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ABSTRACT

Introduction: Pre-clinical studies suggest that thermal ablation of the main pancreatic duct (TAMPD)
is more recommendable than glue for reducing postoperative pancreatic fistula (POPF). Our aims were
(1) to analyze the changes in the pancreas of patients after TAMPD and (2) to correlate the clinical
findings with those obtained from a study on an animal model.

Materials and methods: A retrospective early feasibility study of a marketed device for a novel clin-
ical application was carried out on a small number of subjects (n=8) in whom TAMPD was conducted
to manage the pancreatic stump after a pancreatectoduodenectomy (PD). Morphological changes in
the remaining pancreas were assessed by computed tomography for 365 days after TAMPD.

Results: All the patients showed either Grade A or B POPF, which generally resolved within the first
30days. The duct's maximum diameter significantly increased after TAMPD from 1.5+£0.8mm to
8.6+29mm after 7days (p=.025) and was then reduced to 2.6+0.8mm after 365days PO
(p <.0001). The animal model suggests that TAMPD induces dilation of the duct lumen by enzymatic
digestion of ablated tissue after a few days and complete exocrine atrophy after a few weeks.
Conclusions: TAMPD leads to long-term exocrine pancreatic atrophy by completely occluding the
duct. However, the ductal dilatation that occurred soon after TAMPD could even favor POPF, which
suggests that TAMPD should be conducted several weeks before PD, ideally by digestive endoscopy.
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1. Introduction

To date, many attempts to occlude the main pancreatic duct
(MPD) have been reported [1] and it is well known that liga-
tion or occlusion of the MPD leads to complete exocrine
atrophy of the pancreas, with apparent preservation of the
endocrine pancreas and without inducing any significant
clinical signs of pancreatitis [1]. Clinical studies involving the
intraductal injection of glue into the MPD have been per-
formed in two scenarios: (1) as a method of abolishing pan-
creatic secretion and pain in chronic pancreatitis [2,3] and (2)
as a method of managing the pancreatic stump after pan-
creaticoduodenectomy (PD) to avoid postoperative pancre-
atic fistula (POPF) [4-8]. However, this procedure never
found much acceptance among clinicians because of the
high risk of failure in the form of recanalization of the MPD

(first indication) or POPF (second indication), which can affect
more than 50% of the patients [9,10]. In spite of this, occlu-
sion of the MPD (usually by glue or sutures) remains an
option for management of the pancreatic stump after PD in
‘difficult circumstances’ [10], and in fact, it is currently
employed and recommended by some groups [5,6,11], par-
ticularly when the risk of pancreatic fistula is high [8].

Our pre-clinical experience suggested that the thermal
ablation of the main pancreatic duct (TAMPD) by radiofre-
quency (RF) leads to necrosis of the epithelium and fibrosis,
resulting in shrinkage and occlusion of the MPD after
one month, being superior to glue in terms of reducing POPF
[12,13]. These results encouraged us to conduct TAMPD in
very selective high-risk clinical POPF scenarios, in which ther-
mal ablation of the main pancreatic duct was conducted
intraoperatively just before Blumgart-type pancreatic-jejunal
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anastomosis [14]. After analyzing the course of the first eight
first patients, we unfortunately noted that TAMPD did not
completely avoid POPF. Since we know little about pancre-
atic tissue changes after TAMPD in the first weeks (as all our
pre-clinical experience was based on one-month survival), we
planned a multidisciplinary study to analyze TAMPD-induced
changes in the early days, the period in which the risk of
POPF is deemed to be particularly challenging. We here ana-
lyze the clinical data and the results of an experimental
study. Both methods contribute to improve the new tech-
nique according to IDEAL recommendations, which empha-
size that surgical innovation is frequently non-linear and
require iterative phases in the animal setting [15].

The manuscript is organized as follows: first, the device
used for ductal occlusion is technically described, as well as
the materials and methods used in the preliminary clinical
study, computer modeling and preclinical experiments
based on an animal model. The Results section begins by
describing the findings of the preliminary clinical study,
continues with the results of the computational model and
ends with the preclinical results in the animal model.
Finally, in the Discussion section, the results are analyzed as
a whole, presenting a theory that allows explaining the clin-
ical findings in light of the computational and preclinical
results.

