hydrophilic pore 
forms, water molecules pass into the 
intermembrane space during the pore 
transformation process. Therefore, 
electroporation creates a nanohydro-
philic environment in a typically hy-
drophobic location. Nearby lipids then 
reorient to form more stable structures, 
generating a stable hydrophilic pore. 

Several mathematical techniques 
are used to model the effect of elec-
trical pulses on cell membranes. Most 
simply, the cell can be modeled as a 
sphere composed of concentric shells, 
including the interior cytoplasm, the 
membrane sheath, and the extracellu-
lar space. The transmembrane voltages 
and potential distributions can be esti-
mated by solving the Laplace equation 
for each space, with the membrane 
assumed to be nonconducting. Trans-
membrane potential difference, ∆VM, 
may be estimated by the equation, 
∆VM=1.5×r×Eext×cos θ, where r is the 
cell radius; Eext is the external electric 
field strength; and θ is the polar angle 
relative to the direction of the electric 
field. If a critical transmembrane po-
tential is reached (~1 V), the polarity 
of the cell membrane is temporarily re-
versed, inducing local rapid rearrange-
ment of the membrane lipid morphol-
ogy and creating a pore. More complex 
mathematical models may be used for 
non-spherical cells to estimate the pore 
size and the likelihood that pores are 
temporary and heal or are permanent.

Conductive pores can either heal, 
as in reversible electroporation, or ex-
pand in size, as in IRE. Whether the 
process is reversible or irreversible de-
pends on whether the critical defect 
size in the membrane is reached. This 
is thought to be determined by local 
mechanical stresses, membrane bilay-
er edge energy, and the nature of the 
applied field. Adjustable parameters of 
the applied electric field include pulse 
amplitude, duration, and frequency. 
Beyond the parameters of the electri-
cal pulses used, the cell type, age of the 
cell, morphology, and size determine 
how the cells respond to the electrical 
pulses. For instance, Jurkat cells, an im-
mortalized line of T lymphocyte cells, 
are readily electroporated, whereas hu-
man promyelocytic leukemia (HL-60) 
cells are not (7). More research is need-
ed to understand which cell parame-

ters are the strongest determinants of 
electroporation efficiency and whether 
these variables can be exploited to tar-
get neoplastic cells.

Compared with other ablation tech-
niques, IRE is nonthermal (8, 9) when 
designed appropriately. However, ap-
plied electric fields can involve ther-
mal fluctuations that may lead to tis-
sue heating. This is known as the Joule 
effect after Joule’s first law, which ex-
presses that the heat generated by cur-
rent flowing through a conductor as a 
function of the strength and time the 
current is applied as the resistance of 
the conductor. When used as an abla-
tion technique, the thermal effects of 
electroporation are ideally minimized, 
with the specific goal of targeting cells 
and avoiding the nonspecific heating 
of surrounding normal tissue. Apply-
ing shorter pulses minimizes the prob-
ability of a thermal effect and permits 
cell-specific, nonthermal ablation.

Clinical applications of reversible 
electroporation

Reversible electroporation has mul-
tiple applications in human patients. 
One active area under investigation 
is the enhanced delivery of drugs to 
increase cellular uptake following lo-
cal or intravenous administration. For 
example, electrochemotherapy is used 
to increase the uptake of bleomycin 
and cisplatin, to which plasma mem-
branes are relatively impermeable. 
Electrical pulses are delivered with 
needle or plate electrodes. Endoscop-
ic, expandable soft tissue, and bone 
pin electrodes have also been used (4). 
The first clinical trial of electrochem-
otherapy in head and neck squamous 
cancer patients demonstrated the clear 
antitumor effects of bleomycin; this 
treatment was well tolerated (10). A 
similar trial was reported in 1993, in-
volving the treatment of head and 
neck metastases (11), and later studies 
have reported the use of bleomycin for 
melanoma metastases and basal cell 
carcinomas (12, 13). Several other clin-
ical trials are underway investigating 
the efficacy and tolerability of electro-
chemotherapy (14).

