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Abstract

Nonthermal irreversible electroporation (NTIRE) is a minimally invasive

tissue ablation modality in which high field strength, nanosecond to

millisecond long pulsed electric fields are delivered across the cell to

produce nanoscale defects in the cell membrane and thereby induce cell

death. An important attribute of this technique is its ability to ablate cells in

volumes of tissues while leaving intact the extracellular scaffold, including

the mechanical scaffold of blood vessels and ducts. This is a review of the

technology with a special emphasis on medical imaging. The review

contains a background on the technology, mathematical modeling for

treatment planning, fundamental findings from animal studies, first clini-

cal results, and aspects of medical imaging.

Introduction

Electroporation is an electric field-induced bio-

physical phenomenon in which the cell mem-

brane permeability to transmembrane molecular

transport is increased by exposing the cell to short

nanosecond to millisecond scale and high field,

kV/cm scale, electric pulses [1, 2]. Such increase

in permeability [3] is, presumably [4], related to

the formation of nanoscale defects or pores in the

cell membrane, from which the term electro-

“poration” [5] stems. For certain electric pulses,

membrane permeabilization is permanent, and

the process leads to cell lysis. It is in this sense

of permanent permeabilization that most authors

define irreversible electroporation (IRE). How-

ever, it must be noted that temporary permeabi-

lization can also cause a severe disruption of the

cell homeostasis which can finally result in cell

death, either necrotic or apoptotic. Therefore, in

a broader sense, IRE could be defined as the

permanent or temporal membrane electropora-

tion process that causes cells to die.

The phenomenon of irreversible

electroporation – cell death due to the applica-

tions of short electric pulses – has been recog-

nized, in various forms, for centuries and until
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recently used primarily in the food industry [6].

The biophysical phenomenon referred in medical

applications as “irreversible electroporation” is

known in food technology as pulsed electric

field processing or electroplasmolysis, in refer-

ence to the lysis of cell membranes in tissue, for

extracting their contents, or the bactericidal effect

in treatment of fluids [7]. The “pulsed electrical

field” concept is broader than just irreversible

electroporation. It has been recently shown to

include also the effects of nanoscale pulses on

intracellular components [8]. The interest of the

food industry in the so-called bactericidal action

of electrical fields motivated a series of three

seminal papers by Sale and Hamilton [9–11].

These papers are extraordinary in that they set

the basis for the field of irreversible electropora-

tion and contain the ingredients of many of the

future studies in what subsequently was called the

field of electroporation in general.

Recently, nonthermal irreversible electropora-

tion (NTIRE) has begun to be employed as a new

tool in the surgical armamentarium for minimally

invasive ablation of undesirable tissue [12]. In

NTIRE, the primary use of irreversible electro-

poration is to induce undesirable cell death by

affecting selectively only the cell membrane

without causing a possible thermal mode of dam-

age due to excessive electric current-induced

Joule heating. Specifically, care is given to choos-

ing electric pulse parameters that induce irrevers-

ible electroporation without causing thermal

damage [13, 14]. The research in the field of

nonthermal irreversible electroporation in medi-

cine has recognized that while the final outcome

of irreversible electroporation and thermal dam-

age on cell viability is the same, cell death, there

are many very important aspects at the micro-

scale which are different. Unlike electroporation

that affects only one type of molecule in the

treated volume – the cell membrane lipid

bilayer – thermal, radiation, as well as chemical

(alcohol) ablation indiscriminately affect every

molecule in the treated volume. Therefore,

when a volume of tissue is ablated by irreversible

electroporation only, the procedure has molecu-

lar selectivity (i.e., it targets one type of molecule

only, the cell membrane lipid bilayer).

Having a minimally invasive technique that

can ablate only one certain type of molecule, the

cell membrane, is advantageous – because it

spares important other tissue components such

as the extracellular matrix and electrically

nonconductive molecular structures. An intact

extracellular matrix after NTIRE treatment

allows such structures as ducts, large blood ves-

sels, or nerve conduits to continue to serve their

physical function, even in the absence of cells.

This facilitates the treatment of tumors that abut

large blood vessels in previously inaccessible

parts and organs of the body such as the pancreas

[15, 16], near large blood vessels in the liver

[17–19], and kidney [20]. Retaining the patency

of the large blood vessels also facilitates a much

faster response of the immune system and some-

times healing without the formation of scar tissue

[21]. It was also shown that the selectivity of

NTIRE can lead to survival and regeneration of

nerves [22–24]. The intact extracellular matrix

can also serve as a template for cell regeneration

after NTIRE. For instance, Maor and colleagues

have shown that the carotid artery continues to

serve as an effective blood conduit after NTIRE

[25, 26]. Furthermore, endothelial cells regener-

ate and grow along the NTIRE-treated blood

vessel on the intact extracellular matrix [25, 26].

