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Pancreatic adenocarcinoma is a highly aggressive malignancy with a poor
prognosis secondary to late presentation with metastases, challenging resection,
and limited alternative therapies. Standard treatment strategies for pancreatic cancer
include surgery, chemotherapy, and radiation therapy. These options can extend
survival and/or relieve symptoms but are seldom curative. Thermal ablative therapies
have been utilized in pancreatic cancer mostly in an open surgical setting. Irreversible
electroporation (IRE) is a nonthermal ablative option for pancreatic cancer that uses
high voltage, low energy direct current to induce cell death. IRE technology has been
shown to spare critical structures such as blood vessels and bile ducts. The safety and
efﬁcacy of the percutaneous IRE in Stage 3 pancreas cancer has been studied and there
is currently a Food and Drug Administration approved, randomized, controlled trial,
and registry enrolling patients in the United States. Recent animal studies have also
demonstrated that the advantages of IRE may extend beyond the local tumor effect. In
addition to this local ablative option, a phase 3 trial is studying a transarterial option in
the management of pancreatic cancer.

Pancreatic cancer is the third leading cause of cancer-related
deaths in the United States and may soon surpass colorectal
cancer, the second leading cause, by the end of 2020.1
According to the National Cancer Institute Surveillance,
Epidemiology, and End Results (NCI SEER) program, pancreatic cancer has one the highest mortality rates and its
incidence in the United States has gradually increased by
0.5% annually for more than a decade.2 Despite advances in
understanding potential causative risk factors for pancreatic
cancer and implementation of new innovative tools for early
diagnosis, it is still characterized by aggressive tumor growth
and poor prognosis.3 Over the past two decades there have
only been marginal improvements in overall long-term

prognosis. The 5-year survival rate in the United States
ranges from 5 to 10% and the estimated global 5-year survival
rate is approximately 5%.4 Pancreatic ductal adenocarcinoma
accounts for more than 85% of all pancreatic malignancies.5
Overall survival (OS), efﬁcacy, and clinical outcomes are
signiﬁcantly affected by the stage of the disease at the
time of patient’s diagnosis.
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Staging
Pancreatic cancer is characterized by silent progression and
accelerated growth, which remains undetectable and often
precludes an early diagnosis. Because of this, less than 20% of
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the patients present with resectable disease at time of
diagnosis. The remaining patients present with Stage 3
locally advanced, unresectable pancreatic cancer (LAPC)
typically associated with extensive vascular involvement
(30–40%) or Stage 4 metastatic disease (40–50%).4 Locally
advanced disease is broadly deﬁned as major tumor invasion
into critical structures, particularly encasement of the hepatic artery, superior mesenteric artery/celiac trunk or extensive involvement of the portomesenteric vein, which is
beyond the scope of feasible reconstruction.6

Imaging
Imaging plays a vital role in the initial diagnosis, staging, and
follow-up of pancreatic cancer. The most common radiologic
imaging modality is triple-phase contrast-enhanced thinslice (multidetector row) helical computed tomography with
three-dimensional reconstructions.7 The advantages of computed tomography (CT) include ready availability, rapid
acquisition time, and good spatial resolution. CT has a
sensitivity of around 76 to 92% and speciﬁcity of 67% in
the detection of pancreatic cancer.8–11 During a pancreatic
protocol CT, the arterial phase imaging is usually acquired
30 seconds after contrast injection and portal-venous phase
imaging at 60 to 70 seconds after contrast injection. Multiphase acquisition aids with detection of the pancreatic mass,
characterization of its enhancement pattern, identiﬁcation
of extent of involvement of vascular structures, and in
detecting distant metastases to the liver.12 Recent advances
in CT technology include dual energy scans. Dual energy CT
or spectral imaging can simultaneously image the patient
utilizing two photon energies of X-rays (typically 80 and 140
kVp) with subsequent post processing, resulting in improved
detection of pancreatic tumors.13
Magnetic resonance imaging (MRI) with gadolinium is a
valuable imaging modality in pancreatic cancer. MRI’s superb soft tissue resolution, multiplanar capabilities, and
recent advances in diffusion-weighted imaging have proven
to be invaluable in detection of even small tumors and
subcentimeter metastases. Diffusion-weighted imaging can
also be used in patients who are allergic to CT contrast or
who have severe renal insufﬁciency. Compared with CT, MRI
does require a much longer acquisition time and is highly
dependent on patient cooperation for a quality scan. Patient
motion and respiratory artifact signiﬁcantly degrade image
quality and diminish diagnostic capabilities. The quality of
the MRI machine also signiﬁcantly affects image quality, as
does the signal strength of the magnet.
The response evaluation criteria in solid tumors (RECIST)
and RECIST 1.1. are accepted imaging criteria traditionally
used to assess response to treatment.14 Concerns about using
change in tumor size, as the only criterion to assess response
following locoregional therapy have not been fully addressed,
even in RECIST 1.1.
Data on imaging characteristics following locoregional
treatment to the pancreas are limited. Vroomen et al studied
MR and CT imaging characteristics and ablation zone volumetry of locally advanced pancreatic cancer treated with
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irreversible electroporation (IRE).15 The study concluded
that the most remarkable signal alterations after pancreatic
IRE were shown by diffusion-weighted imaging with a high
B-value and by contrast enhanced MRI (DWI-b800 and
ceMRI).15

