
Thesis for doctoral degree (Ph.D.)
2010

Torbjörn Lundgren

Thesis for doctoral degree (Ph.D
.) 2010

Torbjörn Lundgren

EVALUATION OF STRATEGIES TO
PREDICT AND IMPROVE EARLY GRAFT

SURVIVAL IN CLINICAL ISLET
TRANSPLANTATION

C
LIN

IC
A

L ISLET TR
A

N
SPLA

N
TATIO

N



 
 From  

THE DEPARTMENT OF CLINICAL SCIENCE, 
INTERVENTION AND TECHNOLOGY (CLINTEC) 

DIVISION OF TRANSPLANTATION SURGERY 
Karolinska Institutet, Stockholm, Sweden 

 

EVALUATION OF STRATEGIES TO 
PREDICT AND IMPROVE EARLY GRAFT 

SURVIVAL IN CLINICAL ISLET 
TRANSPLANTATION 

Torbjörn Lundgren 

 

 
Stockholm 2010 

 
 
 
  
 



2010

Gårdsvägen 4, 169 70 Solna

Printed by

All previously published papers were reproduced with permission from the publisher. 
 
Published by Karolinska Institutet. Printed by [name of printer] 
 
© Torbjörn Lundgren, 2010 
ISBN 978-91-7409-945-4



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family,  
Annika, Samuel, Joel and Vilgot 
 
 
 
 
 
 
 
 
 
 

 



 

 

ABSTRACT 
 
Transplantation of the islets of Langerhans as a treatment for type 1 diabetes (T1DM) is 
a procedure still under development. For the last decade it has been possible to obtain 
insulin independence by repeated infusions of islets. However, most patients must 
resume insulin therapy in 2-3 years. The side effects associated with today’s 
immunosuppressive medication limit the procedure to patients with severe and frequent 
episodes of hypoglycemia or to T1DM patients who need immunosuppressive 
medication for other reasons, e.g. due to previous kidney transplantation. The efficacy 
and long term results of islet transplantation need to be improved for the treatment to be 
considered for also other categories of patients. 
In this thesis a new technique, the two-layer method (TLM), to avoid hypoxic damage 
to the pancreas during the period of cold storage between donor operation and islet 
isolation was evaluated. PET/CT was introduced in a preclinical large animal model of 
islet transplantation and thereafter used to study the early post-transplantation phase of 
clinical islet transplantation. Finally, a new ratio, Δ CP/GCr, was used to evaluate short 
term outcomes of repeated clinical islet transplantations.   
No significant differences could be seen in islet isolation yield or islet transplantation 
outcomes using TLM compared to conventional cold storage. When utilizing PET/CT 
to monitor the transplantation of [18F]-FDG labeled islets, these were heterogeneously 
spread in the liver, with fractions of the graft found in “hot spots”.  At least 25 % of the 
radioactivity contained within the islets was lost during the transplantation indicating 
significant early damage to the graft, possibly due to the instant blood mediated 
inflammatory reaction (IBMIR). Evaluating the clinical outcome of 110 
transplantations, we showed that a large islet graft, a high stimulation index and short 
cold ischemia time (CIT) were factors that significantly improved clinical outcome. No 
correlation was found between initial renal graft function and the outcome of islet 
transplantation from the same donor. 
This thesis has investigated areas where improvements must be made for islet 
transplantation to reach higher efficacy and become a treatment modality for more 
patients. The need for repeated islet infusions has made it difficult to study the effect of 
each islet preparation. Tools have here been introduced to facilitate this individual 
evaluation. Factors that predict the clinical outcome have been identified. Findings 
include the importance of CIT. New methods to preserve the pancreas before isolation 
are needed to improve outcome of both isolation and transplantation. A large fraction of 
islets implanted is lost during transplantation. The presented PET/CT technique may be 
used to further characterize early post-transplantation events and can become an 
important instrument in evaluation of new methods to enhance initial islet survival.  
 
Keywords: Islets of Langerhans, clinical islet transplantation, cold storage, outcomes, 
PET/CT, imaging, IBMIR.  
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1 BACKGROUND 
 
1.1 DIABETES 

 
1.1.1 History 
Diabetes, defined as thirst and large volumes of sweet smelling urine, has been a known 

entity for centuries. It was, however, not until the late 1880s that von Mering and 

Minkowski showed that diabetes could be induced in dogs by removing the pancreas 

(1). The cause of this fatal illness was thereafter sought for in this gland.  Banting and 

Best isolated insulin in 1921 and proved that the lack of this enzyme, produced in the 

islets of Langerhans, was the cause of diabetes (2). Treatment results improved 

dramatically using insulin. In 1960, Yalow and Berson introduced a radio-

immunological method for measuring insulin and physicians could then thereby 

separate juvenile diabetes (Type 1) with low or no insulin levels from adult diabetes 

(Type 2) with normal or high insulin levels (3). This thesis is focused on Type 1 

Diabetes Mellitus (T1DM) where the insulin production capacity has been lost and 

could be replaced by transplantation.  

 

1.1.2 Type 1 Diabetes Mellitus 
The underlying cause and trigger of T1DM is still unknown. However, an auto-immune 

destruction of the islets is involved in the process and auto-antibodies can be found in 

about 80% of newly diagnosed T1DM patients. In homozygotic twins, where one of 

them has T1DM, it is a 30-50% risk that the other twin will develop the disease. This 

shows that not only genetic, but also environmental factors are involved. As a 

consequence of insulin deficiency the carbohydrate metabolism becomes severely 

affected. This is shown by hyperglycemia and high concentrations of glycerol, fatty 

acids and ketone bodies. Distribution of T1DM is uneven throughout the world, with 
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the highest incidence in developed countries far from the equator like Sweden and 

Finland (Figure 1) (4).  In Sweden it is estimated that ~50 000 (one in every 180) 

persons have T1DM today. 

No Data
<1.5
1.5-5
5-8.5
8.5-14
14-24
>24

 

Figure 1.  New cases of type 1 diabetes mellitus in children, 0-14 years, predicted 2010 
(per 100 000 children 0-14 years).             Source; IDF Diabetes Atlas 4th Edition, 2009. 
 
 
1.1.2.1 Treatment options for T1DM today 

The introduction of insulin revolutionized the treatment of diabetes from the 1920’s and 

onward. Various insulins with different distribution methods is still the only treatment 

option available for most T1DM patients. The medication has been individualized and 

fine tuned over decades. Self measuring of blood glucose and a combination of long 

and short acting subcutaneously (s.c.) administered insulin is now the standard 

treatment. All insulins available on the Swedish market are made from recombinant 

human insulin with different carriers allowing quick or delayed release to the 

bloodstream. Some patients prefer administration of insulin through a pump s.c. instead 

of separate injections.  Beta cell replacement therapy can be indicated for a selected 

group of patients, see 1.2 and onwards. 
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1.1.2.2 Complications in T1DM 

Insulin treatment has made it possible to survive with T1DM. However, long term 

complications of the disease still constitute a major problem. Hyperglycemia, in the 

long run, leads to microangiopathy developing in the eyes (rethionpathy), renal 

glomeruli (nephropathy) and peripheral nerves (neuropathy). These conditions may 

lead to blindness, uremia and amputations (due to poor wound healing). Clinical studies 

have shown the close relationship between the level of metabolic control and the 

development of these complications (5). A well controlled HbA1c resulted in less long 

term complications, but increased the risk for hypoglycemias. This is one of the main 

problems in treatment of T1DM patients today, the increasing frequency of 

hypoglycemias when trying to help the patient to a better long term prognosis (6). 

 

1.2 BETA CELL REPLACEMENT THERAPY IN TYPE 1 DIABETES 
MELLITUS 

Over the last 50 years, transplantation has emerged as the treatment of choice for a 

wide range of diseases. Today thousands of kidneys, livers, hearts, lungs and 

pancreases are transplanted each year and the number of transplant centers is increasing 

worldwide. Often the transplantations serve to replace an organ where many of the 

functions and morphological integrity have been lost (i.e. liver cirrhosis or polycystic 

kidney disease). However, there are several examples where only a part of an organ’s 

repertoire of functions is distorted.  Such indications include liver transplantation with 

the sole purpose to enable the patient to produce a hormone or enzyme (7, 8) or when 

the whole bone marrow is replaced because of one malignant cell line, failure to 

synthesize hemoglobin or for various immunodeficiencies (9).   

 

In T1DM, the failure of one type of cell causes a systemic disease that, without 

replacing the hormone, i.e. insulin, leads to death. Even when treated with insulin the 
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patients suffer because of the lack of the minute to minute feedback system that 

normally is provided by the β cells, T1DM in the long run may lead to blindness, 

amputations, renal failure and premature death. It is today widely accepted that the 

angiopathy leading to these complications is a result of the inferior metabolic control of 

today’s insulin administration regimes in comparison with that in a non-diabetic person. 

Taking this into account, β cell replacement therapy through transplantation could play 

an important role. The provision of a sufficient β cell mass can fine tune blood glucose 

through the production and release of hormones in a physiological manner, restoring 

normoglycemia, and avoiding long term complications.    

 

The main hurdle in the advancement of transplantation in general has been how to 

evade the allogenic barrier of the immune system. In any transplantation between two 

individuals immunosuppressant drugs are needed to avoid rejection of the transplant 

(see 1.2.2). Another hurdle to take into account, when replacing the destroyed cells in 

the treatment of T1DM, is the autoimmune process involved in the etiology of the 

disease.  

 

The β cells of a human are spread within the Islets of Langerhans, which themselves 

are spread diffusely within the pancreas. The total volume of the islets is about 1-2 mL 

and represents only 1-2% of the pancreas tissue. When considering β cell replacement 

therapy there are today two options; either to replace the whole organ, pancreas 

transplantation, or to prior to transplantation separate the islets of Langerhans from the 

exocrine tissue, islet transplantation. 

