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ENGLISH SUMMARY

Pancreatic cancer (PC) is a detrimental disease with few treatment options for most
patients. The global incidence is rising, and advances in treatment are merely
incremental when compared to those of other cancers. Local treatment with
irreversible electroporation (IRE) has been proposed as a treatment option in
approximately 30% of patients with nonmetastatic but unresectable disease at
diagnosis, i.e., locally advanced PC (LAPC).

In the current thesis, four studies are presented that aim to investigate the feasibility
and safety of IRE, identify current challenges in evaluating the efficacy of IRE based
on imaging and evaluate the feasibility of combining IRE and chemotherapy.

The first study is a prospective clinical trial of patients with LAPC. The study found
an overall adverse event rate of 53%, with a major complication occurring in 20% of
ablations(1). The median overall survival was 10.7 months after IRE treatment, with
a two-year survival rate of 25%. Retreatment with IRE and larger baseline tumor size
were identified as potential risk factors for severe adverse events and poorer survival.
A review of the published literature was not able to definitively establish the efficacy
of IRE, but preliminary evidence is encouraging.

The second study is a systematic literature review conducted to examine the
knowledge and evidence regarding imaging response evaluation after ablative
therapies in LAPC treatment(2). The study included 34 papers and found a marked
difference in the methodology and reporting of key imaging parameters, e.g., the
target for evaluation (lesion level or patient level) and the timing and methods used.
Statistical testing of the correlation between imaging outcomes and survival was
performed in only one study. Based on the heterogeneity of the included papers,
several recommendations for future trials were made to facilitate cross comparison
and meta-analysis of results.

The third study is a prospective cohort study of all PC patients treated with IRE in our
institution(3). The study aimed to correlate imaging outcome categories based on
functional and morphological scans to survival after the intervention. The study found
that patient-level outcomes were correlated with survival, whereas lesion-level
outcomes were not. Several trends were, however, noticed, suggesting that differences
in some lesion-level outcomes would become significant in a larger cohort. Functional
imaging was not superior to morphological imaging, most likely due to the results
being confounded by inflammation.

The fourth study is an animal experimental trial aiming to characterize the ablation

zone after IRE and evaluate the existence of a proposed zone of reversible
electroporation (RE) in conjunction with the IRE zone (Appendix 4). In extension, the

i



study aimed to examine the feasibility of combining IRE and chemotherapy to elicit
a synergistic electrochemotherapy-like effect. The study found a marked retention of
magnetic resonance contrast in the penumbra of the IRE ablation zones, which is
consistent with theoretical models and with the findings of the single existing paper
on the subject. However, the study failed to demonstrate that bleomycin, a
chemotherapeutic agent commonly used in electrochemotherapy, was captured in the
RE zone.

In conclusion, several important and possibly lethal complications have been seen
after IRE in LAPC, but most are manageable. The efficacy and effect size of IRE in
LAPC is not definitely established, but randomized controlled studies are being
conducted. Imaging response evaluation after ablative treatments in nonmetastatic PC
is a difficult endeavor with little evidence or consensus. Patient-level outcomes
correlate with survival, and several promising lesion-level outcomes warrant further
investigation. IRE may have a synergistic effect with chemotherapy, but the timing
and choice of chemotherapeutic agents are critical.
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DANSK RESUME

Pancreascancer (PC) er en alvorlig kreftform med fa behandlingsmuligheder for
stgrstedelen af patienterne. Den globale incidens er stigende og udviklingen i nye
behandling af sygdommen er uden store landvindinger, i modsatning til mange andre
kreeftformer. Lokal behandling med irreversibel elektroporation (IRE) er blevet
foreslaet som en behandlingsmulighed til de ca. 30 % af patienterne som har ikke-
metastatisk og ikke-resektabel sygdom pa diagnosetidspunktet (lokalavanceret PC
(LAPC)).

I denne afhandling preesenteres fire studier. Malet med studierne er at undersgge
gennemfarligheden og sikkerheden af IRE, at identificere aktuelle udfordringer i
forbindelse med vurdering af effekten af behandlingen vha. billeddiagnostik og
evaluere gennemfarligheden af kombineret IRE og kemoterapi.

Studie 1 er et prospektivt studie af IRE til behandling af patienter med LAPC(1).
Studiet viser at der opstod ugnskede handelser efter 53 % af behandlingerne. Hos 20
% opstod der alvorlige handelser. Medianoverlevelsen efter IRE var 10.7 maneder,
0g 25 % var i live efter to ar. Genbehandling med IRE og stor tumorstgrrelse ved
baseline blev identificeret som mulige risikofaktorer for ugnskede handelser og for
darligere overlevelse efter behandlingen. Effektstgrrelsen og effektiviteten kan ikke
endeligt vurderes ud fra de studier som er udgivet til dato. De praliminare resultater
vedrgrende effektivitet er lovende.

Studie 2 er en systematisk litteraturgennemgang med formalet at gennemga evidensen
for billeddiagnostisk responsevaluering efter ablations-behandlinger til LAPC(2).
Studiet inkluderede 34 artikler og viser at metoderne og rapporteringen af vigtige
billeddiagnostiske endepunkter er yderst heterogen. Kun et enkelt studie udfgrte
statistiske analyse af korrelationen mellem billeddiagnostisk endepunkter og
overlevelse efter behandlingen. Baseret pa heterogeniteten af de inkluderede studier
fremfares adskillige forslag til forbedring og ensartning af metoderne for at facilitere
sammenligning og metaanalyse af resultater.

Studie 3 er et prospektivt studie af alle IRE-behandlede PC patienter fra vores
institution(3).  Studiets formal wvar at undersgge korrelationen mellem
billeddiagnostiske responskategorier, baseret pa funktionelle og morfologiske
skanninger, og overlevelsestiden efter interventionen. Studiet fandt at
responsevaluering foretaget pa patientniveau er korreleret med overlevelsestiden,
hvorimod responsevaluering foretaget pa laesionsniveau ikke er. Flere af
endepunkterne pa lesionsniveau tenderede imod signifikante resultater, hvilket tyder
pa at disse vil blive signifikante i en sterre undersggelse. Funktionel billeddiagnostik
var ikke bedre end konventionel morfologiske billeddiagnostisk, hvilket, hgjst
sandsynligt, skyldes inflammation.



Studie 4 er et dyreeksperimentelt studie med formalet at karakterisere ablationszonen
efter IRE og bedemme eksistensen af en formodet reversibelt elektroporeret zone i
periferien af IRE ablationer (Appendix 4). | forlengelse heraf var formalet at
undersgge om denne zone kan udnyttes til at opna en synergetisk effekt imellem IRE
og kemoterapi. Studiet fandt en tydelig retention af magnetisk resonans kontraststof i
en penumbra rundt om IRE-zonen, hvilket stemmer overens med de matematiske
modeller og det eneste andet billeddiagnostisk studie, som, til dato, har beskaftiget
sig med emnet. Det var ikke muligt at pavise retention af bleomycin i den pagaeldende
zone, hvilket er overraskende.

Konklusioner er, at der er observeret flere vigtige og potentielt livstruende
komplikationer efter IRE-behandling af LAPC, men at de fleste kan handteres.
Effektiviteten og effektstarrelsen af IRE til behandling af LAPC er ikke definitivt
etableret, men randomiserede studier er pa vej. Billeddiagnostisk responsevaluering
efter ablationsbehandling af PC er sveert og nasten uden evidens eller konsensus.
Responskategorier pa patientniveau korrelerer med overlevelsestiden og flere
kategorier pa laesionsniveau er lovende og bgr undersgges nearmere. Det er
sandsynligt at IRE har en synergetisk effekt med kemoterapi, men timing og valg af
kemoterapi er vigtig for at opna den gnskede effekt.
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CHAPTER 1. INTRODUCTION

Pancreatic cancer (PC) is a devastating disease with a rising incidence. While the
prognosis of most other gastrointestinal cancers has greatly improved during the past
decades, PC survival remains dismal. At the same time, the incidence is rising(4).

The only therapy that can provide a potential cure is radical surgery. However, only
approximately 15-20% of patients are eligible for resection at diagnosis(5), and the
majority of patients will experience recurrence even after apparent radical
resection(6). It is evident that there is great need for innovations to improve survival
in the large group of patients with metastatic or unresectable local disease.

This PhD thesis will explore several aspects of a novel therapy option that has been
introduced within the past decade, irreversible electroporation (IRE). The overall aim
of this thesis is to examine the evidence for IRE in locally advanced PC (LAPC)
treatment, to identify important knowledge gaps and to explore the future perspectives
of IRE in PC.



CHAPTER 2. BACKGROUND

2.1. GROSS ANATOMY AND PHYSIOLOGY OF THE
PANCREAS

The pancreas is a 12-15 cm long organ residing in the retroperitoneal space behind
the stomach and the lesser peritoneal sack. It is an essential part of the digestive system
as well as an important endocrine organ.

The pancreas is anatomically divided into four sections: the head, body, tail and
uncinate process (Figure 1). The head of the pancreas is situated in the curve of the
duodenum. The neck of the pancreas is defined by the groove created by the superior
mesenteric vein (SMV) and the superior mesenteric artery (SMA). Likewise, the
uncinate process is the part of the pancreatic head that lies posterior to the SMA/SMV.
The tail is the most distal part of the organ, residing near the spleen. The body is the
part between the neck and the tail.

Figure 1: Gross anatomy of the pancreas

CHD = Common hepatic duct, CBD = Common bile duct, Pd = Pancreatic duct, PV =
portal vein, CHA = Common hepatic artery, CA = Celiac artery, GDA = Gastroduodenal
artery, SMA = Superior mesenteric artery, SMV = Superior mesenteric vein.



Microscopically, the pancreas consists primarily of exocrine tissue with cells forming
acini and ducts. The ducts form intralobular ducts that, in turn, form interlobular ducts
and finally the main pancreatic duct (Pd). The Pd drains the produced enzymes into
the duodenum where the enzymes are activated and the breakdown of proteins, fats
and carbohydrates for digestion begins. Scattered within the exocrine tissue are
Langerhans islets, which consist of clusters of endocrine cells producing several
hormones, most importantly insulin and glucagon. The common bile duct (CBD)
passes through the head of the pancreas and conjoins with the Pd just before entering
the duodenum.

The blood supply for the pancreas is complex. The body and tail of the pancreas are
supplied by several branches from the splenic artery, ultimately forming the transverse
pancreatic artery. The head of the pancreas is primarily supplied by two branches of
the gastroduodenal artery (GDA), the anterior and posterior pancreaticoduodenal
arteries. These arteries also receive some blood from the SMA.

2.2. PANCREATIC CANCER

Globally, approximately 495,000 new cases of PC were reported in 2020, making PC
the 12" most common cancer according to the Global Cancer Observatory(7).
However, despite global research efforts and advances in treatment, 466,000 people
died from the disease the same year, making it the 71" deadliest cancer in terms of
absolute death toll. It has been projected that PC will become the second leading cause
of cancer death in the USA within the next twenty to thirty years(5). The current
incidence rate of PC in Denmark is approximately 900-1000 cases/year, with a five-
year survival rate of 8%(8) and a median age at diagnosis of 70 years(9).

2.2.1. SYMPTOMATOLOGY AND DIAGNOSIS

One of the main challenges in the diagnosis of PC is that symptoms can be vague and
unspecific, especially in early disease stages, which leads to delayed diagnosis and
thus more advanced disease in most patients. Symptoms include abdominal pain,
abnormal liver function test results, jaundice, new-onset diabetes, dyspepsia, nausea
and vomiting, back pain and weight loss, in the order of frequency(10).

Most pancreatic cancers are discovered by computed tomography (CT) scans and
confirmed by histopathological examination of biopsies. The road from clinical
suspicion to diagnosis can follow three different pathways in Denmark: 1) following
a CT scan performed due to clinical signs of PC as a part of the Danish National
Integrated Cancer Pathway for PC(11); 2) following a CT and/or positron emission
tomography (PET) scan performed as part of a generalized cancer diagnostic
approach; or 3) as an incidental finding on imaging procedures performed for other



reasons. Biopsies to confirm the diagnosis of PC are performed using endoscopic
ultrasound guidance in most cases but are not required prior to surgery in clear-cut
cases if radical resection is feasible without neoadjuvant therapy(12). In the latter case,
the diagnosis is confirmed after excision.

