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1,2,3

The standard technique for pancreas preservation for transplantation is sta-
tic cold storage (SCS). In this experimental study, we compare SCS to
hypothermic machine perfusion (HMP) of the pancreas to assess if the lat-
ter could safely prolong the ischaemia period prior to transplantation. We
worked in two phases, first with organ preservation for 24 h and second,
preservation for either 2 or 6 h before allotransplantation. In phase 1, exo-
crine injury markers were found to be nonsignificantly lower, in the HMP
group (n=3) vs. SCS (n=3) after 24 h of preservation; amylase
(P =0.2), lipase (P = 0.3) and lactate dehydrogenase (P = 0.1). In phase 2,
14 recipient diabetic pigs (after total pancreatectomy) received allotrans-
plantations with #n = 4 and n = 4 pancreases after HMP for 2 and 6 h vs.
n =73 and n = 3 pancreases after SCS for 2 and 6 h, respectively. There
were no differences in recipient survival (P = 0.7), and mean survival was
14 days (0-53 days). All recipients had allograft function defined as detect-
able C-peptide and independent normoglycemia. We have not highlighted
vascular thrombosis in all allotransplantations. This study reports the first
successful pancreas allotransplantation after HMP preservation for up to
6 h with no evidence of graft thrombosis.
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with proven long-term improvement in recipient mor-
bidity and mortality. Pancreas transplantation is also

Pancreas transplantation is one of the known most
effective treatments for type 1 diabetes mellitus and is
associated with improved survival and quality of life for
patients [1,2]. Typically, it is offered to patients with
type 1 diabetes with end-stage renal disease (ESRD) as a
simultaneous pancreas and kidney (SPK) transplanta-
tion, occasionally as a pancreas after kidney transplant

© 2020 Steunstichting ESOT. Published by John Wiley & Sons Ltd.
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offered to a much smaller group of pre-uraemic patients
as pancreas alone transplantation, who suffer from the
devastating effects of hypoglycaemic unawareness.
Despite the very good outcomes of pancreas trans-
plantation for patients, an important concern remains
of a having a small donor pool necessitating the utiliza-
tion of nonstandard, expanded criteria donors (ECD)
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[3] and donors after circulatory death (DCD) [4,5] to
support transplant activity.

The pancreas is highly susceptible to oedema and
ischaemic injury during both organ retrieval and preser-
vation leading to damaging effects on the graft micro-
circulation [6]. Microcirculatory dysfunction is a key
contributor to the sequela of graft thrombosis, pancre-
atitis and eventual graft failure. Also due to the inability
of cells to generate adenosine triphosphate (ATP) as a
necessary energy source under the anaerobic conditions
encountered during static cold storage (SCS), the
desired endocrine component of the pancreas, the Islets
of Langerhans are negatively affected by the resultant
hypoxia and ischaemia reperfusion injury (IRI) which
leads to irreversible damage and associated poor clinical
outcomes postislet transplantation [7].

hypothermic machine perfusion (HMP) was first
developed by Alexis Carrel in experimental transplant
models over a century ago [8]. Belzer et al. [9] subse-
quently introduced this procedure in the clinical setting
of kidney transplantation and since then HMP has
grown in its utility.

Many studies have demonstrated the benefit of HMP
not only for renal allograft preservation but particularly
for its significant reduction of the incidence of delayed
graft function for DCD, and specifically for extended
criteria or marginal donors [10].

The earliest published experimental ex vivo perfusions
of pancreases were described in 1926 in a canine model
by Babkin and Starling. Florack et al. [11,12] after HMP
perfusion of canine segmental pancreases using Ringers
solution with a 30 mmHg perfusion pressure performed
autotransplantation by anastomosing the splenic pedicle
to the iliac vessels. All perfused pancreases demonstrated
oedema, haemorrhage and venous congestion after
revascularization. Due to these poor results, there was a
decline in whole pancreas perfusion for transplantation
research with a subsequent shift in focus towards islet
isolation after HMP [13-16].

Despite these early hurdles, factors such as the growing
shortage of optimal donor pancreases for transplantation,
the encouraging results of HMP in kidney transplantation,
the development of new perfusion solutions and successful
solid organ perfusion technologies for the lung, heart, kid-
neys and liver has led to a resurgence of research in
machine perfusion for whole pancreas preservation.

