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Je n'avais pas besoin de cette hypothèse-là  
(I had no need of that hypothesis) 
 

Pierre-Simon Laplace, regarding God 

 
 
  

To Kira Aurora
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LOR Line of Response 
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PET Positron Emission Tomography 
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TAC Time-activity curve 
TBZ Tetrabenazine 
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Aims of the Thesis 

General Aim 
The general aim of the thesis was to develop methods for imaging and quan-
tification of BCM, both native and transplanted.  

Aims for included papers 
Paper I 
To develop a method for quantifying the kinetics, distribution, and survival 
of islets following intraportal transplantation. The method of transplanting 
[18F]FDG labeled islets was initially explored in a porcine model. 

Paper II-III 
The methodology described in paper I was transferred into the clinical set-
ting. The kinetics, distribution and survival of human islets in the liver were 
assessed by transplanting into patients (according to standard clinical proto-
col) monitored by PET/CT. 

Paper IV 
To study the potential of [18F]FE-(+)-DTBZ for imaging VMAT2 present in 
BCM. The tracer was studied in both human (in vitro) and porcine (in vivo) 
tissue.  

Paper V 
To characterize [18F]FE-(+)-DTBZ-d4, which is a deuterated analogue of 
[18F]FE-(+)-DTBZ. The deuteration is designed to increase stability against 
defluorination. The in vivo kinetics and stability, as well as the in vitro bind-
ing parameters were determined and compared to the non-modified analo-
gue. 
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Introduction 

Positron Emission Tomography 
Positron Emission Tomography (PET) is today used in many areas of mod-
ern nuclear medicine. It is sometimes referred to as functional or molecular 
imaging, since it is used to study the kinetics and distribution of a substance 
and the biological target it binds to in the living body [1]. Basically, radia-
tion emitted from a compound inside the body is used to determine its loca-
tion at a certain time. 

A fundamental aspect of PET is the tracer. A PET-tracer is a compound of 
interest (usually relatively small) which has a positron emitting nuclide in-
corporated in its structure. There are several such nuclides and the most 
commonly used are 11C, 18F and 68Ga. These nuclides are radioactive iso-
topes of 12C, 19F and 69Ga respectively, which are stable and commonly oc-
cur in nature. These isotope pairs (for example 11C and 12C) are physically 
almost identical, only differing by the subtraction of one neutron in the posi-
tron emitting nuclide. This congruence in structure means that a stable 12C 
nuclide can be substituted by a 11C in a compound without changing any 
biological or physical characteristics. 

The Physics of PET 
Neutron-deficient nuclides such as 11C and 18F are unstable and decay by 
emitting positrons according to the Feynman diagram in Figure 1. The posi-
tron is the anti-particle of the electron and very rare in nature. They are iden-
tical in most aspects except charge, where the electron is electrically nega-
tive and the positron positive.  
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Figure 1. Feynman diagram of positron decay. Protons and neutrons are not elemen-
tary particles, but consist of triplets of quarks. One type of quark can be converted 
into another by the weak force. Here, an up-quark in a proton decays weakly into a 
positron and a neutrino by emission of a virtual W+ particle. 

When a positron and an electron meet, they interact by the electromagnetic 
force and attract each other. If the attraction is strong enough, the two par-
ticles will eventually occupy the same point in space. This state is highly 
unstable and both particles annihilate and are converted into two photons 
with high energy (Figure 2). These photons can be detected and the line of 
decay (or line of response, LOR) of the original positron-electron annihila-
tion event determined.  Our ability to “track” positrons is what makes PET 
possible [2]. The moment of decay of an individual PET nuclide is quantum 
mechanical in nature and cannot be predicted, only estimated by probability. 
When dealing with a very large amount of nuclides, the probability of decay 
can be described by the half-life (t½) of the nuclide. The half-life describes 
the time it takes for half of the present nuclides to decay and emit radiation.  
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Figure 2. The electron (e-)-positron (e+) annihilation is one of the basic physical 
processes behind PET. The energy in the positron and the electron are transferred 
into two photons (�), which have an energy of 511 keV and are emitted approx-
imately 180° from each other. In Feynman diagrams the positron is depicted as en 
electron traveling backwards in time (arrow pointing left in this illustration). This 
correspondence may appear confusing at first, but the physical consequences are the 
same. 