2. Material and methods
2.1. Thermal ablation device

TAMPD was conducted by the off-label use of the 3-cm-long
ClosureFast® system (Medtronic, Mansfield, MA, USA), origin-
ally designed to treat varicose veins through thermal endo-
venous occlusion [16]. The ClosureFast® applicator consists of
a 7Fr catheter with a coil on its surface which is heated by
the passage of RF current through the coil itself [17] (see
Figure 1(A-D)), which means that no electrical RF current
flows into the tissue and heat is applied only to the tissue
surrounding the device, so that the term ‘radiofrequency
ablation’ applied to the ClosureFast® system is a bit confus-
ing. The energy protocol is simple and established directly
by the manufacturer and consists of 20s applications with
temperature control at 120°C (the system takes about 4s to
reach this target value).

2.2. Initial clinical experience

2.2.1. Study protocol and inclusion criteria

This retrospective study was approved by the Clinical
Research and Ethics Committee of our institution (Ref.
2020/9514/1). All patients gave their written informed con-
sent, including giving permission to publish results, keeping
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Figure 1. Thermal ablation applicator. (A): Thermal ablation device. (B) Technical drawing of the catheter for endoluminal thermal ablation model ClosureFast®
(Medtronic, Mansfield, MA, USA) showing the inner elements and layers. The blue dashed line represents the catheter axis. (C) Detail of the catheter surface show-
ing the helical structure of conductors through which the electric current circulates. (D) Detail of the concentric layers of Teflon and Alloy on which the geometry

of the computational model was based (E).



strictly to maintaining patient confidentiality. The study was
conducted in accordance with principles of the Declaration
of Helsinki and Good Clinical Practice guidelines. We retro-
spectively analyzed eight patients who had undergone
TAMPD in the context of an early feasibility study, i.e. a lim-
ited clinical investigation of a marketed device for a novel
clinical application to evaluate the initial clinical safety in a
small number of subjects (<10) [18].

TAMPD was conducted as described in [14] to manage
the pancreatic stump after pancreatectoduodenectomy (PD)
with a high risk of POPF (CALLERY over 7) [19] immediately
after performing Blumgart-type pancreticoyeyunal anasto-
mosis (BPA) in seven cases and in the context of a repair
because of POPF seven days after previous PD, with BPA
reconstruction in one case. The period of time included was
from July 2020 to October 2021, in which all the patients
suitable for PD were assessed for eligibility after being dis-
cussed by the multidisciplinary tumor board for pancreatic
disorders. The inclusion criteria were as follows: age 18years
or older and a high risk of pancreatic fistula (CALLERY over
7) after PD for any reason. Exclusion criteria were: American
Anesthesia Association (ASA) Classification > Il or refusal to
participate in the study.

2.2.2. Postoperative care and follow-up

The postoperative care of the treated patients followed the
standards of care for patients undergoing PD in our institu-
tion, recording any clinically relevant intra- and post-opera-
tive (PO) outcome indicators associated with surgical
performance as the severity of complications graded by the
Clavien-Dindo Classification [20]. POPF was graded by the
classification of the updated International Study Group on
Pancreatic Fistula [21].

2.2.3. Morphological analysis

As in [22], morphological changes of the remaining pancre-
atic pancreas were assessed by computed tomography (CT)
images at 7, 15, 30, 60 and 365 PO days using two parame-
ters: (1) the transverse diameter of the pancreas measured
perpendicular to the axis of the pancreas at 2cm from the
pancreatic tail and (2) the maximum MPD diameter. Five-
millimeter consecutive sections were analyzed through the
abdominal dual phase (portal and equilibrium) helical CT.

2.3. Computer modeling

A computational model was built to simulate the heat con-
ducted through pancreatic tissue by an ablation catheter
similar to the one used in the clinical and pre-clinical studies.
The model solved the Bioheat Equation by ANSYS (ANSYS,
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Canonsburg, PA, USA). Figure 1(E) shows the geometry of
the computational model, which consists of a fragment of
pancreas and MPD. The thermal ablation device was
assumed to be in firm contact inside the MPD. The spatial
arrangement of tissue, MPD and applicator involved an axis
symmetry, which allowed us to consider a two-dimensional
model. The applicator was 7 Fr in diameter and 30 mm long
and was internally simplified as a structure of concentric
layers based on the information included in the device's
patent [17]: an empty area in the interior (1.49 mm diameter),
surrounded by two nonstick plastic layers of FEP (fluorinated
ethylene propylene, 0.15mm each), with an interior Alloy52
layer (0.12mm thick) that simulates the resistive conductors
through which the electric current circulates to induce
heating.

