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Percutaneous prostate cryo-ablation has become an accepted treatment for primary prostate
cancer. Thermal tissue ablation based on cold, however, does have some distinct limitations.
These include, variable damage at the cryo lesions margin, injury to adjacent structures such
as rectum, urethra and NVB (neurovascular bundle), and long procedure time due to the
need for multiple freeze thaw cycles, that have limited the acceptance of this modality. Irre-
versible electroporation IRE, is a new non-thermal ablation modality that uses short pulses of
DC electric current to create irreversible pore in the cell membrane, thus, causing cell death.
This method theoretically should have significant advantages in ablating prostate tissue.

Six males dogs had their prostates treated using IRE. Pulses were applied using a DC
generator that delivered pulses in the microsecond range of duration, with a variable pulse
interval and voltage range. IRE probes were placed percutaneously or trans-rectally using
trans-rectal ultrasound guidance. In one of the dogs, the lesions were made purposely to
include the rectum, urethra, and neurovascular bundle (NVB). Subjects were followed for
1 to 14 days before sacrifice.

IRE lesions in the prostate had unique characteristics compared to thermal lesions. The
margins of the IRE lesions was very distinct with a narrow zone of transition from normal to
complete necrosis, there was complete destruction within the IRE lesion, and rapid resolu-
tion of the lesions with marked shrinkage within two weeks. Structures such as urethra,
vessels, nerves, and rectum were unaffected by the IRE application.

IRE lesions have characteristics that are distinctly different than thermal lesions. The dif-
ferences could be very advantageous in a clinical setting, improving the results and ac-
ceptance of prostate ablation.

Introduction

Percutaneous prostate cryo-ablation has become an accepted treatment for primary
prostate cancer (1). Cryoablative lesions, however, have some distinct limitations,
such as variable damage at the cryo lesions margin, injury to adjacent structures
such as rectum, urethra and neurovascular bundle (NVB), and long procedure
time due to the need for multiple freeze thaw cycles. These characteristics have
limited the widespread acceptance of this modality despite certain demonstrated
advantages over the more traditional treatments of radiation and radical prostatec-
tomy (2). Irreversible electroporation (IRE), is a new non-thermal ablation mo-
dality that uses short pulses of DC electric current to create irreversible pores in
the cell membrane, thus, causing cell death. This method has been shown to have
significant advantages in ablating hepatic tissue, such as rapid lesion creation, rap-
id lesion resolution, sparing of structures such as vessels and bile ducts, and uni-
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form destruction throughout the IRE lesion (3). In addition
IRE is extension of an already successful cancer treatment
electro-chemotherapy in which reversible electroporation is
accomplished (opening of the cell membrane that then closes
allowing chemotherapy into the cell resulting in it’s death)
(5). Itis postulated that IRE advantages could be directly ap-
plied to the prostate as well with out the use of chemotherapy
as needed in electrochemotherapy. In this paper, we will de-
scribe the first application of IRE to prostate tissue.

Methods

This study was conducted in accordance with Good Labo-
ratory Practice regulations as set forth by the 21 Code of
Federal Regulations (CFR) Part 58 and was approved by the
animal use committee. Each procedure started with anes-
thetization of the animal under general anesthesia per SOP
#33156. In addition, pancuronium (0.1 mg/kg,) was ad-
ministered through an IV prior to the procedure, to reduce
muscle contractions during the application of the electrical
pulses. Pancuronium (0.05 mg/ml at 1 mg/ml) was adminis-
tered throughout the procedure as needed.

Six male beagle dogs had their prostates treated using IRE.
Using trans-rectal US 18 gauge electrodes were placed trans-
perennially into the prostate in three dogs. One to four probes
were placed into one lobe of the prostate in five dogs. In two
dogs, four probes were placed in order to create a hemi-abla-
tion of the prostate. The probes were used in pairs of two, and
each pair applied 80 pulses of 1500, with a pulse length of 100
microseconds. In the sixth dog pairs of probes were placed to
purposely create a lesion in certain sensitive structures such
as the urethra, rectum, and neurovascular bundles. Pulses ap-
plied in the safety study at each anatomical structure were 80
pulses of 2000 V with a pulse length of 100 microseconds.
Pulses were applied using a DC generator (Oncobionic Inc.)
that delivered pulses in the microsecond range of duration,
with a variable pulse interval and voltage range. IRE was de-
livered in a bipolar manner between two probes, separated by
between 1 and 1.5 cm. In three subjects a single probe with
both electrodes incorporated into it and separated by Smm was
placed trans-rectally using ultrasound guidance. Treatment
parameters of the single probe were 1 or 8 pulses of 1000 V
with a pulse length of 100 microseconds. Pulses delivered per
lesion varied in number. Three animals sacrificed at one day
had 8 pulse delivered at 1 kV and two animals sacrificed at 2
weeks had 80 pulses delivered per pair of electrodes using 1.5
kV. The duration of the pulses was 100 microsecond with an
interval between pulses of 100-200 milliseconds.

