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Abstract: 

Islet transplantation is an emerging treatment for Type 1 diabetes. Pancreas preservation 

has been identified as an area for improvement since many pancreata are exposed to >6-8 

hours of cold ischemia reducing viable islet yields. Traditionally utilized methods of 

preservation depend on low temperatures and specialized preservation solutions to 

maintain viability. Oxygenation during preservation has been identified as a potential 

means to extend preservation and improve isolation outcomes. The two-layer method 

(TLM) was developed to oxygenate pancreata during preservation. After initial 

excitement, since it relies on oxygen delivery by surface diffusion alone, and oxygenation 

of human sized pancreata in this manner is impossible; its use clinically has faded. 

Persufflation (PSF), gaseous oxygen perfusion, offers an alternate means of actively 

delivering oxygen to tissue via the vasculature. Due to the inability of small animal 

models to properly demonstrate oxygen limitations, and the lack of consistent availability 

of human pancreata a porcine model was developed.  

 

In order to aid in the development and proper assessment of new techniques, the use of 

31P-NMR spectroscopy to monitor ATP during preservation was investigated. It was able 

to confirm that while TLM may provide adequate oxygenation for maintenance of ATP 

levels in smaller pancreata (rat) it indeed is unable to maintain ATP in larger organs such 

as the pig or human pancreas. In contrast PSF demonstrated the ability to maintain pig or 

human pancreata for at least 24 hours with only a minimal decay in ATP levels observed. 

The relevance of these findings was confirmed both histologically as well as by the gold 
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standard, islet isolation. Paired studies demonstrated the ability of PSF to maintain and 

possibly improve outcomes while extending preservation times to at least 24 hours. The 

methods developed in this dissertation can be applied to the development and comparison 

of other novel methods of preservation in the pancreas and other organs. 
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Chapter 1: Introduction 

Diabetes 

Diabetes is a disease in which the body cannot properly regulate blood glucose levels 

resulting in hyperglycemia, defined by the American Diabetes Association as fasting 

blood glucose greater than 126 mg/dL. According to the World Health Organization, 

more than 346 million people worldwide are living with diabetes [1] and this number is 

expected to double by 2030 [2]. According to the CDC, 25.8 million people live with 

diabetes in the U.S. alone, comprising 8.3% of the population [3].In addition to the 

physical toll the disease inflicts on patients the American Diabetes Association estimates 

that diabetes sufferers have 2.3 times the annual health care costs compared to normal 

individuals and this cost was estimated to be greater than $174 billion in the US alone in 

2007 [4]. This cost is rising with a more recent estimate putting the figure at $376 billion 

in 2010 and estimating it to rise to $490 billion by 2030 [5]. Most diabetic patients can be 

classified into one of the two principal forms of diabetes generally referred to as either 

Type 1 or Type 2. Type 1 diabetes, also known as insulin dependent diabetes mellitus 

(IDDM), is a result of the body’s inability to produce sufficient levels of insulin to 

maintain glucose control. Type 2 diabetes is associated with the tissue developing insulin 

resistance and is generally associated with older individuals.  

 

Specific mechanisms for the development of Type 1 diabetes are not well understood but 

it is generally accepted that the insulin producing β-cells found in the pancreas are 

destroyed as a result of an autoimmune reaction where the patient’s own immune cells 
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recognize and kill islets as if they were foreign material. Prior to the discovery and 

subsequent use of the hormone insulin as a treatment by Frederic Banting and Charles 

Best, 1921-22, the onset of Type I diabetes was typically followed by death [6]. However 

following this discovery, patients could survive by monitoring their blood glucose and 

self-administering insulin to themselves throughout the day. This is still one of the 

primary courses of treatment for diabetics to this day. Other presently utilized treatments 

include the use of an insulin pump, whole organ pancreas transplantation and islet 

transplantation [7].  

Islet Transplantation 

Transplantation of the Islets of Langerhans has been investigated for its potential as a 

treatment for Type I diabetes Mellitus for over 30 years since the transplantation of islets 

from rats was shown to reverse chemically induced diabetes [7]. Several years later it was 

shown that auto-transplantation of islets back to a donor was a feasible treatment to 

prevent the onset of diabetes in patients with chronic pancreatitis [8]. Successful islet 

allo-transplantation however remained difficult to achieve until 2000 when the 

development of the Edmonton Protocol achieved success in 7 consecutive patients 

transplanted with multiple pancreata [9]. This success was largely attributed to the use of 

a glucocorticoid free immunosuppression. These results were then repeated at other 

institutions, including at The University of Minnesota, with variations of the exact 

immunosuppressive protocol utilized [10].  
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Islet transplantation offers several advantages to other presently utilized treatments for 

diabetes. Due to the innate ability of the islets to monitor and regulate glucose levels via 

insulin production, it allows for the constant tight control of blood glucose levels; 

something which cannot be achieved by patient self-monitoring. This is especially 

important in patients who exhibit hypoglycemia unawareness, the lack of physical 

symptoms indicative of low blood sugar. In addition, when compared to other transplant 

treatments it reduces the morbidity associated with whole organ transplantation and 

minimizes the chance of infection since the infusion of islets into the portal vein does not 

require open surgery.  

 

Even though the use of islet transplantation for consistent diabetes reversal now seems 

plausible there still remain several hurdles for the wide-spread implementation of this 

therapy in the clinic. One of these is the present need at most centers for the use of 

multiple donor organs for a single patient [11]. There is presently a shortage of accessible 

high quality donor organs which limits the amount of transplants possible. Due to this 

shortage; maximization of the available organs is of paramount importance. In order to do 

this it is necessary to protect the islets from damage as much as possible beginning at the 

time of procurement through eventual engraftment in the transplant recipient. 

Additionally, transplantation of damaged or dead islets may attract unwanted attention 

from the host’s immune system and eventually lead to graft failure.  
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The islet transplantation process involves several main stages which each present their 

own unique challenges to the maintenance of islet viability and these are summarized in 

Figure 1.1.  

 

 

Figure 1.1:  

Flow chart of the major stages involved processing islets for clinical transplantation. 

 
Reducing the severity of some or eventually all of these stresses will aid in the successful 

engraftment of islets posttransplantation and may reduce the number of islets which need 

to be transplanted for the eventual goal of prolonged patient glycemic control.  

 

Procurement Islet IsolationTransport

Islet Culture
Islet 

Transplantation
(via Portal Vein)
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Pancreas Preservation 

Traditional methods of preservation: 

The period in between when blood flow to the pancreas is stopped and the infusion of 

digestive enzymes for islet isolation is crucial for maintaining islet health. Exposure to 

brief periods of warm ischemia or moderate periods of cold ischemia can result in a 

dramatic decline in pancreatic tissue health and may result in reduced islet yields as well 

as reduced islet viabilities. It is therefore of great importance to compensate for the loss 

of blood flow to better maintain tissue during preservation. One of the main strategies 

employed to compensate for the loss of blood flow is hypothermia. Hypothermia causes a 

dramatic reduction in metabolic activity and is one of the primary strategies employed to 

reduce ischemia related damage during organ preservation. However, hypothermia alone 

is not sufficient to eliminate ischemia related damage and so alternate strategies must be 

pursued in conjunction with this to improve transplant outcomes.  

One of the primary functions of blood is to deliver oxygen throughout the body to tissues. 

When tissue is exposed to ischemia, oxygen is one of the first nutrients depleted causing 

a metabolic dysfunction. It is therefore believed that a lack of adequate oxygenation may 

be responsible for much of the damage observed in organs exposed to extended cold 

ischemia. It has been posited that improving pancreas preservation via enhanced 

oxygenation may 1) extend the effective duration of preservation, 2) expand the useable 

donor pool up to 10-fold, 3) reduce the immunogenicity of transplanted islets, and 4) 

reduce the number of donors needed per patient [12]. Presently, the two-layer method 

(TLM), an advanced form of static cold preservation (SCS) involves placing the pancreas 

at the interface between a cold-storage media and a perfluorochemical. These solutions 
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are pre-oxygenated prior to procurement and stored at 4-8ºC for the duration of organ 

storage. A conceptual diagram of this can be seen in Figure 1.2. 

 

Figure 1.2: 

Illustration of the two-layer method (TLM) for pancreas preservation. 

 

The two-layer method was first developed for pancreas preservation in the late 80’s and 

early 90’s by Saitoh et al at Kobe University in Japan. It was seen as an improvement 

over the traditional storage in pre-oxygenated University of Wisconsin solution (UW) 

[13-15]. In the late 90’s interest in TLM increased and an optimal storage temperature of 

4-8 ºC was determined [16]. Soon after this many of the top islet transplantation centers 

in the world began reporting its benefits to islet yields and transplantation outcomes even 

suggesting its use may allow for the use of organs from marginal donors [17-21]. These 

improvements have been attributed to increases in tissue ATP due to enhanced 

oxygenation [22]. However in recent years the efficacy of TLM has come into question. 

Cold Preservation 
Solution

Perfluorocarbon
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Recent publications have suggested that theoretically TLM is not sufficient to oxygenate 

an entire human pancreas [23]. Another recently investigated method dubbed the ‘one-

layer method’ stores the organ on just PFC however even this by diffusion alone should 

not be adequate for proper oxygenation of the whole organ [24]. On top of that, several 

recent retrospective studies suggest that TLM shows no beneficial effect on isolation 

outcome when compared to storage on UW solution alone [25-27].  

Perfusion: 

Perfusion for the purposes of this discussion refers to the flow of any non-physiological 

fluid through the vasculature of an organ to aid in its preservation. A specialized method 

of gaseous perfusion, persufflation, will be discussed separately and so this discussion 

will focus on the use of liquid perfusion for pancreas preservation. It was found early on 

that a brief liquid perfusion immediately following the cessation of blood flow can be of 

significant benefit clearing blood from the tissue and aiding in the cooling process for 

hypothermic preservation. This is typically done by hanging bags of chilled solutions 

above the surgical field and allowing this static pressure to drive the solution through the 

visceral organ pooling in the body cavity. In some countries, notably Japan, the donor 

pool is limited to non-heart beating cases which expose organs to brief periods of warm 

ischemia. The use of mechanical pumps has been investigated to aid in the washout and 

cooling of these organs, but has not found widespread acceptance and use due to 

endothelial damage and edema found in organs exposed to this process [28]. 

 

The remainder of this discussion will focus on the use of machine perfusion for long term 

pancreas preservation. Indeed, this has proven to be the preservation method of choice in 
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other organs most notably the kidneys. The use of machine perfusion for pancreas 

preservation has been shown to be feasible since the early 70’s [29]. This work seems to 

follow up on the early successes of kidney perfusion and from the mid-70’s through the 

early 80’s machine perfusion was widely investigated using pumps from many different 

manufacturers designed for kidney perfusion [30]. This work was primarily targeted to 

whole organ transplantation primarily using a canine model with only limited 

investigation into its impact on islet isolation outcomes [31]. Of note was a study by 

hours Brygner from Sweden which utilized 99% oxygen gas and a membrane oxygenator 

to try and maintain oxygenation for 24 hours. One side effect experienced was the 

presence of severe edema (>100%) characterized by the ‘spreading of lobules’ and a 

‘jelly-like appearance’ [32]. Tissue edema is generally considered to be bad for 

transplantation and may be a result of the pancreas being a low flow organ [33]. One 

protocol left a port on the perfusion cassette open during perfusion to shunt some of the 

flow away from the organ during perfusion which seemed to ameliorate edema for up to 

24 hours however edema was present following 48 hours of preservation [33]. It is 

unclear how much this edema impacts the graft following transplantation. However it has 

been reported to rapidly dissipate in as little as 15 minutes following transplantation [32]. 

In general the use of machine perfusion for pancreas preservation was abandoned in the 

mid-80’s primarily due to problems with observed edema, the lack of improvements in 

transplantation outcomes as well as the additional complications associated with machine 

perfusion compared with simple static cold preservation.  
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Following the success of the Edmonton protocol, resurgence in research investigating 

pancreas machine perfusion for islet transplantation has occurred. Many developments in 

preservation solutions, perfusion devices as well as the development of the automated 

process for islet isolation have emerged since machine perfusion was abandoned 

warranting this. In 2004 Leeser et al demonstrated that machine perfusion may hold some 

promise for islets exposed to > 8 hours of preservation [34]. This work was followed up 

by a series of studies performed with the Lifeport Kidney perfusion system by Taylor et 

al using a 24 hour preservation juvenile pig model [35-37]. These studies again observed 

severe edema formation. However it was found that the formation of tissue edema may in 

fact be beneficial to islet isolation resulting in disruption of the extra-cellular matrix 

surrounding the islets [36, 37]. They observed shorter digestion times, a more 

homogenous dispersion of the exocrine pancreas as well as improved islet yields (1.6-1.8 

x greater than fresh; 2-3 x greater than SCS) which they correlated with the formation of 

edema in this model [36, 37]. Recently, another group has published a study using the 

Waters RM3 device which demonstrated improved histology following short term (~5 

hour) machine perfusion of juvenile pig pancreata [38]. Of note is the development of a 

split lobe model for assessing the impact of perfusion which may prove instrumental in 

comparing emerging methods of pancreas preservation for islet [39].  

 

In addition to possible benefits associated with improved preservation, perfusion offers 

some unique opportunities to assess organ quality prior to islet isolation or 

transplantation. Several studies outline methods to assess organ quality during perfusion. 

In the 90’s Kenmochi et al correlated tissue flow rate in pancreata exposed to brief 
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periods of machine perfusion to transplantation outcomes [40]. Another potential 

opportunity offered by oxygenated machine perfusion involves the assessment of tissue 

viability by whole-organ oxygen consumption rate measurement [41] or the non-invasive 

assessment of ATP content by 31P-NMR spectroscopy [42-46].  

 

Persufflation: 

Persufflation, the perfusion of an organ with gaseous oxygen, is one promising alternative 

to presently utilized methods of preservation such as the TLM. Please see Appendix 1a 

for a thorough review of the application of persufflation for organ preservation. This 

original review article is included with permission of the publishers of the journal 

‘Cryobiology’, Elsevier (Appendix 1): TM Suszynski, MD Rizzari, WE Scott III, KK 

Papas: Persufflation (or Gaseous Oxygen Perfusion) as a Method of Organ 

Preservation: A Comprehensive Review. Cryobiology. 2012;64(3):125-43. 

 

 My contributions to this manuscript include researching the breadth of the manuscripts 

discussed, performing basic translations, contributing to the discussion presented and 

contributing to the pancreas PSF section. 
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Improved preservation techniques have the potential to improve transplant outcomes by 

better maintaining donor organ quality and by making more organs available for 

allotransplantation. Persufflation, (PSF, gaseous oxygen perfusion) is potentially one 

such technique that has been studied for over a century in a variety of tissues, but has yet 

to gain wide acceptance for a number of reasons. A principal barrier is the perception that 

ex vivo PSF will cause in vivo embolization post-transplant. This review summarizes the 

extensive published work on heart, liver, kidney, small intestine and pancreas PSF, 

discusses the differences between anterograde and retrograde PSF, and between PSF and 

other conventional methods of organ preservation (static cold storage, hypothermic 

machine perfusion). Prospective implications of PSF within the broader field of organ 

transplantation, and in the specific application with pancreatic islet isolation and 

transplant are also discussed. Finally, key issues that need to be addressed before PSF 

becomes a more widely utilized preservation strategy are summarized and discussed. 
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Introduction: 

The advancement of allotransplantation over the past half century has stimulated the 

development of techniques for whole organ preservation, especially in the face of 

common logistical challenges inherent in the delivery of the therapy (such as the need for 

transportation and coordination of operating times). In addition to preserving the function 

and viability of cadaveric organs accepted via standard criteria, improved organ 

preservation has the potential to increase the fraction of marginal organs used for 

transplant [60,90]. It is generally believed that improved preservation techniques should 

contribute to improved maintenance of organ quality, minimize ischemia–reperfusion 

injury and result in more successful transplant outcomes, which has led to substantial 

research effort to optimize organ preservation protocols. A key area of research interest 

lies in the optimization of oxygen delivery during hypothermic preservation. It has been 

shown that conventional static cold storage (SCS) techniques may not provide sufficient 

oxygen to the core of a larger organ [33,90], and only oxygenate to a maximum depth of 

a millimeter from the surface [63]. Efforts to improve the oxygen solubility of cold 

preservation solutions by using perfluorocarbons have proven largely ineffective, because 

these methods still rely on oxygen delivery by passive diffusion from the surface [2]. 

Even hypothermic machine perfusion (HMP), which has been designed to deliver cold 

preservation solution into the organ via the native vasculature, may deliver inadequate 

oxygen to an organ during preservation, particularly when the perfusate is not saturated 

with oxygen at a higher than atmospheric pO2 [41,92,99]. It is in this regard that 

persufflation (PSF), or gaseous oxygen perfusion, may provide additional advantages as 

compared to either SCS or HMP (see Table 1.1 for more detailed comparison of the 
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advantages and disadvantages between SCS, HMP and PSF). PSF is not a new concept 

but can be considered an emerging technique for current-day organ preservation and 

deserves considerable attention for a variety of compelling reasons, including the unique 

capability to deliver oxygen gas or gas mixture directly into an organ by using the native 

vasculature. When compared with SCS and HMP, PSF may represent the best 

opportunity to fully oxygenate an entire, human-sized organ. This review details the 

historical development of PSF with heart, kidney, liver, small intestine and pancreas and 

discusses the differences between the 2 main approaches for PSF (anterograde versus 

retrograde). We also discuss the future research landscape for PSF in relation to 

established methods of preservation and describe some of the important issues that need 

to be addressed before the technique becomes more widely accepted.  
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Table 1.1: 

Potential advantages and disadvantages of hypothermic organ preservation techniques.  
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Early history with persufflation  

PSF was first discovered in 1902 by Rudolf Magnus, when he made an unexpected 

observation while perfusing an isolated cat heart with defibrinated blood [42]. The 

reservoir storing liquid perfusate emptied inadvertently and was not re-filled 

immediately. Since compressed oxygen gas was used to pressurize the reservoir, the gas 

was pulled into the perfusion circuit and into the heart. Magnus observed that the heart 

continued to contract rhythmically for 9 minutes during PSF. This initial observation 

prompted the initiation of a series of more extensive studies designed to elucidate the 

utility of PSF in preserving cardiac function. Magnus illustrated that it was possible to 

maintain a beating heart in bradycardia during 69 minutes of PSF and that reperfusion of 

blood through the coronaries restored a normal heart rate (80 bpm). Interestingly, Magnus 

persufflated the cat heart with gaseous hydrogen and showed that it still beat at 20 

minutes of treatment. Furthermore, he tried coronary persufflation with gaseous carbon 

dioxide and was able to demonstrate, unlike either oxygen or hydrogen gas, that the heart 

stops after just minutes. Even though Magnus’ findings were intriguing at the time, it was 

not until the mid-1950s that the significance of his studies was appreciated. With the 

advent of clinical transplant on the near horizon [24,45], a group at McGill University in 

Montreal discovered in 1954 that PSF could preserve spinal reflexes in frogs and active 

cardiac and skeletal muscle contractions in rabbits [5,6]. Their first paper highlighted the 

benefits of PSF versus liquid perfusion in a frog spinal reflex model [5]. The authors 

showed that peripheral nerve reflexes and muscle contractions were preserved for up to 

6–8 hours when the gaseous oxygen was delivered into the systemic circulation. This 

paper described the significant benefit of PSF over liquid perfusion, citing the lack of 
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edema formation and improved oxygenation. The authors even replaced oxygen gas with 

nitrogen gas to illustrate how anoxia eliminated these reflex activities. In a related, 

follow-up study the same group showed that a rabbit heart and skeletal muscle (tibialis 

anterior muscle) could be preserved with minimal depreciation of function during about 3 

hours of PSF [6].  

 

These early reports establishing the potential virtues of PSF for improved organ 

preservation set the scene for exploration in a variety of tissues and organs. 

 

Whole organ persufflation  

 

Heart 

 

Although the earliest studies of PSF were focused on the heart, research in heart PSF had 

subsided for about 3 decades (1960s–1990s) in favor of research in liver and kidney PSF. 

More recently, cardiac PSF has been rekindled and several studies have been published in 

which PSF was used prior to transplant, including the use of PSF to preserve hearts 

having suffered short periods of warm ischemia. Collectively, these studies have at least 

established that cardiac PSF is technically possible and that it can preserve heart tissue. 

 

The advent of cardiopulmonary bypass (CPB) in the mid-1950s provided impetus for 

exploring the use of PSF with the heart. In 1959, Sabiston et al. at Johns Hopkins 

explored the use of PSF in conjunction with CPB [76]. In the first set of experiments, 
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hearts from medium-sized dogs were cannulated at the coronary ostia, flushed with pre-

oxygenated normal saline, and then persufflated with humidified gaseous carbogen (a 

mixture of 95% O2 and 5% CO2). This approach, generally termed anterograde PSF (A-

PSF), contrasts with retrograde PSF (R-PSF) which would be tried in the heart [8,87] and 

subsequently in the kidney [28,32]. Hearts maintained at 37 °C continued to beat for an 

average duration of 5.1 hours (2.5–8 hours, range). Cardiac contractility remained strong 

for the first 2–3 hours and then gradually weakened. In some cases, the electrical activity 

of the heart continued for periods up to 4 hours following cessation of a visible heartbeat. 

The second set of experiments examined in situ A-PSF of the heart. Once the heart had 

been isolated from the systemic circulation, A-PSF was performed for 25–30 minutes. A 

normal hemodynamic response was restored in 9 of 12 animals and some animals 

maintained a heartbeat for 48 hours following the reestablishment of native coronary 

circulation. This study established the use of PSF in cardiac surgery by showing that 

oxygen gas can be used by the heart and that coronary blood flow may be reestablished 

after PSF. In 1960, a follow-up study introduced the concept of R-PSF [87]. At the time, 

retrograde perfusion of oxygenated blood via the coronary sinus was used to maintain a 

heartbeat and protect the heart from anoxia for short periods of time during open aortic 

valve procedures [22,43]. Talbert et al. used this knowledge, along with their previous 

work on A-PSF, to investigate whether R-PSF could be performed successfully in the 

heart. In their experiments, the coronary sinus was cannulated in 7 canine hearts, flushed 

with normal saline and started on R-PSF. These organs maintained a beat for an average 

duration of 3.5 hours (2–4 hours, range). In 3 separate hearts, the anterior cardiac veins 

were additionally cannulated and persufflated. These organs maintained a visible beat for 
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an average duration of 5.5 hours and up to 7 hours. They noted that cardiac activity 

remained strong over the first 2 hours of experimental conditions and then gradually 

became weaker until ventricular fibrillation or complete asystole had occurred. Talbert 

compared the R-PSF with A-PSF and determined that the heartbeat was visibly weaker 

and sustained for a shorter period of time using the retrograde approach. Nevertheless, 

they concluded that oxygen gas can be delivered retrogradely and that the method 

exhibits some efficacy. 

 

In 1966, the Talbert et al. concept of R-PSF was applied during CPB by Camishion et al. 

[8]. They noted that continuous blood perfusion during open aortic valve procedures was 

cumbersome due to the obstruction of the surgical field caused by cannulation of the 

coronary vessels from within the aorta. Consequently, they tried to determine whether 

animals could survive CPB by using R-PSF of the coronary sinus as the main 

preservation technique. This was investigated by repeating previous work by Talbert et 

al. on in situ R-PSF using a similar canine model [87]. They reported that each of 10 

canine hearts maintained a sinus rhythm for at least 31 minutes while being retrogradely 

persufflated. Following the loss of a sinus rhythm, 8 animals maintained a nodal or 

ventricular rhythm for up to 7 hours and 2 animals developed and sustained ventricular 

fibrillation for up to 6 hours. When hearts were persufflated with nitrogen gas, sinus 

rhythm was maintained for 5 minutes or less and a visible beat was lost in all 10 animals 

within an average duration of 11 minutes and no longer than 25 minutes. When 

persufflation was switched to oxygen gas, a 30-fold increase in the tissue oxygen partial 

pressure of the hearts was observed almost immediately. In 2 animals, asystole was 
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converted to a persistent ventricular rhythm. In a second experimental study, the coronary 

sinus in 20 porcine and 10 canine hearts were cannulated and animals were placed on 

CPB using R-PSF for 1 hour. During CPB, 25 of 30 animals maintained sinus rhythm for 

the entire hour. Of the remaining 5 animals, all developed ventricular fibrillation after an 

average of 30 minutes and 1 spontaneously reverted to a nodal rhythm after 20 minutes of 

sustained ventricular fibrillation. Following removal of CPB, 22 of 30 animals remained 

in sinus rhythm. Four animals with ventricular fibrillation were converted electrically to 

sinus rhythm, 3 animals developed fibrillation after reperfusion, all of which could be 

converted electrically to sinus rhythm. The remaining animal exhibiting nodal rhythm 

converted to normal sinus rhythm spontaneously following cessation of CPB. After re-

establishment of native coronary blood flow, mean aortic blood pressure was maintained 

between 60–120 mm Hg and central venous pressures remained 4.4–14.7 mm Hg in all 

animals. Of the 30 experimental animals in the second group, only 1 exhibited signs of 

heart failure postoperatively. This animal developed severe pulmonary edema following 

transfusion of 2500 mL of blood for ongoing hemorrhage. From the vantage point of a 

contemporary understanding of shock and transfusion medicine, it is conceivable that this 

animal may have developed a variant of acute respiratory distress syndrome or 

transfusion-related acute lung injury, which may have been misinterpreted as pulmonary 

edema from congestive heart failure – though the true pathology will never be known. 

Nevertheless, these studies illustrated that a heart could be preserved by PSF during CPB 

and that these organs recovered their function following reperfusion. No evidence of air 

embolization in the brain or viscera of any experimental animal. The authors commented 

on the fundamental difference between gas embolization and PSF; gas emboli are small 
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bubbles that may occlude smaller vessels, whereas PSF is characterized by the free flow 

of a gas within the vascular system. This distinction is still not fully appreciated by the 

clinical community and services to highlight that this will need to continue to be proven 

experimentally. Camishion et al. also raised the possibility of using this preservation 

technique for the maintenance of donor hearts in cardiac transplant, even before the first 

successful heart transplant was performed in South Africa a few years later [3].  

 

Also in 1966, Gabel et al. examined the physiology of the persufflated heart by using 

juvenile feline hearts that were anterogradely persufflated with gaseous carbogen mixture 

(95% O2, 5% CO2) via cannulae secured in the proximal aorta and compared with 

controls perfused with substrate-free Krebs solution [21]. They found that the heart rate 

in persufflated hearts declined rapidly over the first hour and then declined more slowly 

over the next 9 hours, whereas the heart rate in the liquid-perfused heart exhibited a 

steady decline over the entire experimental period. Contractility measurements under A-

PSF showed an initial rise in contractile force during the first 20 minutes and subsequent 

fall after 4 hours. The persufflated hearts reached 50% of the initial contractile force after 

7 hours, whereas liquid-perfused hearts declined to 50% of initial contractile force in only 

80 minutes. Metabolic studies revealed that glycogen, carbohydrate, lactate, and pyruvate 

levels decreased rapidly in the persufflated heart, but when these hearts were treated with 

pharmacologic agents they responded as expected. In addition, they found that rhythm 

changes in the A-PSF model reproducibly occurred above a certain threshold PSF 

pressure. Gabel et al. concluded that persufflated hearts exhibited stronger contractile 

forces, performed more work and were slower to fail than the hearts perfused with liquid. 
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They theorized that oxygen gas allowed an increase in cardiac work, even though oxygen 

supply is not traditionally considered a major determinant of work capacity. It may be 

that cardiac oxygen extraction is altered when oxygen is delivered by PSF or that simply 

more oxygen is delivered using PSF. Another hypothesis emerging from these findings 

was that, in the case of PSF, active metabolites equilibrate solely between the 

extracellular fluid and the intracellular space, as opposed to being flushed away by a 

liquid perfusate.  

 

Lochner et al. subsequently studied the metabolism and function of anterogradely 

persufflated guinea pig and rat hearts [40]. Hearts were persufflated with carbogen gas 

mixture (95% O2, 5% CO2) at 37 °C for 1 hour. With persufflated hearts, the peak 

systolic pressures and the first derivative of the left ventricular systolic pressure 

decreased, while exhibiting very little change in the heart rate. This seemed to indicate 

that the persufflated heart could continue to generate hemodynamic work. In a few of the 

hearts, A-PSF time was extended to 2 hours, resulting in no additional decreases in heart 

rate, left ventricular systolic pressure and its first temporal derivative, or isovolumetric 

work. Isovolumetric work and the first derivative of left ventricular systolic pressure 

following PSF were calculated to be 16.4–18.4% of values characteristic for 

liquidperfused hearts, respectively. Measurements of tissue creatine phosphate and ATP 

were similar between the PSF and liquid perfusion groups. This led the authors to suggest 

that the decrease in cardiac work was likely not due to a lack of available cellular energy. 

They also discovered that work capacity could be enhanced by increasing the PSF 

pressure or the diastolic filling pressure.  
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Following these early studies, there was a gap of several decades during which no work 

was published on the gaseous perfusion of hearts. It was not until the late 1990s that 

interest in cardiac PSF rekindled, largely as a result of the successful application of PSF 

in other organs, in particular the kidney and liver. What had been previously referred to 

as ‘gaseous oxygen perfusion’ was eventually termed ‘persufflation’ by Denecke [10]. 