Typical NTIRE procedures employ two or

more electrodes inserted in tissue in such a way

as to confine the undesirable tissues between

them [21]. The electrodes can be mounted on

one probe (e.g., [25–27]) or on several probes

(Fig. 2.1) [21]. The process of tissue ablation

occurs between electrodes and is usually confined

by the electrodes (Fig. 2.2). In this respect,

NTIRE is different from most of the other abla-

tion techniques in which the ablation propagates

as a function of time from the probe outward.

NTIRE is also different from other minimally

invasive tissue ablation techniques by the time

scale in which the procedure occurs. The electric

pulses that induce NTIRE are on the length scale

of nanosecond to milliseconds. NTIRE is deliv-

ered as a set of pulses rather than continuously.

Current clinical practice employs between 8 and

90 pulses of 70–100 ms length, delivered at

a frequency of 1 Hz [17, 19, 28]. In contrast,
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thermal ablation procedures employ time scales

from minutes to tens of minutes. Because NTIRE

is conceptually different from other more

established tissue ablation procedures, such as

cryosurgery, radiofrequency ablation, or radia-

tion, it is important for those with experience in

the other techniques to understand the particular

attributes of NTIRE and how it is different from

the other tissue ablation techniques.

We will introduce next the mathematical

modeling required for treatment planning of

NTIRE. Treatment planning, which is important

in every minimally invasive tissue ablation pro-

cedure, is essential for correct use of NTIRE. This

is followed by a description of fundamental

experimental results of NTIRE and a brief survey

of clinical results produced so far. Lastly, we will

discuss medical imaging of NTIRE with respect

to two key aspects: placement of electrodes and

procedural follow-up.

Mathematical Models for Nonthermal
Irreversible Electroporation

As with other minimally invasive tissue ablation

techniques, treatment planning is of great impor-

tance and can benefit frommathematicalmodeling.

NTIRE treatment planningmathematicalmodeling

requires the solution of the electric field equation to

determine the electric field produced during the

procedure. In addition to the field equation in

order to avoid thermal damage, the bio-heat equa-

tion coupled with a kinetic equation is solved to

evaluate if thermal damage occurs [13, 14, 29–32].

In this section, we will first present the set of

equations used in NTIRE treatment planning.

This is followed by some illustrative examples.

The electric field equation is,

H � sHfð Þ ¼ 0 (2.1)

subject to voltage boundary conditions on the

electrodes:

f electrodesð Þ ¼ prescribed (2.2)

where s is the electrical conductivity of the tissue

and f is the local electrical potential. It should be

emphasized that the electrical conductivity of the

tissue can change during the process of electro-

poration, and therefore the problem may become

nonlinear as the local conductivity may become

related to the local electrical field. In addition, the

boundary conditions prescribed here are of the

first kind. It is possible that contact impedance

between the electrodes and the tissue may be

a more appropriate boundary, e.g., Somersalo

et al. [33]. The boundaries of the domain that

are not in contact with the electrodes are treated

as either infinite or insulated.

The local electrical field, E, can be calculated

from the electrical potential:

E ¼ Hf (2.3)

This electrical field affects the local conduc-

tivity through electroporation effects and makes

the problem nonlinear. In addition, it yields

a local heat source, P, through Joule heating.

The local electrical power dissipation is given by:

P ¼ s Hfj jð Þ2 (2.4)

The equation most commonly used to calcu-

late the temperature during electroporation in

Fig. 2.1 Two NTIRE copper, 1 mm diameter, electrodes

(bright lines) inserted into a pig liver (Courtesy Dr. Stephen
Solomon,Memorial Sloan-Kettering Cancer Center)
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biological tissues is the bio-heat equation [34] to

which the local power dissipation is added as

a heat source:

H � kHTð Þ þ wbcb Ta � Tð Þ þ q00 þ P ¼ rcp
@T

@t
(2.5)

where k is the thermal conductivity of the

tissue, T is temperature, wbcb are the product

of the volumetric mass flow of blood and

blood heat capacity, q00 is the volumetric

metabolic heat, t is time, and rcp is the

product of tissue density and heat capacity

of tissue.