Surgery
Surgical resection still remains the most effective
treatment modality in improving survival though only a small
percentage of patients are surgical candidates at presentation.
The standard Whipple procedure (pancreaticoduodenectomy)
improves survival to 23 months when a tumor-free margin of
1 mm can be achieved.16 Survival is increased to 35 months
when a greater than 1-mm tumor-free margin (R0 wide) can
be achieved. The optimal outcome following successful neoadjuvant treatment is downstaging to borderline-resectable
disease or even resectable disease for surgical conversion.17,18
Only 12 to 35% of LAPC patients are eligible for conversion
surgery following neoadjuvant treatment.19,20 The role of
neoadjuvant therapy has been studied extensively. The recently published results of the PREOPANC randomized phase 3 trial
found that preoperative chemoradiotherapy was associated
with signiﬁcantly better disease-free survival and locoregional
failure free interval with improved survival.21 Restaging after
chemotherapy to determine resectability is evaluated via
cross-sectional imaging and assessment of CA 19–9 levels.
Minimally invasive pancreatoduodenectomy is another
surgical option, which results in decreased inﬂammation,
morbidity, length of hospital stay, and improved outcomes
as compared with an open Whipple surgery. The challenging
technique has a steep learning curve, which has had an impact
on widespread adoption. Several reviews of laparoscopic MIDP
have been published highlighting advantages of this technique
compared with open distal pancreatectomy.22–24

Medical Oncology
Gemcitabine (GEM) monotherapy has been the standard
treatment for pancreatic cancer for over 30 years. It is known
to have modest impact, with studies consistently reporting a
marginal OS beneﬁt of 5 to 7 months.25,26 Recent efforts to
enhance clinical efﬁcacy have investigated the clinical beneﬁt of GEM-based combination therapies but have failed to
signiﬁcantly improve the dismal prognosis associated with
unresectable pancreatic cancer.25,27–30 In the past decade,
FOLFIRINOX has emerged as a treatment in the neoadjuvant
setting for LAPC patients with a good performance status.
FOLFIRINOX is a four-drug (5-ﬂuorouracil, leucovorin, irinotecan, and oxaliplatin) chemotherapy regimen that has been
shown to improve OS, increase patient eligibility for curative-intent surgery, and improve response rate by approximately 30%.20,26,31,32 The PRODIGE 4/ACCORD 11 trail
compared FOLFIRINOX with GEM monotherapy in metastatic
pancreatic cancer. This study reported a median overall
survival of 11.1 months in the FOLFIRINOX group compared
with 6.8 months in the GEM group.33 Following this study,
two regimens, FOLFIRINOX and GEM plus nab-paclitaxel
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Locoregional Therapies
Despite multimodal treatment, the majority of patients with
LAPC remain ineligible for resection. For this reason, patients
who respond to neoadjuvant therapy with stable disease, or a
partial response, should be considered as potential candidates for locoregional treatment strategies.