After pursuing extensive work with kidneys and livers, Fischer’s group in Cologne 

explored cold preservation via cardiac PSF in 1998 [35]. Porcine hearts were flushed and 

stored at 0–1 °C using 3 different methods: (1) SCS using modified Euro-flush solution 

with glutathione (based on Euro-Collins solution); (2) SCS with University of Wisconsin 

(UW) solution; and (3) A-PSF via the ascending aorta in combination with SCS using 

Histidine-Tryptophan-Ketoglutarate solution modified by adding hyaluronidase. The 

overall mean preservation time was 14.5 hours. Hearts were orthotopically transplanted 

into recipient pigs of comparable body weight using standard CPB, reperfused on CPB 

using whole blood for an average of 154 minutes before being weaned off CPB to allow 

the hearts to take over normal circulation. Following transplantation, hemodynamic 

parameters were measured to estimate cardiac function and serum creatine kinase values 

were obtained as an indicator of myocardial damage. Prior to sacrificing the porcine 

recipient, left ventricular biopsies were taken to estimate myocardial water content and 

ATP levels. Persufflated hearts exhibited stroke work similar to preoperative values, 

whereas comparable measurements could not be obtained in static cold-stored organs due 

to severe arrhythmia and ventricular dyskinesia. Measurements of cardiac output, left 

ventricular systolic pressure and its first temporal derivative revealed that the persufflated 
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hearts fared significantly better than hearts stored in modified Euro-flush solution alone 

and had better cardiac output than hearts stored in UW solution alone. Equivalent creatine 

kinase levels between each group indicated that the degree of cellular damage using A-

PSF may have been similar to conventional SCS. However, persufflated hearts exhibited 

significantly higher ATP levels than UW/Euro-flush solution-stored hearts. Collectively, 

these data seem to indicate that A-PSF may permit superior recovery of post-transplant 

heart function compared with SCS using either UW or modified Euro-flush solution. 

Importantly, myocardial water content measurements indicated that there was 

significantly less myocardial edema with A-PSF than static UW solution alone. 

Decreased myocardial edema is a distinct benefit of PSF, as it is known that tissue edema 

can significantly impair cardiac function [37]. A follow-up study examined the effects of 

A-PSF on myocardial tissue quality and post-transplant cardiac function by comparing 

against SCS in histidine-tryptophan-ketoglutarate solution with and without 

hyaluronidase [36]. The cohort of hearts preserved by coronary A-PSF showed 

significantly higher left ventricular systolic pressure and its first temporal derivative, and 

cardiac output compared to hearts preserved by SCS with histidine–tryptophan–

ketoglutarate solution, but not when modified with hyaluronidase. Persufflated hearts 

maintained normal circulatory function for longer when compared to either SCS 

methodology. Additionally, tissue ATP levels were significantly higher in transplanted 

hearts following A-PSF than after SCS only. Posttransplant myocardial water content was 

not elevated in persufflated hearts over controls.  
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Up to this point, most of the research into cardiac PSF had involved experimental 

operations with hearts experiencing no ‘‘down-time’’ or conventional warm ischemia as 

experienced with donation after cardiac death (DCD). The opportunity to resuscitate 

DCD hearts inspired the group in Cologne to study PSF following warm ischemic 

damage. Thus, Yotsumoto et al. studied the effects of several hypothermic preservation 

techniques on post-transplant cardiac function following a mean warm ischemia time 

(WIT) of 16.7 minutes in a porcine autotransplant model [102]. Three hours of A-PSF 

was compared with SCS, with an additional set of controls not damaged by warm 

ischemia and also stored in histidine–tryptophan–ketoglutarate solution modified with 

hyaluronidase. As with previous studies examining the effects of preservation on heart 

function, a number of physiologic parameters were recorded and samples were taken to 

assess the metabolic recovery of the cardiac tissue. It was reported that control and 

persufflated hearts were completely weaned from CPB within 2 hours of transplantation, 

whereas the static cold-stored hearts exhibited significantly diminished functional 

recovery. Near the end of the 3-hour reperfusion period – cardiac output, left ventricular 

contractility, and the relaxation velocity were significantly higher in the A-PSF group as 

compared to SCS. It appeared that persufflated DCD hearts had functional outcomes 

similar to hearts procured from heart-beating donors using conventional storage methods. 

Importantly, Troponin T levels were significantly higher under SCS than for undamaged 

controls and hearts preserved by A-PSF at 1 hour after reperfusion. These data indicate 

that A-PSF may limit myocardial injury incurred during WIT. The authors noted that the 

transplant field is reluctant to adopt PSF as a legitimate cardiac preservation technique 

largely due to concerns about resulting endothelial damage. More recent studies have 
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shown that the coronary arteries of porcine hearts following 3 hours of oxygen A-PSF 

had normal functioning endothelium post-transplant [14,18,34]. Additionally, hearts 

transplanted following 14 hours of A-PSF exhibited no topographic signs of endothelial 

damage, as assessed by scanning electron microscopy [34]. Fischer has recently reviewed 

work done by his group, and has described the detailed experimental approach in which 

A-PSF is recommended as the preferred method [16]. Collectively, these works have 

shown that cardiac PSF has considerable potential as an emerging preservation technique, 

and Table 1.2 summarizes the published work on heart PSF presented in this review.  

 

27



Table 1.2:  

Summary of published work on heart PSF. 
28



 

Kidney 

 

The initial studies with kidney PSF occurred in the 1960s, shortly after the early 

development of heart PSF. It was in the kidney that PSF has been most extensively 

evaluated, likely because the vascular anatomy and associated transplant models are 

considered to be most straightforward (amongst the major transplantable organs). 

Following an initial study by Talbert et al. at Johns Hopkins in 1961 [88], most work on 

kidney PSF was performed by Fischer, Isselhard and others in Cologne, Germany. Early 

research efforts were comprehensive in developing the technical aspects of PSF 

(including optimization of flow pressures, oxygen partial pressures, temperature, and type 

of approach – whether anterograde or retrograde – used during kidney PSF) by evaluating 

their effects on the bioenergetic status and function post-reperfusion. The groundwork 

produced by the researchers in Cologne stimulated interest in the field and by the 1980s a 

number of other institutions had initiated studies to explore the value of kidney PSF.  

 

The initial study by Talbert et al. involved in situ PSF of 7 canine kidneys [88] and 

showed that A-PSF with gaseous carbogen mixture (95% O2 and 5% CO2) could be used 

to preserve kidney function for 4 hours. A-PSF was performed by feeding a catheter 

through the left iliac artery and positioning it at the renal artery. Once the catheter was 

appropriately positioned and the proximal renal artery around the catheter was sealed, the 

left renal vein was clamped distally and the left gonadal vein was divided and used for 

drainage. Once the blood was flushed using normal saline, A-PSF was started at a 
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pressure of 120–150 mm Hg (to expel the liquid perfusate) and gradually decreased to 

80–100 mm Hg. The left kidney was persufflated for 2–4 hours, flushed with normal 

saline until no visual evidence of gas appeared in the venous effluent and then renal 

blood flow was re-established. This was performed by pulling back on the renal arterial 

catheter, removing the renal venous clamp and ligating the proximal stump of the left 

gonadal vein. The animals were then monitored for up to a year. The study included 2 

sets of controls. In the first set, 4 dogs had the left renal artery isolated and clamped for 2 

hours, while in the second set of controls the left renal artery was cannulated, flushed and 

the renal circulation was re-established after 2 hours of warm ischemia. Compared to 

controls, persufflated kidneys functioned for some time after the treatment. Renal 

function was determined primarily through intravenous pyelography and also by 

assessing left kidney function following contralateral nephrectomy. Furthermore, 

histologically, most of the persufflated kidneys exhibited some signs of tubular atrophy 

and scarring, but these findings were considered minimal in comparison with ischemic 

controls. The authors concluded that PSF has the potential to prevent the harmful 

consequences of warm ischemia and that the afforded protective effects are likely a result 

of tissue being able to utilize and survive by consumption of gaseous oxygen. They noted 

that simply clearing the renal vasculature of blood (to prevent coagulation during the 

ischemic period) was not enough to preserve organ function. These findings are highly 

significant in that PSF appeared to keep kidneys alive during 2 hours of WIT.  

 

It would be 10 years before these encouraging observations reported by Talbert et al. 

were pursued further by others. In 1971, Denecke et al. developed an in situ canine renal 
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ischemia model [10], similar to the one developed by Talbert et al. [88]. This study 

involved a comparison between hypothermic A-PSF at 100 mm Hg and SCS. Kidneys 

undergoing either treatment were initially flushed clear of blood by perfusion with an 

unspecified crystalloid solution. Following 4 hours of A-PSF or SCS, contralateral 

nephrectomy was performed and circulation to the remaining experimental kidney was 

re-established. It was reported that A-PSF was actually more harmful to the kidneys than 

SCS alone; 4 of 5 dogs had died within 7 days, while the remaining dog survived but 

exhibited marked uremia. Of the 3 dogs having their kidneys preserved by SCS, all 

survived. Additionally, it was determined that persufflated kidneys had difficulty 

maintaining normal blood flow following the treatment, with perfusion having decreased 

to roughly one-third of normal. Moreover, despite an increase in tissue levels of ATP 

during A-PSF, the ATP levels quickly diminished following reperfusion. The authors 

postulated that as a result of enhanced oxygenation, the renal vasculature had responded 

reflexively by increasing the resistance to flow, thereby decreasing global reperfusion of 

the kidney. As far as we are aware, further evidence has not been provided to substantiate 

this claim. In our opinion, the physiological response invoked to explain these 

observations does not seem tenable under hypothermic conditions. It is more likely that 

the decrease in perfusion may have been related to vascular damage caused by hyperoxia 

and elevated PSF pressures. On a historical note, this was the first time that the term 

‘persufflation’ was substituted for gaseous oxygen perfusion.  

 

Follow-up studies resulting from this original report are important for addressing the 

largely unexpected outcome that A-PSF had a distinctly detrimental effect as compared 
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with R-PSF. Isselhard and his collaborators published a series of studies that examined 

the differences between A-PSF and R-PSF [28–32,77], which is PSF by delivering the 

gas in the direction opposite to physiologic flow (starting at the venous end). Historically, 

the technique of R-PSF also involved the introduction of small, pin-pricks into the 

surface of the organ – to facilitate gas efflux as illustrated in Figure 1.3.  

 

 

Figure1.3:  

Cross-sectional illustration from the anterior view showing a native kidney (A) and 

kidneys being preserved by A-PSF (B) and R-PSF (C). Note the differences between A-

PSF and R-PSF, in particular the relatively pronounced distension of the kidney during 

A-PSF and the capsular perforations only found with R-PSF – which allow for gas to 

escape during preservation and reduces overall resistance to gas flow.  
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In these studies, the effects of SCS, A-PSF and R-PSF on the bioenergetic profile of 

canine kidneys throughout preservation and after reperfusion were explored using their 

established in situ model. The degradation rate of high-energy phosphates at 37, 26 and 6 

°C in canine kidneys was studied to better understand the effect of hypothermia on ATP, 

ADP and AMP levels. Furthermore, they measured the levels of high-energy phosphates 

and lactate in kidneys undergoing A-PSF and R-PSF using pure gaseous oxygen (100% 

O2), 40% oxygen gas (mixed with 55% N2 and 5% CO2), and room air (21% O2) to also 

study the effects of delivered oxygen concentration. A-PSF was performed at 60 or 100 

mm Hg and R-PSF at 30 or 60 mm Hg. To study the impact of preservation protocol on 

metabolic status, renal cortical biopsies were taken at various time-points before and 

during preservation and after blood flow had been re-established. ATP depletion rate 

dropped by a factor of 2 and nearly 10 for kidneys preserved at 26 °C and 6 °C, 

respectively, as compared with measurements at 37 °C. These findings confirmed that 

hypothermia diminishes the pace of energy utilization during storage. In the same study, 

Isselhard et al. were able to illustrate that the operational pressures of both A-PSF and R-

PSF needed optimization for the best outcomes. ATP levels during R-PSF at 26 °C and 

for 8 hours were strongly dependent on the driving pressures, averaging 81% and 98% of 

control values at 30 and 60 mm Hg. They also reported that R-PSF was generally better 

at the lower pressure (30 mm Hg) than A-PSF at either 60 or 100 mm Hg, based on these 

metabolic assays. It also appeared that lowering the PSF pressure from 100 to 60 mm Hg 

during A-PSF had a stronger, negative effect on ATP metabolism than lowering the PSF 

pressure from 60 to 30 mm Hg during R-PSF. The authors specifically stated that 

pressures below 60 mm Hg were unable to sustain adequate gas flow during A-PSF and 
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they also pointed out that the rate at which ATP was degraded increased inversely with 

gaseous oxygen concentration. Not surprisingly, lactate levels rose as the oxygen 

concentration decreased (from 100% to 40% and 21%) in both A-PSF (at 60 mm Hg) and 

R-PSF (at 30 mm Hg), but more dramatically during A-PSF. A remarkable 

accomplishment was the demonstration that ATP levels were maintained at 40% and 30% 

of control values under A-PSF (at 60 mm Hg, 66 hours) and R-PSF (at 30 mm Hg, 72 

hours) at 6 °C, respectively. In contrast, during SCS – ATP levels were reduced to 

negligible levels within minutes. These investigators noted that despite an ability to 

maintain a healthy bioenergetic status in preserved kidneys by PSF, the energy disparity 

(between utilization and production) remains during hypothermic storage and is only 

slowed down. Further studies by this group remained focused on the important 

differences between A-PSF and R-PSF, by assessing their effects on renal bioenergetic 

status and function after reperfusion [29,32]. In situ A-PSF (at 90–100 mm Hg) was 

performed on canine kidneys for 4 hours at 6 °C. Following the preservation period, a 

contralateral nephrectomy was carried out and the treated kidneys were reperfused. These 

persufflated kidneys were compared with healthy control kidneys and kidneys preserved 

by SCS for 4 hours and at 6 °C. In summary, it was shown that A-PSF was better at 

maintaining ATP levels than SCS alone. However, once blood flow was restored, kidneys 

preserved by A-PSF fared no better. 60 minutes after reperfusion, static cold-stored 

kidneys restored their ATP to levels comparable to those achieved following A-PSF. It 

was observed that kidneys preserved by A-PSF exhibited healthy levels of ATP during 

the first 30 minutes of reperfusion, but that deterioration quickly ensued. The authors 

attributed this fall in ATP to the development of poor intrarenal blood flow following 
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reperfusion and speculated that the cause was damage inflicted on glomerular vessels 

during A-PSF. In vivo renal function studies yielded findings that supported the belief 

that filtration had been most affected. Within 8 days, all dogs having a kidney preserved 

by A-PSF had died, while all dogs in the SCS control group survived. A progressive 

decline in renal function was documented through failing urine production, uremia and 

systematic elevation in serum creatinine. The glomerular filtration rate and renal plasma 

flow had dropped drastically by post-operative day (POD) 2 in all animals that died 

following A-PSF. Following this study, Isselhard pursued an identical study using R-PSF 

and, in contrast to A-PSF, R-PSF for 4 hours at 30 mm Hg did not result in the same 

deterioration in kidney function. ATP levels remained similar after 60 minutes of 

reperfusion, were no different from healthy controls, and better than static cold-stored 

controls. Furthermore, serum urea and creatinine values were generally lower following 

R-PSF than with SCS, but remained above baseline at POD 10. Glomerular filtration rate 

and renal plasma flow were normalized by POD 2 in persufflated kidneys, but static cold-

stored kidneys did not fully normalize until POD 21, highlighting the accelerated 

recovery of renal function following R-PSF. As a direct result of these studies, the 

Cologne group primarily adopted R-PSF as the most promising of these approaches.  

 

In the mid-to-late 1970s, Fischer’s group contributed some of the most fundamental work 

on kidney PSF. In 1978, Fischer et al. presented a study in which the functional recovery 

of kidneys was documented after 2 or 30 minutes of WIT and following 24 hours of R-

PSF, all of which preceded heterotopic autotransplantation into dogs [17]. For this, the 

authors developed a unique model where a contralateral nephrectomy was not used to 
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isolate the functional output of each kidney – rather the preserved kidney was by 

transplanted into the collar region while the contralateral kidney was left in the 

retroperitoneum. It was demonstrated that 24 hours of R-PSF, in the presence of up to 30 

minutes of WIT, was capable of preserving post-transplant renal function. Key 

measurable parameters of kidney function were glomerular filtration rate and renal 

plasma flow during a 3-hour period following transplantation. In kidneys subjected to 

only 2 minutes of WIT, the persufflated and autotransplanted kidney exhibited mean 

glomerular filtration rate and renal plasma flow that were 46% and 56% of the healthy 

contralateral kidney, respectively. Similarly, in kidneys undergoing 30 minutes of WIT – 

the preserved kidney had mean values of glomerular filtration rate and renal plasma flow 

that were 32% and 49% of the healthy control during the observation period. These 

results demonstrated that ex vivo, hypothermic R-PSF for 24 hours can preserve renal 

function in the face of considerable WIT (30 min). At the same time, Isselhard suggested 

that the duration of cold preservation by R-PSF could possibly be extended even further, 

up to 48 hours [27] leading to a new line of investigation. In summary, they found that R-

PSF maintained ATP levels for up to 120 hours. A more significant finding was that 30 

minutes of WIT did not have as profound an effect on the ability of R-PSF to resuscitate 

the organ. ATP levels were monitored for 72 hours and were maintained at levels 

comparable to kidneys not damaged by warm ischemia. As cold ischemia time was 

prolonged, the capacity for aerobic metabolism measurably decreased but it was apparent 

that R-PSF may extend the life of kidneys during cold preservation.  
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At this point, the reported merits of PSF had not been tried clinically. However, in 1975, 

Flatmark et al. described a short study in which they reported their experiences with the 

accidental gas perfusion of human kidneys during HMP [19]. These kidneys were 

preserved in SCS (at 4 °C, for 4–7.5 hours), transported from the site of procurement and 

then started on machine perfusion (at 8–10 °C, with the perfusate equilibrated to 66% N2, 

33% O2 and 1% CO2) once received at their institution in Oslo. At some time after the 

start of HMP (between 3 and 12.5 hours), leaks were discovered near the oxygenator, 

which allowed air to be pulled into the flow circuit. In each of 4 kidneys the leak 

persisted and these organs were persufflated with air for about 60–120 minutes. Once the 

leak was identified, liquid perfusion was re-established and continued for the remainder 

of cold preservation, or 2–18.5 hours. Each kidney was subsequently transplanted, all 

produced urine immediately and most achieved healthy renal function by 4 weeks post-

operatively. One of the 4 patients unfortunately died, but the cause of death was not 

reported. In conclusion the authors stated that PSF (which they referred to as ‘massive 

gas embolization’) for up to 2 hours did not adversely affect post-transplant renal 

function. This was the first time that PSF was performed on human organs, albeit 

inadvertently.  

 

The significant contributions of the Cologne group provided inspiration for other 

scientists to pursue this field of investigation. In Australia, Ross and Escott explored 24-

hour PSF of canine kidneys following 30 minutes of WIT and the effects of PSF on 

heterotopic autotransplant outcomes [70,71]. These studies focused on how the 

composition of the gaseous perfusate affected post-transplant renal function and survival. 
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Also, these investigators tried persufflating via the ureter for the first time. Three 

interesting observations were reported: First, that R-PSF was better at preserving renal 

function than A-PSF, as measured by serum creatinine values post-transplant. Second, 

that carbogen (95% O2, 5% CO2) may be better than pure oxygen gas (100% O2) in 

normalizing renal function post-transplant. Third, that ureteral PSF may work, but that it 

needs further exploration. One puzzling finding from these studies was the relatively high 

incidence of intravascular thrombosis in all groups studied. They had postulated that it 

may have been due to endothelial damage resulting from a gas-drying effect, yet the 

greatest incidence of thrombosis occurred in the group receiving humidified pure oxygen 

gas. Traumatic damage to the vasculature may have been an alternative explanation. An 

explanation not explicitly considered was the possibility of endothelial damage resulting 

from hyperoxia.  

 

During this same era, Pegg and his group in Cambridge, England published a series of 

studies exploring the utility of PSF in kidney preservation. This group developed a fairly 

elaborate canine autotransplantation model that they used to examine the effects of 

varying lengths of WIT (30 and 60 min) in combination with R-PSF for 24 or 48 hours 

duration [64, 68, 69]. They also explored the differences between pure oxygen, air, 

nitrogen and helium PSF on post-transplant renal function and survival (for up to 3 

months). It was reported that no kidney transplanted after 60 minutes of WIT and 24 

hours of SCS was able to sustain recipient survival. On the contrary, R-PSF with pure 

oxygen gas was capable of sustaining longterm renal function and survival in most 

recipients. When air was substituted for oxygen, kidneys remained functioning, but the 
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survival rates decreased. R-PSF with nitrogen and helium gases generated results similar 

to kidneys preserved by SCS. Kidneys that had undergone 30 minutes of WIT and 48 

hours of cold ischemia time performed significantly better post-transplant, particularly if 

they had been persufflated; most animals (80% of group) survived R-PSF, while only a 

single animal (20% of group) survived following transplantation of a control kidney. 

Another noteworthy finding was that they were not able to establish any differences in 

total adenine nucleotide content between persufflated and control kidneys, or between 

kidneys persufflated for 24 versus 48 hours or with different gases. One explanation is 

that the authors do not report ATP, ADP or AMP levels, but rather total adenine 

nucleotide content, which is the sum of these three; it is possible that the individual ATP 

and ADP fluctuations are masked by their summation. It is also important to note that the 

R-PSF pressures used in their study were particularly low, which may have resulted in 

inadequate PSF of the entire organ. This may be corroborated by the better outcomes 

using pure oxygen gas rather than air. Since the total adenine nucleotide content 

measurements are derived from tissue processed following biopsy, it is possible that the 

sampled regions of the kidney were poorly persufflated or that these samples do not 

reflect real-time total adenine nucleotide content levels because the tissue processing 

involves several steps and takes some time. Nevertheless, these data are compelling 

because the authors raise very reasonable questions regarding the interpretation of ATP 

and ADP measurements and their use as accurate predictors of metabolic quality in organ 

preservation. It has been widely appreciated that high energy phosphates recycle rapidly 

and that a single measurement is only a snapshot into the tissue metabolic status that does 
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not necessarily provide information regarding the ability of tissue to recover from an 

insult [86].  

The Cambridge group also published a follow-up pilot study in which a number of DCD 

human kidneys were persufflated prior to transplantation and compared with static cold-

stored kidneys post-transplant in a paired fashion (meaning that each donor provided 1 

kidney for R-PSF and another for SCS) [69]. The average WIT was 55 min, whereas the 

average cold ischemia time was 21.5 hours. The persufflated organs performed better 

post-transplant, exhibiting a mean onset of function at 8.4 ± 2.6 days versus 13.9 ± 1.4 

days in the paired controls. Furthermore, the reported mean serum creatinine levels at 

POD 15 were 457 and 826 lM for the R-PSF and SCS groups, respectively. It was also 

explained that cyclosporine was largely omitted from the immunosuppressive regimen in 

order to limit the impact of calcineurin inhibitorassociated nephropathy on the study 

results. Even so, of the 6 recipients that received cyclosporine, 4 of them received a 

kidney that was preserved by R-PSF. This first clinical study exploring R-PSF in 

preserving DCD kidneys illustrated that: (1) R-PSF can be executed within the current 

clinical infrastructure, including timeframe; and (2) R-PSF also exhibits the ability to 

resuscitate organs that have suffered from significant warm ischemia. Collectively, these 

2 observations suggest that R-PSF may be easily implemented and could make more 

DCD organs suitable for transplant.  

 

In an attempt to further elucidate the mechanism of preservation by PSF, Pegg et al. 

carried out an interesting study in 1989 in which they compared 24 hours of SCS to 24 

hours of R-PSF following 60 minutes of WIT in an ex vivo rabbit kidney model [64]. 
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Their hypothesis was that gaseous oxygen PSF enables continued aerobic respiration and 

that hypothermic conditions only slow the rates governing energy turnover. They studied 

ATP levels following R-PSF in conjunction with pharmacologic treatment with ouabain 

or cyanide/iodoacetate. Concomitant administration of ouabain, a potent sodium pump 

inhibitor, led to elevated ATP levels over R-PSF controls, which exhibited significantly 

higher ATP levels if compared with kidneys preserved by SCS. Conversely, treatment 

with cyanide/iodoacetate resulted in a fall of ATP, below levels present in static cold-

stored kidneys. These measurements confirmed that if oxygen is available, even as a gas 

at low temperatures, it will be consumed by viable tissue. If pumps that consume ATP, 

like the Na+/K+-ATPase, are actively blocked, ATP levels will transiently rise, suggesting 

that ‘new’ ATP has been produced. On the contrary, if the electron transport chain is 

inhibited, then the capacity to generate ATP drops and the available oxygen supply will 

not be consumed. These findings provided insight into the mechanistic principles 

governing oxygen consumption. Histology and electron microscopy revealed that renal 

tissue after R-PSF exhibited cellular damage over smaller foci and were largely 

surrounded by healthy tissue. Intriguingly, electron micrographs were capable of 

discriminating between the ‘‘orthodox’’ (energized) mitochondrial configuration present 

in persufflated samples and the ‘‘condensed’’ (de-energized) mitochondria of the cold-

stored tissues [64]. As a whole, these findings support the belief that R-PSF can maintain 

renal tissue viability and prevent irreversible injury during prolonged cold storage. 

 

During this time, Stowe et al. at the Cleveland Clinic pursued ex vivo R-PSF in 

conjunction with a canine autotransplantation model [84]. After resecting the left kidney 
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and flushing immediately with chilled lactated Ringers solution, R-PSF was performed 

for 48 hours (at 4–5 °C and 7–10 mm Hg). Two days following the start of cold 

preservation, a contralateral nephrectomy was performed and the preserved kidney was 

transplanted heterotopically. Only 25% of animals that were autotransplanted with 

kidneys preserved by SCS or R-PSF survived to POD 22. In addition to comparing R-

PSF with SCS, 3 animals received an intramuscular dose (500 mg) of deferoxamine 

mesylate. All 3 animals receiving a kidney preserved by R-PSF and treated with 

intramuscular deferoxamine mesylate survived to POD 22. In general, persufflated 

kidneys exhibited better overall renal function than static cold-stored kidneys. Though the 

total number of transplants was low, it appeared that deferoxamine mesylate contributed 

to an elevated survival rate posttransplant. The authors postulated that this was possibly 

due to free radical-scavenging activity in deferoxamine mesylate.  

 

Several years later, Kootstra’s group at the University Hospital in Maastricht addressed 

the question of whether the presence of adenosine benefits the quality of warm 

ischemically-damaged (30 minutes of WIT) and preserved rat kidneys during both R-PSF 

and SCS [101]. Yin et al. used UW solution containing exogenous adenosine and UW 

solution with no adenosine. All kidneys, whether preserved by 24 hours of R-PSF or 

SCS, were flushed with either of these UW solutions [101]. In brief, they determined that 

regeneration of ATP was not affected by the presence of adenosine in UW solution. The 

authors postulated that since the levels of hypoxanthine (degradation product of 

adenosine) were significantly higher in renal tissue preserved with exogenous adenosine 

than in tissue without, that most of the additionally available adenosine was degraded in 
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the tissue and not used in the direct replenishment of ATP. However, hypoxanthine levels 

were significantly lower in persufflated kidneys than in static cold-stored kidneys, which 

were also flushed with adenosine-containing UW solution. Alternatively, it may be that 

adenosine found in the preservation solutions may not be able to cross the plasma 

membranes of viable cells. The authors also went further by transplanting 20 kidneys, 10 

from each of the R-PSF and SCS groups. They reported that none of the rats transplanted 

with static cold-stored kidneys survived, whereas 3 of the rats transplanted with 

retrogradely persufflated kidneys survived an observation period of 2 weeks. Because the 

survival rates between the 2 groups were not significantly different, they concluded that 

singular measurements of ATP during the preservation period may not predict survival 

outcomes. These conclusions were similar to those generated at Cambridge [68]. 

However, a point of caution must be raised regarding the choice in animal model. In 

general, PSF (or HMP, for that matter) will impart its greatest benefit if an organ is large 

and cannot obtain adequate oxygen by passive diffusion from the surface alone. In other 

words, success in a rat model may not be comparable to the human clinical situation 

because of significant size disparity. This scaling problem has already been encountered 

when comparing the rat and porcine pancreata during SCS [63]. Rat data must be 

interpreted with appreciation for oxygen transport limitations, especially when trying to 

translate outcomes from animal models into the clinical arena. 

 

Finally, more recently, Treckmann built upon the work of his predecessors and published 

studies that highlight the promising prospects of clinical PSF [96, 97]. In 2006, 

Treckmann et al. used a porcine autotransplantation model to show that R-PSF of kidneys 
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damaged by significant WIT, when compared with conventional SCS, may yield 

improved survival [97]. Left kidneys from porcine donors were clamped off in situ for 

60–120 minutes of WIT, resected, flushed anterogradely, preserved by R-PSF or SCS for 

4 hours and autotransplanted. They demonstrated that all animals transplanted with 

persufflated kidneys after 60 minutes of WIT survived the 7-day observation period, with 

robust renal function. Animals receiving a similarly-treated kidney but stored by SCS 

survived in 57.1% of cases. This paired comparison was also performed for both 90 and 

120 minutes of WIT, but did not reveal strong differences between R-PSF and SCS, at 

least in terms of post-transplant survival. It is important to note that only the persufflated 

kidneys received a pre-treatment of superoxide dismutase (SOD), which had been 

determined from their earlier liver work, to help protect against the oxidative damage 

caused by hyperoxia and reperfusion [49]. A follow-up study compared R-PSF and HMP, 

using the same porcine autotransplant model; 13 kidneys were resected following 60 

minutes of WIT and preserved by SCS, HMP or R-PSF following pre-treatment with 

SOD [96]. Results showed that all indicators of renal function were significantly better in 

persufflated kidneys versus HMP and static cold-stored kidneys at POD 7. Recipient 

survival after 7 days was 57%, 60% and 100% after transplantation of kidneys preserved 

by SCS, HMP and R-PSF, respectively. These results in the larger animal model suggest 

that R-PSF is a promising way to maintain organ quality in DCD kidneys, particularly 

because R-PSF was directly compared against the already clinically-accepted HMP and 

performed comparably if not better. The collective work performed on kidney PSF has 

been summarized in Table 1.3. 
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Table 1.3: 

Summary of published work on kidney PSF. 
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Liver 

PSF was tested for the first time in rat livers around 1980 by Fischer’s group at the 

University of Cologne [15], but was not studied in depth (by the same group) until the 

1990s. Initial work revolved around establishing that livers damaged by prolonged WIT 

could be resuscitated using R-PSF. Each liver in the R-PSF cohort was flushed with cold 

preservation solution and R-PSF was performed by administering gaseous oxygen at 18–

30 mm Hg via a hepatic vein, while providing an escape route for the gas by introducing 

small, pin-sized holes on the liver surface. They reported that 24 hours of R-PSF resulted 

in no detectable lactate accumulation, but a substantial decrease in glycogen content.  