The pancreas is a low flow organ with complex vas-
cular anatomy and without the end arteries found in
other established ex wvivo perfused abdominal solid
organs namely the liver and kidney. The ex vivo perfu-
sion protocols for liver and kidneys involve high mean

354

perfusion pressures which is not well tolerated by pan-
creases and can lead to endothelial injury and severe
oedema and conversely if mean perfusion pressures are
too low it may not be sufficient enough to support the
extracorporeal viability of the pancreas. These unique
features of the pancreas encourage work focusing on
specific perfusion parameters for this organ. Defining
these optimal parameters can be challenging probably
explaining why to date there are no reports of pancreas
transplantations following successful machine perfusion.

Nonetheless, there have been some encouraging
recent progresses made in pancreas perfusion research.
Our group previously recently reported that HMP was
feasible and safe for a period of 24 h for human dis-
carded pancreases [17] and for 12 h on healthy nonhu-
man primates’ pancreases [18].

The aim of this work is to compare the traditional
preservation technique of SCS to HMP to assess if the
latter is a potential strategy to safely prolong the ischae-
mia period prior to successful transplantation and we
demonstrate this in a novel diabetic porcine allotrans-
plantation model.

The primary outcome is evidence of pancreas viability
postpreservation assessed by levels of pancreas injury
markers in the perfusate including amylase, lipase and
lactate dehydrogenase (LDH) as well as allograft function
postallotransplantation. Secondary outcomes include his-
tological assessment of serial biopsies, oedema assessment
and perfusion parameters, recipient survival, recipient
morbidity and post-mortem assessment of the rate of vas-
cular thrombosis after transplantation.

This research was performed in two phases:

Phase 1 (Fig. 1)—Feasibility phase; comparison of

two pancreas preservation strategies, static cold stor-

age (SCS) with n = 3 pancreases vs. HMP of n =3
pancreases for 24 h without allotransplantation.

Phase 2 (Fig. 2) Allotransplantation phase; 14 recipient

diabetic pigs (nonstreptozotocin, insulin-dependent

after total pancreatectomy) were divided into four
experimental groups and had allotransplantation after
graft preservation of 14 donor pancreases preserved in
either SCS for 2 h (n = 3), SCS for 6 h (n = 3), HMP
for2 h (n = 4) and HMP for 6 h (n = 4).

Experimental animals

The study protocol was approved by the French Ministry
of Research (APAFiS # 18 169). Male pigs “large white”
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Figure 1 Phase 1; Feasibility phase. Comparison of two pancreas preservation strategies, static cold storage (SCS n = 3) versus hypothermic

machine perfusion (HMP n = 3) for 24 h without allotransplantation.
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Figure 2 Phase 2; Allotransplantation phase. Fourteen recipient diabetic pigs (insulin-dependent after total pancreatectomy) were divided into
four experimental groups and had pancreas allotransplantation after graft preservation of 14 donor pancreases preserved in either SCS for 2 h
(n = 3), SCS for 6 h (n = 3), HMP for 2 h (n = 4) and HMP for 6 h (n = 4).

Sus scrofa pig, average weight of 80 kg were used. The
ABO group of the pigs were determined using test cards
with pre-applied antibodies (Serafol, Berlin, Germany).
On completion of the study protocol which was when the
animal showed any early signs of pathology including
rejection or suffering, the pigs were euthanized under
general anaesthesia by intravenous injection of pentobar-
bital (140 mg/kg). All experiments were in accordance
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with ARRIVE guidelines and were carried out according
to EU Directive 2010/63/EU for animal experiments.

Anaesthesia, intraoperative and postoperative
monitoring

Anaesthesia and intraoperative monitoring protocols
were similar for all surgical procedures, namely total
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pancreatectomy alone for organ procurement in donor
pigs or total pancreatectomy to induce diabetes with
subsequent pancreas allotransplantation in recipient pigs
with both procedures being performed in one session.
Prior to surgery, the pigs were fasted for food and drink
for 12 h to ensure an empty stomach prior to anaesthe-
sia. The pigs were premedicated with Zoletil© (Virbac,
Carros, France; Zolazepam/Tiletamine) 15 mg/kg IM
and were subsequently intubated and ventilated with a
mixture of isoflurane (2%), nitrous oxide (49%) and
oxygen (49%). The gas flow rate was 2 1/min, and respi-
ratory rate was 20 breaths/min. Cardiovascular and res-
piratory parameters measured included mean arterial
pressure, pulse rate, heart rate and oxygen saturation,
and for monitoring temperature, a thermal probe was
sited in the oesophagus. Central venous lines were
placed in the internal jugular vein to enable delivery of
intravenous hydration, analgesia and to allow regular
blood sampling.

