
cancers

Article

Intraoperative HIFU Ablation of the Pancreas Using a Toroidal
Transducer in a Porcine Model. The First Step towards
a Clinical Treatment of Locally Advanced Pancreatic Cancer

Celia Cilleros 1,2, Aurélien Dupré 1, Yao Chen 1, Jeremy Vincenot 2, Michel Rivoire 1 and David Melodelima 1,*

����������
�������

Citation: Cilleros, C.; Dupré, A.;

Chen, Y.; Vincenot, J.; Rivoire, M.;

Melodelima, D. Intraoperative HIFU

Ablation of the Pancreas Using

a Toroidal Transducer in a Porcine

Model. The First Step towards

a Clinical Treatment of Locally

Advanced Pancreatic Cancer. Cancers

2021, 13, 6381. https://doi.org/

10.3390/cancers13246381

Academic Editors: Franz Rödel and

Gail ter Haar

Received: 3 November 2021

Accepted: 16 December 2021

Published: 20 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 LabTAU, INSERM, Centre Léon Bérard, Université Lyon 1, Univ Lyon, F-69003 Lyon, France;
celia.cilleros@inserm.fr (C.C.); aurelien.dupre@lyon.unicancer.fr (A.D.); yao.chen@lyon.unicancer.fr (Y.C.);
michel.rivoire@lyon.unicancer.fr (M.R.)

2 EDAP TMS, 4 Rue du Dauphiné, F-69120 Vaulx-en-Velin, France; jvincenot@edap-tms.com
* Correspondence: david.melodelima@inserm.fr

Simple Summary: Regardless of treatment, the overall 5-year survival rate for patients with pancre-
atic adenocarcinoma is less than 5%. The aim of this preclinical study was to evaluate the feasibility
of intraoperative focused ultrasound ablation of the pancreas under Doppler guidance to treat the
pancreatic parenchyma and tissues surrounding the superior mesenteric vessels in vivo in a pig
model. Large and homogeneous destruction of the pancreatic parenchyma and tissues around the
peripancreatic artery without spasm or occlusion by focused ultrasound during an open procedure
was feasible without organ penetration. Ultrasound guidance allows for the objective evaluation
of the actual treated region. This method could aid in the treatment of locally advanced pancreatic
adenocarcinoma that is inaccessible by other known therapeutic methods. The device presented
herein is simple to use, reliable and adaptable to local conditions. Such a treatment may also be used
in conjunction with resection.

Abstract: Apart from palliative chemotherapy, no other therapy has been proven effective for the
treatment of locally advanced pancreatic tumors. In this study, an intraoperative high-intensity
focused ultrasound (HIFU) device was tested in vivo to demonstrate the feasibility of treating the
pancreatic parenchyma and tissues surrounding the superior mesenteric vessels prior to clinical
translation of this technique. Twenty pigs were included and treated using a HIFU device equipped
with a toroidal transducer and an integrated ultrasound imaging probe. Treatments were performed
with energy escalation (from 30 kJ to 52 kJ). All treatments resulted in visible (macroscopically and
in ultrasound images) homogeneous thermal damage, which was confirmed by histology. The
dimensions of thermal lesions measured in ultrasound images and those measured macroscopically
were correlated (r = 0.82, p < 0.05). No arterial spasms or occlusion were observed at the lowest energy
setting. Temporary spasm of the peripancreatic artery was observed when using an energy setting
greater than 30 kJ. The possibility of treating the pancreas and tissues around mesenteric vessels
without vascular thrombosis holds great promise for the treatment of locally advanced pancreatic
cancers. If clinically successful, chemotherapy followed by HIFU treatment could rapidly become
a novel treatment option for locally advanced pancreatic cancer.