 

It was during this period that anti-oxidants were identified and used to provide additional 

value in preservation using R-PSF, by conferring improved hepatocellular integrity and 

function following reperfusion [49]. In the 1990s, the same group extended some of their 

in vitro studies into small animal (rat) and large animal (pig) liver transplant models. 

They showed that poorer quality livers could be revived to function successfully post-

transplant. As recently as 2008, the same researchers showed that clinical PSF is 

possible; having a cohort of 5 patients transplanted with persufflated livers and showing 

no adverse effects and strong graft function [94]. Another interesting niche for PSF has 

been in the conditioning of a liver near the end of the preservation period, in so-called 

end- or post-ischemic conditioning [56]. As it stands, liver PSF is actively being explored 

and the preceding 3 decades of work highlights some of the reasons why. 
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In 1993, Minor et al. studied reperfusion injury in the rat liver following an ischemic 

period during preservation [49]. They procured a number of rat livers, flushed 

sequentially with lactated Ringers and Euro-Collins solutions via the hepatic vein, and 

bathed the organ in Krebs–Henseleit solution at 37 °C for 60 minutes. After the 

controlled duration of WIT, the liver was submerged in Euro-Collins solution at 4 °C and 

stored for another 60 minutes. Following static storage alone, the organs underwent 

normothermic (37 °C) R-PSF for 30 minutes and were subsequently flushed with lactated 

Ringers solution. Persufflated organs received some combination of antioxidant pre-

treatment, either a bolus injection of allopurinol prior to ischemia and/or the addition of 

allopurinol or SOD into the flushing solution. At the end of the 2.5-hour treatment, the 

liver was flushed with lactated Ringers solution via the infrahepatic caval vein. The 

effluent was collected and analyzed for ATP and total adenine nucleotide content. The 

authors also determined the amount of malondialdehyde accumulated (via free radical-

induced lipid peroxidation) and the amounts of liver enzymes released by damaged 

hepatic parenchyma. It was reported that R-PSF of the liver was capable of partially 

reversing ATP levels after 120 minutes of combined warm and cold ischemia. 

Additionally, it was shown that pre-treatment with anti-oxidants decreased the degree of 

lipid peroxidation and improved ATP recovery with R-PSF. Samples from persufflated 

livers pre-treated with allopurinol/SOD revealed that gaseous PSF alone can harm the 

liver due to oxidative damage, but also highlighted the potential of anti-oxidant 

administration as an adjunctive therapy.  
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In a follow-up study, the same group showed that early administration of R-PSF reduces 

lipid peroxidation and may actually suppress the adverse effects of free-radical damage 

[46]. The authors speculated that immediate PSF may prevent damage by enabling the 

preservation of free-radical scavenging activity, which itself can require energy. Two 

years later this concept was studied in more depth using a rat liver reperfusion model 

[47,48]. The effect of R-PSF in suppressing ischemia-reperfusion injury was compared to 

preservation with 48 hours of SCS in UW solution at 4 °C and followed by a 30 minutes 

period of re-warming with normal saline at 25 °C. Reperfusion consisted of pre-

oxygenated (95% O2, 5% CO2), re-circulating Krebs–Henseleit solution delivered 

through the portal vein for up to 45 minutes. The effluent was analyzed and it was 

reported that endothelial and hepatic parenchymal damage was lowered and that 

activation of Kupffer cells was reduced in livers that had been persufflated. These 

findings suggested that R-PSF may avoid disturbances in perfusion (like higher portal 

venous pressures) that result from damage to vessels. In addition, ATP concentrations 

were higher in persufflated livers than in static cold-stored livers and, at different times 

throughout the reperfusion, comparable to fresh control livers that were not subjected to 

cold storage. It was interesting to note that livers preserved by R-PSF exhibited 

significantly greater ATP levels as compared to reference values obtained from native rat 

liver [47]. 

 

These studies were extended to evaluate whether R-PSF in combination with SOD pre-

conditioning would resuscitate the DCD rat liver, harvested after 30 minutes of WIT [50]. 

Livers are known to be poorly resistant to warm ischemic damage [93]. In fact, outcomes 
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following DCD liver transplant have been strongly tied to the extent of warm ischemic 

injury [66, 67, 93]. In this study, DCD livers preserved for 24 hours with R-PSF appeared 

to be healthier when compared with livers preserved by SCS in UW solution. The extent 

of lipid peroxidation was found to be lower in the R-PSF cohort. Interestingly, bile 

production and ATP levels were higher, while endothelial damage and portal perfusion 

pressures were lower than even fresh controls following 45 minutes of reperfusion with 

pre-oxygenated Krebs–Henseleit solution. It appeared that the putative, harmful effects of 

high oxygen concentrations during R-PSF could be prevented with the help of anti-

oxidant treatment and resuscitation of livers from DCD was possible using R-PSF.  

 

In 1997, Minor et al. introduced a novel rat liver transplant model [52] in which rat livers 

were preserved with SCS alone or R-PSF. The hypotheses they tested was the proposal 

that R-PSF limited proteolytic degradation of the liver, believed to contribute to 

hepatocellular injury during SCS, and that R-PSF would result in improved post-

transplant indicators such as decreased plasma levels of malondialdehyde, decreased 

alanine aminotransferase, increased bile production and increased hepatic tissue 

perfusion. Proteolysis was estimated by a measured tissue content of free Lalanine. 

Twenty-four hours of SCS in UW solution resulted in significantly higher concentrations 

of free L-alanine than fresh (nonstored) controls, while R-PSF seemed to prevent some 

proteolysis. Following in vivo reperfusion, Minor et al. reported that both the static cold-

stored only and persufflated livers experienced decreased hepatic perfusion initially, but 

that the persufflated organs exhibited an overall better recovery. Furthermore, plasma 

levels of malondialdehyde and alanine aminotransferase were significantly lower in the 
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livers having undergone R-PSF, but still elevated in both, while hepatic bile production 

was significantly increased in persufflated livers and comparable to fresh controls. It was 

concluded that R-PSF may help the ischemic liver obviate some of the ill-effects of 

hypoxia (like activation of cytosolic proteases and autolysis) by maintaining a more 

favorable metabolic condition. The authors reiterated that protecting tissue from 

oxidative damage necessitates sufficient energetic support, fueled by an adequate oxygen 

supply.  

 

In the same year, Minor et al. examined the effect of lower pressure (9 mm Hg) versus 

higher pressure (18 mm Hg) R-PSF and the use of both pure gaseous oxygen and air [53]. 

The effectiveness and homogeneity of the R-PSF was studied by detecting 

autofluorescence of nicotinamide adenine dinucleotide [54, 55, 59], accumulated 

primarily in anoxic tissue. The reason why R-PSF was traditionally performed at 18 mm 

Hg of pressure was arbitrary; it had been determined that it was the pressure required for 

visual detection of bubbles escaping from the surface of the perforated liver. Nonetheless, 

interrogation at 1 and 24 hours after the start of cold preservation revealed that R-PSF at 

9 and 18 mm Hg resulted in a comparable and significant decrease in nicotinamide 

adenine dinucleotide over static cold-stored controls. On the other hand, R-PSF with air 

at 18 mm Hg did not decrease detected nicotinamide adenine dinucleotide levels below 

those detected in livers on SCS, suggesting that air may not provide adequate oxygen 

during liver PSF.  
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Following the extensive studies in rat livers, translation of PSF into a larger animal model 

was the next step. In 1998, Minor et al. described work in which recipients were 

allotransplanted with DCD porcine livers following 1 of 2 preservation protocols [57]. 

All livers were harvested after 45 minutes of in situ WIT in a non-heparinized donor. 

Using the first protocol, the donor livers were flushed with heparinized normal saline and 

UW solution via the portal vein and stored on UW solution at 4 °C for 4–5 hours. With 

the second protocol, the donor livers were also flushed with heparinized normal saline 

and UW solution, but the last 100 mL of UW solution used to flush the liver was spiked 

with SOD. Following the flush, R-PSF was initiated via the inferior vena cava for 4–5 

hours. After the period of cold preservation, the stored livers were orthotopically 

transplanted into recipients. Shortly following transplantation, it was determined that SCS 

alone was not able to adequately preserve DCD livers; all 5 recipients died in the early 

post-transplant course. On the other hand, all livers stored by R-PSF were capable of 

normalizing ammonia levels by POD 1 and aspartate aminotransferase plasma levels by 

POD 7. 

 

In a follow-up study, the same investigators again compared SCS and R-PSF/SOD 

preservation by measuring plasma levels of aspartate aminotransferase, alanine 

aminotransferase, lactate dehydrogenase and clotting times at 1-hour post-transplant, with 

the primary endpoint of recipient survival at POD 5 [75]. DCD livers underwent 60 

minutes of WIT prior to 4 hours of SCS with UW solution or R-PSF and pre-treatment 

with SOD. All DCD transplants were compared with control livers resected and 

transplanted immediately following cardiac arrest. They reported that UW-stored livers 
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fared poorly post-transplant, accounting for significantly higher plasma hepatic enzyme 

levels, lactate dehydrogenase and prolongated partial thromboplastin time, suggesting 

that the liver had incurred significant hepatocellular injury during the preservation. 

Additionally, all of the animals receiving such livers died within 3 hours of reperfusion. 

On the contrary, animals receiving livers preserved by R-PSF/SOD survived the 

observation period. Impressively, it was stated that persufflated porcine DCD livers 

performed comparably to fresh livers during the post-transplant course. Since very few 

DCD livers are transplanted nowadays, making more DCD livers available for transplant 

would reduce the numbers of patients on liver transplant waiting lists.  

 

Around the same time PSF was being used in the resuscitation of DCD livers, Minor et 

al. explored an interesting application of PSF in pre-conditioning the long-term, static 

cold-stored liver for reperfusion [56]. In his first study on this topic, rat livers were 

subjected  to either 48 hours of SCS on UW solution or 47 hours of SCS on UW solution 

followed by R-PSF for 60 minutes. Each of the organs were then warmed and reperfused 

in vitro for 45 minutes. Following reperfusion, livers conditioned (with R-PSF) fared 

significantly better – exhibiting decreased parenchymal enzyme levels and portal venous 

pressures, and improved bioenergetic status. It is believed that the delivery of gaseous 

oxygen prior to reperfusion may prevent edema formation due to the improvement in 

metabolic condition of the organ. Additionally, it may be that free-radical scavenging 

activity has been depressed during SCS and that preconditioning for reperfusion using 

PSF helps provide the oxygen necessary for replenishment of such activity [56,58]. 
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The concept of using PSF to condition for reperfusion was studied more than a decade 

later for the preservation of fatty rat livers [58]. In these most recent studies, R-PSF for 

90 minutes following 20 hours of SCS decreased hepatic parenchymal enzyme release, 

lipid peroxidation, cellular apoptosis and autophagy, and improved the functional 

clearance of ammonia, microscopic morphology and overall metabolic status of these 

livers as compared with unconditioned livers. These preliminary studies illustrate that 

post-ischemic conditioning of preserved organs prior to transplant is an area meriting 

further study.  

 

With anti-oxidant therapy having already been explored for use with PSF [49,50,57,75], 

it became apparent that continued success using PSF in preservation may require 

protection against reperfusion injury. In 2003, Lauschke et al. studied the effect of 

administering taurine or SOD prior to R-PSF [38]. These studies employed a DCD rat 

model in which the livers were resected following 60 minutes of WIT and preserved 

either by SCS in UW solution, by R-PSF/taurine, or by R-PSF/SOD for 24 hours. 

Following the preservation period, livers were reperfused in vitro using Krebs–Henseleit 

solution maintained at 37 °C for 45 minutes. Analysis of the effluent at the end of the 

reperfusion period revealed that livers treated with anti-oxidant exhibited decreased 

enzyme release and portal vascular resistance, and increased bile production. 

Interestingly, taurine and SOD appeared to have a similar protective effect for DCD 

livers in the face of ischemia–reperfusion. Future work to enhance the successful 

application of PSF for all organs of interest may require the identification of the 

appropriate anti-oxidant, dose(s) and schedule.  
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Most recently, Treckmann and colleagues have taken a major step, by translating R-PSF 

into the human clinical setting. In 2008, they reported results from a pilot study using R-

PSF to resuscitate 5 DCD human livers between April 2004 and March 2005 [94]. These 

donor cadaveric livers were estimated to have undergone anywhere from 20–60 minutes 

of WIT and the donors had expired after failed attempts at cardiopulmonary resuscitation 

or having experienced prolonged periods of hypoperfusion (<60 mm Hg). It is also 

important to note that these donor livers were rejected for transplant by at least 3 different 

centers. The livers were procured off-site, perfused with UW solution and histidine–

tryptophan– ketoglutarate solution, and then shipped to the transplant center. After 

establishing recipient consent, the livers were additionally flushed with UW solution 

containing N-acetylcysteine and were retrogradely persufflated at 18 mm Hg for 70–200 

minutes prior to orthotopic transplantation. The results of the transplants were 

encouraging in all cases. All patients survived and none of the patients required a re-

transplant; all patients were alive, with strong graft function, at a minimum of 2 years 

follow-up. Histologic evaluation was performed on biopsies taken immediately prior to 

and after R-PSF and directly following reperfusion. Analysis revealed that R-PSF did not 

appear to cause any vascular damage to the liver. Additionally, it was shown that PSF 

had recovered ATP levels by 2–5 times the pre-PSF measurements. These data are highly 

encouraging, especially considering the potential impact that PSF could have in 

expanding DCD liver transplantation. Table 1.4 summarizes the published work on liver 

PSF presented in this review. 
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Table 1.4: 

Summary of published work on liver PSF.  
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Small bowel and pancreas 

To date, the pancreas and small intestine have not been studied extensively as targets of 

PSF. In 1997, Minor et al. published the only known work on luminal gas oxygenation of 

the small bowel [51]. Rat jejunal segments (15-cm in length) along with the vascular 

pedicle were harvested and stored in UW solution at 4 °C for 18 hours and half of the 

experimental organs underwent low-pressure, luminal gas oxygenation. Following the 

experimental storage period, intestinal absorption was estimated by introducing galactose 

to the lumen and measuring concentrations in portal venous effluent. Collecting the total 

luminal effluent and subtracting the known inflow volume was used to measure the net 

influx of water into the intestinal lumen. Results showed significantly increased 

accumulation of hypoxanthine in the small bowel segments with SCS alone. ATP, 

creatine phosphate and total adenine nucleotide content were significantly higher in the 

group undergoing luminal gas oxygenation versus SCS alone and resembled values from 

rat intestine in vivo. However, intestinal carbohydrate absorption was found to be 

severely impaired in both static cold-stored and gas oxygenated jejunal segments, even 

though gas oxygenation significantly improved post-ischemic absorption when compared 

to SCS. The net secretion of water into the gut lumen was significantly lower following 

gas oxygenation than SCS, reflecting less damage to intestinal villi. The authors noted 

that luminal gas oxygenation of the intestine could be improved by the introduction of 

supplements to the cold preservation solution, such as glutamine, an important substrate 

for intestinal mucosal cells. Although unique opportunities exist for the preservation of 

the small intestine using intraluminal gas oxygenation (a variant to intravascular PSF), 

this area of research has remained largely unexplored. 
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In contrast to small bowel intraluminal gas oxygenation, pancreas PSF has started to 

attract more interest in recent years. Currently, it is widely regarded that improvements in 

organ preservation may have a positive impact on pancreatic islet isolation and transplant 

outcomes [33]. For some time, the two-layer method (TLM) was considered the state-of-

the-art for pancreas preservation before islet isolation. This has recently been challenged 

by studies showing that islet isolation outcomes are equivalent when comparing TLM and 

conventional SCS [1,7,78]. It is likely that the inefficiency of oxygen delivery by passive 

diffusion from the organ surface alone is responsible for the limited efficacy of TLM in 

preserving larger organs [63]. 

 

Over the last several years, PSF has been identified as a possible improvement to the 

current pancreas preservation protocol, particularly before islet isolation. Our research 

group is currently studying PSF of the pancreas to parallel our concurrent interests in 

pancreas HMP [89,91] and have recently published several works on A-PSF of porcine 

pancreata for the purposes of improving whole organ and islet quality [78,79]. In one 

study [79], human and porcine pancreata were preserved using TLM or A-PSF at 4 °C. 

A-PSF was performed via the superior mesenteric artery and either the splenic artery 

(human) or the celiac trunk (pig) using a custom-designed, portable electrochemical 

oxygen concentrator (Giner Inc., Newton, MA). Following procurement, the organs were 

imaged by conventional MRI and ATP levels and ATP-to-inorganic phosphate ratios 

were estimated using 31P-NMR spectroscopy. MRI revealed well-distributed areas of 

negative contrast throughout all persufflated pancreata, indicating the homogeneous 

presence of gas within the organ. Rat pancreata preserved by TLM showed relatively 
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high ATP levels, though ATP levels were nearly undetectable in porcine pancreata 

preserved with TLM. In contrast, human pancreata preserved by A-PSF exhibited ATP-

to-inorganic phosphate ratios similar to those observed in the rat pancreata on the TLM. 

Additionally, when A-PSF was stopped, ATP-to-inorganic phosphate ratios quickly 

declined to undetectable levels, similar to porcine organs preserved by TLM. When A-

PSF was restarted, ATP levels rose again. In another study, DCD porcine pancreata were 

procured and the splenic lobe was separated from the connecting and duodenal lobes [78] 

– the anatomy being described previously [12]. The duodenal lobe was isolated following 

1.5–2 hours of SCS and served as a first control, while the connecting lobe was stored on 

TLM for 24 hours and at 4 °C to serve as a second control. Splenic lobes were submerged 

in cold preservation solution and preserved by A-PSF via the celiac trunk and superior 

mesenteric artery for 24 hours and at 4 °C. Biopsies from organs preserved by A-PSF 

showed distended capillaries and less autolysis and necrosis when compared to organs 

preserved by TLM. In contrast, TLM-stored pancreata showed frequent pyknotic nuclei, 

indicating possible irreversible cellular damage. A follow-up study extended the 

comparison to porcine pancreatic isolation, having shown that 24 hours of A-PSF was 

better than the TLM in preserving islet morphology, viability and post-culture recovery 

(unpublished results). Collectively, these results illustrate the potential of A-PSF in 

improving tissue and islet quality in larger pancreata when compared with conventional 

preservation methods.  

 

These early and promising results have established the need for more extensive studies 

since pancreas PSF represents a significant opportunity to improve both solid organ and 
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islet preservation over the current preservation techniques used in the field. Additionally, 

the portable electrochemical oxygen concentrator used in our studies may enable more 

widespread use of PSF, not just of the pancreas, since it provides a safe method of 

delivering gas (or gas mixtures) during transportation and especially during air travel. 

Table 1.5 summarizes the published work on small intestine and pancreas PSF presented 

in this review.  

 

A schematic of the key milestone events during the historical development and use of 

PSF is presented in Figure 1.4. Comparison between anterograde and retrograde 

persufflation  
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Table 1.5: 

Summary of published work on small intestine and pancreas PSF. 
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Figure 1.4: 

Historical timeline of significant contributions to the development of persufflation as a 

method of tissue and organ preservation. 

 
Earlier, we outlined that 2 main modes of PSF have been introduced and evaluated as a 

means of delivering oxygen to an organ. The relative merits of R-PSF versus A-PSF were 

not clearly established by earlier studies and it was not until the early 1970’s that studies 

were undertaken to directly compare the 2 methods in a single system (canine kidney) 

[28,29,32]. Isselhard et al. developed an in situ ischemia model to study the effects of 

SCS, A-PSF or R-PSF on canine kidney preservation. Initially, they claimed that 

adequate preservation of kidneys required oxygen gas pressures of at least 60 mm Hg for 
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A-PSF and 30–60 mm Hg for R-PSF. Because the authors did not present data at lower 

PSF pressures, it is unclear what criteria were used to determine adequate oxygenation – 

whether it was visual detection of gas escaping the renal vein or puncture holes in the 

capsule, or whether it was based on measured ATP. Nevertheless, they showed that an 

increase from 60 to 100 mm Hg in A-PSF did not improve ATP levels. The investigators 

did not comment on whether these pressures were sufficient to maintain ATP levels at 

control levels. On the other hand, the metabolic profile improved with an increase from 

30 to 60 mm Hg in R-PSF. After 8 hours of R-PSF at 60 mm Hg, the ATP levels were 

near that of healthy controls. When directly comparing A-PSF at 60 mm Hg and R-PSF at 

30 mm Hg, the authors illustrated that ATP levels were maintained at similar levels and 

at similar points during cold preservation.  

 

Subsequently, this research group extended their comparison between A-PSF and R-PSF 

to the reperfusion period. They showed that A-PSF (at 90–100 mm Hg) for 4 hours 

resulted in deterioration of renal function upon reperfusion, despite being able to 

maintain adequate levels of ATP throughout preservation. These results were in contrast 

to those obtained for R-PSF (at 30 mm Hg); R-PSF for 4 hours with reperfusion exhibited 

no such deterioration in function and resulted in faster restoration of normal kidney 

function when compared with static cold-stored kidneys. Additionally, glomerular 

filtration rate and renal plasma flow dropped in most kidneys preserved by A-PSF, 

whereas they had normalized by the second day after reperfusion in kidneys preserved by 

R-PSF. The authors noted that systemic blood pressures immediately increased for both 

sets of animals following reperfusion, regardless of the preservation technique employed. 
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However, in animals having a kidney preserved by A-PSF, the systemic blood pressures 

increased abruptly – until they normalized again after 40–60 minutes. Dramatic blood 

pressure increases were not seen with kidneys preserved by either SCS or R-PSF. It was 

unclear how A-PSF would cause such disparate change in systemic blood pressure – yet 

these physiologic changes may be attributable to either vascular spasm following the 

mechanical stresses of surgical manipulation or PSF, reflexive responses of systemic 

vessels to decreased renal perfusion (via the renin–angiotensin system) or vascular 

damage and dysfunction with possible thrombosis. In further investigations, these 

researchers decided to use a A-PSF pressure of 90–100 mm Hg, even though it was 

determined that lower pressures would suffice. It is very possible that the elevated PSF 

pressures may have damaged the renal vasculature. Aside from mechanical damage, 

elevated oxygen levels throughout the glomerular capillary beds may have created a 

favorable setting for free radical damage. This may not be the case during R-PSF, where 

the resistances to gas flow are 2–3 times lower and the regional oxygen concentrations 

are lower (as gas circumvents capillary beds and exits capsular veins). The authors have 

cited that histologic evidence points to more noticeable changes in the glomerular 

structure during A-PSF than R-PSF, but these data were unpublished and thus 

inconclusive.  

 

In contrast, Fischer et al. described that A-PSF may not cause functional damage to the 

vasculature of an organ during preservation [18]. They described a study in which 

porcine hearts were subjected to 16 minutes of WIT and stored for 3.3 hours at 0–1 °C by 

either SCS or coronary A-PSF and then orthotopically transplanted. It was shown that 
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nitric oxide production by coronary endothelium was not adversely affected by A-PSF (as 

compared with SCS) and the ability of the coronaries to dilate and contract was preserved 

during reperfusion. Notable differences between this study and past studies involving A-

PSF were that A-PSF was performed on porcine hearts (rather than canine kidneys) and 

under lower PSF pressures (45 mm Hg). Clearly, differences between the organ models 

may have contributed to varying results using A-PSF.  

 

Despite somewhat conflicting results between the experimental models, it is reasonably 

certain that optimizing the PSF technique for both perfusion pressures and oxygen 

concentrations is important in achieving the best preservation possible. It is also likely 

that the optimal PSF technique may be different for different organs. It may be that A-

PSF under lower pressures and lower oxygen tension could yield comparable, if not 

better, outcomes than R-PSF. However, this scenario has remained largely unstudied. In 

the case of the kidney and liver, it appears that the Cologne group may have maximized 

success using R-PSF, but it seems A-PSF has not been fully optimized and may prove to 

be the better approach for certain organs or applications.  

 

In a very recent review, Fischer recommends that the coronary oxygen PSF should be 

carried out by A-PSF via the coronary arteries with outflow of gas from the coronary 

sinus. Retrograde gas flow through the aorta to reach coronary arteries does not establish 

a retrograde PSF of the myocardium. In contrast, Fischer argues that PSF in organs like 

liver and kidney should not be established in an anterograde manner because entry of gas 

into the microvessels may block any reperfusion. Hence, R-PSF is recommended in these 
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organs because gas never reaches the microvessels and leaves the organ via openings in 

capsular veins [16]. Table 1.6 summarizes some of the potential advantages and 

disadvantages with A-PSF and R-PSF. 
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Table 1.6: 

Potential advantages and disadvantages of A-PSF and R-PSF. 
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Comparison between hypothermic machine perfusion and persufflation  

 

HMP is a method of organ preservation that has recently seen a resurgence of interest and 

shown clinically to have significant benefits over conventional SCS of kidneys 

[60,90,95]. Kidneys preserved using HMP have shown better early graft function when 

compared with SCS [44,61]. HMP has recently been recommended as the preferred 

preservation method for DCD and extended criteria donor kidneys [60,85,90,95,100]. 

Recently, data is emerging for clinical use of HMP in other organs. Guarrera et al. have 

shown excellent outcomes, including decreased length of hospital stay with the first 

human trial of HMP-preserved livers [23]. The scientific basis behind HMP is largely 

based on rapidly reducing and maintaining the core organ temperature during ischemia. 

The potential for delivering nutrients, removing harmful waste products, extending cold 

preservation times, maintaining a patent vascular bed and being able to prospectively 

monitor whole organ viability during preservation, are all potential benefits of HMP [90]. 

Potential disadvantages of HMP may include excessive damage to the vascular 

endothelium as a result of fluid shear and hydrostatic pressures, inadequate oxygen 

solubility of the perfusate, the possibility that vital or protective substrates of metabolism 

are continually removed via the circulation, the development of edema detrimental to the 

organ and the increased cost relative to SCS and possibly PSF. A summary of the 

advantages and disadvantages of SCS, HMP and PSF can be found in Table 1.1.  

 

Very few studies have directly compared HMP and PSF, yet some work exists in this 

regard. Within the last 10 years, So and Fuller compared SCS, HMP, and R-PSF in the 
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preservation of rat livers [82]. The organs were harvested and divided into 3 groups, all 

of which were stored at 4 °C. Group 1 livers were preserved by SCS in non-oxygenated 

UW solution alone, Group 2 employed R-PSF with livers bathed in non-oxygenated UW 

solution, and Group 3 livers were preserved by HMP bathed in oxygenated UW solution. 

Tissue samples were obtained from livers at 2 and 24 hours of cold preservation and 

samples were analyzed for adenine nucleotide levels and glucose, lactate, ketone and 

alanine contents. At 2 hours, ATP levels were elevated in livers preserved by HMP and 

R-PSF, but were only statistically different from static cold-stored livers in the case of 

HMP. At 24 hours, the situation was different revealing that both HMP and R-PSF had 

the effect of significantly increasing ATP levels as compared with SCS. Lactate levels 

were initially elevated during SCS and R-PSF, but after 24 hours the lactate levels were 

comparable in livers preserved by HMP or R-PSF. Measured glucose contents were 

significantly higher during SCS and R-PSF than with HMP. Additionally, alanine levels 

were significantly elevated under R-PSF and ketone bodies were significantly lower with 

HMP at both time points. The authors concluded that both HMP and R-PSF could 

oxygenate a liver during long preservation times. Differences in early lactate 

measurements between the 2 groups were attributable to lactate being flushed out 

continuously during HMP. These are very relevant findings, because it may be that 

lactate is a beneficial substrate utilized by tissue during cold preservation. The authors 

noted that R-PSF did not appear to completely reverse the low ATP state of early 

ischemia as quickly as HMP, but these assertions are debatable. They believed that the 

metabolic resuscitation of organs following a period of hypoxia would require over 2 

hours of PSF. 
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Along similar lines, Stegemann et al. recently published a study directly comparing the 3 

modalities of cold preservation with DCD livers [83]. Following 30 minutes of WIT, rat 

livers were harvested and preserved for 18 hours using SCS, HMP or R-PSF. Organ 

viability was evaluated following in vitro reperfusion for 120 minutes with warm, 

oxygenated Krebs solution. Portal venous pressures were estimated during reperfusion 

and alanine aminotransferase, lactate/glutamate dehydrogenase levels were measured in 

the effluent. The degree of lipid peroxidation, metabolic status and cellular morphology 

were also studied. Hepatocellular damage was found to be greater during reperfusion in 

HMP-preserved livers versus those preserved by R-PSF. Glutamate dehydrogenase, an 

enzyme normally found within mitochondria, was shown to be elevated only during 

HMP. Histologic analysis of tissue biopsies paralleled the enzyme leakage data. Evidence 

of lipid peroxidation was similar between HMP and R-PSF, while the metabolic status of 

persufflated livers was better – as evidenced by significantly higher ATP levels during 

reperfusion. Finally, only after HMP did the portal venous pressures rise during 

reperfusion. In contrast, bile production rose significantly only after R-PSF. These data 

suggest that R-PSF may be a superior method of cold preservation for DCD livers. 