Postoperative analgesia for recovered pigs was given
as intravenous injections of opioids, Nalbuphine
(Nubain©, Mylan, Canonsburg, PA, USA) and paraceta-
mol dose of 25 mg/kg IV. Prophylactic antimicrobial
therapy was administrated as a single dose of Cefazolin
250 mg (Cefovet©, Dopharma, Ancenis, France). Post-
surgery the pigs were allowed unlimited access to drink-
ing water but diet was reintroduced 72 h post-total
pancreatectomy and allotransplantation to reduce stress
on the intestinal anastomoses.

No immunosuppressive drug regime was started
postallotransplantation. Allograft rejection in the por-
cine models usually occurs beyond 3 weeks, and any
evidence of rejection was an indication for euthanasia.

Surgical technique for porcine duodeno-pancreas
procurement

We simulated a donation after brainstem death (DBD)
model for the procurement of pancreases from the anes-
thetized pigs to use in phase 1 (Feasibility) and as pan-
creas donors in phase 2 (Allotransplantation). After the
induction of general anaesthesia, a midline xipho-pubic
laparotomy incision is made to expose the pancreas. A
splenectomy is then performed after ligation of the sple-
nic artery and vein. The proximal segment (D1, postpy-
lorus) and third segment (D3) of the duodenum are
mobilized and stapled off using a GIA©O stapler (Med-
tronic, Minneapolis, MN, USA) in order to free the
head of the pancreas with a cuff of duodenum. Then
dissection of the mesentery was continued at a distance
from the pancreas to allow stapling and disconnection

356

of the root of the mesentery from the body of the pan-
creas with the GIAO stapler. The renal arteries and
veins were dissected out and ligated to decrease the vol-
ume of in situ perfusion fluid required. An intravenous
injection of 300 IU/kg of heparin is given before the
placement of arterial and venous cannulas.

Both the supra-coeliac aorta and the infra-hepatic
inferior vena cava are ligated to isolate perfusion to the
region of the pancreas and perfusion is started using
cold IGL-1 solution© (Institut Georges Lopez, Lissieu,
France). Crushed ice is poured into the abdominal cav-
ity to facilitate further cooling. The inferior hepatic vena
cava is cut to allow venting of blood during perfusion.
When it is observed that the pancreas appears pale due
to adequate perfusion and effluent from the cut infra-
hepatic inferior vena cava is clear and no longer bloody,
the hepatic pedicle is dissected out. The common bile
duct, hepatic artery proper are both identified, dissected
out and ligated. A careful dissection of the portal vein
is carried out, and the portal vein was divided away
from the pancreas (>1 cm) to provide sufficient vein
length necessary for subsequent transplantation. Proxi-
mally the supra-coeliac aorta and distally the infrarenal
aorta are both divided containing the necessary blood
supply to the pancreas.

The tail of the pancreas is then dissected of the
retroperitoneum in a left lateral to medial direction to
free the whole duodeno-pancreatic block. The pig is
then euthanized under general anaesthesia as described
in Section 2.1 above at the end of the procedure.

Surgical preparation and preservation technique of
pancreases for HMP and SCS

The pancreases in the HMP group are prepared by
suture ligating the lumbar and renal branches coming
off the excised tube of aorta supplying the pancreas
with nonabsorbable monofilament Prolene© 5/0. The
distal end of the aortic tube is cannulated with a
10 mm cannula (the proximal supra-coeliac was tied off
during procurement). The pancreas is flushed using a
syringe filled with IGL-1 via the arterial cannula, and
any leaks observed are suture ligated. The cannulated
pancreas is then placed in and connected to the organ
chamber cassette in the Waves© machine (Waters Med-
ical System, Rochester, MN, USA), which provides
hypothermic (4 °C) pulsatile organ perfusion. Although
this machine was originally designed for HMP of kid-
neys, the size and shape of the organ chamber cassette
accommodate the pancreas well and the device allows
adjustment of perfusion pressures which was set to a
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low systolic perfusion of pressure (15 mmHg) in this
study. The Waves© machine continuously records tem-
perature, flow rate, perfusion pressure and resistance
index during the pancreas perfusion which is recorded
for analysis.

