Taylor & Francis
Taylor & Francis Group

International Journal of Hyperthermia

Beginning June 2018
IJH will become a fully
Open Access Journal

ISSN: 0265-6736 (Print) 1464-5157 (Online) Journal homepage: https://www.tandfonline.com/loi/ihyt20

Thermal ablation of pancreatic cancer: A
systematic literature review of clinical practice and
pre-clinical studies

Paola Saccomandi, Alfonso Lapergola, Fabio Longo, Emiliano Schena &
Giuseppe Quero

To cite this article: Paola Saccomandi, Alfonso Lapergola, Fabio Longo, Emiliano Schena &
Giuseppe Quero (2018) Thermal ablation of pancreatic cancer: A systematic literature review of
clinical practice and pre-clinical studies, International Journal of Hyperthermia, 35:1, 398-418, DOI:
10.1080/02656736.2018.1506165

To link to this article: https://doi.org/10.1080/02656736.2018.1506165

8 © 2018 The Author(s). Published with ﬁ Published online: 14 Nov 2018.
license by Taylor and Francis Group, LLC.
N
CJ/ Submit your article to this journal & il Article views: 1155
A
& View related articles (&' ® View Crossmark data (&'

CrossMark

@ Citing articles: 2 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ihyt20


https://www.tandfonline.com/action/journalInformation?journalCode=ihyt20
https://www.tandfonline.com/loi/ihyt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02656736.2018.1506165
https://doi.org/10.1080/02656736.2018.1506165
https://www.tandfonline.com/action/authorSubmission?journalCode=ihyt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ihyt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/02656736.2018.1506165
https://www.tandfonline.com/doi/mlt/10.1080/02656736.2018.1506165
http://crossmark.crossref.org/dialog/?doi=10.1080/02656736.2018.1506165&domain=pdf&date_stamp=2018-11-14
http://crossmark.crossref.org/dialog/?doi=10.1080/02656736.2018.1506165&domain=pdf&date_stamp=2018-11-14
https://www.tandfonline.com/doi/citedby/10.1080/02656736.2018.1506165#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/02656736.2018.1506165#tabModule

INTERNATIONAL JOURNAL OF HYPERTHERMIA
2018, VOL. 35, NO. 1, 398-418
https://doi.org/10.1080/02656736.2018.1506165

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ N Checkforupdates‘

Thermal ablation of pancreatic cancer: A systematic literature review of clinical
practice and pre-clinical studies

Paola Saccomandi®® (@, Alfonso Lapergola®® (@, Fabio Longo®, Emiliano Schena® (® and Giuseppe Quero®

?JHU-Strasbourg Institute of Image-Guided Surgery, Strasbourg, France; "Departement of Mechanical Engineering, Politecnico di Milano,
Milan, Italy; “Universita G. D’Annunzio, Chieti, Italy; “Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy; Universita
Campus Bio-Medico di Roma, Roma, Italy

ABSTRACT

Purpose: Pancreatic cancer is a challenging malignancy with low treatment option and poor life
expectancy. Thermal ablation techniques were proposed as alternative treatment options, especially
in advanced stages and for unfit-for-surgery patients. This systematic review describes the thermal
ablative techniques -i.e., Laser (LA), Radiofrequency (RFA), Microwave (MWA) Ablation, High-Intensity
Focused Ultrasound (HIFU) and cryoablation- available for pancreatic cancer treatment. Additionally, an
analysis of the efficacy, complication rate and overall survival for each technique is conducted.
Material and methods: This review collects the ex vivo, preclinical and clinical studies presenting the
use of thermal techniques in the pancreatic cancer treatment, searched up to March 2018 in PubMed
and Medline. Abstracts, letters-to-the-editor, expert opinions, reviews and non-English language manu-
scripts were excluded.

Results: Sixty-five papers were included. For the ex vivo and preclinical studies, there are: 12 records for
LA, 8 for RFA, 0 for MWA, 6 for HIFU, 1 for cryoablation and 3 for hybrid techniques. For clinical studies,
1 paper for LA, 14 for RFA, 1 for MWA, 17 for HIFU, 1 for cryoablation and 1 for hybrid techniques.
Conclusions: Important technological advances are presented in ex vivo and preclinical studies, as the
real-time thermometry, nanotechnology and hybrid techniques to enhance the thermal outcome.
Conversely, a lack of standardization in the clinical employment of the procedures emerged, leading
to contrasting results on the safety and feasibility of some analyzed techniques. Uniform conclusions
on the safety and feasibility of these techniques for pancreatic cancer will require further structured
investigation.
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1. Introduction cancers still relates with a poor long-term survival and signifi-
cant ad interim systemic complications i.e. gastrointestinal
adverse effects, neutropenia, leukopenia, anemia, lack of appe-
tite and fatigue [4,6]. Additionally, only one third of patients are
considered responsive to the systemic chemotherapeutical treat-
ment [2,6,7]. At the same time, the benefits of radiotherapy,

alone or in combination with chemotherapy, are still uncertain,

The research about novel therapeutic paradigms for pancre-
atic cancer is an emerging field in biomedical science.
Presently, the unique largely-accepted treatment to improve
long-term survival is still the pancreatectomy. However, it
remains one of the most operator-dependent and invasive
surgical operation, with only 20% of the patients being eli-

gible for surgery at the time of the diagnosis [1,2] and an
extremely low survival rate in the most advanced stages (5-
year survival of 2% in the unresectable stages) [3,4]. In
Europe, about 80,000 new cases of pancreatic cancers have
been registered in 2012, and almost the half of them
(35,000) only in Germany, Italy and France [5]. Among them,
the 80% (about 64,000) could have benefitted from thera-
peutic approaches alternative to surgery in addiction to
chemotherapy.

Despite the recent introduction of novel therapeutic
schemes, chemotherapy treatment of advanced pancreatic

although the recent LAPO? trial [8], did not show any advantage
in term of overall survival as compared to chemotherapy alone.

To fill this gap, the growing interest in the development
of minimally-invasive therapeutic strategies has opened the
doors to several energy-based treatments. Basically, they rely
on the introduction of one (or several) therapeutic needle(s)
inside the tumor target, and aim at inducing a controlled
change of tissue conditions and environment to achieve
tumor necrosis and apoptosis.

Already well known for the treatment of other tumors
(e.g., liver, prostate, kidney [9-11]), ablative thermal therapies
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are emerging and largely studied as potential alternatives for
the management of pancreatic cancer.

These include hyperthermal therapies, as laser ablation
(LA), radiofrequency ablation (RFA), microwave ablation
(MWA), and, in some extent, high intensity focused ultra-
sound (HIFU), and cryoablation as hypothermal treatment.
Recent studies are also working on the integration of differ-
ent techniques, with the goal of improving clinical outcome.

Literature is being increasingly updated with novel studies
assessing the thermal outcome induced by the mentioned
techniques used on the pancreatic tissue, in both clinical and
preclinical terms; however, a poor standardization of the
selected criteria has been observed, in contrast with a lively
and promising research and with the investigation of cutting
edge techniques.

Hence, this work presents an up-to-date literature review
of the ex vivo, preclinical and clinical application of thermal
ablation therapies in the management of pancreatic cancer.
More specifically, a working principle presentation has been
conducted for each ablative technique, followed by the ana-
lysis of the recent advances in their application in the ex vivo
and preclinical field. Under the clinical point of view, this
systematic review aims to present the current medical appli-
cations, the efficacy, the potential short- and long-term
procedure-related complications and an evaluation of the
overall survival (OS) and disease-free survival (DFS) according
to the ablative technique used. In the mentioned scenario,
the focus has been given on three main approaches of
energy delivering from the ablation systems into the target:
the percutaneous approach, the echo-endoscopic ultrasound
(EUS)-guided approach, and the non-invasive one.

2. Materials and methods

Only ex vivo, preclinical and clinical studies assessing the use of
ablation techniques in the treatment of pancreatic disease were
included in this review. PubMed and Medline were searched
up to March 2018. Only English language articles were selected.
The following Mesh searching headings, as part of the title
and/or abstracts and/or key words, were used: ‘pancreas’,
‘pancreatic’, ‘thermal’, ‘ablation’, ‘endoscopic’, ‘percutaneous’,
‘in vivo', ‘ex vivo', ‘radiofrequency’, ‘RFA’, ‘laser, ‘LA’
‘focused ultrasound’, ‘HIFU’, ‘microwave’, ‘"MWA' ‘cryoablation’.
Combinations were performed with AND/OR. In case of doubt
on abstract suitability, the full article was obtained.

2.1. Inclusion and exclusion criteria

For inclusion in this review, only ex vivo, preclinical and clinical
studies on pancreatic ablation (including open, percutaneous
and endoscopic procedures) were considered. Abstracts, letters
to the editor, expert opinions, reviews and non-English lan-
guage manuscripts were excluded. In case of clinical application,
efficacy of the ablation performed was evaluated when possible
both immediately after the procedure (less than 30days from
the ablation) and at the last follow up. Post-procedural compli-
cations, OS and DSF were additionally analyzed when reported.
The PRISMA flowchart is reported in Figure 1.
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3. Results

3.1. Laser ablation: working principle, clinical
application and preclinical studies

3.1.1. Working principle

The LA phenomenon is related to the interaction between
light and tissue, which entails the conversion of this light
into heat. The light penetrating into the medium is absorbed
and scattered inside the tissue, consequently resulting into
tissue temperature rise [12].