Keywords: ultrasound; pancreas; locally advanced; tumor; Doppler guidance

1. Introduction

Pancreatic adenocarcinoma is among the most aggressive of all cancers. Regard-
less of treatment, the overall 5-year survival rate for this disease is less than 5% and has
shown only minimal improvement during the past few decades [1–3]. The majority of
patients are treated with palliative intent due to either metastatic or locally advanced
disease. When surgical resection is feasible, the 5-year survival rate is approximately
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20%. However, surgery is possible in only 15–20% of patients [4,5]. Considering the high
rate of unresectability and the poor results of surgery alone in patients with pancreatic
carcinoma, many treatment efforts incorporating chemotherapy, radiotherapy, or both have
been made to improve the 5-year survival of these patients. As most patients (80–90%)
are diagnosed with advanced (30–40%) or metastatic (50–60%) pancreatic carcinoma,
the development of improved systemic treatment options has been a top priority over
the past two decades. Patients with no metastatic disease but an unresectable tumor
are defined as having locally advanced pancreatic adenocarcinoma (LAPA). This group
represents 30 to 40% of patients. Treatment remains highly controversial, as it confers
an average overall survival of only 9 to 14 months regardless of the treatment strategy. In
this subgroup of patients, chemotherapy remains the standard of care. The combination of
radiation therapy and chemotherapy is not recommended, as it has not demonstrated any
survival advantages [6,7]. Unfortunately, most of these patients have a very limited chance
of undergoing surgery even after chemotherapy [8]. Given the high incidence of locally
advanced pancreatic cancer and the low probability of downstaging with conventional
treatment (chemotherapy and radiotherapy), there has been a growing interest in the use
of new local ablative therapies, such as radiofrequency ablation (RFA) and irreversible
electroporation (IRE), for multimodal treatment of the disease. These ablative techniques
are applied to ultimately induce irreversible cellular damage to the tumor, leading to cell
death via either apoptosis or coagulative necrosis [9–11].

Among these new treatment options, high-intensity focused ultrasound (HIFU) is
a recently developed technology that uses therapeutic ultrasound; focused beams pass harm-
lessly through superficial tissue and produce sufficiently strong heating in the focal zone to
cause irreversible tissue necrosis in only a few seconds. Most HIFU treatments are performed
with an extracorporeal approach that has been largely reported as a palliative option to
treat patients with LAPA, with pain relief observed in 78–100% of the patients [12–16]. Mild
complications including abdominal pain, nausea and vomiting, skin burn, and subcuta-
neous fat sclerosis usually occur in 3–20%. Some case series have reported adverse events
such as pancreatic pseudocysts and pancreatitis in 10% of patients. The median survival
time of patients with LAPA after treatment with HIFU either alone or in combination
with concurrent chemotherapy has been reported to range from 10.0 to 12.6 months [12].
Although the extracorporeal use of HIFU for treating pancreatic carcinoma has been proven
safe and feasible, to date, it is limited to palliative treatments with objective pain reduction,
as no clear evidence of survival benefits has been reported. The use of extracorporeal HIFU
treatment for pancreatic cancer patients has been limited due to several factors mainly
related to the deep location of the pancreas in the abdomen and its poor acoustic access. The
surrounding structures (stomach, colon, liver, and kidney) present very different acoustic
properties, leading to differential attenuation and phase aberration that can change the
shape of the focal zone and the acoustic intensity at the focus [17]. LAPA treatment has also
been affected by difficulties in obtaining clear percutaneous imaging of the tumor shape
and margins.

Given the inconvenience and disadvantages of extracorporeal HIFU, we developed
an intraoperative HIFU probe that was initially designed for the treatment of colorectal
liver metastasis and reported encouraging results [18,19]. The principal focus lies in the
possibility of treating the parenchyma independently from perfusion [20] with high con-
trol of the treatment margins [21] and accurate visualization of the tumor and of HIFU
ablation [18,19,22,23]. The intraoperative HIFU probe designed for the treatment of liver
tumors has shown potential applicability for pancreatic tumors [24]. Treating LAPA with
HIFU intraoperatively can also help to confirm that the tumor is not resectable (major
vascular invasion precluding resection) and that liver or peritoneal metastatic spread has
not occurred. In the case of technical unresectability, HIFU ablation could be a suitable
alternative. In contrast, in the case of metastatic spread not visualized on preoperative
imaging, ablation should not be performed. Particular attention must be given to the supe-
rior mesenteric blood vessels when treating LAPA since irreversible mesenteric occlusion
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can cause mesenteric ischemia, which is a life-threatening condition [25–27]. Vascular
complications caused by extracorporeal HIFU treatment have been reported, including
secondary occlusion of the superior mesenteric artery and portal vein thrombosis [28].
Therefore, the aim of this preclinical study was to evaluate the feasibility of intraoperative
HIFU thermal ablation of the pancreas with energy escalation under Doppler guidance to
treat the pancreatic parenchyma and tissues surrounding the superior mesenteric vessels
in vivo in a pig model prior to clinical translation of this technique.