Longer term recovery of function was not studied during these experiments, yet it begs 

the question what happens to the organs following 2 hours of reperfusion. A limitation of 

this study was the use of a reperfusate that was not blood and did not contain any of the 

proteins (including clotting factors) typically found in plasma. It must be emphasized that 

there are a number of variables directly affecting the oxygen delivery to tissue by either 
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HMP or PSF, including the fluid dynamic parameters, perfusate oxygen solubility and the 

patency of the intravascular flow path.  

We reviewed earlier the most recent study by Treckmann et al., in which they compared 

SCS, HMP and R-PSF in porcine kidneys using an autotransplantation model [96]. 

Recipient survival at POD 7 was 100% after re-transplant of kidneys preserved by R-

PSF, while only 57% by SCS and 60% by HMP. In animals re-transplanted with kidneys 

preserved by either SCS or HMP, plasma creatinine levels remained significantly 

elevated above baseline, whereas animals with persufflated kidneys maintained normal 

creatinine clearance. Significant proteinuria and increased lipid peroxidation was noted 

only after re-transplantation of HMP preserved kidneys. Microscopic evaluation of tissue 

from explanted organs revealed that only persufflated kidneys were indistinguishable 

from healthy controls, which was not the case for kidneys preserved by SCS or HMP. 

Mild interstitial nephritis characterized static cold-stored kidneys, while HMP-preserved 

kidneys exhibited tubular protein deposits with signs of interstitial inflammation. The 

authors acknowledged certain limitations of their study, including the use of UW solution 

as the HMP perfusate instead of the gold-standard, Belzer machine perfusion solution. 

Another limitation of this study, as noted by the authors, were the relatively short 

preservation (4 hours) and monitoring (7 days postoperatively) times, which are not 

representative of standard practice. Future research might consider repeating this study 

using an allotransplant model to provide additional information, as acute rejection 

episodes have been linked to delayed graft function [62, 65], which in turn has been 

shown to be influenced by ischemia time and the method of preservation [62, 90]. It is 

also noteworthy that only kidneys preserved by R-PSF received the antioxidant SOD, 
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whereas the other 2 groups did not. This difference may have contributed to differences 

between HMP and R-PSF. Nevertheless, the authors concluded that R-PSF enhanced 

organ viability and function following a period of WIT in procured kidneys.  

 

It remains difficult to appreciate the true benefit of PSF over HMP (or vice versa), given 

the conflicting results amongst studies directly comparing the 2 techniques. What is clear 

is that the 2 modalities exhibit at least comparable potential, particularly with 

resuscitation of DCD kidneys and livers. Further studies are needed to better reveal the 

relative utility of each technique with regards to standard and expanded criteria organ 

preservation. 

 
Prospective implications for persufflation in transplantation 

There is a clear longstanding discrepancy between the numbers of donor organs available 

for transplant and the numbers of prospective recipients on waiting lists. With the field of 

allotransplantation having come far over the last 60 years, an indisputable and persistent 

reality has been the shortage of donor organs. Many approaches have been levied in order 

to make more organs available for the donor pool, including the responsible expansion of 

acceptance criteria and improvements in organ preservation strategies. Some of these 

actions have yielded fruitful results and have helped prevent amplification of the 

problem. Data compiled by the United Network for Organ Sharing (UNOS) between 

2001 and 2009 has illustrated both the promising and concerning trends (UNOS Data as 

of April 30th, 2010). Though the overall numbers of recipients on waiting lists have 

steadily decreased for heart, liver and simultaneous pancreas-kidney transplantation, the 

numbers of prospective kidney and pancreas transplant recipients have increased since 
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2001 by 38.9% and 22.3%, respectively. In the case of the kidney, the mean percent 

growth of the waitlist was 6.35% per year during this time span. In addition, most data 

indicate that the mean percent increase in the number of new patients added to a waitlist 

per year has increased during every year of this era, with the number of new kidney 

transplant candidates added at a mean rate of 5.2% annually (with a range of 0.2–11.0% 

per year). With kidney transplantation being the definitive treatment option for end-stage 

renal disease, it is no surprise that the candidate list is getting longer every year.  

 

Due to this increased demand for transplantable organs, the number of DCD transplants 

has been steadily increasing for both kidney (3.1% per year) and liver (3.5% per year). 

Figure 1.5 depicts the trends in DCD transplants for liver, kidney, pancreas and 

simultaneous pancreas-kidney. The stark increase in the numbers of DCD kidney 

transplants over the last 6 years results from the more wide-spread utilization of HMP 

during preservation, illustrating that continued acceptance of newer preservation 

strategies can be a successful approach to make more organs available for transplant. 

Despite these efforts, many more organs could still be retrieved. In 2009, for example, the 

total number of DCD transplants only amounted to 8.2% of all performed solid organ 

transplants. Of all organs recovered for DCD transplant since 2001, 30.1% of livers, 

21.4% of kidneys and 50.4% of pancreata were never transplanted. According to UNOS 

records, 17.2% of livers, 3.9% of kidneys and 11.5% of DCD pancreata that had been 

procured were discarded due to WIT beyond what was considered acceptable. In 

addition, many more organs were classified under an ‘other’ category, which suggests 
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that some organs may have been discarded from consideration after having undergone 

unknown periods of WIT. Many of these consented organs could have been salvageable.  

 

Figure 1.5: 

Relative trends comparing number of donation after cardiac death (DCD) liver, kidney, 

simultaneous kidney/pancreas and pancreas transplants performed in the United States 

between 2001 and 2009. Data illustrates the increase in DCD liver and kidney transplants 

over the last six years, with the increase in the number of kidney transplants being due 

largely to improved preservation protocol, like hypothermic machine perfusion. Data was 

prepared by the United Network for Organ Sharing (UNOS) on April 30th, 2010. 

 

It could be argued that the room for improvement is limited (based on these numbers 

alone). However, it is likely that many potential DCD organs are never procured because 

it is perceived that their poor quality does not merit the investment of resources required 
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for their recovery. It is conceivable that improved preservation techniques could result in 

a lengthening of allowable ischemic times (particularly for heart, liver and pancreas), 

possibly making previously unsuitable organs suitable for transplant. In other words, 

advancements in organ preservation may in fact accompany the expansion of donor organ 

criteria. The opportunity to resuscitate organs damaged by prolonged WIT and to better 

prevent their deterioration during storage should provide sufficient impetus to pursue the 

development of promising preservation strategies – like PSF. Figure 1.6 illustrates the 

total DCD transplants been performed between 2001 and 2009 and further segregates 

them into the transplanted, recovered (but not transplanted) and possibly available (but 

not recovered) fractions. The numbers of organs that are possibly available but are never 

recovered have been estimated by assuming that each DCD kidney donor exhibits the 

potential to donate a liver and pancreas. 
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Figure 1.6: 

Total numbers of donation after cardiac death (DCD) transplants performed in the United 

States between 2001 and 2009, further segregated into transplanted and recovered (but 

not transplanted) fractions. Additionally, DCD donor livers and pancreata are often not 

recovered with DCD donor kidneys due to their true or perceived poor quality; these 

organs (represented by gray bars) are possibly available for recovery and transplant, and 

may represent target organs for resuscitation via PSF. Data was prepared by the United 

Network for Organ Sharing (UNOS) on April 30th, 2010. 

 

Even if improvements in preservation strategy do not lead to an immediate improvement 

in the number of transplantable organs, an incremental improvement in this area should 

be welcomed. Ultimately, the number of patients that die while waiting on transplant lists 

is the most important statistic. For instance, on an annual basis, 6.4% and 10.4% of 

potential transplant candidates for kidney and liver, respectively, do not survive long 
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enough to make it to the operating room. Despite the recent strides made by the field of 

transplantation, many patients still never receive an opportunity to accept a potentially 

life-saving organ. In this light, seeking better ways to recover and preserve a greater 

number of suitable organs should continue to be a primary objective. 

 

PSF has the potential to lengthen the allowable WIT and cold ischemia time for any 

organ, as supported by some of the studies reviewed herein. As described earlier in this 

section, there remains a unique opportunity to maximize the number of accepted DCD 

donors by rescuing these organs from incurring intolerable amounts of ischemic damage. 

The case has been made that PSF may benefit heart, liver, kidney and pancreas 

transplant. A potential application that was only briefly discussed in this review is 

pancreas PSF before islet isolation. In addition to the unique susceptibility of the 

pancreas and the islets of Langerhans to ischemia [9, 11, 39, 80], islet cell transplantation 

poses additional challenges that are not seen in solid organ transplant. For instance, due 

to the complexity and expense associated with islet isolation, very few centers have the 

capacity to produce therapeutic preparations. Consequently, procured pancreata may need 

to be transported further in order to be processed for their islets. These additional travel 

considerations and distances may require longer preservation times (>8–10 hours). 

Studies performed at our institution have shown how pancreas PSF could be used to 

preserve human islets [78, 79]. Given the therapeutic promise of clinical islet cell 

transplantation [4, 13, 20, 25, 26, 72–74, 81, 98], exploring the utility of pancreas PSF is 

one of many efforts that are worthwhile.  

 

76



To expand the acceptance and utilization of PSF in organ preservation, the technique 

must be developed further. Future work in PSF will involve: (1) optimization of 

technique and/or operational parameters so they are tailored to the tissue/organ-of-

interest; (2) exploration of its use in conjunction with other preservation techniques (such 

as with HMP); or (3) as a method to condition organs prior to reperfusion; (4) direct 

comparison with other well-accepted preservation techniques; (5) development of 

portable PSF systems (like the electrochemical oxygen concentrator); (6) the 

identification of single or multiple pharmacologic agents used to prevent or reduce 

oxygenation and/or reperfusion injury; and (7) persuasion of the clinical community that 

ex vivo PSF is not the same as in vivo gas embolization – the two are fundamentally 

different from each other and (if performed properly) PSF should not cause embolization. 

Table 1.7 summarizes some of the keys areas of future work that may accompany an 

advancement of PSF.  
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Table 1.7: 

Areas of future work in PSF. 
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We have attempted to demonstrate by the work presented in this review that oxygen gas 

delivered by PSF was found to be useable by a number of different types of tissues during 

hypothermic preservation. Hypothermic PSF has been shown to be capable of extending 

the allowable WIT and cold ischemia time and to be better in maintaining organ quality 

when compared with SCS and possibly HMP. The basis behind the intervention of PSF is 

to provide an adequate oxygen supply to an organ during preservation. Data collected 

over decades has confirmed that improved oxygenation is better for maintaining the 

quality of an organ and, in some cases, enables the recovery and resuscitation of 

reversibly-damaged tissue. Most of the studies presented in this review have 

demonstrated that PSF exhibits the capacity to improve the metabolic quality of tissue, as 

measured using a number of methods and in a variety of organs, and is poised for more 

research and clinical application. 
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Cryopreservation: 

Cryopreservation, or preservation based on freezing and long term storage of tissues, has 

great potential as a tool for organ preservation. If possible it would allow for the long 

term storage and banking of organs allowing for better HLA typing and screening of 

cross matches enabling potentially improved transplantation outcomes [30, 47]. 

Historically, cryopreservation has been plagued with challenges typically resulting in 

tissue death. The main problem associated with cryopreservation is the formation of ice 

crystals and resulting in fractures in the tissue causing tissue and cell death. One of the 

main approaches investigated to prevent the nucleation of ice crystals involves extremely 

rapidly cooling organs down to prevent crystallization forming super-cooled liquids. This 

process can be aided by adding solutes known as vitrification solutions such as DMSO, 

which interfere with hydrogen bonding of the water reducing the rate at which the tissue 

must be cooled to prevent crystallization. To date however many of these vitrification 

solutions have proven toxic at their required doses and this has proven a challenge still 

under investigation [48].  

Investigation of cryopreservation of the pancreas has been identified as a potential 

candidate for pancreas preservation and investigated since the 70’s [47, 49-51]. 

Investigations into this seem to have focused on the preservation of fetal tissue first in the 

rat [49, 50] and then in the human targeting the use of tissue obtained from aborted 

fetuses as a source [47, 51]. It seems that at the end of the 80’s work on pursuing 

cryopreservation of pancreata petered out. This is most likely due to problems with the 

technique, the relative success of traditional hypothermic storage as well as possibly 

societal issues with the use of fetuses as a source of tissue for research/transplantation. 
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Recently however, a study has emerged using cryopreservation as a means to replace 

traditional enzymatic digestion for islet isolation. The basis for this technique is to 

preferentially disrupt the exocrine pancreas by infusing water via the duct while 

preserving the islets with vitreous fluid delivered via the vasculature during freezing. 

Initial findings suggest that this may be able to deliver functional islets from a juvenile 

pig model. These findings are positive and warrant further investigation into this method 

as well as the impact that long term cryo-exposure may have on islets obtained from 

these pancreata. 

 

Nuclear Magnetic Resonance 

Theory of NMR: 
 

The following section was summarized and adapted from several texts [52-54].  

 

The use of nuclear magnetic resonance spectroscopy and imaging has been a very 

powerful tool available to scientists since its simultaneous discovery in 1946 by Bloch 

and Purcell. It was initially utilized for physics and chemistry but was significantly 

advanced in the 1970’s with the development of Fourier transform-NMR by Ernst which 

allowed for greater signal to noise and thus shorter scan times and then 2-dimensional 

Fourier transform NMR Lauterbur and Mansfield as allowing the generation of 2-

dimensional images for magnetic resonance imaging. Since these discoveries much effort 

has been put into the development of NMR as an imaging and spectroscopy tool for 

investigating biological systems. In order to utilize its potential however some of the 
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underlying physical principles on which NMR is based must first be understood. The 

following section is intended as a brief introduction to some of these principles.  

 

NMR is based on an intrinsic property of the nuclei of some atoms called spin. Spin is a 

measure of the magnetic moment of a nucleus and comes in multiples of ½. When a 

nucleus with a non-zero spin is placed in a magnetic field (B); it tends to respond by 

precessing around the field direction at a characteristic angular frequency (ω). This was 

named for Joseph Larmor who postulated this phenomenon in the late 1800’s and is: 

υ = ω/2π 

The angular frequency for a given magnetic field is defined as: 

ω = γB 

Where γ is the nuclear gyromagnetic ratio defined as the ratio of the nuclear magnetic 

moment to its angular momentum. Some important Larmor Frequencies to know are:  

 

1H :  42.58 MHz/T 

35P :  17.25 MHz/T 

19F :  40.08 MHz/T 

 

As the spin precesses around the magnetic field it can either be in a high or low energy 

configuration. The ratio of spins in the low energy state versus the high energy state is 

defined by the equation: 

N-/N+ = e-E/kT 
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Where E is the difference in energy between spin configurations, k is Boltzman’s 

constant and T is the temperature in Kelvin. If a photon of energy exactly matching the 

difference in these energy states comes along a spin can be switched from the low energy 

configuration to its high energy configuration. This can be done by irradiating the nuclei 

at the Larmor Frequency, typically utilizing a radiofrequency coil in practice, and this is 

known as nuclear magnetic resonance. When we take a step back and consider all of the 

atoms present in a sample of interest we must consider many spins at one time. To do this 

we add up all of the magnetic moments of a volume of interest and obtain the samples 

magnetization. If you were to simply place a sample into a magnetic field you would still 

get a magnetization of zero because while the spins are all at the same frequency, they are 

all precessing in random phase. When you pulse the nuclei with electromagnetic energy 

at the Larmor frequency you can flip the spins 90° from the magnetic field and make the 

spins phase coherent. When you do this you can now detect the sample by reading the 

voltage changes the sample generates due to Faraday’s law of electromagnetic induction. 

This is typically done with a receiver coil, and is often referred to as a free induction 

decay or FID due to its shape as can be seen in Figure 1.7. 
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Figure 1.7: 

Typical free induction decay (FID) acquired from the protons in a sample of water. 

 

After you give your sample a 90° pulse the phase coherency and spin alignment tend to 

drift back towards their equilibrium state. The amount of time the sample takes to return 

to its equilibrium position in the direction of the magnetic field is characterized by the 

exponential function: 

 

Mz = Mo ( 1 - e-t/T1 ) 

 

Where T1 is the amount of time it takes to reduce the difference in the longitudinal 

magnetization (Mz) and the equilibrium magnetization (Mo) by a factor of e. This is 

known as a samples’ T1 and can range from hundreds of microseconds to over ten 

seconds. In addition to the ‘relaxation’ the sample exhibits toward the magnetic field 

following a 90° pulse, the phase coherency imparted by the pulse also tends to decay 
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back to its original random state. This process can also be described by an exponential 

function: 

 

MXY =MXYo e-t/T2 

 

NMR Spectroscopy: 

An NMR spectrum is obtained by taking the Fourier transform of an FID. In the case of a 

simple molecule like water a single peak is observed when scanning at the proton 

resonant frequency. However when several different chemically bound forms of the 

nucleus of interest are present in a sample several peaks are obtained and their separation 

is due to the phenomenon known as chemical shift. When nuclei are placed into a 

constantly applied external magnetic field their electron clouds begin to circulate 

producing a tiny magnetic moment opposing this field. This usually reduces the effective 

magnetic field at the nucleus of interest by σBo: 

 

Blocal = Bo (1-σ) 

 

where σ is the shielding constant for that particular nucleus. The shielding constant is 

proportional to the electron density surrounding the nucleus of interest. The electron 

density however, varies depending on how and what the nucleus of interest is bound to 

within a molecule. The differences observed can be seen in a spectrum as slight 

perturbations of the nuclei’s resonant frequency separating the peaks in a field dependant 
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manner. If two molecules are chemically bound in the same way they are said to be 

equivalent. When looking at nuclei from a molecule slight alterations in the electron 

distribution due to the presence of other surrounding non-equivalent nuclei within 3 bond 

lengths may be spectroscopically observed. This is due to a property known as spin-spin 

coupling and causes a split in the signal centered on the nuclei’s particular resonant 

frequency. This split is dependent on the spin state of the nucleus of interest and its 

neighbor and can be used to provide even more detailed chemical information about the 

molecular structure a nucleus is experiencing.  
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Chapter 2: Real-Time Noninvasive Assessment of Murine 

Pancreatic ATP Levels with Nuclear Magnetic Resonance 

Spectroscopy 

In order to demonstrate the potential for NMR spectroscopy to be used in the monitoring 

of high energy phosphates of pancreata over an extended period of time; for pancreata 

preserved by a variety of methods of preservation. A study was pursued in the murine and 

porcine models. This was done to confirm predictions previously obtained from modeling 

that TLM can supply oxygen to a large portion of ‘small’ pancreata but not to ‘larger’ 

human sized pancreata such as the pig pancreas. The results of this study are presented 

with the permission of the publisher of the journal ‘Transplantation Proceedings’, 

Elsevier (Appendix 2), in the original manuscript: WE Scott III, S Matsumoto, T 

Tanaka, ES Avgoustiniatos, ML Graham, PC Williams, LA Tempelman, DER 

Sutherland, BJ Hering, BE Hammer and KK Papas, Real-Time Noninvasive 

Assessment of Pancreatic ATP Levels During Cold Preservation, Transplantation 

Proceedings, 2008 Mar;40(2):403-6.  
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31P-NMR spectroscopy was utilized to investigate rat and porcine pancreatic ATP:Pi 

ratios to assess the efficacy of existing protocols for cold preservation (CP) in 

maintaining organ quality. Following sacrifice, rat pancreata were immediately excised or 

left enclosed in the body for 15 minutes of warm ischemia (WI). After excision, rat 

pancreata were stored at 6 °C to 8 °C using histidine-tryptophan-ketoglutarate solution 

(HTK) presaturated with air (S1), HTK presaturated with O2 (S2), or the 

HTK/perfluorodecalin two-layer method (TLM) with both liquids presaturated with O2 

(S3). 31P-NMR spectra were sequentially collected at 3, 6, 9, 12, and 24 hours of CP from 

pancreata stored with each of the three protocols examined. The ATP:Pi ratio for rat 

pancreata exposed to 15 minutes of WI and stored with S3 increased during the first 9 

hours of CP, approaching values observed for organs procured with no WI. A marked 

reduction in the ATP:Pi ratio was observed beyond 12 hours of CP with S3. After 6 hours 

of CP, the ATP:Pi ratio was highest for S3, substantially decreased for S2, and below 

detection for S1. In sharp contrast to the rat model, ATP was barely detectable in porcine 

pancreata exposed to minimal warm ischemia (15 minutes) stored with the TLM 

regardless of CP time. We conclude that 31P-NMR spectroscopy is a powerful tool that 

can be used to (1) noninvasively evaluate pancreata prior to islet isolation, (2) assess the 

efficacy of different preservation protocols, (3) precisely define the timing of reversible 

versus irreversible damage, and (4) assess whether intervention will extend this timing. 
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Introduction: 

Islet transplantation has become a promising therapeutic alternative for the treatment of a 

subpopulation of patients with Type 1 diabetes [1, 2]. Currently, clinical islet 

allotransplantation is limited by a shortage of suitable donor organs as well as by loss of 

islets during the islet manufacturing process. Islets may be predisposed to death before or 

during isolation due 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 two-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 in part to increases in tissue ATP associated with enhanced tissue oxygenation 

with the TLM compared to the previously used CP in University of Wisconsin (UW) 

solution alone [3-8]. However, it has recently been reported that the TLM may not be 

able to sufficiently oxygenate large portions of human or porcine pancreata during CP.9,10 

In addition, recent retrospective studies have suggested no significant improvement in 

isolation outcomes for pancreata stored with the TLM when compared to pancreata stored 

on UW solution alone [11-13]. Therefore, it is of great importance to develop tools that 

will aid in the assessment of the efficacy of presently utilized CP techniques (eg, TLM) 

as well as in the analysis of novel approaches to CP. In this study 31P-NMR spectroscopy 

(31P-NMR), a well-established technique for monitoring the amount of ATP present 

relative to inorganic phosphate (Pi) in tissues, was used to assess the efficacy of current 

CP methods to maintain the health of pancreata. 31P-NMR has been extensively used to 

study tumor biology, bioenergetics, as well as metabolism and health status of organs, 
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such as the heart, brain, kidney, liver, and, to a limited extent, the pancreas [14-22]. The 

noninvasive nature of 31P-NMR and its ability to provide information in real time make it 

an attractive tool for monitoring the health of pancreata during CP, which is the focus of 

this study.  

 

Methods: 

Male Lewis rats and female Landrace pigs were sacrificed using institutionally approved 

procedures. Rat pancreata were immediately excised or left enclosed in the body for 15 

minutes of warm ischemia (WI). Porcine pancreata were excised as soon as possible (less 

than 15 minutes). After procurement, pancreata were placed directly into prechilled 

preservation solution (300 mL for rats or 2 L for pigs) and stored in a thermoelectrically 

refrigerated cooler at 6 °C to 8 °C using one of three CP techniques: histidine-

tryptophanketoglutarate (HTK) + air, HTK solution presaturated with air (S1); HTK + 

O2, HTK solution presaturated with O2 (S2); and TLM + O2, HTK/perfluorodecalin, 

two-layer method with both solutions presaturated with O2 (S3). All storage solutions 

were either recharged with oxygen or exposed to air for 15 minutes every 3 hours and 

spectra were acquired after 3, 6, 9, 12, and 24 hours of CP. During data acquisition, the 

rat pancreata were placed into a custom-made container designed to hold 44 mL of CP 

solution. The container was placed inside a radiofrequency coil tuned to 86.025 MHz, 

then positioned in the center of the bore of a horizontal 5 T magnet maintained at 6 °C. 

The solenoid coil had a total length of 1.8 cm and a diameter of 3.5 cm and consisted of 3 

three-turn coils bridged by a 5-pF chip capacitor in the center of each coil, with each of 

the coils connected in parallel. The solenoid coil was attached to a balanced configuration 
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circuit with variable 4 to 18 pF capacitors for the tuning and matching. A schematic 

depicting the rat pancreas container is shown in Figure 2.1.  

 

 

Figure 2.1: 

A three-dimensional rendering of the rat pancreas cold preservation container (A), 

solenoid coil (B), and the platform (C) used to center the coil in the bore of the magnet, 

used for the acquisition of the 31P-spectra shown in Figure 2.2. Also shown is a circuit 

diagram (D) for the coil used in the study. 

 

Porcine organs were investigated at 1.5 T using a 7-cm diameter surface coil tuned to 

25.5085 MHz. 31P-NMR spectra were collected using 1024 scans with 2048 points, a 

dwell time of 100 seconds, and a relaxation time of 1 second. All spectra were analyzed 

with an exponential line broadening of 25 using the ACD Labs 1-D NMR Processor 

software (Toronto, Ontario, Canada) by fitting a Lorentzian function to all discernible 
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peaks. The areas of the α-, β-, and γ-ATP peaks were summed and normalized to the area 

of the Pi peak to obtain the ATP:Pi ratio used to compare the metabolic health of the 

organs.  

 

Results: 

Spectra obtained from rat pancreata treated with each of the three methods of CP 

exhibited differences in the ATP:Pi ratio that were large enough to be obvious upon basic 

visual inspection (Figure 2.2). The plot of ATP:Pi for S1, S2, and S3 versus time is 

shown in Figure 2.3. For HTK + air (S1), no ATP peaks were detected throughout the 

preservation period. For HTK + O2 (S2), the ratio ATP:Pi trended slightly upward for the 

first 9 hours but leveled off and even decreased slightly at 24 hours. For TLM + O2 (S3), 

the ATP:Pi ratio was substantially higher than both HTK conditions and increased for the 

first 9 hours of CP. This increase was followed by a precipitous drop at 12 hours, and the 

ratio leveled out at 24 hours to values similar to those obtained with S2. TLM for CP was 

also investigated in the porcine model system; however, no discernible ATP peaks were 

detected in any of the organs examined.  
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Figure 2.2: 

31P-NMR spectra acquired from rat organs exposed to 15 minutes of WI following 9 

hours of cold preservation. Method of cold preservation: HTK + air (S1); HTK + O2 

(S2); TLM + O2 (S3). 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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Figure 2.3: 

Plot of α + β + γ ATP:Pi ratios versus time of cold preservation. Rat pancreata were 

placed into a custom-made container with 44 mL of the appropriate cold preservation 

solution(s). The container was placed into a coil, which was tuned to 86.025 MHz and 

centered in a 5 T magnet maintained at 6 °C. Three separate CP methods were compared: 

HTK + air (S1); HTK + O2 (S2); TLM + O2 (S3). All storage solutions were either 

recharged with O2 or exposed to air for 15 minutes every 3 hours and spectra were 

acquired after 3, 6, 9, 12, and 24 hours of cold preservation. During data acquisition, the 

31P-NMR spectra were collected for 1024 scans with 2048 points, a dwell time of 100 

seconds, and a relaxation time of 1 second. Spectra were analyzed with an exponential 

line broadening of 25 by fitting a Lorentzian function to all discernible peaks. The areas 
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of the α-, β-, and γ-ATP peaks were summed and normalized to the area of the Pi peak to 

obtain the ratios shown. 

 

Discussion: 

In this article, we utilized 31P-NMR spectroscopy to noninvasively assess the efficacy of 

different preservation protocols in maintaining ATP levels (as indicated by the ATP:Pi 

ratio, a measure of organ health and viability) in rat and porcine pancreata. Results 

demonstrated that in the rat pancreas model, CP with TLM results in dramatically 

improved ATP:Pi ratio levels when compared to CP in HTK solution exposed to air 

alone, the previous state of the art. Furthermore, preservation of rat pancreata in HTK 

solution saturated with O2 demonstrated a minor improvement in ATP:Pi ratios but to a 

smaller extent compared to the improvement observed with TLM (Figure 2.3). These 

results demonstrate that TLM is indeed effective in improving oxygenation and elevating 

ATP levels in the rat pancreas model. However, when porcine pancreata stored with 

TLM were investigated, no discernible ATP peaks were observed, indicating that TLM 

may be less effective in this model. These data may help explain why the success of TLM 

with the rat and canine pancreas models has not been fully translated to the preservation 

of clinical organs [11-13] and are consistent with previously published studies [9, 10], 

which suggest that TLM cannot fully oxygenate the larger porcine and human pancreata. 

The increase in the ATP:Pi ratio with time over the first 9 hours of CP with the TLM may 

reflect the dynamics of reoxygenation and ATP regeneration following ischemia during 

procurement. This increase is consistent with the observation in the rat model by Tanaka 

and coworkers that pancreata exposed to moderate periods of WI yielded significantly 
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more islets when isolation was performed after 3 to 6 hours of CP with the TLM as 

opposed to shortly after procurement [23]. Furthermore, the marked reduction in the 

ATP:Pi ratio after 12 hours of CP that we observed is also consistent with the observation 

that isolation yields generally decrease after 8 to 9 hours of CP [24] and may be 

indicative of the presence of additional and important factors limiting CP. Based on our 

results, we conclude that the noninvasive nature and the ability of 31P-NMR to provide 

information in real time make it an effective and powerful tool for identifying the factors 

currently limiting CP and for assessing and establishing new and improved methods for 

organ preservation. 
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Chapter 3: Vascular and Ductal Anatomy of the Porcine 

Pancreas 

Armed with the knowledge that small animal models are unsuitable for the development 

of novel methods of organ preservation, particularly if oxygen plays a significant role in 

preservation and alternate model of a similar scale to the human had to be developed. The 

pig emerged as an ideal candidate due to its similar or slightly greater sized pancreas 

when compared with the human as well as the ability to consistently isolate islets. The 

University of Minnesota in particular is one of the world leaders in porcine islet isolation 

and so the porcine pancreas was pursued as a model. One hurdle to the use of the porcine 

pancreas is that its anatomy is dramatically different than that found in the human. 

