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The aim of this study was to evaluate the safety of irreversible electroporation (IRE) and the outcome of patients under-
going IRE of locally advanced pancreatic cancer (PC). Twenty-one patients with unresectable PC underwent open (n=19)
or percutaneous (n=2) IRE of the tumor using the Nanoknife system with two electrodes that were repositioned several
times to affect the whole mass. The size of the tumor was 39+10mm with a range from 21 to 65mm. Five patients underwent
neoadjuvant chemotherapy and seven patients were treated with chemotherapy after IRE. Complications occurred in five
patients, which resulted in prolongation of the average hospital stay from 10 to 34 days. There was no mortality in the first
postoperative month. Median survival after IRE was 10.2 months compared to 9.3 months in a matched cohort (hazard
ratio = .54, p = .053). The quality of life was declining slowly. 81% of time after IRE the Karnofsky performance status was
>70 and sharp decline occurred approximately 8 weeks before death.

In conclusion, IRE is a safe palliative treatment option for a percentage of patients with locally advanced pancreatic carci-
noma. The patients treated with open IRE lived a decent life until 8 weeks before their death. We believe that IRE of pancreatic
carcinoma can be regarded as an option, if imaging or explorative laparotomy show that RO resection in not possible.
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Pancreatic cancer is characterized by a delayed diagno-
sis resulting in advanced stage, ineffective treatment, and
extremely poor survival that remains around 6% in 5 years
[1-4]. Curative resection is possible in less than one fifth of
patients [5,6]. Treatment options in the remaining majority
are limited to chemotherapy or chemoradiotherapy, pallia-
tive surgery or interventional procedures, and supportive
care [1]. Debulking or non-radical surgical R2 resection in
unresectable patients neither prolongs life nor improves its
quality [7].

Irreversible electroporation (IRE) is a mini-invasive non-
thermal ablation technology that uses short electric pulses of
high voltage to increase the permeability of cells and induce
cellular death. It has an improved safety profile compared
to thermal ablation techniques and there have been initial
reports of its benefits in the treatment of locally advanced

pancreatic carcinoma in terms of progression-free survival
[8-10].

In this study, we evaluated our first experience with IRE in
21 patients with unresectable pancreatic carcinoma without
metastatic disease (TNM stage III).

Patients and methods

This prospective study was performed in accordance with
the Declaration of Helsinki and the study protocol was ap-
proved by the local Institutional Review Board. All patients
included in this study signed an informed consent.

Twenty-one patients with unresectable locally advanced
pancreatic carcinoma AJCC stage III who underwent IRE
between June 2012 and December 2014 were included in the
study. Inclusion criteria: 1) unresectable pancreatic carcinoma
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Figure 1. Schematic drawing of placement of two electrodes for IRE. Sche-
matic drawing of placement of two electrodes (activator probe as circle and
standard probe as cross) for IRE in a large locally advanced carcinoma of
pancreatic head (outlined by white line). The two probes were repositioned
several times around the tumor to contain it from all its sides and inside
the tumor as well to cover the whole mass.

stage III (without metastatic disease), 2) tumor size <6.5cm in
axial plane, 3) good performance status (Karnofsky perform-
ance status >80) [10].

Table 1. Characteristics of patients undergoing irreversible electroporation
(IRE) and the matched cohort.

Characteristics IRE matched cohort p value
(n=21) (n=32)

age (years) 68.2+8.4 65.2+8.7 0.22

male gender 10 (48%) 22 (69%) 0.10

Comorbidity

Charlson Comorbidity Index 3(2-5) 3(2-6) 0.18

hypertension 12 (57%) 16 (50%) 0.61

diabetes 8 (38%) 12 (38%) 0.97

chronic pancreatitis 6(29%) 6 (16%) 0.40

hyperlipoproteinemia 6 (29%) 5 (19%) 0.26

coronary artery disease 2 (10%) 7 (22%) 0.24

tumor duplicity 1(5%) 3(10%) 0.53

Location of the tumor 0.81

head 17 (81%) 24 (75%)

body 3 (14%) 5 (16%)

tail 1 (5%) 3 (10%)