The pancreases in the SCS group required no special
preparation and were stored in a bag filled with IGL-1©
solution and placed on ice at a temperature of 4 °C.

Feasibility phase (phase 1); SCS versus HMP without
allotransplantation

The control group (SCS) included pancreases (n = 3)
that were preserved for 24 h in IGL-1© (Institut
Georges Lopez) preservation fluid (1 1) and placed in
ice at 4 °C (Fig. 1).

The intervention group included pancreases (n = 3)
that were placed on a device that provided hypothermic,
pulsatile perfusion at 4 °C for 24 h. Perfusion fluid was
IGL-1© (Institut Georges Lopez; 1 1) without oxygena-
tion. For both groups, no subsequent transplantation
was performed.

Biochemical analysis of the preservation liquid

Preservation fluid samples from both the HMP and SCS
groups were collected at the start of preservation (TOh),
6 h (T6h), 12 h (T12h) and at 24 h, the end of preser-
vation (T24h). The samples collected were analysed for
amylase, lipase and lactate dehydrogenase (LDH).

Macroscopic oedema assessment

Pancreas macroscopic oedema was assessed using the
visual macroscopic oedema assessment scale (ES; 0 = no
oedema; 1 = mild oedema; 2 = moderate oedema;
3 = severe oedema [19]).

Monitoring of pancreas perfusion parameters on HMP

During HMP perfusion, parameters of flow (unit = ml/
min) and resistance index (RI) (unit = ru) were moni-
tored and recorded by the Waves© machine, and pres-
sure was set at 15 mmHg.

Histological and immunohistochemical analysis

Two pancreatic biopsies were taken with a biopsy gun
(Bard Biopsy, Tempe, AZ, USA) at the start of preserva-
tion (0 h) and at 6, 12 and 24 h. The biopsies were
immediately fixed in 10% formalin and subsequently
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embedded in paraffin, and the produced slides were
stained with haematoxylin and eosin (HE), anti-insulin
(monoclonal Ab Immunotech clone E2E3 ref. 0593 1/
400), anti-glucagon (polyclonal Ab Eurodiagnostica ref.
2263P-GLU-1/250) and anti-somatostatin (polyclonal
Ab Dako ref. A0566 — 1/4000). A blinded pancreas
pathologist performed the histological evaluation of the
slides.

Allotransplantation phase (phase 2); pancreas
allotransplantation after preservation by SCS or HMP
in insulin-dependent diabetic pigs

The four experimental groups (Fig. 2) described above
had a total pancreatectomy followed by pancreas allo-
transplantation after preservation either by HMP or
SCS for 2 or 6 h. The pancreas grafts for preservation
and subsequent allotransplantation for the recipient pigs
were procured from 14 donor pigs.

The surgical technique for duodeno-pancreatic pro-
curement and preparation of the allograft for either SCS
or HMP is the same technique used in phase 1 (Sec-
tion 2.3).

Induction of diabetes and subsequent pancreatic

allotransplantation

The recipient pig general anaesthesia is initiated before
the end of the graft preservation period. A midline xipho-
pubic laparotomy incision is made, and dissections of vis-
ceral attachments are performed to expose the pancreas.
A total pancreatectomy is then carried out to create an
experimental model of an insulin-dependent diabetic pig
without the use of streptozotocin. Serial intraoperative
blood tests confirm hyperglycaemia >20 mmol/l with a
need for exogenous insulin. An intravenous injection of
25 IU/kg of heparin is given before the recipient inferior
vena cava and infrarenal aorta are clamped for anasto-
moses. An end to side anastomosis between the donor
portal vein and the recipient’s inferior vena cava and an
end to side anastomosis between the aortic tube of the
allograft and the recipient aorta are performed with non-
absorbable 5/0 suture (Prolene©). A side to side enteric
anastomosis between the duodenum of the pancreas graft
and the recipient jejunum is performed with absorbable
suture 4/0 (PDS©). A drain is placed alongside the vascu-
lar anastomoses to monitor for intraabdominal haemor-
rhage. The midline incision is closed with absorbable
suture (Monocryl©), and then, the animals are woken
up, recovered, provided analgesia and transferred to their
housing.
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If any haemorrhage is
observed, a surgical exploration under general anaesthe-
sia is performed to ensure hemostasis. Allograft function
is defined by the detectable C-peptide levels (>0 pmol/
1), and independent normoglycaemia without need of
exogenous insulin requirement and graft survival is evi-
dence of allograft function up to euthanasia. An autopsy
is performed after euthanasia of all animals that
received pancreas allotransplantation to investigate that
status of the pancreas transplant and to investigate the

cause of pathology.

sign of intraperitoneal

Postoperative blood tests

Blood glucose levels were checked three times a day
using a glucometer (Accucheck©; Roche, Meylan,
France). Daily venous blood samples were taken and
analysed for C-peptide and nonfasting glucose.