The heating of the tissue by means of light depends on
the absorption capability of the tissue itself. Each tissue con-
stituent and chromophore exhibit a wavelength-dependent
absorption, entailing tissue-characteristic optical properties,
hence specific tissue-laser interaction. In order to treat deep
tumors, a high penetration depth of the light wavelength is
desired. Wavelengths in the 940-1100 nm range are favored
for LA purposes, because, within this optical window, the
light shows a good balance between absorption and pene-
tration into the tissue, with consequent development of
large coagulation area (tens of millimeters). For tumor
masses treatment, the continuous mode (no pulse) and low
power values (<20W, depending also on the emission
modality of the applicator) are preferred [13].

The most common laser sources are in the near infrared
spectrum: Nd:YAG laser emitting at 1064 nm and the diode
lasers, emitting in the range 800-970 nm. The laser light can
be then guided into the target through two modalities:
i) with contact, hence, by means of an energy delivering
device, made up of an optical fiber (diameter <1 mm), con-
veniently designed to modulate light energy deposition into
the tissue; ii) without contact, i.e., the laser beam is travelling
through the air before reaching the tissue. For pancreas
treatment, the contact applicator has been preferred, with
low power delivered (1-10W). The no-contact approach has
been used only in preclinical studies, in combination with
nanoparticles. It is worth evidencing that laser therapies can
be easily guided with magnetic resonance (MR), computed
tomography (CT) and US/EUS imaging [14]. From the
reviewed papers, the most used systems for LA in pancreas
are produced by Elesta srl (Calenzano, Italy).

From the period of LA introduction in clinical practice [15],
only isolated tests involved LA for the treatment of pancreatic
cancer; but nowadays, the pioneering application of EUS-guided
LA [16], and nanomedicine [17,18] are promoting a rebirth of
this technique in the treatment of pancreatic cancer (Figure 2).

3.1.2. Preclinical and ex vivo studies
Regarding the use of LA in preclinical and ex vivo settings,
12 articles have been included according to the selection cri-
teria [18-29]. They present the use of laser light for therapy
purpose, also in combination with nanotechnology (Table 1).
One of the few preclinical studies on the LA on pancreas
has been carried out by Stroszczynski et al. in 2001 [29].
They applied the radiation emitted by Nd:YAG laser on 15 in
vivo healthy porcine pancreases, through percutaneous
approach. MR imaging was used for both intraoperative
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Figure 1. Flowchart showing selection of the articles.

temperature monitoring, and for the follow-up control. After
1week from the treatment, the thermally induced lesions
were solid in 12 out of 15 animals. No dilation of the com-
mon bile duct or pancreatic duct was observed. No signs of
neither generalized or necrotizing pancreatitis nor peritonitis
were visible on follow-up images. However, thrombosis
of intrapancreatic vessels close to the treated area was a
frequent finding.

In collaboration with Di Matteo [19,21,24-28], our group
deeply investigated the thermal response of pancreatic tissue
undergoing LA. In these years, the procedure was always
performed by guiding the laser light emitted by Nd:YAG sys-
tem (1064nm wavelength) though one or multiple bare
optical quartz fibers (0.3 mm-diameter).

In 2010, the first LA study on 8 healthy pigs was
performed by means of EUS guidance. All applications
(at 2W and 3 W, with 500J and 1000J energy delivery) were
directed toward the body and tail of the pancreas, using a
transgastric approach. After 24 h, the pigs were sacrificed
and the ablated lesions excised for histopathologic evalu-
ation [21].

From 2011 to these days, several studies assessed the
temperature gradient generated inside the organs during the
procedure, and the resulting thermal damage. The two main

approaches can be classified into: (1) the implementation of
a mathematical model to predict the thermal response
of the laser-irradiated pancreas, and (2) the investigation of
thermometric techniques to monitor the temperature
increase during the ex vivo LA on animal pancreases.
Different thermometric techniques have been investi-
gated: contact approaches, by means of sensors, and
no-contact methods, by using diagnostic imaging. Regarding
the contact techniques, Fiber Bragg Gratings (FBGs) have
been largely used. The main pros of optical fiber-based
sensors as thermometers for LA procedures rely on: (1) the
absence of metallic parts, and the consequent absence of
artifacts due to self-heating, and lack of artifacts in CT imag-
ing, (2) the MR compatibility, allowing for the use of FBGs as
reference sensors in image-based thermometry. In fact,
while it has been proved that thermocouples experience a
self-heating during LA, resulting into a temperature overesti-
mation related to the distance between sensors and laser
source up to 20°C [27], FBGs do not. Additionally, FBGs
served as reference temperature sensors to calibrate CT and
MR images for thermometric purposes: during LA on ex vivo
porcine pancreases, diagnostic images were scanned, and
simultaneously temperature was measured through FBGs.
This process allowed associating the change of images
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Figure 2. Laser Ablation: (A) schematisation of the EUS-guided LA; (B) right side, during EUS-guided LA, the hyperechoic spot visible close to the needle tip, inside
the tumour (arrow); left side, at the end of the procedure, EUS showed a hyperechoic area along the path of the probe surrounded by nonhomogeneous tissue
with hyperechoic spots. Reprinted from [31] Copyright 2018, with permission from Elsevier. (C) H&E Histology of the lesion induced by Nd:YAG laser on in vivo

healthy pig. (D) Schematization of nanoparticles-mediated LA.

properties (intensity, density, etc.) to the actual temperature
value [19,28]. Regarding CT-based thermometry, we found a
thermal sensitivity of approximately 0.5 HU/°C for ex vivo
pancreatic tissue [28]. For this technique, an accuracy of 5°C
has been reported by other authors [30]. Regarding the MR
thermometry, two main sequences have been tested, which
provided different sensitivity and accuracy (-1.4+0.1°C™" for
SRTF, —1.5+0.1°C™" for IRTF) [19].

Lastly, a numerical model has been developed, and fur-
ther tested, to predict the thermal response (temperature
and damaged volumes) of the pancreases undergoing differ-
ent laser settings. It relies on Pennes equation and on the
scattering and absorption properties of the tissues [25]. FBGs
have been used also to validate the predictions of the
numerical model on the thermal response of ex vivo
pancreas undergoing LA [25]. Histology has been useful to
estimate the damaged volumes induced in 60 ex vivo pan-
creases at different laser settings, and these values have
been compared with the simulated results [20,26].

Albeit still in ex vivo and in vitro settings, nanotechnology
offers interesting solutions to the application of laser light for
pancreatic tumor treatment. The first attempt dates back to
2011, when the group of Mocan et al. [18] started investigating
the use of functionalized carbon nanotubes to mediate LA in
pancreas. In their first study, the multiwalled carbon nanotubes
were functionalized with human serum albumin. This protein

was used as carrier of the nanotubes inside the tumor, as it is
easily internalized by malignant cells, and pancreatic cancer is
one of the most intrinsically drug-resistant tumors. The authors
worked on both in vitro and ex vivo scenarios. In this latter
case, human pancreases affected by adenocarcinoma were
resected according to the clinical protocol, and then used to
validate the purpose of the study. Few years later, in 2014, the
same group demonstrated that a nano-biosystem based
on multi-walled carbon nanotubes and polyethylene glycol
(PEG) molecules induces apoptosis by triggering mitochondrial
membrane depolarization mechanism [23]. The nanoparticles
were tested on a culture of human pancreatic adenocarcinoma
cells undergoing no-contact 808 nm LA. Mitochondrial dehydro-
genase activity was used to measure cell growth and viability.
Authors showed that mitochondrial membrane permeabil-
ization with consequent apoptosis represent the primary mode
of death in this nanoparticles-mediated LA.

In 2013, Guo et al. used hybrid iron-oxide core gold-shell
nanoparticles to induce selective laser ablation to human
pancreatic cancer cells (PANC-1) [22]. The authors compared
the thermal effects induced by 808 nm-laser source, medi-
ated by bare Fe304 nanoparticles, and by GoldMag nanopar-
ticles, constituted by iron-oxide core inside a gold shell.
These nanoparticles are visible and quantifiable by MR
images. In absence of nanoparticles, temperature raised up
to 13°C at the end of laser treatment, while it overcame
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Table 1. Laser Ablation in preclinical and ex vivo settings.

Application

Complications

Control

Survival

technique Thermometry

Tumor

N animals
15 pigs

Study type Device

Year

Author

P.