2. Materials and Methods
2.1. Animal Model

Local institutional review board approval was obtained before conducting experi-
ments at the Institute of Experimental Surgery of the Leon Berard Cancer Center. The
animal experiments described in this paper conformed to the requirements of the French
National Institute of Health and Medical Research Office of Animal Experimentation and
were performed in accordance with the legal requirements of the European directives on
Animal Experimentation.

The porcine pancreas presents some differences from the human pancreas. Instead
of joining the common bile duct, the main duct drains into the duodenum directly [29].
In addition, the porcine pancreas is divided into the duodenal lobe, the connecting lobe
and the splenic lobe. In terms of their anatomical arrangement, these three parts look
like the head, uncinate process, and the body and tail of the pancreas in humans, respec-
tively [30]. In a similar way to that in humans, the head of the porcine pancreas (duodenal
lobe) is connected to the duodenum, the body (splenic lobe) follows the curved shape of
the stomach and the tail end of the splenic lobe extends to the left kidney. Importantly,
the artery along the portal vein is not the mesenteric artery, as in humans, but the hepatic
artery. However, the diameter of this hepatic artery (5 mm) is similar to the diameter
of the mesenteric artery in humans. Despite these differences, the similarities in terms
of the anatomical dimensions and structure between the human and porcine pancreas
make the pig the predominant model for preclinical studies on the treatment of pancre-
atic carcinoma with HIFU [24,31–36]. Therefore, in this study, the feasibility of selective
ablation of the porcine pancreas and tissues around the peripancreatic hepatic artery using
an intraoperative toroidal HIFU transducer was investigated under Doppler guidance in
20 healthy, female landrace pigs 12 to 14 weeks old and weighing between 25 and 30 kg.

2.2. HIFU Equipment

The toroidal HIFU transducer was divided into 32 concentric rings with equal surface
areas (78 mm2) and its diameter was 68 mm. The central frequency was 2.5 MHz. A 7-MHz
ultrasound imaging probe composed of 192 elements (X12C3e, Vermon, Tours, France) was
placed in the center of the HIFU transducer (Figure 1). The HIFU acoustic axis was aligned
with the ultrasound imaging plane. A sterile polyurethane coating (CIV-Flex Transducer
cover, Ref 610-004, CIVCO, Kalona, IA, USA) was used to cover the HIFU device. This
coating attenuated the ultrasound pressure by 2% at 2.5 MHz. Degassed sterile water
(sterile water, Ref 882-1315, Baxter, Guyancourt, France) was used to fill the coating and to
provide a coupling fluid between the HIFU transducer and pancreatic tissues. The water
was maintained at 7 ◦C. A peristaltic pump drove the water with a continuous flow of
0.5 L/min in a closed circuit to cool the HIFU transducer during sonication.

In the focal plane, the focal zone created by a toroidal transducer was a ring mea-
suring 30 mm in diameter. Moreover, an overlapping area was created between this
focal ring and the transducer. This overlapping area increases the size of the lesion that
could be created [37]. An ablation rate of 10.5 cc/min [18] could be performed without
resorting to mechanical scanning, even in highly perfused organs such as the liver [20].
Focusing on a large area involves fewer mechanical effects (boiling and cavitation) and
promotes thermal destruction, which results in a clear evaluation of the treated zone [18,24].
The HIFU transducer was controlled by an electronic system (MSonic®, EDAP-TMS,
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Vaulx-en-Velin, France) composed of two 16-channel power amplifiers with a master-slave
mode (Pige-Electronique, Bourg-lès-Valence, France), an ultrasound scanner (BK3000 scan-
ner, BK 5000 soft version, BK medical, Herlev, Denmark), a peristaltic pump (PMD24 OEM,
Watson Marlow Fluid Technology Group, Falmouth, UK) and a computer. The maximal
electrical power deliverable per channel was 20 W. Each channel was programmable in
phases with a resolution of 1◦ for electronic focusing of the HIFU beam. A directional
coupler was placed inside each channel of the power amplifiers to measure the direct and
reflected electrical power. The position of the HIFU focal region was indicated on the
sonograms, making it possible to place the location of the ablation precisely in tissues [38].
Ablations were observed using the ultrasound imaging probe integrated in the HIFU trans-
ducer and also by using a 14 MHz ultrasound imaging probe (Model I14C5I, BK Medical,
Herlev, Denmark) to obtain high-resolution images.
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Figure 1. Schematic of the HIFU intraoperative device. 1: HIFU transducer divided into 32 concentric
rings. 2: Ultrasound imaging probe. 3: Connectors for the cooling circuit. 4: Connectors for the
coaxial cables of the HIFU emitters. 5: Connectors for the cables of the ultrasound imaging probe.
6: Connector for the mechanical arm.