Statistical analysis

Quantitative data were expressed as means and ranges.
We compared means between two groups, using Stu-
dent t-tests, and values are expressed as the mean in its
unit. All reported p-values were two-sided with a signif-
icance level at P < 0.05. Statistical analyses were per-
formed using S Prism 7.0a (GraphPad Software Inc, La
Jolla, CA, USA).

Feasibility phase (phase 1); SCS versus HMP for 24 h
without allotransplantation

Perfusate analyses

Amylase, LDH and lipase were chosen as markers for
pancreas injury and were observed to increase steadily
during SCS. At TOh, these markers were higher in the
HMP group, without statistical differences. Throughout
the perfusion, although these markers remained lower
than the SCS group at 24 h (Fig. 3), no significant dif-
ferences were observed between both groups, amylase
(P =0.2), lipase (P =0.3) and lactate dehydrogenase
(P=0.1).

Macroscopic oedema assessment
After 12 h of SCS, no evidence of macroscopic oedema

(ES = 0) was observed in the three pancreases, and at
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Figure 3 Perfusate analyses for amylase, lipase and LDH at 0, 6, 12
and 24 h in blue for SCS (static cold storage) versus red for HMP (hy-
pothermic machine perfusion) groups.
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24 h, only one pancreas was observed to have a mild
oedematous appearance (ES = 1).

In the HMP group, after 12 h perfusion, all three
pancreases were observed to have moderate oedematous
appearances (ES = 2). After 24 h of HMP, all perfused
pancreases appeared severely oedematous (ES = 3;
Fig. S1).

HMP perfusion parameters

The resistance index (RI) in pancreas 1 and pancreas 3
steadily decreased in the first 5 h of perfusion and then
reached a stable plateau (Fig. S2). Pancreas number 2
was mobilized during perfusion to perform a biopsy
and this inadvertently led to a twist of the aorta (in-
flow) resulting in a transient rise of the RI which subse-
quently gradually deceased.

The flow rate in pancreases number 1 and 2 gradually
increased during perfusion suggestive of good microcir-
culatory compliance, the flow rate of pancreas number
3 remained stable for the duration of HMP.

Immunohistochemistry

After 6 and 12 h of preservation, histological appear-
ances were similar in both the SCS and HMP groups
and reported as absence or slight inter-acinar oedema,
some areas of peri-lobular multifocal necrosis and focal
ischaemic necrosis of adipocytes (Fig. 4).

After 24 h of preservation, the histological appear-
ances of the HMP group exhibited higher grades of
interstitial oedema with several moderate perineal and
centro-lobular inter-acinar enlargements, significant aci-
nar necrosis with several areas of multifocal centro-lob-
ular necrosis, steatonecrosis and multiple areas of
diffuse ischaemic necrosis of adipocytes and the islets of
Langerhans compared to the SCS group. Beyond 12 h
of preservation, higher grades of interstitial oedema,
ischaemia and necrosis were observed in the HMP biop-
sies compared to the SCS samples.

Histology samples from both groups showed normal
and similar appearances up to 24 h for insulin, gluca-
gon and somatostatin immunohistochemistry (Fig. S3).

Pancreas evaluation in the HMP group

In order to evaluate the relationship between macro-
scopic appearance and histological lesions of pancreases
preserved by HMP, we presented the data of each pan-
creas’ perfusion data, macroscopic appearance and his-
tological grading.

Transplant International 2021; 34: 353-364
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Concerning macroscopic oedema assessment, as
reported, after 12 h of HMP, all pancreases presented
moderate oedematous appearances (ES = 2). After 24 h
of HMP, all pancreases all perfused pancreases appeared
severely oedematous (ES = 3; Figs. S1 and S4).

Concerning immunohistochemistry evaluation, the
histological appearances of each pancreases were pre-
sented in Table S1. HMP perfusion parameters were
presented in Fig. S2.