Additionally, the literature contained only scattered and inconsistent accounts of the 

vascular and ductal anatomy. It was decided that if either of these 2 natural pathways into 

the pancreas for were to be consistently utilized for the active delivery of oxygen or other 

cytoprotective agents; that a concrete understanding of the anatomy of the porcine 

pancreas was required. A detailed anatomical study was performed paying particular 

attention to the ductal and vascular anatomy and their variations. The results of the study 

are summarized in the original manuscript: J Ferrer, WE Scott III, BP Weegman, TM 

Suszynski, DER Sutherland, BJ Hering, KK Papas, Pig Pancreas Anatomy: 

Implications for Pancreas Procurement, Preservation, and Islet Isolation, 

Transplantation, 2008 Dec; 86(11): 1503-1510; included with the permission of the 

publisher of the journal ‘Transplantation’, Wolters Kluwer Health (Appendix 3).  
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Background. Islet transplantation is emerging as a treatment option for selected patients 

with type 1 diabetes. The limited human islet supply from cadavers and poor islet yield 

and quality remain substantial impediments to progress in the field. Use of porcine islets 

holds great promise for large-scale application of islet transplantation. Consistent 

isolation of porcine islets is dependent on advances in pancreas procurement, pancreas 

preservation, and islet isolation, requiring detailed knowledge of the porcine pancreatic 

anatomy. The primary aim of this study was to describe the vascular and ductal anatomy 

of the porcine pancreas to guide and improve organ preservation and enzyme perfusion. 

Methods. Pancreata were removed by en bloc viscerectomy from 65 female Landrace 

pigs.  

Results. 15% of organs exhibited inconsistent vascular branching from the celiac trunk. 

All organs showed uniform patterns of branching at the superior mesenteric artery. The 

superior and inferior mesenteric veins merged to become the portal vein in all but one 

case in which the inferior mesenteric vein drained into the splenic vein. 97% of pancreata 

had 3 lobes: duodenal lobe (DL), connecting lobe (CL), and splenic lobe (SL); 39% 

demonstrated ductal communication between the CL and the other two lobes; 50% had 

ductal communication only between the CL and duodenal lobe; and 11% presented other 

types of ductal delineation. 

Conclusions. Accounting for the variations in vascular and ductal anatomy, as detailed in 

this study, will facilitate development of protocols for preservation, optimal enzyme 

administration, and pancreas distention and digestion, and will ultimately lead to 

substantial improvements in isolation outcomes.  
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Introduction: 

Islet transplantation (ITx) is a promising treatment option for selected patients with type 

1 diabetes [1, 2]. Increasing evidence demonstrates the ability of human islet allografts to 

consistently restore normoglycemia and insulin independence in immunosuppressed 

recipients without the procedural risks associated with vascularized pancreas 

transplantation [3–9]. Technical and immunological challenges, however, remain 

before larger-scale, cost-effective application of ITx is possible. Technical challenges 

relate to the limited human islet supply from cadavers and to the low islet yield and 

quality associated with donor brain death and long cold-ischemia times during organ 

procurement, storage, and transportation [10–13]. 

 

The use of islets isolated from pig pancreata, a source with an unlimited supply [14], will 

have a marked impact as it will enable the application of ITx to a larger segment of the 

population in need. The recent achievement of long-term diabetes reversal after porcine 

islet xenotransplantation in nonhuman primates demonstrated the potential of islet 

xenotransplantation in humans [15, 16]. 

 

In addition to addressing safety concerns, clinical use of porcine islets will also require 

the development and implementation of protocols that maximize the viable islet yield per 

donor pig pancreas [17, 18]. Consistent isolation of large numbers of high-quality islets 

from porcine donors is dependent on advances in organ procurement, organ preservation, 

and islet isolation, all of which will benefit from detailed knowledge of the porcine 

pancreatic anatomy [19–21]. Even though studies of porcine pancreatic anatomy have 
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been previously published [22], the detailed information needed for optimizing pancreas 

preservation and ductal perfusion is unavailable. Because variations in porcine anatomy 

have been reported as limiting in these studies [23, 24], it is important to establish an 

understanding of the extent and implications of such anatomical variations of the pig 

pancreas in the context of pancreas procurement, pancreas preservation, and islet 

isolation. 

 

The first goal of this investigation was to gain a detailed understanding of the porcine 

pancreas vascular anatomy so as to facilitate the development and implementation of 

improved procurement and perfusion-based preservation techniques. The second goal 

was to develop a better understanding of the ductal branching structure and gain critical 

knowledge so as to facilitate the development of improved techniques for ductal enzyme 

loading for optimal pancreas distention before islet isolation. 

 

Methods: 

A total of 65 female Landrace nonheart beating donor pigs were pancreatectomized to 

study the vascular and ductal anatomy of the pancreas. The age of the animals was 

between 6 and 24 months. The mean weight was 452 ± 99 lb, with a range between 248 

and 680 lb. All experiments were conducted according to the rules and regulations of the 

Institutional Animal Care and Use Committee of the University of Minnesota. Animals 

received an intravenous administration of heparin, killed by sodium pentobarbital 

overdose, and then, following the cessation of heart rhythm, completely bled out and 

eviscerated. All of the internal organs were placed onto a procurement table. The 
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pancreas was then removed by en bloc viscerectomy to study the pancreatic lobes and 

general anatomy. The vasculature was studied in situ by dissecting and identifying all the 

vessels that supply the pancreas, allowing for the investigation of perfusion-based 

preservation techniques. The pancreatic vascular supply and ductal drainage systems 

were studied after organ procurement by the infusion of colored 0.9% NaCl saline. 

 

Surgical Procedure 

1. Once all the internal organs were out of the pig abdominal cavity, the greater omentum 

was incised.  

2. The peritoneum that covers the surface of the viscera was opened and the tail of the 

pancreas (distal splenic lobe [SL]) was dissected from its posterior attachments starting 

laterally adjacent to the spleen. The upper and lower margins of the pancreatic tail were 

freed of their mesenteric attachments. The tail of the pancreas was isolated and the spleen 

was then mobilized. 

3. The distal splenic artery and vein were divided to the left of the pancreas. 

4. With the splenic artery as a landmark, the celiac trunk (CT) was located and dissected 

to expose the upper part of the abdominal aorta. 

5. The tail and distal portions of the body (proximal SL) of the pancreas were mobilized 

to the junction of the splenic vein, superior mesenteric vein (SMV), and portal vein (PV). 

6. The posterior attachments of the pancreas and all tissues between the splenic artery and 

the junction of the splenic vein and PV were divided.  

7. The dissection between the left adrenal gland and the pancreas was later determined to 

provide more rapid access to the CT, the superior mesenteric artery (SMA), and the aorta, 
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which was isolated by sectioning the fibromuscular extensions of the diaphragmatic crura 

and the abdominal lymphatic duct. 

8. Dissection continued along the superior margin of the pancreas. The left gastric artery 

(LGA) was divided at its origin from the splenic artery. The body of the pancreas wraps 

the PV with a large anterior and thin posterior ring, termed the “portal ring.” 

9. After dissecting the hepatoduodenal ligament, the common bile duct (which enters 

proximally into the duodenum on the major duodenal papilla, 2 to 5 cm from the pylorus) 

was cutoff at its entrance into the duodenum, and the proper hepatic and gastroduodenal 

arteries were ligated. 

10. The body of the pancreas and the connecting lobe (CL) were dissected free from the 

PV by ligating the vascular branches between them.  

11. The head of the pancreas (duodenal lobe [DL]) was then dissected and mobilized to 

the right of the aorta. The head of the pancreas is in a C-shape with respect to the 

duodenum and is attached to the second, third, and fourth parts of the duodenum. The 

duodenum was pulled up and the pancreas was dissected free from the right portion of the 

PV and the infrahepatic vena cava. 

12. The pancreas was then carefully separated from the pancreaticoduodenal vascular 

arcade so that the pancreatic branches of this vessel could be individually ligated. 

13. The main pancreatic duct opens approximately 20 cm distally into the second 

(descending) portion of the duodenum. The peritoneum on the right side and behind the 

lower part of the duodenum was subsequently incised and the transverse colonic ligament 

was sharply dissected to expose the SMA and the SMV. 

14. The right part of the CT, the SMA, and the aorta were then isolated. 
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15. The inferior pancreatic artery was also ligated, after the dissection of the SMA in the 

root of the aorta, approximately 2 cm caudal to the CT.  

16. The pancreas was excised by dissection and individual ligation and division of the 

small vessels from the SMA to the pancreas. 

17. The portal ring around the PV was dissected free from the surrounding structures. 

18. The proximal and distal duodenum were ligated and transected. 

19. The inferior and anterior aspect of the gland is attached to the mesocolon, which had 

to be transected to remove the organ in finishing the total pancreatectomy. 

20. The pancreas was ready to be removed after sectioning of the portal ring and after 

transection of the vasculature.  

 

Pancreatic Lobes 

The porcine pancreas is composed of three lobes featuring a nodular surface with 

irregular margins (Figure 3.1). The “splenic” lobe (corresponding to the tail and body in 

the human pancreas) is situated posteriorly and is attached to the spleen and the stomach. 

The “duodenal” lobe (corresponding to the head of the pancreas) is located adjacent to 

the duodenum while the “connecting” lobe (corresponding to the uncinate process) is an 

extension of the pancreas which is attached to the anterior aspect of the PV. There is a 

“bridge” of pancreatic tissue serving as an anatomical connection between the splenic and 

connecting lobes (CLs). 
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Figure 3.1: 

Photograph of an excised pig pancreas exhibiting normal anatomy with the duodenal, 

splenic, and connecting lobes, as well as the bridge. Position 1: dotted lines indicate the 

positioning of the clamp restricting flow to the connecting lobe. Position 2: dotted lines 

indicate the positioning of the clamp restricting flow to the duodenal lobe. 

 

Arterial Anatomy 

The abdominal aorta is retroperitoneal. The viscera had to be moved aside and the 

parietal peritoneum had to be removed to locate the aorta. The aorta was immediately 

dissected from the rest of the tissue. The CT was the first branch of the abdominal aorta 

infradiaphragmatically and branched into the splenic artery, the LGA, and the common 
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hepatic artery, as is common in human (Figure 3.2A). These arteries were immediately 

identified and transected distally to the pancreas. The splenic artery was the first branch 

identified, dissected, and tied. The posterior pancreatic artery (PPA) or dorsal pancreatic 

artery is a small pancreatic branch originating from the splenic or hepatic artery and was 

next identified along the upper border of the pancreas. In some cases, the PPA can have 

its origin more proximal off of the splenic artery, but distal to the celiac trifurcation. In 

some animals, more than one PPA were identified with large variability in size. The other 

two main branches from the CT were then identified. The first was the LGA, which runs 

parallel to the left gastric vein to supply the stomach, and the other was the common 

hepatic artery that supplies the liver with arterial blood. The proper hepatic artery and 

common bile duct were ligated and divided. The gastroduodenal artery arises from the 

hepatic artery before its bifurcation into the right and left hepatic artery. The pyloric 

region of the gastroduodenal artery exhibits two branches that supply the DL of the 

pancreas: (1) the superior pancreaticoduodenal artery and (2) the right gastroepiploic (or 

gastro-omental) artery. The superior pancreaticoduodenal artery supplies the descending 

duodenum in addition to the DL. This artery anastomoses with the inferior 

pancreaticoduodenal artery that originates from the SMA. The pancreaticoduodenal 

vascular arcade runs between the pancreas and the duodenum, and also extends branches 

to both organs.  
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Figure 3.2: 

(A) Celiac trunk and the main branches (splenic artery, hepatic artery, and left gastric 

artery). (B) Arterial system (superior mesenteric artery with distal branches). The branch 

of SMA to pancreas (IPDA) is distributed mainly in the connecting lobe. SMA, superior 

mesenteric artery; IPDA, inferior pancreaticoduodenal artery; MCA, middle colic artery.  

123



Caudal to the CT was the SMA and the renal arteries (found by following the abdominal 

aorta to the level of the kidneys). The SMA and the SMV were isolated at the lower edge 

of the pancreas on the left side of the PV. The SMA gives branches (jejunal arteries, right 

colic artery, middle colic artery, and ileocolic artery) that supply the distal part of the 

descending duodenum to the proximal part of the ascending colon. The CL, the bridge, 

and the inferior aspect of the SL are vascularized by an arterial branch, the inferior 

pancreatic artery, which emerges from the inferior pancreaticoduodenal arterial arcade 

(Figure 3.2B). 

 

To study which lobes are supplied by which main arteries, the aorta was cut open 

longitudinally and then the CT and the SMA were cannulated separately. Then, colored 

saline was infused through them to highlight (by introducing visible contrast) the 

distribution of the arterial blood supply. Once the infusion was completed, the vascular 

anatomy was mapped by recording the regions supplied by the CT and SMA, 

respectively, and by dissecting to determine the borders of these regions. The differently 

colored saline infusions were surprisingly visible, even to the naked eye. The normal pig 

pancreatic anatomy along with the major variants is presented in Figure 3.3 (A and B). 
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Figure 3.3: 

Diagram of (A) normal vascular pancreatic anatomy and (B) the major variants of 

vascular pancreatic anatomy. (A) GDA, gastroduodenal artery; HA, hepatic artery; IMV, 

inferior mesenteric vein; IPDA, inferior pancreaticoduodenal artery; LGA, left gastric 

artery; PDVA, pancreaticoduodenal vascular arcade; PPA, posterior pancreatic artery; 

SA, splenic artery; SMA, superior mesenteric artery; SMV, superior mesenteric vein; 

SPDA, superior pancreaticoduodenal artery; SV, splenic vein. (B) (a) posterior pancreatic 

artery from the hepatic artery; (b) posterior pancreatic artery from the celiac trunk; (c) 

posterior pancreatic artery from the proximal splenic artery; (d) posterior pancreatic 

artery from the distal splenic artery. GDA, gastroduodenal artery; HA, hepatic artery; 

IMV, inferior mesenteric vein; IPDA, inferior pancreaticoduodenal artery; LGA, left 

gastric artery; PDVA: pancreaticoduodenal vascular arcade; SA, splenic artery; SMA, 

superior mesenteric artery; SMV, superior mesenteric vein; SPDA, superior 

pancreaticoduodenal artery; SV, splenic vein. VARIANT 1: “Accessory” splenic artery 

traveling along with the splenic artery; VARIANT 2: LGA from the splenic artery; 

VARIANT 3: LGA from the common hepatic artery; VARIANT 4: LGA from the CT; 

VARIANT 5: Inferior mesenteric vein draining into the splenic vein.   
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Venous Blood Outflow (Drainage) 

The PV collects the blood from stomach, pancreas, intestine, and spleen. The PV, on its 

way from the root of the mesentery to the liver, penetrates the pancreas at an acute angle 

so that it lies caudally on the ventral surface and rostrally on the dorsal surface of the 

pancreas. The PV has two branches that drain into it, the splenic vein and the SMV. The 

splenic vein drains the body and tail of the pancreas, and it is partly surrounded by 

pancreatic tissue. Veins draining blood from the stomach (left gastric vein, left 

gastroepiploic vein) also come out into the splenic vein. 

 

The SMV passes through the portal ring receiving the inferior pancreaticoduodenal vein. 

The inferior mesenteric vein (IMV) usually flows into the SMV, which would be 

considered an unusual variation in the human anatomy. Small branches drain the CL into 

the SMV. The gastroduodenal vein empties into the SMV immediately before its junction 

with the splenic vein. The gastroduodenal vein receives small veins from the DL. 

Peripherally, the gastroduodenal vein receives the superior pancreaticoduodenal vein that 

anastomoses with the inferior pancreaticoduodenal vein. 

 

Pancreatic Duct 

After dissection, the pancreas was removed from the viscera using an en bloc style 

procurement technique and placed onto a cooled dissection tray for trimming. The next 

step was the cannulation of the pancreatic papilla. In some cases, the pancreatic duct was 

cannulated in situ during the dissection of the viscera. Ductal anatomy was investigated 

by infusing colored saline into the main pancreatic duct while clamping access to the CL 
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(position 1 in Figure 3.1) and tracing the color change. Next, the CL was infused with a 

differently colored saline solution while access to the DL was clamped off (position 2 in 

Figure 3.1). The pancreas was then further dissected to determine the extent of ductal 

communication between the lobes. A classification scheme for the different types of 

pancreatic ductal networks was designed by observing the ductal anatomy (Figure 3.4). 

 

Statistical Analysis 

We performed a descriptive analysis of the number of cases reporting median and 

extreme, average, and standard deviation. For statistical analyses, we used the Statistical 

Package for Social Sciences program (SPSS Inc., Chicago, IL). 
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Figure 3.4: 

Classification of the different duct types.  
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Results: 

The pig pancreas is a retroperitoneal organ, with comparable anatomical orientation and 

localization to the human. However, there are significant differences between the pig and 

human pancreas with respect to the number and distribution of the pancreatic lobes. In 

our series, 63 of the 65 porcine pancreata examined (97%) exhibited the three lobes 

(duodenal, splenic, and connecting) that we considered the normal representation of the 

pancreas in the porcine model (Figure 3.1). One pancreas presented no “bridging tissue” 

between the SL and the CL, and another case exhibited a “ringshaped” pancreas (the PV 

ran parallel to the duodenum and both were covered by the DL). A third pancreas that 

showed the three expected lobes also contained an additional piece or elongation of 

pancreatic tissue extending from the SL.  

 

After the pig pancreas was removed and trimmed each organ was weighed. The mean 

weight of the whole trimmed gland was 347 ± 103 g, with a range from 190 to 698 g. The 

mean weight of the different lobes was as follows: duodenal, 75 ± 9 g (range, 68–85 g); 

splenic, 246 ± 50 g (range, 188–308 g); and connecting, 84 ± 17 g (range, 71–114 g).  

 

The arterial and venous vasculature was studied in 61 animals. It was observed that 51 

pigs (84%) exhibited normal branching from the CT. We found variations in CT anatomy 

in 10 cases (Table 3.1, Figure 3.3B). All pigs exhibited traditional branching at the 

SMA, sending branches to the CL of the pancreas (inferior pancreaticoduodenal artery). 

However, one displayed a branch below the SMA that supplied the bowel and another 

presented additional branches from the SMA toward the colon without variation in the 
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pancreatic supply. Another pig had a branch to the bowel that came off the SMA before 

the pancreatic branches. Anatomical findings related to the PPA were diverse and are 

shown in Table 3.2 (Figure 3.3B). It was found that the PPA most commonly branches 

from the hepatic artery (54%).  

 

 
Table 3.1: 
Variations of the celiac trunk anatomy 
 
 

 

Table 3.2: 
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Anatomical origin of the posterior pancreatic artery. 

 

After inserting the cannulas into the root of the CT and the SMA, and infusing each one 

with different colored saline solution, it became apparent that the CT supplied the entire 

DL and the majority of the SL. The SMA supplied the CL, the bridge, and the inferior 

aspect of the SL.  

 

The venous outflow occurred through the PV as a result of the merging of the splenic 

vein and SMV. The splenic vein typically traveled around the superior and posterior 

aspect of the pancreas and drained the body and the tail (SL). The rest of the pancreas 

was drained by branches coming from the SMV and the PV. In the cases we examined, 

the SMV and IMV merged to become the PV in all but one pig; the exception was the 

IMV draining into the splenic vein, as is traditionally the case in humans (Figure 3.3B). 

The left gastric vein drained into the splenic vein in all studied cases.  

 

The pancreatic ductal network was traced by differential colored saline infusions in 36 

pancreata. Fourteen of the 36 pigs (39%) exhibited ductal communication between the 

CL and the other two lobes. Eleven pigs (31%) exhibited ductal communication only 

from the SL to the CL with the clamp in position 1 (Figure 3.4, type A). In one case 

(2.8%), the communication only existed from the CL to the SL when the clamp was in 

either position 2 (Figure 3.4, type B). In two cases (5.6%), the colored infusion 

illustrated that the whole organ could be infused through from both communications, 

with the clamp in position (type A + B). Eighteen pigs (50%) exhibited no ductal 
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communication between the SL and CL, but featured communications solely from the DL 

(type C). We classified a type X (neither type A, B, or C) ductal anatomy in four cases 

(11.1%). In this category, one pig exhibited no anatomical connection between the SL 

and CL (bridge atresia); another pig exhibited two separate ducts (one for the DL and SL, 

and the other for the CL); and in two pigs, the pancreata exhibited minimal ductal 

communication between the CL and distal SL after the initial infusion and clamping off 

of the connection between the DL and SL. After clamping off the connection between the 

DL and CL, the infused colored saline flowed into the DL and the proximal SL. 

 

Discussion: 

There is a lack of literature describing the detailed anatomy of the pig pancreas. 

Comprehensive knowledge of the pig pancreatic anatomy is essential for improvements 

in pancreas procurement, preservation, and islet isolation protocols [25, 26]. It has been 

reported that the pancreatic anatomy may vary from donor to donor [27], and several 

studies [28, 29] have demonstrated the importance of pig strain on islet isolation 

outcome. Although the use of different breeds was considered, it was decided to focus on 

Landrace pigs, as this breed is considered to be the most suitable donor for islet isolation 

[30–32]. Recent literature [33–35] suggests that this breed is desirable for use in 

xenotransplantation, because isolations yield large numbers of islets and pancreata 

contain a high islet volume density (3.4%) when compared with other breeds (1%–2%). 

For this reason, the investigation was focused on understanding the anatomy of the 

Landrace breed in detail. Krickhahn et al. [36] demonstrated that pancreatic islet size may 
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be an important parameter influencing islet yield after isolation and this may be 

dependent on the strain of the pig. 

 

The present study provides more-detailed information about the distribution of the lobes 

in the pancreas and demonstrates that almost 97% of pancreata exhibited three lobes. One 

pancreas presented no bridge and another case exhibited a “ring” shaped pancreas. It is 

important to recognize these kinds of variations if the porcine pancreas is to be used as a 

source of islets for clinical xenotransplantation. It is critical to understand the functional 

relationship between pancreatic ducts and drained pancreatic tissue for proper infusion of 

digestive enzymes and the subsequent isolation of islets. A lack of anatomical knowledge 

can result in poor or incomplete distension and digestion of the gland. In the 1970s, Calne 

et al. [37] had described two lobes attached near the duodenum to the body of the 

pancreas. Other authors [38] divided the pig pancreas into three parts, but named these 

parts differently as compared with our study: body of the pancreas (corpus pancreatis), 

right lobe of the pancreas (lobus pancreatis dexter), and left lobe of the pancreas (lobus 

pancreatis sinister). Kumagai et al. [39] described the pancreas as consisting of the tail, 

body, head, and the bridge lobes. Gänger et al. [40] described the pig donor operation to 

obtain duodenopancreaticosplenic specimens for experimental transplantation. They 

located the orifice of pancreatic duct in the distal tip of the uncinate process, which 

corresponds to the DL according to our nomenclature. Our data provides a reliable 

system to classify the pancreatic lobes and the variants in the anatomy eliminating 

inconsistency in the naming and distribution of the lobes described in the literature; this is 
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an important point with major implications in the field of pig islet isolation and 

xenotransplantation.  

 

The present study has demonstrated 10 variations related to the CT anatomy and normal 

branching coming from the SMA. The distribution and disposition of the PPA were 

unpredictable (Table 3.2). The most common origin of the PPA in the series of Morel et 

al. [21] was from the splenic artery along the upper border of the pancreas. They found 

that only two pigs exhibited a major pancreatic artery coming from the hepatic artery, but 

a small arterial branch from the splenic artery was also observed. Shokouh-Amiri et al. 

[20] classified the variations in arterial blood supply of the porcine pancreas with three 

types as they related to the major pancreatic artery (PPA in our study). Nonetheless, they 

found a PPA arising from the root of the CT. They concluded that segmental pancreatic 

autotransplantation was technically possible in all animals regardless of the type of 

arterial supply if the anatomy of the vasculature is known adequately. In contrast, 

Traverso and McFarlane [23], based on the description of variations in the arterial blood 

supply to the body and tail of the pancreas, concluded that the pig is unsuitable for 

pancreatic autotransplantation studies. 

Some authors [41] used the tail of the pancreas for various experiments, to minimize 

complexities associated with variations in the anatomy of the head of the pancreas. To 

develop a pig model for whole or segmental pancreas transplantation, the arterial 

anatomy of the pancreas must be precisely mapped out. The blood supply of the pancreas 

is provided by the celiac and superior mesenteric arteries. The DL of the pancreas 

receives its blood supply from the superior pancreaticoduodenal artery, which is in all 
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cases a branch of the gastroduodenal artery. In contrast with this finding, Schröder et al. 

[42] described the origin of the superior pancreaticoduodenal artery from the splenic 

artery. The SL is supplied by the splenic artery and the inferior pancreaticoduodenal 

artery that branches off from the SMA and also supplies the CL and the bridge as well. 

 

After the abdominal aorta was opened through the anterior wall and cannulas were placed 

into the CT and SMA, the organ was infused with colored saline. It was observed that the 

color was distributed homogenously throughout the whole gland. The finding 

demonstrated that CT and SMA cannulation is a suitable technique to sufficiently perfuse 

the pancreas and could be used in other experiments related to pancreas preservation. In 

fact, Zhang et al. [43] used the pig model for pancreaticoduodenal transplantation and the 

donors were perfused by the abdominal aorta without clamping the portal venous 

outflow. Gabel et al. [44] used the entire pancreas with intact vascular supply to get a 

graft from a pig donor to transplant in a pig recipient. The organ was perfused by the CT 

only with no mention of the SMA. These authors described early graft failure caused by 

concomitant acute pancreatic necrosis, probably followed by vascular complications. To 

avoid these kinds of complications, it could be useful to dissect the CT and the SMA 

selectively to ensure good perfusion of the entire pancreas for a vascularized graft for 

pancreas transplantation, or even if it is used for ITx. 

 

In our study, as well as in others [20, 21], few variations were found in the venous 

drainage of the pancreas. In only one pig the IMV drained into the splenic vein instead of 

the SMV.  
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The impetus to study the pancreatic ductal system was to better understand the ductal 

branching structure for the purpose of applying the knowledge to the development of 

enzyme perfusion and pancreatic distention techniques within the context of the pig 

model. All but one pancreas exhibited only one main pancreatic duct; we found two 

separate ducts, one for the DL and SL and the other for the CL. There are some 

discrepancies in the literature. König and Liebich [38] described the dual origin of the 

pancreas as arising from dorsal and ventral primordial buds, stating that some species 

have two pancreatic ducts, and the pig is one of them. The accessory pancreatic duct 

enters the duodenum at the minor duodenal papilla located distal to the major duodenal 

papilla [22]. On the other hand, Swindle [45] asserted that the pancreas is related to the 

proximal duodenum with a single pancreatic duct entering the duodenal lumen distal to 

the common bile duct. Morel et al. [21] in a series of 49 Yorkshire pigs, found one 

pancreatic duct emerging from the lower right part of the pancreatic head, draining into 

the second part of the duodenum. Only in one instance of this study, an accessory duct 

was found draining the CL into the third part of the duodenum. Pitkäranta et al. [46] 

developed an experimental model of chronic pancreatitis in the pig. They observed a 

papilla obstruction failure rate of 30%, suggesting the presence of an accessory duct. 

However, our data do not support these findings. 

 

Even though the pancreatic ductal system and its variability remain the Achilles’ heel in 

islet isolation, the detailed anatomy described here helps to overcome the difficulties 

associated with complete distention of the gland. Understanding the variable ductal 
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distribution facilitates simple adaptation of technical distention protocols to make the 

process more efficient and effective. 

 

In conclusion, the vascular anatomy of the pig pancreas makes it suitable for perfusion 

through the suprarenal aorta, as is the case in humans. The knowledge of the variations in 

the anatomy in the vascular supply could help in developing successful new models of 

whole or segmental pig pancreas preservation and transplantation and islet isolation and 

transplantation [25, 26]. However, the ductal anatomy can be variable, with branching 

from the CL being extremely inconsistent. If cannulation is not carefully performed, one 

portion of the organ may not be properly distended with proteolytic enzymes, resulting in 

a substantial loss of the islets present in this portion. Careful consideration of all these 

anatomical findings is likely to facilitate less variable and more economical pig islet 

isolation for research studies and therapeutic purposes. 

  

138



References: 

1. Fiorina P, Secchi A. Pancreatic islet cell transplant for treatment of diabetes. 
Endocrinol Metab Clin North Am 2007; 36: 999. 
2. Hogan A, Pileggi A, Ricordi C. Transplantation: Current developments and future 
directions: The future of clinical islet transplantation as a cure for diabetes. Front Biosci 
2008; 13: 1192. 
3. Shapiro AM, Lakey JR, Ryan EA, et al. Islet transplantation in seven patients with type 
1 diabetes mellitus using a glucocorticoid-free immunosuppressive regimen. N Engl J 
Med 2000; 343: 230. 
4. Hering BJ, Kandaswamy R, Ansite JD, et al. Single-donor, marginaldose islet 
transplantation in patients with type 1 diabetes. JAMA 2005; 293: 830. 
5. Frank A, Deng S, Huang X, et al. Transplantation for type I diabetes: Comparison of 
vascularized whole-organ pancreas with isolated pancreatic islets. Ann Surg 2004; 
240:631. 
6. Shapiro AM, Ricordi C, Hering BJ, et al. International trial of the Edmonton protocol 
for islet transplantation. N Engl J Med 2006; 355:1318. 
7. Froud T, Ricordi C, Baidal DA, et al. Islet transplantation in type 1 diabetes mellitus 
using cultured islets and steroid-free immunosuppression: Miami experience. Am J 
Transplant 2005; 5: 2037. 
8. Keymeulen B, Gillard P, Mathieu C, et al. Correlation between beta cell mass and 
glycemic control in type 1 diabetic recipients of islet cell graft. Proc Natl Acad Sci USA 
2006; 103: 17444. 
9. Badet L, Benhamou PY, Wojtusciszyn A, et al. Expectations and strategies regarding 
islet transplantation: Metabolic data from the GRAGIL 2 trial. Transplantation 2007; 84: 
89. 
10. Kin T, Murdoch TB, Shapiro AM, et al. Estimation of pancreas weight from donor 
variables. Cell Transplant 2006; 15: 181. 
11. Matsumoto S, Zhang G, Qualley S, et al. Analysis of donor factors affecting human 
islet isolation with current isolation protocol. Transplant Proc 2004; 36: 1034. 
12. PonteGM,Pileggi A, Messinger S, et al. Toward maximizing the success rates of 
human islet isolation: Influence of donor and isolation factors. Cell Transplant 2007; 16: 
595. 
13. Sakuma Y, Ricordi C, Miki A, et al. Factors that affect human islet isolation. 
Transplant Proc 2008; 40: 343. 
14. Rood PP, Buhler LH, Bottino R, et al. Pig-to-nonhuman primate islet 
xenotransplantation: A review of current problems. Cell Transplant 2006; 15: 89. 
15. Hering BJ, Wijkstrom M, Graham ML, et al. Prolonged diabetes reversal after 
intraportal xenotransplantation of wild-type porcine islets in immunosuppressed 
nonhuman primates. Nat Med 2006; 12: 301. 
16. Cardona K, Korbutt GS, Milas Z, et al. Long-term survival of neonatal porcine islets 
in nonhuman primates by targeting costimulation pathways. Nat Med 2006; 12: 304. 
17. O’Neil JJ, Stegemann JP, Nicholson DT, et al. The isolation and function of porcine 
islets from market weight pigs. Cell Transplant 2001; 10:235. 
18. Mellert J, Hering BJ, Liu X, et al. Critical islet mass for successful porcine islet 
autotransplantation. J Mol Med 1999; 77: 126. 