Fig. 2.2 Typical NTIRE

ablation zone shapes that

can be obtained with two

electrodes. The dark line
shows the interface

between the areas that was

irreversible electroporated

and that was reversible

electroporated. The elliptic

shape is typical to the

treated region, when the

electroporation is induced

by two electrodes. The

lighter area beyond the dark
line illustrates the
reversible electroporated

domain. This area may

become important in the

future uses of reversible

electroporation as it allows

the incorporation of drugs

or genes around the area

treated with NTIRE,

in the mode of

electrochemotherapy

(Modified with permission

from Ref. [13])
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This equation is solved subject to initial tem-

perature conditions, which in case of the living

body is often taken as 37 �C. The boundary con-

ditions are taken as either 37 �C or adiabatic (no

heat transfer occurs). A review of various models

of the bio-heat equation can be found in [35].

Once the time-dependent temperature is cal-

culated, it can be introduced into an Arrhenius

type of chemical reaction kinetics equation that

correlates tissue damage, O, to temperature, T,

and time, t [36]

O ¼
ð
ze�E=RTdt (2.6)

where z is a frequency factor, E is the activation

energy, and R is the universal gas constant. It

should be emphasized that the thermal damage

is a function of both time and temperature and

long-term exposure to temperatures as low as

42 �C can cause thermal damage. Nevertheless,

when the exposure time is on the order of magni-

tude of seconds, 50 �C is sometimes taken as

a target temperature [37].

Figure 2.2 illustrates typical NTIRE ablation

zone shapes that can be obtained with two elec-

trodes [13]. Studies on the treated region shapes

that can be obtained with various electrode con-

figurations are found in several publications

[13, 14, 29, 32]. It is particularly interesting to

note that under certain parameters, the treatment

can be incomplete and a zone of untreated tissue

can occur between the electrodes (Fig. 2.2a). The

lighter area beyond the dark line illustrates the

reversible electroporated domain. This area may

become important in the future uses of reversible

electroporation as it allows the incorporation of

drugs or genes around the area treated with

NTIRE, in the mode of electrochemotherapy.

Heterogeneities, for instance, a metal clip in

the treated area, can affect the treated zone as

illustrated in Fig. 2.3 [30, 32]. It is important to

understand that in NTIRE, as in other ablation

methods, the shape of the electrodes, the place-

ment of the electrodes, and the voltages set on the

electrodes will all affect the outcome of the

procedure.

Experimental and First Clinical Results
of Nonthermal Irreversible
Electroporation

This section will highlight first the unique

aspects of nonthermal irreversible electropora-

tion, which can be directly attributed to the

unique “molecular selective” mode of this pro-

cedure. Figure 2.4 is from the first animal study

of NTIRE [31] and the results are typical of all

the later studies as well. In the study, a rat liver

was exposed to a 20-ms NTIRE pulse, and the

rat was killed a couple of hours later. The liver

Fig. 2.3 Effect of a heterogeneous tissue conductivity

on the electric field distribution. Each graph depicts

the surfaces of constant electric field strength (for 100,

200, 400, 800, and 1,600 V/cm) that would result from

the presence of a 5-mm-diameter spherical inclusion,

located halfway between the electrodes. The inclusion

is composed of tissue with one fifth or five times the

background electrical conductivity in graphs (a) and

(b), respectively, while (c) the third graph is similar to

(a) but with a nested 4-mm-diameter sphere of five

times normal conductivity (With permission from

Ref. [32])
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was flushed through its vasculature prior to

embedding and H&E staining.

Figure 2.4 shows the margin of the NTIRE-

treated liver. The light spaces between cells on

the left side are the intact sinusoids that were

flushed of red blood cells. The hepatocytes

around the intact sinusoids are also intact. On

the other hand, on the right-hand side, the sinu-

soids are filled with destroyed red blood cells and

other cellular debris. Flushing did not remove the

debris from the sinusoids. However, as predicted

for the NTIRE mode, the procedure did not affect

the extracellular matrix and other tissue mole-

cules, except the cell membrane. Therefore, the

mechanical integrity of large blood vessels

remains intact. The patency of the large blood

vessels and ducts is evident from the bottom

right-hand side images of clear large blood ves-

sels in the midst of the NTIRE-treated region.

Because of the unique aspects of NTIRE, the

mechanical structure of these blood vessels

remained intact and accessible to flushing.

The results from the first chronic study of

NTIRE in a large animal model are shown in

Fig. 2.5, and they are also typical of all the sub-

sequent findings [21].

