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Abstract

Purpose: The use of irreversible electroporation (IRE)
has been a relatively recent development in the palliative
treatment of locally advanced pancreatic cancer. With
CT as a key modality in patient follow-up, recognition of
nontumorous imaging findings is paramount after IRE.
Methods: A retrospective review of patients having
undergone IRE for locally advanced pancreatic adeno-
carcinoma was performed. A total of 36 patients met
inclusion criteria and their imaging studies were reviewed
by two radiologists. Nontumorous abnormalities identi-
fied in the peri-electroporation bed on Computed
Tomography (CT) during the early postoperative period
(within 30 days) were characterized and classified into
categories.
Results: Our results indicate that the most common
nontumorous findings in the peri-electroporation bed
were vascular, followed by changes involving the gas-
trointestinal tract, peritoneal cavity, and, infrequently,
the biliary tree.
Conclusions: Interpretation of CT imaging of the post-
operative peri-electroporation bed is challenging. This
review of CT findings allows the radiologist to recognize
and anticipate significant nontumorous findings in the
peri-electroporation bed during early follow-up after
IRE.
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Pancreatic adenocarcinoma is the fourth leading cause of
cancer death in the United States, with a 5-year survival
rate of 6.7% [1, 2]. While relatively uncommon in the
general population, there were still over 46,000 new cases
diagnosed in 2014. Patients with locally advanced pan-
creatic cancer (LAPC) (Stage III), defined as non-
metastatic but unresectable disease due to vascular
encasement [3], constitute approximately one-third [4, 5]
of cases at presentation. At our institution, patients are
staged with either a three-phase contrast enhanced CT
scan or pancreatic protocol MRI and with diagnostic
laparoscopy to exclude radiologic occult metastases.
Patients must complete three to four months of induction
chemotherapy with or without radiation therapy based
on symptoms and the maximum axial anterior–posterior
tumor diameter must be 3.5 cm or less. Exclusion criteria
at our institution for IRE include (1) postchemotherapy
maximum axial anterior–posterior tumor dimension
greater than 3.5 cm, (2) inability to undergo general
anesthesia, (3) atrial fibrillation, (4) Karnofsky perfor-
mance status less than 80%, (5) metastatic disease, (6)
progression of local tumor greater than 30% diameter
while undergoing induction chemotherapy, and (7) in-
ducible ischemia on cardiac stress test or uncontrolled
angina. The primary goals in treatment are directed to
palliation of intractable pain and improvement of overall
survival. This has proven to be a significant challenge, as
chemotherapy and radiation regimens over the past
decade [6–9] have offered only a marginal survival ben-
efit in the face of higher toxicity. Therefore, attention has
been turned to techniques for achieving local control of
the tumor in order to slow disease progression. This has
been attempted using a wide range of methods, including
radiofrequency ablation (RFA), microwave, and
cryoablation, with highly variable reported levels of
success [10, 11]. More recently, irreversible electropora-Correspondence to: Brittany Schulz; email: brittany.schulz@louisville.
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tion (IRE), which has gained increasing interest for
treatment of other solid malignancies such as lung, liver,
kidney, and prostate, has been explored for use in the
pancreas [12, 13]. In IRE, selective high-voltage electric
fields applied in short pulses create nanoscale permanent
defects (‘pores’) in the cell membrane, resulting in the
loss of control over internal homeostatic mechanisms
and ultimately cell death [14, 15]. Previous studies in
animal models [16–18] and then with application in
clinical trials have demonstrated promising results in
improving overall survival rates [19–23].

Since IRE is relatively new to the field of loco-re-
gional therapy, post-IRE imaging findings are limited
(16, 17). The purpose of this study is to present our
multi-year institutional experience of nontumorous
computed tomography (CT) imaging findings in patients
following pancreatic IRE for pancreatic adenocarcinoma
within 30 days of the procedure. While some of the
imaging findings are common and not clinically signifi-
cant, other findings warrant clinical attention.