7 days MRI and histology ~ Thrombosis of intrapancre-

MRI thermometry

Percutaneous

Nd:YAG lasers (Medilas Fibertom 5060/

in vivo

2001

Stroszczynski

SACCOMANDI ET AL.

atic vessels close to the

treated area
Small peripancreatic collection

approach

5100 Dornier, Wessling, Germany)

et al. [29]

Histology

EUS guided LA 24h

8 pigs

in vivo and Nd:YAG laser (1064nm, Smart1064,

2010-2013

Di Matteo

of fluid in 6 out of 8 pigs

DEKA M.E.LA s.rl, Florence, Italy)

in silico and Nd:YAG laser (1064nm, Smart1064,

ex vivo

et al. [20,21]

Saccomandi

Fiber Bragg Gratings

30 pancreas

2011-2012

DEKA M.E.L.A s.r.l, Florence, Italy)

ex vivo

et al.

[24-26]

Mocan

Mitochondrial

Therma 20 thermistors

contactless

Human pancre-

>6 pancreas

in vitro and 808 nm continuous laser generator

2011-2014

dehydrogenase

(Electronic Temperature

Instruments,

atic adeno-
carcinoma

(Apel Laser, Bucharest), and
MWCNTSs-PEG (PEGylated

ex vivwo

et al. [18,23]

activity, viability,

histopathology,

fluorescence
Viability assay

Worthing, UK)

cells PANC-1

Multi-Walled Carbon Nanotubes)

nanoparticles
808 nm NIR BWF5; B&W Tek, Inc,

Fiber optic temperature

Human pancre-

in vitro

2013

Guo et al. [22]

probe (FTP-LN2; Photon
Control Inc, Burnaby,

BC, Canada)

atic cancer
cell line

Newark, DE, USA +2 kinds of
nanopart.: GoldMag nanopart

(Fe304/Au core/shell nanopart) and

bare Fe304 nanopart.
Nd:YAG laser (1064nm, Smart1064,

Thermocouples and

>10 pancreas

ex vivo

2013-2014

Schena

CT-based thermometry

MRI thermometry

DEKA M.E.L.A s.rl, Florence, Italy)
Nd:YAG laser (1064nm, Smart1064,

et al. [27,28]

Allegretti

3 pancreas

ex vivo

2015

DEKA M.E.LA s.rl, Florence, Italy)

et al. [19]

80°C with nanoparticles. After viability study, they showed
that PANC-1 cell proliferation significantly decreased with
exposure to increasing concentrations of the nanoparticles
and increasing applied power densities.

3.1.3. Clinical application

Only one article was included in the analysis for a total of
9 patients [31]. All patients had a diagnosis of unresectable
adenocarcinoma. In most of the cases, the lesion was in the
head of the pancreas (6 patients), followed by pancreatic body
localization in 2 cases and pancreatic tail in 1 case. The
median lesion size was 354mm (range 21-45mm). The
patients were divided into three groups and treated with a
total delivered energy of 800, 1000 and 1200J, at a low-power
setting (2, 3 and 4 W), respectively. All the procedures were
performed under EUS guidance with color Doppler analysis to
prevent injury of surrounding vessels and structures and no
intraprocedural complication was detected. EUS was also used
for real-time procedure monitoring. Additionally, in all cases, a
contrast enhanced ultrosonography by means of a previous
5ml of SonoVue injection followed by a 10-ml saline solution
flush, was performed before and after LA. In all cases, the EUS
revealed a hyperechoic area. Regarding the clinical short-term
outcomes, no major events were recorded. Three patients
reported a post-procedural fluid collection, while a 3-fold
increase in the amylase serum level was evidenced in other 2
patients. All of them were successfully treated conservatively.
Follow up was performed at 24 h, 7 and 30days after the abla-
tion by means of CT scans. In all the follow up periods, a clear
margin ablation was evidenced with a gradual involution of
the ablated areas. One patient died due to a not procedure-
related myocardial infarction before the 30-day CT scan re-
evaluation (mortality rate of 11%). Median OS was 7.4 months
(range 29-662 days).

3.2. Radiofrequency ablation: working principle, clinical
application and preclinical studies

3.2.1. Working principle

Biological tissues are conductive media, due to the abun-
dant presence of ionic fluid. Consequently, the electrical
conduction of an alternating current (for RF, frequency of
~1MHz) allows for the oscillatory movements of ions, with
a velocity proportional to the magnitude of the electric field.
The mechanism of tissue heating with RFA is based on
ohmic energy loss associated with the ionic current. The
control of tissue temperature during the treatment is a key
factor for the therapy outcome, because high temperatures
can cause tissue charring or desiccation, hence reducing
energy penetration and increasing the impedance at the
electrode [32,33].

The RF current can be applied in both monopolar and
bipolar mode. The main difference between the two
approaches is the use (monopolar mode) or not (bipolar
mode) of grounding pads. In commonly used monopolar
mode, RF current is guided inside the target tumor though
an electrode, while a return electrode which is larger in
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Normal pancreas

/ Fibrous wall

Figure 3. Radiofrequency Ablation: A) Measurement of Hounsfield Unit value of the RFA induced lesion in pancreatic adenocarcinoma and B) of the necrotic area.
Reprinted from [43] Copyright 2018, with the permission of Pioneer Bioscience Publishing Company. C) Gross pathology of the porcine RF-ablated pancreas.
D) Hystological image of the thermal outcome: coagulated necrosis, fibrous tissue and normal pancreatic parenchyma. (H&E, orig. mag. x40). Reprinted from

[39] Copyright 2018, with the permission of Elsevier.

surface area is fixed at distance on the patient’s skin. This
last is used to close the electrical circuit and to collect the
current dispersed inside the body during RF treatment.

In bipolar mode, the ground pad is not necessary,
because the used multiple interstitial electrodes embed both
the anode and the cathode, hence, allow to close the elec-
trical circuit. Consequently, the current is more concentrated
between the probes than in monopolar mode, in which cur-
rent travels outward toward a dispersive pad. However, the
bipolar mode requires additional electrode insertions, and
often requires saline infusion to improve results. In both
cases, the electrodes are typically inserted inside the target
tumor by means of percutaneous approach (i.e. for hepatic
lesions) or through the GI tract (i.e. for pancreatic lesions),
and the current is generated by an external RF generator.
According to the reviewed papers, the most used systems
for RF in pancreas are: for the EUS-guided RFA, 19 or 22
gauge Habib™ EUS-RFA catheter (Emcision Ltd. London),
the 18-gauge electrode connected to the VIVA RF generator
(STARmed, Koyang, Korea). For percutaneous approach: A
RITA®System Generator 1500X (Mountain View, California,
USA) was used, with the probe (StarBurstTM XL multiarray;
StarBurst XL, Talon or UniBlate™ depending on tumour size
and shape), and the 17 gauges Cool-tipTM RFAblation sys-
tem (Radionics). Two different strategies can be chosen for
RFA: the selection of the power suitable to the lesion size,
the definition of the temperature threshold and the treat-
ment time. In this last case, the RF electrode is equipped
with one or multiple temperature sensors. US imaging is

usually employed for guidance and real-time monitoring of
percutaneous or endoscopic-guided RFA in pancreas. The
main constraint is related to the heat-sink effect caused by
heat dissipation due to the proximity of the target to blood
vessels. RFA has been explored for the minimally invasive
treatment of pancreatic cancer, as well as largely tested in
clinical settings [34] (Figure 3).

3.2.2. Preclinical and ex vivo studies

Regarding the use of RFA ablation in pancreas in preclinical
and ex vivo settings, 8 papers have been included according
to the selection criteria [35-42] (Table 2). Among them, three
studies about the application of EUS-guided RFA on in vivo
animal models have been found [36,38,39]. The RFA elec-
trode is clearly visualized extruding out of the working chan-
nel of the echoendoscope and can be inserted directly into
the pancreatic parenchyma under real-time EUS imaging.
During the ablation, an echogenic cloud forming around the
tip of the RFA electrode is visible; it results into a round,
hyperechoic lesion at the end of the procedure. The first
EUS-guided preclinical study on the use of RF in pancreas
was performed by Goldberg et al. in 1999 [36]. The proced-
ure was performed in 13 pigs, kept for survival up to 14 days,
and intraprocedural temperature was measured with thermo-
couples. EUS imaging was also performed in the follow up
period, together with contrast-enhanced CT and follow-up
CT. All pigs well tolerated the RF ablation procedure, but in
3 out of 13 cases, transmural burns extending from the
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gastric mucosa through the serosa occurred. Forty-eight
hours after ablation, one pig had a 36% elevation in serum
amylase level with a normal serum lipase level. The only pig
with a peripancreatic pseudocyst had a mild elevation in
serum lipase.

In 2012, Kim et al. [39] and Gaidhane et al. [38] published
other two works.

In the first one, 10 pigs underwent the EUS-guided RFA
procedure and were monitored for 7 days after the ablation.
There were neither significant changes in the laboratory test
results nor signs of major vessel injuries or adjacent organ
damage. Fibrosis and adhesions were found in 3 pigs, none
of which showed any behavioral distress.