There does not seem to be a relationship between
macroscopic appearance and histological grading after
HMP (Fig. S5).

Allotransplantation phase (phase 2); SCS versus HMP
for 24 h with allotransplantation

Clinical outcomes, survival, postallotransplantation glucose and C-
peptide levels

Mean recipient survival post-transplantation was
14 days (range 0-53 days), without statistical difference
between the SCS and HMP groups (P = 0.7; Fig. 5). All
recipients in both groups had allograft function. Fig-
ure 5 shows postallotransplantation C-peptide and glu-
cose levels after 2 h preservation by SCS and HMP and
Fig. 5 shows similar graphs post 6 h preservation.

There were a total of 8 early postoperative deaths
(occurring in less than 24 h post-transplantation) and
were associated with surgical or anaesthetic complica-
tions.

In the remaining six pigs, graft survival rate was
higher in SCS group, without statistical differences
[100% (3/3) vs. 67% (2/3) in SCS and HMP groups
respectively, (P = 0.9)]. Indeed, the AlloTx-6h HMP
n°4 presented an acute rejection as of the 5th day post-
operatively. Duration of graft survival was similar, SCS
22.6 days (8-30) vs. HMP 21.3 days (14-30) (P = 0.7).

Post-mortem examinations were performed for all
allotransplantations and there was no evidence of pan-
creas vascular thrombosis.

Since the first pancreas transplantation performed in
1966 [20], static cold storage (SCS) has remained the
most common preservation method for pancreases after
retrieval due to its simplicity and low cost. Since
University of Wisconsin (UW) solution was developed
in 1986 by Belzer and Southard, it has been the most
common preservation solution, reducing pancreatitis
and thrombosis rates [21,22].

359



Prudhomme et al.

SCS Pancreas 1

HMP Pancreas 1

SCS Pancreas 1

Hematoxylin Eosin staining
x200

* Focal steatonecrosis

** Peri-lobular necrosis

*** Plurifocal steatonecrosis
**** Diffusc centrolobular
necrosis

HMP Pancreas 1

Hematoxylin Eosin staining
x100

* Steatonecrosis
** Acinar necrosis
*** Necrosis and islet dissociation

Hematoxylin Eosin staining; x50

Figure 4 Histological analysis of static cold storage (SCS) versus hypothermic machine perfusion (HMP) groups.

All hypothermic preservation techniques are based on
the principle that cooling an organ reduces the cellular
metabolic rate and the demand for oxygen and adeno-
sine triphosphate (ATP) required for cellular energetic
maintenance. Lowering the organ temperature to 4—
5 °C reduces the metabolic rate to about 10% which
helps to minimize ischaemic injury due to hypoxia [23].

The pancreas, however, is extremely sensitive to both
warm and cold ischaemia and these have a considerable
impact on preservation duration and technique [24].
Warm ischaemia (WI) is particularly time critical as
deleterious effects are observed beyond 30 min, with
significant loss of islet yield and beta-cell function after
islet transplantation [25,26].

Static cold storage is currently sufficient for standard
criteria. DBD pancreases, but it is becoming clear that
organs retrieved from DCD and ECD are even more
sensitive to cold ischaemia and have more profound
ischaemia reperfusion injury (IRI) [27]; therefore, these
are the groups that may benefit from alternative preser-
vation methods such as machine perfusion.

In the UK in 2019, 253 (54%) retrieved pancreases
were discarded (NHSBT, National Health Service Blood
and Transplant annual activity report). Although there
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are multiple reasons for organ discard, it can be appre-
ciated that by introducing enhanced preservation meth-
ods such as machine perfusion that may allow viability
testing and prolongation of ischaemia times, discard
rates would improve by reducing uncertainty about
allografts’ functional potential. Our group has already
demonstrated with discarded human pancreases that
HMP is feasible and safe [17] and replicated similar
conclusions with healthy nonhuman primate pancreases
[18]. In this study, we demonstrated the feasibility of
successful pancreas allotransplantation after varying
preservation periods on HMP in a novel diabetic por-
cine model. Additionally, we compared transplantation
outcomes of HMP to classical SCS. Reassuringly, we did
not observe any differences in recipient survival between
both HMP and SCS groups which further moves the
needle towards adoption in transplantation hopefully in
the form of first in human clinical trials.