To date, no health care system in the world screens for PC in patients without known
cancer inheritance syndromes or known cystic pancreatic lesions, but knowledge
regarding the genetic/proteomic profiles of PC patients is advancing and may provide
viable screening tools in the future(13).

2.2.2. RISK FACTORS

There are many risk factors for PC, but in contrast to the strong causal relationship
between smoking and lung cancer, no single lifestyle factor carries a very high relative
risk of pancreatic malignancy. Smoking is associated with an odds ratio for PC of 1.2
for former smokers and 2.2 for current smokers(14). Chronic pancreatitis,
comparatively, carries a much higher risk of developing PC (odds ratio 2.7-13.6) but
is associated with only approximately 1% of cases(15). A few rare inherited genetic
disorders are highly correlated with PC but are associated with only 5-10% of cases
globally(16,17). The most common inherited disorders associated with PC are listed

in Table 1.

Inherited syndromes

Susceptibility
gene/chromosomal
mutation region

Increased risk of
pancreas cancer

Melanoma syndrome (FAMMM)

Hereditary pancreatitis PRSS1 (7¢g35) 50- to 80-fold

Hereditary nonpolyposis hMSH2, hMSHL, hPM

colorectal cancer (HNPCC) S2, hMSH3, hPMS1, h Undefined frisk
MSH6/GTBP

Hereditary breast and ovarian BRCA2 (13¢q12-913), 3.5- to 10-fold

cancer BRCAl

Familial atypical multiple mole 016 (9p21) 20- to 34-fold

Peutz-Jeghers syndrome

STK11/LKB1 (19p13)

75- to 132-fold

Ataxia-telangiectasia

ATM (1122-23)

Undefined frisk

Familial adenomatous polyposis

DP 2.5 (5q12-21)

Undefined frisk

Familial pancreatic cancer

BRCAZ2 (4032-34)

5- to 10-fold 1 PC

1 Neuroendocrine

Von Hippel-Lindau syndrome VHL (3p25) tUMors
Cystic fibrosis CFTR (7931) 1 PC and GI cancers
Li-Fraumeni syndrome p53 (17p13.1) T PC




FANC or
Fanconi anemia FANCG (3p22-26, Slight 1 PC
9p13, 9022.3,16G24.3)

rs9543324 (13922),
rs401681 (5p.33)
Undefined familial PC PALB2 Undefined frisk

Table 1: Inherited syndromes and susceptibility genes associated with an increased risk of
pancreatic cancer

ABO blood group 20- to 26-fold

Gl = Gastrointestinal. Reused from Yeo(17) with permission, all rights reserved.

2.2.3. HISTOLOGY AND PATHOLOGY

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent malignant tumor of
the pancreas(12). The second most common is neuroendocrine tumors (NETS),
followed by metastases from other primary tumors. Several distinct cystic precursor
lesions exist with malignant potential, e.g., intraductal papillary mucinous neoplasms
(IPMNs) and mucinous cystic neoplasms (MCNSs). For the purpose of simplicity, the
term PC will be used synonymously with PDAC in the rest of this thesis.

The current consensus is that malignant transformation in PDAC starts with acinar
cells undergoing metaplasia and eventually forming premalignant precursor lesions
called pancreatic intraepithelial neoplasia (PanIN)(18). PanIN lesions are graded from
1 to 3 in the order of severity based on the histological appearance. PanIN lesions are
thought to represent different stages of gradually acquired mutations that eventually
lead to uncontrolled cell division, invasive growth and metastasis, i.e., cancer.
However, the linear progression from metaplasia to PanIN to PDAC has been disputed
and may not represent the pathway of all pancreatic cancers(19).

2.2.4. DISEASE STAGES AND CLASSIFICATIONS

Several systems for staging and classification exist. The most commonly used staging
guidelines are the American Joint Committee on Cancer (AJCC) 8™ edition
guidelines(20).

In the absence of metastatic lesions, the major determining factor for survival in PC
patients is whether radical surgical resection can be performed(9). The limiting factor,
in this regard, is the tumor’s invasion of the surrounding vessel, as the
resection/reconstruction of these vessels can be physically impossible, has major
undesired consequences and/or has a high risk of nonradical surgery.

Several classification systems exist that focus on the resectability of the disease based
on initial or subsequent imaging, e.g., the National Comprehensive Cancer Network
(NCCN) guidelines(21) and the Karolinska Classification System (KCS)(22). These



guidelines offer guidance for when surgical resection is possible in nonmetastatic PC
and thus are clinically relevant in the management of PC patients. Throughout this
thesis, the term LAPC will be synonymous with the unresectable classification as
defined by the NCCN(21) (Table 2).

Vessel Primary resectable Borderline Unresectable
resectable
Contact > 180° Unreconstructable
No contact obstruction
Contact < 180° with
PVISMV Contact < 180° deformity/thrombus Contact with
without deformity proximal jejunal
Contact with IVC branch
Contact without .
- Contact with
extension to CA/HA- :
CHA No contact bifurcature (head e>_<ten5|on to CA/HA-
bifurcature
tumors)
No contact (head Contact > 180°
tumors)
CA No contact
Cont < 150 oty £V
+ tail tumors)
Contact > 180°
i st
SMA No contact Contact < 180° Contact with 1
jejunal branch
Contact with aorta

Table 2: The NCCN classification system

PV = Portal vein, SMV = Superior mesenteric vein, IVC = Inferior vena cava, CHA =
Common hepatic artery, CA = Celiac artery, HA = Hepatic artery, SMA = Superior
mesenteric artery. Adapted from Tempero et al(21)

Several studies point out that a high level of or rapid increase in preoperative
carbohydrate antigen 19-9 (CA-19-9) predicts adverse oncological results, e.g.,
inability to perform radical resection or lower overall survival (OS) after surgery(23—
27). Based on these observations, some new guidelines have incorporated the CA-19-
9 level as a biological factor for determining apparently resectable disease from
borderline resectable PC (BRPC)(28).
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2.2.5. TREATMENT

Treatment of PC is multimodal, meaning that several different aspects of treatment
are applied in a coordinated effort. Although several important advances have been
made, the progress has been largely incremental. In the earliest disease stages, upfront
surgical resection with or without adjuvant chemotherapy is currently the preferred
treatment. Several studies suggest that neoadjuvant chemotherapy may be beneficial,
especially in BRPC(25,29). In LAPC, chemotherapy, with or without concurrent
radiotherapy, may be useful to downsize the tumor to a resectable state. In
nonresponding nonmetastatic tumors and in the presence of metastatic lesions, the
only available treatment option is palliative chemotherapy, which may extend the life
expectancy of the patients(5). Unfortunately, a large group of patients are not eligible
for surgery or chemotherapy due to advanced age, comorbidity and/or low
performance status (PS)(9). For these patients, the only treatment option is supportive
care.

2.2.5.1 Surgery

Radical surgical resection is the only known treatment in PC with curative
potential(16). The mainstay of pancreatic cancer surgery is pancreaticoduodenectomy
(also known as the Whipple procedure), as this surgery can be performed in 56% of
patients with primary resectable PCs, which are located in the head of the
pancreas(30). The Whipple procedure involves the resection of the antrum of the
stomach, duodenum, proximal jejunum, CBD, gallbladder and head of the pancreas
(Figure 2). Other surgeries for primary resectable PC can be performed depending on
the location of the tumor, e.g., distal pancreatectomy or total pancreatectomy.
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Stomach

Stomach Hepatojenunostomy

Gallbladder

Pancreaticojenupéstomy

Figure 2: The Whipple procedure

Anatomy before (left) and after (right) a Whipple procedure.

In BRPC, conventional surgical techniques are combined with resection and, in most
cases, the reconstruction of the blood vessels affected. The most common is venous
resection, which is performed in approximately 25% of Whipple procedures, 5-35%
of distal pancreatectomies and 50% of total pancreatectomies(31). Arterial resection
of the CA (abbreviated CAR) may be performed if the GDA and CHA are not in
contact with the tumor because this allows blood flow to the liver from the collateral
arteries originating from the SMA. Several accounts of SMA resections have been
reported in the research literature, but this procedure was correlated with high
morbidity and mortality rates and low OS, thus making it inappropriate for clinical
implementation at this point in time(32).

The radicality of the resection is stratified into three categories: RO, R1 and R2. RO
resections are microscopically radical, meaning that there is no microscopically
visible tumor in the resection margin. The distinction between RO and R1 is disputed,
as some classification systems classify resections as R1 if there are tumor cells at the
resection margin, while other systems define R1 resection if tumor cells are visible
within one mm of the margin(33). The latter is the current consensus in Denmark.
However, this distinction may not be sufficient because a substantial number of local
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recurrences are observed even after RO resections(12). R2 resections are defined by
being macroscopically nonradical, i.e., with visible residual tumor after resection.

Pancreatic surgery for PDAC is associated with a high risk of complications(34), but
the 30-day mortality rate after surgery is low in Denmark (approximately 1%)(35).
The current 1-, 3- and 5-year survival rates after PDAC surgery in Denmark are 79%,
40% and 30%, respectively(35).

2.2.5.2 Chemotherapy

Chemotherapy is an important part of the multimodal treatment approach in PC. The
advent of tolerable combination regimens, e.g., folinic acid (leucovorin) + fluorouracil
+ irinotecan + oxaliplatin (FOLFIRINOX) and gemcitabine + nab-paclitaxel, is likely
the most important development in PC treatment during the past three decades(36).
However, these combination regimens are associated with a high risk of toxicity and
thus are appropriate only for patients with low comorbidity and good PS. While these
combinations have had a large impact on survival, they are still associated with low
response rates (approximately 25%)(37,38).

Chemotherapy can be instituted at different stages in the treatment, and the naming
convention is based on the timing and purpose of the intervention. A schematic of the
naming convention is portrayed in Table 3.

radical resection (i.e.,
BRPC)

Term Timing Purpose
Adjuvant After surgery To target r_eS|d_uaI
microscopic disease
Before surgery in disease Toi h bability of
. with high probability of 0 Increase the probability o
Neoadjuvant radical surgery and eliminate

microscopic disease

Downstaging/downsizing*

In the presence of
unresectable disease
without metastases

To downsize to resectable or
borderline resectable disease

Palliative

Any time point when
curative options are
eliminated

To increase life expectancy
and preserve quality of life

Table 3: Naming convention of chemotherapy in multimodal treatment

*Also termed induction chemotherapy
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For metastatic disease, palliative chemotherapy is the only treatment option. For
LAPC, chemotherapy may be applied to downstage/downsize the disease to a
resectable state(39). For BRPC, neoadjuvant chemotherapy may be beneficial prior to
surgery, as studies have shown a longer OS compared to upfront surgery(25).
However, this approach is disputed, as some studies have also shown that a smaller
proportion of tumors are resectable after patients complete neoadjuvant
chemotherapy(40). Nevertheless, neoadjuvant therapy may be useful in selecting
which patients may benefit from surgery, as patients with distant progression on
neoadjuvant treatment would likely experience rapid recurrence after
resection(41,42). These results indicate that neoadjuvant chemotherapy may also have
a place in the treatment of resectable PC. However, a recent meta-analysis failed to
find any benefit of neoadjuvant chemotherapy in patients with resectable PC(29).

2.2.5.3 Radiotherapy

The role of radiotherapy in nonmetastatic PC treatment is highly disputed when
applied in the neoadjuvant or downsizing/downstaging setting for primary resectable
PC, BRPC or LAPC (42-45). Stereotactic body radiation therapy (SBRT) has been
argued to provide better results than conventional intensity modulated radiation
therapy (IMRT) because it delivers a higher radiation dose over fewer sessions(44,46).
A recent meta-analysis found that LAPC patients treated with SBRT had a median OS
of 14.1 months, while BRPC patients had a median OS of 17.5 months based on 19
published studies involving 800 patients in total(46). High-level evidence for SBRT
in LAPC and BRPC treatment is currently not available.