Thermal Ablation in Pancreas Cancer
Radiofrequency ablation (RFA) is local ablative modality that
uses needle electrodes to apply high frequency alternating
current to solid tumors. This process generates high temperatures, resulting in thermal coagulation, necrosis, and protein
denaturation in the target lesion. Early studies investigating
the clinical efﬁcacy and safety of RFA in the setting of LAPC
reported high rates of morbidity (4–37%) and mortality (0–
25%).33,35–38 Complications have been attributed to thermal
injury to critical structures such as bile ducts, pancreatic duct,
duodenum, vital vessels, and heat-sink resulting in incomplete
ablation of the target lesion.39 More recent RFA studies have
reported improved OS by optimizing ideal parameters for
temperature range (<90 degrees), treatment time, and probe
placement.40 More importantly, RFA requires a safety margin
of at least 5 mm from the ablation zone to avoid thermal
damage to vital structures.39 Given the intricate anatomical
location of pancreatic cancer, RFA is primarily used for large
tumor debulking (i.e., cytoreductive treatment) to avoid potential damage to critical vasculature.40
Cryoablation induces rapid argon-gas-based freezing and
thawing of target lesions based on the Joule-Thompson
effect.41 The freeze thaw cycles lead to cellular destruction
by vascular-mediated cytotoxicity, endothelial damage, and
cell death. Ablation of pancreatic cancer using cryoablation
with and without immunotherapy was studied in a retrospective study along with patients who received chemotherapy or immunotherapy alone.42 Median OS was higher in the
cryoimmunotherapy (13 months) and cryotherapy groups (7
months) than in the chemotherapy group (3.5 months; both
p < 0.001) and was higher in the cryoimmunotherapy group
than in the cryotherapy (p < 0.05) and immunotherapy
groups (5 months; p < 0.001).
Microwave ablation (MWA) is a heat-based thermal ablation modality that promotes tissue coagulation by the oscillation of water molecules, ultimately generating tissue
necrosis.43 Microwave has advantages over RFA in the ease
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of setup, active heating, and larger ablation zones in a shorter
period of time. Published experience on the use of MW
ablation in pancreatic cancer with survival data is very
limited. A series of 15 patients treated with MWA, reported
a median survival of 22 months.44 Minor complications were
seen in 40% of the patients, including mild pancreatitis, and
minor bleeding.

Irreversible Electroporation
IRE is a nonthermal tumor-ablation technique that uses
ultrashort high voltage direct current pulses to create an
electric ﬁeld across the cell membrane. This process disrupts
membrane homeostasis and irreversibly alters transmembrane potential, which activates the apoptotic pathway and
leads to cell death. Unlike thermal ablation modalities that
can cause unwanted collateral damage, IRE has the unique
ability to preserve the extracellular matrix, critical vasculature and minimize heat-sink effects.45 The technology is
commercially available as the NanoKnife (Angiodynamics
Latham, NY) and has 510(k) clearance by the Food and
Drug Administration (FDA) for ablation for soft tissue tumors.