139



19. Jensen SL, Ku¨hl C, Nielsen OV, et al. Isolation and perfusion of the porcine 
pancreas. Scand J Gastroenterol Suppl 1976; 37: 57. 
20. Shokouh-Amiri MH, Rahimi-Saber S, Andersen HO. Segmental pancreatic 
autotransplantation in the pig. Transplantation 1989; 47: 42. 
21. Morel P, Kaufmann DB, Matas A, et al. Total pancreatectomy in the pig for islet 
transplantation. Technical alternatives. Transplantation 1991; 52: 11. 
22. Skjennald A. Anatomy of the liver and pancreas in the domestic swine, with special 
reference to vascular structures. Scand J Gastroenterol 1982; 17: 16. 
23. Traverso LW, MacFarlane S. Pancreas autotransplantation: Unsuitability of the swine 
as a model. Transplantation 1987; 44: 450. 
24. Ture´gano-Fuentes F, Garcia-Mene´ndez C, Larrad-Jime´nez A, et al. The feasibility 
of porcine pancreas autotransplantation—A case for controversy. Transplantation 1990; 
49: 1028. 
25. Scott WE III, Matsumoto S, Tanaka T, et al. Real-time noninvasive assessment of 
pancreatic ATP levels during cold preservation. Transplant Proc 2008; 40: 403. 
26. Taylor MJ, Baicu S, Leman B, et al. Twenty-four hour hypothermic machine 
perfusion preservation of porcine pancreas facilitates processing for islet isolation. 
Transplant Proc 2008; 40: 480. 
27. Sabat M, Godlewska E, Kinasiewicz J, et al. Assessment of some porcine strains as 
donors of islets of Langerhans. Transplant Proc 2003; 35:2343. 
28. Dufrane D, D’hoore W, Goebbels RM, et al. Parameters favouring successful adult 
pig islet isolations for xenotransplantation in pig-toprimate models. Xenotransplantation 
2006; 13: 204. 
29. Toso C, Brandhorst D, Oberholzer J, et al. Isolation of adult porcine islets of 
Langerhans. Cell Transplant 2000; 9: 297. 
30. Ricordi C, Socci C, Davalli AM, et al. Isolation of the elusive pig islet. Surgery 1990; 
107: 688. 
31. Socci C, Ricordi C, Davalli AM, et al. Selection of donors significantly improves pig 
islet isolation yield. Horm Metab Res Suppl 1990; 25: 32. 
32. Kim JH, Kim HI, Lee KW, et al. Influence of strain and age differences on the yields 
of porcine islet isolation: Extremely high islet yields from SPF CMS miniature pigs. 
Xenotransplantation 2007; 14: 60. 
33. Prabhakaran S, Hering BJ. What strain of pig should be used? Xenotransplantation 
2008; 15: 83. 
34. Kirchhof N, Hering BJ, Geiss V, et al. Evidence for breed-dependent differences in 
porcine islets of Langerhans. Transplant Proc 1994; 26: 616. 
35. Ulrichs K, Bosse M, Heiser A, et al. Histomorphological characteristics of the porcine 
pancreas as a basis for the isolation of islets of Langerhans. Xenotransplantation 1995; 2: 
176. 
36. Krickhahn M, Bu¨hler C, Meyer T, et al. The morphology of islets within the porcine 
donor pancreas determines the isolation result: Successful isolation of pancreatic islets 
can now be achieved from young market pigs. Cell Transplant 2002; 11: 827. 
37. Calne RY, Sells RA, Marshall VC, et al. Multiple organ grafts in the pig. Techniques 
and results of pancreatic, hepatic, cardiac, and renal allografts. Br J Surg 1972; 59: 969. 
38. König HE, Liebich H-G. Veterinary anatomy of domestic mammals, texbook and 
colour atlas [ed. 3]. Schattauer, Stuttgart 2004. 

140



39. Kumagai N, O’Neil JJ, Barth RN, et al. Vascularized islet-cell transplantation in 
miniature swine. I. Preparation of vascularized islet kidneys. Transplantation 2002; 74: 
1223. 
40. Gänger KH, Mettler D, Ho¨flin F, et al. Experimental pancreaticosplenic composite 
transplantation in the pig. Operative technique and assessment of graft function. Eur Surg 
Res 1987; 19: 323. 
41. Shokouh-Amiri MH, Rahimi-Saber S, Andersen HO, et al. Pancreas 
autotransplantation in pig with systemic or portal venous drainage. Effect on the 
endocrine pancreatic function after transplantation. Transplantation 1996; 61: 1004. 
42. Schröder T, Rämö OJ, Joffe SN. Laser pancreatectomy. A comparison  between dog 
and pig. Res Exp Med (Berl) 1988; 188: 227. 
43. Zhang ZD, Han FH, Meng LX. Establishment of a pig model with enteric and portal 
venous drainage of pancreatoduodenal transplantation. World J Gastroenterol 2005; 11: 
5475. 
44. Gäbel H, Brynger H, Heding L, et al. Pancreas transplantation in streptozotocin-
diabetic juvenile pigs. Evaluation of function among duct-ligated, duct-occluded, and 
nonligated allografts. Transplantation 1983; 36: 609. 
45. Swindle M. Technical Bulletin. Comparative anatomy of the pig. Available at: 
www.sinclairresearch.com. 
46. Pitkäranta P, Kivisaari L, Nordling S, et al. Experimental chronic pancreatitis in the 
pig. Scand J Gastroenterol 1989; 24: 987. 
 

141



Chapter 4: Characterization and Improvement of Methods for 
Porcine Pancreas Procurement 

Considerations for persufflation: 
 

Traditionally the porcine pancreas is procured by trimming along the surface with cooling 

by crushed ice and/or chilled irrigation. Armed with the anatomical knowledge of the 

previous study we needed to devise a method of porcine pancreas procurement which 

would preserve the vasculature required to supply the pancreas with oxygen during 

persufflation. This is done as follows: 

 

The pig is sacrificed and bled out. An en bloc viscerectomy is performed and the aorta is 

isolated and longitudinally cut to expose the celiac trunk (CT) and superior mesenteric 

artery (SMA). All branches not supplying the pancreas; such as the hepatic artery, left 

gastric artery, and distal-splenic artery are tied off. The portal vein is opened to provide a 

route for drainage and pancreas is freed from its attachments.  

 

Initially we tried to supply gas via the aorta alone and found that if this is done, the many 

lumbar arteries present in the pig would have to be tied off. It is therefore more efficient 

in this model to directly cannulate the CT and SMA. Another side benefit of this is that 

lower pressures were required to drive gas flow through the pancreas. This may be due to 

the extreme circumferential flexibility of the aorta, causing it to inflate before gas would 

pass further into the vasculature.  
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Initial studies quickly demonstrated the need for an arterial flush to drive blood out of the 

pancreas prior to persufflation. If this is not done, extremely high pressures (>100 

mmHg) were required to generate any flow. We began by flushing the organ out in 1 L 

increments and found that 3-5 L were needed to produce a clear effusate from the portal 

vein; indicative of having purged the organ of blood. This enabled us to generate flow at 

dramatically lower pressures; however initial histological analysis showed that the 

pancreas was filled with patchy regions of blood. This prevented gas flow to these 

regions and histological analysis showed that these regions had significantly more 

autolysis present than the successfully persufflated regions [1]. Some representative 

sections of persufflated and non-persufflated regions of the same organ are shown in 

Figure 4.1 on the next page. The presence of this blood was determined to be due to 

clotting prior to the flushing of the vasculature. In order to consistently avoid this and 

persufflate the entire organ, the pigs are now heparinized (100,000 units per pig) at least 

5 min before sacrifice.   
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Figure 4.1: 

 Representative biopsies from regions with persufflation (PSF; right) and without PSF 

(left) from the same organ. A lack of PSF was determined based on the presence of red 

blood cells (RBC) in the tissue (red arrows). These regions exhibited pyknotic nuclei 

(yellow arrows) a marker for the later stages of cell death and significantly greater 

amounts of autolytic damage. In contrast to the RBC’s in the non-persufflated regions, 

the persufflated tissue exhibited distended capillaries (black arrows) throughout the 

tissue. 
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Considerations for organ health 

 

In addition to making persufflation possible, the addition of a vascular flush during 

procurement presents the possibility for improving the rate of cooling during 

procurement. While warm ischemia is defined as: the time from cardiac arrest until the 

beginning of organ cooling; regardless of the cooling technique, the temperature of an 

organ does not immediately and uniformly cool to <10°C as soon as cooling begins. 

Since even brief exposures to warm ischemic conditions can cause damage to pancreatic 

tissues (with complete disintegration in as little as 45 min), it is important to rapidly and 

uniformly cool the pancreas. It is with this in mind that the impact of vascular and ductal 

flushing has on pancreatic core temperature during procurement was investigated.  

 

4 methods of procurement were investigated for porcine pancreas procurement: 1) the 

traditional method with surface cooling alone, 2) the traditional method with surface 

cooling and a 60 cc chilled ductal infusion; 3) preserving the vasculature with surface 

cooling and a 5 L vascular flush; 4) preserving the vasculature with surface cooling, a 60 

cc chilled ductal infusion, and a 5 L vascular flush. An initial study comparing all four 

techniques was performed by inserting temperature probes into the core at 4 distinct 

locations of the pancreas as shown in Figure 4.2 and measured values were averaged. 
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Figure 4.2:  

Example of temperature probe location and placement. Probes were placed into each 

organ at 4 locations corresponding to: (A) the duodenal lobe, (B) the mid-splenic lobe, 

(C) the distal splenic lobe, and (D) the connecting lobe. Probes were inserted into the 

core at each location prior to the start of cooling and monitored throughout the duration 

of cooling. 
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Initial temperature study: 

 

An initial study was performed comparing all 4 methods of procurement. During this 

study, we had trouble consistently keeping the probes in the core during the procurement 

process. Additionally, measurements were only collected until the pancreas was below 20 

°C. In spite of this we were able to see characteristic trends in temperature profiles for 

each of the groups (Figure 4.3) 

 

 

Figure 4.3:  

typical temperature profiles associated with each of the 4 procurement methods 

investigated: 1) Surface cooling alone; 2) Surface cooling with a 60 cc ductal infusion; 3) 

surface cooling with a 5 L vascular flush; 4) Surface cooling with a 60 cc ductal flush and 

a 5 L vascular flush. 
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The profiles observed seem to agree with many of the characteristics predicted of each 

method at the beginning of the study. Condition 1 was the slowest with only a gradual 

cooling consistent with diffusion alone. Conditions 2 and 3 demonstrate mixed results 

with condition 2 providing better initial results due to the bolus infusion however it is 

overtaken after several minutes by condition 3 due to the consistent heat removal by 

vascular flush. Condition 4 cooled the best and due to the ease with which all 3 methods 

of cooling can be combined; it was deemed the best method for rapid cooling during 

procurement. 
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Histology study: 

 

Due to the exciting implications of our initial study comparing the 4 methods of 

procurement, a follow-up study to investigate these methods improvements to histology 

was pursued. Biopsies of pig pancreas core were obtained and immediately fixed from 

the 3 lobes of pancreata exposed to procurement methods 1, 2 and 4. Group 3 was 

excluded as it seemed that if we are to perform a vascular flush we should also perform a 

ductal infusion due to the ease of performance and the associated initial temperature drop. 

Paraffin sections were evaluated after hematoxylin and eosin (H&E) staining and insulin 

immunohistochemistry and systematically scored for necrosis/autolysis by a histologist, 

according to the following criteria: score 0= none, 1 ≤ 10%, 2 = 11-25%, 3 = 26-50%, 4 = 

50-75%, 5 ≥ 76%. Biopsies from group 1 demonstrated moderate necrosis/autolysis, 

group 2 mild necrosis/autolysis and group 4 minimal necrosis/autolysis. Scores were 

compared between groups with a Kruskal-Wallace test yielding a P-value of 0.0414 

indicating that one or more groups are statistically different from the others. To further 

investigate these differences each of the 3 pairs of groups investigated were compared 

using the Wilcoxon/ Mann-Whitney rank sum test. Groups 1 and 2 were significantly 

different (P = 0.0254 two-tailed, N1 = 20, N2 = 20, U = 126.0) with group 2 

demonstrating better histology scores. Groups 1 and 4 were significantly different (P = 

0.0299 two-tailed, N1 = 20, N2 =31, U = 207.0) with group 4 demonstrating better 

histology scores. When Groups 2 and 4 were compared, no statistical differences were 

observed (P = 0.9049 two-tailed, N1 = 20, N2 =31, U = 304.0). A graph representing the 
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histology scores with characteristic means and standard errors is included in Figure 4.4 

below. 
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Figure 4.4: 

Plot of histology scores for biopsies collected from pancreata procured using method 1, 

surface cooling alone, method 2, surface cooling plus a ductal infusion, or method 4, 

surface cooling plus a ductal infusion and a vascular flush. Means and standard errors for 

each group are also presented. 
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Second temperature study: 

 

A follow-up study was pursued to determine if the observed temperature profile 

differences between methods could be statistically quantified and to see if organ size had 

any bearing on cooling between methods 1 and 4. To ensure proper data collection, 

probes were carefully checked throughout the procurement process to ensure that they did 

not move. In addition, all organs were monitored for several minutes prior to the start of 

procurement to obtain consistent baseline values and temperatures were monitored for at 

least 30 min to ensure that a proper temperature profile could be obtained. Initially 

groups of 5 pigs were assigned to each method; however after analysis, the size ranges 

did not match up between groups and so an additional 3 pancreata were investigated for 

group 1 to try and expand the range. This was done as we have to assign the method of 

procurement prior to being able to assess pancreas size. We initially thought that the 

bigger the pigs size the bigger the pancreas would be. This ended up not necessarily 

being the case as a wide variance was observed in pancreas weight for large adult pigs 

and due to financial constraints we settled on assessing the organs presented here. The 

mean temperatures observed are plotted with time in Figure 4.4 on the next page. It is on 

note that when method 4 ‘the combination’ method was compared with method 1, surface 

cooling alone, by a student’s t-test method 4 was statistically significantly better 

throughout procurement until both methods converged at 30 min. It seemed that method 4 

was able to cool pancreata to any given temperature in half the time it took method 1 to 

achieve the same temperature.  
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Figure 4.5:  

Average pancreatic core temperatures for surface cooling and combination cooling. The 

combination method of cooling resulted in statistically significant (*, P<0.05) reductions 

in pancreatic core temperatures at 2, 5, 10, and 20 minutes of cooling.  

 

In addition to overall cooling improvements demonstrated with method 4, we wanted to 

see if it could provide a more homogeneous cooling across a range of pancreas sizes 

encountered. This way we would know if it provides a benefit for all pancreata or just 

those from older donors. Each pancreas was therefore weighed and characteristic 

measurements collected from each lobe. When mean temperatures were plotted against 

mass 5 min after the start of procurement (Figure 4.6) we found that method 4 seemed to 
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present a consistent cooling profile regardless of mass with even the largest organs 

cooling faster than any organs procured with method 1.  

 

Figure 4.6:  

Mean pancreatic core temperature following 5 min of cooling by either surface cooling 

alone (1), or surface cooling plus a ductal infusion and vascular flush (4) vs the trimmed 

pancreas mass. A and B correspond to the pancreata presented in Figure 4.7 below. 

 

Organs procured with method 1 seemed to vary much more even within a given range of 

mass demonstrating the variability of this method even when extreme care is taken to 

consistently cool the entirety of the surface throughout procurement; an unrealistic 

measure taken for this study. When characteristic dimensions were compared with 
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temperature drop, characteristic dimensions and geometries varied substantially (Figure 

4.7). These differences seemed to impact the rate of cooling as demonstrated by looking 

at pancreas A and pancreas B in Figure 4.6. In addition to these pig to pig variations, 

substantial differences in characteristic thickness were observed within the same pancreas 

and even the same lobe (Figure 4.8).  

Figure 4.7: 

Images of 2 porcine pancreata as well 

as characteristic dimensions 

measured from each. Even though 

both organs had similar masses (A: 

168 g, B: 153 g), their characteristic 

dimensions varied, in some cases 

dramatically. This resulted in 

variability of the rate of cooling for 

surface cooled organs seen in Figure 

4.6 above. 

 

  

Dimension (cm) A B
Connecting L 7.59 12.5

Connecting W 5.99 5.68
Connecting D 3.27 2.35

Splenic L 13.3 15.6
Splenic Distal W 3.91 4.87

Splenic Proximal W 8.24 5.99
Splenic D 2.94 1.7
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Figure 4.8:  

Images from the same pancreas of the thickness of (A) the connecting lobe and (B) the 

splenic lobe. Thickness may vary dramatically from lobe to lobe within the same organ 

which may result in uneven cooling between lobes cooled with surface cooling. 

Furthermore, a dramatic variation in thickness can be observed even within the same lobe 

(A), exemplifying the variability that may be present within individual organs. 
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Conclusions: 

Even brief exposure to warm ischemia can cause significant damage to porcine pancreatic 

tissue. Exposure to warm ischemic conditions does not immediately stop upon the start of 

pancreas cooling measures. It is therefore important to employ methods which can 

uniformly, rapidly and repeatedly cool pancreatic tissue during procurement. Based on 

the results presented above, it was concluded that group 4 was the best method for pig 

pancreas procurement. This is due to its ability to rapidly cool organs regardless of size 

and geometry and the associated histological improvements observed. Procurement can 

also play a major role in the options available for subsequent preservation and should be 

considered carefully. Due to these studies and the robustness of method 4, the University 

of Minnesota has now changed its porcine procurement protocol to a variant of method 4 

with variants due to pig size and age present. The use of this method has led to improved 

yields and consistency in isolation outcomes since its employment [2]. 
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Chapter 5: Oxygen Persufflation Improves and Maintains 

Porcine and Human Pancreatic ATP Assessed by 31P-NMR 

Spectroscopy 

Once issues with the maintenance of vascular integrity during procurement were 

addressed, the use of NMR to assess the impact of persufflation on ATP levels during 

preservation was able to be investigated. 2 studies were pursued; an initial study in the 

pig model, and a followup study using locally procured human research grade pancreata. 

These studies are summarized below: 

Oxygen Persufflation Increases Pancreatic ATP Levels as Shown by 
NMR 
 

An initial study looking at the distribution of gas within the pancreata and the impact of 

persufflation on maintenance of ATP levels was pursued. This study is summarized in the 

original manuscript: WE Scott III, BP Weegman, J Ferrer-Fabrega, SA Stein, T 

Anazawa, VA Kirchner, MD Rizzari, J Stone, S Matsumoto, BE Hammer, AN 

Balamurugan, LS Kidder, TM Suszynski, ES Avgoustiniatos, SG Stone, L 

Tempelman, DER Sutherland, BJ Hering, KK Papas: Pancreas Oxygen 

Persufflation Increases ATP Levels as Shown by NMR; Transplantation 

Proceedings, 2010 Jul-Aug;42(6):2011-5.; included with the permission of the publisher 

of the journal ‘Transplantation Proceedings’, Elsevier (Appendix 5). 
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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 
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preservation and may improve islet isolation outcomes while enabling the use of marginal 

donors, thus expanding the usable donor pool. 
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Introduction: 

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 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 
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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). 
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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% 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 
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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 Figure5.1. 
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Figure 5.1: 

Diagram illustrating how the pancreas was placed into the magnet during data 

acquisition. 

 

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 Figure 5.2. 

Also shown in Figure 5.2 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 
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pancreata preserved with TLM, however, ATP levels were nearly undetectable (Figure 

5.3). 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 (Figure 5.3). 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. 

 

 

Figure 5.2: 

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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Figure 5.3: 

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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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 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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Oxygen Persufflation Maintains Pancreatic ATP Levels as Shown by 

NMR 

Following up on the exciting findings from the initial pig study, a follow-up study was 

pursued with locally procured human pancreata. 8 human pancreata were investigated for 

this study. All MRI was performed as before at 1.5 T using either a birdcage or surface 

coil tuned to 63.785 MHz. T1 weighted gradient echo images were obtained for 2 mm 

slices at the beginning and end of each study. Pancreata were deemed to be sufficiently 

persufflating if > 85 % of the overall tissue exhibited negative contrast due to the 

presence of gas. This was typically achieved following the initial cannulation and leak 

testing but on occasion further leak testing needed to be performed. In one case a leak 

near the portal vein exit went undetected and a majority of the tissue was un-persufflated. 

The ability to confirm the extent and homogeneity of PSF proved invaluable during 

technique development by giving us a quick snapshot of what was happening inside the 

pancreas.  

 

Following acquisition of MRI; 31P NMR spectra were obtained at 1.5 T as described in 

Appendix 5d. Spectra were at 8, 16 and 24 hours of cold ischemia time. The areas of β-

ATP and inorganic phosphate peaks were fitted with the ACD 1D-NMR processing 

software and β-ATP:Pi values were calculated. Values were then normalized to the 8 hour 

time point (typically the first spectrum collected) and β-ATP:Pi values were followed 

with time to see how well PSF could maintain ATP for extended preservation times 

(Figure 5.4). ATP levels were maintained throughout preservation with only a nominal 

drop (27.81 %) observed from 8 to 24 hours. For one pancreas, PSF was stopped 
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following acquisition of a baseline 8 hour spectrum and ATP values immediately 

plummeted to undetectable levels (Figure 5.4). When PSF was re-started 3 hours later, a 

partial restoration of ATP was observed, but not to levels expected for continuously 

persufflated organs (Figure 5.4). 

 

Figure 5.4: 

Sequential β-ATP:Pi measurements (solid line) relative to initial 8 hour baseline 

measurements (mean ± SEM). In one pancreas (dashed line) PSF was stopped for 3 hours 

following initial measurements. When PSF was restarted, partial expected recoveries of 

β-ATP:Pi was observed. 

 

When baseline (8 hour) β-ATP:Pi measurements were compared between 4 persufflated 

organs, a correlation with exposure to ‘down-time’ (warm non-heart beating exposure 

prior to brain death) was observed (Figure 5.5). One organ however seemed to be 
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‘damaged’ from our measurements but no ‘down time’ was reported. When the patient’s 

medical charts were consulted however, a 3 hour ‘hypoxia’ episode was found. 

 

Figure 5.5 

β-ATP:Pi ratios collected from 4 persufflating human pancreata following 8 hours of cold 

ischemia. Reported ‘down time’ exposure for each pancreas is shown. For one organ (far 

right; 0*) no down time was reported, but a 3 hour hypoxic episode was found to have 

occurred upon further investigation. 

 

This prolonged hypoxic exposure is likely the cause of the lower β-ATP:Pi ratio observed 

and shows some potential for the technique to detect damage non-invasively for marginal 

pancreata. This technique should be investigated further for marginal organs and 
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correlated with islet isolation outcomes to see if there is indeed a predictive potential for 

PSF coupled with 31P NMR spectroscopy to screen out damaged pancreata prior to the 

expensive ($15,00/isolation) islet isolation process. 
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Chapter 6: Persufflation Improves Pancreas Histology When 

Compared with the Two-Layer Method (TLM)  

To correlate whether the improvements in ATP levels during preservation impacted 

tissue health when exposed to prolonged periods of preservation (24 hours) a study was 

pursued to compare paired histological outcomes from tissues preserved by either PSF or 

TLM. A histologist, was consulted to analyze the histological outcomes in a blinded 

manner. This study is summarized in the original manuscript: WE Scott III, TD 

O'Brien, J Ferrer-Fabrega, ES Avgoustiniatos, BP Weegman, T Anazawa, S 

Matsumoto, VA Kirchner, MD Rizzari, MP Murtaugh, TM Suszynski, T Aasheim, 

LS Kidder, BE Hammer, SG Stone, L Tempelman, DER Sutherland, BJ Hering, 

KK Papas: Persufflation Improves Pancreas Preservation When Compared With 

the Two-Layer Method (TLM); Transplantation Proceedings, 2010 Jul-

Aug;42(6):2016-9; included with permission of Elsevier, the publisher of the journal 

‘Transplantation Proceedings’ (Appendix 6). 
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Islet transplantation is emerging as a promising treatment for patients with Type 1 

diabetes. It is important to maximize viable islet yield for each organ due to scarcity of 

suitable human donor pancreata, high cost, and the large dose of islets required for insulin 

independence. However, organ transport for 8 hours using the two-layer method (TLM) 

frequently results in low islet yields. Since efficient oxygenation of the core of larger 

organs (eg, pig, human) in TLM has recently come under question, we investigated 

oxygen persufflation as an alternative way to supply the pancreas with oxygen during 

preservation. Porcine pancreata were procured from donors after cardiac death and 

preserved by either TLM or persufflation for 24 hours and subsequently fixed. Biopsies 

collected from several regions of the pancreas were sectioned, stained with hematoxylin 

and eosin, and evaluated by a histologist. Persufflated tissues exhibited distended 

capillaries and significantly less autolysis/cell death relative to regions not exposed to 

persufflation or to tissues preserved with TLM. The histology presented here suggests 

that after 24 hours of preservation, persufflation dramatically improves tissue health 

when compared with TLM. These results indicate the potential for persufflation to 

improve viable islet yields and extend the duration of preservation, allowing more donor 

organs to be utilized.   
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Introduction: 

Islet transplantation is emerging as a promising treatment for patients with Type 1 

diabetes [1, 2]. The minimally invasive nature of the procedure as well as the islets’ 

intrinsic ability to tightly control blood glucose levels on demand via insulin release, 

offer a combination of advantages that cannot be matched by other presently available 

treatments, such as self-monitoring or whole-organ pancreas transplantation. Despite 

recent advances building upon the Edmonton Protocol [3] published in 2000, most 

centers still require multiple transplants to achieve long-term diabetes reversal [4]. The 

large dose of islets required, the high cost of the isolation process, and a shortage of 

suitable donor pancreata demand that we maximize the viable islet yield from each 

available organ. A lack of proper oxygenation during preservation places hypoxic or 

anoxic stress on the tissue and may predispose islets to death during the isolation process 

[5-8]. It has been postulated that improving pancreas preservation via enhanced 

oxygenation may (1) extend the effective duration of preservation, (2) expand the donor 

pool up to 10-fold, (3) reduce the immunogenicity of transplanted islets, and (4) reduce 

the number of donors needed per patient [9]. Presently, the two-layer method (TLM) is 

the state of the art for pancreas preservation. TLM involves suspending the pancreas 

between cold preservation solution and a pre-oxygenated perfluorochemical with the goal 

to improve oxygenation. Recently, the efficacy of TLM has come under scrutiny. While it 

is adequate to oxygenate smaller pancreata (eg, rat, segmented dog pancreas), diffusion 

limitations may prevent adequate oxygenation of larger pancreata (eg, pig, human) [10, 

11]. Several recent large retrospective studies also reported that TLM provides no 

significant benefit to isolation outcome, highlighting the need for continued development 
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of pancreas preservation protocols [12-14]. Persufflation (PSF; ie, vascular gas perfusion) 

is one such solution presented here. This method actively delivers oxygen throughout the 

organ for the duration of preservation, eliminating prolonged periods of hypoxia/anoxia 

prior to isolation. 

 

Methods: 

 

Procurement 

Adult Landrace pigs were systemically anticoagulated with 100,000 U of heparin and 

euthanized by pentobarbital overdose. The pigs were exsanguinated and eviscerated. The 

aorta was opened longitudinally followed by cannulation of the celiac trunk (CT) and 

superior mesenteric artery (SMA) (Figure 6.1). The pancreas was then flushed with 5 L 

of heparinized cold preservation solution (CPS; ie, modified UW solution with 2% penta-

starch 1000 U heparin per liter) and the pancreatic duct cannulated and infused with 60 

mL of CPS for ductal preservation. Surface cooling was maintained by applying 2 L of 

moist crushed frozen lactated Ringer’s solution (LRS) to the surface, and the surgical 

field was kept clear by irrigation with chilled LRS. The pancreas with associated 

vasculature was then resected en bloc from the viscera as described by Ferrer et al [15]. 
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Figure 6.1: 

Schematic illustrating how the organs were persufflated starting with the electrochemical 

oxygen concentrator and showing the paths taken by the gas upon entering the organ via 

celiac trunk and superior mesenteric artery (SMA) until exiting the organ via the portal 

drainage system. SMV, superior mesenteric vein.  
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Preservation 

 

Upon removal from the viscera, the pancreas was divided, the connecting and duodenal 

lobes placed onto TLM, and the splenic lobe preserved by PSF for the duration of the 

experiment. All lobes were stored at 4 °C throughout preservation.  

 

Two-Layer Method 

TLM was performed as previously described [16]. Briefly, lobes were suspended halfway 

between 1 L of CPS and perfluorodecalin, which was preoxygenated for 1 hour prior to 

preservation by bubbling with 99% oxygen gas. 