2.3. Treatment Procedure

The animals arrived on-site 7 days before the beginning of the experiments and were
fasted 24 h before the treatment. Premedication was performed using an intramuscular
injection of a mix of ketamine (10–12 mg/kg) and azaperone (4–5 mg/kg). A 20-gauge
catheter was placed in the auricular vein, and 7 mL of 1% propofol was injected immedi-
ately before intubation. An assisted ventilation system (ABT 4300, Kontron Instruments)
supplied oxygenation at a rate of 7.2 l.min−1 and a frequency of 12 cycles.min−1. Anes-
thesia was maintained during the procedure with continuous infusion of 1% propofol
(15 mL/h). Peroperative analgesia was administered by continuous perfusion of sufentanil
(3 mL/h). Blood oxygen saturation was monitored by an optical captor and maintained at
100%. Hydration was provided by isotonic perfusion of a 9% physiological saline solution.
Animals were positioned in the dorsal decubitus position and classical surgical asepsis was
performed. A 25 cm median laparotomy was performed from the xyphoid process. The
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tail of the pancreas was freed from its attachments and folded in the targeted area to more
closely mimic the thickness of the human pancreas (typically 15 mm).

The HIFU device was held by a mechanical arm and placed in acoustic contact with
the pancreas (Figure 2). The pancreas and peripancreatic vessels were clearly visible in
ultrasound images thanks to the open procedure. Moreover, pads can be used to protect
organs in the vicinity of the pancreas to eliminate the risk of secondary lesions. The region
to be treated was located using the integrated ultrasound imaging probe. HIFU sonication
procedures were performed on healthy pancreatic parenchyma and tissues surrounding
the peripancreatic artery. Doppler images were acquired just before each HIFU sonication
procedure and then during sonication. Doppler imaging was also performed just after
HIFU treatment to visualize the effects on the peripancreatic artery.
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Figure 2. Experimental setup during in vivo treatment. 1: Electronic system used to control the
HIFU transducer. 2: Intra-operative HIFU device. 3: Additional ultrasound imaging probe working
at 14 MHz.

Prior to the animal experiments, treatment parameters were estimated from numerical
simulations and adjusted in vitro using a perfused model [38]. An initial in vivo study
(not described in this paper) that uses the same animal model was then conducted using
three pigs to optimize the treatment parameters. In all cases, the total exposure time was
900 s with a duty cycle of 40% HIFU exposure (10 s) and 60% Doppler color imaging (15 s).
All HIFU sonication procedures were performed by electronically setting the depth of the
ring-shaped focus between 65 and 90 mm and its radius between 0 (spherical focalization)
and 15 mm (toroidal focalization). HIFU sonication was performed without moving the
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probe. Animals were treated using underrated acoustic power set to 83 W (n = 8), 110 W
(n = 4), 124 W (n = 4) or 143 W (n = 4), corresponding to energies of 30, 40, 45, and 52 kJ,
respectively. These sonication parameters were defined to create lesions approximately
20 mm in diameter. Up to three HIFU sonication procedures were permitted if normal
blood flow in the peripancreatic hepatic artery was observed after each sonication. The
14 MHz ultrasound imaging probe was also used to observe the lesions with higher resolu-
tion. The longest and shortest axes of the treated area visible in sonograms were measured
after each treatment. Possible effects on adjacent organs, burns in particular, were care-
fully investigated throughout the entire abdominal cavity. The laparotomy was closed in
two planes, and a dressing was placed to protect the wound.