 

Islet transplantation has several theoretical advantages compared to whole organ 

transplantation. It’s a minimally invasive treatment, islets can be pretreated to avoid 
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rejection or to document and enhance performance. In the future islets could potentially 

be derived from stem cells or animals (xenotransplantation) securing β cell availability 

(10).  

 

1.2.1 History  
The first series of pancreas transplantations was performed by Lillihei, Kelly and co-

workers at the University of Minnesota in the 1960’s (11). Today more than 23 000 

pancreas transplantations have been reported to the International Pancreas Transplant 

Registry (12). Advancements in organ procurement, surgical technique and 

immunosuppressive medication have improved results over time. The most common 

technique today places the new pancreas in the abdomen with arterial vascular supply 

coming from the recipient’s iliac artery. Venous drainage of the graft can be led to 

either the portal vein or systemic system. Commonly a piece of the donor’s duodenum 

is transplanted with the graft and is anastomosed to the recipient’s jejunum to drain the 

pancreatic exocrine secretions. The recipient’s own pancreas is left in place. 

  

Combined pancreas/kidney transplantation is a widely accepted therapy for T1DM 

patients with end stage renal disease. At three years after transplantation 84.7 % of the 

patients are insulin independent with functioning kidney grafts (13). Corresponding 

results with pancreas transplantation alone or transplantation performed after kidney 

transplantation with grafts from different donors are 74.9 and 78.0% respectively.  

Pancreas transplantation is considered to be a major surgical procedure and short term 

complications include cardiac morbidity, pancreatitis, intra abdominal infections and 

graft loss due to thrombosis. Ironically, the complications of pancreas transplantation 

emanates from the exocrine portion that only serves as a carrier for the endocrine tissue.   
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Minimally invasive methods to transplant isolated islets have been developed in 

parallel with the clinical advancements of pancreas transplantation. Already in 1972 

Lacy and co-workers (14) could cure chemically induced diabetes in rats through 

intraabdominal or intraportal transplantation of isolated islets. To isolate large numbers 

of islets from human pancreases proved to be more difficult. The inability to transplant 

enough viable islets hampered the possibilities to perform clinical trials. In 1988 

Ricordi introduced an islet isolation technique that improved outcomes of human islet 

isolation (15) and in 1990, the St Louis group reported the first insulin independent 

type 1 diabetic recipient transplanted with islets from two deceased donors (16). 

Exogenous insulin however had to be reinstituted on day 25 after transplantation, 

probably due to rejection (Figure 2). Warnock and colleagues 1992 published the first 

case with a patient remaining insulin independent more than a year after transplantation 

(17). The patient received islets from a total of 5 donors equaling about 10 000 islet 

equivalents (IEQ) per kilogram bodyweight. Results slowly improved but were clearly 

inferior to those of pancreas transplantation. Still at the end of the last millennium 

insulin independence rates after islet transplantation were, at one year, only about 10-

15% (ITR Giessen www.med.uni-giessen.de/itr).    
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Figure 2. Clinical islet transplantation. The pancreas is procured from a deceased donor 

(1) and is transported to the islet isolation facility where it undergoes mechanical and 

enzymatical digestion (2). This is followed by a separation of endocrine and exocrine 

(x) tissue by centrifugation (3). Islets can thereafter be stored in culture (4) awaiting the 

transplantation (5).  Today intraportal infusion via a transhepatic, percutaniously 

placed, catheter is the most common technique for islet transplantation. 
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1.2.2   Immunosuppressive medication  
In any transplantation between individuals (allotransplantation) it’s necessary to give 

immunosuppressive medication to avoid rejection. The only exception to this rule is 

transplantation between identical twins. When transplanting islets to treat TIDM, the 

underlying autoimmunity of the disease must also be considered. If not, diabetes can 

reoccur in the transplanted tissue (18-20). The importance of autoantibody titres is 

controversial. There are reports indicating inferior results in pretransplant autoantibody 

positive patients, but others have seen no such correlation (21, 22). However, in most 

cases the same immunosuppression used to avoid alloimmunity seems to keep 

autoimmunity at bay.  

 

The immunosuppressive drugs used can be divided into induction therapy that is given 

for a short period in conjunction to the transplant and maintenance therapy that the 

patient has to use during the lifespan of the graft.  

 

For maintenance, combinations of drugs are given. This is both to limit the side effects 

of high doses of any specific drug and to benefit from the different mechanisms of 

action between the drugs.  Introduction of the first calcineurin inhibitor, cyclosporine 

A, in the late 1970s helped to improve short term results in all types of organ 

transplantation. Triple treatment with cyclosporine A, azathioprine (a proliferation 

inhibitor) and steroids became the main elements of all transplantation protocols for 

many years. In the last ten years tacrolimus (a second generation calcineurin inhibitor) 

to a large extent has replaced cyclosporine A and mycophenolate acid has replaced 

azathioprine.  

Sirolimus was introduced in 2000. This was the first drug in a new category (mTOR 

inhibitors) also targeting IL-2, but at a different level and considered less nephrotoxic 
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than both cyclosporine A and tacrolimus. It was thought that sirolimus would be able to 

replace the calcineurin inhibitors. This hope has, unfortunately, not been fulfilled. 

Sirolimus is today used in combination with other drugs. It is commonly used in islet 

transplantation protocols and facilitated to start to transplant without the use of 

glucosteroids. However, there are concerns about effects on β-cell adaptation to 

hyperglycemia (23) and in vivo proliferation of β-cells (24) using the drug.  

 

The pancreas is considered more prone to rejection than many other organs. Induction 

therapy with lymphocyte depleting antibodies is common. In islet transplantation the 

trend is currently shifting from IL-2 receptor blockers (daclizumab and basiliximab) 

that were used in the original Edmonton protocol (25) to depleting antibodies (anti 

thymocyte globulin) (www.citregistry.org). 

 

Some specific side effects of immunosuppressive drugs are found in tables 1 and 2. It is 

certainly a problem when the main elements of treatment are calcineurininhibitors 

(Cyclosporine A, Tacrolimus) that have specific side effects influencing the 

transplanted graft, nephrotoxicity (26) in renal transplantation and disturbed glucose 

metabolism in pancreas/islet transplantation (27). 

 

The therapy as such carries important general side effects that are not specific for any 

drugs, but rather related to the level of total immunosuppression. This involves all types 

of infections (bacterial, viral and fungal). Infectious complications are most common 

early after transplantation when the levels of the drugs are high (28). Through the years 

clinicians have become more acquainted with the present therapies and generally the 

recommended trough levels of the calcineurin inhibitors have been lowered. Severe 

infections are less common today than 10 or 15 years ago.  
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Generic name Brand names Introduced Mechanism of 
action 

Specific side 
effects 

Prednisolone Prednisone® 1950 Anti-inflammatory Osteoporosis, 
Insulin resistance 

Azathioprine Imuran® 
Imurel® 

1960 Limits expansion of 
White blood cells  

Neutropenia 

Cyclosporine A Sandimmune® 
Neoral® 

1979 Inhibits T cell 
proliferation 
Calcineurin inhibitor 

Nephrotoxicity, 
Hypertension 

Tacrolimus Prograf® 
Advagraf® 

1995 Inhibits T cell 
proliferation 
Calcineurin inhibitor 

Nephrotoxicity, 
Diabetes  

Mycophenolate 
acid 
 

CellCept® 
 
Myfortic® 

1995 
 
2004 

Limits expansion of 
white blood cells 
(lymphocytes) 

Upper GI 
symptoms, 
Neutropenia. 

Sirolimus 
 
Everolimus 

Rapamune® 
 
Certican® 

2000 
 
2003 

Inhibits T cell 
proliferation by 
blocking intracellular 
signaling  

Impairs wound 
healing, Mouth 
ulcers, Interstitial 
alveolitis, 
Hyperlipidemia  

 

Table 1. Common drugs in maintenance therapy 

 

 

Table 2. Common drugs in induction therapy and rejection treatment 

 

Generic 
name 

Brand names Introduced Mechanism 
of action 

Specific side 
effects 

Methyl 
prednisolone 

Solu-Medrol® 1950 Anti 
Inflammatory 

Osteoporosis, 
Insulin 
resistance 

Daclizumab  
 
Basiliximab 

Zenapax®  
 
Simulect® 

1999 
 
1999 

IL-2 receptor 
blockers 

 

Anti 
Thymocyte 
Globuline 

ATG-Fresenius® 
 
Thymoglobuline® 

1999 
 
2002 

Depletes T-
lymphocytes 

Allergic 
reactions, 
neutropenia 
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Routine prophylaxis is given for the most common and dangerous microbes during the 

first months after transplantation. Doses of the immunosuppressive agent are tapered to 

lower levels during the same time period. 

 

There is also an elevated frequency of cancer in transplanted patients. The most 

common are local skin cancers as basilioma or squamous cell cancer, but the 

accumulated risk for cancer can be calculated to be four times to that of the general 

population (29). 

 

1.3 CLINICAL ISLET TRANSPLANTATION 

 
1.3.1 Indications for clinical islet transplantation 
As mentioned above immunosuppressive therapy is, at least today, compulsory for 

clinical islet transplantation. This medication constitutes the largest risk for the patient. 

The islet transplantation procedure as such is considered safe if patients are screened 

for bleeding abnormalities etc (30) and grafts with a high purity and low total volume 

are transplanted (31). However even in the most successful cases exogenous insulin is 

traded for immunosuppressive drugs. This limits the indications of the procedure since 

most patients with T1DM function well on conventional therapy.  

 

There are three generally accepted situations where islet transplantation can be 

considered. 