Tumor size

maximum diameter in axial 3824115 3734139 0.80

plane (mm)

Histology 0.43

ductal adenocarcinoma 16 (76%) 22 (69%)

mucinous adenocarcinoma 2 (10%) 2 (6%)

acinary adenocarcinoma 1 (5%) 1(3%)

dedifferentiated 0 5(16%)

not specified 2 (10%) 2 (6%)

The patients’ characteristics are listed in Table 1. Five
patients received neoadjuvant chemotherapy (gemcitabine
monotherapy, capecitabine plus oxaliplatin combination)
[1].

Surgical and IRE technique. IRE was performed 9 weeks
(range 2 to 63) after the diagnosis was established. Per-
cutaneous approach was used in two patients and open
(intraoperative) approach in 19 patients. Open IRE was
combined with the following procedures in four patients:
gastroenteroanastomosis (GEA), GEA and cholecystectomy,
hepaticojejunoanastomosis (HJA), and cholecystectomy.

After subcostal laparotomy, standard surgical approaches
were used to visualize the pancreas with the tumor and to
assess its extent and exclude peritoneal seeding. For IRE, the
Nanoknife system (Angiodynamics Inc., Quennsbury, NY,
USA) with two electrodes (activator and standard probe)
was used. The electrodes were placed in the pancreas on the
rim of the tumor about 1.5 to 2cm apart according to the
treatment planning software and the correctness of their
placement was verified by a conductivity test. Special care
was devoted to avoid an injury to the vascular structures and
the pancreatic duct. The pulse settings were: voltage=2200
- 3000V, current=30-40A, pulse duration=90ms, 70 pulses
per second [10]. The probes were repositioned several times
around the tumor to contain it from all sides (Figure 1). In
larger masses (>3.5cm), the electrodes were also placed in the
tumor to affect the whole mass and extended in two depths in
the tumor. Placement of the electrodes was always performed
by the same person with extensive experience in ablation
techniques. The duration of one ablation cycle was about 1 - 4
minutes. The two electrodes cost 4800Eur altogether.

The duration of the open IRE was measured from the time
of the first incision to the last skin suture. In the percutaneous
IRE, it was the time from the first puncture of the abdominal
wall to the withdrawal of the last electrode. Laboratory and
hematology tests were performed before and after the pro-
cedure.

Follow-up. The patients were followed-up at regular
intervals. Seven patients received chemotherapy after IRE.
Postoperative CT of the abdomen was performed 1 — 2 months
after the procedure, unless required earlier for clinical reasons.
If a patient had not appeared for more than three months, his
general practitioner was contacted. The quality of life (Karnof-
sky score) on a scale from 0 (death) to 100 (normal life) was
assessed at each clinical visit.

Control group. The patients undergoing IRE were com-
pared with matched controls (n=32, propensity score matching
based on age and size of the tumor on a 1.5:1 basis) with
locally advanced pancreatic carcinoma AJCC stage III, that
had undergone surgery (explorative laparotomy, non-radical
resection, bypass surgery, cholecystectomy, biopsy) or per-
cutaneous biopsy only (3 patients matched to 2 patients with
percutaneous IRE) with or without chemotherapy [9].

Statistical analysis. Statistical tests were performed using
Prism 5.0 (GraphPad Software, San Diego, USA). To test for
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statistical significance, we used t-test, Mann-Whitney test, and
Fisher test. Kaplan-Meier estimator and log-rank (Mantel-
Cox) test were used for survival analysis. A p-value below .05
was considered significant. The graphs were plotted in Prism
5.0 and Microsoft Excel 2010.