2.3. ELECTROPORATION

Electroporation is a known, but not fully understood, process in which the stimulation
of tissues or cells by pulsed electrical fields (PEFs) leads to transient or permanent
pore formation in cellular membranes(47). This drastically increases the permeability
of the electroporated membranes for practically all molecules. Several different
therapeutic methods are based on electroporation as a core principle.

The earliest publication reporting the use of electroporation in living cells was
published in 1982(48). In this experiment, the researchers showed that
deoxyribonucleic acid (DNA) could be transferred into murine lyoma cells by
subjecting the cells to an external electrical field, a process that has since been named
gene electrotransfer (GET). The authors found that the optimization of the electrical
field allowed DNA transfer without damaging the ablated cells. The work of several
other research groups throughout the 1980s and 1990s refined the technique, leading
to the optimization of electrical pulse delivery to provide transient pore formation
without inducing cell death, i.e., reversible electroporation (RE). The first clinical trial
using therapeutic electroporation was published in 1993 by Belehradek et al.(49). In
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this study, systemic chemotherapy was combined with local ablation using RE
(termed electrochemotherapy (ECT)), and the feasibility of ECT in cancer treatment
was demonstrated. The field has been rapidly evolving ever since, and ECT is now
considered the standard of care for some specific skin tumors(50).

ECT is an enticing treatment entity because it allows for enhancement of the cytotoxic
effects of chemotherapy in the ablated area without increasing systemic side effects.
This ability is based on two known mechanisms. The first and most important
mechanism is the intracellular capture of chemotherapy agents due to the transient
increase in permeability. The second mechanism is termed the vascular lock effect.
RE-treated cells tend to swell, which hinders perfusion and thus the clearance of
chemotherapy agents in the treated area. The increase in the effectiveness of several
different chemotherapeutic agents has been tested in vitro. The most commonly used
agents are bleomycin and cisplatin because they have shown 150- to 5000-fold and 3-
to 12-fold increases in cytotoxicity in different cancer cell lines, respectively(51).
Since the inception of the use of ECT in superficial cancers, technological
developments have continued, leading to the creation of several advanced needle
electrode designs allowing RE ablations in nearly all tissues and tumor sites(52).

Chemotherapy during ECT can be administered via two different routes. Intravenous
(i.v.) injection is preferred for larger tumors, whereas for smaller tumors,
chemotherapy may be injected directly into the tumors (intratumoral (i.t.) injection).
A European Standard Operating Procedure for ECT for cutaneous tumors has been
developed and is widely adopted in the research literature(53).

Another important and interesting combination with electroporation is i.t. calcium
injection (termed calcium electroporation (CaEP)), which has been shown to be
feasible in PC(54). CaEP works by depleting adenosine triphosphate (ATP) in treated
cells and may be selective toward cancer cells(55). Additionally, CaEP is completely
nontoxic to the rest of the organism, which makes it a highly interesting and clinically
relevant enhancing agent.

The earliest studies describing what is now termed IRE go back to the 1950s, but the
findings were largely ignored in medicine until 2005(56,57). IRE has a similar
mechanism of action as RE but uses higher electrical field strengths and more pulses
to destroy cells in the ablated area without the need for adjuvant therapies. IRE causes
unrecoverable pore formation in the cellular membranes, leading to a loss of
homeostasis and, in turn, cell death. IRE ablation has theoretical advantages over
conventional thermal ablation modalities, e.g., radiofrequency ablation (RFA) and
microwave ablation (MWA). Most importantly, IRE causes cellular death without
destroying tissue scaffolding, which forms physical anatomical barriers, e.g., vessel
walls. Consequently, IRE can be performed in areas with critical structures such as
major blood vessels without affecting the integrity of these structures. Moreover,
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because of its nonthermal mechanism of action, IRE is not affected by the heat-sink
effect, which can affect the technical efficacy of thermal ablations(58,59).

2.4. IRREVERSIBLE ELECTROPORATION IN PANCREATIC
CANCER

Ablation with IRE has been proposed as a new consolidative treatment option in
patients with LAPC(60). This proposal is based on the theoretical benefits of IRE over
other ablative modalities, especially because of the favorable effect of IRE on vessels
in the treatment zone, which is the major limiting factor for achieving radical resection
(as described in section 2.2.5.1). IRE treatment may be conducted on its own or in
combination with other simultaneous therapies to achieve a synergistic effect (such as
ECT or CaEP). When used without medical agents, IRE can be applied in situ or in
conjunction with surgical resection. The latter has been termed margin accentuation,
as IRE treatment is performed only in the field where there is a high risk of nonradical
resection, i.e., along the SMA. In situ IRE aims to completely ablate the tumor to
eradicate most or all cancer cells to achieve local control or to downstage/downsize
to a resectable stage. In situ IRE can be performed during open surgery(61-63) or
percutaneously with image guidance(1,64-68).

A novel development of IRE is high-frequency IRE (H-FIRE). H-FIRE uses shorter
pulse lengths than conventional IRE and switches the positive and negative poles of
the needles between each pulse delivery. This method has been shown to significantly
reduce muscle contraction during energy delivery and thus may require less muscle
relaxation and cause less pain than conventional IRE(69,70). However, only a few
clinical trials of H-FIRE have been conducted to date(71).

The application of IRE in LAPC is still considered a topic of research by national
guidelines, e.g., the National Institute for Health and Care Excellence (NICE)(72).
From a theoretical standpoint, IRE may be beneficial because 30% of patients with
pancreatic cancer die as a result of local tumor infiltration without evidence of
metastatic disease in autopsy(73). Several studies of IRE in LAPC have been
conducted to date(61-68,74—78). The results of these will be discussed in Chapter 6.
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CHAPTER 3. OBJECTIVES

The overall aim of this thesis is to evaluate the current role of IRE in LAPC treatment,
to identify important knowledge gaps and to explore the future perspectives of IRE in
PC. Four studies were conducted as part of this effort. The objectives of the individual
studies are listed below.

3.1. STUDY 1

e To examine the safety and feasibility of IRE in patients with LAPC.

3.2. STUDY 2

e To examine the use of and evidence for imaging response evaluation in LAPC
after local ablative interventions.
e To make recommendations on imaging response evaluation in future trials.

3.3. STUDY 3

e To examine the correlation between imaging response evaluation and survival in
PC patients treated with IRE.

3.4. STUDY 4

e Toexamine whether a transient zone of electroporation exists in conjunction with
the IRE zone after IRE.

e To examine the distribution of bleomycin after IRE with concurrent i.v.
bleomycin.
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CHAPTER 4. MATERIALS AND METHODS

4.1. STUDY 1
4.1.1. STUDY DESIGN

An observational cohort study was designed to prospectively follow patients treated
with IRE at Aalborg University Hospital from October 2013 to March 2018(1).

4.1.2. PATIENT SELECTION

Referrals for the study were open from all four Danish PC centers. Upon referral,
patients were first screened by the pancreatic multidisciplinary team (MDT)
conference at Aalborg University Hospital(1). To be included, patients had to have
LAPC according to the NCCN criteria. All candidates were then scanned by 8F-FDG
PET/CT with triple-phase intravenous contrast to ensure proper staging. Patients with
borderline resectable disease or suspected metastatic lesions were referred to a second
hospital for surgery or to the oncological department for chemotherapy. Patients were
required to receive chemotherapy before entering the trial unless this was
contraindicated by comorbidity, etc. The choice of chemotherapy was not
standardized and differed between the referring institutions. Patients were excluded if
they were under 18 years of age; had tumors larger than five cm in any diameter; were
pregnant; had severe chronic heart disease, cardiac arrythmias, cardiac pacemakers or
implanted cardiac defibrillators, or an Eastern Cooperative Oncology Group (ECOG)
performance status (PS) > 2; or were unable to give informed consent.

4.1.3. ABLATIVE PROCEDURE

The selected patients were treated with in situ IRE using the following methods.
Patients were treated under general anesthesia with deep neuromuscular blockade
(train of four (TOF) = 0)(1). External pacing electrodes were placed to ensure rapid
defibrillation or pacing in case of cardiac arrhythmias as a safety precaution. Patients
were given intravenous beta-blockers (metoprolol) prior to electroporation to alleviate
procedure-related hypertension. Ablations were performed using the NanoKnife
system (Angiodynamics, Queensbury, NY, USA). Two to six needle electrodes were
placed around or inside the tumor tissue with a maximum distance of 2.5 cm by an
expert radiologist using ultrasound (US) guidance. The specific number and
arrangement of needles differed between patients and was chosen based on the
likelihood of achieving complete ablation. In a few patients with large tumors, six
needles were not enough to cover the entire tumor in the anterior-posterior direction.
In these patients, rearrangements of needles were performed. The exposed active tips

18



of the needles were between one and two centimeters and were chosen on a case-by-
case basis. Needle tip alignment and uniform depth were ensured prior to treatment.
The electrical pulses were synchronized with the refractory period of the
electrocardiogram using a device. Pulse length was fixed at 90 ms. To perform
successful ablation, the goal was to administer at least 90 pulses with each needle pair
with a current of >30 amperes. This goal was achieved by first administering 20 test
pulses with each pair using an electrical field strength of 1500 V/cm. In pairs that did
not reach the threshold, the field strength was turned up gradually and tested
individually until the goal was reached. When all pairs had achieved the desired
current, 70 additional pulses were administered. In tumors with a large diameter on
the sagittal axis, needles were pulled back one to two centimeters, and the treatment
regimen was repeated. Finally, an US scan was performed to look for signs of
bleeding. After the procedure was concluded, patients were observed for
complications in the surgical ward for at least 24 hours.

4.1.4. ENDPOINTS

The endpoints included several aspects of safety, i.e., the 90-day complication rate
and severity (Clavien-Dindo (CD) grade(79,80)), 30-day mortality, length of hospital
stay and postoperative pain severity(1). Feasibility was assessed by the treating
physician and defined as the ability to place the needle electrodes around or within
the tumor with US guidance and to administer 90 pulses with each needle electrode
pair with at least 30 amperes. All endpoints regarding safety and feasibility were
reported per ablation procedure performed, as several patients were treated more than
once. Finally, we examined whether OS was affected by the baseline tumor size and
whether repeated IRE treatment would lead to increased morbidity.

4.1.5. FOLLOW UP

Patients in the cohort were followed until death or until the study was concluded
(September 2018)(1). Patients were followed using ®F-FDG PET/CT with triple-
phase intravenous contrast every three months for up to two years. Oncological
treatment, surgical explorations/resections and survival time were recorded during
follow-up.

4.1.6. STATISTICS

The primary outcomes were summarized by the absolute number and rate or by
median and range, as these were markedly distribution free(1). Survival time was
illustrated by Kaplan—Meier plots, and differences were tested using a log-rank test.
Differences in proportions were tested using Fischer’s exact test. A p value <.05 was
considered significant. Plots and statistics were created using Stata version 15.1
(StataCorp LLC, College Station, TX, USA).
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4.1.7. ETHICS

The study protocol was reported to the North Denmark Region Committee on Health
Research Ethics before initiation and was found to be exempt due to Danish law
regarding CE-marked device interventions at the time(1). Informed consent was
obtained from all patients prior to any study-specific interventions. The study protocol
was made available at (http://www.clinicaltrials.gov/, NCT02079623).

4.2. STUDY 2
4.2.1. STUDY DESIGN

To examine the use of and evidence for imaging response evaluation in ablation
therapies for LAPC, an expedited systematic review was performed, largely adhering
to the Preferred Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines(2,81,82). An expedited approach places less emphasis on certain aspects
of the review process and was chosen in this case, as this was more aligned with the
exploratory objectives of this review. The minimized aspects, in this case, were the
assessment of bias, the publication of a review synopsis in public databases, meta-
analysis and literature search in multiple databases.