- The patient has already undergone a transplantation of another organ (usually kidney) 

and is therefore already on immunosuppressive medication. Here the patient can benefit 

from the islet transplantation without having to balance it with the added risk of starting 

immunosuppressive treatment. This category is most often referred to as “islet after 

kidney” (IAK) (32, 33). 
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- The patient has end stage renal disease and is planned for transplantation with a 

kidney from a deceased donor. Here one can add islets processed from the same donor, 

simultaneous islet kidney transplantation (SIK). Often islets from one or two additional 

donors are transplanted to potentate the graft. The most common indication for 

pancreas transplantation is simultaneous pancreas kidney transplantation (SPK). The 

procedure is, however, limited to relatively young and physically fit patients receiving a 

pancreas from non-obese donor less than 55 years of age (34-36). Islet transplantation 

usually comes into question for patients that don’t qualify for SPK or at 

centers/regions/countries that do not perform SPK (37).  

- Islet transplantation alone (IA) has been the most common procedure during this 

century (www.citregistry.org). The main indication is frequent hypoglycemias 

combined with an unawareness of symptoms of low blood sugar. Iatrogenic 

hypoglycemia is a major unresolved problem for many patients with T1D. It is the 

limiting factor in the management of T1D, causing some deaths as well as recurrent 

physical, and recurrent, or even persistent psychosocial morbidity (6).  

 
1.3.2 Results obtained in clinical islet transplantation trials 2000-2009 
Coming into the new millennium insulin independence through islet transplantation 

was rare. During the last years of the decade 10-15 % of the treated patients were 

insulin independent at one year post transplant, however, up to 80 % still had function 

shown by measurable c-peptide (ITR Giessen www.med.uni-giessen.de/itr).  

Clinical trials in islet transplantation have generally been small. There are no published 

prospective randomized clinical trials to date. The collaborative islet transplantation 

registry (CITR) (www.citregistry.org) have collected data from 412 allo islet recipients 

transplanted 1999-2008 at 27 North American, 3 European and 2 Australian centers and 

publish annual reports.  
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In July 2000 the group in Edmonton, Canada reported (25) that they had achieved 

insulin independence in 7 consecutive cases with a follow-up of 4 to 15 months. 

Several things had been changed compared to previous protocols. First - All patients 

received islets due to severe problems with hypoglycemia (islet alone, IA). Second - A 

new steroid free immunosuppressive regime was used with daclizumab as induction 

therapy and sirolimus plus tacrolimus as maintenance. Third – Transplantations were 

repeated with islets from several donors (2-4) until the patient became insulin 

independent. Fourth – Islets were transplanted fresh. No period of culture preceded the 

transplantation. A mean of 11,547±1604 islet equivalents per kilo bodyweight (IEQ) 

was needed for the recipient to obtain insulin independence.  

 

A study was initiated by the Immune Tolerance Network spreading the “Edmonton 

Protocol” to 9 centers on both sides of the Atlantic. Each center transplanted 3-5 

patients. Here the results were more complex with varying results between centers. At 

one center all 4 transplanted patients were insulin independent at one year thereby 

fulfilling the primary endpoint. On the other hand there were three centers with a total 

of 11 transplanted patients where none did so. In total, 44% were insulin independent at 

one year and 58% had been so at least at one time point within the trial (38). A larger 

series of transplantations conducted in Edmonton showed that while >80% of the 

patients still had islet function at five years (showed as c- peptide production) and an 

absence of hypoglycemia, the median time until exogenous insulin was reinstated was 

15 months and only 7.5 % were insulin independent at five years (39). Similar results 

are presented in the CITR report (www.citregistry.org). Of the registered patients, 70% 

were considered insulin independent (at least 14 days without insulin) but only 39 % 

remained so after two years. 35% had lost all function three years after the last 

transplantation.  
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In 2004 The Minneapolis group presented a trial with 8 patients all becoming insulin 

independent after only one transplantation and one donor (mean 7,271 ± 1,035 IEQ/kg) 

(40). Key features in the protocol included aggressive anticoagulant therapy 

surrounding the transplant, etanercept (a TNF α inhibitor) and rabbit anti-thymocyte 

globulin induction. Five out of eight remained insulin independent after one year. There 

was a large discrepancy between the donors (101 kg BW/34 BMI) and recipients (60 kg 

BW/23 BMI), making the results of the single donor procedure difficult to interpret. 

The same group have later reported an insulin independence of 66% with a mean 

follow up of 3.4 years (41). This would indicate an improvement compared to the 

corresponding Edmonton figures of about 25% at three years. However the study 

includes only six patients and is too small to draw any firm conclusions from. 

 

Rickels et al published a series of reports on the metabolic evaluation and performance 

of patients transplanted with islets (IA) (42, 43), clearly indicating an insufficient β-cell 

mass (22% of normal) even in insulin independent persons, suggesting that only a 

fraction of intraportally transplanted islets actually engraft in the liver.  

 

Further follow-up on the Edmonton patients have shown a reduction of GFR and 

progression of albuminuria over 4 years of observation despite improved glycemia 

(44). The rate of decline in GFR was however extremely variable and difficult to 

predict. Tacrolimus or the combination of tacrolimus/sirolimus was primarily thought 

to be responsible for the findings, however further progression of diabetes nephropathy 

could not be ruled out. On the contrary, Warnock et al found no reduction of renal 

function after islet transplant compared to the general public or a group T1DM patients 

that received intensive medical therapy (45).This was done in a cross over study in 42 
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patients. The same study showed a reduction of 0.9% in HbA1c and less progression of 

rethinopathy in the islet transplanted group.  

 

The researchers in Edmonton have also published data showing that 31% of their 

recipients had developed de novo HLA antibodies after transplantation (46). 23% were 

still on immunosuppressive medication when the first antibodies occurred. In the 

patients that had discontinued this medication for various reasons (predominantly graft 

failure) 10/14 were broadly sensitized with a mean PRA of 89.5%. These antibodies 

will make it more difficult to find a suitable donor if the patient would be considered 

for a pancreas, islet or renal graft in the future. Cadradi et al (47) confirmed that all of 

their patients that had stopped immunosuppression had developed allo-antibodies. 

Considering development of HLA antibodies while on immunosuppression Ferrari-

Lacaraz and colleagues did not find that they were more frequent than in kidney 

transplantation (48, 49). 

 

Lehmann et al have shown superiority of small islets in graft survival (50, 51) and work 

on models for remodeling islets to a favorable size.  

 

The studies above and others have in the last decade shown that insulin independence 

can be obtained by multiple islet infusions and in some cases by only one. Even in 

these successful cases, the engrafted β cell mass is only about a fourth of that of a 

healthy individual. Considering that the cut-off level where insulin has to be reinstated 

is in the region of 20%, only a slight reduction in β cell mass must occur before this 

line is crossed and the patient has to start taking insulin again. However the most 

common indication for islet transplantation during this decade has been recurrent 

severe hypoglycemia. To overcome these problems independence of exogenous insulin 
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is desirable but not needed. A lower degree of function from the islets is usually enough 

(39). In fact, more than 80% of the patients in the Edmonton series experience freedom 

from recurrent hypoglycemia for more than five years, but only 40% of the total in the 

CITR registry. 

 

Few trials report on possible effects of islet transplantation on long term diabetic 

complications. However, small uncontrolled trials have reported positive effects on 

heart and vessels (52), kidneys (53, 54), eyes (55, 56) and peripheral nerves (57). 

Considering the number of transplantations performed in the last decade more data in 

this regard could soon be expected. 

 

At its present state islet transplantation should be seen as a procedure in development, 

suitable only for carefully selected and well informed patients. The ITN trial showed 

the importance of experience and devotion at all levels. It can be easily argued that islet 

transplantation should only be performed at centers with a special interest in β cell 

replacement therapy and as often as possible within clinical trials. Prospective 

randomized trials are needed to firmly establish which patients that benefit most from 

the procedure and how to perform it most efficiently.  

 

1.3.3 Practical issues in clinical islet transplantation today  

 
The pancreas from the deceased donor is harvested and transported in almost the same 

way regardless if the pancreas is intended for islet isolation or whole organ 

transplantation. The only difference is that the vessels are needed at the latter 

procedure. Criteria for accepting donors differ from center to center. They usually 

include age, weight, previous illnesses, circulatory stability, current medication etc. In 

the Nordic countries we accept all donated pancreases for isolation that come from non-
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diabetic donors, of 25-70 years of age, where the kidneys are deemed suitable for renal 

transplantation. Since pancreas transplantation is an established procedure with superior 

clinical results, whole pancreas transplantation has priority.  

 

Islet isolation is a demanding, labor intensive and expensive procedure. This has 

motivated the Nordic transplantation departments (Uppsala, Stockholm, Malmö, 

Göteborg, Oslo and Helsinki) (Figure 3) and others (58-60) to set up networks with a 

central islet isolation facility serving more than one islet transplantation unit. 

Pancreases are sent to the isolation lab for processing and islets are returned for 

transplantation. This also allows for easier exchange of islets suitable for specific 

patients across the network. However, most international islet transplantation groups 

still have their own isolation facility.  

 

As in all other transplantations the so called cold ischemia time (CIT), the time between 

when blood supply is stopped in the donor and later is reinstated in the recipient, is 

critical with inferior results if it is prolonged (61, 62). In islet transplantation, however, 

it is the start of the isolation and not reinstated circulation that defines the endpoint for 

CIT. Attempts have been made in recent years to introduce new and innovative 

transport solutions to reduce the impact of transportation and CIT on islet isolation and 

transplantation outcome, thereby allowing longer CIT. Initial results have been 

promising (63, 64) .This is further evaluated and discussed in this thesis (Paper I). 
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Figure 3. Configuration of The Nordic Network for Clinical Islet Transplantation. Six 

clinical sites share the same islet isolation facility. Pancreases and islets are transported 

by car or air depending on distance.  