The governing equation was the Bioheat Equation, in
which the metabolic heat term was ignored since it was neg-
ligible in comparison to the other terms (11.89W/kg heat
generation rate, which is equivalent to ~13mW/mm?® by
using a 1087 kg/m? density [23]). The blood perfusion term
Qp, computed was set to zero at those points at which a tem-
perature of 50°C was reached, which allowed modeling the
loss of blood perfusion due to the thermal destruction of the
tissue. In order to model the vaporization in the tissue after
reaching 100 °C, the Bioheat Equation was modified as a bal-
ance of enthalpy changes as described in [24], considering
the water mass fraction in the pancreas as 73.08% [25].

The thermal properties of the model elements are shown
in Table 1 (pancreas characteristics were obtained from [23],
and the catheter materials from [www.matweb.com, accessed
13 February 2023]. Maximum, average and minimum values
were considered for the pancreas characteristics. The three
values of perfusion rate for the pancreas (0.009, 0.014 and
0.030s"") were the minimum, average and maximum perfu-
sion rates reported in [23], i.e. 469, 767 and 1640 ml/min/kg
(data from 13 studies). The initial temperature in the entire
model was 37°C. A null thermal flux was used on the sym-
metry axis and a constant temperature of 37 °C was fixed on
the outer surfaces of the model (this was also the initial tem-
perature value). Thermal excitation was modeled by setting
the temperature value in the alloy zone using a ramp from
37 to 120°C during the first 55, followed by a plateau to
complete 20s of treatment. After this, the condition was
eliminated by releasing the temperature of this subdomain.
This zone corresponds to the zone in which the inner tem-
perature sensor is situated to control the heating process.

The ablation zone size was computed by the 55°C iso-
therm contour and the Arrhenius thermal damage index Q.
The parameter values of this index are those of each tissue
type and process analyzed. Due to the lack of experimental
data for heat-induced necrosis of the pancreas, we used the
values A=7.39x10%*s"" and E, = 2.577x10° J/mol, broadly

Table 1. Physical characteristics of tissues and materials of each element used in the model.

Element/material k (W/m-K) p (kg/m3) ¢ (J/kg-K)
Plastic / FEP 0.22 2120 1200
Resistive coil / alloy52 14 8300 481

Pancreas minimum, average, maximum, (number of studies)

0.47, 0.51, 0.59 (n=5)

1045, 1087, 1128 (n=2) 2822, 3164, 3506 (n=2)

Note: k: thermal conductivity; p: density; c: specific heat.
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used in radiofrequency ablation computer studies [24].
Lesion size was calculated by considering all the points of
the tissue at which Q> 1, which is equivalent to a 63% cell
death probability.

The model was verified in terms of outer dimensions and
meshing. The outer dimensions of the fragment of pancreas
were estimated by means of a convergence test to avoid
boundary effects. In this test, the temperature reached at
several points away (1-5mm) from the center of the applica-
tor was used as the control parameter. We first considered a
tentative spatial (i.e. minimum meshing size) and temporal
resolution. To determine the appropriate parameters we
increased their values by equal amounts. When the differ-
ence in the temperatures reached at those points between
consecutive simulations was less than 0.5%, we considered
the former values to be adequate. We then determined
adequate spatial resolution by means of a similar conver-
gence test using the same control parameters as in the pre-
vious test. Discretization was spatially heterogeneous: the
finest zone was always at the applicator-tissue interface,
where the largest thermal gradient was produced. In the tis-
sue, grid size was increased gradually with distance from the
applicator-tissue interface. The model had 20,460 nodes and
9,200 triangular elements. The convergence tests provided
the following parameters: a distance of 4cm from any point
of the catheter until the outer limit of the model, minimum
and maximum mesh size of 0.25 and 3 mm, respectively, and
a time step ranging from 20 to 50 ms.