4.2.2. LITERATURE SEARCH STRATEGY

The search strategy was planned by creating search categories using the PICOS
concept, by which the following categories were defined: population, intervention,
comparison, outcome and study type(2). Based on this, and with the aid of a dedicated
research librarian, a search was performed in the PubMed database on April 11%",
2019. The final search string was as follows:

((((("Pancreatic Neoplasms"[Mesh] OR ((pancreaticiTW] OR pancreas[TW])
AND (cancer* [TW] OR neoplasm*[TW] OR adenoma*[TW] OR
carcinoma*[TW1)))))))  AND  (((((C((((((("Ellectroporation“[Mesh])  OR
"Radiofrequency Ablation"[Mesh]) OR "High-Intensity Focused Ultrasound
Ablation"[Mesh]) OR "Cryosurgery"[Mesh]) OR radiofrequency ablation*[TW])
OR microwave ablation*[TW]) OR high-intensity focused ultrasound
ablation*[TW]) OR cryosurger*[TW]) OR cryoablation*[TW]) OR
electroporation*[TW]) OR electropermeabilisation*[TW]) OR
electropermeabilization*[TW]) OR electrochemotherap*[TW])
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4.2.3. SELECTION PROCESS AND DATA EXTRACTION

The selection of articles to be included was carried out in two rounds using the online
software solution Covidence (Veritas Health Innovation, Melbourne,
Australia)(2,83). Articles were screened for inclusion by reading titles and abstracts.
All primary studies regarding in situ ablation of LAPC using nonchemical- and
nonradiation-based approaches and with a primary or secondary imaging endpoint
were included in the first round. Because of differences in reporting, stage I11 was
considered synonymous with LAPC in this review. In the second round, the full texts
of all articles were read.

An article was excluded from the review if it included fewer than five patients; if it
was impossible to differentiate the results from different interventions/disease
stages/histological origins; if the full text could not be acquired within one month
from inquiry; if the publishing language was not English; if the article was an obvious
duplicate (same outcomes and number of patients from the same authors); if the study
combined different procedures, e.g., surgical resection with margin accentuation; and
if the imaging assessment was not related to efficacy evaluation, e.g., imaging
assessments of vessel patency after ablation.

The screening and exclusion of articles were performed by a single author. Quality
control was carried out by a second author by screening 10% of the excluded articles.
Any disputes were settled by consensus.

Finally, data extraction was performed by a single author, and 100% of the data were
checked by one of three coauthors. The outcomes extracted were the author, year of
publication, country (first author), number of LAPC patients treated, ablation
modality, imaging modality and assessment method (e.g., functional magnetic
resonance imaging parameters), response evaluation method (comparative), response
evaluation target (patient-level (termed systemic) or lesion-level (termed local),
timing of the evaluated outcome (< 3 months after ablation, termed short-term or > 3
months, termed long-term) and baseline scan for comparison. Furthermore, the
methods used were characterized as standardized or nonstandardized. Standardized
methods were defined as criteria published by international groups, e.g., Response
Evaluation Criteria in Solid Tumors (RECIST).

4.3. STUDY 3
4.3.1. STUDY DESIGN

Based on the results of Study 2, a lack of evidence in this area was identified.
Therefore, a study examining the correlation between imaging outcomes and survival
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was performed using data from Study 1 that were not previously published(3). Data
from all standardized PET/CT scans were gathered from patients in the cohort along
with baseline data and survival information. Patients were scanned every three months
during follow-up for up to two years or the withdrawal of consent. Follow-up was
stopped in March 2020. Contrary to Study 1, the cohort for this study included not
only patients with LAPC but also patients treated with IRE for resectable tumors (e.g.,
patients with severe medical comorbidities in whom surgery was contraindicated) or
isolated local recurrence after resection.

4.3.2. IMAGING PROTOCOL

18F-FDG PET/CT was performed in all patients in accordance with institutional
practices(3). The image acquisition protocol was planned according to the European
Association of Nuclear Medicine guidelines(84). The 8F-FDG doses ranged from 172
to 400 Mbq (mean 347 MBq). Images were obtained from the base of the skull to the
upper thigh. CT images of the abdomen were obtained in three phases (prior to
contrast injection, in the arterial phase and in the portal venous phase) using an
intravenous iodinate contrast agent (lomeron® 400 mg iodine/ml). All images were
obtained using either a VCT Discovery True 64 PET/CT system (GE Healthcare,
North Richland Hills, TX, USA) or a Siemens Biograph mCT Flow 64 PET/CT
system (Siemens Healthineers, Erlangen, Germany).

4.3.3. IMAGING ANALYSIS AND ENDPOINTS

Two separate imaging experts (one radiologist and one nuclear medicine specialist)
reviewed all images(3). Differences in interpretations were solved by consensus. The
outcomes included 1) the largest tumor diameter of the pancreatic lesion on CT, 2) the
maximum standard uptake value (SUVmax) of the pancreatic lesion, 3) the metabolic
tumor volume (MTV) of the pancreatic lesion, 4) the total lesion glycolysis (TLG) of
the pancreatic lesion, 5) the number of suspected metastases on CT and 6) the number
of PET-avid suspected metastases. The SUV, MTV and TLG were automatically
calculated in a reviewer-defined volume of interest (VOI) using the software
SyngoVia VB40 (Siemens Healthineers, Erlangen, Germany). The MTV was defined
based on voxels with an SUV > 2.5. The TLG was calculated by multiplying the MTV
by the mean SUV (SUVmean).

The outcomes were compared between scans for each patient. Follow-up scans were
compared to either the baseline scan (prior to IRE ablation) or the first subsequent
scan, as recommended by the Society of Interventional Radiologists (SIR)(85). Scans
performed after 6 months were censored, as only a few patients had received scans
after this time point and because several patients were either re-treated with IRE or
went on to undergo surgical resection after this timepoint. Lesion-level and patient-
level outcomes were reported separately to examine the two different approaches
being utilized in this research field(2).
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4.3.4. SURVIVAL ENDPOINTS

Treatment dates and dates of death were acquired through patient charts(3). The
treatment date for the first IRE treatment was considered the entry date for the time-
to-event analysis, and the date of death was considered the exit date. Patients still alive
on March 21%, 2020, were censored from this timepoint.

4.3.5. STATISTICS

Comparative lesion-level outcomes were either dichotomized and defined as
progressive disease (PD) or non-PD or analyzed as continuous variables to explore
correlations without losing statistical power(3). The cutoff for the CT outcome was a
> 20% increase, based on RECIST 1.1(86). The threshold for PD for PET outcomes
was a > 25% increase based on the cutoff used in the European Organization for the
Research and Treatment of Cancer (EORTC) PET response criteria(87).

Patient-level outcomes were created in a similar dichotomized fashion in accordance
with RECIST 1.1(86) for CT parameters or the EORTC PET response criteria(87) for
PET parameters. Patient-level PD according to RECIST 1.1 was defined as a > 20%
increase in the ablated tumor diameter or an increasing number of suspected
metastases. Patient-level PD according to the EORTC was defined as a > 25% increase
in the SUVmax Or any increase in the number of PET-avid suspected metastases.

The imaging endpoints, i.e., response category according to the different definitions,
were then correlated with survival time using Poisson regression with the Huber—
White Sandwich estimator(88). In the first analysis, the dichotomized values were
analyzed, as these were clinically relevant. Due to the low sample size, additional
analyses at the lesion level were performed with outcomes as continuous variables as
an exploratory analysis with more statistical power. Multivariate analysis was not
performed, as the authors thought that the sample size was too small. All statistical
analyses were performed using Stata version 16.1 (StataCorp LLC, College Station,
TX, USA) by a dedicated biostatistician.

4.4. STUDY 4
4.4.1. STUDY DESIGN

To examine and characterize the proposed RE zone and the feasibility of synchronous
chemotherapy/IRE treatment, an animal experimental study was designed (Appendix
(App.) 4). The study was performed in five healthy farm pigs. All animals were
subjected to IRE ablation of the liver and pancreas with concurrent intravenous
injection of a magnetic resonance imaging (MRI) contrast agent and bleomycin.
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Afterward, animals were scanned in an MRI scanner, and finally, the ablated lesions
were excised and frozen for later bleomycin quantification. To differentiate the RE
zone from edema/inflammation, two control ablations were performed. Due to size
limitations, control ablations could be performed in the liver but not in the pancreas.
The first control ablation was performed using IRE settings but was carried out two
hours prior to contrast/bleomycin injection and thus represented a negative control.
The second control ablation was performed shortly after the contrast/bleomycin
injection using RE settings, typically used for ECT treatment, representing a positive
control. The timeline of the experiment is available in Figure 3 (App. 4).

Start 2 hours 4 hours 6 hours
bt >
IRE of liver L.v. constrast and MRI of liver and Excision of
(negative control) bleomycin pancreas ablated tissue
IRE of liver Euthanisation

(intervention 1)
Freezing of tissue
RE of liver samples
(positive control)

IRE of pancreas
(intervention 2)

Figure 3: Study 4 timeline

4.4.2. ELECTROPORATION PROTOCOL

Two different setting were used. IRE ablation settings were adapted from guidelines
for IRE ablations in pancreatic cancer(89), while the RE settings were modified from
the updated European Standard Operating Procedure for ECT (ESOPE) in cutaneous
tumors(53) (App. 4). For the latter, a pulse frequency that was slower than that
recommended by the guidelines was chosen because of limitations in the EP system
used. The needle electrode distance, tip exposure and number of probes were
standardized to increase comparability. All EP ablations were executed using the
NanoKnife system (Angiodynamics, Queensbury, NY, USA). The exact EP
parameters are presented in Appendix 4.

4.4.3. MAGNETIC RESONANCE IMAGING

MRI was performed without contrast enhancement using a clinical magnetic
resonance scanner (Philips — Ingenia 3.0T) (App. 4). Respiratory movements of the
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animals were minimized by using apneic oxygenation(90). In the first animal, several
imaging techniques were performed to find the best-suited method for separating the
normal tissue, contrast-enhancing tissue and hypointense tissue of the liver. During
this stage, it was not possible to clearly differentiate the pancreatic lesions from
normal pancreatic tissue in a measurable way. Therefore, the final imaging protocol
and analysis was focused on liver ablation. The final imaging protocol was T1-
weighted fast-field-echo (Philips FFE) images acquired in 3D mode with an isometric
1.5 mm? voxel reconstruction (App. 4).

4.4.4. TISSUE SAMPLING AND PRESERVATION

Upon the completion of MRI, animals were returned to the animal laboratory (App.
4). Large tissue samples from the four ablation sites were excised. All resected tissue
samples were cut longitudinal to the needle placement and divided into approximately
20 x 60 x 5 mm samples. Tissue samples were then immediately frozen at -80 °C for
later analysis (App. 4).

4.4.5. IMAGING ANALYSIS

The attained images were quantitatively analyzed using the free open-source
application 3D slicer (version 4.11)(91,92) (App. 4). The mean liver parenchymal
intensity for each animal was found by creating larger segmentations of the
nonablated areas of the livers in three planes. Afterward, the individual ablative
lesions were identified and segmented separately. The individual lesions were first
segmented in total by using the surface cut (smooth model) tool by visual differences
in contrast. Then, the individual lesion segmentations were separated into two (the
hyper- and hypointense volumes) using the mean liver intensity as the threshold for
separation. Quantitative values, including lesion volume, mean lesion intensity and
lesion intensity standard deviation, were then extracted for statistical analysis (App.
4).

4.4.6. BLEOMYCIN DETECTION AND QUANTIFICATION

Bleomycin detection and quantification were performed using either mass
spectrometry-based imaging or liquid chromatography coupled with mass
spectrometry (App. 4). The full description of the procedure is available in App. 4.