In PET, this value is typically relatively short (11C t½=20.1min, 18F t½=109.8 
min, or 68Ga=68 min).  

The combination of the high sensitivity of PET and the high specific ra-
dioactivity achieved by PET radiochemistry means that merely a miniscule 
amount of tracer mass needs to be administered for quantitative imaging. 
The mass concentration is usually far below the amount yielding a pharma-
cological response. Application of this “micro-dosing” concept [3] permits 
rapid transfer of novel tracers to the clinic, due to the low risk of unwanted 
side effects. 

PET in clinical practice 
A regular PET camera comprises an examination bed (or couch) for the pa-
tient and a short tunnel (gantry), about 50 cm long and 80 cm in diameter, 
which holds rings of several tens of thousands of detectors. At the PET ex-
amination, the patient is placed on the bed that is moved into the gantry of 
the PET camera. The PET-tracer is generally administered intravenously. At 
a dynamical PET examination the camera is started during the tracer injec-
tion, and the distribution and kinetics of the tracer is recorded over time for 
the part of the body that is positioned within the field of view (FOV) of the 
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detector rings. By contrast, “whole-body” static examination is commonly 
used for clinical PET. The tracer is generally administered before the PET 
examination to allow for accumulation in target tissues and excretion of un-
bound tracer. The examination bed is moved stepwise into the gantry to cov-
er any part of the body, and in each position, emission data are collected for 
several minutes.  

The data is processed into what can be described as a 4D data set contain-
ing 3 space dimensions and 1 time dimension (several sequential 3D-images 
showing the distribution of the tracer at different time-points). Usually, the 
PET images are fused with an exact anatomical image of the patient, ac-
quired by Computed Tomography (CT). This method of fusing functional 
(PET) and structural images (CT) is referred to as PET/CT [4].  

The most commonly used PET-tracer is 2-Deoxy-2-18Fluoro-D-glucose, or 
[18F]FDG in short. In many aspects it behaves like ordinary glucose and is 
often used for assessment of tissue glucose metabolism. It enters cells 
through regular glucose transporters and is phosphorylized by hexokinase 
into [18F]FDG-6P [5, 6]. This molecule cannot (unlike regular glucose) be 
further metabolized or leave the cell though the cell membrane and is 
trapped in the cytoplasm (“metabolic trapping”). [18F]FDG has a high uptake 
in tissues, which use glucose as a primary energy source (such as the brain or 
the heart) as well as in tissues with high proliferation (such as malignant 
tumors). [18F]FDG therefore has widespread use in oncology, neurology and 
cardiology [7]. 
 
Even though around 90% of PET scans apply to diagnosis, tumor staging, 
and assessment of treatment in oncology [8, 9] (using tracers such as 
[18F]FDG, [11C]MET [10] and [11C]HTP [11]etc.), there are several neuro-
logical applications. There exist today an abundance of tracers for clinical 
neurological use, for example [18F]PIB (imaging amyloid plaques in Alz-
heimer’s Disease [12]), [11C]RAC (Dopamine D2 receptor [13]), [15O]H2O 
(activation studies [14, 15]), and [18F]FDG (glucose metabolism [16]). As-
pects of cardiology (perfusion or myocardial metabolism) has been studied 
using for example [11C]Actetate [17] and to a lesser extent [18F]FDG [18]. 
The potential applications for PET are limited only by the supply of tracers 
for target systems of interest.   

In vivo Quantification by PET 
Absolute quantification of kinetic processes is one of the major advantages 
of PET. Crude reconstructed PET images measure the value of each voxel by 
“counts”. If the PET camera has been properly calibrated, then the counts 
can be converted into becquerels (Bq) or disintegrations per second (assum-
ing the measured radioactivity is in linear range). Tissue tracer concentra-
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tion, expressed in Bq/cc, can be compared between scans within and be-
tween patients. Additionally, scans can be rendered even more comparable 
by correcting all voxel values for the total administered radioactivity and 
subject body weight. This resulting value is called Standardized Uptake Val-
ue (SUV) (Eq. 1), and commonly used when summarizing and comparing 
data from several different patient examinations. 
 