Results

The average duration of the open IRE was 79+23 min
and in patients where it was combined with other surgical
procedures, it was prolonged by 4 minutes (83+32min). The
percutaneous IRE in the two patients took 24 and 28 min. If
no complications occurred, the patients were discharged after
10 days (range 4 to 22 days) compared to 34 days (range 10 to
58 days, p = .026) in five patients with complications listed in
Table 2. Altogether, a patient from the IRE group spent 23 days
(range 6 to 150 days) in hospital compared to 26 days (2 to 166
days, p = .35) in the matched cohort, which amounted to 8%
(range 1 to 94%) compared to 16% (range 1 to 100%, p = .092)
of follow-up time. Median survival after IRE was 10.2 months
compared to 9.3 months in the control group (hazard ratio =
.54, p =.053, Figure 2). There was zero mortality in IRE patients
in the first postoperative month, but the presence of complica-
tions resulted in reduced survival (7.1 vs. 13.6 months, hazard
ratio = 2.3, p = .24). The quality of life after IRE was declining
slowly, 81% (interquartile range 65% to 98%) of time after IRE
compared to 74% (14% to 88%, p = .076) in the control group
with the performance status >70. Sharp decline occurred ap-
proximately eight weeks before death (Figure 3).

In 19 patients, who underwent CT of the abdomen one
to two months after IRE, we observed a combination of
the following changes: peripancreatic edema (n=9), pan-
creatic or peripancreatic necrosis (n=6), peripancreatic or
supramesocolic inflammatory infiltrate (n=4), enlarged
lymph nodes (n=4), carcinosis with ascites (n=4), extension

Table 2. Complications of IRE in five patients.
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Figure 2. Kaplan-Meier survival plot of patients after IRE.Kaplan-Meier
plot shows survival of patients after IRE (10.2 months, black line) compared
to a matched cohort (9.3 months, hazard ratio = .54, p = .053, grey line).
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Figure 3. Quality of life in patients after IRE. Quality of life in patients after
IRE expressed as Karnofsky performance score related to the time of death
shows that sharp decline occurred around 8 weeks before the death.

IRE type Complication Treatment Hospital stay
percutaneous biliary peritonitis, cholangoitis, liver abscesses revision, antibiotics 48 days
percutaneous pancreatic fistula stoma bag, antibiotics 14 days
open bleeding revision 10 days
open peripancreatic abscess percutaneous drainage, antibiotics 34 days
open fistula and abscess in the abdominal wall incision, drainage, antibiotics 58 days

IRE: irreversible electroporation

Table 3. Laboratory and hematology parameters in patients before and after irreversible electroporation (IRE).
Parameter Unit Reference value Before IRE After IRE Time after IRE p value
CA 19-9 kIU/L 0-37 132 (0 - 19000) 172 (0 -96000) 1 - 2 months .873
Serum amylase pkat/L 0-0.88 0.47 (0 - 1.65) 0.21 (0 - 2.78) 1 -2 weeks .087
C-reactive protein mg/L 0-10 13.6 (0-114) 54.7 (14.3 - 224.2) 1 - 2 weeks .016
Neutrophile count 10°/L 1.8-7 5.2 (0.8-11.5) 6.0 (3.0 - 15.9) 1 - 2 weeks 204
Leukocyte count 10°/L 4-10 7.8 (3.6 - 15.1) 8(4.6-18.2) 1 - 2 weeks 226
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of the tumor into the liver (n=1), and no changes in four
patients. Disease progression occurred in eight patients and
in the rest the stage remained unchanged. In general, the
size of the tumor did not change (39+10mm vs. 39+14mm,
p=.65). In five patients, it decreased in size by >10mm.
The changes in laboratory and hematology parameters are
summarized in Table 3.

Discussion

This is the first study that attempted to evaluate intraop-
erative in-situ IRE in patients with even larger pancreatic
tumors (up to 6.1cm), which are in some studies beyond the
indication criteria that recommend to treat tumors no greater
than 3.5cm [10]. In comparison with a study by Martin et
al., who reported an overall survival improvement from 13
to 20 months compared to a matched cohort of patients, the
median survival of our patients was 10.2 months [9]. This
can be explained by the fact that half of our patients were
not preselected by progression-free interval during neoad-
juvant chemotherapy. Only 33% of them received post IRE
chemotherapy and none of them received a surgical resection
of the tumor with margin accentuation by IRE. The median
survival in our patients was comparable with the matched
cohort and also with the standard 6 — 11 months reported in
phase III trials with chemotherapy alone or in combination
with radiotherapy [2,3]. The fact that survival and the pres-
ence of complications were independent of the time of IRE
confirms that the experience of the specialist was adequate
from the beginning.