Figure 2.5 shows a pig liver treated with

NTIRE and also flushed prior to embedding in

formalin. The top and bottom rows show the

macroscopic and H&E stained cross section of

the liver at various times after the procedure. The

treated areas are outlined. A most unusual aspect

of NTIRE, relative to other minimally ablation

surgical modalities, which is also being con-

firmed in clinical studies [19], is how fast the

treated liver regenerates. It is particularly inter-

esting to see in the second and third columns that

NTIRE can ablate tissue all the way to the margin

of the larger blood vessels – an aspect of tissue

ablation of great importance in treating of

unresectable tumors near large blood vessels

[19] and in the pancreas [15, 16]. As in the case

of the flushed rat liver, the flushed pig liver had

also patent and open large blood vessels within

the treated area. Such open and mechanically

intact large blood vessels do not occur during

thermal treatment with radio frequency, focused

ultrasound, or microwave. The availability of

such open conduits allows the immune system

excellent access to all the parts of the treated

tumor tissue, through the blood flow. In other

modes of ablation – the immune system needs

to remove the dead cells by diffusion through the

volume of treated tissue from the outer margin of

the treated tissue. In NTIRE, the entire volume of

the treated tissue is accessible through the large

blood vessels, and the immune system can

remove the dead cells through the entire treated

system. This effect is evident from the bottom

row of Fig. 2.5, which shows the lymph nodes.

Fig. 2.4 H&E stained

liver that has undergone

NTIRE. The left-hand side

is the normal liver, and the

right-hand side is the

electroporated liver. Note

the sharp line of distinction

between the treated and

untreated areas. Red blood

cells are destroyed and

occlude the sinusoids on the

right hand while they are

open on the left. However,

the large blood vessel in the

treated area has remained

morphologically intact.

The right panels show an

intact vein
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It is evident that after 24 h, the lymph nodes are

inflamed and active. However, within a week, the

inflammation has disappeared.

Figure 2.6 shows that bile ducts as well as

arteries remain intact in the NTIRE-treated vol-

ume of tissue.

At the time this review is written, NTIRE has

been already used to treat a variety of malignant

tumors including, liver, kidney, lymph nodes,

lung, and prostate in well over 800 patients. How-

ever, very few scientific reports have been

published so far. Nevertheless, published clinical

studies [17, 19, 28, 38, 39] produce observations

that are consistent with the results from animal

experiments.

Brausi et al. confirmed the safety of NTIRE in

treatment of prostate cancer [28]. The clinical

work of Onik [38] in the prostate confirmed

many of the advantages seen in the animal studies

treated using NTIRE. In terms of tissue destruc-

tion, animal studies showed that IRE lesions are

characterized by uniform necrosis throughout,

with a very narrow zone of transition to

unaffected tissue. Two postoperative biopsies in

patients showed complete epithelial cell ablation

in all the cores taken from all patients. No viable

glandular elements were identified, although

ghosts of glandular structures were still identifi-

able. Of interest is that these results were inde-

pendent of Gleason score with successful

Fig. 2.6 Intact bile ducts and arteries within NTIRE-

treated tissue

Fig. 2.5 Cross section through NTIRE-treated pig liver

after 24 h (first column from left), 3 days (second column),

7 days (third column), 14 days (fourth column).

Top row – macroscopic cross section: middle
row – H&E stained section: bottom row – lymph nodes

(Reprinted from Ref. [21])

2 Electroporation 27



treatment of patients with Gleason score of seven

and eight. Despite the uniform destruction of

glandular cellular elements evidenced in biop-

sies, sparing of normal structures was also dem-

onstrated. Post-op pathology and color Doppler

US demonstrated intact and functioning micro-

and macrovasculature, particularly in the prostate

neurovascular bundle. This characteristic appears

to be unique to NTIRE lesions. While IRE does

cause endothelial cell death, it does not cause

vessel occlusion. Also noted on the biopsies was

the preservation of nerves and ganglion cells

within the NTIRE lesions despite them being

included in the NTIRE lesion. All the patients

who were potent prior to treatment were imme-

diately potent after treatment, while it did take

approximately 6 months for two patients who

were treated bilaterally to regain their potency.