Materials and methods

An institutional registry previously approved by the
Institutional Review Board at our institution has been
created and maintained by the Division of Surgical
Oncology, as described in detail within other works [19,
23–25]. This database was created and maintained un-
der full HIPPA compliance and patient consent was
obtained. Patients with locally advanced pancreatic
cancer were enrolled for the IRE treatment after having
failed an initial regimen of chemotherapy, with or
without radiation. IRE was performed using the Na-
noknife� system (Angiodynamics, Latham, NY), which
has been well characterized and cleared by the Federal
Drug Administration for soft tissue ablation. A set of

19-gauge monopolar needle probes was placed in a
manner bracketing the tumor in order to deliver a
computer-controlled sequence of electrical pulses.
Specific voltage and duration parameters for each case
were derived from experience gained through multiple
animal, preclinical, and clinical trials [17, 23, 26] to
obtain a clinically satisfactory ablation zone. The access
for the IRE procedure was achieved with an open
laparotomy technique performed under general anes-
thesia with paralysis. Follow-up imaging was performed
within the first two weeks following IRE or earlier as
indicated on clinical grounds and then at approximately
two- to three-month intervals. Helical CT scans were
performed on either 64- or 128-slice multidetector units,
and consisted of standardized multiphase scans of the
abdomen and pelvis except in instances of anaphylactic
contrast reactions or eGFR less than 30, unless benefits
outweighed risks.

The institutional registry was queried to identify cases
of locally advanced pancreatic cancer that had undergone
IRE between March 2011 and September 2015. A brief
retrospective analysis of the electronic medical record was
performed to review the operative summary and any
available postprocedural clinical assessments. For the
purpose of this study, eligibility criteria involved those
patients who underwent IRE for pancreatic adenocarci-
noma; however, patients who had previously undergone a
pancreatectomy at least three months prior to IRE were
also included. Other procedures performed during the
same operation as IRE, such as cholecystectomy, gastro-
jejunostomy, and enteric feeding tube placement, were
noted but not used as exclusion criteria. Patients were re-
quired to have pre- and postoperative CT scans. No limi-
tations on age or gender were placed.

Two board-certified attending body imaging radiol-
ogists performed independent retrospective interpreta-

Table 1. Summary of post-IRE CT findings in the peri-electroporation bed

Finding No. of occurrences (*) Average number of days complication
was first visualized on CT

Vascular 46
Stenosis 23 (50%) 13.4
Thrombus 8 (17%) 11.3
Pseudoaneurysm 10 (22%) 14.6
Solid organ infarct 5 (11%) 15.2
Gastrointestinal 22
Bowel wall edema 10 (45%) 10.4
Portal venous gas 3 (14%) 14.7
Bowel leak/fistula 6 (27%) 16.3
GI hemorrhage 2 (9%) 12
Pneumatosis 1 (5%) 16
Peritoneal 20
Abscess 10 (50%) 14.3
Bland collection 10 (50%) 13.1
Biliary 3
Ductal dilatation 2 (67%) 17.5
Pancreatic ductal gas 1 (33%) 14

* Denotes categorical percentage
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tions of the multiple CT studies anonymously retrieved
from the hospital picture archiving and communication
system (PACS) database. The radiologists were aware of
the IRE procedure but otherwise blinded to any addi-
tional information. For each case, they were asked to
document a list of any relevant nontumorous findings,
particularly those within the peri-electroporation bed,
which could be reasonably construed as sequelae of the
procedure. Observations of the IRE site itself regarding
potential efficacy of treatment were not included in this
study. An enumeration of the pooled findings was then
performed.

Results

According to the peer review of the institutional data-
base, 75 patients underwent pancreatic IRE between
March 2011 and September 2015. Thirty-eight patients
were excluded based on the aforementioned criteria, due
to having had a concurrent pancreatic resection, lack of
either pre- or postoperative imaging for review, and IRE
of nonadenocarcinomatous tumors, leaving 36 patients
eligible for retrospective review. The age range was 43–79
years with a mean age of 58, and the gender split was 17
males and 19 females. In total, 143 post-IRE scans were

Fig. 1. Pre-IRE arterial phase (A) shows a normal caliber
common hepatic artery. 10-day post-IRE CT arterial phase
(B) shows a significant caliber reduction in the common
hepatic artery (arrow) consistent with arterial stenosis. An-

other patient, pre-IRE (C) and 7-day post-IRE (D) CT in ve-
nous phase shows significant post-IRE narrowing of the portal
confluence (arrow, D) also note hypodense fluid inferior to the
confluence related to recent IRE and moderate ascites.
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reviewed by each radiologist along with a baseline pre-
procedural scan for each patient. CT findings visualized
in the peri-electroporation bed, excluding tumor findings,
were divided into four major categories: (1) Vascular, (2)
Gastrointestinal, (3) Peritoneal, and (4) Biliary. The
sequelae associated with each category along with the
number of occurrences are detailed in Table 1.