In the second one, 3 days after the procedure, blood was
withdrawn to evaluate total bilirubin, alkaline phosphatase,
cell blood count, and amylase. The values were within nor-
mal range, and the pigs did not show any symptoms or
abnormal behavior. No gross abnormalities were noted dur-
ing the serial sectioning of the pancreas. Examination of the
representative histologic sections showed focal areas of
acute pancreatitis as evidenced by necrotic change of acinar
pancreatic tissue. Only one pig showed moderate levels
of pancreatitis, with involvement of 20% of the proximal
pancreatic tissue.

In conclusion, RFA was well tolerated in all the animals,
and with minimal amount of pancreatitis.

Other studies have been carried out by Date et al. in ex
vivo models [35,37]. In these studies, temperature was meas-
ured during the procedure through thermocouples
embedded in the RFA electrode. While setting different
target temperature values to drive the ablation protocol,
complete ablation of pancreatic parenchyma and thermal
damage to portal vein and biliary structure was noted at a
target temperature of 100°C for 10 min. A temperature value
of 90°C for 5min was associated with complete ablation in
all 5 animals with no evidence of injury to peripancreatic
structures. Complete ablation in all 20 pigs and absence of
duodenal damage were observed. Bile duct was damaged in
1 pancreas treated at 90°C and 100 °C; portal vein was dam-
aged in 1 of the organs ablated at 80°C and 100 °C; absence
of damage to pancreatic tail was noted.

In 2014, two studies reported the in vivo application of
RFA through a laparotomic approach. In the first study,
Fegrachi et al. [40] applied RFA on 6 pigs. Two weeks after
the RFA, a total pancreatoduodenectomy was performed and
the animal was sacrificed. Nicotinamide adenine dinucleotide
(NADH), enzyme histochemistry, and haematoxylin and eosin
staining (H&E) were used for histologic evaluation. An
increase of the amylase more than threefold the preoperative
value was considered an indication of pancreatitis. In 2 ani-
mals, amylase values more than threefold the preoperative
value was observed. Clinically, these animals were in a good
condition with maximal clinical scores. No major morbidity
and no mortality were seen during a period of two weeks
after RFA. In the second study, Quesada et al performed RFA
on 39 rats, of which 7 were control [41]. Also in this case,
the animals well tolerated the procedure, no major intraoper-
ative complications or deaths were reported. No histological
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changes were observed in endocrine or exocrine tissue of
the control groups. During the histological study, no puru-
lent inflammatory infiltrate was observed, but there were 3
microabscesses in 3 animals. The distal pancreas in 24 out of
32 animals treated with RFA showed a significant increase of
small islets compared to control groups.

Raoof et al. [42] studied the effects of nanoparticles-medi-
ated external RF ablation on orthotopic pancreatic tumors
in mice.

3.2.3. Clinical application

Regarding the use of RFA ablation of pancreatic lesions in
clinical setting, 14 articles have been included according to
the selection criteria [43-56], with a total of 279 patients.
In most cases (257 out of 279 - 92,1%) the ablative
treatment was reserved to unresectable lesion (stage Ill-IV),
while in the remaining 22 patients the unfit-for-surgery and
refuse of surgery were the main indications. The 56,6% of
lesions (158/279) was in the head of pancreas, 24,3%
(68/279) in the body-tail and 0,7% (2) in the uncinate pro-
cess, while in 51 patients, the location was not specified.
Pancreatic adenocarcinoma was the most frequently ablated
lesion (257 patients), followed by neuroendocrine tumors in
16 cases and cystic lesions in the remaining 6 patients.
Patients’ clinical characteristics are reported in Table 3.

Technically, the open surgery access was the preferred
approach for ablation (212 patients), while the percutaneous
and the EUS-guided treatments were performed in 25 and
19 cases, respectively. The percutaneous approach was
successfully performed under US-guidance in 24 patients,
while CT-guidance was necessary in 1 patient. Endoscopic
fluoroscopy-qguided approach was instead used in 23
patients. The power applied was reported in only 9 articles
[44,46,48-55], with a value ranging between 5 and 150W,
and the application time varying from 10 to 720s.

The temperature reached during the procedure was
reported in a total of 4 studies [43,47,53,56], with a value
ranging between 90 and 100°C. In those cases, temperature
monitoring was performed by means of thermometers
placed at the tip of the needle in 44 patients [53,56], while
in the remaining patients the measurement method was not
specified [43,471].

Intraprocedural local and surrounding tissues thermal dam-
ages monitoring were performed in a total of 265 patients (12
studies) [43-45,47-50,52-56]. The US was the most frequently
used (180 patients) [43-45,47,54] especially during the open
surgery procedures (162 out of 180) [43,45,47,54]. In 18 cases
[44] US was adopted during percutaneous ablations.

Of the remaining 85 patients, in the 41 of them
[48-50,52,55] who underwent EUS guided ablation, the ther-
mal damage was monitored by means of the EUS itself; in
the other 44 cases, thermocouples were used during laparo-
tomic ablation [53,56].

An objective short-term evaluation of the ablation per-
formed was reported in only 8 studies [43,44,47,50,51,54-56]
after a mean time ranging between 1 and 180days for a
total of 124 patients. Except for one case [55] in which US
was used as post-procedural evaluation tool, in all the other
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Table 3. Radiofrequency Ablation in clinical settings. PA: pancreatic adenocarcinoma; NT: neuroendocrine tumour.

Mean size of
the lesion

RFA application
technique (N)

Indication to RFA ablation

Localization

Pancreatic lesion

Age (mean)

Patients (N)

Year

Author
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for surgery

surgery

Unresectable

(mm) (mm?)
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Laparotomy (3)

nr

58
70

3
4

2006
2006

Varshney et al. [54]
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Laparotomy (4)
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et al. [46]
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Zou et al. [56]
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(
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Laparotomy (12)
Laparotomy
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3
74

10

68.3 12
68 2
60

64.6 107
63.1
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32
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Giardino et al. [45]

lkuta et al. [47]
Rossi et al. [51]

Laparotomy (2
EUS-guided (1

EUS-guided (6

nr

21

60
65

6
8

2015

Song et al. [52]
Pai et al. [50]

EUS-guided (8

nr

275

2015

Endoscopic fluoros-

nr 23

nr

23

23

68.9

23

2015

Kallis et al. [48]

copy-guided (23)

EUS-guided (1)

nr

18
nr

70
45

2016

Waung et al. [55]

EUS-guided (3)

nr

3

2016

Lakthakia et al. [49]

Laparotomy (51)

nr 1.036 51
nr

nr

nr

nr

64 51

51

2016

D’Onofrio et al. [43]

Percutaneous (18)

18

48.1

18
68

62.4 18

18
279

2017

D’Onofrio et al. [44]

Total

22

257

374

158

16

257

63.3

studies CT scan was the most frequently used method.
Among the 8 studies, only 6 reported a quantification of the
tumor reduction for a total of 35 patients, with a complete
response in 11 cases, a reduction between 50 and 75% in 21
cases, between 25 and 50% in 3 patients. In one study [43]
no quantification was reported.

In terms of post-operative course, a total 52 RFA-related
complications were registered. Among the most frequent,
pancreatic fistula was reported in 12 cases and portal throm-
bosis in 10. Pancreatitis occurred in a total of 8 patients.
Regarding major complications, duodenal injury was evi-
denced in three cases [45]. Intra-abdominal bleeding
occurred in two patients leading to surgery. Two short-term
deaths were registered [45], due to hepatic failure after
long-course chemotherapy (not RFA-related) in one case and
to sepsis after duodenal perforation in the remaining patient.

Follow up was reported in 10 out of 17 studies for a total of
214 patients [44-49,51,53-56]. Revaluation time ranged between
7 and 34months and was mainly performed by means of
CT-scan and MRI (7 studies) [44-46,49,51,53,56]. In 27 patients
(3 studies) [48,54,55], follow up method was not reported. OS
was available in 7 studies [47,49,51,53-56] with a value ranging
between 0% [54] and 100% [47,49,51,53,55,56], after a follow up
ranging between 10 and 34 months. Tumor response at follow
up was reported in a total of 5 studies [44,46,49,51,56]. Only
one study [51] reported a complete tumor response to the abla-
tion in a total of 10 patients affected by pancreatic neuroendo-
crine tumor after a median follow up of 34 months. A tumor
growth was registered in 10 cases [44,46,55,56] after a follow up
ranging between 10 and 18.2 months.