A number of patients were successfully treated

despite tumors being adjacent to the urethra. Of

note is that two of the patients were also radiation

failures. In one of the patients, the tumor involved

the midline ejaculatory duct region. Despite very

aggressive treatment in this area, the patient’s

ejaculatory ducts remained intact, allowing for

normal ejaculation postoperatively. This is

unique to IRE ablation. Nevertheless, animal

studies suggest a need for cautions. IRE will

ablate both smooth and striated muscle. Although

all patients in this initial experience were conti-

nent immediately, care still needs to be taken not

to destroy both the internal and external sphincter

which would result in incontinence because

NTIRE can ablate muscle cells. From

a technical point of view, NTIRE is similar to

other transperineal ultrasound-guided procedures

such as cryosurgery and brachytherapy. How-

ever, it is important to emphasize that general

anesthesia with patient paralysis is needed due

to the muscle contraction associated with the

electrical pulsing. The speed of the IRE proce-

dure is however impressive compared to

cryoablation and HIFU. The multiple pulses for

the treatment are delivered in a few minutes

rather than the much longer process of freezing

and thawing associated with cryoablation or the

numerous small ablation zones necessary in

HIFU. The Albert Hospital group of Dr. Kenneth

Thomson has produced by far, the majority of

peer reviewed reports on clinical use of NTIRE

[17, 19, 39]. They have used general anesthesia

with muscular paralysis to ensure that the energy

applied to the electrodes did not cause severe

muscle contraction. Even with the patient fully

paralyzed, the energy delivered by the IRE is

sufficient to cause contraction of a muscle in the

immediate vicinity of the electrodes. Additional

patient monitoring using BIS monitors and

a direct arterial pressure monitor was used as

during the application of the electroporation, the

electrocardiogram tracing was significantly

distorted by the electrical energy. In a few patients,

the electrical energy generated extra systoles and

in one patient, a series of contractions which did

not provide adequate cardiac output for several

seconds. As a result of these cardiac arrhythmias,

an ECG synchronizing device was used to deliver

the IRE energy 50 ms following the peak of the

R wave. While this device prevented the arrhyth-

mias, the delivery of the energy was markedly

delayed as in most patients, only one or two pulses

could be delivered per heartbeat. In practice how-

ever, the time of delivery of the energy is not

a rate-limiting factor.

Thomson reports that “The promise of preser-

vation of the structural integrity of the tissue was

achieved and as a result of this we have been able

to place the electrodes in an extremely aggressive

manner with respect to vital organs. Where

a tumor lies adjacent to a large bile duct, blood

vessel or other vital structure, with imaging guid-

ance it is a simple matter to position the elec-

trodes in such a way as not to puncture the vessel

or structure yet provide a zone of electroporation

which involves the region of the vessel structure.

Likewise lesions adjacent to the gall bladder,

stomach, diaphragm and right atrium have been

accessed effectively without evidence of damage

to these adjacent vital structures. . .The most

remarkable feature of recovery following irre-

versible electroporation. . . is the almost complete

absence of post-ablation pain. In this group of

patients who have been subjected to most other

alternatives including chemotherapy, surgery and

thermal ablation, this feature of (IRE) is most

remarkable. From a histological point of view,
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tissue biopsies taken one month after the proce-

dure demonstrated ‘coagulate necrosis’ with

preservation of tissue structure. On CT follow-

up at periods between 1 and 8 months, there has

been no evidence of residual damage to blood

vessels or bile ducts. Since the biliary endothe-

lium would have suffered the same fate as the

tumor cells with electroporation, it is surprising

that we have not seen evidence of bile duct stric-

ture. Vascular endothelium and smooth muscle

should also be ablated with irreversible electro-

poration but we have not been able to detect any

deleterious effect to blood vessels in our

patients.” In a follow-up study, Ball et al. [19]

conclude that “Relaxant general anesthesia is

required for IRE of the liver, lung, and kidney.

An electrocardiogram synchronizer should be

used to minimize the risk of arrhythmias. Atten-

tion to the position of the arms is required to

maximize CT scan quality but minimize brachial

plexus strain. Simple postoperative analgesia is

all that is required in most patients.”

The group of Davalos produced a recent series

of reports on clinical use of NTIRE in dogs with

tumors in their brain. The results are very prom-

ising showing that, e.g., the procedure can suc-

cessfully treat a large sarcoma [40].

Medical Imaging in Nonthermal
Irreversible Electroporation

Similar to other minimally invasive tissue abla-

tion techniques, IRE is also dependent on two

important aspects of medical imaging. The first

is placement of the IRE probes (electrodes), and

the second is imaging the outcome of the proce-

dure. Unlike thermal tissue ablation modalities

such as cryosurgery or radiofrequency, IRE

requires the use of two electrodes and not only

one enabling probe. In IRE, the two electrodes

bound the tissue that is ablated, and the ablation is

virtually instantaneous. In the thermal modalities,

the tissue ablation process propagates as

a function of time from the thermal probe out-

ward. This affects the mode of placing the probes.