Results

All animals survived the procedure. Upon application of
the IRE pulse a variable degree of generalized muscle con-
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traction occurred in each animal, from no contraction to
mild to moderate contraction. The degree of contraction ap-
peared to be related to the level of anesthesia of the animal,
the degree of muscle blocking agents given, if any, and the
voltage of the pulse used, with the higher voltages causing
greater contractions. In previously reported experiments
(3) we found that when Pancuronium was administered to
the animals at the doses reported earlier, the contractions
were manageable even when a maximal voltage of 3kV was
applied to the electrodes. It appears that voltages lower
than 1.5 kV as used in these experiments, produced little to
no contraction in anesthetized animals and paralyzed ani-
mals. This is important because potential major movement
of the animal could potentially cause damage to unwanted
structures due to needle movement.

The study is limited by the small number of animals and vari-
ance of the parameters used; therefore, a comparison of the
various voltages and pulse sequences and the effect that they
might have on the histology, both immediate and delayed,
cannot be made form this study. At 1 day the lesion made at
1 kV with 8 pulses appeared grossly to be hemorrhagic (Fig-
ure 1). Histology showed the ablated area to have diffuse
necrotic glandular tissue with no obvious viable tissue within
the ablated zone (Figure 2). The ablated zone was well de-
marcated from the immediately adjacent unaffected prostate
parenchyma with an abrupt transition between necrotic glan-
dular tissue in the ablation area and adjacent normal glan-
dular tissue (Figure 3). Necrotic glandular tissue was noted
adjacent to the urethra; however, the urethral structural integ-
rity remained intact without evidence for necrosis within the
sub-mucosa (Figure 4), even when the urethra was subjected
to direct ablation during the safety portion of the study. In
the neurovascular bundle areas, including the neurovascular
bundle that was directly ablated during the safety portion of
the study, vessels had variable loss of endothelium and were
surrounded by scattered red blood cells (hemorrhage), neuro-
phils, and edematous stroma. In some areas the vessel walls
were hyper eosinophilic and homogenous consistent with fi-
brinoid necrosis. The lumen of affected vessels remained
patent however without evidence for thrombosis (Figure 5).
In addition, no heat sink effect was evident adjacent to ves-
sels with complete necrosis adjacent and often surrounding
patent vasculature. Nerves within the neurovascular bundles
appeared to be intact and unaffected (Figure 6). Even gan-
glion cells showed no evidence of cells death.

The regional lymph nodes were enlarged in the drainage area.
There was mild cortical reactivity and expansion of medul-
lary sinuses consistent with a drainage reaction. Medullary
sinuses are expanded by red blood cells, eosinophils, neutro-
phils, and macrophages. Para-cortical regions are expanded
by increased lymphocytes. Occasional lymphoid follicles
have reactive germinal centers.
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Figure 1: Gross pathology of the IRE lesion at 24 hrs. The right side of the
gland is hemorrhagic (Pulses=8, kV =1).
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Figure 2: Photomicrograph of prostate tissue that has been electroporated
at 24 hrs. No glandular elements are visible (Pulses=8, kV=1).

Figure 3: Photomicrograph at the margin of the IRE lesion. A very narrow
zone of transition between normal and necrotic tissue is noted at the margin
(Pulses=8, kV=1).

At two weeks the hemorrhagic changes had mostly resolved
within the ablated tissue. The volume of tissue had already
been markedly reduced compared to the untreated tissue.
The contracted region of the previous lesion consisted pri-
marily of collagenous tissue consistent with early scar for-
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Figure 4: The urethra is noted at the center of the micrograph as the open
space at 24 hrs. Sub-mucosal hemorrhage is noted but the integrity of the
urethra is still intact Pulses=8, kV=1.