 

 

The isolation technique has only been modified slightly (65, 66) since Ricordi 

presented his automated method in 1988 (15).  

Islet isolation can be divided into four steps.  

1. The duodenum, excessive fat and connective tissue are removed from the graft 

and the pancreatic duct is identified. 

2. Collagenase, responsible for disintegrating the tissue, is infused into the 

pancreatic duct. 

3. The pancreas is put into a chamber at a specific temperature. In addition to the 

enzymatic process the chamber is shaken to physically separate the tissue. This 

incubation is stopped when samples taken from the chamber show free islets.  
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4. Exo- and endocrine tissue have different densities. This makes it possible to 

separate the tissue fragments from each other using a continuous gradient in a 

cell centrifuge (67). 

 

Collagenase quality is of critical importance for the result of the isolation and may, 

unfortunately, vary between both producers and individual batches (68). This is one of 

the factors behind the variable outcomes of islet isolation. If optimal donor and 

transport criteria are fulfilled, an experienced islet isolation facility succeeds in 

producing islets suitable for clinical transplantation in ~50% of the isolations (38). It 

has been calculated that up to 80% of the original pancreases β cell mass can be 

successfully retrieved (69). Islets vary in size from only a few cells to half a millimeter 

in diameter. To standardize quantification of the graft a standard islet equivalent (IEQ), 

with a diameter of 0.15 mm has been used. Islet transplantation protocols often define 

that the graft size should be 5000 IEQ per kilogram body weight of the recipient or 

more to be transplanted.  

 

Quality tests that are performed on the islet graft include viability tests, glucose 

stimulation tests and screening for microbes.  

 

Following a successful isolation, islets can either be transplanted “fresh”, as in the 

classical Edmonton protocol, or be kept in culture awaiting transplantation. Clinical 

outcomes using the two approaches do not differ and today most groups prefer the later 

which has some substantial practical advantages. The time in culture allows for quality 

tests to be performed on the isolated islets, cross-matches made against possible 

recipients and finally travel to the transplant center and pretransplant preparation for the 

chosen patient. The transplantation hereby becomes a planned and most often daytime 
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procedure.  Islet transplantation is normally performed within 72 hours after islet 

isolation.  

 

Access to the portal vein is usually established either through a percutaneus 

transhepatic puncture guided by ultrasound or a small abdominal incision with 

cannulation of a mesenteric vein. Using the percutaneous route, the portal vein can be 

reached through a ventral puncture aiming at the left portal branch or lateral puncture 

aiming at the right branch. In our experience it’s quicker and easier to get a good 

central placement of the catheter tip if the later technique is used. A problem with the 

lateral approach is however that breathing movements may dislocate the catheter. Islet 

transplantation using the transhepatic technique can be performed using local 

anaesthesia often combined with sedation. The patient is kept euglycemic through 

administration of iv insulin.  Modern clinical protocols administer heparin (500-7000U) 

with the islet graft to avoid clotting and thrombosis. This increases the risk for bleeding 

from the puncture, when the catheter is removed. The use of a foam plug (30) at the 

exit site or delayed removal of the catheter, allowing coagulation parameters to 

normalize and local deposits of fibrin to counteract bleeding, has reduced this risk.  

 

Islets have been shown to be vulnerable to glucotoxicity (70-72). Clinical results 

improve when patients have been kept euglycemic in the peri- and posttransplant 

period (73). Often tapering of insulin is not started until engraftment is expected to be 

established after about a month. This is in sharp contrast to pancreas transplantation 

which usually normalizes blood sugar levels already at the reestablishment of blood 

circulation.  
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Most immunosuppressive protocols in islet transplantation contain diabetogenic drugs, 

primarily tacrolimus (www.citregistry.org). Balancing between efficacy and negative 

side effects calls for frequent contact with the patient and monitoring of the patients 

general condition, glucose levels and immunosuppressive drug levels.  In the Nordic 

Network for Clinical Islet Transplantation the patient daily reports the last 24 h pre/post 

prandial and bedtime glucose levels together with insulin doses and hypoglycemia (if 

any) through telephone, fax or e-mail to the transplant center during the first month. 

After discharge from the hospital, trough levels of immunosuppression is measured 

twice a week together with c-peptide, creatinine and other lab tests. If no complications 

occur, outpatient visits are kept at once a week for the first three months following the 

transplant. Thereafter, visits and blood draws are spaced out in steps to once every three 

months. Decisions whether to repeat the transplantation are discussed and made 

together with the patient. Stabilization of blood sugar and normalization of HbA1c is 

most often achievable already after one transplant. If this was the goal for the 

transplantation and since we know that even when insulin independence is achieved it 

is usually lost within 2-5 years, it could be argued that a specific patient would benefit 

to accept a certain dose of exogenous insulin and only repeat islet transplantation when 

or if the initial positive result show signs of deterioration. In our experience, patients 

that have had severe problems with fluctuating blood sugars and hypoglycemia often 

cherish an improvement in this regard.  

 
1.3.4 Intraportal islet transplantation and alternative sites 
Islet infusion into the liver via the portal vein has been the “gold standard” for clinical 

islet transplantation. In animal models, several different islet transplantation strategies 

(i.e. deposition under the kidney capsule or intrasplenic) have functioned well, but in 

non human primates and humans intraportal islet transplantation is the only technique 

that repeatedly has lead to insulin independence. The efficacy is however low and little 



 

22 

is known for certainty about how the engraftment procedure takes place in humans. 

Until engraftment is fully established (74) islets have to rely on oxygen and nutrition to 

be delivered by the portal blood flow. This makes them vulnerable to a series of 

negative factors occurring during this period, i.e. high levels of immunosuppressive 

drugs in the portal vein (75, 76), hyperglycemia, IBMIR (see below) and low oxygen 

supply. In humans, islets do not seem to become incorporated in the liver parenchyma 

as in rodents, but rather stay in the portal vein lumen or wall (69). This, among other 

things, show that transplantation in rodents may be a poor model to understand 

engraftment in human islet transplantation.  

 

Islet transplantation into the portal vein elicit a reaction called the instant blood 

mediated inflammatory reaction (IBMIR) (77-79). IBMIR is a, non-specific, reaction 

activating both inflammatory and coagulation pathways. It is induced by tissue factor (a 

transmembrane glycoprotein expressed on islets and i.e. within vessel walls). Tissue 

factor is down regulated during islet culture and this is one more reason that most 

groups today have abandoned the original Edmonton protocol to transplant islets 

immediately following islet isolation. Clinical trials trying to abrogate IBMIR through 

the selective blocking of coagulation and complement are presently ongoing. 

 

The above described disadvantages concerning intraportal islet transplantation has 

stimulated investigations aiming to find sites better suited to harbor the graft. Striated 

muscle (80), omental pouch (81) and the native pancreas (82) are among the suggested 

sites, but all have yet to show equal or better efficiency than the intraportal route in 

humans.  
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Another implantation strategy and a way to evade the immune system would be to 

encapsulate the islets (83, 84) either in a chamber (macroencapsulation) (85) or 

spherical capsules where one or a few islets are enclosed in each (microencapsulation) 

(86, 87) . Semipermeable membranes allow small molecules to pass through (i.e. 

insulin and glucose) but keep the cells of the immune system out. The main advantage 

here is to be able to transplant without the need of immunosuppression and its side 

effects (1.2.2). Disadvantages with the macroencapsulated approach include 

fibroblastic overgrowth and placement. As islets are supplied via diffusion over the 

membrane, only thin layers of them inside the device can survive. Thus large surface 

areas are required, reducing the number of suitable implantation sites. Disadvantages 

with microencapsulation include incomplete encapsulation and gradual degradation of 

the material leading to a risk of sensitization. Clinical trials are few and no T1DM 

patients transplanted with encapsulated islets have become insulin independent. 

Clinical benefit has, however, been demonstrated by Calafiore et al with C-peptide 

production for several months. This was in a small study where recipients received 

islets placed in capsules of calcium alginate coated with polyornithine (86). 

 

1.3.5 Monitoring the islet graft 
Clinical studies show that islet function is lost over time. Many theories have been 

presented on why this occurs. They include allo-rejection, toxicity of drugs and 

exhaustion because of too little islet mass from the beginning. Tools to monitor the islet 

graft are of vital importance to understand why, when and how function is decreasing. 

It would also allow treatment to be started if an unwanted development occurs, i.e. 

rejection. However methods to do this efficiently have been lacking. Metabolic 

evaluations have been adapted from endocrine research, e.g. insulin requirements, p-

glucose, p-C-peptide, HbA1c, continuous subcutaneous glucose monitoring (CGMS) 
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and stimulation tests i.e. Mixed Meal Tolerance Test (MMTT), Glucagon Test, IV 

Glucose Tolerance Test (IVGTT) and glucose-potentiated arginine stimulation test. 

Some of these can be applied to calculate the functional beta cell mass, but it is usually 

too late to salvage function that has been lost between measurements and it gives no 

indication as to why the function has been influenced. More specific calculations for 

islet transplantation have been constructed (Beta Score (88), CGGCR/CPGR (89), 

SUITO index (90)) but they invariably rely on the factors related to above and have no 

further predictive value.  Islets can be found in needle biopsies from the liver, but only 

in about 30% of the cases and even when they are found they don’t reflect overall graft 

function (91).  A complicating feature is that transplantation usually has to be repeated 

for the patient to become insulin independent. This makes it difficult to evaluate each 

islet dose and to identify critical parameters in the donors, islet isolation processes, 

cultures, transports or transplantations and post transplantation patient management that 

are contributing to the final outcome. One possibility to evaluate specific factors 

contributing to the outcome in repeated transplantations is evaluated and discussed in 

this thesis (Paper V). 