In IRE, the probe needs to be placed in such a way

that the tissue to be ablated is between the

electrodes, i.e., they are at the periphery of the

tissue to be ablated. In contrast, in thermal abla-

tion, the probes are placed in the core of the tissue

that needs to be ablated so that the ablation prop-

agates in time from the core to the periphery.

Placement of the probes is done with imaging

(as shown in Fig. 2.1).

Oni [38] reports that in the prostate procedure,

patients were placed in the dorsal lithotomy posi-

tion, and 18-gauge IRE electrodes were placed

under transrectal ultrasound guidance percutane-

ously through the perineum. IRE probes were

placed to cover the known area of cancer location

based on the patients mapping biopsy. Four

probes were placed in a roughly square array,

1–1.5 cm apart, with the known area of cancer

in the center of the array (Fig. 2.7).

Thomson [17, 19, 39] reports that in his expe-

rience, in humans, especially in the case of metas-

tases from colorectal carcinoma, ultrasound

visualization solutions were difficult, and there-

fore, computed tomography was used for image

guidance. This was even more necessary in the

lungs and in most of the renal tumors that were

treated (Fig. 2.8).

The other complicating factor in the group

of patients chosen for treatment was the inability

to reliably place a grid pattern of electrodes

Fig. 2.7 Ultrasound showing the IRE probes (bright
numbered points) in a parallelogram pattern bracing the

area of the know tumor (With permission from Ref. [38])
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over the tumor. This was because of the overlying

ribs, scapula, and other vital organs. “Unlike the

prostate, where a rectangular grid could be used

to accurately space the electrodes throughout the

gland, in the liver, the spacing of the electrodes

was usually performed in an oblique manner from

a limited access point in the intercostal space.

This aspect of the treatment remains the most

difficult in terms of planning and execution. As

our experience has grown, we have moved from

planning a “slab-to-slab” delivery to planning

a “point-to-point” delivery of electroporation.

We have also reduced the electrode exposure

from 40 to 20–30 mm” [19]. Thomson, as well

as Onik, found that positioning the electrodes

through the tumor mass remains the most time-

consuming facet of the procedure. Anecdotal

reports from other physicians performing

NTIRE confirm this observation. Placement of

the electrodes under imaging is the part of the

procedure which is most prone to mistakes and

requires radiology skills from the interventional

physicians. Since the distance between the

electrodes is of importance, when the probes are

not within the allowed distance, untreated regions

can occur between the electrodes as in (Fig. 2.2a).

Thomson [39] reports that early in their experi-

ence, this scenario resulted in what he terms

“skip lesions” as the entire tumor had not been

completely electroporated. This further illus-

trates the challenges facing the physicians using

imaging to place the multiple electrodes for

ablation. Developing imaging-assisted skills for

optimal probe placement is an important area of

clinical research, whose successful completion

will substantially improve the outcome of

NTIRE.

Perhaps one of the most important advances in

minimally invasive surgery was made when

imaging was first used to detect the extent of

freezing during cryosurgery [41, 42]. Although

in cryosurgery the extent of freezing is not equiv-

alent to the extent of tissue ablation, it neverthe-

less provides a measure of control over the

procedure. Therefore, we tried to determine,

early in developing IRE, if the outcome of the

procedure can be visualized with imaging modal-

ities. Most interesting was the finding that imme-

diately following pulse application ultrasound

showed a markedly hypoechoic lesion in the

expected location of the IRE lesion [Fig. 2.9b

(axial) and Fig. 2.9c (sagittal)] [21]. At 24 h, the

ultrasound image showed the hypoechoic lesion

had changed character and was now uniformly

hyperechoic [21].

Histology as well as mathematical modeling

of treatment planning has shown that the

hypoechoic lesion seen immediately after

NTIRE on ultrasound corresponds well with the

region of predicted and measured tissue ablation

(Fig. 2.10) [21]. Similar observations on ultra-

sound imaging of IRE were reported by Lee

et al. [43]. Thomson [17, 19, 39] also reports

that in those patients in whom ultrasound could

be used, similar findings were observed in terms

of immediate loss of ultrasound echogenicity

with electroporation. While the mechanism

which gives rise to the image is not certain, it is

most possible related to the destruction of the red

blood cells in the small blood vessels. This would

be more pronounced in vascular organs as the

liver, although it was also observed in the kidney

and to a lesser degree in the prostate. Thomson

[39] has found that computer tomography (CT)

Fig. 2.8 Solitary hilar metastasis with electrodes in posi-

tion astride the upper pole pulmonary artery. No hemop-

tysis after the IRE procedure. Pneumothorax resolved on

drainage in 24 h (From Ref. [39] with permission,

Reprinted with permission from Thomson [22])
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also produces similar images of NTIRE

(Fig. 2.11). The group of Kee et al. [18] has also

shown that essentially every imaging modality

(e.g., MRI, CT, and ultrasound) produces images

of the NTIRE-treated areas.