After treatment, the animals were returned to their pens, and their general behavior
was observed twice daily for signs of anorexia, distress, or fever. Postsurgical analgesia
was provided using a fentanyl patch (100 µg/h) and an intramuscular injection of Profenid
(100 mg) that could be readministered if needed. Fifteen days after HIFU treatment,
the animals were anesthetized, and laparotomy was performed using the same procedure
described above. Additional ultrasound images of the HIFU lesions were acquired using the
14 MHz ultrasound imaging probe. The animals were euthanized under general anesthesia
immediately after treatment by pentobarbital injection (20 mL). The entire peritoneal
cavity, including the pancreas and adjacent organs, was examined during autopsy. The
pancreas was removed and sliced to visually inspect the effects of ultrasound. Each HIFU
lesion was sectioned transversally and then sliced into 3 mm thick samples to determine
whether the thermal damage was homogeneous. Representative samples were then fixed in
a 10% solution of formaldehyde. After 48 h, the samples were transferred to phosphate-
buffered saline and then dehydrated using increasing concentrations of alcohol, treated
with intermedium, and embedded in paraffin. The embedded samples were sliced and
stained using hematoxylin and eosin. Microscopic analyses were performed by a laboratory
that specialized in veterinary histological analysis (Vet Diagnostics, Lyon, France).

2.4. Data Analysis

An even surface containing a reference scale was used to take photographs of each sample.
The software ImageJ, version 1.52a (http://imagej.nih.gov/ij, accessed on 9 September 2020)
was used to analyze images of the lesions. On each sample, the shortest and longest axes
of the treated area, visible as a white necrotic core, were measured. The examiner who
measured the dimensions of the lesions on the sonograms was different from the examiner
who measured the dimensions via gross pathology. All measured data are expressed as the
mean ± standard deviation (minimum value–maximum value).

3. Results
3.1. Overview

In total, 20 HIFU ablation procedures were performed in the pancreas and tissues
surrounding the peripancreatic hepatic artery in 20 pigs using this intraoperative device.
The sonication results are summarized in Tables 1 and 2. All sonication procedures resulted
in visible (both macroscopically and using conventional ultrasound imaging) and palpable
damage at the target site. Nine treatments induced coagulative necrosis, which was
confirmed by histology. Eleven treatments induced cystic lesions with localized necrosis.
The occurrence of cystic lesions was independent of the treatment parameters (Table 2) but
due to the direct effect of heat on the main pancreatic duct.

3.2. Clinical Tolerance

No deaths occurred before autopsy. The animals tolerated the surgical and HIFU
procedures well and without hemodynamic disturbances. There were no visible lesions in
the surrounding organs. The clinical course was uneventful for all animals. No cases of
severe pancreatitis were observed.

http://imagej.nih.gov/ij
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Table 1. Sonication results leading to an artery spasm or not.

Pig N◦ Group Emitted
Energy (J)

Number of
Sonications Artery Spasm Number of Sonications

before the Artery Spasm

1

1 30

3 No N/A
2 3 No N/A
3 3 No N/A
4 3 No N/A
5 3 No N/A
6 3 No N/A
7 1 No N/A
8 2 No N/A

9

2 40

3 No N/A
10 3 No N/A
11 3 Yes 3
12 3 Yes 3

13

3 45

2 Yes 1
14 3 Yes 1
15 1 Yes 1
16 3 Yes 1

17

4 52

2 Yes 1
18 2 Yes 1
19 2 Yes 1
20 2 Yes 1

Table 2. Dimensions of the lesions measured macroscopically. * Ablations could not be precisely
measured because of fragmentation of pancreatic parenchyma.

Pig N◦ Group Emitted Energy (kJ) Treated Zone Long Axis (mm) Shot Axis (mm)

1

1 30

Necrotic 18.2 18.9
2 Cystic 60.3 49.8
3 Necrotic 18.2 12.4
4 Cystic 31.8 25.5
5 Cystic 66.1 50.3
6 Cystic 74.9 36.6
7 Cystic 37.9 30.3
8 Cystic 41.5 34.0

9

2 40

Necrotic N/A * N/A *
10 Necrotic N/A * N/A *
11 Cystic 51.1 46.9
12 Cystic 46.8 18.7

13

3 45

Necrotic 27.5 25.4
14 Necrotic 23.7 18.3
15 Cystic 43.7 15.2
16 Cystic 31.6 19.6

17

4 52

Necrotic 33.8 18.6
18 Necrotic 35.8 23.9
19 Necrotic 31.9 18.5
20 Cystic 55.2 21.8