3.3. Microwave ablation: working principle, clinical
application and preclinical studies

3.3.1. Working principle

Biological tissues are characterized by dielectric permittivity,
magnetic permeability and conductivity allowing for the trans-
mission of electromagnetic energy. When MW frequencies
(915MHz, 2.45GHz) are applied to the tissue, the dielectric
heating occurs. The interaction between polar water molecules
of the biological medium and the electromagnetic field applied
through an antenna, forces dipoles to continuously realign with
such electromagnetic field, thereby producing frictional energy
which is then converted into heat [57]. Microwaves propagate
through all types of tissues, including water vapor, and dehy-
drated tissues created during the ablative treatment; differently
than RF ablation, it is not a self-limiting process due to the
increasing tissue impedance to electrical current flow, and can
hence produce larger lesions faster. MWA appeared to be less
insensitive to blood perfusion with respect to other techniques
[58,59], although blood perfusion can still limit outer boundary
and maximum penetration. On the other hand, technical solu-
tions for the detrimental backward heating that occurs along
the coaxial feedline of the antenna during high power MWA,
and for the weak shape control are under investigation [60].
Lastly, MWA holds several theoretical advantages, and several
studies are being carried out to evaluate its clinical efficacy
[61,62]. A MW antenna is connected to a generator, and to a
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Figure 4. Microwave Ablation: A) Schematization of the MWA guided with the percutaneous. approach; B) US-image guided MWA (white arrow indicates the
antenna); C) Sagittal CT view in a patient with internal/external biliary drainage (black arrow) showing the MWA antenna (white arrow) deployed a few millimetres
away from the drain. Reprinted from [65] Copyright 2018, with the permission of Elsevier.

cooling water flow system. This last allows for the water to cir-
culate within the antenna, aiming to reduce the temperature
of the tissue in contact with the antenna. According to the
unique reported paper, a 14 gauge straight MW antenna con-
nected to the Evident MW Ablation System from Covidien
(Mansfield, Massachusetts), working at 915MHz was used to
evaluate safety and efficacy in locally advanced and nonresect-
able pancreatic head cancer.

MWA was introduced for the treatment of prostate, kidney,
lung, and liver tumor, and the following paragraph will present
the results available for pancreatic cancer (Figure 4) [63].

3.3.2. Preclinical and ex vivo studies

No studies regarding the use of MWA in preclinical settings has
been found, in accordance to the criteria established for
this review.

3.3.3. Clinical application

According to the inclusion criteria, only 1 article [63] on the
clinical microwave pancreatic ablation has been selected,
including a total of 10 patients. In all cases, the ablative
treatment was reserved to unresectable lesions (stage IV)
with a mean size of 32mm (range 20-43 mm). The 100% of
lesions were adenocarcinomas located in the head of
the pancreas.

Technically, the open approach and the percutaneous
technique were respectively performed in 5 cases each. In all
cases, the power used was 45W (915 MHz) for an application
time of 10min. The antennas were continuously perfused
with a saline solution at room temperature at a rate of
60 ml/min to avoid possible thermal damage along the prox-
imal semiaxis of the antenna. Except for one patient in

whom two antennas were used, in all the remaining cases
only one antenna was sufficient for ablation.

Heat distribution was monitored by means of US in three
cases, while in the remaining seven patients an US-guidance
in combination with cone-beam CT was employed.

The mean follow-up was 9.2 months (range 3 —-16 months),
with duration less than 6 months in 2 cases, between 6 and
12 months for 4 patients and up to 12 months in the remain-
ing 4. During the follow up period, the morbidity rate was
30% (3 patients). Two patients developed pancreatitis. One
of them was successfully treated conservatively, while in the
remaining patient a late drainage of a pancreatic pseudocyst
was required. In the remaining case a pseudoaneurysm of
the gastroduodenal artery was documented and treated by
means of an endovascular approach.

A radiological follow up was performed up to 15months
after the procedure. None of the patients presented a complete
response to the ablative treatment. According to RECIST's crite-
ria [64], at Tmonth follow up there were 1 partial response
(PR), 8 stable diseases (SDs) and 1 progressive disease (PD); at
4months, 1 PR, 7 SDs and one PR; at 9-month follow up: 1 PR,
4 SDs and 3 PDs. At 12-month evaluation 1 PR, 1 SD and 3 PRs
were reported. At the last follow up, after 15months from
procedure, one patients had a PR while in another case a PD
was documented.

3.4. HIFU ablation: working principle, clinical
application and preclinical studies

3.4.1. Working principle

When a high-intensity ultrasound wave is focused on the
tumor target, it can undergo HIFU ablation. Since the wave
is produced through an oscillating piezoelectric crystal from
a generator outside the body, the energy can be delivered
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into the human body transcutaneously and without any
physical contact between the tissue and the delivery part.
Before starting the ablation, the target organ and the sur-
rounding tissues are identified by means of an US or CT
evaluation [65-67]. HIFU transducers deliver ultrasound to
the focal region with power densities of 100-10 000 W-cm 2,

Mechanical and thermal mechanisms are simultaneously
responsible of tissue damage: the convergence of multiple
US beams into the focal zone entails increasing energy dens-
ity, which is absorbed by the tissue and converted into heat.
Additionally, ultrasound is a mechanical wave, thus it produ-
ces various mechanical effects within the biological tissue,
i.e., cavitation, radiation forces and acoustic streaming. As a
matter of fact, microbubbles are formed, and oscillate within
the US field, with the risk of explosion. The cavitation phe-
nomenon differentiates into stable harmonic and ultrahar-
monic cavitation, and inertial cavitation. In the first case, the
steady oscillation of microbubbles when the pressure at focal
point changes, can induces moderate effects at cellular level,
e.g., the increasing of membrane permeability, microstream-
ing and consequent cell apoptosis; in case of inertial cavita-
tion, explosion of the bubbles occurs.

Typical HIFU settings used in pancreatic therapy are: fre-
quency of the US transducer of 0.8-1.1 MHz, total delivered
power between 120 and 400W, phased-array HIFU trans-
ducer of 200 to 250 elements, pulse length of 300-400 ms
with a duty factor of 40-50%. The treatment time at each
location of the tumor (focus of about 1.5 x 8 mm?) is usually
established by using two criteria: the achievement of the
temperature threshold (65°C), or of the sonication
time (30-505).

The HIFU treatment can be performed in two ways: (1) a
point-by-point treatment of the tumor mass, in which each
individual sonication produces a small ablative region with
an elliptical shape (a few millimeters) and must be repeated
to cover the whole tumor mass; (2) a volumetric plan, in
which the transducer applies heat in a continuous manner to
adjacent points in the target. Volume treatment versus
point-by-point one limits the duration of the procedure and
allows for complete target coverage and delivery of con-
trolled thermal dose.

Phased-array technology allows controlling the focusing,
amplitude and phase of each HIFU transducer, in order to
scan the focus throughout the entire tumor volume accord-
ing to the mentioned criteria. The US energy emitted by the
transducer is required to traverse the boundary between the
transducer and the patient, without getting reflected or scat-
tered. Indeed, the presence of air between a transducer and
a patient is a major problem: the attenuation of the US
beam at the interface can entailing unwanted skin burn,
while its reflection can create a secondary focal region close
to the transducer face, which can potentially damage the
transducer. For these reasons, coupling media based on
aqueous solutions and mineral oils, e.g., water-filled tank and
gel-pad, are needed to couple the transducers with the
patient skin. The most used HIFU system in pancreas is the
Chonggqing Haifu (HIFU) Tech, (Chongqging, China). In case of
deep organs such as the pancreas, multiple anatomical

structures lay in the acoustic path. To avoid possible
procedure-related damages, a strict bowel preparation is
recommended. A specific protocol also investigated for the
pancreas relies on the use of pulsed HIFU, in which short
pulses of ultrasound waves (pulse duration of 1ms, or less)
are focused on the target. In this case, cavitation is the phe-
nomenon leading to tissue destruction, while tissue tempera-
ture increase is avoided. The rationale is that mechanical
tissue damage introduced by cavitating bubbles and/or
acoustic radiation force can be exploited for drug-delivery
[68]. Pulsed HIFU has been demonstrated to enhance vascu-
lar permeability, disrupt tumor barriers and enhance drug
penetration into tumor tissue through acoustic cavitation.
The intra-procedural monitoring of HIFU can be performed
through US and MR imaging, which can provide both the
temperature and the elastography information of the treat-
ment outcome (Figure 5). The outpatient procedure takes
usually a few hours, considering the patient preparation and
the intra-procedural monitoring.

3.4.2. Preclinical and ex vivo studies

Regarding the use of HIFU for pancreatic ablation in preclin-
ical and ex vivo settings, 6 papers have been included
according to the selection criteria [69-74] (Table 4). The first
use of HIFU in pancreatic animal models was performed in
2009 by Hwang et al. [69]. Three different energy settings
were used, and animal observed for 7 days before the sacri-
fice. At 750J, no gross abnormalities were identified includ-
ing evidence of injury to the target tissue. At 1000 J, one out
of four animals had an obvious lesion in the targeted tissue,
and one had a minor skin burn; pig treated at 1250J had
several significant findings on gross examination; two out of
four pigs had minor skin burns, and three out of four ani-
mals had injury to the abdominal wall. No serious adverse
events were observed in this study. Most importantly, there
was no evidence of pancreatitis from HIFU treatment
directed at normal pancreatic tissue.

In 2010 [74] the pancreases of 12 mongrel pigs under-
went both directly access HIFU (laparotomic approach) and
extracorporeal HIFU through intact skin. All the animals sur-
vived at 7 days-control. The histopathologic and image-based
controls at 24 h and 7 days provided absence of pancreatitis,
and complete necrosis of the targeted region, but infiltration
of inflammatory cells and fibrosis on the boundary were
found in 7-days survival control group.