Figure 5: Photomicrograph of the neurovascular bundle after electropora-
tion at two weeks (Pulses=80, kV=1.5). It can be seen that both the vessel
and the nerve trunk show no evidence for necrosis.

Figure 6: Whole mount slide of a prostate where the right side of the gland
was electroporated two weeks prior. There is marked shrinkage of the lobe
with replacement by fibrous tissue (Pulses=80, kV=1.5).

mation (Figure 6). Once again, the urethral wall adjacent to
the lesion showed no evidence of necrosis and the urethral
mucosa was intact. The nerves and vessels within the NVB
on the side of the lesion were intact and patent.

All layers of the rectum adjacent to the lesion appeared to be
viable with no evidence for fistula formation.
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Discussion

IRE as described in this paper has a number of demonstrat-
ed advantages over the well known thermal based ablation
methods. Many of these advantages stem from the mecha-
nism of cell destruction used by IRE. IRE rather than causing
destruction through coagulative necrosis such as in RFA or
through cellular and micro-vascular disruption as in cryo-ab-
lation, IRE causes cell death by the mechanism of irreversible
electroporation (IRE). When cells are exposed to a pulsed
electrical field with the proper parameters, holes are created
in the cell membrane increasing it’s permeability. Depending
mainly on the magnitude of the trans-membrane potential the
cell is exposed to, the holes may close, i.e., reversible electro-
poration, or remain open, irreversible electroporation.

Reversible electroporation occurs within a narrow range of
parameters roughly between 300 V/cm? and 600 V/cm? al-
though cell size, pulse duration and number of pulses can
affect these ranges. The application of reversible electro-
poration to tissues has found important applications in bio-
technology and medicine. Electrogenetherapy (EGT) is the
in vivo insertion of genes into cells in tissue through revers-
ible electroporation and presents an alternative to viral vec-
tors (4). Electrochemotherapy is accomplished by injecting
drugs or macromolecules into a targeted area. Electrodes
are placed into or around that area to generate a reversible
permeabilizing electric field in the tissue, thereby, intro-
ducing the drugs or macromolecules into the cells of the
affected area (5). In addition, potent but normally imper-
meable anti-cancer drugs such as bleomycin are used with
electroporation to ablate tissue.

In the above applications the electroporation has to be revers-
ible and irreversible electroporation is consciously avoided.
Therefore, the electrical parameters that induce irreversible
electroporation where studied only as an upper limit to the
range of electrical parameters that induce reversible elec-
troporation. Irreversible electroporation, however, has been
studied extensively in in vitro cellular systems. For instance
IRE has been considered an effective means for killing both
gram negative and positive bacteria responsible for water
contamination. Davalos et al. (6) were the first to suggest
that irreversible electroporation could be used for surgical
tissue ablation without the inherent limitations of chemother-
apeutic injection or the narrow window of parameters associ-
ated with reversible electroporation. They speculated that
this could result in significant advantages over the currently
used thermal ablation methods. This was later confirmed
with the first animal study creating liver lesions (3).

A major limitation to the monitoring of the efficacy of thermal
ablation procedures is the many months both heat and cold
based lesions take to show decrease in size and years to show
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complete resolution. The determination of an adequate treat-
ment by imaging, therefore, becomes a matter of assessing
continued tumor growth at the margins of the treated lesion
or stability of the size of the lesion, signs of which take time
to determine treatment failures. Previous work in liver has
shown that IRE lesion have very rapid resolution with the le-
sion resolving to a minimal scar in approximately two weeks
(3). The underlying basis for this phenomena we believe is the
preservation of the microvasculature, down to the arteriolar
level, throughout IRE lesion. IRE lesions are, therefore, able
to heal throughout their volume where as cryo and RFA lesions,
which are completely de-vascularized shortly after lesion cre-
ation, must resolve from the edges of the lesion inwards. Our
present study shows that this phenomena occurs with the pros-
tate as well, with the affected side showing marked dimunition
in size two weeks after the creation of the lesion.