3.3. Analysis of HIFU Treatment

The exposure time was constant for all sonication procedures (900 s with a duty
cycle of 40% HIFU exposure and 60% Doppler color imaging). The effect of the emitted
energy (acoustic power) on the targeted artery was clearly observed (Table 2). No arterial
spasms were observed for treatments performed using an emitted acoustic energy of 30 kJ
(corresponding to an emitted acoustic power of 83 W), even when the treatment was
repeated three times. In this group, Doppler color imaging showed normal blood flow after
sonication in all cases. In group 2, which was treated using an emitted acoustic energy of
40 kJ (corresponding to an emitted acoustic power of 110 W), temporary arterial spasm was
observed on Doppler imaging in two animals during the third sonication. No blood flow
was observed in the treated artery immediately after sonication in these two cases. Normal
blood flow was observed on Doppler imaging 12 min after the treatment (Figure 3).
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Figure 3. Typical example in group 4 of a temporary spasm. From left to right: Color Doppler
imaging of the targeted artery (white circle) just before the HIFU treatment, just after the HIFU
sonication and 12 min after the sonication. Normal blood flow was recovered on average 12 min after
the temporary spasm in all cases.

Systematic temporary arterial spasm was observed in groups 3 and 4, which were
treated with acoustic energies of 45 kJ and 52 kJ, respectively (corresponding to emitted
acoustic powers of 124 W and 143 W, respectively). In these two groups, all spasms
occurred during the first sonication. On average, arterial spasm was observed 51 ± 18 s
(min: 29 s–max: 71 s) before the end of sonication. Normal blood flow reappeared in the
treated artery at an average of 12.6 ± 6.2 min (min: 7 min–max: 22 min) after treatment.
Interestingly, it was possible to perform two additional sonication procedures without
additional arterial spasm in all cases.

All treatments induced a lesion that was palpable and easily visible on ultrasound im-
ages and macroscopically appeared as a color change in the treated tissue (Figure 4).
Treated tissues were harder than untreated pancreatic parenchyma and appeared as
a hypoechoic region in the ultrasound images (Figure 4). The lesion dimensions were
completely different for cystic and necrotic lesions (Table 2), but a high correlation was
found between the dimensions measured on ultrasound images and the dimensions mea-
sured macroscopically in all cases (r = 0.82, p < 0.05).

Histological analyses confirmed that all treatments were homogeneous without any
vessel occlusion. Histologically, HIFU ablation corresponded to coagulative necrosis,
with a clear delimitation between treated and untreated pancreatic parenchyma (Figure 5).
Arterial lesions were characterized by necrosis of the arterial wall, loss of endothelium,
condensation of muscle fiber nuclei, disruption of elastic fibers, and necrosis of the outer
elastic lamina and adventitia (Figure 6). Necrosis of the peri-arterial adipose tissue was
also observed with accumulation of fibrin, small acute hemorrhages, and some neutrophils.
Nerve bundles in the periphery of the artery were degenerated in groups 2–4, characterized
by vacuolation of the nerve sheaths. These nerve lesions could explain the arterial spasms
observed, leading to temporary stenosis. Moreover, these nerve lesions were also responsi-
ble for the loss of arterial vasoconstriction capacity, explaining how an artery experiencing
an initial spasm could be treated several times thereafter without blood flow being further
affected. Arterial necrosis was observed in the lesions in group 4, which was treated with
an emitted energy of 52 kJ (Figure 6d). Histological analyses also indicated that plexus
nerves around the peripancreatic artery were treated by HIFU in all cases with fibrous
tissues observed fifteen days after the procedure (Figure 7).
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4. Discussion