In addition to chemotherapy agents, 
the intracellular delivery of other drugs 
and compounds can also be enhanced 
with electroporation. Molecules, in-
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cluding oligonucleotides, ions, dyes, 
and radioactive tracers, can be deliv-
ered with promising clinical applica-
tions (4). Electroporation may also be 
applied to lipid-based barriers in hu-
man tissues, generating new aqueous 
pathways and hence facilitating local 
drug delivery. For example, the stra-
tum corneum of the skin and other 
tissue monolayers in which cells are 
connected by tight junctions are lip-
id-based barriers that can be targeted 
with electrical pulses. The transdermal 
transport of large compounds, such as 
lidocaine, insulin, heparin, and vac-
cines, is therefore possible (15).

Gene electrotransfer also has poten-
tial clinical uses in human patients. 
In a phase I trial, plasmid interleukin 
(IL)-12 electroporation was performed 
in 24 metastatic melanoma patients, 
demonstrating that IL-12 protein lev-
els and the extent of tumor necrosis 
increased proportionally to the plas-
mid doses in post-treatment biopsies. 
Most patients demonstrated a clinical 
response (16). 

Mechanisms of cell death in IRE
It is thought that the primary mecha-

nism of cell death from IRE is apoptosis 
(programmed cell death), in contrast to 
coagulative necrosis (death by ischemia 
or infarction), which is the primary 
mechanism in radiofrequency and mi-
crowave ablation. However, the exact 
molecular mechanism of cell death after 
IRE is unknown, and both necrosis and 
apoptosis are likely to occur. Initially, 
it was thought that the poration of the 
membrane, which leads to increased 
permeability, was the primary trigger of 
cell death. After the application of the 
electric field, the enhanced transmem-
brane molecular transport with rapid 
membrane discharge induces the cell to 
attempt to recover its membrane poten-
tial by conducting small ions, includ-
ing sodium and chloride, through the 
transient pores. Cells under extensive 
chemical or osmotic stress from exces-
sive molecular transport may then un-
dergo lysis. Additionally, if one or more 
critical pores expand, the membrane 
may be destroyed, leading to complete 
dissolution of the cell.

Newer studies have shown that 
apoptosis after the application of elec-
trical fields can occur without pore for-

mation, although when pores are in-
duced, apoptotic markers appear faster 
(7). Short electrical pulses induce an 
intracellular calcium release, most like-
ly by the poration of the endoplasmic 
reticulum membrane, which in turn 
may initiate apoptosis. Electrical puls-
es may also increase the mitochondri-
al permeability, releasing cytochrome 
c, which is a small protein involved 
in the initiation of apoptosis. Finally, 
electric pulses may cause DNA damage 
and elevated levels of reactive oxygen 
species, inducing oxidative stress-me-
diated apoptosis.

Reports on the pathways that lead 
to cell death are contradictory. For in-
stance, one study reported extensive 
caspase-3 activation 24 hours after the 
IRE of rat hepatocellular carcinoma, 
suggesting apoptosis (17), while anoth-
er did not detect any caspase-3 positive 
cells in the treated area of pancreatic 
carcinoma (18). Contradictory reports 
may reflect differences in the tumor 
model used, among other experimen-
tal factors. 

In summary, the proposed mecha-
nisms of apoptotic cell death due to 
IRE include cell rupture from pore ex-
pansion and osmotic/chemical stress, 
intracellular calcium release from the 
endoplasmic reticulum, cytochrome c 
release from mitochondria, and oxida-
tive stress. Irreversibly permeabilized 
cells that undergo apoptosis are then 
removed by the immune system, and 
the IRE may potentiate an immune 
reaction to the ablated tissue, enhanc-
ing the treatment effect. However, the 
question of whether IRE’s effects on the 
cell membrane serve as a final event or 
whether they also induce long-term 
programmed cell death is still open for 
further study.