The preservation of the microvasculature raises the possibil-
ity that there could possibly be tissue regeneration in the
area of ablation. With correct targeting of the tumor with it’s
complete destruction regeneration of the tumor should not
be an issue. The possibility that normal tissue might regen-
erate within the previously made lesion, in organs such as
the liver where normal tissue regeneration is a well known
phenomena, is a possibility that would have to be studied in
longer term animal models.

In the prostate this has major implications other than just le-
sion monitoring. Many of the older patients with prostate
cancer have some measure of BPH causing significant uri-
nary flow symptoms. The immediate and mid-term effect
of cryo-ablation, therefore, can often be to initially increase
the patients urinary flow problems. With an IRE lesion and
it’s rapid decrease in the volume of the prostate in a mat-
ter of weeks we might expect actually an improvement in
symptoms over the short and long term. This also raises the
possibility that IRE might be an excellent treatment for BPH
where cryo-ablation has not been used with success due to
the unfavorable characteristics of its lesion resolution.

How this will translate clinically into tumor resolution once
again is open to speculation. It would be expected that since
both prostate cancer and BPH are often associated with in-
creased vascularity, we might have very rapid resolution of
the cancers themselves as seen in this early experience with
normal prostate tissue.

Other pathologic characteristics of the IRE lesions we pro-
duced, could have significant clinical implications. For
instance, IRE produces a lesion within the prostate with
uniform necrosis throughout and to the very margin of the
lesion. Since the pulse occurs in microseconds the variabil-
ity of blood flow has no effect on the destruction within the
lesion. The field effect is uniform within the lesion and,
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therefore, the necrosis is uniform, making a distinct margin
where the magnitude of the field falls below the irreversible
electroporation range. This is in marked contrast to cryo
lesions, which have a zone of variable destruction as the le-
sion margin is approached. In the prostate, where so many
important structures are packed closely together, this creates
a situation in which greater freezing may have to be car-
ried out, in order to insure tumor destruction than is desir-
able, leading to either under treatment (when the freezing
is stopped prematurely due to the rectum) or complications
such as impotence, when the NVB is included in the cryo le-
sion in order to assure destruction of a cancer near by.

All thermal ablation methods have a significant limitation
due to the vessel heat sink effect. This vessel heat sink effect
protects cancer adjacent to major vessels resulting in high
local recurrence rates in this clinical setting. In contrast,
pathology demonstrated that IRE lesions, showed complete
destruction of tissue extended directly up to the vessel wall,
without sparing of tissue adjacent to the vessel. In addition,
this was accomplished without vessel destruction or occlu-
sion. This characteristic has major implications, particularly
in the prostate, where preservation of blood flow is a critical
component of maintaining potency. Based on this charac-
teristic, tumor infiltrating the NVB area should be treatable
without damage to the associated vessels.

Another major limitation of thermal ablation technologies has
been the non-selective nature of the destructive process. RFA,
and to a somewhat lesser extent cryo-ablation, cause compli-
cations to normal structures that are encompassed within the
ablation zone. Gross and microscopic pathology of IRE le-
sions, however, have previously demonstrated intact bile ducts
created within liver lesions and our experience in the prostate
demonstrated a similar effect in relation to the prostatic urethra
as well as the peri-prostatic nerves. Unlike thermal ablation
technologies IRE will destroy the cellular components of a tis-
sue such as the mucosal cells of the urethra but does not affect
the underlying collagen network of tissue, thereby preserving
the basic tissue structure. This allows certain tissue with re-
generative capacities such as the urethra to replace its mucosal
cells over time. If successfully translated into clinical practice
this lack of effect on the supporting collagen network of tis-
sue could have major implications by markedly decreasing the
incidence of urethral and rectal complications associated with
prostate cryoablation. The finding that both nerves and ves-
sels appear to survive IRE raises the possibility of a treatment
for prostate cancer with minimal effect of patient potency.

Another unique and unexpected pathologic finding with IRE
lesions was evidence for an immunologic reaction in the
lymph nodes draining the area of the ablation. With the rapid
resolution of large areas of ablated tissue, reaction in draining
lymph nodes would be understandable particularly since there
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is no denaturing of proteins associated with IRE. In relation
to tumor ablation this raises the possibility of whether there
might be a tumor specific immunological reaction to be har-
nessed associated with IRE. Such a reaction has been found to
occur in association with cryoablation (7), another modality in
which proteins are not denatured by the ablation process and
are theoretically still able to be recognized by the hosts im-
mune system. If a tumor specific reaction in draining lymph
nodes can be harnessed it could have tremendous implications
for patients who at the time of diagnosis already demonstrate
lymph node involvement or that are diagnosed with it after
failed radiation therapy. Such a reaction in lymph nodes drain-
ing an area of cancer could result in destruction of micro-me-
tastasis in the effected lymph nodes, which could significantly
effect survival in patients at high risk for recurrence.