2.4. In vivo study on animals

2.4.1. Animal model, experimental groups and surgical
procedure

Fifteen female Landrace pigs (85.1 + 8.8 kg weight) were used
in this study. The animal research protocol followed the
guidelines approved by the Ethical Commission of the
Universitat Autonoma de Barcelona (Authorization Number
CEEAH 3487 and DMAH 9583) and the Government of
Catalonia’s Animal Care Committee. Three groups were
established according to the postoperative follow up: 0-day
(n=3), 7-day (n=6) and 30-day (n=26). All the surgical pro-
cedures were performed by the same surgical team (AA and
XM), via open laparotomy and enterotomy. After locating the
pancreatic papilla, the ablation catheter was gently advanced
as far as possible into the MPD (see Figure 2). After conduct-
ing thermal ablation, the enterotomy and laparotomy were
closed in the conventional manner. The animals in the 0-day
Group were sacrificed immediately after ablation, while those
in the 7- and 30-day Groups were kept alive for 7 and
30days.

2.4.2. Preoperative care and anesthesia in the animal
model

Preoperative care and anesthesia were provided by fully

trained veterinary staff. All the animals were fasted for 12h

before surgery. After initial sedation with a combination of

azaperone (4mg/kg), ketamine (10 mg/kg) and midazolam

Portal vein
Duodenum

Main pancreatic

4 /duct (MPD)
O

Pancreatic
papilla

Bifurcation

Figure 2. Animal model. Endoluminal thermal ablation of the main pancreatic
duct (MPD) conducted using the ClosureFast® system (Medtronic, Mansfield,
MA, USA). SL: splenic lobe; DL: duodenal lobe; CL: connecting lobe (CL); B:
Bridge. Note that the connecting lobe and bridge are present in the pig anat-
omy but not in the human pancreas.

(0.2 mg/kg), intravenous access was obtained through mar-
ginal ear-vein cannulation. Analgesia was given previous to
general anesthesia (morphine 0.2 mg/kg V). The anesthetic
induction phase was performed with propofol (4 mg/kg IV).
The trachea was intubated, and anesthesia maintained with
2-2.5% isoflurane IsoVet (B. Braun VetCare Spain, Rubi,
Spain) in 100% oxygen through a semi-closed circular anes-
thetic system. Ventilation was controlled using intermittent
positive pressure ventilator (Drager Fabius plus, Lubeck,
Germany) to maintain normocapnia during the entirely anes-
thetic period. An infusion of lactated Ringer’s solution at a
rate of 10 ml/kg/h was administered during the perioperative
period via the auricular vein. Throughout the surgical pro-
cess, temperature, cardiac frequency, respiratory frequency,
capnography, arterial pressure, pulse and electrocardiography
were monitored using a patient multifunction monitor
(Drager Vista 120, Liibeck, Germany).

2.4.3. Postoperative care and necropsy in the animal
model
Animals in the 7 and 30-day Groups received water ad libi-
tum for the first 24 h and subsequently were fed appropriate
food twice daily. A delayed-acting antibiotic (ceftiofur
5mg/kg IM) was administered (animals with postoperative
follow-up) at the end of the surgery procedure. All the ani-
mals were inspected twice a day for the first seven postoper-
ative days to detect any clinical signs of pancreatic leak or
sepsis and to monitor debit and state of abdominal drains.
They received morphine (0.2mg/kg IM, g8h) for the first 16
postoperative hours and meloxicam (0.2 mg/kg IM, g24 h) for
postoperative analgesia in the first five postoperative days.
They were also given a 100 pg/h fentanyl patch for four days
after the surgical procedure. Peripheral blood was collected
for measurement of serum amylase levels prior to the surgi-
cal procedure for all Groups, on days 2 and 7 PO for 7-day
and 30-day Groups, and four weeks before euthanasia for 30-
day Group. The blood samples were centrifuged at 2500 x G
for 10min to extract the serum. Biochemical laboratory
parameters were determined at the Centralized Analysis
Center of the Universidad Autonoma de Barcelona,



Veterinary Faculty, by technicians who were unaware of the
study groups.