Biological effect of IRE in live animals
The ability of IRE to induce nonther-

mal cell death and target the cellular 
membrane is the primary motivation 
behind applying this technology to tu-
mor ablation. Numerous experiments 
in live mammals have demonstrated 
specific features of the IRE ablation 
zone that make it unique among the 
available ablation modalities. 

Because of the relative specificity 
for the cell membrane, IRE has been 
shown in animal studies to spare tis-

sue scaffolds, in contrast to other 
modalities causing thermal ablation. 
For example, experimental studies ex-
amining the histologic changes after 
IRE performed on rat carotid arteries 
showed that, at four weeks postabla-
tion, the vascular connective matrix 
remained intact. The number of arte-
rial wall vascular smooth muscle cells 
was decreased, but no thrombosis, ne-
crosis, or aneurysm was present (19). 
Studies of IRE ablation in the pig liver 
demonstrated that the complete ab-
lation of tissue up to the blood vessel 
margins may be accomplished without 
compromising the structural integrity 
or functionality of blood vessels, bile 
ducts, or connective tissue, all of which 
remain intact (20, 21). Histologically, 
some have suggested that IRE produc-
es an ablation zone with sharper de-
marcations that can be observed both 
micro- and macroscopically, enabling 
better post-treatment assessment com-
pared with other ablation modalities 
(22). However, mathematical model-
ing and recent experimental data show 
that IRE has a probabilistic nature, and 
careful design is required to include 
the entire tumor in the ablated zone.

IRE ablation zones appear to be 
blood-flow independent and are there-
fore not susceptible to the heat sink 
effect, a phenomenon that arises in 
thermal ablation techniques (radiof-
requency, microwave) whereby heat 
is dissipated by blood flow in adja-
cent vessels. The efficacy of thermal 
ablation is diminished for tumors ad-
jacent to large vessels, most likely be-
cause of the heat sink effect (23, 24). 
Correspondingly, the cold sink effect 
in cryotherapy has been reported for 
lesions adjacent to blood vessels (25). 
In contrast, IRE has been shown to cre-
ate more complete perivascular tumor 
ablations, even when a large vessel tra-
verses the ablation zone (22).

Imaging findings of IRE in liver le-
sions have been described in animal 
models. On ultrasound (US) imaging, 
treated areas become hyperechoic with 
minimal formation of hyperechoic air 
bubbles observed in the thermal abla-
tion techniques (20). Immediate con-
trast-enhanced computed tomography 
(CT) images demonstrate a hypoen-
hancing zone of ablation. For peri-
vascular tumors, mild hepatic venous 
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narrowing may be observed in vessels 
traversing the lesion, but they other-
wise remain patent (26). CT imaging 
48 hours after the IRE shows that the 
liver ablation zones centrally hypoat-
tenuate, with mild hyperattenuation 
surrounding the zone of ablation; 
periablation arterial, but not venous, 
enhancement is also observed (27). 
The magnetic resonance imaging find-
ings are similar, with a centrally low T1 
signal and peripheral enhancement. 

Application of electroporation to 
percutaneous tumor ablation

The concept of using IRE for tumor 
ablation was formally introduced less 
than a decade ago in a theoretical pa-
per using a mathematical analysis to 
show that IRE can ablate a volume of 
tissue comparable to other ablation 
modalities without detrimental ther-
mal effects (8). As mentioned above, 
electropermeabilization has been used 
since the 1960s in the food industry 
for microbial inactivation (28). Surpris-
ingly, it was not until the theoretical 
paper published in 2005 that the con-
nection between IRE and tumor abla-
tion was made (8). 