In 2014, Li et al. tested the effects of cavitation caused by
pulsed HIFU at the range of peak-rarefactional pressures
used of 5-11 MPa on phantoms, ex vivo bovine organs and
transgenic mice [72]. In the ex vivo tissue and phantoms, the
cavitation occurs following the first few pulses of HIFU,
whereas in vivo, cavitation events are distributed sporadically
throughout the exposure. The same group studied endo-
scopic-guided HIFU in pancreas and liver of 5 porcine models
[73]. They developed an EUS-guided HIFU system, aiming at
improving the targeting of pancreatic tumors with respect to
the extracorporeal source, which is challenging due to the
lack of an adequate acoustic window. After the treatment,
the gastrointestinal tract was imaged by videoscope to
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Figure 5. HIFU: (A) Schematization of HIFU procedure; (B) Volume ratio changes (tumour volume at day 28/tumour volume at day 0) with weekly treatment of
PANC-1 xenografts in BALB/c nude mice with HIFU and/or gemcitabine (GEM). Reprinted from [71] Copyright 2018, with the permission of Elsevier. (C) MR-guided
HIFU treatment planning of the pancreatic cancer with the patient placed in the supine position over the US transducer (t): image shows liver (1), spleen (s), right
kidney (k), and abdominal aorta (a), as well as the predicted ultrasound beam path (triangles) with the focal spot placed over the target lesions (rectangular box).
(D) PRF shift-weighted image for MR thermometry demonstrate increase of tissue temperature in the focal spot area (up to about 80 °C) as well as heat distribution
beyond the target zone (up to 95 °C), along the abdominal aorta and within the coeliac plexus. (E) Temperature chart shows increase of tissue temperature during
sonication in the target area. Reprinted from [75] Copyright 2018, with the permission of Springer.

identify any surface lesions, and histological analysis was
performed. Immediately after the ablation, the endoscopic
observations showed thermal injury of the gastric mucosa.
The solid thermal lesions found in the excised liver and
pancreas were larger in diameter than in the ex vivo case
and involved a large area of the parenchymal surface.

A few studies have been performed while combining HIFU
with the chemotherapeutic drug gemcitabine (GEM), aiming to
enhance tumor apoptosis. In 2013, Lee performed pulsed HIFU
with GEM in ex vivo models and in vivo mice bearing pancreatic
tumor [71]. Apoptosis rates were evaluated using the TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling) assay and percentage of necrosis by using histopatho-
logical analysis. Overall rates of apoptosis were significantly
higher in the group combining both HIFU and GEM than in the
GEM group; also the tumor growth resulted to be the slowest.

Lastly, Kim et al. studied combined high power HIFU and
GEM, combined low power HIFU and GEM, and the controls
(only HIGU and only GEM) in 4 groups of mice [70]. Pathology
results showed that combined GEM and low-power HIFU treat-
ment had a more effective response than other treatments.

3.4.3. Clinical application
Seventeen articles on pancreatic HIFU ablation have been
included, for a total of 581 patients [75-91]. In most cases

(515 out of 581-88.6%) the ablative treatment was reserved
to unresectable lesion (stage IlI-IV), while 38 lesions were
classified as borderline. For the remaining 28 patients the
tumor stage was not specified. The 28.4% of the lesions
(165) were located in the head of pancreas, 52.4% (304) in
the body-tail and 0.17% (1) in the uncinate process, while in
111 patients, location was not specified. Adenocarcinoma
was the most frequently ablated lesion (455 patients-78.3%),
followed by neuroendocrine tumor in 4 cases while in 122
patients the histotype was not specified. Patients clinical
characteristic are reported in Table 5.

Technically, HIFU can ablate the deep tissues from an
external source using high-intensity focused ultrasound. The
effects of HIFU can result in cell destruction and tissue necro-
sis. Thus, HIFU therapy is properly considered a minimally
invasive or noninvasive therapy, and consequently promoted
as a method to ablate the tumor and achieve pain relief in
unresectable pancreatic carcinomas [92].

The power applied was reported in 5 articles, with a value
ranging between 200 and 580W [79,81,86,87,89].
The procedural monitoring was described only in one article
and performed by means of MRI [75].

In terms of post-operative course, a total 280 complica-
tions, divided into minor (235) and major (45) were evi-
denced. Only one paper did not document any HIFU-related
complication [80]. Among the major complications, vertebral
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Table 4. HIFU in preclinical and ex vivo settings.
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necrosis was the most frequently registered one for a total
of 35 cases with one associated case of duodenal injury and
one third-degree skin burn. Among the minors, first and
second-degree skin burns were the most frequently encoun-
tered ones for a total of 43 cases followed by transient
pancreatitis in 32 cases. Other complications included fever
in 3 cases, abdominal pain and dyspepsia in 50 patients and
subcutaneous edema in 55 patients.

An objective short-term evaluation within 30days from
the ablation performed was reported in 14 studies for a total
of 531 patients [76-87,89,91]. In 9 studies was described a
post-procedural evaluation using CT scan [80,81,86,87,89,90]
and MRI [75,81,83,85,86,90] and only in one paper [90] post-
operative color Doppler US evaluation was used.

Among the 9 studies, only 6 reported a quantification of
the tumor reduction for a total of 120 patients, with a com-
plete response in 17 cases, a reduction more than 75% in 84
cases, between 50 and 75% in 13 cases and between 25 and
50% in 5 patients and 0 to 25% in 1 case.

In terms of tumor related pain, in 9 papers
[75,79-81,83,84,88,90,91] a post-procedural analysis using
VAS scale was reported for a total of 148 patients. A com-
plete or partial (75-100%) relief of cancer-related pain was
achieved in 123 patients, while a reduction between 50%
and 75% and between 25% and 50% was respectively
achieved in 12 and 13 cases.

Tumor response at follow up was reported in a total of 6
studies [78,80,81,84,87,91]. Only two studies [81,91] reported
a complete tumor response in 10% and 5.1% of patients
respectively. A partial response was registered in 4 studies
[80,81,84,91] with a range between 38.5% and 70%. Guojing
Wang [87] reported the best result in terms of minor pro-
gression rate of 10% after 12 months and a survival rate of
96.7% after one year. The worst outcome was reported by
Jae Young Lee et al. [78] with a progression tumor rate of
100% after 13 months, while Yu-Jiang Li [80] and Hong Zhao
[91] reported a stable tumor disease after 6 and 12 months
in 25% and 38.5% respectively.

3.5. Cryoablation: working principle, clinical application
and preclinical studies

3.5.1. Working principle

While LA, RFA, MWA and HIFU rely on the severe increase of
tissue temperature in the tumor masses, cryoablation uses cold
to induce coagulative necrosis and tumor apoptosis. The pro-
cedure is performed by means of a cryoprobe and a cryogenic
freezing unit: the unit allows for a high-pressure gas (e.g.,
Argon, at a temperature of —196°C) to circulate within the
lumen of the cryoprobe. The low pressure within the lumen
causes a rapid expansion of gas, inducing the temperature
decrease and the formation of an iceball around the probe tip
[93]. At the iceball boundary, the temperature is 0°C, whereas
lethal values between lower than —20°C are produced inside
the iceball. Cold temperature can induce cell damage and
necrosis by means of a direct cell injury, and indirect mecha-
nisms, identified as vascular injury and ischemia, apoptosis,
and immunomodulation [94-96]. The direct mechanism is



responsible for tissue dehydration: the quick drop in tempera-
ture until —40°C, and the absorption of heat by means of the
probe results in the formation of ice crystals inside cells and in
tonicity increase in the extracellular space. The cells surround-
ing undergo dehydration due to the osmotic pressure.
Simultaneously, the accumulation of solutes in the extracellular
space injures the cellular membranes and the enzymes. During
thaw, the intracellular compartment becomes hypertonic, and
fluid shift causes the cell to burst. The vascular injury is related
to vasoconstriction and impairment to the microvasculature,
contributing in causing micro-thrombosis and stasis. Such phe-
nomena lead the targeted region to ischemic death and coagu-
lative necrosis. Thus, cryonecrosis, cryoapoptosis, and anti-
angiogenesis are some of the most important mechanisms of
living tissue damage as a response to cryoablation.
Cryoablation is mainly known for the treatment of liver,
prostate, and lung cancer. In the clinical application in the
pancreas, has been reported the use of an argon gas-based
cryosurgical unit (Endocare, Irvine, Califf and 1 to 3
freeze/thaw cycles. The cryoprobe can be inserted percutan-
eously via the retroperitoneal, transhepatic, or transgastric

Table 5. HIFU in clinical settings.
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approach, according to the position of the tumor. The pro-
cedure can be guided through CT and US imaging
(Figure 6) [971].