4.4.7. STATISTICS

All statistical analyses were performed using Stata version 16.1 (StataCorp LLC,
College Station, TX, USA) (App. 4). Parametric data were reported as the means and
standard deviations (SD). Differences in nonnormally distributed data were tested
using the Kruskal-Wallis test. A p value <.05 was considered statistically significant

(App. 4).
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4.4.8. ANIMAL ETHICS

The experimental animals were anesthetized prior to the study intervention and
remained under anesthesia until they were euthanized (App. 4). The protocol was
approved by the Danish National Animal Experimentation Council on October 3™,
2018. The study design adhered to the 3R principles. All personnel had the required
animal research licensing. The study procedures and associated animal care were
overseen by a licensed veterinarian (App. 4).
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CHAPTER 5. SUMMARY OF RESULTS

5.1. STUDY 1

5.1.1. STUDY POPULATION

Thirty-three patients with LAPC underwent a total of 40 IRE ablations during the
study period(1).

The median time from diagnosis to the first IRE ablation was 5.3 months (range
0.7-14)(1).

Baseline demographics are displayed in the published article(1).

5.1.2. FEASIBILITY

All 40 ablations were successful based on the stated criterion(1).

5.1.3. SAFETY

Hospitalization lasted a median of one day (range 1-13)(1).

The median perceived perioperative pain on the visual analog scale (VAS) was
zero before IRE ablation and was four, one, one and one, two hours, eight hours,
one day and four weeks after IRE ablation, respectively(1).

A major adverse event (CD grade > 3) occurred within 90 days in 20% of
ablations (n = 8)(1).

The 30-day mortality rate was 5% (n = 2)(1).

The rate of severe events (CD grade > 3) tended to be higher in relation to
retreatment (43% vs. 15%, p=.13)(1).

Larger tumors (largest diameter > 3.5 cm) had a trend toward higher rates of
overall complications (67% vs. 41%, p=.13) and severe complications (28% vs.
14%, p=.43)(1).

5.1.4. ONCOLOGICAL RESULTS

The median OS for the cohort was 10.7 months and 18.5 months from the
intervention and the diagnosis, respectively (Figure 4)(1).

The tumors of three patients were downsized, and these patients went on to
undergo surgical resection (two RO and one R1)(1).

Patients with larger tumors (largest diameter > 3.5 cm) had a significant decrease
in median OS compared to patients with smaller baseline tumors (7.6 months vs.
16.7 months, p=.02)(1)
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Figure 4: Plots of survival from (a) diagnosis and (b) the initial IRE treatment

Reused from Flak et al(1) with permission, all rights reserved.

5.2. STUDY 2
5.2.1. STUDY POPULATION

e  Thirty-four studies were included from an initial total of 713 studies identified by
the search strategy (Figure 5)(2)

e The interventions in the included studies, in the order of frequency, were IRE,
RFA, high-intensity focus US (HIFU), MWA, ECT and cryothermal probe
ablation (CTP)(2).
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714 studies imported for screening 1 duplicate removed

l

713 studies screened 591 studies irrelevant
122 full-text studies assessed for eligibility 88 studies excluded

1 Wrong indication

1 Wrong language

0 studies ongoing
0 studies awaiting classification

v

34 studies included

Figure 5: CONSORT diagram of the study selection strategy

Reused from Flak et al(2) with permission, all rights reserved.

5.2.2. IMAGING ASSESSMENT METHODS

e CT scans were used in the response evaluation strategy in all but one study. One
study used only MRI(2,93).

e In thirteen studies, the use of more than one imaging modality was
reported(2,65,77,94-104). However, in nine studies, different imaging modalities
were interchangeably used across patients or time(2,65,77,94-97,102-104).

e Standardized criteria, i.e., RECIST(86), PERCIST(105); Choi response criteria
(Choi)(106); and modified RECIST (mRECIST)(107) for response evaluation
were used in 14 studies(2,67,74,96,97,99-101,103,104,108-112).

e In fourteen studies, only self-determined predefined criteria, simple size
comparisons or qualitative descriptions were reported(2,63,65,68,93,95,98,113—
119).

e In six studies, the methods used for imaging response evaluation were not
reported(2,61,75,94,102,120,121).
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5.2.3. TARGET FOR RESPONSE EVALUATION

e In most studies (n = 27), the target for comparison was reported (patient-
level(74,75,94,97,121),  lesion-level(93,95,96,98-101,108-110,113-115,117—
119) or both(61,65,68,77,116))(2).

5.2.4. COMPARISON SCAN FOR RESPONSE EVALUATION

e In sixteen studies, follow-up scans were compared to the preablative
scan(2,67,93,95,98-102,109-111,113-115,117,118).

e Intwo studies, the first postablative scan was used for comparison with long-term
follow-up scans, as recommended by the SIR(2,68,77,85).

¢ Inasubstantial number of studies (n = 16), it could not be determined which scan
was used for comparison(2,61,63,65,74,75,94,96,97,103,104,108,112,116,119—
121).

5.2.5. TIMING OF RESPONSE EVALUATION

e In atotal of fifteen studies, both short- (< 3 months) and long-term (> 3 months)
outcomes(2,67,74,75,77,93,96-98,103,104,109,112,114,116,119) were reported,
while the rest reported either one or the other.

5.2.6. CORRELATION BETWEEN IMAGING OUTCOMES AND SURVIVAL

e In one out of the 34 studies, the correlation between imaging outcomes and
survival was tested, and the results showed that early disease progression based
on self-defined criteria was correlated with survival (p=.003)(2,68).

5.3. STUDY 3
5.3.1. STUDY POPULATION

e Forty-one patients with LAPC (n = 33), isolated local recurrence (ILR) (n = 4) or
inoperable due to severe comorbidity PC (MIPC) (n = 4) were included in the
study cohort(3).

e All patients were scanned by PET/CT at baseline. Thirty-five and 22 patients
were scanned during follow-up at three months and six months, respectively(3).

5.3.2. PATIENT-LEVEL ANALYSIS

e PDaccording to RECIST was significantly correlated with a higher mortality rate
(MR) during all three time-intervals (Table 4)(3).
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e PD according to the EORTC was significantly correlated with MR only in the
long time interval (baseline to six months) and completely failed to differentiate
patients in the postablative interval (three to six months)(3).

Lower Upper

PD criteria Comparison Time-interval MRR 95% CI  95% ClI
RECIST 1.1 Baseline 0-3 months 2.646 1.253 5.587
Baseline 0-6 months 2.546 1.033 6.273

Post-ablative 3-6 months 7.075 2.944 17.000

EORTC Baseline 0-3 months 1.420 0.537 3.757
Baseline 0-6 months 1.829 1.108 3.020
Post-ablative 3-6 months * * *

Table 4: Patient-level outcome analysis

Significant results in bold. * Results not shown because all patients were characterized as
progressors. MRR = Mortality rate ratio. CI = Confidence interval. Reused from Flak et al(3)
with permission, all rights reserved.

5.3.3. LESION-LEVEL ANALYSIS

e None of the dichotomized outcomes in the lesion-level analysis were significantly
correlated with the MR(3).

e The MTV and TLG approached statistically significant results in all time
intervals(3).

e Analysis with outcomes as continuous variables revealed that the tumor size
increase was significantly correlated with the MR in the long time interval and in
the postablative interval and approached significance during the early interval
(baseline to three months)(3).

e Increases in the MTV and TLG were both significantly correlated with an
increased MR in the long and postablative intervals but were not correlated with
MR (MRR < 1) in the first interval(3).

e  The SUVma did not correlate with the MR in any of the time intervals(3).
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5.4. STUDY 4
5.4.1. IMAGING RESULTS

5.4.1.1 Qualitative description

e The liver ablation sites were visible on T1-weighted FFE images, whereas the
pancreatic ablation sites were not easily distinguishable from normal pancreatic
tissue (App. 4).

e The IRE lesions with concurrent contrast (11) appeared as a hypo-/isointense
inner part surrounded by a hyperintense penumbra (App. 4).

e In some animals, hyperintensity was present near the needle path, and near the
vessels that were included in the ablation zone (App. 4).

e The IRE control lesions (Cl) resembled the I1 lesions but without the
hyperintense penumbra (App. 4).

e The RE control lesions with concurrent contrast (C2) were smaller than the 11
and C1 lesions but resembled the intensity patterns seen in the 11 lesions (App.
4).

5.4.1.2 Imaging segmentation

e The mean total volumes of the 11 lesions were larger than those of the C1 lesions
(37.2 vs. 19.6 cm?, p=.03) (App. 4).

e The difference in total volume was almost completely composed of the
hyperintense volume (20.2 vs. 2.7 cm?, p=.009) (App. 4).

e The mean difference in intensity between the hyperintense volumes and the mean
liver intensity were 96.0, 31.2 and 83.9 for the 11, C1 and C2 lesions, respectively

(p=.03) (App. 4).

5.4.2. MASS SPECTROMETRY RESULTS

e Bleomycin could not be detected in the tissue samples (App. 4).
e Additional quality control was performed, and it was found that bleomycin was
present in the blood at the time of ablation (App. 4)
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CHAPTER 6. DISCUSSION

PC is a devastating illness with a large impact on afflicted patients’ lives. Curative
treatment options are few and are associated with a major risk of complications even
in high-volume centers(122,123). Importantly, a large group of patients are not
eligible for any treatment, which leads to a premature loss of life and devastation for
patients and their families. While some incremental advances have been made, mainly
in the form of more effective combination chemotherapy regimens, palliative
treatment options will fail due to resistance or intolerance for all patients at some
point. Thus, innovations in surgical and medical treatments are highly desirable.

The hallmarks of evidence-based medicine are that any new treatment must be proven
to be safe and effective. While it is clear what constitutes an efficacious treatment and
how to test treatment efficacy (i.e., randomized controlled trials (RCTS)), it is much
less clear what constitutes a safe treatment and how to interpret whether a given effect
size warrants a risk of complications. In either case, informed and joint decision-
making is needed, especially if a treatment option is not yet well established, i.e.,
backed by clear, validated and irrefutable evidence.

In the following chapter, the results of the studies included in this thesis will be
discussed, and the results will be put into the context of the established knowledge on
the subject. The research field is rapidly evolving, with several new studies being
published each month. A summary of the state of the art will be presented, and future
areas of research will be identified.

6.1. FEASIBILITY

The feasibility of IRE in LAPC treatment has been clearly demonstrated by multiple
publications, including Study 1 of this thesis(1,124). Furthermore, because IRE can
be performed in multiple ways, i.e., percutaneously, during laparotomy and as margin
accentuation, there are multiple ways that IRE can be implemented clinically. The
learning curve of open in situ IRE in LAPC has been demonstrated in a single
publication, which showed that physicians were able to perform the procedure in more
advanced patients after performing the procedure in only five simple cases(125).

6.2. PATIENT ELIGIBILITY

Most patients are eligible to undergo IRE, as absolute contraindications are few.
Nevertheless, because the prevalence of comorbidities increases with age, it is

33



important to exclude patients who have a high a priori risk of adverse outcomes. When
a new therapy is introduced, contraindications can be derived only from theory.
However, as more studies regarding the potential contraindications for pancreatic IRE
are published, the acquired knowledge is slowly proceeding beyond theory and into
practice.

Cardiac arrythmias have been reported after IRE(126), and thus, preventative
measures are taken to minimize this risk, mainly the synchronization of pulse delivery
with the ECG and preoperative placement of pacing pads for quick cardioversion or
pacing in the case of arrythmias(127). Implanted cardiac pacemakers or analogous
devices have thus far been seen as a contraindications for IRE, but a new study
suggests that EP treatments may be both safe and effective in this patient group(128).
One important limiting factor is persistent atrial fibrillation, as electrical pulses cannot
be consistently delivered in the refractory period of the ECG as they may induce
cardiac arrythmias. However, it is likely that innovations such as H-FIRE, where ECG
synchronization is not required, may alleviate this limitation in the future(69,70).

Patients with a history of seizures are not eligible to undergo IRE as a precautionary
principle.