The first use of IRE in human pa-
tients was performed for prostate can-
cer (29). In this study, 16 patients were 
treated using four electrodes, separat-
ed 1.0–1.5 cm, and applying 90 pulses 
of 70–100 μs duration at 1500 V and 
10 Hz. All patients tolerated the pro-
cedure well, with no postprocedural 
impotence or incontinence and no 
reported complications. Postoperative 
biopsies performed three weeks after 
ablation demonstrated no residual 
cancer. In one patient, a micro-focus 
of cancer was found outside the treat-
ed area (29). 

Another early clinical trial was a 
single-center, nonrandomized, pro-
spective cohort study in Australia that 
included 38 patients with advanced 
liver, kidney or lung tumors, with 69 
total tumors treated (30). Treatments 
typically utilized unipolar or bipolar 
electrodes, with 90 pulses of 70 μs 
high-voltage (1500–3000 V) direct cur-
rent (25–45 A) delivered in nine sets of 
10 pulses per treatment site. Complete 
tumor ablation was observed in 66% of 
tumors, with kidney and lung tumors 
comprising the largest failure rate. In 
cirrhotic patients with hepatocellular 

carcinoma, 15 of 18 lesions had com-
plete target tumor ablation, although 
one patient required five treatments. 
Large liver metastases (> 5 cm) were not 
controlled with IRE. No patients with 
lung tumors had a treatment response. 
Notable complications of IRE included 
ventricular and other arrhythmias. Af-
ter four patients experienced arrhyth-
mias, ECG-synchronized delivery was 
then used. Despite this, two additional 
patients experienced arrhythmias. Ad-
ditionally, complications during renal 
ablations included nontarget ablation 
of the adrenal gland, leading to severe 
hypertension, and of the ureter, later 
causing ureteral obstruction. Other 
complications were related to general 
anesthesia.

The published experience has been 
slowly growing since that initial study, 
and the literature suggests that liver 
lesions may be the optimal target for 
IRE ablation. For example, a recent 
prospective study of 44 patients under-
going 48 IRE ablations for colorectal 
metastases (20 lesions), hepatocellular 
carcinoma (14 lesions), and other me-
tastases (10 lesions) demonstrated a 
local, recurrence-free survival of 97.4% 
at three months, 94.6% at six months 
and 59.5% at 12 months, with a trend 
for higher recurrence rates for lesions 
larger than 4 cm (31). 

A smaller series investigated the safe-
ty of treated liver tumors near vascular 
structures, describing IRE treatment of 
65 tumors found in 28 patients, 21 of 
whom had colorectal metastases (32). 
None of the 25 treated tumors located 
within 1 cm of a major hepatic vein 
had venous thrombosis; one treatment 
of the 16 tumors within 1 cm of a ma-
jor portal pedicle resulted in portal vein 
thrombosis. The authors suggest that 
IRE can be safely performed on liver le-
sions adjacent to major vascular struc-
tures, consistent with the theoretical 
benefits of nonthermal ablation. After 
six months of follow up, there was per-
sistent disease in 1.9% of tumors and 
local recurrence in 5.7%, yielding an 
overall 7.5% treatment failure rate.

Beyond liver tumors, IRE has also 
been applied in the treatment of lo-
cally advanced unresectable pancreat-
ic cancer for downstaging and control  
(Fig. 2). In a recent retrospective case 
series, IRE was performed in 14 pa-

Figure 2. a–d. Irreversible electroporation (IRE) of a locally advanced unresectable pancreatic 
adenocarcinoma. Sagittal reformatted contrast-enhanced CT image of the abdomen (a) reveals 
a pancreatic adenocarcinoma (arrow) abutting the duodenum (arrowhead). Corresponding 
intraoperative sagittal US image (b) shows the hypoechoic pancreatic adenocarcinoma. Coronal 
reformatted contrast-enhanced CT image of the abdomen (c) shows the pancreatic adenocarcinoma 
(arrow) and the adjacent duodenum (arrowhead). Intraoperative coronal US image (d) shows the 
pancreatic adenocarcinoma with four IRE probes in place (arrowheads), prior to ablation.

a

c

b

d
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tients, with one patient receiving two 
treatments; three patients had meta-
static disease; and the mean tumor size 
was 3.3 cm (33). Only one IRE-related 
complication, pancreatitis, was en-
countered. Postprocedure scans per-
formed immediately after IRE and 24 
hours later demonstrated patent vascu-
lature. All patients with metastatic dis-
ease eventually died from progression 
of disease, but two other patients who 
were successfully treated remained dis-
ease-free for 11 and 14 months. 

