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Abstract
Background—Islet transplantation is a promising treatment for type 1 diabetes. Due to a shortage
of suitable human pancreata, high cost, and the large dose of islets presently required for long-term
diabetes reversal; it is important to maximize viable islet yield. Traditional methods of pancreas
preservation have been identified as suboptimal due to insufficient oxygenation. Enhanced oxygen
delivery is a key area of improvement. In this paper, we explored improved oxygen delivery by
persufflation (PSF), ie, vascular gas perfusion.

Methods—Human pancreata were obtained from brain-dead donors. Porcine pancreata were
procured by en bloc viscerectomy from heparinized donation after cardiac death donors and were
either preserved by either two-layer method (TLM) or PSF. Following procurement, organs were
transported to a 1.5-T magnetic resonance (MR) system for 31P nuclear magnetic resonance
spectroscopy to investigate their bioenergetic status by measuring the ratio of adenosine triphosphate
to inorganic phosphate (ATP:Pi) and for assessing PSF homogeneity by MRI.

Results—Human and porcine pancreata can be effectively preserved by PSF. MRI showed that
pancreatic tissue was homogeneously filled with gas. TLM can effectively raise ATP:Pi levels in rat
pancreata but not in larger porcine pancreata. ATP:Pi levels were almost undetectable in porcine
organs preserved with TLM. When human or porcine organs were preserved by PSF, ATP:Pi was
elevated to levels similar to those observed in rat pancreata.

Conclusion—The methods developed for human and porcine pancreas PSF homogeneously
deliver oxygen throughout the organ. This elevates ATP levels during preservation and may improve
islet isolation outcomes while enabling the use of marginal donors, thus expanding the usable donor
pool.

Islet transplantation is an emerging treatment alternative for type 1 diabetes.1,2 Currently,
clinical islet allotransplantation is limited by a shortage of suitable donor organs, loss of islets
throughout the islet manufacturing and transplantation process, high cost, and the large dose
of islets required for long-term diabetes reversal. Islets may be predisposed to death before or
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during isolation owing to improper handling of the organ during procurement and/or
suboptimal cold preservation (CP) during transport. Significant research effort has focused on
investigating the efficacy of the 2-layer method (TLM), the present state-of-the art for pancreas
preservation.3–8 In the late 1990s, many centers reported improvements in islet isolation
outcome using TLM for CP. These improvements were attributed to an increase in tissue
adenosine triphosphate (ATP) attributed to enhanced tissue oxygenation with TLM compared
with the previously used CP in University of Wisconsin (UW) solution alone.3–8 However,
recent studies have suggested that TLM is not able to oxygenate large portions of human or
porcine pancreata during CP.9,10 In addition, several large retrospective analyses have found
no significant improvement in isolation outcomes for pancreata stored with TLM compared
with pancreata stored in UW solution alone.11–13 Therefore, it is of great importance to
develop novel methods of preservation which can better oxygenate large organs. One such
method investigated here is persufflation (PSF), or vascular gas perfusion. PSF has been
investigated in the heart, liver, kidney, and small intestine, but until now not reported for
pancreas preservation. 14–23 We used 31P nuclear magnetic resonance (NMR) spectroscopy,
a well-established technique for monitoring the amount of ATP present relative to inorganic
phosphate (Pi) in tissues, to assess the efficacy of preservation of large organs with TLM
compared with PSF. The bioenergetic status of pancreata was monitored and these data were
compared to data collected from our previous study of murine pancreata.24 31P-NMR has been
used extensively to study tumor biology, bioenergetics, and the metabolism and health status
of organs, such as the heart, brain, kidney, liver, and recently, the pancreas. 24 –33 The
noninvasive nature of 31P-NMR and its ability to provide information in real time make it an
effective and powerful tool for monitoring the bioenergetic status of pancreata and other tissues
during CP.

METHODS
Procurement

Rat—Rat pancreata were investigated as detailed by Scott et al.23 All procedures using
laboratory animals were approved by the University of Minnesota IACUC.

Pig—Pig pancreata were procured by en bloc viscerectomy from heparinized donation after
cardiac death Landrace donors as detailed by Ferrer et al.34 Organs were then preserved at 4°
C with TLM or by PSF. All procedures using laboratory animals were approved by the
University of Minnesota Institutional Animal Care and Use Committee (IACUC).

Human—Human pancreata were procured from brain-dead donors. In short, after adequate
exposure of the pancreas was obtained through a cruciate abdominal incision, the preliminary
dissection was performed with intact donor circulation. Once the donor was fully heparinized,
the distal aortic cannula was inserted, and the infusion of the chilled preservation solution was
initiated after the encircled supraceliac aorta was cross-clamped. It was left up to the liver team
to decide whether portal venous infusion should be performed through cannulation of the
inferior mesenteric versus portal vein. The venous system was decompressed via venotomy.
The organs remained in situ until the cold infusion was complete. The pancreas was either
harvested en bloc with the liver and separated on the back table or removed after the harvest
of clinical organs. Research consent was obtained from all donor families before procurement.