Patients with poorly treated or uncontrollable hypertension are not eligible for IRE at
this time due to a transient increase in blood pressure during energy delivery. Steps
can be taken to lessen the increase in blood pressure, e.g., beta-blockade and deep
anesthesia, but more evidence is needed to ensure whether this is enough to reduce
the risk of brain hemorrhage(129).

Some researchers have argued that it is unsafe to perform IRE in the presence of self-
expanding metal stents (SEMSs)(130), but this has since been disputed(131,132) and
investigated further(133,134). One study performed IRE in a gel-based model and
found that IRE led to increased heating near the needle electrodes in the presence of
SEMSs, but no heating of the SEMSs was observed(133). This was later tested in an
animal model. In this experiment, researchers found that white coagulation, as is
common with thermal ablation, occurred only near the needle electrode tips, but
interestingly, a small rim of vital tissue remained around the SEMSs, suggesting that
SEMSs may affect technical efficacy. Similarly, another study examined the electrical
field distribution around SEMSs in a castor-oil-based model and in computer
simulations and found that the electrical field was disturbed by the presence of
SEMSs, potentially leading to incomplete ablation(134). Interestingly, IRE ablation
has been demonstrated as a method for recanalizing an occluded biliary stent via a
proprietary experimental IRE catheter in an animal model(135). In conclusion, it is
not yet clear whether IRE in the presence of SEMSs is safe, but it seems likely that
the presence of SEMSs will not be a contraindication in the future. Importantly, there
may be a distinction between the safety profiles of fully coated and uncoated SEMSs.
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Another factor limiting the use of IRE in LAPC may be large tumor size, as was
demonstrated in Study 1. In particular, if the tumor invades the duodenum, this
theoretically may cause perforation when the treated tissue goes through necrosis, as
the normal epithelium and submucosal lining are already disrupted by tumor tissue(1).
Whether this is true in clinical practice has yet to be tested.

6.3. SAFETY

The results from Study 1 show that IRE in LAPC is associated with a risk of iatrogenic
mortality and with several major and minor complications(1). The complication rates
found in Study 1 were on par with the published studies at the time(124,136). The
complications observed after IRE in LAPC can roughly be divided into infectious,
bleeding, ischemic/thrombotic, pancreas-related and pain/general complications.

Infectious complications can be caused by micro- or fulminant perforation of the
bowel or other viscera or via the introduction of bacteria to the peritoneum through
the skin during needle insertion. Other infectious events include pneumonia, urinary
tract infection or other infections related to anesthesia, hospital admission or related
procedures. In Study 1, three patients experienced abscess formation, which
theoretically delayed chemotherapy continuation(1). While most infectious
complications are manageable, either by antibiotics or percutaneous drainage, bowel
perforation is especially problematic, as its management often requires major surgery,
which significantly prolongs convalescence, delays chemotherapy continuation,
comes with a high risk of additional complications (e.g., peritoneal abscess formation,
thrombosis, and pneumonia), and can be fatal(1,61).

Bleeding complications include intraperitoneal(1,61,62,77,137) and Gl
bleeding(1,61,138,139) and hematoma formation(64). Intraperitoneal bleeding was
observed in two patients in Study 1(1). One patient had a minor self-limiting bleeding
in the ablation zone, and a small aneurism of the GDA was discovered on a subsequent
CT scan. The other had major intraabdominal bleeding, which was managed
successfully by laparotomy, but fatal cases have been reported(61,62,137). While only
a few reports of aneurisms or other intraabdominal bleeding incidents have been
reported, they can be very serious and should be suspected if patients present with low
blood pressure, anemia and/or unexplained abdominal pain. The mechanism for the
development of these complications is currently unknown, but the suspected etiology
could be heat-related, mechanical (needles passing through the artery) or directly
related to the electroporation effect. It seems unlikely that patients would have
preexisting undiscovered aneurisms, as all included patients in Study 1 had triple-
phase contrast-enhanced CT scans prior to IRE(1). A common complication seen in
several studies is bleeding upper Gl ulcers(1,61,138,139). In Study 1, three cases of
Gl bleeding were observed within 90 days after IRE(1). Two out of three resolved
without intervention, while the last required endoscopic intervention. Based on these
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observations, as well as the observed cases of duodenal perforations, it seems likely
that IRE in LAPC can cause ulcers to form. Ulcers may be caused either directly
through the impact of electroporation on tissues that are included in the ablation area
or indirectly by means of surgical stress or postoperative ulcerogenic medications,
e.g., nonsteroidal anti-inflammatory drugs (NSAIDs). For both intraperitoneal and Gl
ulcers, it is probable that careful treatment planning and positioning of needle
electrodes with good intraoperative imaging would alleviate or minimize the risk. It
can be argued that percutaneous treatment of LAPC should, at a minimum, be carried
out under CT guidance, as this would allow better three-dimensional awareness of
needle placement and the ability to accurately confirm and document the needle
arrangement prior to pulse delivery.

Ischemic/thrombotic complications include a narrowing or occlusion of vessels in the
ablation zone and thrombosis due to other causes, i.e., deep vein thrombosis after
prolonged immobility. In Study 1, one case of PV thrombosis was observed after
IRE(1). This complication was successfully treated by low-molecular-weight heparin.
In a large study of IRE used in the treatment of different malignancies, vessel patency
was found to be affected by IRE in 4.4% of the treated lesions (n = 7 of 158)(140).
Several studies specifically on LAPC have reported a narrowing of vessels or PV
thrombosis(1,62,64,102,138,141). Two cases of liver failure due to PV and/or CHA
occlusion have been reported(62,139). In a recent matched retrospective cohort study,
patients treated with IRE and chemotherapy were compared to patients treated with
radiotherapy and chemotherapy(102). The study found that patients treated with IRE
did not have a higher proportion of overall thrombotic events (4 vs. 5, p=.89).
However, the study was likely not powered to perform a proper statistical comparison
of complications between the groups.

Pancreas-related complications encompass acute pancreatitis, pancreatic pseudocysts,
pancreatic fistulas, and a loss of pancreatic function, i.e., exocrine pancreas
insufficiency or diabetes. Acute pancreatitis and complications related to acute
pancreatitis have been reported in many trials of IRE in PC(1,62,64,66-68,76). The
severity varies widely. In Study 1, three cases of acute pancreatitis were registered(1).
One resolved without complications, one developed a pancreatic pseudocyst, which
was treated unsuccessfully, and one was determined to be secondary to microscopic
perforation of the duodenum, which eventually led to abscess formation. Another
common complication seen in Study 1 (n = 8 of 33) was exocrine pancreatic
insufficiency(1). Although it was unclear whether a direct causality existed, it seems
likely that the destruction of pancreatic tissue through IRE may cause (or exacerbate)
insufficiency in the production and/or secretion of digestive enzymes. In either case,
this complication is easily manageable in most cases.

Abdominal pain, nausea, muscle weakness, fatigue and other general adverse events

were observed in several patients in Study 1(1). Perioperative pain was shown to be
the worst immediately after the procedure but improved within hours in most patients.
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A few patients experienced prolonged abdominal pain and other general symptoms.
However, in most patients, these symptoms dissipated within the first
month(142,143).

Overall, several important and potentially devastating complications have been seen
in relation to IRE treatment of LAPC. The rate of major adverse events (CD grade >
3) can be hard to definitively estimate because of differences in reporting and
classifications among the published studies but was estimated to be approximately
21% in a recent systematic review(136). As mentioned in the preface to this section
(Chapter 6), the rate and severity of the intervention must be seen in the context of
efficacy and effect size. Unfortunately, the efficacy of IRE has not been definitively
proven to date; thus, it is not possible to assess whether the potential benefit is worth
the risk of complications. The efficacy of IRE in LAPC will be further discussed in
section 6.4. An important point when assessing the complications observed after IRE
is to compare the frequency of complications after IRE to the frequency of these
complications in patients with PC in general, as well as in patients undergoing surgery,
radiotherapy and/or chemotherapy. In any case, it is crucial to provide any potential
candidate for IRE (whether in a clinical trial or for possible future clinical
implementation) with the necessary information before joint decision-making. More
information about risk factors for the development of complications would be highly
useful when choosing the right treatment approach for a given patient. This is
important for two reasons. First, IRE could do more harm than good in patients with
high risk, and second, because patients with a low risk of complications should be
able to pursue aggressive treatment, which has been demonstrated to bridge to surgical
resection(1).

6.4. EFFICACY

In cancer research, there are different ways of determining the efficacy of an
intervention. The gold standard is a comparison of OS in a well-designed RCT. In the
absence of RCTs, preliminary indications of efficacy can be provided either by
comparing the results to those of a control group in an unrandomized fashion or by a
longitudinal comparison of established markers of response in a treated patient group
(typically used in phase 1 and 2 trials). The latter can be especially relevant in cancers
with long OS, where the follow-up time would be prohibitory. For any marker of
response to be useful, it must be objective (to reduce the risk of bias), and it must be
equally valid for both the intervention and control groups. In regard to PC, both
RECIST(144) and CA-19-9(145) are valid markers of response during chemotherapy,
but most studies still compare survival time, even in early-phase clinical trials (phases
1and 2), as this is reachable without an unreasonably long follow-up time and because
objective response (OR) as determined by both RECIST and CA-19-9 comes with
important and clinically relevant caveats(144,146). Furthermore, it is much less clear
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whether CA-19-9 response and especially imaging-based response evaluation
strategies are valid markers of response after local ablative therapies in PC(2).

Study 2 showed that there is a marked diversity in the use and reporting of imaging
methods across the field of pancreatic ablations(2). No studies included in the
systematic review tested the correlation between survival and established standardized
imaging response criteria. Thus, it is unknown whether these criteria are valid markers
of response after IRE or other ablative therapies (further discussed in section 6.5).

This is problematic, as nearly all published studies were either uncontrolled or
compared results to a matched control group of patients receiving chemotherapy. In
addition to this problem, many of the studies published to date, including Study 1,
have included patients after they had completed downsizing chemotherapy if RO
resection was still implausible based on imaging(1). This selection is important from
an ethical standpoint because of the well-established efficacy of surgical resection,
but it introduces a risk of bias in the selection process, as resectability can be very
hard to determine from imaging after combination chemotherapy(147).

OS from different uncontrolled cohorts of IRE-treated patients cannot be objectively
compared because of vast differences in selection criteria, the availability of
combination chemotherapy, differing resectability criteria, standardized adjuvant
therapies and more. Simply said, the stricter the selection criteria, the better the OS.
Examples are the exclusion of patients with metastatic disease observed during
laparotomy in open IRE or the requirement of stable disease after 3-4 months of
chemotherapy prior to IRE(62,67). This selection problem is evident from studies that
included CONSORT diagrams starting from the diagnosis of LAPC. One study found
that from an initial cohort of 132 LAPC patients, 44 were eligible for IRE, 36
underwent exploratory laparotomy, and only 15 patients underwent the IRE
procedure(139). In this small study, the efficacy of IRE could not be established, as
patients who underwent laparotomy without resection or IRE (n = 7) displayed a
longer median OS than patients in the IRE group (22 vs. 16 months). In comparison,
all patients who had stable disease or better after restaging and went on to receive
chemotherapy had a median OS of only 15 months. It is, however, not entirely clear
from the article why IRE was not performed in some of the patients undergoing
laparotomy, and thus selection bias cannot be ruled out.