The primary outcome was to determine the histological
changes in the tissue after endoductal thermal ablation.
Secondary outcomes were intraoperative complications, alter-
ations in stool consistency, extravasation of the iodinated
contrast during necropsy and other postoperative clinical
parameters (anorexia, emesis, lethargy and narcotic need).
For necropsy, the animals were sedated with an IM combin-
ation of azaperone (4 mg/kg), ketamine (10 mg/kg) and mida-
zolam (0.2 mg/kg) and then euthanized with an overdose of
sodium pentobarbital (200 mg/kg IV). Prior to completing the
necropsy, an exploratory laparotomy was performed and the
peritoneal cavity was assessed for excessive adhesions, free
peritoneal fluid or any undrained collection/abscess.

2.4.4. Duct permeability test

analysis
During necropsy, the pancreas (stump, uncinate process and
head) was dissected and removed. The MPD of each
removed pancreas duct was then identified and cannulated
with an angiocatheter through both the ampulla of the duo-
denum and the pancreas tail (once cut). Duct permeability
was evaluated by injecting 1-2ml of iodinated contrast
Xenetix 300mg/mL (Guebert Laboratories, Princeton, NJ,
USA) in an anterograde and retrograde manner (i.e. from the
papilla and from the tail, respectively). After a contrast injec-
tion, radiological images were obtained using a fluoroscope
OEC Fluorostar (General Electric Healthcare, Chicago, IL, USA).
The specimens were histologically analyzed by light
microscope.

The specimen was immersed in 10% buffered neutral for-
malin for further histopathology processing. Three-mm thick
consecutive sections of the entire pancreas were taken from
each specimen. Two to four samples of the splenic lobe and
connecting duodenal lobe were routinely processed and par-
affin-embedded, cut to a thickness of 5pum, stained with
hematoxylin and eosin (H&E) and evaluated by light
microscope.

and histopathological

2.5, Statistics

Data were analyzed using SPSS version 19.0 (IBM, Armonk,
NY, USA). Normality was tested by the Shapiro-Wilk test.
Continuous data of repeated measurements of the data
obtained from the initial clinical experience were evaluated
by Wilcoxons nonparametric test. Non-linear fits (i.e. higher-
order regression models) and linear regression models were
also performed to determine the best fit equations for mor-
phological measurements. The best goodness of fit of the
models was individually assessed both graphically and by R?
for each group, which can be interpreted as the proportion
of the total variability explained by the model. The Wilcoxon
test was used to evaluate amylase levels between the time
periods of the data obtained from the animal study. A p
value <.05 was considered to be significant.
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3. Results
3.1. Preliminary clinical experience

3.1.1. Clinical outcomes of the patients

In all cases the diameter of the MPD before ablation was
under 3 mm (mean value 1.5+ 0.8 mm) and the pancreas was
deemed as ‘soft’ in all cases, demonstrated to be at highest
risk of POPF after PD. The TAMPD protocol in terms of
energy deposition was completed in all cases as previously
described, both in the elective cases and after a reoperation,
because of POPF-associated life-threatening bleeding. In the
second case, the pancreas anastomosis was disconnected
from the bowel and the remaining pancreas left in place
after the TAMPD procedure and coagulation of the transec-
tion line with a radiofrequency-assisted device. Four patients
were operated on the diagnosis of pancreas adenocarcin-
oma, one on periampullary carcinoma, one on GIST tumor,
one on neuroendocrine tumor and one on IPMN tumor. The
length of stay was 24.6 + 10.8 days, with a mean follow-up of
555days (361-771days). As the single mortality after the
TAMPD procedure was at 543 days because of a non-proced-
ure related liver metastasis, no surgical mortality (90-days
PO) was caused by the procedure.

Overall, all the patients were diagnosed with POPF: 3 with
Grade A —not clinically relevant— (37.5%), 5 with Grade B
(62.5%) and 0 with Grade C (0%). Six out of 8 POPD (75%)
resolved before 30days PO. In all cases, there was a slight
increase of serum lipase immediately after TAMPD, with a sub-
sequent rapid return to normal (see Figure 3). No clinically
relevant signs of pancreatitis were observed in any case.
During the clinical follow-up, only one new onset of diabetes
mellitus was observed (one of eight cases) and seven of eight
patients (87.5%) needed pancreatic enzyme supplements.