3.5.2. Preclinical and ex vivo studies

Only one preclinical study about the test of cryoablation
effects on pancreatic tissue has been performed. In 2007,
Korpan et al. [98] performed cryoablation on mongrel dogs,
organized into 4 groups, each composed by 14 animals, to
test two different ablation settings (with the respective con-
trol). A disk-shaped cryoprobe measuring about 20 mm in
diameter was placed on the pancreas through laparotomy.
Two different temperature values were reached in the
two treated groups (—80°C and —180°C). Histopathology
of ablated pancreas parenchyma and biopsy were collected
up to 1day after thawing. Damaged pancreatic cells in
the postcryosurgical zone lead to cryonecrosis and
cryoapoptosis. Vascular changes and circulatory stagnation
indicate the anti-angiogenesis mechanism of biological
tissue injury after low temperature exposure to —180°C
and —80°C.

Pancreatic Mean size of
lesion Localization the lesion Indication to HIFU ablation
Patients Age Refuse
Author year (N) (mean) PA NT Cystic Head Body-tail Uncinate (cm) (mm?) Unresectable Borderline surgery
Wu et al. [90] 2005 8 62 8 - - 8 - - 59 - 8 - -
Zhao et al. [91] 2010 39 55 - - - 27 12 - 34 - 31 8 -
Orsi et al. [83] 2010 7 64.3 6 1T - 7 - - 4.6 - 7 - -
Sung et al. [85] 2011 46 60.7 46 - - 17 29 - 42 - 46 - -
Jung et al. [77] 2011 35 62.6 35 - - - - - 3.7 - 35 - -
Orgera et al. [82] 2011 6 61 3 3 - - - - - - 5 0 -
Wang et al. [88] 2011 40 57 40 - - 9 31 - 43 - 40 - -
Lee et al. [78] 2011 12 - 12 - - 7 4 1 35 - 12 - -
Li PZ et al. [79] 2012 25 - -
Wang et al. [89] 2013 224 60 224 - - 47 177 - 5 - 224 - -
Ge et al. [76] 2014 20 68.3 20 - - - 20 - 3.5x4.5 - 20 - -
Anzidei et al. [75] 2014 2 - 2 - - - - - - - - - -
Wang et al. [87] 2015 30 57 30 - - 23 7 - 32 - - 30 -
Vidal Jove et al. [86] 2015 43 63 - - - - - - - - 43 - -
Li YJ et al. [80] 2016 16 623+105 16 - - 9 7 - 3.7 nr 16 - -
Marinova et al. [81] 2016 13 66.2 13 - - 4 9 - - - 13 - -
Strunk et al. [84] 2016 15 66.9 - - - 7 8 - - - 15 - -
Total 581 59,7 455 4 - 165 304 1 4.1 - 515 38 -

Figure 6. Cryoablation. Hyperechoic line along the path of the probe surrounded by nonhomogeneous tissue with hyperechoic spots. T, tumour; SMA, superior
mesenteric artery. Reprinted from [103] Copyright 2018, with the permission of Elsevier.
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3.5.3. Clinical application

One article [99] on the pancreatic cryoablation has been
selected, including a total of 67 patients; of these, 36 under-
went a pure cryoablative treatment. Conversely, 31 patients
underwent a combined cryo-immunotherapy treatment. The
ablative treatment was reserved to unresectable lesions.
Adenocarcinoma was the only treated histotype (100%), but
the pancreatic lesion location was not specified in any case.

Technically, the percutaneous approach under double-row
CT or color ultrasonographic guidance was the only tech-
nique used.

In terms of post-operative course, no severe complications
occurred. The authors described the increase of amylase
serum level associated with the abdominal pain in 19
patients. Other early complications described were: increase
of fasting blood glucose levels in 7 patients with a known
diagnosis of diabetes, a mild decrease in platelet count in 12
patients, abdominal distension and nausea in 21, poor appe-
tite in 17 cases. Self-limited abdominal bleeding occurred in
14 patients, while in 19 cases fever was encountered. All the
complications were successfully treated conservatively.

In the first week after the cryoablation treatment, the pain
score decreased by at least 50% in 54 patients, while anal-
gesic consumption decreased by 50% in 57 patients and the
Karnofsky Performance Score (KPS) increased by 20 in
43 cases.

The authors also analyzed the relation between number
of sessions and the post-operative risk of complications. Of
the total 114 cryoablation treatments performed in 67
patients, the 29% had a significant serum amylase level
increase after 29 sessions against the 10% after 12 sessions.

In terms of long-term follow up, a median OS of 7 months
was documented, with a better outcome in case of cryo-
immunotherapy (13 months) as compared to the pure cryoa-
blation treatment (7 months).

3.6. Hybrid and alternative techniques

3.6.1. Description
Often, different ablative techniques are combined to take
advantage from the synergic effects of the single approaches.

3.6.2. Preclinical and ex vivo studies

In 2008, Carrara et al presented the EUS-guided application
of a new hybrid cryotherm probe [100]. The probe combines
the cryotherapy with RFA, guided by linear EUS device. The
rationale behind this dual modality strategy relies on their
potential combined positive effects on the pancreas. Indeed,
it has been demonstrated that RFA without additional cool-
ing can be dangerous for this organ. Hence, this probe is
used to reinforce the RF —induced interstitial devitalization
with the effective cooling induced by the cryogenic gas.
Consequently, less collateral damage is expected because a
lower power input is needed compared to conventional RFA
systems in order to obtain the same thermal outcome. All
pigs well tolerated the procedure and the pancreatic body
and tail were easily visualized from the stomach using the

linear EUS probe; conversely, ultrasound imaging overesti-
mates the lesion size. At histology, 2 pigs showed histo-
logical signs of pancreatitis meanwhile the rest showed well
defined coagulative necrotic lesions at 1week follow up. At
two weeks follow up, there was no evidence of clinical dis-
tress. Regarding the safety, the mortality was zero; there was
one major (7%), and 6 minor complications (43%), related to
the dose of treatment. The same group evaluated the same
device while treating neoplastic tissue of explanted pancre-
atic tumors of patients with pancreatic adenocarcinoma [101]

As alternative techniques, Adams et al. designed an endo-
luminal US applicator for MR-guided thermal ablation of the
pancreatic cancer, and tested the prototypes in porcine mod-
els [102]. The advantage of this technique is the energy
delivery from the gastrointestinal tract in the pancreas, with-
out contact with the organ. A summary of these hybrid tech-
nologies is presented in Table 6.

3.6.3. Clinical application

Only Arcidiacono et al. [103] reported a combined ablative
treatment in a clinical setting. The ablation comprised the
cryothermal and the RFA techniques for a total of 22
patients. In all cases, only unresectable adenocarcinomas
were included. The tumor was located in the pancreatic
head/neck in 16 patients, uncinate process in 2 and in the
body of the pancreas in the remaining 4. The mean lesion
size was 35.7 mm (range 23-54 mm).

In all cases, the endoscopic ultrasonography (EUS) tech-
nique was performed. The RFA power was 18 W, delivered
with an application time between 10 and 360s (mean time
107 £ 86 5), varying on tumor size.

In all patients a radiological CT scan evaluation was per-
formed 48 h after the ablation, with no evidence of pancrea-
titis, pancreatic necrosis or fluid collections.

An additional radiological objective tumor response was
reported after a mean time of 14.6+15.8days (range
0-37 days). Only in 6 patients the CT scan was clear enough
to interpret the images. In all these cases, no evidence of
tumor growth for up to 78 days was documented.

In terms of OS, a median value of 6 months was docu-
mented for a total of 13 patients. Six patients died at
6 months, while 7 reported a progressive disease.

4, Discussion and conclusions

Despite the enormous advances in the oncological medical
field, prognosis of pancreatic cancer remains poor [3].
Surgical resection is currently the only potential curative
treatment. However, due to the late onset of symptoms and
to the disease aggressiveness, only the 20% of patients are
eligible for surgery [2,104]. As consequence, most of the
patients present at unresectable stages (lll and IV) and pallia-
tive chemotherapy is employed to prolong survival and to
control tumor growth. At this last regard, major advances
have been made in combination therapies, here including
multiple chemotherapeutical schemes, radiotherapy alone or
in combination to chemotherapy as well as stereotactic body



Table 6. Hybrid and new ablation techniques in preclinical and ex vivo settings.
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Application

Complications

Device N animals Tumor technique Thermometry Survival Control

Study type

Year

Year, Ref
Carrara

EUS after procedure and One major compli-

up to 14 days
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VIO 300D 14 pigs

in vivo
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radiotherapy (SBRT) and stereotactic radiation therapy (SRT).
However, despite the slight amelioration in long-term sur-
vival, the rate of patients responsive to these treatments
remains low.

Since the introduction, in 2011, of FOLFIRINOX as chemo-
therapeutic scheme for locally advanced pancreatic cancer
treatment, showing improvement of OS [105], multiple
therapeutic schemes have been proposed [6]. Despite these
advances, only one third of patients are responsive to the
treatment, while complication related to chemotherapy sig-
nificantly increased, here including gastrointestinal adverse
event in almost 30% of patients, hematological side effects
(namely anemia and leukopenia in up to 81% of patients
[106]), anorexia, fatigue and loss of appetite [6].