 

Persufflation 

Following division of the pancreas, the splenic lobe was tested for vascular leaks by 

gentle hand perfusion followed by careful inspection for bubbles upon initiation of PSF. 

All arterial leaks were tied off. The lobe was then submerged in CPS, and PSF performed 

with 20 mL/min of humidified 40% oxygen gas supplied to both the CT and SMA at the 

minimum pressure from which a steady flow could be achieved (typically < 20 mm Hg) 

for the duration of preservation. Oxygen was supplied from a portable electrochemical 

oxygen concentrator (Giner Inc, Newton, Mass, USA) and chilled to 4 °C before entering 

the lobe.  
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Histology 

After 24 hours, the tissues were fixed in 10% buffered formalin for histological analysis. 

Biopsies were then collected from several regions, embedded in paraffin, sectioned at 4 

μm, and stained with hematoxylin and eosin. All slides were then evaluated by an 

experienced histopathologist (T.D.O., who was blinded as to treatment when slides were 

scored for extent of autolysis/cell death). 

 

Results: 

Biopsies taken from organs preserved for 24 hours with PSF exhibited distended 

capillaries and less autolysis/necrosis as compared to tissues preserved by TLM for 24 

hours (Figure 6.2). Of particular note are the pyknotic nuclei observed in TLM samples, 

which suggest that irreversible damage has occurred, with some cells in the latter stages 

of cell death. Occasionally, in the earlier stages of technique development, clots were 

observed in PSF organs, preventing gas flow to these tissues. Histologically, these 

regions exhibited increased autolysis correlating with the presence of red blood cells and 

pyknotic nuclei. When biopsies were compared from two of these organs, there was 

significantly greater autolysis present in nonpersufflated regions (P = 4.82E -7; Figure 

6.3). These findings indicate that PSF improves tissue health compared to TLM. 
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Figure 6.2: 

Representative histological 

sections from porcine 

pancreas preserved for 24 

hours by (a) the two-layer 

method and (b) 

persufflation. The presence 

of pyknotic nuclei is 

indicated by arrows. 
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Figure 6.3: 

Effect of persufflation on necrosis/autolysis (%). Biopsies were examined from 11 

regions with persufflation (black) and 16 regions without persufflation (white) from two 

porcine pancreata. Lines indicate the mean response. 
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Discussion: 

Improving pancreas preservation during organ transport represents a key area of interest 

for improving islet isolation and transplantation outcomes. Recent studies have suggested 

that TLM is incapable of adequately oxygenating pancreata (eg, human, porcine), 

especially their core, and this may limit its usefulness for pancreas preservation. PSF 

offers an alternate way of delivering oxygen to the entire organ throughout preservation 

by using the native vasculature. The histological analysis presented here suggests that 

PSF dramatically improves tissue health when compared with static methods of organ 

preservation, such as TLM, for 24 hours. These findings agree with recent porcine 

isolation outcomes in our lab, which in a paired comparison show greater numbers of 

islets of a higher quality following culture as determined by oxygen consumption rate to 

DNA ratio, a measure of viability [17], and islet morphology. In the clinical setting, PSF 

may expand the deceased donor pool by improving the preservation of marginal organs, 

in turn leading to a greater number of successful transplantations.  

 

We conclude that pancreas PSF should be investigated further to assess its potential as a 

novel method of pancreas preservation.   
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Chapter 7: Persufflation Improves Pancreas Preservation for 

Islet Isolation when Compared with the Two-Layer Method 

(TLM) 

 

In order to determine if the improved ATP levels observed are truly beneficial; a 

comparison of islet isolation outcomes from PSF and a state of the art method of 

preservation such as TLM must be compared. An initial study comparing PSF and TLM 

was performed in a donation after cardiac death model. This work is summarized in the 

following manuscript presently in preparation for journal submission. 

  

191



 

Persufflation Improves Porcine Pancreas Preservation for Islet Isolation 

when Compared with the Two-Layer Method (TLM) 

 

Title: 

Persufflation Improves Porcine Pancreas Preservation for Islet Isolation when Compared 

with the Two-Layer Method (TLM)6 

Authors: 

WE Scott IIIA,B, ES AvgoustiniatosA, J Ferrer-FabregaA, BP WeegmanA, AN 

BalamuruganA, T AnazawaA, S MatsumotoA, MD RizzariA, TM SuszynskiA, VA 

KirchnerA, TD O'BrienC, MP MurtaughD, TC AasheimA, LS KidderA, BE HammerE, SG 

StoneF, LA TempelmanF, DER SutherlandA, BJ HeringA, KK PapasA,B,G 

  

                                                 
6 Research funding provided by a grant from the National Center for Research Resources (U42 RR016598), National 

Institutes of Health (NIH), National Institute of Diabetes and Digestive and Kidney Diseases (R43 DK070400), NIH, 

the Schott Foundation, and the Carol Olson Memorial Diabetes Research Fund. We would like to thank Dr. L Guenther 

and Dr. T Tanaka for help with early technique development; K Albeck for technical assistance and manufacturing 

preservation containers; B Perrault for surgical assistance; D Dudero, Dr. M Graham, Dr. K Maynard, L Mutch, H 

Nelson and G Wildey, for administrative assistance.  

192



 

AUniversity of Minnesota, Department of Surgery, Schulze Diabetes Institute, 

Minneapolis, Minnesota, USA.  

BUniversity of Arizona, Department of Surgery, Institute for Cellular Transplantation, 

Tucson, Arizona, USA. 

CUniversity of Minnesota, Department of Veterinary Medicine, Veterinary Diagnostic 

Laboratory, St. Paul, Minnesota, USA.  

DUniversity of Minnesota, Department of Veterinary and Biomedical Sciences, St. Paul, 

Minnesota, USA.  

EUniversity of Minnesota, Department of Radiology, Center for Interdisciplinary 

Applications in Magnetic Resonance, Minneapolis, Minnesota, USA.  

FGiner Inc., Newton, Massachusetts, USA.  

GAddress correspondence to Klearchos K. Papas, PhD, Institute for Cellular 

Transplantation, University of Arizona, Abdominal Transplant: PO Box 245066; Tucson, 

Arizona 85724-5066, E-mail: kkpapas@surgery.arizona.edu. 

  

193

mailto:kkpapas@surgery.arizona.edu


 

Introduction: 

Islet transplantation is an emerging treatment for type-1 diabetes. Many pancreata are 

exposed to >6-8 hours of cold ischemia (CI) reducing viable islet yields. The efficacy of 

the two-layer method (TLM) is disputed, since human-sized pancreata can’t be 

oxygenated by surface diffusion alone. Persufflation (PSF) shows potential to oxygenate 

the pancreas intravascularly throughout preservation. 

 

Methods: 

Using a donation after cardiac death model, porcine pancreata were procured and divided 

into lobes and preserved as follows: connecting lobes were preserved by TLM for 24 

hours; splenic lobes were persufflated for 24 hours by delivering 20 + 20 cc/min 40% 

humidified-oxygen gas to the celiac trunk and the superior mesenteric artery. Following 

preservation, islets were isolated, cultured for 2 days, and assessed. 

 

Results: 

Persufflated islets exhibited better outcomes based on yields as measured by counts or 

DNA, and quality as assessed by morphology (p<0.05), oxygen consumption rate per 

DNA content (p<0.05), and post-culture recovery compared with TLM preserved islets. 

Persufflated islets also exhibited diabetes reversal rates in nude mice comparable with 

historical data for minimal CI time.  
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Conclusion: 

PSF delivers oxygen throughout the pancreas, improving islet yields and quality relative 

to TLM. PSF shows promise for extending the duration of cold preservation.  
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Abbreviations: 

CPS  Cold preservation solution 

CT  Celiac trunk 

DCD  Donation after cardiac death 

IE  Islet equivalent 

OCR  Oxygen consumption rate 

pO2  Oxygen partial pressure 

PSF  Persufflation 

SEM  Standard error of the mean 

SMA  Superior mesenteric artery 

TLM  Two-layer method 
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Introduction: 

Islet transplantation is emerging as a promising treatment for patients with type-1 

diabetes[1, 2]. The minimally invasive nature of the procedure, the islets’ intrinsic ability 

to tightly control blood glucose levels via on demand insulin release, and the prospect of 

improved patient quality of life give islet transplantation a combination of therapeutic 

features unmatched by other presently available treatments, such as conventional insulin 

self-administration or solid organ pancreas transplantation [3]. Despite advances since the 

establishment of the Edmonton Protocol [1, 4-6], most centers still require multiple 

transplants to achieve long-term insulin independence [7, 8]. The large islet dose 

requirement for single-donor transplant success, and the high cost of the isolation 

process, demand that the viable islet yield from each available organ be maximized.  

 

A lack of adequate oxygenation during preservation places hypoxic or anoxic stress on 

the tissue and may pre-dispose islets to irreversible damage during the isolation process 

[9-12]. It has been postulated that improving pancreas preservation via enhanced 

oxygenation may: 1) extend the effective duration of preservation, 2) expand the useable 

donor pool up to 10-fold, 3) reduce the immunogenicity of transplanted islets, and 4) 

reduce the number of donors needed per patient [13]. Presently, the two-layer method 

(TLM), an advanced form of static cold preservation, is the state of the art for pancreas 

preservation prior to islet isolation. TLM involves suspending the pancreas between cold 

preservation solution (CPS) and a pre-oxygenated perfluorochemical to improve 

oxygenation during preservation. Recently, the efficacy of TLM has come under scrutiny. 

While it may be adequate to oxygenate smaller pancreata (e.g., rat, segmented dog), 
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oxygen diffusion limitations prevent oxygenation of significant volume fraction’s for 

larger pancreata (e.g., pig, human) [14, 15]. Consistent with these findings, several recent 

large retrospective studies have reported that TLM provides no significant benefit to 

isolation outcome, highlighting the need for continued development of pancreas 

preservation protocols[16-18]. Persufflation (PSF), a synonym for vascular gas perfusion, 

presents a promising alternative strategy for improved pancreas preservation.  

 

PSF utilizes the native vasculature to actively deliver gaseous oxygen throughout an 

organ for the duration of preservation. This enables adequate tissue oxygenation for the 

duration of preservation and prevents hypoxic or anoxic exposure associated with static 

preservation methods such as TLM. PSF has previously been investigated for 

preservation of heart [19-21], liver [22-25], kidney [26-28], small bowel [29], and by our 

group in the pancreas [30, 31]. In addition, one of these studies investigated its clinical 

application in the liver [25]. Historically, two approaches to PSF have been pursued in 

depth: anterograde (gas enters from the arterial and exits through the venous system) and 

retrograde (gas enters from the venous system and exits through needle punctures created 

in the organ surface). Each of these approaches has distinct advantages and should be 

considered on an organ to organ basis. In order to properly preserve the pancreas for islet 

isolation, the ductal network must remain intact for subsequent enzymatic distention 

eliminating the option of puncturing the pancreas. Therefore, anterograde PSF was 

pursued. 
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To perform PSF for the duration of preservation, a portable means for generating and 

delivering oxygen at desired pressures and concentrations is required. In order to carry 

the system on flights returning from distant procurement sites an alternative to traditional 

gas cylinders was required. To accomplish this, collaboration was pursued with Giner 

Inc. (Newton, MA) to develop a portable-electrochemical oxygen generator (EOC) 

device for PSF (Figure 7.1). This device enabled us to apply PSF continuously beginning 

immediately following procurement on the back table until immediately prior to islet 

isolation at a different local facility. 

 

To test the efficacy of PSF for islet isolation, we compared paired porcine pancreatic 

lobes procured using a donation after cardiac death (DCD) model and preserved either in 

CPS for <2.5 hours (as is standard practice for porcine islet isolations), or for 6 or 24 

hours by either TLM or PSF. Islet isolation outcomes were compared on the day of 

isolation and after 2 days of culture using islet counts, morphology, DNA content, 

oxygen consumption rate normalized to DNA (OCR/DNA), a measure of fractional 

viability, and the diabetic nude mouse bioassay.  
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Methods: 

Procurement: 

The DCD porcine model utilized has been described in detail previously [32]. Briefly, 

adult Landrace pigs were systemically treated with 100,000 U of heparin, euthanized by 

pentobarbital overdose, exsanguinated, and eviscerated. The aorta was opened 

longitudinally followed by cannulation of the celiac trunk (CT) and superior mesenteric 

artery (SMA) (Figure 7.1). The pancreas was then intravascularly flushed with 5 L of 

heparinized CPS (cold storage/purification stock solution, Mediatech, Inc., Manassas, 

Va) and the pancreatic duct cannulated and infused with 60 mL of CPS for ductal 

preservation. Surface cooling was employed by applying 2 L of moist crushed frozen 

lactated-Ringer’s solution (LRS) to the surface of the pancreas as needed and the surgical 

field was kept clear by irrigation with chilled LRS. The pancreas along with associated 

vasculature was then excised en bloc from the viscera [32]. 

 

Preservation:  

Upon removal from the viscera, the pancreas was divided into its constituent lobes and 

each lobe was then preserved as follows: duodenal lobes were stored in CPS and isolated 

<2.5 hours after procurement as is standard practice for porcine islet isolation; connecting 

lobes were preserved by TLM for either 6 or 24 hours; splenic lobes were persufflated for 

either 6 or 24 hours. All lobes were stored at 4 °C throughout preservation. Rotation of 

conditions was not performed because, based on prior anatomical studies, once the organ 

is split as required for the paired comparison, only the splenic lobe can be completely 

persufflated [32]. 
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TLM:  

TLM was performed as previously described [33]. Briefly, tissue was suspended half way 

between 1 L of CPS and 600 mL of perfluorodecalin, which was pre-oxygenated for 1 

hour prior to preservation by bubbling with 99% oxygen gas.  

 

PSF: 

Following division of the pancreas, the splenic lobe was tested for vascular leaks by 

gentle hand perfusion with a 60 cc syringe. This was followed by careful inspection for 

gas bubbles upon initiation of PSF. All arterial leaks were tied off. The tissue was then 

submerged in CPS and PSF performed with 20 cc/min of humidified 40% oxygen 

balance air gas supplied through both the CT and SMA at the minimum pressure required 

for a steady flow (typically < 20 mm Hg) for the duration of preservation. Gas mixtures 

were supplied at the desired concentration and pressures via a portable electrochemical 

oxygen concentrator (Giner Inc, Newton MA) and chilled before being delivered into the 

tissue.  

 

Islet Isolation: 

Islet isolation was performed as previously described [34, 35]. Briefly, following 

preservation, individual pancreas lobes were manually distended via the ductal network 

with cold enzyme solution. Switch points were determined by monitoring the tissue until 

islets were free from acinar tissue. Pig islets were purified using continuous iodixanol 

(OptiPrep, Axis-Shield, Oslo, Norway) density gradients in a COBE-2991 cell separator 
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(Gambro BCT, Lakewood, CO). Pure fractions were determined by visual inspection. 

Purity was >90% in all cases.  

 

Islet Culture: 

Islets were cultured for 2 days at 37 °C in MEM-199 media supplemented with 10% 

commercial porcine serum, 5 mM L-glutamine, and 10,000 U/L heparin in culture flasks 

with silicone rubber membrane bottoms (Wilson-Wolf, Minneapolis, MN) which allow 

islet culture at higher surface densities by means of enhanced oxygen transfer [36]. Islet 

surface density was kept below 1,000 IE/cm2. 

 

Islet Quality Assessment: 

 

Islet counts: On the day of isolation (DOI) and following 2-day culture, pooled islet 

preparations were sampled (2 x 100 μL), stained with dithizone, and assessed both for 

islet yield and purity as previously described [37]. Briefly, islets were counted and sorted 

based on diameter in 50 μm increments. The total islet volume was then calculated and 

converted into islet equivalents (IE, a volume unit equal to the volume of a 150 μm 

diameter islet). 

 

Islet morphology: Dithizone-stained islet count samples were also scored for 

morphology on a 10-point scale. The total score was calculated by summing 5 categories, 

equally weighted: 1) three-dimensional shape, with more points awarded to more 

spherical islets; 2) two-dimensional border, with more points awarded to well rounded 

islets; 3) integrity, with more points awarded to more solid/compact islets; 4) presence of 
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single cells, with more points awarded to preparations with less single cells; 5) diameter, 

with more points awarded for larger diameter islets. Photomicrographs were also 

recorded at several magnifications. 

 

DNA yield and recovery: On the DOI and following 2-day culture, 5 x 100 µL samples 

were collected from pooled islets, sonicated, diluted, and stained with fluorescent DNA 

stain. Samples were then processed according to the Quant-iT PicoGreen dsDNA kit 

(Molecular Probes, Eugene, OR) in 96-well plates and compared with a standard curve to 

determine the DNA concentration.  

 

Islet yields based on DNA were reported in IE based on DNA (DNA-IE) using the 

conversion factor of 10.4 ng DNA per IE. Islet recoveries were calculated taking into 

account the number of islets removed before and during culture for islet assessment or 

distribution.  

 

Oxygen consumption rate normalized to DNA (OCR/DNA): Islet viability was 

assessed by OCR/DNA as previously described [38]. Briefly, islet samples were placed 

into gas-sealed, stirred OCR measurement chambers equipped with fiber-optic sensors 

(Instech Laboratories, Plymouth Meeting, PA). Chambers were maintained at 37 °C and 

medium oxygen partial pressure (pO2) was monitored over time. Once media pO2 

declined below 80 mm Hg, islets were removed and chambers washed for DNA 

measurements, as described above for cultured islets. The chamber volume was utilized 

to determine the OCR of the islets and normalized to the total DNA recovered from the 
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chamber to determine the OCR/DNA (nmol O2/min/mg DNA). Measurements from 2-3 

chambers were simultaneously collected for each preparation with the mean value used 

for statistical comparisons. 

 

Diabetic nude mouse bioassay: All animal procedures were approved by the 

Institutional Animal Care and Use Committees (IACUC) at the University of Minnesota. 

The bioassay was performed as previously described [39]. Briefly, nude mice were 

intraperitoneally injected with streptozotocin to induce diabetes. Following 2-day culture, 

2,000 IE were transplanted into each mouse under the kidney capsule. Blood glucose 

values were monitored for 30 days at which time the graft was removed by nephrectomy 

and the mice monitored to demonstrate the return of hyperglycemia.  

 

Statistics: Isolation outcomes were compared by a paired students t-test. All values are 

reported as the mean ± SEM. Comparisons were considered statistically significant for p 

< 0.05 and highly statistically significant for p < 0.01. 
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Results: 

For the 6-hour preservation arm of the study, 4 pancreata were used. All islet preparations 

were of high purity (> 90%), as assessed by visual estimation during islet counting. 

Similar fractions of undigested tissue remaining in the Ricordi chamber following 

digestion were observed for all conditions. Islets were characterized on the day of 

isolation as well as following 2-day culture, the standard culture time for our clinical 

islets. For all assays investigated, PSF islets were similar to those obtained from the 

paired duodenal lobes that underwent our standard pig isolation procedure. PSF islet 

morphology scores were consitently better than TLM islets with statitstical significance 

observed following isolation (p = 0.037) but not after 2-day culture (p = 0.13). PSF islets 

had a significantly greater average diameter than TLM islets on both the day of isolation 

(14%, p = 3.0·10-3) as well as following 2-day culture (17%, p = 0.031). A trend towards 

statistical significance for OCR/DNA, was also observed following 2-day culture (15%, p 

= 0.078). All other assays investigated exhibited no statistically significant differences, 

with most measurements favoring PSF over TLM, including all assays following culture.  

 

For the 24-hour preservation arm of the sudy, 8 pancreata were used. All islet 

preparations were of high purity (>85%) as assessed by visual estimation during islet 

counting. As was the case following 6-hour preservation, similar amounts of undigested 

tissue remained in the Ricordi chamber following digestion for all conditions. For all 

assays investigated, PSF islets were similar to those obtained from the paired duodenal 

lobes that underwent standard pig isolation procedure. Islets isolated following 24-hour 

PSF were generally healthier than paired islets isolated following paired 24-hour TLM 
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preservation. A summary of all investigated assays comparing PSF with TLM is 

presented in Table 7.1. 

 

Following culture, OCR/DNA values were consistently better for PSF, with a highly 

statistically significant increase (16%, p = 4.9·10-3) observed (Figure 7.2). Islet 

morphology following isolation as well as following 2-day culture was consistently better 

with PSF relative to TLM, however no statistical significance was observed. Both the 

DNA content per gram of digested tissue (p=0.030) as well as the total OCR per gram of 

digested tissue (p=0.013) were consitently better with statistical significance on the day 

of isolation for PSF relative to TLM (Figure 7.2). Islet recovery after 2-day culture as 

assessed by either islet counts or DNA measurements was better for PSF relative to TLM 

but without statistical significance. Representative images of islets obtained from paired 

lobes preserved with the TLM and PSF are shown in Figure 7.3 to demonstrate the 

morphological quality of islets obtained from each method of preservation. The ratio of 

IE per islet counted, the mean islet diameter, as well as the number of IE per gram 

digested tissue were all significantly better for PSF following isolation with a trend 

towards significance observed following culture. Diabetic nude mice transplanted 

following culture with islets preserved for 24 hours by PSF exhibited similar rates of 

diabetes reversal when compared with historical controls (Figure 7.4). Comparison of 

diabetes reversal rates for PSF was done against historical controls rather than paired 

controls or TLM islets. This was due to the small size of these lobes and the low post-

culture islet recoveries obtained from TLM lobes that resulted in insufficient islets for 

mouse transplants for most pancreata.   
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Discussion: 

Traditional methods of pancreas preservation that rely on tissue oxygenation by surface 

diffusion alone have been shown to be inadequate as a means to oxygenate the core of 

human or porcine pancreata even under cold preservation temperatures[15]. It is believed 

that the pancreas, and in particular the islets, may be acutely sensitive to hypoxic stresses 

and that prolonged exposure to anoxic conditions inhibits successful islet isolation from 

organs exposed to >8 hours of preservation. This work investigates PSF as an alternate 

method to preserve the pancreas by providing gaseous oxygen throughout the native 

vasculature. By delivering oxygen throughout the organ, PSF is able to better cope with 

metabolic demands and maintain tissue ATP content allowing the cells to better maintain 

viability during hypothermic preservation [30]. 

  

One of the main barriers to the application of PSF has been the inherent difficulties of 

transporting oxygen gas cylinders during organ transport. To address this, the expertise of 

Giner Inc. (Newton, MA) was enlisted to produce a miniaturized version of their 

electronic oxygen concentrator (EOC) technology. This eliminated the need for bulky gas 

cylinders during PSF and has allowed us to locally transport organs, maintaining PSF 

throughout preservation; even when air transport has been required. The EOC (Figure 

7.1) has allowed us to begin PSF on the back table in the operating room, test for and 

ligate smaller leaks in the vasculature, and continuously persufflate the pancreas until 

islet isolation. Additionally, the EOC allowed us to ‘dial in’ precise concentrations and 

flow rates of humidified gas with fine control of inlet gas pressures to within 1 mm Hg 

for both the CT and SMA. Pressures required were generally low and typically in the 7-
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22 mm Hg range. The 40% oxygen gas content was selected based on theoretical 

considerations and after a brief optimization to balance the need to deliver oxygen 

throughout the organ with the negative effects observed after prolonged exposure of islets 

to oxygen partial pressures over 300 mm Hg (unpublished observations, Papas).  

 

Due to the logistical challenges involved in developing and testing the technique in 

human organ donors, a DCD porcine model was chosen as an initial model to investigate 

the efficacy of PSF for two reasons: 1) the porcine pancreas has similar dimensions as the 

human pancreas imposing similar oxygen diffusion limitations and 2) the ability to 

routinely isolate islets with this model at the University of Minnesota without the 

logistical issues associated with the unpredictable human pancreas availability.  

 

Pilot studies comparing PSF with TLM utilizing 31P-NMR spectroscopy to investigate 

organ ATP content [30] as well as histology [31] demonstrated a direct benefit of PSF 

compared with TLM. For isolation studies, a 6-hour preservation period was initially 

investigated to examine PSF impact on organs stored for a clinically relevant time frame 

and to test whether PSF inherently inhibited the ability to successfully isolate islets when 

compared with TLM, the present state-of-the-art method for pancreas preservation. After 

4 replicates, we found that islets obtained following 6-hour PSF exhibited consistently 

better outcomes than those obtained from paired lobes preserved for 6-hours by TLM, 

with no major differences observed relative to islets isolated from paired control lobes 

that underwent 2-3 hours cold preservation as per our standard porcine islet isolation 

procedure. Due to this finding and the desire to test whether we can improve utilization of 
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the available donor pool by improving and prolonging cold preservation, it was decided 

to extend the duration of preservation to 24 hours for the remainder of the study. If 

organs could be preserved for 24 hours without significant impairment to islet isolation 

outcome, more organs could be placed for clinical islet isolation reducing the need for 

maintaining a 24-hour on call staff for isolation. 

 

Following 8 replicates with 24-hour preservation, we observed significant improvements 

with PSF relative to the TLM in many of our quality control assays. The amount of 

undigested tissue present in the Ricordi chamber following digestion being similar for all 

conditions, suggests that the amount of undigested tissue may not be impacted by the 

duration or method of preservation. Other means of improving the efficiency of digestion, 

such as better distention or improved enzyme blends should be pursued. All isolations 

were of a high purity as assessed by dithizone staining with no significant differences 

observed. These results suggest that preservation does not dramatically impact purity in 

the pig model where most preparations are of high purity. However, when higher 

magnification photomicrographs (Figure 7.3) were examined, we found that TLM-

preserved islets had a greater degree of small fragments of acinar tissue distributed 

throughout the preparation which may not be accounted for during the counting process. 

The presence of these small fragments suggests that when PSF is translated into the 

human pancreas, preservation may improve purity and proper attention to purity 

measurements is being given presently in follow-up studies involving human pancreata.  
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All morphological assessments of islet quality, including morphology score, the IE:islet 

number ratio, and islet size favored PSF relative to TLM with statistical significance on 

the day of isolation and trends towards statistical significance following culture. When 

islets were examined at various magnifications under the microscope (Figure 7.2), larger, 

more rounded and intact islets were consistently observed with PSF. These findings 

suggest that exposure to prolonged hypoxic cold preservation may contribute to 

fragmentation of the islet borders and loss of islet mass. Indeed, the islet yield per gram 

of digested tissue based on counts was significantly greater for PSF when compared with 

TLM on the day of isolation and trended higher following culture. The lack of statistical 

significance post-culture as assessed by counts is most likely due to the increased 

variability of these counts with some digests having dramatically worse post-culture 

recoveries than others especially for TLM.  

 

When islet mass was estimated based on the DNA present in culture, islet yield was 

statistically significantly higher for PSF relative to TLM both on the day of isolation as 

well as following culture. This increase in islet mass per gram digested tissue was 

accompanied by consistently higher islet viability as measured by OCR/DNA on the day 

of isolation and statistically significantly higher islet viability following culture. When 

the higher islet yields are combined with the better viability measurements, significantly 

greater yields of total viable tissue mass per gram of digested tissue (total OCR per gram 

digested tissue) were observed for PSF both on the day of isolation as well as following 

culture. Post-culture islet recoveries as assessed by either counts or DNA were higher for 
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PSF but statistical significance was not observed, likely due to the high isolation to 

isolation variability.  

 

The causes of the apparent damage to islet borders and potential loss of cells from the 

islet rim as well as the overall reduced viability of islet tissue associated with 24 hours 

TLM relative to 24 hours PSF is of particular importance. The impaired islet morphology 

may be due to islet cell death and subsequent sloughing off at the islet periphery. This 

would be an example of a direct cause of islet destruction that could be exacerbated by 

prolonged exposure to low temperature, or a lack of oxygen or other nutrients and may 

explain the reduced islet viability observed by OCR/DNA observed with 24 hours TLM. 

If it were simply due to prolonged exposure to cold, however, this damage should be 

experienced by the PSF tissue as well and so we believe that the prolonged ischemia 

experienced by islets exposed to 24 hours TLM preservation is the main direct 

mechanism causing islet cell death and reduced yields following prolonged preservation.  

 

There may also be mechanisms at work not directly related to the islets themselves but 

rather to damage sustained by the surrounding acinar tissue. Acinar cells may be 

experiencing an elevated Ca++ toxicity during cold preservation which can cause autolysis 

and subsequent release and activation of endogenous pancreatic enzymes. This 

mechanism has been implicated in hypothermic-preservation related damage in the liver 

[40], kidney, as well as other tissues [41] and would explain the patchy regions of 

autolysis we have previously observed histologically [31]. The elevated Ca++ cell death 

mechanism has also been shown to play a role in acute pancreatitis [42-45] and has been 
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shown to result from a lack of adequate ATP, either due to an ischemic episode or to 

some other method of inhibition of ATP generation [45]. If this is the mechanism at work 

and pancreatic enzymes are being activated and released during preservation, these 

enzymes may move into the outer layers of nearby islets and digest these cells away, 

leaving a smaller islet with rough borders. The fact that significantly smaller islets 

(possibly islet fragments) were observed with TLM relative to PSF would fit with our 

previous observation that inferior oxygenation due to traditional static preservation 

methods such as TLM results in a lack of ATP [30]. As this period of anoxia is 

prolonged, more acinar cells are likely to experience toxic levels of Ca++ and undergo 

autolysis. This process may take some time under hypothermic conditions and may help 

explain the reduced islet yield observed from long-term (>8 hours) preserved pancreata. 

Additional studies exploring this possible mechanism are warranted. 