Several matched studies have been published regarding the efficacy of IRE. In the
first study, IRE- and chemotherapy-treated LAPC patients (n = 36) were matched to
LAPC patients receiving chemotherapy only (n = 96) during the same time
period(148). After propensity score matching (1:1), based on several parameters, IRE-
treated patients had significantly higher 1- and 2-year survival rates than the
chemotherapy-only group (p=.001). The median OS for the IRE group was not
reached during the planned 24-month follow-up period per patient, whereas the
median OS was only 7.1 months after 4 months of induction therapy in the
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chemotherapy-only group. However, when examining the Kaplan—Meier curves of
survival in the study, it is obvious that many more patients were censored in the IRE
group than in the radiotherapy group, which could be due to insufficient follow-up
time or attrition bias. In a second study by the same authors, the same cohort of 36
IRE-treated patients was matched (1:1) to LAPC patients receiving chemotherapy and
conventional radiotherapy (67 Gy over 30 sessions) (n = 40) from the same hospital
and time period(102). The study found a statistically significant survival advantage in
the group of patients treated with IRE (median OS 21.6 vs. 10.6 months, p=.01).
However, due to the retrospective nature of both studies(102,148), attribution bias
cannot be ruled out. A similar post hoc analysis was published by other authors(149).
In this study, two separate cohorts of FOLFIRINOX-treated LAPC patients, with or
without concurrent IRE ablation, were matched based on the length of FOLFIRINOX
therapy and tumor size. In this study, patients treated with IRE and FOLFIRINOX
had a significant survival advantage (median OS 17.2 vs. 12.4 months, p=.05) and had
a longer progression-free survival (PFS) (13.1 vs. 4.9 months, p<.001). However, as
was seen in a previous study(148), more patients were censored in the early follow-
up period in the IRE group, which may have biased the results.

Only one RCT of IRE in LAPC patients has been published to date(150). In this trial,
68 treatment-naive patients were randomized to either gemcitabine alone or IRE with
simultaneous gemcitabine followed by gemcitabine. In the study, it was found that
patients in the IRE + gemcitabine group had a significantly longer median OS (19.8
vs. 9.3 months, p=.0001). Likewise, patients treated with IRE + gemcitabine had a
significantly longer median PFS (8.3 vs. 4.7 months, p=.0001). A < 50% decrease in
CA-19-9 three months after IRE and tumor volume at baseline > 37 cm® was
associated with a worse OS (hazard ratio (HR) 2.7, p=.032 and HR 2.4, p=.023,
respectively). The researchers were not able to find any significant difference in the
rate of any of the observed adverse events between the two groups. However, the
study was likely not powered to do so for rare events. This study, while being the
highest evidence-level study published to date, comes with a few caveats regarding
the efficacy of IRE. First, because IRE was combined with gemcitabine (injected
intravenously 30 mins prior to treatment), a synergetic ECT effect may have occurred
(more on this can be found in section 6.6), thus making the results inappropriate to
evaluate whether IRE is efficacious without simultaneous chemotherapy. Second,
because gemcitabine is no longer considered first-line chemotherapy for patients with
PS 0 and 1, it is not certain whether the results are valid in the context of modern
multimodal treatment. Nevertheless, the results clearly demonstrate the therapeutic
efficacy of combined IRE + gemcitabine, which is encouraging and should lead to
further investigations.

In conclusion, several studies have tried to answer whether IRE is efficacious in LAPC
management. One RCT has been published to date and shows that IRE is efficacious,
but the results may not be representative of how many of the prior and ongoing trials
are conducted because the procedure was combined with gemcitabine and because the
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chemotherapeutic regimens in both groups are no longer first-line treatment in patients
with good PS. When assessing the studies of unenhanced IRE, the comparative studies
point to the therapy being efficacious but come with a risk of bias in selection and
follow-up. The study with the least risk of selection bias showed negative findings but
was underpowered(139). Larger and properly conducted RCTs with relevant control
groups are needed to definitively evaluate the efficacy of IRE in LAPC. However,
because IRE has been shown to downstage/downsize the tumors of some patients to a
resectable disease stage, it is clear that the treatment may be beneficial in some
patients(1). However, whether SBRT or other novel radiotherapy treatments may
provide better bridging to surgery than IRE is not clear.

6.5. OBJECTIVE RESPONSE EVALUATION IN ABLATION-
TREATED PANCREATIC CANCER

Imaging response evaluation in cancer treatment is important for two reasons. First,
imaging response evaluation can be used in clinical trials to estimate efficacy in the
absence of hard outcomes, i.e., OS. Second, imaging response evaluation is an
important tool in clinical patient care to prognosticate whether a given therapy will
have the desired effect; thus, it can guide therapy.

The OR based on postablative imaging can be very difficult to assess in LAPC(151),
which is because morphological imaging, i.e., CT, US and nonfunctional MRI, cannot
distinguish between living cancer cells and the dense desmoplastic stroma associated
with PC. Thus, when scar tissue is formed after ablative intervention, the effects of
the treatment on cancer cells is not clear. This difficulty is further accentuated because
most ablative interventions aim to include a margin of healthy tissue in the ablated
area, which may produce a larger appearance on subsequent images as new scar tissue
is formed in previously healthy tissue.

Study 2 was conducted to examine the methodology of imaging assessment after local
ablative therapies in LAPC treatment(2). The study found vast differences in the
methods used across the included trials and in the reporting of key imaging
parameters, e.g., the timing of scans, response criteria used and evaluation target
(patient-level or lesion-level). Additionally, very few (n = 2 of 34) trials performed
comparisons with the first postablative scan as recommended by the SIR(2). Some of
the apparent heterogeneity observed in Study 2 may be explained by differences in
the aim of the ablations. For instance, several of the trials of RFA aimed to partially
ablate tumors only and therefore included short-term measures of ablative coverage
with comparison to preablative images as an outcome. Other differences in the
outcomes chosen by different research groups may be explained by the difference
between thermal and nonthermal interventions(2). In early postablative images,
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thermal ablation may cause the treated tissues to shrink, whereas IRE and ECT induce
intracellular edema, which causes the ablated tissues to swell.

Another important observation made in Study 2 was that only lesion-level outcomes
were reported in many trials, even in long-term follow-up(2). This method can be
useful in assessing the innate efficacy of IRE or other ablative treatments but fails to
consider that ablations in LAPC may inadvertently cause the dissemination of disease.
Thus, it is crucial that such considerations be clearly stated if evaluations of lesion-
level outcomes only are reported.

It is important to differentiate between two scenarios when assessing postablative
images in general. The first scenario is to assess whether the tumor tissue is
completely covered by the ablation and whether a complete eradication of cancer cells
can be expected, i.e., technical efficacy. The second scenario is to assess the long-
term effects of the treatment. The terminology of the latter is dependent on the
outcomes of the ablative efficacy assessment. For apparent complete ablations (i.e.,
without residual untreated tumor tissue), later postablative lesion-level imaging
assessments will be able to observe recurrence or no recurrence. For incomplete
ablations (whether deliberate or not), tumors may theoretically be categorized as
showing response (partial or complete), SD or PD. However, to determine this, the
comparison scan should ideally be the first postablative scan to account for issues
regarding the immediate effects of treatment, as previously described(85). To
complicate things further, some studies of IRE have shown that the treatment may
take effect over longer periods of time, up to two months(152,153), which
significantly prolongs the interval during which the first postablative scan should be
performed to assess technical efficacy.

Because RECIST was developed to assess the response to chemotherapy, it provides
only minor guidance in the assessment of lesions with previous local treatment, i.e.,
that these should be categorized as nontarget lesions. This guidance is very useful in
the context of metastatic disease, as other target lesions will be used to define
response. However, in the context of LAPC, this becomes problematic, as nontarget
lesions can be categorized only as showing complete response (CR) (i.e., the
disappearance of lesions and normalization of tumor markers), non-CR/non-PD (i.e.,
persistence of nontarget lesion(s) and/or maintenance of tumor marker levels) or PD
(i.e., unequivocal progression of existing nontarget lesion(s) or the appearance of new
lesions)(86). Because of the problems regarding postablative fibrosis and assessment
of efficacy, as mentioned above, the CR category is obsolete after IRE in LAPC; thus,
lesions can be categorized only as PD or non-PD. Likewise, as was shown in Study 3,
nearly all patients experienced local progression at some point after IRE or had
residual disease in resected tumors(3). Therefore, efforts to distinguish between
incomplete ablation and complete ablation in LAPC are not relevant, as it is clear that
unenhanced IRE without subsequent surgery is not curative. Nevertheless, when
evaluating a positive change after IRE, it is critical to examine whether radical
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resection is likely. This evaluation is not easy for the same reasons observed in the
context of combination chemotherapy(151). Based on this, it can be argued that
patients without unequivocal local progression or metastatic progression should be
considered for exploratory laparotomy after IRE.

In Study 3, the correlation between imaging response categories (PD or non-PD) and
survival was examined, and it was discussed whether functional imaging using *FDG
PET offered any advantages in evaluating response after IRE in PC(3). The main
results were that patient-level PD based on RECIST and EORTC PET response
criteria was correlated with a worse OS. The study was not able to find any objective
advantages using PET scans, which may be due to the timing of PET/CT scans in the
study because the first postablative scan was conducted after three months. However,
it is also likely that the PET-based outcomes were influenced by inflammation in the
ablation zone. The study was not able to find any significant correlation between
lesion-level PD using different morphological and functional parameters. However,
several of the examined lesion-level outcomes trended toward significance, meaning
that these outcomes would likely become statistically significant in a larger trial (3).
These outcomes were significantly correlated in subsequent statistical analysis
without dichotomization. An overall trend of better distinction between PD and non-
PD was noted when the first postablative scan was used as the baseline for
comparison, which is in agreement with the recommendation made by the SIR(85).

6.6. IRREVERSIBLE ELECTROPORATION AND
CHEMOTHERAPY

Combination treatment using IRE with simultaneous chemotherapy or calcium
injections is highly feasible from a theoretical perspective, as these treatment
principles have already been proven feasible in deep-seated cancers using
conventional ECT(154-156). However, whether there is any advantage of using high
PEF strengths, as is typical of IRE, over the lower PEF strengths used with RE is
unknown. In addition, how a chemotherapeutic or other enhancing agent is distributed
in the tissue during combined therapy with IRE is unknown. Computer simulations
and in vitro models can provide some idea of the distribution based on the electrical
field strength threshold of IRE and RE(57) but fail to consider the complex
environment of real-world ablations, e.g., vessels running through the tumor and the
heterogeneity of the stroma.

Study 4 was performed to assess and characterize the distribution of i.v. chemotherapy
during IRE treatment in living animals (App. 4). Using the distribution of gadolinium
contrast as a model for chemotherapy distribution, it was found that most of the
contrast was distributed in a penumbra around the ablation zone, which effectively
doubled the ablated volume (App. 4). This finding is consistent with those of other
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studies regarding the RE zone observed after IRE and supports the hypothesis that the
chemotherapeutic agent will be captured in cells that have reached the RE threshold
but not in cells that have reached the IRE threshold. The reason for this is that IRE
causes permanent permeabilization of the plasma membranes and thus allows for
unrestricted diffusion of chemicals in both directions. In contrast, when pore
formation is only transient, i.e., during RE, chemicals can be captured within the cells;
thus, normal washout and metabolism of the chemical will not occur.

A clinically important observation made in Study 4 is that contrast enhancement was
observed in the vicinity of vessels in the ablation zone, suggesting that these areas
may be insufficiently electroporated to induce cell death during normal unenhanced
IRE if the abovementioned hypothesis is true (App. 4). Based on this, it seems likely
that combination treatment would be able to enhance the technical efficacy of IRE.

The choice of enhancing agent to combine with IRE is not clear cut. On the one hand,
bleomycin and cisplatin are the preferred agents for ECT treatments because they have
shown the largest increase in cytotoxicity when administered in combination with
electroporation across different cancer histologies. On the other hand, these agents are
not part of the standard treatment regimens in PC; therefore, it is moderately uncertain
if the desired effect would emerge. CaEP is another option, as this is likely agnostic
toward the histology of the cancer(55). However, as calcium injection cannot be
performed intravenously, CaEP in PC would require either open surgery or
alternatively EUS-guided i.t. injection to ensure proper injection in the lesion.
Additionally, because acute pancreatitis can be caused by hypercalcemia, CaEP could,
in theory, be associated with a high risk of acute pancreatitis.