3.1.2. Morphological analysis

Figure 4 shows CT images of the changes in the pancreas
after TAMPD. The transverse diameter of the remaining pan-
creas significantly increased from 1.84+0.38cm to
2.81+0.76cm on day-7 PO (p=.012) and then gradually
reduced to 1.49+0.63cm at 365days PO (linear fit, R? =
0.16, p=.01), which was less than before TAPMD, but with-
out reaching statistical significance (p=.058) (Figure 5(A,B)).

800
600

400

200 g

1 3 7
DAYS AFTER SURGERY

SERUM LIPASE (UI/L)

Figure 3. Clinical results. Serum lypase concentration throughout the postoper-
ative period in patients after TAMPD. Note that the slight increase of first day is
followed by a rapid decrease afterward.
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~————_—
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Figure 4. Clinical results. Typical CT images before (A), 7 days (B) and 30 days after TAMPD (C). Both the transverse diameter of the remaining pancreas (clear bar)
and maximum diameter of the MPD (green arrow) increased at 7-day PO and then reduced at 30-day PO.
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Figure 5. Clinical results. Post-operative progress of the transverse diameter of the remnant pancreas thickness (A,B) and maximum diameter of the main pancre-
atic duct (MPD) (C,D) in eight patients treated with thermal ablation of the MPD. Each patient is represented by a single-color line in left panels, while mean values
(optimized scale) are shown in right panels. Note that the steep increase of pancreas diameter within the first week is followed by more slow decrease afterward.
Interestingly, the final measurements of the pancreas diameter are below the initial values in all cases, which is consistent with pancreas atrophy of the stump.

A similar behavior was observed in the MPD maximum diameter.

The maximum diameter of the MPD also significantly
increased from 1.5+£08mm to 8.6+29mm at 7days
(p=.025) and then reduced non-linearly to 2.6+0.8mm at
365 days PO, with the best fit following an inverse curve (R?
= 0.51; p<.0001) (Figure 5(C,D)). The apparently thickened
MPD in the CT at 7days PO was rapidly reduced in the fol-
lowing three weeks.

3.2. Computer results

The computer results are shown in Figure 6. They predicted
a depth of the ablated zone around the duct at 20s of
1.85£0.06 mm using the Arrhenius model and of
1.64 +£0.06 mm using the 55°C isotherm.

Note that although we set a temperature of 120°C in the
alloy zone, the computer simulations showed temperatures
much lower on the ablation catheter (~97°C) and 1mm
away (~66°C). In order to confirm this huge thermal gradi-
ent experimentally, we conducted a complementary bench
test by placing a micro-thermocouple IT-21 (Physitemp
Instruments, Clifton, NJ, USA) on the catheter surface com-
pletely surrounded by a porous plastic material submerged
in a bath at 37°C. This thermocouple was totally sheathed in
Teflon and had a diameter of 0.4mm and 80ms time con-
stant. During each heating cycle, we observed that the max-
imum temperature at the sensor gradually increased to
~80°C at 10s, which confirms that the tissue applied to the
tissue is always lower than 120°C, since this value only



corresponds to the one measured by the sensor inside the
catheter.

3.3. In vivo experimental results

3.3.1. Intraoperative performance and postoperative fol-
low-up

There were no intraoperative deaths or major complications

during surgery. One animal in the 7-day Group was excluded

because of a bacterial contamination with purulent content
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Figure 6. Computer results. (A) Temperature progress at several points of the
model (1: inner conductors; 2: surface of the catheter; 3: at 0.45 mm from the
surface; 4: at 1mm from the surface). (B) Temperature distributions at 20s in
the catheter and pancreas. (C) Detail of the temperature in the proximity of the
catheter, showing the position of the points where the temperature is plotted
in Panel (A).
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of the entire pancreas during necropsy, leaving five animals
in the 7-day Group. Table 2 shows the post-operative out-
comes. No animals died or suffered serious alterations during
the postoperative period, with no alteration in stool consist-
ency in any of the animals. In the 7- and 30-day Groups,
serum amylase levels presented statistical differences
(p<.05) on days 2 and 7 PO with preoperative and
30days PO