In two recent papers [44, 45], the group of

Larson has investigated the use of MRI, with

and without contrast material, in a rodent animal

model to detect the extent of the treated tissue

regions after irreversible electroporation (IRE).

Using MR imaging compatible electrodes, the

IRE procedure was imaged with T1- and

T2-weighted images acquired before and imme-

diately after application of the IRE pulses. MR

imaging measurements were compared with both

finite element modeling (FEM)-anticipated

ablation zones and histologically confirmed

ablation zones at necropsy. MR imaging mea-

surements permitted immediate depiction of

IRE ablation zones that were hypointense on

T1-weighted images and hyperintense on

T2-weighted images. MR imaging-based mea-

surements demonstrated excellent consistency

with FEM-anticipated ablation zones (for both

T1- and T2-weighted images). MR imaging

measurements were also highly correlated with

histologically confirmed ablation zone measure-

ments. In the contrast material-enhanced mag-

netic resonance (MR) imaging study, IRE was

monitored with conventional T1-weighted gradi-

ent-recalled echo (GRE) and inversion recovery

(IR)-prepared GRE methods to quantitatively

measure the size of irreversible electroporation.

IRE ablation zones were produced by using

Fig. 2.9 Ultrasound imaging of IRE ablation in the pig

liver. (a) The placement of the electroporation probes

under ultrasound, hyperechoic dots represents the electro-
poration needles. (b) Shows axial ultrasound with four

hyperechoic dots representing the four needles tracks.

The hypoechoic appearance of the expected area of the

IRE lesion is noted. (c) Sagittal view of the same lesion.

The hypoechoic appearance of the expected area of the

IRE lesion is noted. (d) Sagittal view of the treated area

taken 24 h post-IRE. Lesion has now become

hyperechoic. Seems to have shrunk by about 4–5 mm.

Scale bar 1 cm (From Ref. [21] with permission)
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different IRE parameters after gadopentetate

dimeglumine administration. Controls underwent

IRE ablation without prior gadopentetate

dimeglumine. MR imaging measurements (with

conventional T1-weighted GRE and IR-prepared

GRE methods) were performed 2 h after IRE to

assess the IRE ablation zones, which were corre-

lated with pathology-confirmed necrosis areas 24 h

after IRE. The analysis shows that necrotic areas

measured on the pathology images were well cor-

related with the hyperintense regions measured on

T1-weighted GRE images and normal tissue-nulled

IR images. Pathologymeasurements were also well

correlated with the smaller hyperintense regions

measured on those IR images with inversion times

specifically selected to null signal from the periph-

eral penumbra surrounding the ablation zone.

Bland-Altman plots indicated that these penum-

bra-nulled IR images provided more accurate pre-

dictions of IRE ablation zones, with T1-weighted

GRE measurements tending to overestimate abla-

tion zone sizes.

Electroporation is a complex biophysical pro-

cess that occurs first at the nanoscale and within

Fig. 2.10 Comparison between: top mathematical pre-

diction of the extent of IRE ablation. Outer isoline is for
600 V/Cm, and each increment is 100 V/Cm. Middle is

gross histology of the ablated area 24 h past ablation.

Bottom is ultrasound images. The first column deals with

the four electroporation probes case. For scale compari-

son, use the distance between the electroporation probes,

which is 1.5 cm. The right part of the figure deals with

a two-needle electroporation case in which the needles are

separated by 2.5 cm. The pulse parameters are the same as

in the left-hand case. Here, the ultrasound images show

left ultrasound immediately after electroporation and right
ultrasound immediately prior to necropsies. For scale

compare the distance between electrodes which is

2.5 cm (From Ref. [21] with permission)
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microseconds. Therefore, while conventional

medical imaging seems to produce a signature

of the process of electroporation, it would be

beneficial to develop a fundamental understand-

ing of what the various imaging modalities show.

The potato, which has been long used as

a model system for studying electroporation, is

a good first model to study on the fundamentals

of MRI of electroporation of cells, without sys-

temic effects. When IRE is performed on a potato,

the intracellular milieu containing melanin com-

pounds is released and upon oxidation produces

a visible dark area of the treated region (Fig. 2.12).