In Study 4, it was not possible to detect bleomycin in the ablated area four hours after
it was given as an i.v. injection in doses typically used for ECT (15,000 1U/m? BSA)
(App. 4). The results from the subsequent pharmacokinetic study revealed that
bleomycin was present in the blood at the timepoint when the ablations were
performed. Therefore, the negative findings could be due to several issues. First, as
bleomycin chelates to iron, which is abundant in the liver, it is possible that the
analyses were not able to detect bleomycin in this tissue. Second, the storage and
freezing protocol of the study could have affected the preservation or detectability of
bleomycin. This possibility is, however, unlikely, as this was not different in the
pharmacokinetic study. Third, the therapeutic index of bleomycin in the context of
ECT may be so low that it is beyond the ability to detect using the available methods.
Fourth, the hypothesis that a zone of RE is induced during IRE could be wrong.
However, this possibility is contradicted by the contrast enhancement patterns
observed in the study and by the findings of other studies, which have shown that the
concentration of gemcitabine is increased after IRE(157) and that the effect of
chemotherapy is increased when combined with IRE(158)
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A few clinical trials on combining EP and chemotherapy in LAPC have been
published to date, using either the conventional ECT approach(100,159) or IRE with
chemotherapy enhancement(150,158). ECT with bleomycin has been evaluated in two
smaller trials of LAPC (n = 13 and 5, respectively)(100,159). In both studies, the
treatment was found to be feasible and without any major complications. In one study,
the OS was not reached after a median follow-up time of 9.4 months from the
intervention(159). In the other study, the survival time and follow-up time were not
reported (100). Chemotherapy-enhanced IRE using i.v. FOLFIRINOX (n = 2) or
gemcitabine (n = 3) was examined in a case series of five previously treated
patients(158). Four patients were alive after a median follow-up of 9.4 months from
the intervention. No major complications occurred after the intervention. The second
trial was the RCT mentioned in the efficacy section (section 6.4)(150). In this trial,
previously untreated patients were randomly assigned to receive gemcitabine-
enhanced IRE followed by gemcitabine or gemcitabine only. The study displayed a
clear benefit in survival by gemcitabine-enhanced IRE treatment (p=.0001).
Regarding safety, the study showed no significant difference in the rate of overall
adverse events between the groups. Two cases of acute pancreatitis and one case of a
bleeding duodenal ulcer were observed in the IRE group and managed successfully.
The reported results showed that gemcitabine-enhanced IRE was efficacious and had
a clinically relevant effect size compared to gemcitabine alone. However, because no
group of patients received unenhanced IRE, it cannot be definitively concluded
whether this was the result of a synergistic effect or IRE ablation alone.

6.7. STRENGTHS AND LIMITATIONS

The presented studies have several strengths and limitations that should be
highlighted.

6.7.1. STUDY 1

The small sample size and lack of a control group were major limiting factors in the
determination of a causal relationship between a given adverse event and the
intervention. The causal relationship with the procedure was especially hard to
establish, as both the underlying disease and chemotherapy treatment are associated
with a major risk of adverse events, which can be hard to distinguish. Therefore, all
events in the first 90 days after the procedure were reported regardless of whether a
causal relationship with the procedure was plausible. However, as the data were
gathered prospectively and because of the ubiquitous access to patient charts across
institutions in Denmark, the follow-up was excellent, with a very low chance of
missing potential postoperative complications. The sample size was prohibitory in
evaluating indicators for adverse events(1).
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6.7.2. STUDY 2

The literature search was conducted in only one database, PubMed. Hence, there
might be studies with valuable information that were missed by the search strategy.
Nevertheless, the literature search was conducted with the aid of a research librarian,
ensuring that the search terms were not overly narrow; additionally, previous
publications have shown that a good search strategy in a single database can be
superior to poor strategies conducted in multiple databases(160). Another limiting
factor is that the selection criteria excluded studies with mixed patient cohorts, e.g.,
patients with metastatic PC or non-LAPC intermixed with LAPC. This selection
method was chosen to ensure external validity in the context of LAPC; however, some
of the excluded studies may have contained valuable information that could have
contributed to the understanding of the field.

6.7.3. STUDY 3

As mentioned in the discussion, the sample size was prohibitory in establishing a
statistical correlation between local imaging outcomes and survival. However, several
trends were noticed that were statistically significant without dichotomization.
Validation of the results in a larger population and ideally a randomized controlled
population would be beneficial to ensure that imaging outcomes are valid in this
context. In addition, because the first postablative images were obtained three months
after the intervention, valuable information about the early postablative period may
have been missed. This possibility is especially relevant, as a general trend of better
differentiation between PD and non-PD was noticed when the first postablative
images were used for comparison. Tumor attenuation outcomes, i.e., Choi response
criteria, were not included in the analysis but may have been valuable in evaluating
the response of IRE, as these would possibly be less affected by the immediate effects
of the treatment.

6.7.4. STUDY 4

The major limitation in Study 4 was the inability to determine the exact reason why
bleomycin was undetectable in the liver and pancreatic tissue. The negative finding
of this study raises more questions than answers because clinical trials have found that
bleomycin ECT is efficacious in liver and pancreatic tumors. Several possible reasons
for this are discussed in App. 4. Moreover, because the experiment was performed in
healthy, nontumor-bearing animals, it is not certain whether the observed
inconsistencies in contrast enhancement are relevant in a cancer-treatment context.
However, the study identifies a simple method for evaluating the RE zone, which is
easily translatable into the clinic and could potentially be used for quality control of
IRE ablations in LAPC or other unresectable tumors.
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CHAPTER 7. CONCLUSIONS

In summary, IRE in LAPC carries a considerable risk of major and minor
complications, which should be interpreted in the context of the risk profile of the
candidates for treatment and the efficacy of the treatment. Several studies indicate that
IRE is efficacious, but no definitive evidence is available to date(1).

Many studies have used OR based on imaging as an efficacy endpoint with little to no
consensus between studies. Evidence for some practices in published studies is
lacking, especially the use of lesion-level outcomes(2).

Using data derived from a cohort of IRE-treated patients with nonmetastatic PC,
patient-level imaging response was correlated with survival, whereas lesion-level
response evaluation was not significantly correlated. Several promising outcomes
were identified. Functional imaging did not offer any advantages for differentiating
progressors from nonprogressors(3).

The RE zone after IRE was easily visualizable using standard methods. These
methods may be useful for quality control in clinical trials. Chemotherapeutic
enhancement of IRE is likely to have a synergistic effect, but the choice of enhancing
agent and timing should be carefully considered (App. 4).
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CHAPTER 8. PERSPECTIVES

While the efficacy of unenhanced IRE is still disputed, many different centers have
acquired the equipment to perform IRE, and many have published papers describing
smaller uncontrolled cohorts of IRE-treated patients, such as Study 1(1). The
complexity of multimodal treatment and management of LAPC is prohibitory in
conducting single-center RCTs in all but the largest centers. However, multicenter
RCTs are currently being conducted (https://www.clinicaltrials.gov/, NCT02791503
& NCT03899636).

Chemical enhancement represents an obvious evolution of the currently unenhanced
IRE treatments. The findings from few studies that have been conducted to date are
encouraging and show that combinations with proven chemotherapies, conventionally
used in PC treatment, are feasible and safe(150,158). The choice of enhancing agent
can be based on the following: 1) the use of chemotherapy agents with proven efficacy
in PC; 2) the use of chemotherapy agents that have been proven to increase efficacy
with EP during ECT, e.g., bleomycin or cisplatin; and 3) the combination of IRE with
nonchemotherapeutic enhancing agents, i.e., CaEP.

To date, the only trial investigating the efficacy after enhanced IRE has been
conducted using the first approach(150). However, as mentioned in the discussion
(section 6.6), it is not possible to clearly conclude whether the results of this study
were due to a synergistic effect, as no group received unenhanced IRE. However, it
seems highly likely that this approach is valid, as other researchers have found
gemcitabine to be captured in IRE-ablated areas(157). Gemcitabine-enhanced IRE is
currently  being  compared  with  unenhanced IRE in an RCT
(https:/iwww.clinicaltrials.gov/, NCT03673137).

Whether the other enhancement approaches are valid is a subject for future trials.
However, as shown in Study 4, i.v. bleomycin may not be the enhancement method
of choice based on the inability to detect it in pancreatic or liver tissue after
bleomycin-enhanced IRE (App. 4).

A recent discovery was that IRE has immune-response-promoting effects(161), which
in turn may relieve resistance to checkpoint inhibition (CPI1)(162). This possibility is
especially enticing in the context of PC, as all the published clinical trials of CPIs in
PC treatment have been negative(163-166). Several potential mechanisms contribute
to the lack of an effect of immunotherapy in PC(167). However, in a recent preclinical
study, the combination of nivolumab (a PD1 antibody) and IRE was tested in a murine
PC model(162). In the study, the combination of nivolumab and IRE resulted in a
significantly prolonged median OS (31.5 days, p<.0001) compared to IRE alone (11.5
days), nivolumab alone (8 days) and no treatment (6 days). Approximately 40% of the
mice treated with the combination were found to be tumor free at the end of the trial,
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and all rejected rechallenging inoculation with new tumor cells, which indicates that
long-term T cell memory was established. In a subsequent substudy, the researchers
compared IRE + nivolumab with radiation therapy (10 Gy) + nivolumab. In this
experiment, the mOS was similar, but all the radiation-treated mice had progression
and died by Day 55. In contrast, 4 of 11 mice in the IRE group survived for 120 days.
Other researchers have found a similar positive effect when combined with other and
less clinically adopted immunotherapeutic agents(168—170). The mechanisms for the
immune-stimulating properties of IRE are not definitively known. The immune-
stimulating properties of IRE may be a result of the type of cellular death induced by
IRE(171,172), the increased release of cancer-specific proteins(173), danger-
associated molecular patterns (DAMPs) after IRE(162,172), other undiscovered
mechanisms or a combination of several factors.

To the authors’ knowledge, only three clinical trials examining the combination of
IRE and immunotherapy in PC have been published to date (74,174,175). The first is
a phase 1b uncontrolled trial in ten LAPC patients receiving IRE + nivolumab(174).
In this trial, a median OS of 18 months was observed, and no dose-limiting toxicities
were observed. The second study was a retrospective comparison of 70 LAPC patients
receiving IRE only and 15 LAPC patients receiving IRE + toripalimab(175). The
study arguably did not have enough follow-up time in the IRE + toripalimab group to
estimate efficacy. However, the study results showed that the combination was
feasible and that no treatment-related death occurred in the follow-up period. The
study additionally compared immune cells isolated from peripheral blood before and
after treatment in both groups. The concentrations of CD4+ T cells and CD8+ T cells
and the CD8+/CD4+ ratio increased during treatment with IRE (before vs. after).
However, these observations were significantly more pronounced in the IRE +
toripalimab group. In addition, a decrease in regulatory T cells and increased levels
of interferon-gamma and tumor necrosis factor-beta were observed. The third study
evaluated an unrandomized prospective cohort of LAPC and oligometastatic PC
patients treated with IRE only or in combination with allogenic natural Killer cell
transplantation(74). A survival advantage was found in the combination arm for both
LAPC and oligometastatic patients (p=.0411 and p=.0397, respectively). Similar to a
previous study(175), this study found periprocedural increases in the peripheral blood
concentrations of adaptive immune cells (CD4+ and CD8+) as well as the levels of
interferon-gamma and tumor necrosis factor-beta(74).

These findings are encouraging and suggest that IRE may be able to potentiate CPIs
and other immunotherapies in PC and other cancers that have not responded to CPIs
thus far. The importance of finding a way to elicit an anticancer immune response
cannot be overstated, as this would open the door for treatments for both patients with
LAPC and the many patients with metastatic PC by a mechanism of action that is
completely different from that of conventional chemotherapy. This would allow an
additional line of treatment and a different toxicity profile from that of chemotherapy.
Based on the findings above, our group has designed and is currently conducting a
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phase 2 trial of combined pembrolizumab and IRE in liver metastatic PC
(https://iwww.clinicaltrials.gov/, NCT04835402). Other research groups are currently
conducting similar clinical trials of combined immunotherapy and IRE in PC
(https://www.clinicaltrials.gov/, NCT03080974, NCT04612530 & NCT04212026).
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