Another multicenter clinical trial 
included 27 patients with locally ad-
vanced pancreatic cancer who received 
IRE either with or without concurrent 
partial resection (34). All but one pa-
tient received surgical IRE, as opposed 
to the final patient, who underwent 
percutaneous IRE. In four cases, there 
were possible IRE device-related com-
plications. There was one 90-day mor-
tality due to hepatic and renal failure, 
but no cases of pancreatitis or fistula 
formation. Several other complica-
tions, such as deep venous thrombosis, 
ileus, and bile leak, were attributed to 
surgery. In the 26 of 27 patients who 
were alive at the 90-day follow-up, 
there was no evidence of recurrent 
disease. Furthermore, there was a sig-
nificant decrease in patient pain and 
narcotics use compared with before 
IRE. The authors concluded that IRE 
is efficacious and relatively safe. These 
initial studies are promising and sug-
gest that IRE may be a safe ablation 
modality for locally advanced pancre-
atic cancer. Larger trials are pending.

Still in its infancy as an ablation mo-
dality, IRE may be efficacious for other 
tumors. For instance, there are limited 
data supporting its potential use in 
sarcoma (35, 36). Animal models have 
shown efficacy of IRE for breast cancer 
(37) and possibly brain tumors (38), 
although human trials are pending. 
Though initial clinical trials have sug-
gested that the use of IRE for renal cell 
carcinoma may be relatively safe (39), 
data are lacking supporting its use in 
place of cryotherapy or radiofrequency 
ablation (30). Similarly, limited data 
for lung cancer have failed to pro-
vide evidence supporting its use, with 
high recurrence rates (30, 40). The 
NanoKnife IRE system (Angiodynam-

ics, Latham, New York, USA) has been 
commercially available since 2009 and 
is approved by US Food and Drug Ad-
ministration for ablation of soft tissue 
tumors.

Other clinical applications of IRE
Beyond tumor ablation, IRE could be 

used to ablate other structures for non-
oncologic applications. For example, 
renal sympathetic nerve denervation 
with IRE is currently under investiga-
tion for the treatment of hypertension, 
based on initial successes with percu-
taneous radiofrequency ablation (41). 
In this technique, renal sympathetic 
denervation is performed via the main 
renal artery lumen with a catheter con-
nected to a radiofrequency generator. 
By ablating these sympathetic nerves, 
norepinephrine levels are reduced, and 
hypertension is ameliorated. A small 
trial of 50 patients reported good out-
comes, with decreased blood pressure 
of nearly 30 points at nine months; 
one renal artery dissection was noted 
(41). Larger trials are warranted to as-
sess procedural safety (42). Hypothet-
ically, using IRE rather than radiofre-
quency ablation could avoid any heat 
sink effect and diminish unwanted re-
novascular complications; still, others 
have reported that IRE relatively spares 
nerves. For example, a rat’s sciatic 
nerve treated with IRE demonstrated 
a full recovery of neural function after 
seven weeks (43). Further work is nec-
essary to ascertain whether IRE can be 
applied in this field safely and effica-
ciously.

Another application of electropora-
tion is wound healing. Gene therapy 
is an emerging field for nonhealing 
wounds that focuses on recombinant 
growth factors that can promote 
wound healing (44). Multiple methods 
of gene insertion exist, including gene 
guns and viral vectors; electroporation 
may emerge as a dominant modality.