 

 

1.3.5.1  Imaging Islet Transplantation 

Islet imaging is one of the fields where progress has been made in recent years. Ideally, 

a three dimensional description of the islets location should be made to see where 

changes have occurred and where ongoing inflammation/rejection is to be found. This 

could allow stereotactic directed biopsy and subsequent microscopic analysis. Imaging 

should also allow quantification of the functioning beta cell mass and consistently 

enable comparison both between individuals and between different time points in the 

same patient.   
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Clinically applied approaches involve positron emission tomography (PET) and 

magnetic resonance imaging (MRI). In both instances islets have been labeled in vitro, 

transplanted and subsequently followed by imaging in the recipient. This limits the 

interval when the graft can be monitored since the label will be cleared from the graft. 

Ideally, it should be able to inject an islet or beta cell specific probe and that way allow 

repeated imaging of the graft. To find such a probe has proved more difficult than 

originally thought (92).   

 

Compared with radionuclide imaging, the main advantage of MRI is its capacity for 

high anatomic resolution. Islets have been labeled with superparamagnetic iron oxide 

particles (93) and in post transplant livers been depicted as (dark) signal voids in T2-

weighted images up to six months. However no correlation was found when compared 

with the number of transplanted islets or clinical islet graft function. The total number 

of spots was generally low (maximum 138) and can be assumed to be aggregates of 

islets.   

 

1.3.5.1.1 Positron Emission Tomography (PET) 

PET provides unique information about molecular and metabolic changes with disease. 

It has been used clinically the last 15 years (94) and is today an important tool in many 

aspects of clinical medicine. The most common area is oncology where PET with FDG 

(please see below) is used both for diagnostic purposes, mainly tumor staging, and 

treatment monitoring (95).  PET has a high impact on the patient management and 

results in treatment strategy changes in approximately every third case, compared to if 

PET was not used (96). 
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Conventional radiological methods involve imaging of anatomy and morphology but 

by using PET various aspects of biological function can be imaged. A molecule, the 

function of which you want to image, is labeled with a radioisotope and the preparation 

is administered generally as an i.v. injection. The PET technique makes use of 

radioisotopes emitting positrons. In this decay, the positron immediately interacts with 

an electron and both are annihilated and converted to two, high energy (511keV), 

photons that travel 180 degrees from one and another (Figure 4). The photons are 

registered by the detector rings in the PET-camera as a “line of decay”. By analyzing 

millions of such lines the PET software constructs a PET image showing the location 

and concentration (Bq/cc) in the tissues of the administered PET tracer. 

Positron (β+)

511 keV

511 keV

γ

γ

Figure 4 The radioisotope emits a positron. The positron produced interacts 
with an electron. A reaction transforms the two particles into two photons of 
511 keV emitted in exactly opposite directions.  

Common radioactive isotopes are 18Flourine (18F) and 11Carbon (11C). The glucose 

analog Deoxy-Glucose linked to 18Flourine constitutes Fluoro-Deoxy-Glucose (FDG) 

that is, by far, the most used PET tracer (>95% of all PET examinations). The 

radioactive half-life of FDG is 110 minutes. The cyclotrone where it is manufactured 

must therefore be situated in proximity (within 2 hours of transport) to the PET center 

where it will be used.  
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 In conjunction with a standard PET examination a transmission investigation, 

generally using a 68Ge rod or point source, is performed to produce an “attenuation 

map”. This is used to correct the ensuing emission scan for attenuation. Using this 

information the original emission images are recalculated as if no attenuation had 

occurred of the photons.  

 

The PET images show the relative location of the radioactive isotope, but the normal 

tissue accumulation of the PET tracer and the low spatial resolution of the technique 

makes it difficult to find anatomical landmarks to which the pathological PET findings 

may be related. To achieve an anatomical-morphological map, PET is therefore today 

generally combined with computed tomography (CT). Another synergistic advantage 

using a combined PET/CT hardware is that the attenuation correction needed for the 

PET can be derived from the CT data saving, at least, 25% of the time it takes to 

perform a conventional PET (97).   

 

PET techniques in cell transplantation require the transplanted cells to be directly 

labeled with a radioisotope before transplantation. FDG enters the cell by using the 

same transporters as regular glucose and is phosphorylated into [18F]deoxyglucose-6-

phosphate ([18F]FDG-6P) by hexokinase, but it cannot be further metabolized or leave 

the cell (98, 99), (Figure 5). The advantages of this modality are high sensitivity and 

immediate translation to clinical practice, since 18F-fluorodeoxyglucose ([18F]-FDG) is 

approved by the Food and Drug Administration (FDA) as clinical radiotracer (100). 

PET has been used to track transplanted cells like endothelial progenitor cells (101, 

102) or cardiac stem cells (103) in different pre clinical settings (104).  
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FDG PET/CT as a method for monitoring the islet graft is evaluated and discussed in 

this thesis (Paper II-IV). 

GLUT 

18F-FDG
18F-FDG-6-phosphate 

In the Cell 18F-FDG is Phosphorylized
to 18F-FDG-6-Phosphate

18F-FDG-6-phosphate
does not undergo glycolysis.

 

 

Figure 5. 18F-FDG enters the cell but is then trapped after phosphorylization. 
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2 AIMS 
 
 
 
The general aim of this thesis was to study pre- and peri-transplant events that may 
influence the outcome of clinical islet transplantation. 
 
 
The specific aims of the studies were: 
 
 
 
 

• To evaluate the effect of a new method for continuous 
oxygenation of the procured pancreas. 

 
 
 
• To establish and evaluate an imaging technique to study 

peri-transplant events in islet transplantation. 
 
 
 

• To evaluate factors contributing to the outcome of repeated 
clinical islet transplantations. 
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3 MATERIALS AND METHODS 
 
3.1 ETHICS 
All studies were approved of in advance by either local or regional ethics boards 

regarding the clinical studies (Paper I, III, IV and V) and animal experiments (II) were 

approved by the local ethics committee for animal research in Uppsala. The studies 

were performed in accordance with national rules and regulations as well as 

international guidelines.  

 

3.2 MATERIALS AND MODELS 

 
3.2.1 Clinical pancreas procurement and transportation  
Organ procurement was performed within the Nordic Network for Clinical Islet 

Transplantation, which consists of six centers (Göteborg, Helsinki, Malmö, Oslo, 

Stockholm, Uppsala) and a central isolation unit located in Uppsala (60) (Figure 3). 

All pancreata were procured from brain-dead multiorgan donors.  Pancreata were 

perfused in situ via the abdominal aorta with cold University of Wisconsin solution 

(UW) (ViaSpan, DuPont Pharmaceuticals Ltd., Herts, UK) or Histidine–tryptophan–

ketoglutarate (HTK). CIT was defined as the interval between the aortic cross-clamp 

and initiation of the dissection procedure at the islet laboratory. 

Pancreas shipment was performed utilizing a validated and certified organ transport 

system (Medco AS, Moss, Norway) that consisted of two plastic jars, four cooling 

aggregates, and an isolated transport container. For shipment, explanted pancreata 

were placed in the inner plastic jar and either immersed in 400 ml of cold UW, HTK 

or preserved by the Two Layer Method (TLM). In these cases explanted pancreata 

were placed on 200 ml of cold clinical-grade perfluorodecalin (PFD; Curavent, 

Pharmpur GmbH, Augsburg, Germany) that had initially been precharged for 30 – 45 
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min with 100% oxygen at a flow rate of 2000 ml/min. During oxygenation, the PFD 

was covered with a 100 ml-layer of UW. This procedure resulted in a partial oxygen 

tension of 750 – 800 mm Hg. Afterwards, the organs were fixed at the interface 

between the PFD and UW in a 600-ml container that was filled completely with UW 

and placed into the transport system for shipment. 

 
 
3.2.2 Islet isolation 
3.2.2.1 Clinical islet isolation and culture 

Isolation and culture procedures have previously been described in detail (65).  Briefly, 

pancreata were dissected and perfused under low pressure (≤80 mmHg) via the papilla 

Vateri with either Liberase HI (Roche, Indianapolis, IN) or Serva NB1 plus neutral 

protease (Serva, Heidelberg, Germany) dissolved in 80-120 mL cold Ringer’s Acetate 

solution (RAS, Braun, Melsungen, Germany) with 3 mM CaCl2 (BDH Chemicals, 

Poole, UK) and 20 mM HEPES (Gibco-Invitrogen AB, Stockholm, Sweden). Perfusion 

volume was related to pancreas size. 

Digestion was performed at 37ºC using a continuous digestion filtration chamber filled 

with RAS supplemented with 10 mM nicotinamide, 0.5% penicillin-streptomycin, 

0.4% sodium bicarbonate (Gibco), 20 mM HEPES, and 0.2 µl/mL Pulmozyme (Roche 

Diagnostics Scandinavia, Bromma, Sweden). Harvested tissue was collected in RAS 

with 2% ABO-compatible human serum (Blood bank of the University Hospital, 

Uppsala, Sweden), centrifuged at 220 g, recombined and placed in 1.2-fold University 

of Wisconsin solution (Apoteket AB, Stockholm, Sweden) with 5 µl/ml Pulmozyme for 

1 hr incubation prior to purification. 