Percutaneous IRE in Pancreas Cancer
There have been a growing number of clinical studies documenting the safety proﬁle and efﬁcacy of percutaneous IRE
in the treatment of pancreatic cancer. Narayanan et al ﬁrst
described the percutaneous technique using IRE in 14
patients who underwent 15 treatments and two were downstaged to R0 resection.46 A larger retrospective review of 50
patients with LAPC treated with percutaneous IRE reported a
median OS of 27 months (95% conﬁdence interval [CI], 22.7–
32.5 months) from the time of diagnosis and 14.2 months
(95% CI, 9.7–16.2 months) from the time of IRE.47 On
multivariate analysis, OS was signiﬁcantly longer in tumors
3 cm than those >3 cm (33.8 vs. 22.7 months from the time
of diagnosis and 16.2 vs. 9.9 months from IRE, respectively). A
retrospective review of 75 patients with unresectable pancreatic carcinoma who underwent percutaneous IRE after
chemotherapy between 2011 and 2016 reported a median
OS and progression free survival post-IRE for LAPC of 27 and
15 months, respectively.48 Four patients with LAPC were
downstaged to surgery post-IRE ablation, with complete R0
resections in three cases.
The phase 1/2 PANFIRE study was the ﬁrst prospective trial
to analyze the safety of percutaneous IRE for locally advanced
pancreatic cancer. There were no reported patient deaths
within 90 days of the IRE procedure. Out of the 25 patients
included in the study, 11 and nine patients developed grade I/II
and grade III adverse events (AEs), respectively.49
Another small prospective series, that included both
percutaneous and intraoperative IRE showed no signiﬁcant
difference between the safety proﬁles of either procedure
and reported no mortalities within 90 days of the procedure.50 There were two grade IV AEs, one hematemesis and
epigastric pain, a second patient with a pseudoaneurysm in
the ﬁrst jejunal artery.50 The median time to local
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(GnP) have been reported as effective therapeutic alternatives that provide more favorable outcomes in unresectable
pancreatic cancer when compared with GEM alone.32,34 A
meta-analysis on FOLFIRINOX-based neoadjuvant therapy in
borderline resectable or unresectable pancreatic cancer by
Petrelli et al concluded that downstaging after neoadjuvant
FOLFIRINOX-based therapy resulted in a 40% R0 resection
rate.32 FOLFIRINOX therapy is characterized by increased risk
for toxicity, and patients who are unable to tolerate such
toxicities can either receive a reduced dose to improve
tolerability or receive GnP combination therapy.33,35
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progression after IRE was 12.0 months, and the median OS
was 17.5 months from IRE and 24.0 months from the
diagnosis, with no signiﬁcant differences between the
approaches.
The PANFIRE II, a multicenter prospective single-arm
phase 2 study, included 50 patients with locally advanced
and recurrent pancreatic cancer. The median OS was
17 months from the time of diagnosis, with a median local
tumor PFS of 10 months and 46% local progression after
IRE.19 However, in this study the authors do note that
because IRE was performed percutaneously without precursory laparoscopy, some patients with disseminated disease
were possibly included in the study.
Although the amount of available retrospective and prospective data are growing, there is still a need for a randomized
controlled clinical trial to conclusively compare both the safety
and efﬁcacy of IRE and its role in standard of care regimens.
This would add to the body of available evidence, which is
currently complicated by the heterogeneity of systemic treatment regimens before and after IRE, which may make it
difﬁcult to clearly isolate the effect of IRE on survival.

The DIRECT Study for Stage 3 Pancreatic
Cancer
In 2018, the FDA approved the Nanoknife system for Breakthrough Device Designation and subsequently approved an
investigational device exemption application for the Nanoknife to study the role in pancreatic cancer. This enabled the
DIRECT study, a randomized control trial (RCT) and a realworld evidence registry, which will also have a control arm.
This multicenter trial will involve 264 patients receiving
IRE and 264 patients receiving standard of care treatment.
The primary end points will be OS and safety. Other end
points will include PFS and pain scores. Following induction
chemotherapy with FOLFIRINOX, patients with inoperable
biopsy proven Stage 3 pancreatic carcinoma will be randomized to IRE plus institutional standard of care treatment and
follow-up versus institutional standard of care treatment
and follow-up. The IRE treatment can be offered by either a
percutaneous or open surgical approach. The registry will
provide insight into the clinical utility of IRE and capture
evidence of multimodal treatment regimens in a real-world
setting. Both studies are currently enrolling patients in the
United States.