Preservation
TLM—Whole pancreata or individual porcine lobes preserved with TLM were preserved as
previously described.35 In brief, pancreata or lobes were suspended halfway between 1 L of
cold preservation solution (histidine-tryptophan-ketoglutarate [HTK] solution) and
perfluorodecalin that was preoxygenated for 1 hour before preservation by bubbling with 99%
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oxygen gas. Preservation was performed in specially constructed vessels composed of
magnetic resonance (MR)–compatible materials.

Persufflation—Pancreata were bathed in HTK solution and pumped with 20 mL/min 40%
humidified oxygen gas to both the superior mesenteric artery and either the splenic artery
(human) or celiac trunk (pig) using an electrochemical oxygen concentrator (Giner Inc.,
Newton, MA).

After procurement, organs were transported to a 1.5-T magnet for 31P-NMR spectroscopy to
investigate their bioenergetic status by measuring the ratio of ATP to Pi (ATP:Pi). Preservation
was performed in specially constructed vessels containing MR-compatible materials.

MRI
All MRI was done in a 1.5-T magnet using either a birdcage or surface coil at 63.85 MHz. A
T1-weighted gradient echo sequence was used to acquire all images. Assessment of the
homogeneity of PSF was done by observing the presence of gas in the vasculature by the
negative contrast it provides during MRI.

31P-NMR Spectroscopy
For the pig and human organs, NMR spectroscopy was done in a 1.5-T magnet by placing a
surface coil tuned to 25.85 MHz as close to the organ as possible. Rat pancreata were assessed
as described by Scott et al.23 The areas of the α-, β-, and γ-ATP peaks were compared with the
area of the Pi peak to monitor the bioenergetic status of the organs. A schematic diagram of
how organs were placed into the magnet and maintained during preservation is shown in Fig
1.

RESULTS
PSF organs typically exhibited the presence of negative contrast (indicating the presence of
gas in the vasculature) in >90% of the tissue. Representative images from a PSF pancreas and
a pancreas that exhibited significant gas leakage are shown in Fig 2. Also shown in Fig 2 is a
well PSF porcine kidney showing a typical vascular branching structure and a non-PSF kidney
that exhibited no negative contrast. As previously reported, rat pancreata exposed to TLM
exhibited high levels of ATP:Pi, with TLM superior to other methods of static preservation.
24 When we investigated porcine pancreata preserved with TLM, however, ATP levels were
nearly undetectable (Fig 3). ATP levels observed from organs preserved by TLM were
indistinguishable from those measured in organs preserved in HTK solution alone. The lack
of ATP observed, reflects the inability of TLM to adequately supply the majority of the
pancreas with oxygen in larger organs, such as from pigs or humans. However, when we
investigated PSF of human pancreata we observed elevated ATP:Pi levels similar to those
observed from the rat model preserved by TLM (Fig 3). When PSF was abruptly stopped and
human organs were exposed to static preservation alone, ATP:Pi quickly decreased to
undetectable levels similar to those observed from porcine organs preserved by TLM. This
confirms that PSF was responsible for the elevated ATP:Pi observed.

DISCUSSION
In this paper we used 31P-NMR spectroscopy to noninvasively assess the efficacy of different
preservation protocols (TLM and PSF) in maintaining ATP levels (a direct reflection of
respiration and measure of organ health and viability) in rat, porcine, and human pancreata.
Previous investigation demonstrated that, in the rat pancreas model, CP with TLM results in
dramatically improved ATP levels.24 The impact of TLM was investigated in porcine pancreata
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and compared with a novel method of pancreas preservation, PSF, in the pig and human models.
ATP levels were consistently low for all organs preserved by static methods, such as TLM.
However, ATP levels from human and porcine pancreata preserved by PSF were consistently
higher than those observed from organs exposed to static preservation, approaching levels
observed from rat pancreata preserved with TLM alone. This is due to the improved
oxygenation the tissue experiences during PSF by providing humidified oxygen directly into
the bulk of the solid organ through the extensive native intact vasculature. This delivery method
circumvents the problem of limited oxygen diffusion into the core of larger organs (such as
human or porcine pancreata) associated with the static methods of preservation. MRI indicated
that PSF can actively supply most of the pancreas with gaseous oxygen during cold
preservation.
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Fig 1.
Diagram illustrating how the pancreas was placed into the magnet during data acquisition.
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Fig 2.
Gradient echo MRI of (a) a well persufflated pancreas with gas filling the vasculature indicated
by dark regions, typical of what was observed in general; (b) a pancreas with poor persufflation
which had a large arterial gas leak; and (c) a well persufflated kidney (left) and a
nonpersufflated kidney (right), the persufflated kidney showing typical vascular branching
(dark regions).
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Fig 3.
31P-NMR spectra acquired from (a) a rat pancreas preserved by the two-layer method (TLM);
(b) a porcine pancreas preserved by TLM; and (c) a persufflated human pancreas. Peak
numbering corresponds to: 1) phosphomonoester; 2) inorganic phosphate; 3) phosphodiester;
4) γ-ATP; 5) α-ATP; and 6) β-ATP.
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