Purification occurred on 1.077-1.097 g/mL linear Ficoll density gradients (Biochrom, 

Berlin, Germany) adjusted to 450-470 mOsm and 7.2-7.4 pH with 10x Hank’s balanced 

salt solution (HBSS, Gibco), NaOH (1M) and 20 mM HEPES. Purified tissue was 
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collected in RAS supplemented with 2.5% ABO-compatible human serum and then 

washed twice with the same media prior to purity evaluation  

For final culture, tissue fractions with similar purities were combined and resuspended 

in CMRL 1066 with addition of 10% ABO-compatible human serum, 10 mM HEPES, 

10 mM nicotinamide, 2 mM L-glutamine, 50 µg/mL gentamycin, 0.25 µg/mL 

fungizone, 1 mM sodium pyruvate (Gibco) and 20 µg/mL ciprofloxacin (Bayer, 

Leverkusen, Germany). Tissue was cultured in platelet bags (Fenwal, Stockholm, 

Sweden) in a humidified atmosphere with 5% CO2 at 37ºC for 1 day and at 25ºC 

thereafter. Islets were cultured for 1–5 days before transplant with medium change on 

day 1 and thereafter every second day. 

 
3.2.2.2 Porcine islet isolation and culture 

Pig islets were isolated from Swedish Landrace pigs using a standardized isolation 

protocol developed in Giessen, Germany (105). Islets were thereafter suspended in 

CMRL 1066, without bicarbonate (PAA Laboratories, Pasching, Germany); 

supplemented with 20% heatinactivated porcine serum and antibiotics 100 U/mL 

penicillin (Invitrogen AB, Sweden), 100 µg/mL streptomycin (Invitrogen AB, 

Sweden), and 20 µg/mL ciproxfloxacin (Bayer Healthcare AG, Leverkusen, 

Germany); and cultured in culture bags (Baxter Medical AB, Eskilstuna, Sweden) at 

37°C without CO2 in a humified atmosphere for 1–4 days. 

 

3.2.3 Islet quality controls 
Samples for the dynamic glucose-stimulated insulin secretion (GSIS) test were 

typically taken after 1 day of culture. A perifusion apparatus (Brandel, Gaithersburg, 

MD) was used to stimulate 20 hand-picked islets of about 150 µm diameter with low 

(1.67 mM) or high (16.67-20 mM) concentrations of glucose in Kreb’s buffer. Timing 

of low and high glucose stimulation was as follows; low 36 min, high 42 min, and low 
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again for 48 min at a rate of about 1.5 ml/6 min. Samples were continuously collected 

but the first fraction used for analysis started at the 30 min time point and subsequent 

fractions changed every 6 min for a total of 16 samples in most cases. In 5 cases 

calculations for stimulation indices were adjusted due to fewer samples being taken.  

Two methods of calculating the stimulation index were used. The standard method 

(Paper I, III, IV and V) discards transition values and uses only the average 

concentration of the middle six stimulated values divided by the average of the two 

initial and last three low glucose stimulated values: 

 

Standard Stimulation Index =   ____Average of fractions 4-9 (54-84 min)___               
                     Average of fractions 1-2 and 14-16 (30-36, 114-126 min) 
 
 

The modified Uppsala Stimulation Index (Paper V) uses all values measured, taking 

into account the rate of change of released insulin in response to glucose concentration: 

 
Uppsala Stimulation Index =                Average of fractions 3-9 (48-84 min)  
                       Average of fractions 1-2 and 10-16 (30-36, 90-126 min) 
 

 
3.2.4 Labeling of islets  
3.2.4.1 In vitro studies (Paper II and IV) 

For the porcine in vitro studies 300–900 islet equivalents (IEQs) were suspended in 

100–200 µL of Ringer’s-acetate (30 mM; Braun, Melsungen, Germany)+10% human 

albumin 200 mg/mL (Baxter, Austria) and incubated with 5–20 MBq/mL of 

[18F]FDG for 60 min in 37°C (5% CO2) in a 50-mL Falcon tube (BD Biosciences, 

Erembodegem, Belgium). 

For the human in vitro studies 1000 IEQ were suspended in 200 µL Ringer Acetate + 

10% human albumin and incubated with 20 MBq/mL [18F]FDG for 60 min 

at 37°C. Islets were also labeled with different concentrations of glucose in 
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the incubation media (2.7–22 mM). 

 

3.2.4.2 Porcine transplantation (Paper II) 

For the in vivo studies all islets, 90,000 –170,000 IEQs, were suspended in 5–12 mL 

of Ringer’s-acetate+10% human albumin and incubated with 20 MBq/mL [18F]FDG 

for 60 min in 37°C (5% CO2). Finally, islets were washed three times with Ringer’s 

acetate to remove all radioactivity not incorporated in the islets. 

 

3.2.4.3 Clinical transplantation (Paper III and IV) 

68 500–153 400 IEQ (15–30% of the administered islets) were suspended in 8–10 mL 

Ringer Acetate + 10% human albumin and incubated with 20 MBq/mL [18F]FDG for 

60 min at 37°C. Islets were washed three times to remove extracellular radioactivity 

before transplantation. 

 

3.2.5 Islet transplantation 
3.2.5.1 Clinical islet transplantation (Paper I, III, IV and V) 

Islet recipients had previously received a kidney transplant. All transplantations, but 

one (Paper V), were performed through a percutaneous transhepatic cannulation of the 

portal vein. In the remaining case a mini laparotomy and cannulation of a mesenteric 

vein was needed to access the portal vein.  Early on islets were infused by a syringe, but 

since the fall of 2003 islets have been infused by gravity from a transfusion bag. 500-

5000 U of heparin was added to the islet bag or syringes before infusion. The patients’ 

plasma glucose was kept stable at 4-8 mmol/L during transplantation by using iv 

insulin and frequent measurements.  
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3.2.5.2 Porcine islet transplantation (Paper II) 

An upper abdominal midline incision was made on anesthetized pigs. A catheter 

(feeding tube, 0.9-mm inner Ø, Medicoplast, Illingen, Germany) was placed with its 

tip in the central aspect of the portal vein. At least 7000 IEQ/kg BW were suspended 

in transplantation medium containing Ringer’s acetate, 10% human albumin, and 11 

mM glucose and infused over the course of 20–30 min using a clinical feeding bag 

system (Baxter Medical AB, Eskilstuna, Sweden). Four pigs received 600 U of 

heparin (33–46 U/kgBW, Leo Pharma, Sweden) together with the islet infusion to 

mimic the clinical situation. The remaining six pigs did not receive any anticoagulant. 

 

3.2.6 PET imaging 
3.2.6.1 Imaging porcine islet transplantation (Paper II) 

A GE Discovery ST scanner (PET/CT; General Electric) was used when available 

(n=5). Because this scanner is mainly reserved for clinical examinations, a 

Hamamatsu SHR 7700 PET scanner (Hamamatsu Photonics KK, Hamamatsu, 

Japan) was used at occasions (n=5). The PET/CT scanner is equipped with a 15.7-cm 

axial and 60-cm trans-axial field of view. A mean 96-min dynamic scanning sequence 

was acquired in 2D to include the liver and was followed by a 2D whole-body 

examination. A 5-min 3D examination of the whole liver was then performed. CT 

(140 kV, 80 mA) was used for attenuation correction and anatomical correlation of 

the PET findings. Whole-body intravenously contrast-enhanced (20 mL Omnipaque, 

240 mg/mL) CT of the liver was performed after completion of the PET 

examination protocol. The Hamamatsu PET scanner uses an 11.4-cm axial 

and 14.3-cm transaxial field of view. A 60-min 2D dynamic emission scan was 

performed to include the liver, followed by a 5-min static examination of the head 

and bladder. Transmission scans (10–30 min) were acquired before each emission 
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scan using a rotating 68Ge point source. Images were reconstructed using a 4-mm 

Hanning filter. 

 

3.2.6.2 Imaging clinical islet transplantation (Paper III and IV) 

PET/CT examinations (n = 6) were performed on a GE Discovery ST scanner 

(General Electric, Milwaukee, WI), with a 15.7 cm axial and 60 cm transaxial field of 

view. A 60-min dynamic scanning sequence (30 frames á 120 sec) was acquired in 

2D mode to cover the liver and thereafter a static 10-min 3D acquisition of the liver 

was performed. This was followed by a 2D wholebody PET examination including 

the torso and head (4–5 beds, 4–6 min/bed). 

Computed tomography (CT) was used for attenuation correction of the emission 

images and for anatomical correlation of the PET findings. The radiation dose 

modulation software (Smart mA) minimized the tube current of the CT scanner for 

each patient. The tube voltage was 140 kV and the tube current was regulated 

between 10 and 80 mA with the noise index set at 22 Hounsfield Units. 

The PET images were reconstructed using iterative Ordered Subset Expectation 

Maximization algorithm, utilizing the standard software supplied with the scanner. 

The radioactivity concentrations in the PET images were recalculated to provide 

images of SUV by dividing the radioactivity concentration (Bq/mL) by the injected 

radioactivity (Bq) per body weight (g).  

PET and CT images were analyzed on a Xeleris Work Station (General Electric, 

Milwaukee, WI). Results of the PET measurement are given as means ± range. 

 

3.2.7 Retention 
Retention was defined as the time point where 50% of the original radioactive 

uptake had left the islets. Retention of [18F]FDG into the porcine islets was 

determined by suspending 300 IEQs of [18F]FDG-labeled islets (n=4) in 500 µL of 
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EDTA–porcine blood drawn from healthy nondiabetic pigs (normal plasma glucose 

range 5.4 –7.5 mmol/L). At different time points, the tubes were centrifuged (160 g, 3 

min), and the radioactivity in the supernatant and pellet was measured. All samples 

were analyzed in triplicate. 

When analyzing human islets, 1000–2000 IEQ of [18F]FDG-labeled islets were 

suspended in 2 mL transplantation medium at room temperature. At defined time 

points (5, 15, 30, 60, 90 and 120 min) three samples were centrifuged (800 rpm for 1 

min) and the radioactivity ratio between pellet and supernatant was measured. 