Transarterial Option
The inability of chemotherapeutic agents to effectively penetrate pancreatic cancer cells has been one of the limiting
factors. The FDA-cleared RenovoCath (RenovoRx, Inc) provides the ability to deliver highly concentrated therapeutic
and/or chemotherapeutic materials to speciﬁc vasculature
safely via a dual-balloon catheter without perfusion overlap
to other regions.
This catheter has the potential to deliver much higher
concentrations of drug to the tumor, as well as limit systemic
exposure. In the ﬁrst-in-human, phase 1, multicenter safety
Digestive Disease Interventions
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study in patients with LAPC 20 participants were enrolled in a
dose escalation study of intra-arterial, locally delivered GEM
with doses up to 1,000 mg/m2.51 Fifteen patients completed
the study with more than two treatments. This study results
reported a 58% reduction of cancer antigen 19–9 tumor
marker, three patients had tumor progression, one had a
partial response, and 11 showed stable disease. The survival
rate for this cohort was 60% at 1 year and 43% at 2 years.51 A
phase 2, multicenter, registry of 22 patients reported a median
OS from diagnosis of 18.8 months with the greatest beneﬁt in
those who had previous chemoradiation. The TIGeR-PaC is a
phase 3, multicenter RCT that is currently enrolling patients
and is evaluating transarterial GEM versus systemic chemotherapy with GEM and nab-paclitaxel following initial chemoradiation for patients with LAPC. The primary objective is OS
from the time of randomization. Secondary objectives include
progression-free survival, response rates, quality of life, tolerability, and safety. The outcome of this trial will help to better
understand the role of transarterial therapy in the management of LAPC.

IRE beyond Local Ablation in Pancreas
Cancer
One of the most promising areas of therapeutic development
in cancer management has been immuno-oncology. In this
approach tumors cells are targeted by various approaches
that aim to strengthen the body’s natural immune response.
This approach, although promising has been met with mixed
response and varies greatly depending on the tumor type.
The most success thus far has been seen in what are referred
to as “hot tumors.” These are tumors in which there is already
an existing antitumor immune response within the local
tumor microenvironment. However, there are many tumors
such as pancreatic cancer, where there is little to no local
antitumor response and where the local microenvironment
and response is overwhelmingly immunosuppressive.52 To
overcome these “cold” tumors different strategies are needed that work to convert the immune-suppressive microenvironment to one that is more amendable to a more robust
antitumor immune response. Other factors that inﬂuence
the responsiveness of tumors to immunotherapies include
microsatellite instability and tumor mutational burden.
These factors have been shown to affect the tumors visibility
and sensitivity to the immune system.52
In preclinical studies comparing the local immune response to focal therapies in pancreatic cancer, IRE induced a
greater inﬁltration of critical antitumor immune cell population such as macrophages and T cells within 24 hours after
the ablation.53 The study also observed a potential abscopal
effect after IRE, in which there is both an increased local and
systemic immune response, which offers increased antitumor immunity.53
In pancreas cancer the local tumor environment is composed of a highly ﬁbrotic stroma that promotes tumor
growth while excluding and suppressing a local immune
response.54 Promising preclinical studies suggest that IRE
may work in concert with established immune checkpoint
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blockades such as anti-PD1 in an orthotopic murine pancreatic cancer model.55 This study suggests that IRE increases
the immunogenicity of pancreatic cancer by releasing tumor
antigens and other immune signals that alter the local
stroma collectively improving the efﬁcacy of antitumor
immune modulation within the tumor.55
In a clinical study of 10 patients with LAPC, the safety,
feasibility, and efﬁcacy of percutaneous image-guided IRE
were explored. Using ﬂow cytometry, the authors evaluated
the frequency and activation state of lymphocytic and myeloid
subsets in pre- and post-treatment peripheral blood samples.56 Tumor-speciﬁc systemic T-cell responses to the pancreatic cancer-associated antigen Wilms Tumor were
determined after in vitro stimulation in an interferon-y enzyme-linked immune spot assay, at baseline and at 2 weeks
and 3 months after IRE. The data showed a transient decrease
in systemic regulatory T cells (Treg) and a simultaneous
transient increase in activated PD-1 þ T cells, consistent
with the temporary reduction of tumor-related immune suppression after the IRE procedure. Post-IRE boosting of a preexisting WT1 speciﬁc T-cell response was seen in two out of
three patients as well as the de novo induction of these
responses in another two patients. There was a trend for these
WT1 T-cell responses to be related to longer OS (p ¼ 0.055). The
ﬁndings were consistent with a systemic and tumor-speciﬁc
immune stimulatory effect of IRE and support the combination
of percutaneous IRE with therapeutic immune modulation.
The data regarding the immunomodulatory effect of IRE,
though preliminary, is very promising and should be an area
of active investigation especially given the increase in combinatorial approaches in oncology clinical treatment algorithms.
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