Vasculature abnormalities were the most common
nontumorous findings in the peri-electroporation bed
comprising 51% of the total occurrences and reported in
23/36 patients (64%). Postprocedural narrowing/com-
pression (estimated to be at least 50%) or occlusion of a
major peripancreatic vessel accounted for half of the
total documented vascular findings and occurred
approximately 13.4 days following the procedure, with
most of these findings being asymptomatic and not
requiring any additional clinical care, since 30 (83%) of
these follow-up CT scans were performed as an out-
patient in conjunction with the patients first postsurgi-
cal visit. The portal vein and confluence, superior
mesenteric artery, and superior mesenteric vein were
most commonly affected by the edematous changes
developed from IRE, but were not associated with any
clinical findings (i.e., bowel ischemia, leukocytosis,
abdominal pain, fever, etc.). The celiac artery, hepatic
artery, and splenic artery were involved in a few in-
stances. In eight cases, there was development of
intravascular thrombus. A total of ten pseudoa-
neurysms were identified in seven patients. Two of the
seven patients with pseudoaneurysms became symp-
tomatic requiring treatment within the first thirty days;
four pseudoaneurysms were coiled and one was stented.
Indirect vascular findings manifested as end-organ in-
farcts were seen in five cases, all involving the spleen.

Example images from various patients illustrate these
findings in Figs. 1, 2, 3 and 4.

The second most common category of nontumorous
CT findings following IRE for pancreatic adenocarci-
noma was related to the gastrointestinal tract, most fre-
quently manifesting as nonspecific bowel wall edema.
The stomach was by far the most common section of
bowel to demonstrate this appearance (Fig. 5). However,
potentially more ominous findings related to the GI tract
in descending order of frequency include, bowel perfo-
ration, portal venous gas, GI hemorrhage, and pneu-
matosis intestinalis. The two cases of GI bleeding were
associated with pseudoaneurysm which resolved with
appropriate treatment. The three patients with portal
venous gas were clinically stable.

Postoperative fluid collections within the abdomino-
pelvic cavity including both bland and rim-enhancing
collections made up 22% of the categorized findings.
There were a total of 20 postprocedure fluid collections
including 10 bland fluid collections (no peripherally
enhancing rim) and 10 loculated rim-enhancing fluid
collections (Fig. 6). Only three of the ten rim-enhancing
fluid collections were symptomatic requiring drain
placement.

Involvement of the biliary tree only occurred in three
percent of the patients and on an average occurred
approximately two days later than vascular, gastroin-
testinal, and peritoneal findings (15.8 days compared to
13.5, 13.9, and 13.7 days, respectively). Findings associ-
ated with the biliary system included two cases of com-
mon bile duct dilatation and one case of pancreatic
ductal gas (Fig. 7). These patients were asymptomatic
and did not require any interventions during the 30-day
time period.

Fig. 2. Axial CT arterial phase image (A) of a patient pre-
senting 12-day post-IRE with hematemesis shows a pseu-
doaneurysm from a jejunal branch of the superior mesenteric

artery (large arrow). Note the distended proximal duodenum
with blood products (small arrow). Conventional angiogram
(B) confirmed a pseudoaneurysm which was coiled.
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Tumor location and IRE-related nontumorous CT
findings based on tumor location are summarized in
Tables 2 and 3, respectively. The most common location
of pancreatic tumors in our subset of patients was the
pancreatic head, followed by pancreatic neck and body,
and as expected the number of vascular sequelae was also
highest in these locations. When evaluating vascular
findings per tumor treated in each location, tumors lo-
cated in the pancreatic body resulted in the highest
number of vascular sequelae. The gastrointestinal tract
was the most affected site in tumors originating within
the uncinate process, head and neck. Based on number of
occurrences per tumor treated in a particular location,
tumors in the uncinate process resulted in the most GI
and biliary findings.

Discussion

Pancreatic IRE has been reproducibly shown to be fea-
sible and safe. To date, there has been a low percentage
of reported clinically significant adverse events. On re-
view of the literature, these have mostly been related to
wound infection, followed by infrequent presentations of
bile leak, pancreatic leak, deep venous thrombosis, pul-
monary complication, bleeding, ascites, ileus, and pan-
creatitis [20]. Additionally, it has been proposed that
complications may be more likely to be related to the
method of access (e.g., the inherently higher morbidity
for an open laparotomy), rather than any issues in per-
forming the IRE itself. For this reason, we sought to
partially control for the identification of those post-

Fig. 3. Axial CT images prior to (A) and 20 days following
IRE (B) show preprocedural patency of the superior mesen-
teric vein (arrow, A) near the tumor in the pancreatic neck.