Our original choice of the MRI sequences was

based on the assumption that the primary effect is

related to the IRE damage to the cellular mem-

brane and to the consequent release of intracellu-

lar content. It was anticipated that the main

changes on MRI would be related to disruption

of the cell membrane and a possible change in the

signal from the phospholipids that form the cell

membrane or from chemical changes due to the

release of the intracellular contents – such as that

related to the release of intracellular iron

compounds and the eventual formation of mela-

nin. To this end, we chose sequences that assume

that NTIRE caused cell membrane chemical

composition-related relaxation effects, i.e., short-

ening of relaxation times T1 and T2 [46]. There-

fore, we used conventional spin echo, T1- and

T2-weighted, FLAIR MRI sequences. To deter-

mine if the signal comes from phospholipids

(lipid bilayer) or molecules with lipid like T1,

we used a STIR sequence. STIR is used to elim-

inate signal from lipid or molecules with a T1

similar to that of lipid. The MRI acquisition

parameters used in this study are listed as follows:

TE 19 ms, BW 10.4 kHz, TR 350 ms, NSA 3,

matrix 192 � 256 for SE T1W images;

TE 125 ms, BW 20.8 kHz, TR 3,500 ms, NSA 3,

matrix 256 � 256, for FSE T2W images;

TI 1800, TE 96 ms, BW 20.8, TR 8,000 ms, NSA

1, matrix 256 � 256 for FLAIR images; and

TI 225150 ms, TE 10.5 ms, BW 25, TR 2,800 ms,

NSA 2, matrix 192 � 256 for STIR images

(for all sequences, a 20-cm FOV, 3-mm slice

thickness, and no gap were used). The results

have shown that the MRI signals are lost from

the electroporated region in imaging with the

STIR sequence which is a special case of the

inversion recovery-spin echo (IR-SE) pulse

sequence. In this sequence, TI is chosen to

have such a value that the signal from lipid

or any tissue with T1 similar to lipid is

suppressed. In contrast, strong signals were

seen in the treated area on T1 and FLAIR

sequences. Because any bright image in the

ROI (region of interest) is lost in STIR-MRI,

and strong signals are seen on T1 and FLAIR

in the ROI, they could be caused by either

lipids released from the cell membrane or by

a molecule with T1 similar to that of lipid,

released from the interior of the cell following

disruption of the cell membrane. Regardless of

the mechanism involved in the imaging pro-

cess, it is obvious that MRI has the potential to

produce images related to cell membrane dis-

ruption induced by NTIRE.

Electrical impedance tomography (EIT) is

another imaging modality that has the potential to

produce an image of the process of electroporation

that is related to the cell membrane disruption due

Fig. 2.11 CT image of post-IRE treatment (dark area) of
a colorectal carcinoma near right atrium, diaphragm, and

hepatic vein IVC confluence. Successful procedure with-

out damage to these structures and no post-procedure pain

(From Ref. [39] with permission)
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to IRE. EIT produces a map of the tissue imped-

ance. In an EIT implementation, electrodes are

placed around the tissue, and very small currents

are injected into the tissue while the voltage on the

tissue boundary is measured [47]. Using the finite

elements method, the impedance of the entire tis-

sue is modeled, and a solution for the most likely

configuration that fits the problem is obtained [48].

EIT is known as a suitable technique for imaging

fast dynamic phenomena in three dimensions [49].

While IRE can produce various biophysical phe-

nomena, the first event of importance is the

permeabilization of the cell membrane. We have

shown that the permeabilization of the cell mem-

brane by electroporation produces a change in the

electrical impedance of the cell because it provides

a new path for ionic currents [50]. Therefore, we

have suggested and demonstrated that EIT can

produce an instantaneous image of the cell mem-

brane permeabilization [51].

Summary

The goal of this brief review was to introduce

the new minimally invasive tissue ablation

modality of nonthermal irreversible electropo-

ration and various important aspects related to

the clinical use of this modality. NTIRE has

several unique attributes that do not exist in

other tissue ablation modalities; it can ablate

large volumes of tissue rapidly, and it affects

only the cell membrane. While this is very

promising, substantial further research is

needed to take full advantage of the special

attributes of the technique. Among them are

developing a fundamental understanding of the

biophysics of the process, developing advanced

treatment planning mathematical algorithms,

and developing medical-imaging technologies

optimized for NTIRE.

Fig. 2.12 Comparison between photographic images of

the IRE-treated potato (left) and FLAIR-MRIs (right). The
voltage used for electroporation is listed. The affected

region is dark on the photographs due to oxidation and

bright on the MRI due to either the signals from the lipids

or some intracellular components. The dimensions of the

affected areas are listed on the images. Times after IRE:

(a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h
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