The pancreases in this study were procured from
healthy young pigs, and we used a procurement model
not completely similar to a DBD model as we did not
replicate brain stem death in the donor pigs, and there-
fore, it will be without the unfavourable systemic cyto-
kine storm associated with brain death.
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Figure 5 Postpancreas allotransplantation C-peptide and glucose levels after 2 and 6 h preservation by static cold storage (SCS) and hypother-
mic machine perfusion (HMP).

Amylase, lipase and LDH levels were found to be component of the pancreas. However, at TOh, these
nonsignificantly higher in SCS preservation at 24 h sug-  markers were higher in the HMP group, suggesting the
gesting HMP could be protective to the exocrine deleterious effect of manipulating the pancreas to
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connect it to the perfusion machine. This deleterious
effect is then compensated by the HMP. Although the
exocrine component of the pancreas is not required for
beta-cell replacement, it is the contributing component
associated with graft thrombosis and pancreatitis.

There are several mobile perfusion machines, specifi-
cally designed for kidney preservation that are currently
commercially available for use, in this study we used
the Waves© machine for the HMP of the pancreases.
Our choice of this device was because it provides both
hypothermic and pulsatile perfusion within a sufficiently
large, sterile cartridge that conveniently accommodates
a whole pancreas graft for perfusion.

The preference for pulsatile perfusion compared to
nonpulsatile perfusion is based on the observation that
former more closely mimics physiological blood flow.
Pulsatile perfusion which consists of “systolic” and “di-
astolic” pressures may confer a protective benefit to the
endothelium by activating endothelial protective genes
such as Kruppel-like factor 2 [28]. This gene is overex-
pressed by the endothelium during pulsatile perfusion
and is thought to have an antithrombotic action to sup-
port the microcirculation [29].

Fukae et al. [30] associates pulsatile perfusion, com-
pared to nonpulsatile with the inhibition of proinflam-
matory responses via the reduction of sympathetic
nerve activity. Also, they associated pulsatile perfusion
with the reduction of vascular resistance which may
improve the microcirculation and therefore organ func-
tion in a canine renal model.

There were limitations to this research which we
aim to address in our future work. We worked with
healthy, uninjured porcine, nonclassical DBD/DCD
pancreases with short cold ischaemia times before
preservation and subsequent transplantation. Although
this is not an exact model to the “real world” hetero-
geneous pool of donor pancreases, we achieved our
goal of establishing the safety and feasibility of HMP
followed by transplantation in a porcine diabetic
model. We chose not to perform pancreatic biopsies
in the allografts for transplantation to minimize
potential damage.

Moreover, we performed pancreas allotransplanta-
tions after short period of hypothermic preservation (2
and 6 h). A longer period of hypothermic preservation
(12 h) would better reflect clinical practice [5]. How-
ever, for organizational reasons, we were not able to
extend the hypothermic preservation method because
the development of the porcine diabetic model was very
time-consuming.

362

We had 8/14 recipient deaths in the early postopera-
tive period (within 24 h) due to significant intraabdom-
inal haemorrhages and we classify these as technical
failures. We suspect this is due to a higher surgical
morbidity of having two major procedures, namely total
pancreatectomy and allotransplantation in the same
operation. In future work, we plan to have a recovery
period of a week after total pancreatectomy before pan-
creas allotransplantation and in the recovery period
support the animals with exogenous insulin. We have
successfully trialled this protocol in one pilot case.
Additionally, we will start an autologous blood bank
(blood donation taken at time of initial pancreatec-
tomy) to allow for blood transfusion if required.

We have already begun work with a DCD porcine
model that includes warm ischaemia time (WIT) to
replicate extended criteria pancreases and we will be
comparing the effect of HMP of pancreases with oxy-
genation versus without, prior to transplantation. Our
hypothesis is that the addition of oxygen to HMP
reduces free radical production to attenuate the harmful
effects of anaerobic metabolism.

We also plan to work on the possibility to reduce
IRI, with all its associated complications (vascular
thrombosis, pancreatitis...) by using normothermic
machine perfusion (NMP) of the pancreas. Barlow et al.
[31] demonstrated the feasibility of ex sifu pancreas
NMP in which they could correlate amylase levels with
fat infiltration of the organ and exocrine function.

This study reports the first successful series of pancreas
allotransplantation in a novel diabetic porcine model
after HMP preservation for up to 6 h with no evidence
of graft thrombosis.
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