Post-IRE CT at the same level shows expected gas and fluid
in the postoperative bed with subsequent SMV occlusion
(arrow, B).

Fig. 4. Axial (A) and coronal (B) CT images during the venous phase 12-day post-IRE show an example of end-organ damage.
Image (A) show thrombus in the splenic vein (arrow) while (B) demonstrate the end-organ damage with splenic infarction.
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treatment nontumorous findings in patients who only
underwent IRE, excluding those who received a con-
current pancreatectomy. Additionally, while essentially
every patient received an additional surgical intervention
based on clinical necessity, such as cholecystectomy or
intraoperative feeding tube placement, these procedures
were more spatially removed from the peri-electropora-
tion zone and of relative routine nature.

This patient population presents a significant chal-
lenge in radiologic interpretation due to the complex
nature of the disease as well as its treatment. Therefore,

we have reserved observations regarding therapeutic
efficacy for discussion in another forum.

The majority of nontumorous findings were detected
on CT within the first 14 days following IRE, corre-
sponding to the prescribed time frame for the initial
postprocedural scan. A few of the complications were
seen beyond the initial two weeks including bowel leaks
and biliary ductal dilatation. Persistent nontumorous
findings extending beyond the first 30 days will be ad-
dressed in a follow-up article.

Overall, vascular sequelae were observed most fre-
quently in our series and occurred more commonly in
IRE for tumors located in the pancreatic body. Previ-
ously, IRE has often been considered as an ideal method
in the treatment of pancreatic (and other) tumors due to
its postulated nonthermal basis of action, which has
stood in contrast to the comparatively higher morbidity
of RFA incurred by inadvertent thermal damage to
surrounding tissues. Prior studies in animal models uti-
lizing pigs [13, 17] and rats [27], as well as in human trials
[28, 29] have all demonstrated that an effective level of
cell death can be achieved by IRE without affecting
nearby structures including blood vessels. This has been
thought to stem from the absence of heat sink effects as
well as an inherent relative lack of cells within the col-
lagen matrix of blood vessel walls. However, a study
using murine test subjects implanted with human pan-
creatic cancer showed a large number of red blood cells
within the ablation zone [30], suggesting that vascular
damage is still possible. Additionally, targeted use of
IRE on blood vessels appears to have a direct effect on
the smooth muscles cells, resulting in wall fibrosis even

Fig. 5. Axial CT image in venous phase shows hypodensity
and wall thickening in the mid-gastric body (arrow).

Fig. 6. Intraabdominal fluid collections following IRE. Axial
CT images obtained in the venous phase from different
patients demonstrate (A) a rim-enhancing fluid collection
within the posterior right hepatic lobe consistent with an

abscess, 25 days postop (B) 8 days postop with a locu-
lated collection in the left upper quadrant, peri-electropora-
tion zone with internal gas consistent with an abscess
(arrow).
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after regeneration of the endothelium [31]. Therefore, we
speculate that the observed vascular narrowing could be
due to a combination of early inflammatory changes in
the ablation bed and extrinsic mass effect from evolving
necrosis of the residual tumor, and as such will warrant
additional follow-up on future imaging.

Otherwise, findings related to the gastrointestinal
tract, peritoneal cavity, and biliary tree were fairly
uncommon, with relative disconnect in the severity of
their appearance on CT with the clinical presentation. In
at least one instance, the presence of both free air and
portal venous gas, typically seen as a critical finding, was
reportedly asymptomatic for the patient and managed
conservatively without further issues.

Conclusion

Current evidence shows the use of irreversible electro-
poration for locally advanced pancreatic cancer to be a
feasible and safe method with encouraging clinical out-
comes in palliative management. With improved survival
of these patients, this potentially represents an increas-
ingly relevant scenario for the practicing radiologist to
recognize and even anticipate significant nontumorous
findings in the postprocedural evaluation of the peri-
electroporation bed, for the benefit of both patients and
clinical researchers, even beyond the specialized envi-
ronments of tertiary and quaternary care centers.
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