 

Due to the small size of the duodenal and connecting lobes and the low recoveries 

associated with 24 hours of TLM preservation, the diabetic nude mouse bioassay could 

not be performed with control or TLM islets for most of the isolations performed. We 

therefore compared PSF-preserved islets to a cohort of recent historical controls 

comprised of transplants performed with islets isolated with the standard isolation 

procedure. Islets preserved for 24 hours by PSF were found to have no significant or 

practical difference in terms of overall diabetes reversal rates or the time to diabetes 

reversal. This finding indicates no incremental functional impairment was experienced by 

islets exposed to 24 hours of PSF relative to islets isolated shortly after procurement. 
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In conclusion, PSF offers a promising alternative to presently available methods of 

pancreas preservation. It enables improved oxygenation by actively supplying tissue with 

oxygen delivered throughout the native vasculature. This improved oxygenation resulted 

in greater numbers of healthier, more viable islets when compared with TLM and islets of 

similar numbers and quality when compared with minimal cold preservation (2-3 hours) 

exhibiting potential for extending cold preservation beyond the typically acceptable 8 

hours to 24 hours. This would enable more organs to proceed to transplantation and 

demands that PSF be investigated further. 
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Figure 7.1:  

Demonstration of how organs were persufflated. The EOC concentrates oxygen via a 

reaction and dilutes it to the desired concentration. This gas mixture is then delivered via 

gas impermeable tubes to the celiac trunk and superior mesenteric artery where it is then 

delivered into the pancreas and exits from the portal vein. 
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Figure 7.2: 

Day 0 IE yield, day 2 OCR/DNA, and day 2 OCR yield from the splenic lobe persufflated 

for 6 (n=4) or 24 (n=8) hours are shown relative to paired lobes preserved with TLM for 

the same time periods. PSF was superior for all key preservation outcomes. Statistical 

significance was achieved for all outcomes following 24 hours preservation (p<0.05, 

paired 2-tailed Student's t-test). Day 2 OCR/DNA exhibited a modest improvement with 

PSF (~15% for 6-hour, ~16% for 24-hour preservation) which was however very 

consistent among organs.  
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Figure 7.3: 

Photomicrographs of dithizone-stained islets isolated from paired porcine pancreatic 

lobes after 24 hours of preservation with the TLM or PSF. Samples were obtained from 

pooled islet preparations and imaged at 4x and 20x magnification. TLM islet preparations 

exhibited smaller, more fragmented islets (black arrows) with more acinar impurities 

(green arrows) when compared with paired PSF preparations. 

  

4x TLM 4x PSF
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Figure 7.4: 

Kaplan-Meier plots of diabetic nude mice transplanted with 2,000 islet equivalents (IE) 

under the kidney capsule. Islets transplanted from preparations exposed to 6 or 24 hours 

PSF (n=20) compared favorably to historic controls (n=49) with no significant difference 

between the 2 groups observed. Diabetes reversal was defined as blood glucose levels 

below 200 mg/dL for 2 consecutive days after an initial recovery period of 2 days 

posttransplant. The DR time was defined by convention as the first day of the period 

during which the DR criteria were satisfied (hence the DR times during the first 2 days 

posttransplant). 
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Table 7.1: 

Summary of all assays performed comparing islet number and quality following 24 hours 

of persufflation (PSF) or preservation with the two-layer method (TLM). ** highly 

statistically significant (0.001<p<01); * statistically significant (0.01<p<0.05); † trend 

towards statistical significance (0.05<p<0.10). 

 

  

24 hr preservation - Day 0 Units PSF TLM PSF/TLM p-value
OCR/DNA nmol/(min·mg DNA) 128±12 104±6 1.25±0.13 0.12

Morphology Score arbitrary 6.69±0.41 6.13±0.52 1.12±0.07 0.047*
Islet Equivalents:Islet Number 0.514±0.094 0.384±0.066 1.36±0.15 0.046*

Islet Diameter μm 117±8 106±6 1.10±0.04 0.045*
IE per gram Digested Tissue IE/g 1040±273 686±211 1.88±0.31 0.025*

DNA-IE per gram Digested Tissue IE/g 853±225 634±178 1.47±0.17 0.030*
Total OCR per gram Digested Tissue nmol/(min·g Tissue) 1.52±0.37 0.894±0.212 1.73±0.19 0.013*

Undigested Tissue % 31.0±5.1 29.9±4.8 1.16±0.18 0.39
Islet Purity % 90.7±0.7 91.4±0.9 0.99±0.01 0.63

24 hr preservation - Day 2 Units PSF TLM PSF/TLM p-value
OCR/DNA nmol/(min·mg DNA) 203±16 174±10 1.16±0.03 4.9 x 10-3**

Morphology Score arbitrary 6.14±0.30 5.50±0.41 1.12±0.06 0.13
Islet Equivalents:Islet Number 0.427±0.050 0.357±0.063 1.27±0.13 0.072†

Islet Diameter μm 112±5 105±6 1.08±0.03 0.067†
IE per gram Digested Tissue IE/g 431±178 284±163 2.95±0.92 0.088†

DNA-IE per gram Digested Tissue IE/g 742±251 460±189 1.84±0.29 0.034*
Total OCR per gram Digested Tissue nmol/(min·g Tissue) 1.77±0.58 1.02±0.43 2.11±0.37 0.038*

Islet Count Recovery % 58.5±9.8 46.1±10.2 1.77±0.48 0.17
Islet DNA Recovery % 73.6±10.0 62.3±11.9 1.37±0.22 0.20
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Oxygen Persufflation can Extend Human Pancreas Preservation Time 

from 10 to 24 Hours while Maintaining Viable Islet Yield and Quality 

Following up on the exciting porcine pancreas preservation studies presented in the 

previous section, a study investigating a split human pancreas preservation model has 

been initiated. 3 human pancreata were procured and split on the operating room back 

table according to the protocol prepared with the help of Tomas Suszynski and presented 

as follows.  
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Surgical Procurement: 

Following cardiac arrest, the donor intraperitoneal cavity is accessed via midsagittal or 

cruciate laparatomy. A nasogastric tube is advanced past the pylorus and the 

duodenum is flushed with antimicrobial solution. Surgical pancreatectomy should be 

performed rapidly while preserving the major vascular supply to the pancreas. 

Following supraceliac crossclamp of the aorta and infrarenal aortic flush, the pancreas 

will be mobilized from all retroperitoneal attachments – with care taken to preserve the 

gastroduodenal, splenic and superior mesenteric arteries (including all pancreatic 

branches). Once the pancreas is mobilized, the gastroduodenal artery should be divided 

proximal to the pancreas. The splenic artery can be divided proximally (near the celiac 

axis) and ligated distally (distal to the tail of the pancreas). If the celiac axis is not 

taken with the liver, the proximal splenic artery does not need to be divided and the 

celiac trunk can be preserved and taken with the pancreas. The superior mesenteric 

artery should be ligated distal relative to the head and uncinate parts of the pancreas – 

with care to ensure pancreatic branches remain intact. The portal, superior mesenteric 

and splenic veins can be divided around the pancreas. A Kocher maneuver can be used 

to access the caudal surface of the head of the pancreas and to mobilize the duodenum. 

The first and third parts of the duodenum can be stapled across using a gastrointestinal 

anastomosis (GIA) stapler. Figures 7.5 and 7.6 illustrate the surgically procured human 

pancreas along with intact vessels. 
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Figure 7.5: Anterior view of surgically procured human pancreas. Note the vessels that 

remain preserved, including the splenic artery (including all major pancreatic branches), 

the gastroduodenal and proximal superior mesenteric arteries (including all 

pancreaticoduodenal vessels and anastomoses). 
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Figure 7.6: Posterior view of surgically procured human pancreas. In this schematic the 

portal and superior mesenteric veins are divided longitudinally to expose the line 

(dotted) along which the pancreas will be divided into two segments. 

 

At the back table, the portal and superior mesenteric veins (caudal to the pancreas) are 

divided along their longitudinal axes – this division represents the line along which the 

pancreas can be divided into two segments. Figure 7.7 illustrates the segmented human 

pancreas. 
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Figure 7 . 7: Posterior view of the segmented human pancreas. Segment A represents 

the body and tail, and Segment B primarily represents the head and uncinate process 

of the pancreas. For islet isolation – the main pancreatic ducts can be accessed from the 

cut edges of each segment. 

 

If the pancreas is to be segmented, it can be divided using a GIA stapler or by cutting 

across with a scalpel. If the latter is used, the segment allocated for persufflation needs 

to be sealed by clamping the cut edge with an atraumatic clamp, running a stitch and 

oversewing. 

 

If Segment A (shown in Figure 7 . 7) has been allocated for preservation via 

persufflation (gas perfusion), the proximal splenic artery or the celiac trunk should be 

directly cannulated. If Segment B (shown in Figure 7.7) has been allocated for 

preservation via persufflation, either one or both of the superior mesenteric and 
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gastroduodenal arteries can be cannulated. If only one is chosen for cannulation, the 

other can be ligated away from the pancreas. Whole pancreas persufflation is also 

possible by cannulating the splenic artery or celiac trunk and the superior mesenteric 

or gastroduodenal artery or both. 

 

Persufflation: 

Following cannulation, each vascular access point designated for persufflation should be 

tested for gross leaks by hand infusion of 60-mL of preservation solution, and any leaks 

that are found should be ligated. Cannulated vessels should be persufflated by connecting 

to the electronic oxygen concentrator (persufflator). The pressure should then be raised 

by adjusting the individual flow channels until a sustainable flow rate of 20 mL/min is 

reached for each channel7. Any arterial gas leaks (small rapid bubbling) should then be 

identified and ligated with surgical ties. All leaks should be tied until venous outflow can 

be observed (large slow bubbling from the vein)8. 

 

At this stage, the whole pancreas or the segment allocated for persufflation should be 

placed into the custom- built persufflation container, connected through the lid to the 

                                                 
7This may require someone to manipulate the persufflator to maintain flow to each vascular access point as the 

resistances can change dramatically as leaks are tied off. Typical pressures required to drive adequate flow can 

vary within an acceptable range (10-30 mm Hg). Pressures may exceed the acceptable range during leak testing 

and brief periods of elevated pressure may be necessary during this period.  

8It may be difficult to seal all arterial leaks. If this is the case, it is acceptable for minor arterial leaks to remain 

as long as venous bubbles can be identified exiting the pancreas. Another indication that the pancreas or segment is 

persufflating would be that it begins to float in the preservation solution. 

 
228



 

persufflator and prepared for transport. The pressure and flow should be adjusted so 

that each vascular access point receives an approximate gas flow rate of 20 mL/min 

at the minimum pressure possible and this pressure recorded; minimization of 

pressures may require that the whole pancreas or segment be repositioned within the 

container – as often times the vessels or the tubing can kink and occlude gas flow, and 

cause a transient increase in persufflation pressure. The pressure and individual flow 

rates should be checked intermittently over the first 30-60 min of persufflation as the 

pressure required to drive flow typically drops during this period. 
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Following procurement, segments were then preserved for either 10 hours of TLM of 24 

hours of PSF and transported (by plane or car) back at the University of Minnesota. 

 

Initial outcomes are very encouraging with all pure islet fraction quality and quantity 

indices examined similar or better on the day of isolation for 24 hours PSF relative to 10- 

hours TLM (Table 7.2). 

 

 

Table 7.2: 

Key outcomes for pure islet fractions obtained on the day of isolation from paired 

pancreatic segments preserved by either persufflation for 24 hours or the two-layer 

method for 10 hours. 

 

Statistical analysis of these data is pending more replicates but the data so far would seem 

to imply that PSF, by enhancing oxygenation and maintaining ATP levels, can extend 

human pancreas preservation time to 24 hours while maintaining and possibly even 

improving islet isolation outcomes, including viable islet yield. 

n TLM Lobe PSF Lobe Paired Ratio PSF/TLM
Cold Preservation Time (hr) 3 9.87 ± 0.40 24.11 ± 0.20 2.45 ± 0.11

Tissue Weight (g) 3 48.1 ± 9.7 53.7 ± 2.9 1.18 ± 0.16
Undigested Tissue (%) 3 33.2 ± 9.1 36.0 ± 14.0 1.02 ± 0.16

Islet Purity (%) 3 68.3 ± 4.4 75.0 ± 8.7 1.12 ± 0.20
Islet Morphology Score (10) 3 8.8 ± 0.2 9.3 ± 0.3 1.06 ± 0.03

Islet Yield (IE) 3 85,029 ± 26,853 210,557 ± 46,004 3.36 ± 1.57
Islet Yield (IE/g) 3 1,784 ± 596 3,967 ± 888 2.67 ± 1.03

OCR/DNA (nmol/min/mg DNA) 3 111.0 ± 6.2 112.8 ± 17.9 1.01 ± 0.11
Islet OCR Yield (nmol/min) 3 96.0 ± 29.6 253.8 ± 70.0 3.71 ± 2.06

Islet OCR Yield (nmol/min/g) 3 2.05 ± 0.70 4.85 ± 1.47 2.90 ± 1.41
Insulin Staining (% Area) 2 28.5 ± 22.3 42.0 ± 5.9 3.39 ± 2.44

β-Cell OCR Yield (nmol/min) 2 34.0 ± 20.5 96.9 ± 2.8 4.41 ± 2.58
β-Cell OCR Yield (nmol/min/g) 2 0.60 ± 0.22 1.85 ± 0.12 3.62 ± 1.50

Mean±SEM
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Chapter 8: Persufflation: Device Considerations 

In addition to assessing the efficacy of PSF for organ preservation; much work was done 

in aiding the engineers at Giner Inc (Newton, MA) in the design of the electrochemical 

oxygen concentrator (EOC) used for PSF or ‘Persufflator’. A brief history of Persufflator 

device design is provided. 

 

When I began work on PSF; a gas cylinder was needed to provide gas for PSF (Figure 

8.1). 

 

Figure 8.1: 

Example of gas cylinder in use for early pancreas persufflation work. 
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This was followed up by an initial EOC design (EOC v1; Figure 8.2) which consisted of 

a manifold for controlling delivery pressures and an EOC which required manual control 

of current and air diluents to achieve a given concentration. This iteration had no 

included battery and so a portable power source had to be brought with the device for any 

desired transport but is notable as the first device which could provide oxygen at a 

desired flow rate, pressure and concentration to organs without the use of gas cylinders. 

 

Figure 8.2: 

EOC v1; the manifold is at the top left while the device itself is on the top right. 
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This design was then followed up by a more integrated and portable design (EOC v2; 

Figure 8.3). This device combined the manifold and pressure control into a single cube-

shaped device of approximately 30 cm on a side. This design incorporated a digital panel 

for setting oxygen concentration and monitoring delivery pressures. An external battery 

was attached via a cable, providing an included power supply which could last for as long 

as 7 hours of continuous use. These changes improved the portability of the device 

dramatically enabling PSF in flight. However, the tiny handles and external nature of the 

battery prevented the device from being easily transported by a single person; requiring 2 

people to carry it through typically unfamiliar hospital corridors to the operating room 

back table for use. 

  

233



 

Figure 8.3: 

EOC v2; the first integrated device providing oxygen supply with fine control of delivery 

pressure, flow rate and concentration. 

 

The limitations of this design led to the development of the presently used design; EOC 

v3. In this design, the battery was integrated into the main case and a more ergonomic 

handle included for enhanced transport. A cartoon representation of this iteration supplied 

by Giner Inc. has been included in Figure 8.4. 

30 cm
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Figure 8.4: 

Schematic cartoon representation of EOC v3. This shows how the battery was integrated 

into the case beneath the handle assembly. 

 

A new generation of Persufflator is presently in development. This new device 

preliminarily names the ‘P3S’ system. This system will integrate the EOC device and 

manifold into a cooler eliminating the need for a separate cooler with tubing ported 

through its lid. This will be a further leap forward in portability and will hopefully be 

ready for use in the near future. 
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A patent application which I am a co-inventor on ‘Perfusing an organ with in situ 

generated gas’ (US2010/0330547 A1) has been filed with the United States Patent and 

Trademark Office and is presently ‘pending’. 
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Chapter 9: Other Methods to Monitor Organ Viability by 
Whole Organ Oxygen Consumption Rate (WO-OCR)  
 

In addition to the 31P-NMR spectroscopy method for non-invasively monitoring ATP 

levels presented earlier; it is important to develop other minimally invasive methods to 

assess organs prior to transplantation. One such method based on monitoring oxygen 

consumption normalized to tissue mass is presented in the original manuscript: BP 

Weegman, VA Kirchner, WE Scott III, ES Avgoustiniatos, TM Suszynski, J Ferrer-

Fabrega, MD Rizzari, LS Kidder, R Kandaswamy, DER Sutherland, KK Papas: 

Continuous, Real-time Viability Assessment of Kidneys Based on Oxygen 

Consumption; Transplantation Proceedings, 2010 Jul-Aug;42(6):2020-3. included 

with the permission of the publisher of the journal ‘Transplantation Proceedings’, 

Elsevier (Appendix 9). 

 
My contributions to this work include in depth involvement in development of the 

technique; as well as help in data collection and discussion.  
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Background. Current ex vivo quality assessment of donor kidneys is limited to vascular 

resistance measurements and histological analysis. New techniques for the assessment of 

organ quality before transplantation may further improve clinical outcomes while 

expanding the depleted deceased-donor pool. We propose the measurement of whole 

organ oxygen consumption rate (WOOCR) as a method to assess the quality of kidneys in 

real time before transplantation. 

Methods. Five porcine kidneys were procured using a donation after cardiac death 

(DCD) model. The renal artery and renal vein were cannulated and the kidney connected 

to a custom-made hypothermic machine perfusion (HMP) system equipped with an inline 

oxygenator and fiber-optic oxygen sensors. Kidneys were perfused at 8 °C, and the 

perfusion parameters and partial oxygen pressures (pO2) were measured to calculate 

WOOCR.  

Results. Without an inline oxygenator, the pO2 of the perfusion solution at the arterial 

inlet and venous outlet diminished to near 0 within minutes. However, once adequate 

oxygenation was provided, a significant pO2 difference was observed and used to 

calculate the WOOCR. The WOOCR was consistently measured from presumably 

healthy kidneys, and results suggest that it can be used to differentiate between healthy 

and purposely damaged organs. 

Conclusions. Custom-made HMP systems equipped with an oxygenator and inline 

oxygen sensors can be applied for WOOCR measurements. We suggest that WOOCR is a 

promising approach for the real-time quality assessment of kidneys and other organs 

during preservation before transplantation.  
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Introduction: 

Renal transplantation is the definitive therapy for patients with end-stage renal disease, 

offering increased longevity and improved quality of life [1]. At present, one of the main 

challenges in the field of transplantation is that demand for donor organs far exceeds the 

available supply. To address this disparity, the field has promoted programs for living 

donation, the use of organs from expanded criteria donors, and donation after cardiac 

death (DCD) [1]. As an increasing number of marginal organs are used, organ-quality 

assessment before transplantation has emerged as an important and urgent issue.  

 

Current ex vivo quality assessment tools for donor kidneys are limited to histologic 

analysis [2] and measurement of vascular resistance during perfusion [3]. The 

development of new real-time quantitative techniques for the assessment of organ quality 

ex vivo may potentially expand the donor kidney pool. We present herein a technique for 

the continuous noninvasive measurement of whole organ oxygen consumption rate 

(WOOCR) as a method to assess the quality of organs during preservation and before 

transplantation. In addition to excluding organs that are unsuitable for transplantation, 

this method could allow for identification of healthy organs that would have otherwise 

been rejected as unsuitable. 

 

Under normal physiologic conditions most viable tissues consume oxygen [4]. 

Consequently, determining WOOCR could be useful for quantifying organ viability even 

when measurements are conducted during cold preservation (4–8 °C). Calculation of 

oxygen consumption rate (OCR) has been applied before in the study of the heart [5], the 
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liver [6], and the kidney [7-9]. It has also been shown that OCR is a reliable and useful 

measure of pancreatic islet quality and can be used to predict islet transplant outcome 

[10-12]. 

 

We present WOOCR as a method for use with a modified hypothermic machine 

perfusion (HMP) system. HMP has been shown to be an effective method of organ 

preservation and is becoming a standard of clinical practice for kidney preservation 

among organ procurement organizations [13]. Current clinical prototypes of HMP do not 

include oxygen sensors or an adequate oxygenation system to meet the oxygen demand 

of a viable kidney, even at cold temperatures. We propose 2 simple modifications to 

currently available clinical perfusion devices, including: 1) an inline oxygenator with 

oxygen supply; and 2) inline fiber-optic oxygen sensors, which are added to the HMP 

system without disturbing the organ. This setup provides the kidney with oxygenated 

perfusate and allows for real-time measurement of WOOCR. 

 

Methods: 

 

Porcine Kidney Procurement 

5 porcine kidneys were procured from non-heart-beating donors (NHBDs). Each animal 

received an intravenous injection of 50,000-100,000 U heparin and was sacrificed using a 

lethal injection of pentobarbital sodium. Following exsanguination, the donor animals 

were eviscerated and the posterior wall of the aorta was incised longitudinally to expose 

the ostium of the renal artery (RA). RAs were individually cannulated, and each kidney 
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was flushed with 1 L cold lactated Ringer solution (LRS) and carefully dissected away 

from the viscera. Warm ischemia time was minimized to <10 minutes during the 

procurement. Each kidney was weighed after procurement and before HMP. 

 

Hypothermic Machine Perfusion and WOOCR Setup 

Arterial and venous ends of each organ were cannulated and connected to the HMP 

system. In our custom-built HMP system, 2 fiber-optic oxygen sensors (Instech Labs, 

Plymouth Meeting, PA) were placed inline upstream of the RA and 2 placed downstream 

of the renal vein (RV) for the measurement of arterial and venous partial oxygen pressure 

(pO2), respectively. To provide maximum oxygenation without causing vascular damage, 

the flow rate was controlled to be 100–200 mL/min and the temperature maintained at 8 

°C for the duration of the perfusion. The WOOCR of a kidney was calculated using a 

mass balance equation where Q is the flow rate of perfusion (mL/min), α is the solubility 

of oxygen at a given temperature (mol/mL•mm Hg), and m is the mass of the kidney (g). 

During perfusion of 4 kidneys, an oxygenator was incorporated into the setup to provide 

a steady supply of oxygenated preservation solution to the organ. Figure 9.1 shows the 

basic setup of the HMP system with inline fiber-optic oxygen sensors and the oxygenator. 

  

α
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Figure 9.1: 

Simple OCR perfusion system schematic, illustrating the perfusion circuit containing the 

inline oxygenator and oxygen sensors. 
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Formalin Treatment of the Porcine Kidney 

After a single porcine kidney was harvested and flushed with 1 L cold LRS, the initial 

measurement was performed to establish WOOCR before formalin treatment. Next, the 

kidney was flushed with 120 mL 10% buffered formalin through the RA, followed by a 

flush with 120 mL LRS to remove any remaining formalin. The new set of WOOCR data 

was collected 30 minutes after the formalin treatment. 

 

Results: 

As expected, without an oxygenator the measured pO2 of the perfusate for both the RA 

and the RV approached zero within minutes while perfusing at 100 mL/min at 8 °C. After 

incorporating an inline oxygenator, the inlet (RA) pO2 was maintained at ~150 mm Hg 

(in equilibrium with room air), but the outlet (RV) pO2 still remained near zero. When 

the arterial pO2 was elevated to >300 mm Hg (using an oxygen supply), the outlet pO2 

increased and a significant pO2 drop that was not limited by the oxygen supply was 

measured between the RA and RV for every kidney. The average WOOCR for 

presumably healthy kidneys on HMP with an inline oxygenator was 158 ± 62 nmol/min/g 

(n = 4; range 92–229 nmol/min/g). These results (and our theoretical calculations) verify 

the requirement of an inline oxygenator to provide an inlet pO2 of >300 mm Hg for the 

adequate oxygenation of the entire organ and for the accurate measurement of WOOCR 

for the average porcine kidney. A dramatic drop in the WOOCR of the kidney after the 

formalin insult (17 nmol/min/g) was compared with the WOOCR of the same organ 

before formalin treatment (187 nmol/min/g; Figure 9.2). These results suggest that 

WOOCR can differentiate between damaged and healthy organs.  
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Figure 9.2: 

WOOCR measurements from a single kidney immediately after the procurement and 30 

minutes after formalin flush. 
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Discussion: 

Current clinical HMP systems are not equipped with oxygenators. Rapid depletion of 

oxygen from the reservoir containing nonoxygenated preservation solution subjects the 

organ to hypoxic conditions. A theoretical calculation demonstrates that 1 L LRS 

equilibrated with air would be depleted of its oxygen content in ~5 minutes by an average 

“healthy” adult porcine kidney undergoing HMP. The experimental results confirm that 

arterial and venous pO2 values of the recycled perfusate (ie, nonoxygenated) decreased to 

near zero after a few minutes of perfusion at 8 °C. The results of this limited study clearly 

support the need for improved oxygen delivery in HMP systems during kidney 

preservation. One solution is to use an inline oxygenator which can supply a pO2 of ≤300 

mm Hg. Using a perfusion solution with a higher oxygen solubility could also improve 

oxygenation of tissue using a lower pO2. 

 

With adequate oxygenation, a significant pO2 drop that was not limited by the oxygen 

supply (ie, RV pO2 was significantly >0) was observed between the RA and RV of every 

organ, and an average WOOCR value of presumably healthy kidneys on HMP was 

measured at 158 nmol/min/g. This value was similar to the OCR of healthy pancreatic 

tissue at 8 °C (200 nmol/min/g) [10]. 

 

Our results also indicated a significant variability in WOOCR among freshly procured 

kidneys (range 92–229 nmol/min/g) that were harvested using our standardized 

technique. We hypothesize that the variability in WOOCR among these organ can be 
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correlated with the individual organ quality and may identify damaged organs ex vivo that 

otherwise would be undetected. 

 

The difference between the WOOCR in presumably healthy and damaged organs was 

supported by comparing the WOOCR of a formalin-treated (damaged) kidney (17 

nmol/min/g) to the WOOCR of the same organ before treatment (187 nmol/min/g) or the 

average WOOCR of all 4 untreated organs (158 nmol/min/g). Detection of any WOOCR 

in the formalin-treated kidney suggests the incomplete damage of the organ and reflects 

the OCR of the remaining viable tissue. The WOOCR of the kidney would be expected to 

approach zero if the amount of fixate and the duration of the fixation were increased. 

 

Based on these data, we conclude that a real-time noninvasive method for the 

measurement of WOOCR in conjunction with oxygenated HMP may be used to assess 

organ quality ex vivo. These measurements are feasible using a modified clinical 

prototype of HMP system.  

 

The role of oxygenation in organ preservation remains controversial [6, 14, 15]. The 

optimum HMP preservation will need to balance the potential damage that can occur with 

the generation of free radicals with the necessity to provide sufficient oxygen to sustain 

healthy tissues. Our future research will be directed toward further validation of the 

WOOCR method by correlating measurements to histologic data, molecular profiles, and 

graft function after allogeneic transplantation in a large animal model. 
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Chapter 10: Conclusions and Future Directions  

Over the course of this work, a novel method for pancreas preservation, anterograde-

oxygen persufflation (PSF) has been developed. Portable equipment (both by car and 

airplane) has been developed to provide oxygen, on demand, from procurement until 

arrival at the islet isolation facility. A non-invasive method to monitor ATP levels during 

preservation has been developed and utilized to compare PSF with other presently 

utilized methods of pancreas preservation [1, 2]. A pig model was developed and 

optimized to test PSF. The use of MRI and NMR has demonstrated that gaseous oxygen 

can routinely and homogeneously be delivered throughout the pancreas in both the pig 

and the human and that by delivering oxygen, ATP levels can be maintained for at least 

24 hours of preservation[2]. It has also been shown that PSF improves preservation at 

extended time points as assessed by histology and perhaps more importantly by islet 

isolation outcomes[3]. This demonstrates not only the potential of PSF, but also the 

importance of maintaining ATP throughout organ preservation and the potential for 31P-

NMR spectroscopy to aid in the development of methods or agents to improve organ 

preservation.  

 

In the future, further work should be done to demonstrate the potential for PSF to 

improve human islet transplantation outcomes and enable the extension of preservation 

time. If this could be accomplished and applied clinically, the need to keep an isolation 

team on 24-hour overnight call could be eliminated; saving money and perhaps more 

importantly reducing staff turnover due to burnout.  
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PSF should be further investigated and optimized in other organs. Initial studies are 

already being pursued for the application of PSF in the heart, lungs, liver, kidneys as well 

as composite tissues (such as whole limbs) all presently in varying stages of development 

utilizing the methods presented in this dissertation. Once efficacious surgical protocols 

are developed to consistently deliver gas through these organs as confirmed by MRI, 31P-

NMR spectroscopy should be implemented to better understand the impact of PSF on 

these tissues as well as the ‘long-term’ tolerance of each of these organs to PSF. This 

would help establish the limits of PSF preservation for each organ and provide defined 

windows to investigate its efficacy in each organ model.  

 

In addition to PSF, other methods of providing continuous oxygenation to tissues during 

preservation should be further investigated. The application of oxygenated liquid 

perfusion; perhaps with oxygen carriers should be pursued. The addition of various 

‘cytoprotective’ agents (JNK-inhibitors, antioxidants, etc) should be further investigated 

both independently and in conjunction with either PSF or liquid perfusion. It is possible 

that by combining several agents we may be able to synergistically protect tissues. It is 

important that each organ is investigated independently as what works best for one tissue 

may not work best for another since they are fundamentally different systems.  

 

The method for whole-organ oxygen consumption rate (WO-OCR) presented [4] should 

be further investigated to assess its potential predictive value to kidney transplantation 

outcomes. This could enable the usage of more extended criteria donors enabling a 

greater throughput and reducing waiting lists as well as potentially preventing the 
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transplantation of unsuitable grafts which may presently be transplanted. Once this is 

established, this technique could also become another ‘cost-effective’ tool to develop 

other methods of preservation and evaluate cytoprotective agents during preservation. 

The application of this technique to other, ‘more technically complicated’ organs should 

also be further developed so that this tool can become more robust in aiding with the 

development of novel preservation strategies. 

 

If the methods presented here are implemented in a wide variety of organ systems; we 

will be able to better optimize preservation strategies for each organ, enabling more 

patients to receive transplants with a lower risk of failure. 
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