From a technical point of view IRE has some interesting dif-
ferences compared to previous thermal ablation techniques.
For instance, the speed of the procedure is impressive with
the ablation occurring in seconds rather than minutes. There-
fore, the time needed to complete an IRE procedure is almost
solely determined by the time needed to properly place the
ablation probes. In the majority of our experiments, ablations
were carried out in a bipolar fashion with a least two needles
needed for lesion generation. IRE, however, is a rather flex-
ible technology allowing both elements, active and ground
electrodes to be placed on a single probe. We demonstrated
this potential in our by using such a probe through a trans-
rectal approach. Such an approach uses the skills gained
from the large experience with trans-rectal biopsy and could
form the foundation of a unique BPH procedure.

Another difference with thermal ablations is the size of the
ablation probes needed to create adequate size lesions. Un-
like both cryo and RF the size of the probes have little effect
on the ability to create an IRE lesion. In our experiment an
18 gauge needle was used. Calculations indicate, however,
that very little capability would be lost by using an even
smaller 20 or 22 gauge needle.

In these experiments we did not try to optimize the capabili-
ties of IRE to completely ablate the whole prostate. Some
of the parameters that can be manipulated with IRE to cre-
ate larger tailored ablation zones include the use of multiple
needle arrays as in cryosurgical ablation, increased exposure
of the active zone to increase lesion length, increasing the
pulse number, and an increase in pulse voltage. Much work
remains to be carried out in determining what approach is
best for creating and shaping the ablation zones needed for a
whole gland prostate ablation.

In addition, since blood flow is not a factor in determining
the size and shape of an IRE lesion, IRE is particularly ame-
nable to predictive modeling. Previous experiments in liver
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has shown lesion size and shape to have a close correlation
with predictions made by a method of mathematical modeling
previously described (3). We anticipate that this will be true
for the prostate although these experiments were not designed
to confirm this. Practically speaking, incorporation of these
models into clinical application software, to be used for proce-
dure planning, could add a greater degree of procedure repro-
ducibility than that is seen with thermal ablation techniques.

Of course ablating normal prostate tissue is not equivalent to
ablating tumors. Itis very possible that the parameters need-
ed to destroy tumor cells may be different than that needed to
destroy normal prostate. In addition, it is very likely that dif-
ferent tumor cells will have lesser or greater sensitivity to de-
struction by electroporation. Rather than a single parameter,
i.e., temperature, that determines cell destruction in the ther-
mal ablation techniques, IRE has multiple parameters that
can be manipulated to optimize cell death including: voltage
gradient, pulse duration, pulse number, and pulse polarity.

Rubinsky et al. (8) has shown that in vitro testing can be a
valuable tool in determining the optimal IRE protocol for a
given tumor type. Using an in vitro IRE testing technique
Rubinsky ef al. was able to quickly determine an optimal IRE
protocol, which resulted in 100% destruction of a highly ma-
lignant hepatocellular carcinoma cell line.

Lastly, experience has to be gained with the radiographic im-
aging and monitoring of IRE. In the liver, there appears to
be excellent correlation of the ultrasound image post IRE, as
evidenced by a hypo-echoic zone corresponding to the IRE
lesion. This needs to be confirmed in the prostate as well.
Other modality such as CT and MRI also need to be investi-
gated as possible monitoring modalities for IRE.

Conclusions
When considered as a whole, the pathologic data now avail-

able indicates that the advantages IRE has over thermal ab-
lation technologies in the prostate is significant. Improved
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procedure planning, monitoring, and lesion resolution could
have a significant impact on the field of tumor ablation. The
ability to do in vitro testing for various cell types should al-
low the development of optimal procedure protocols from
the outset of patient treatment. The improved safety profile
should facilitate physician acceptance and the possibility of
harnessing a positive immunologic reaction offers numerous
research and development opportunities.
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