This study was designed to confirm the feasibility, safety, and efficacy of the intraoper-
ative HIFU ablation of pancreatic parenchyma surrounding the superior mesenteric vessels
using the same HIFU device used in humans for the treatment of liver metastases [18].
Treatments with energy escalation under Doppler guidance allowed for the determination
of sonication parameters to create a safe thermal ablation procedure at least 18 mm in size
in all directions without occlusion of the peripancreatic hepatic artery. HIFU treatments
were performed in 15 min. This study also identified the treatment parameters that can
induce temporary arterial occlusion. Once a temporary arterial spasm has been generated,
sonication can be performed without creating any additional spasm of the artery. This
is due to the lesioning of nerve bundles in the periphery of the artery, and no secondary
thromboses due to the lesioning of the endothelium of the arteries were observed for up
to 14 days. Moreover, we previously demonstrated that HIFU thermal ablation in the
pancreas was well tolerated even when pseudocysts were created at the treated site [24].
With a delivered energy of 30 kJ, eight reproducible HIFU thermal ablations were generated
in the pancreas and around the peripancreatic hepatic artery without any complications or
spasm of the artery observed, and normal blood flow after treatment and homogeneous
destruction were achieved. It was also possible to repeat the procedure up to three times in
six animals, without any complications observed.

The pancreatic parenchyma is very fragile, and its partial thermal destruction carries
the theoretical risk of severe pancreatitis, which needs to be assessed further. The pig
pancreas is similar to the human pancreas and enables the preclinical evaluation of this
risk, as shown by a preliminary study from our group [24]. In this study, all HIFU ther-
mal ablation procedures were well tolerated. The consequences of HIFU ablation were
either pseudocysts or localized necrotic abscesses at the treatment site. The occurrence of
pseudocysts could be explained by the direct effect of heat on the main pancreatic duct,
with functionality remaining in the distal pancreas. These complications have already been
shown to be asymptomatic [24].

The pancreas is an especially difficult organ to image using ultrasound imaging,
even intraoperatively. However, the ultrasound imaging probe integrated into the HIFU
device confirmed the possibility of visualizing tissue changes after treatment because the
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dimensions of the observed speckled changes were highly correlated with the treated
area in all cases. These results are in agreement with those previously obtained for liver
ablation by HIFU [18,39]. This is important because ultrasound imaging provides guid-
ance and allows for the eventual juxtaposition of several HIFU lesions when treating
larger tumors [23,40,41].

The prognosis of LAPA is very poor, and few patients have resectable disease. Down-
staging was observed in only 15% to 30% of patients treated with chemotherapy and
radiotherapy [42,43]. This low rate can be improved with the development of new local
therapies, such as HIFU, to increase the number of patients who can be treated with curative
intent by becoming candidates for surgery or other treatments. For example, encourag-
ing results regarding the use of intraoperative RFA have been published recently [44–46],
which highlights its potential for the local destruction of pancreatic tumors. The need
for alternative treatments is also demonstrated by the recent development of irreversible
electroporation [47,48] for the management of LAPA.

Treatment of pancreatic tumors using the extracorporeal HIFU approach has also been
suggested [16,36,49–51]. However, the surrounding digestive tract organs may be easily
harmed by HIFU making the targeting difficult. Moreover, current HIFU treatments require
mechanical scanning for treating LAPA which is extremely difficult to perform with preci-
sion percutaneously in a deep-seated abdominal organ [16,50,51]. Therefore, long treatment
time are required and guiding the treatment using percutaneous ultrasound imaging is also
difficult [50]. The intraoperative approach described herein allows for precise targeting of
the region of interest and short treatment times. In surgical oncology contraindications are
found intraoperatively in 10% to 20% of patients planned for resection [52]. For example,
the discovery of metastatic disease (mainly liver metastases and peritoneal carcinomatosis)
clearly precludes local treatment and illustrates the need for an intra-operative treatment.
For these reasons the HIFU device used in this study was developed for intraoperative used
as the one we developed for liver tumors [18,53]. The size of the ablation can be adapted to
constrain related to the organ using electronic focalization [54].

The main limitation of this study is the absence of pancreatic tumors in the treated
animals. We targeted healthy pancreatic tissue and healthy peripancreatic hepatic artery
because there is no pancreatic tumor model available for pigs.

5. Conclusions

In conclusion, destruction of the pancreatic parenchyma and tissues around the
peripancreatic hepatic artery without spasm or occlusion of the artery by HIFU during
an open procedure is feasible over a short time period and without organ penetration.
Ultrasound guidance allows for the objective evaluation of the actual treated region. This
method could aid in the treatment of LAPA that is inaccessible by other known therapeutic
methods. The device presented herein for pancreatic parenchyma is simple to use, reliable
and adaptable to local conditions. Such a treatment may have a role in treating LAPA
and may also be used in conjunction with resection. A translational study in humans is
warranted to confirm these encouraging results.
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