 
 
3.2.8 Immunosuppression 
Porcine recipients (Paper II) received no immunosuppression. 

Patients (Paper I, III, IV and V) received a modified Edmonton Protocol (25) consisting 

of daclizumab (1 mg/kg BW) given before transplantation and thereafter every other 

week to a total of five doses per transplantation, tacrolimus (trough level 5-10 ng/ml) 

and sirolimus (trough level 12–15 ng/mL the first 90 days and 7-10 ng/mL thereafter). 

The prednisone dose was tapered to 5mg per day pre-transplant and then stopped from 

the day of the first transplantation. Due to side effects related to sirolimus (mainly 

mouth ulcers) many patients were switched to mycophenolic acid (1000 mg BID) over 

time. 

 

3.2.9 Clinical outcome 
Short term outcomes were analyzed in Papers I, III, IV and V. In the first paper islet 

function was assessed 2 weeks after transplantation, by calculating the C-peptide to 

glucose ratio (CP/G) (89). The CP/G was calculated as (fasting C-peptide 

(nmol/L)X100)/fasting glucose (mmol/L). This measure considers the basal insulin 

production as well as the corresponding glucose levels in the recipient.  Plasma C-

peptide values depend also on renal function as it is cleared through the kidneys. All 
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patients were previously kidney transplanted and had stable graft function, but 

between individuals function varied. In the following papers (III-V) adjustments were 

made for renal function in the recipients and C-peptide to the product of glucose and 

serum creatinine (CP/GCr) was used instead (89). Conventional units were also used 

instead of SI and assessments were at 4 weeks.  

In Paper V repeated transplantations were analyzed. To asses the impact of each 

transplantation individually, the increment in CP/GCr was used, Δ CP/GCr, subtracting 

the CP/GCr before transplantation from the one measured at 28 days post 

transplantation. 
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4 RESULTS AND DISCUSSION 
 
4.1 PAPER I 
Comparing TLM-preserved (n=103) and UWS-stored (n=97) pancreases there were no 

significant differences regarding donor BMI, gender nor pancreas weight. Neither did 

islet yield, calculated as IEQ/gram trimmed pancreas, differ between the groups. 

Decline in islet yield with prolonged CIT didn’t reach statistical significance. However, 

a negative relationship between long CIT and SI was found in both groups. The 

percentage of pancreata that yielded the critical islet mass and quality needed for 

clinical transplantation was nearly identical in TLM- and UWS-stored organs when 

compared for 0 to <6 h (50 vs. 50%, NS), 6 to <12 h (43.5 vs. 45.8%, NS) and 12 to 

18 h (19.0 vs. 12.5%, NS). However, when the transplantation rate was separately 

analyzed within each group, a significant drop was found after 12 to 18 h of TLM as 

well as UWS storage (P<0.05 vs. 0 to <6 and vs. 6 to <12 h). This observation was 

paralleled by a decrease in SI after 12–18 h that reached significance in UWS 

(P<0.05 vs. 0 to <6 h) but not in TLM-stored pancreata (P<0.06 vs. 0 to <6 h). 

Overall, no difference in islet yield postculture was found between the groups.  

When comparing the two cold storage solutions regarding elderly donors (≥60 years) 

there were no differences in mean age, gender, BMI, CIT or pancreas weight. Islet 

yield tended to be higher, but not statistically significant, in the UWS-group. Neither 

was any significant differences found in islet purity, SI, islet recovery after culture or 

percentage of grafts transplanted.   

A limited number of patients (12) transplanted with islets from only UW or TLM 

preserved pancreases were included in the posttransplant function analysis. No 

significant differences were observed between experimental groups in regard to 

posttransplant function after the first, second or third islet infusion.  
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Islet isolation is a demanding, labor intensive and expensive procedure. In the Nordic 

Network we have therefore chosen to have a central islet isolation facility. However, 

it can be difficult to keep Cold Ischemia Times (CIT) short of logistical reasons. 

Prolonged CIT, leads to inferior isolation (61, 106) and islet transplantation 

outcomes. The latter is shown in paper V in this thesis. It is therefore important to 

evaluate promising techniques that might allow longer CIT without damaging the 

pancreas. “The Two Layer Method” had previously in a series of publications been 

shown to result in superior results compared to cold storage in UWS (63, 107, 108). 

However, in our study (Paper I) no advantages with TLM compared to UWS in a 

clinical setting was found. The Edmonton group recently published a similar study 

and came to the same conclusions (109). 

There may be several reasons for the discrepancy between previously published 

results and the now performed clinical studies. One is the factor that the oxygenation 

has been performed differently in the studies. While the smaller trials subjected 

pancreata to continuous oxygenation for a short period subsequent to cold storage, the 

large scale trials utilized oxygen-precharged PFD for the entire period of CIT.  

Another important difference between the old smaller and the clinical trials is the 

duration of CIT. In the old trials the CIT was longer and the difference between the 

groups might not show unless CIT is above a certain length. In the present paper we 

divided the CIT into three groups, less than 6h, 6h to less than 12h and 12h to 18h. 

Surprisingly, no positive effects were shown with TLM in any of these groups.  The 

percentage of islet isolations resulting in grafts of clinical grade (amount and quality 

of islets) was significantly lower in both experimental groups when CIT was 12h or 

more. Previous studies have suggested that TLM preservation would be especially 

useful in elderly donors (63). We could see no benefit in 61 donors (31 TLM/30 
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UWS) above 60 years of age, neither in islet yield, SI, purity or the number of 

isolations that led to clinical transplantation. 

Factors such as tissue thickness, total size and histomorphological variables differ 

between the human pancreas and the different animal’s pancreases that were 

previously used when evaluating TLM (110-112). Clearly the method functions well 

in a number of animal models, but that doesn’t translate well to the human setting. On 

the contrary, it has been shown that only 20% of the human pancreatic volume is 

sufficiently oxygenated by TLM (113). 

In Paper I, we have analyzed results of islet isolation from 200 pancreata. No 

beneficial effects were found when using TLM for cold storage.  Neither were there 

any significant differences when comparing clinical outcome between groups. Since 

TLM doesn’t offer any medical advantages and is both more logistically demanding 

and expensive than traditional UWS cold storage, it cannot be recommended in 

clinical islet transplantation. This is further emphasized by findings in Paper V of this 

thesis.  

 

4.2 PAPER II, III AND IV 
In these three papers we have, in a stepwise approach, introduced the PET imaging 

technique in islet transplantation, first in a large animal model (Paper II) and thereafter 

in clinical transplantation (Paper III and IV). An initial a case study (Paper III), was 

followed by a pilot study including five patients (Paper IV).  

In the porcine model (Paper II) 10 piglets were transplanted with an average of 430 000 

IEQs (purity exceeding 95%). No differences were found in SI between FDG labeled 

and non-labeled islets. In vitro retention was 141 minutes. Autoradiography, ex vivo, of 

histological sections showed radioactivity in multifocal areas corresponding to the 

location of islets.  
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When transplanting FDG-labeled islets into the pig they were readily detected in the 

PET/CT images. Dynamic PET examinations showed a sharp rise in radioactivity in the 

liver during islet transplantation. However, the average peak was lower, 54.0 ±5.1% of 

administered activity, than expected. From the end of the infusion the radioactivity over 

the liver decreased with a t ½ of 216 ±16 minutes. The AUC, measuring radioactivity in 

the liver (0-60 min), didn’t differ significantly when comparing groups that had 

received heparin (n=4) or not (n=6). 

Large fractions of the infused radioactivity were caught in “hot spots” in all 

transplantations. The localisation within the liver of these spots varied between pigs 

(Figure 6).  

 

 

Figure 6. Radioactivity in the porcine liver 60 minutes after transplantation of FDG-

labeled islets. The uptake is heterogeneously distributed. R=Right, L=Left, A=Anterior, 

P=Posterior. No radioactivity is seen in the lungs.  

 

A whole-body examination was performed an hour after the transplantation. Apart from 

the liver and bladder, there was no specific accumulation of radioactivity in the body. 

When summarizing all uptake of radioactivity in the whole-body examinations 100% 
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of the infused radioactivity could be accounted for. Of special interest was that no 

accumulation was found in lungs, brain or heart (se below)  

 

In this study, the use of PET/CT and FDG-labeled islets made it possible to 

dynamically image the peri-transplant phase of islet transplantation in a large animal 

model. At transplantation radioactivity was found only in the islets. These are generally 

too large to pass through the liver sinusoids. It was therefore expected that all infused 

radioactivity would be found in the liver. This was not the case. The maximum uptake 

in the liver at the end of the transplantation was only about 50% of the infused 

radioactivity. If islets were shunted past the liver they would, at least in part, be 

accumulated in the lungs, but no radioactive accumulation was found there. Even if an 

important reason to use FDG is that the radioactivity is “trapped” within the cell, 

dephosphorylization of [18F]FDG-6P to [18F]FDG could occur and this molecule would  

then be able to pass the cell membrane and leave the liver. If this was the case the 

uptake pattern of radioactivity would resemble that of [18F]FDG, with accumulation in 

brain and heart, but this was not seen.  The fact that 100% of the infused radioactivity 

was accounted for, with about 50% accumulation in the liver and the remaining 

evenly distributed in the pig body or excreted in the urine, indicates that the 

extrahepatic radioactivity was represented by [18F]FDG-6P, which is not taken up by 

the CNS. Consequently, a probable interpretation of the present findings is that about 

50% of the islet cells are damaged to an extent, within the first 20 min after the 

initiation of transplantation, that they release the entrapped [18F]FDG-6P, which 

leaves the islet cells and is thereafter rapidly and evenly distributed throughout the 

body of the pig.  
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Interpretation of these findings was initially cautious, since porcine islets are known 

to be more fragile than human. However, the findings fitted well with the 

observations made by Toso et al (114), where only 43% of the infused radioactivity 

was found in the rat liver an hour after intraportal islet transplantation. The 

mechanisms behind the possible damage to or destruction of islets can not be clarified 

by the presented technique. Little is known about the effects of hemodynamic stress 

with the high flow in the portal vein. We believe that the findings can be linked to the 

observations that islets, when encountering blood, elicit a strong innate inflammatory 

reaction, IBMIR (Instant Blood Mediated Inflammatory Reaction) (77, 79).  