IRE may also be applied in vascular 
medicine to prevent arterial restenosis 
after angioplasty. The medial layer of 
the arteries contains vascular smooth 
muscle cells (VSMC) that proliferate af-
ter angioplasty, causing significant un-
wanted luminal loss (45, 46). Various 
proposed methods to prevent VSMC 
proliferation have been suggested, in-
cluding brachytherapy, cryoplasty, 
gene therapy, drug-eluting stents, pho-
todynamic therapy, and more recently, 
electroporation (47). Studies in rat and 
rabbit models demonstrated that arter-
ies treated by endovascular IRE cause 
the ablation of VSMCs, which persist-
ed for over a month; the elastic lamina 
remained intact, while the endothelial 
layer regenerates (19, 47, 48). The num-
ber of VSMCs decreased without the 
formation of an aneurysm or throm-
bus and without necrosis. The vascular 
connective tissue matrix remained in-
tact. At five weeks, wall fibrosis with re-
generated endothelium was observed. 
These findings have clear implications 
for nonthermal endovascular ablation 
using IRE in cardiovascular medicine.

Special considerations for performing 
IRE compared with other tumor 
ablation modalities

The primary consideration for per-
forming IRE is that the procedure 
must be performed under general an-
esthesia, in contrast to thermal abla-
tion techniques that are frequently 
performed under conscious sedation. 
The principal reasons for this include 
muscle stimulation and cardiac ar-
rhythmias due to the strong, pulsed 
electric fields. Muscle stimulation, in-
cluding the diaphragm, necessitates 
the use of paralytic agents. Muscular 
contractions are typically localized to 
the treatment area but can still involve 
the diaphragm, even when patients are 
sufficiently paralyzed. The administra-
tion of paralytic agents necessitates 
neuromuscular monitoring. 

Table. Typical irreversible electroporation treatment parameters 

Organ Number of pulses Pulse duration (ms) Voltage (V) Reference

Prostate 90 70–100 1500 29

Liver 90 20–100 1500–3000 30–32

Pancreas 90 70–100 1500–3000 33, 34
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Cardiac arrhythmias were previous-
ly noted in animal models and sub-
sequently in early clinical trials (30); 
they are more likely to occur when 
treating lesions close to the heart. 
These observations led to the routine 
use of cardiac synchronization during 
IRE, which necessitates cardiac moni-
toring. While IRE necessitates neuro-
muscular and cardiac monitoring, it 
does not require the grounding pads 
needed in radiofrequency ablation, the 
cooling system (e.g., ice bucket) need-
ed in radiofrequency and microwave 
ablation, or the gas tank and delivery 
system needed for cryotherapy.

On a practical level, ablation with 
IRE is performed with two to six mo-
nopolar probes or a single bipolar 
probe with a generator. Ablation zones 
of various sizes and shapes tailored 
for specific organs can be created de-
pending on probes and settings used  
(Table). Careful mathematical model-
ing can predict ablation zone charac-
teristics. CT or US guidance is often 
used during IRE ablation and is typi-
cally short in duration. For example, 
roughly one minute is required to ab-
late a 3 cm liver lesion. 

In summary, while many of the pro-
cedural details are similar between IRE 
and other ablation modalities, the need 
for general anesthesia and more in-
volved intraprocedural monitoring is 
an additional consideration that may 
be most appropriate for tumors adja-
cent to vessels and other critical struc-
tures because this is the setting where 
IRE has its strongest theoretical benefit.

Conclusion
Electroporation is a technique with 

a long history of application in the 
laboratory. It has been slowly devel-
oped, initially from observations on 
the effects of electricity on biological 
systems, in parallel with the study of 
electrical pulses on sterilized food and 
water. Once the underlying mecha-
nisms of nonthermal electropermeabi-
lization were better understood, appli-
cations for human patients emerged. 
While IRE for the treatment of hepatic, 
pancreatic and possibly other tumors 
is a promising new interventional on-
cology tool, more work is needed to 
improve its safety and delineate ex-
pected outcomes.
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