With the aim to enhance chemotherapy efficacy, a com-
bination therapy with radiation has been proposed.
However, results are still controversial and unclear. Despite
the promising results achieved in two large retrospective
studies [107,108] as compared to chemotherapy alone, the
recent LAP-07 trial [8] failed in showing any benefit in terms
of overall survival for the additional radiation treatment.
Additionally, the combination of chemotherapy with radi-
ation could enhance systemic toxicity, potentially precluding
the administration of subsequent systemic therapies [109].

As alternative, the stereotactic body radiotherapy (SBRT)
treatment has been introduced. SBRT is an advanced tech-
nique able to precisely delivery a high dose of radiation to
the target in 1-5 fractions (hypofractionated regimen), as
complementary treatment to chemotherapy. However, par-
ticular care is required during planning and delivery, since
any imprecise targeting could lead to surrounding normal
structures toxicity [110]. More specifically, cases of gastro-
intestinal perforation and/or hemorrhage, biliary or duo-
denal stricture as consequence of secondary fibrosis for
pancreatic cancer treatment have been reported in the lit-
erature, with an incidence rate of Grade >2 late toxicity up
to 20%. In terms of long-term outcomes, an improvement of
the local disease control as compared to chemotherapy
alone has been demonstrated, while OS remains poor.

Based on these premises, efforts have been recently
made to investigate minimally invasive ablative techniques
to provide a better local tumor control and to improve
patients’ OS especially in the wide group of patients not eli-
gible for surgery. RFA, HIFU, cryoablation, MWA, and LA
have been described as valuable techniques both in preclin-
ical and clinical settings. However, the lack of standardiza-
tion in the employment of these different techniques and
the different approaches used makes it difficult to draw
homogenous conclusion on their real safety and feasibility.

With the aim of giving our contribution to better define
the therapeutic role of these different ablative methods, we
conducted an analysis of each of them, going through the
methodological analysis, as well as the preclinical advances
and the current clinical applications.

The largest part of the preclinical and ex vivo studies for
ablative treatment of pancreas has been carried out using
LA (12 papers), RFA (8 papers) and HIFU (6 papers). Only 1
work has been found describing the animal application of
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cryoablation, and no papers about MWA resulted from the
search performed though the described selection criteria.

Preclinical and ex vivo studies are fundamental to drive
and design successive clinical studies. The nature of the pre-
clinical study allows performing an extensive histopathology
analysis at different time lapse from the ablation procedure,
allowing to better understand the temporal evolution of the
treatment outcome. In addition, it is possible to adopt
technological strategies that are not applicable in human
studies, yet. For instance, in several preclinical and ex vivo
studies, thermometry is used as a mean for intraprocedural
control. These studies demonstrate the importance of having
a real-time temperature control during the procedure, and
how this information can be related with the induced ther-
mal damage. The intraprocedural knowledge of this thermal
damage could represent a helpful feedback for the clinician
who can decide in real-time to tune the procedure (for
instance, performing a second treatment in a close tar-
get region).

Additionally, the implementation of a numerical-based
tool and its use in synergy with the real-time measured ther-
mal information may be particularly useful to successfully
plan the therapy settings (power and time, for LA, RFA, MWA
and HIFU, pressure and time for cryoablation).

According to the evidences pointed out by our review, it
emerges how the use of thermometric systems to monitor
target temperature intraoperatively is still limited in the clin-
ical practice, unlike in the preclinical and ex vivo studies,
although several of them have been approved for medical
use. This delay could rely on the lack of infrastructures
needed for thermometry (e.g., MR system), or on the slow
upgrade of approaches and techniques.

Regarding the emerging technologies, the assessment of
nanoparticles to enhance the thermal effects of ablation
therapies is on the stage since 2003 [111]; however, they
have been rarely used in human [112] because their biocom-
patibility and long-term effects is still under investigation,
and their wuse is still restrained to the preclinical
experimentation.

Despite the wide experience reported in the preclinical
setting, more limited applications have been documented in
the clinical field for all the ablative techniques included in
our review. Even if LA resulted the most frequently investi-
gated in the preclinical setting, only one clinical study with
limited cases is present in the literature meeting the inclu-
sion criteria. Conversely, 17 and 14 papers on HIFU and RFA
application respectively have been included, while only one
article describing the cryoablation and microwave employ-
ment met the inclusion criteria.

HIFU has been investigated for the first time in the early
2000 for pain-related treatment of pancreatic cancer [69].
Regarding the present market approval, one device has been
already CE approved for the MR-guided clinical treatment of
uterine fibroids and palliative pain treatment of bone tumors
[113], while another one is also FDA 510(k) cleared for the
laparoscopic or intraoperative ablation of soft tissue [114].
The use in pancreas is still under evaluation, and several
studies have been performed to investigate whether its clear

advantages can be effectively exploited for pancreatic cancer
treatment. However, some limitations need to be outlined. It
is an US-based technique, and, therefore, artifacts, such as
acoustic shadowing, refraction and reverberation could inter-
fere on its application especially for deep-site lesions. For
pancreatic lesions, the interposition of bowel gas may signifi-
cantly obstruct the acoustic window, leading to two main
potential consequences: incomplete ablation of the target
and also the thermal damage of the interposed bowel due
to the heat deposition at the gas-tissue interface.
Consequently, to evacuate gas into the stomach and colon
(having the patients fast the night before the procedure) as
well as applying a slight abdominal pressure to the target
area are fundamental steps to achieve adequate results and
to avoid procedure-related complications [115]. Other limita-
tions are also related to the potential interposition of fatty,
fibrotic and highly vascularized tissues [116], bones [117],
and major vessels [118], that significantly attenuate the
sound energy applied. This, inevitably, lead to the need of
adequately ensure a careful pre-procedural planning and to
precisely locate the target lesion [116].

Conversely, RFA, cryoablation and MWA require a direct
contact with the neoplastic tissue by means of an open,
endoscopic or percutaneous approach. This main difference
could bring to reflect into two significant consequences: the
intra-tumoral heat distribution and post-procedural complica-
tion rate. As a matter of fact, it has been already demon-
strated how HIFU allows an uniform intra-tumoral heating
while heat distribution with the other techniques mainly
depends on the right probe insertion [119]. In addition, RFA
strongly depends on the necrotic tissue impedance, inducing
a self-limiting ablation [120,121] as compared to both HIFU
and MWA. In terms of post-procedural complications, the
mechanical insertion of electrodes, antennas or cryoprobes
into the neoplastic tissue would relate with a higher risk of
post-procedural complications, induced by both the
‘mechanical trauma’ and the local temperature reached. As
expected, HIFU related with a significantly lower incidence of
complications for a total of 117 in 565 patients (20.7%), as
compared to 41.9% (52 complications in 124 patients) in the
RFA clinical application, 30% (3 patients) post-procedural
morbidity after microwave ablation, 28.5% (19 patients) after
cryoablation and 33% after LA. However, a clinical distinction
between major and minor complications is mandatory.
Despite the lower overall complication rate after HIFU abla-
tion, the 16.1% (45 complications) is considerable as major
technique-related adverse events, while relevant complica-
tions occurred in only 9.6% (5 patients) of cases after RFA,
while cryoablation, microwave and laser ablation induced
minor complications. When compared to the conventional
treatment strategies (including chemotherapy with or with-
out radiation and SBRT), the ablative techniques have shown
to be safe and feasible. Rising complications are mainly
minor, local and easily manageable as compared to systemic
complications (i.e. leukopenia) for chemotherapy. Similarly,
advantages can be evidenced as compared to SBRT and radi-
ation, causing similar adverse events rate in case of HIFU



employment, but significantly lower in case of LA, RFA, cry-
oablation and microwave.

One of the major topics to be analyzed regarding the
minimally invasive ablative techniques is the short- and long-
term efficacy on the tumor dimension reduction and the
related long-term survival. A short-term quantification can be
drawn only for HIFU and RFA, with a complete response
reached respectively in the 14.2% and 31.4% of cases. For
both the techniques, CT scan was the most frequently
employed evaluation tool. Despite the significant difference
between HIFU and RFA, these results should be interpreted
with caution, since different type of tumors and different
lesion sizes have been reported for both the techniques.

Also regarding long-term outcomes, solid conclusions can-
not be defined. The inclusion of both adenocarcinomas and
neuroendocrine tumors does not allow valuable comparisons.
For each of the techniques evaluated, tumor response and
OS significantly varied and categorization according to the
neoplastic disease was not applicable. The only valid data
can be defined for cryoablation and laser ablation. In both
cases, only adenocarcinomas were enrolled in the studies,
with a median OS of 7months for cryoablation and
7.4 months for laser ablation respectively. As a matter of fact,
these last values do not significantly differ as compared to
the mean OS in chemotherapy palliative treatment of stage
lI-IV pancreatic cancer [1]. Of note, better results have been
achieved in case of concomitant HIFU and gemcitabine ther-
apy with a median survival of 12.6 months [79]. However, the
results reported by only one center cannot be considered
sufficient to generalize the long-term efficacy for each of
these techniques.
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