 

One of the main advantages attributed to the intraportal route of infusion of islets is 

that they would be distributed at a low density in a large and well-vascularized organ. 

The finding that islets are to a high degree concentrated in “hot spots” shows that this 

is not the case. There is no information regarding at what concentration islets can 

function or engraft within the liver. Supply of nutrients and oxygen could probably be 

hampered if they settle to close to each other. 

 

Important conclusions from this porcine study were that FDG labeling of islets was 

feasible and that transplantation of the islets could be performed generating images of 

the initial transplantation phase. The PET/CT combination allowed quantification of 

initial engraftment and distribution in the liver. 

 

When introducing the procedure in clinical transplantation five patients were 

transplanted with a total of 6 islet grafts. The first case was published in Paper III and 

also included in the five patients in paper IV. These will be discussed together. When 

adapting the procedure to human conditions only 23 % of the graft was labeled 
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instead of the whole graft. Retention half-life was 196 minutes in transplantation 

medium. Samples collected from the infusion bag just prior to transplantation showed 

that 89% of the radioactivity was still confined within the islets. The peak of 

radioactivity in the liver was found at 19 minutes and corresponded well to the 

finalization of the islet infusion. The decrease thereafter (t1/2=79.6 min (range 41.5-

111.0)) was more pronounced than in the pig (t1/2=216±16 min). As in the porcine 

experiments the distribution of radioactivity in the human liver was heterogeneous 

following transplantation. Large portions of the graft were found in multifocal areas 

in all segments of the liver. It was possible to present a “density profile” for each 

transplant showing how many percent of the graft that was found in areas with 

different levels of density (Figure 7).  

 

 

Figure 7: The islet density profile presents the percentage of islets that have 
distributed in volumes with different IEQ/cc. Patient I, patient V and the 
average of all transplantations are shown.  
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The variation between patients was wide. Volumes with concentrations of >400 IEQ/cc 

liver tissue was 32% in the patient with the most pronounced “hot spots” and 1% of the 

graft in the patient with the most homogenous distribution.  The importance of this 

finding is not known. In our material there was a tendency for better clinical results in 

the patients with a more homogeneous distribution. However the material is too small 

to draw any firm conclusions in this regard. 

 

The mean maximum uptake of labeled islets in the human liver was 63% of the 

infused radioactivity. Even if 16% of the radioactivity may have left the graft in the 

form of free [18F]FDG (50–65 min between last wash to completed transplantation), 

only 75% of the radioactivity confined within the islets (63% out of remaining 84%) 

stayed in the liver. Poor islet quality and viability could theoretically explain these 

findings. However, the favourable clinical outcome and that no adverse effects on in 

vitro islet function were observed contradicts this notion. There was a rise of C-

peptide (t1/2 =25 min), without physiological stimulus, which occurred during islet 

transplantation and continued for the first few hours after transplantation. The total 

amounts of C-peptide released can be calculated to 60–125 nmol, which corresponds 

to 10–21 U of insulin. The total insulin content in a pancreas varies substantially. In 

an investigation by Brandhorst et al., the mean insulin content in 20 pancreases was 

116 U (115). Considering that not all islets from a pancreas are transplanted and that 

islets after transplantation are entrapped in clots causing a delayed release of C-

peptide to the circulation, the calculated amount corresponds well with the 

assumption that 25% or more, of the islet graft is lost during the transplantation 

procedure. 
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4.3 PAPER V 

 
To evaluate the clinical outcome of repeated islet transplantations we here introduced 

the Δ CP/GCr ratio. This measurement utilizes c-peptide, and adjusts for renal function, 

glucose level and results already obtained by previous transplantations. Here we used 

this ratio to study pre-transplant factors and their possible influence on the short term 

results of 110, single donor, clinical islet transplantations.  

The mean Δ CP/GCr did not differ significantly between first (n=28), second (n=33), 

third (n=32) or fourth (n=17) transplants (p=0.502) (Figure 8).  
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Figure 8: ΔCP/GCr in relation to CP/GCr and order of islet transplantations. Mean 

CP/GCr at each time point (before and 28 days after each transplantation). At the first 

transplantation a number of patients received islets from more than one donor and that 

transplantation was therefore not included in this study. This is the main reason why 

there are more second and third transplantations than first. (Tx = transplantation).  
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The number of transplanted islets, the number of islets per kg of the recipient, islet 

quality (SI, USI) and the CIT all significantly related to the clinical short term outcome. 

No variables regarding the donor or the procurement operation reached statistical 

significance.  

 

We had hypothesized that early function of kidney grafts from the islet donor could 

predict the outcome of the islet transplantation. If so, this would be important since 

islets are kept in culture for a couple of days after isolation. By monitoring early kidney 

function, transplantation of poor islet grafts would then be avoided. Each failed 

transplantation exposes the patient to an unnecessary procedural risk, intensified 

immunosuppression (30) and possible immunization (46).  In the study we therefore 

collected creatinine and dialysis data from all recipients of kidneys from the islet 

donors and analyzed them in correlation to post transplant islet graft function. No 

correlation was found between the initial outcome of kidney transplantations and the 

islet transplantation. One possible explanation to this could be the multitude of other 

factors that influence the outcome of both procedures (i.e CIT, immunosuppression, 

islet isolation, surgical events etc) and may be different between the two organs on their 

way from procurement to engraftment in the recipient.  

 

Results of this study indicate that the decision to use an islet preparation for clinical 

transplantation should be based on CIT in combination with data regarding the islet 

graft itself. Donor data, within our accepted limits, or the fate of organs transplanted 

from the same donor seem to be of less importance. 
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5 CONCLUSIONS 
 

 

 

• Oxygenating the procured pancreas by utilizing the “two-layer method” does 

not improve isolation results or clinical outcome of islet transplantation. 

 

 

 

• Porcine and human islets can be labeled with [18F]FDG and followed during 

and after islet transplantation by PET/CT. Radioactive half-life and retention 

of FDG limit observation time to 1-2 hours. The distribution of labeled islets 

in the liver is heterogeneous, with wide variations in islet density between 

different parts of the liver and patients. At least 25% of the [18F]FDG 

contained within the islets is  lost during the transplantation indicating 

significant early damage to the graft. 

 

 

• The number of islets, results of quality controls and the CIT are of importance 

for the short-term clinical outcome in islet transplantation. Δ CP/GCr shows 

promise to become a useful tool in evaluating the effect of each graft in 

repeated islet transplantations. Early results of kidney transplantations from the 

islet donor do not predict the clinical outcome of the islet transplantation. 
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6 FUTURE PROSPECTS 
 
Clinical islet transplantation still faces multiple challenges. Better preservation of the 

pancreas preceding islet isolation is needed to improve the outcomes. The present rate 

of about 50% of isolations leading to clinical transplantation must be improved. 

Interventions ensuring that more islets survive the transplantation itself and subsequent 

engraftment must prove successful. When these difficult tasks have been accomplished, 

the engrafted islet faces many of the same problems as whole pancreas grafts and other 

solid organ transplants. 

 

A number of the issues above are high-lighted in this thesis. CIT is associated with 

inferior clinical outcomes. The use of TLM did not affect this relationship, perhaps 

because that too little of the gland could be oxygenated by this approach. However, 

logistical difficulties make it problematic to keep the CIT short. We are presently 

investigating a new, more lipophilic, substance and plan to evaluate it in a similar 

manner as TLM. As shown previously, and further emphasized in this thesis, islets are 

already damaged during the transplantation. IBMIR is an important part of this process. 

Methods to abrogate IBMIR have previously been identified. Our group is presently 

evaluating one of the most promising candidate drugs, Low-Molecular Dextran Sulfate 

(LMW-DS), in a clinical trial.  

 

Islets are heterogeneously spread in the liver at the transplantation. Little is known 

about the significance of this finding, but it can be speculated that a high concentration 

of islets leads to poor oxygenation and limited nutrient supply. By characterizing more 

transplantations in this manner we hope to better understand this phenomenon. If it is 

found to be negative for the outcome, it may be possible to interact and achieve a more 
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homogeneous spread within the liver. The size of the Nordic Network for Clinical Islet 

Transplantation enables relatively large clinical studies to investigate new approaches. 

 

The strength of PET/CT with FDG labeling in islet transplantation is that it can 

quantify islet distribution and initial survival. The technique is available at most 

institutions performing clinical islet transplantation today. To further investigate the 

fate of islets after transplantation, by PET, new tracers must be developed. These 

should be specific to β-cells or islets and allow repeated examinations to monitor the 

graft. Combinations of imaging techniques can also be used, ensuring that the strength 

of each modality is utilized.  

 

Δ CP/GCr is introduced in this thesis. We plan to retrospectively investigate other 

factors that might be of importance for clinical outcome using this instrument. This 

ratio, for the evaluation of repeated islet transplantations, might also require further 

validation by others.  

 

Several topics have been identified that need to be addressed to improve clinical 

outcome of islet transplantation. Ongoing research in all these areas should be able to 

promote further development in this field in the next few years.  
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Annika 
Thanks for your love and support through all of this. I’m looking forward to exploring 
new adventures with you, I love you!  
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