Unlike thermal ablation techniques, IRE poses a minimal
risk of damaging adjacent vascular structures or inducing
pancreatitis [11]. This is underlined by the fact that there was
no significant change in serum amylase levels in our patients
in the first and second postoperative week compared to the
preoperative levels. This observation is consistent with findings
by Bower et al. who showed that the serum levels of pancreatic
enzymes show only a transient mild increase early in the first
postoperative week [11,12]. Even though there was no labora-
tory evidence of acute pancreatitis after IRE, postoperative CT
showed signs of various degrees of peripancreatic inflamma-
tion in the majority of patients. Increased levels of C-reactive
protein postoperatively were in line with other abdominal
surgical procedures. Patients after IRE lived a decent life which
deteriorated substantially about eight weeks before their death
due to progressive disease.

In IRE patients, CA 19-9 level decreased in six patients only,
as it usually does after successful RO resection of the tumor, but
in general its level remained unchanged [13]. Non-production
of CA 19-9 that is associated with worse prognosis was found
in three (15%) patients [14].

Although percutaneous IRE of pancreatic carcinoma is
reportedly a safe procedure, our experience with two patients
both of whom had complications was discouraging and was
therefore abandoned [15,16]. In practice, it is sometimes

difficult to find a safe path to perform even a biopsy of a pan-
creatic tumor, let alone precise placement of several electrodes.
Furthermore, there are obvious advantages of the open IRE:
full visual control of the electrode placement that avoids in-
jury to adjacent structures including the stomach and bowel
loops and allows some degree of angulation, better control
of bleeding, and the opportunity to perform further surgical
procedures such as GEA, HJA, cholecystectomy, celiac plexus
block, or biopsy at the same time [17]. Although pancreatic
carcinoma can be treated by IRE irrespective of its location,
there are no reports of its use in tumors arising from ectopic
pancreatic tissue [18].

Apart from IRE, other local ablation techniques have been
previously used in the treatment of unresectable pancreatic
cancer. Cryoablation has reportedly a low complication rate
and offers minimal improvement in the survival with a median
of 8.4 months, but also has effective pain control with better
patient performance [19]. Further options include radiofre-
quency, microwave ablation, photodynamic therapy and high
frequency focused ultrasound. These mini-invasive ablation
techniques can be further combined with other types of pal-
liative therapy such as chemotherapy, tele- or brachytherapy
to maximize the effort to improve survival and the quality of
life [9]. The complication rate could be further reduced by
pharmacological suppression of the pancreatic secretion using
somatostatin analogue and by filling the holes created by the
probes by thrombin foam [19].

In conclusion, intraoperative IRE is a relatively short
and safe treatment option for a percentage of patients with
locally advanced pancreatic carcinoma and it can be com-
bined with other palliative surgical procedures. There is
no laboratory evidence of acute pancreatitis after IRE even
though postoperative CT shows signs of various degrees of
peripancreatic inflammation in the majority of patients and
postoperative markers of inflammation are consistent with
other abdominal surgical procedures. Although we could not
prove any advantage in the overall survival in comparison
with matched controls, patients after IRE lived a decent life
until about eight weeks before their death. We believe that
IRE of pancreatic carcinoma can be regarded as an option if
imaging or explorative laparotomy show that the carcinoma
cannot be safely resected.

Study limitations. This study was performed with a limited
number of patients. The study group was inhomogeneous in
terms of the treatment (chemotherapy, days between the diag-
nosis and IRE), location and size of the tumor. Another reason
why our study must be interpreted with some caution, is the
absence of randomization which was replaced by a matched
cohort. The original design as a randomized study was soon
abandoned, because patients in the control group would be
deprived of the opportunity to undergo a novel treatment
option that might improve the rest of their life.
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