��� �
���	
��������������
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���������������
  Eq. 1 

 
The quantification of the tracer kinetics, or distribution pattern over time, 
can be taken one step further by kinetic modeling [19, 20]. Biological para-
meters, such as cross-membrane transport or strength of receptor interac-
tions, for example, can be estimated by a method called Compartmental 
Modeling [21-23]. The behavior of the tracer in a tissue of interest can be 
simplified by reducing the complexity by assuming that only a few processes 
control most of the tracer kinetics. Tissue uptake of tracer is reduced to a 
series of compartments representing tracer in different states, connected by 
rate constants which limits the flux of tracer between them. The possible 
states of the tracer include, for example, unbound (free) in cytoplasm, non-
specific bound, or specific bound to receptor. The rate constants usually 
represent either transport over a cell membrane, a chemical reaction, or trac-
er-receptor binding. A 2-tissue compartment model containing four rate con-
stants is described in Figure 3.  

The input of tracer is given either by the blood plasma, or a reference tis-
sue, depending on the model. It is important to note that the parameters are 
assumed to operate on native, intact tracer unless otherwise stated. Thus, 
tracer metabolism due to any number of reasons must be taken into account 
when analyzing the model parameters. 
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Figure 3. The 2-tissue compartment model (2TCM) describes the tracer as either 
free or bound to a non-specific target (compartment 1, Cfree/ns) or bound to the target 
receptor (compartment 2, Cbound). Four rate constants control the fluxes between the 
bloodstream, Cfree/ns and Cbound. K1 and k2 describes the uptake from and release of 
tracer into the blood. k3 and k4 are equivalent to kon and koff, respectively. The rate 
constants can be further simplified into compound parameters such as Binding Po-
tential (BP), defined as the ratio k3/k4. All compartments, including the radioactive 
uptake in plasma, is measured in the PET image ROI/VOI. 

Diabetes 
History 
Diabetes Mellitus is Latin and translates to “sweet urine”, and excessive 
glucose content in the urine (glucosuria) was how the then fatal disease was 
diagnosed for long. 

Physiological changes in the pancreas were identified as a probable cause 
in the late 19th century, when total pancreatectomy was demonstrated to in-
duce diabetes in dogs [24]. The next major breakthrough occured in 1921 
when insulin was first was isolated and shown to be produced by the Islets of 
Langerhans present in the pancreas [25]. The possibility of treating diabetic 
patients with insulin revolutionized the field.  

Technical progress such as insulin detection and quantification [26] led to 
the insight that diabetes could be divided into subgroups of diseases which 
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are related (morbidly high blood sugar levels), but have very different causes 
and histories.  

Islets of Langerhans 

The islets of Langerhans are clusters of endocrine cells distributed heteroge-
neously in the pancreas, and make up around 1-2% of the total pancreas vo-
lume. They differ in size, but are on average 150 μm in diameter (volume 
around 3 μl, defined as an Islet Equivalent, IEQ) and comprise approximate-
ly 2000 cells. The cells are mainly of four types called alpha-, beta-, delta-, 
and pp-cells. The islets are well perfused, since all its cell types produce 
different hormones for release into the blood-stream.  

The beta-cells (comprising approximately 80% of the islet cells) produce the 
hormone insulin, which exerts its effect by down-regulating the glucose con-
tent in the bloodstream.  The total content of beta-cells in a person is referred 
to as beta-cell mass (BCM), which is strongly correlated to the ability to 
produce insulin and regulate blood glucose levels. Decrease in function of 
BCM may lead to several disorders depending on the severity of the dys-
function. Type 1 Diabetes Mellitus (T1DM, previously known as juvenile 
diabetes) results when a large part of the BCM in a patient has become non-
functional. 
 

 
Figure 4. Human islets of Langerhans (gray) purified from exocrine tissue (white) 
by standard isolation procedure. The tissue is stained by dithizone.  
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This decrease in function is due to autoimmune destruction of the beta-
cells [27]. Autoimmunity means that the body is incapable of recognizing 
the beta-cells as endogenous tissue and instead treats it as unwanted foreign 
tissue. Complete loss of BCM results in undetectable levels of insulin con-
tent in blood. 

 
The most common form of dysglycemia is called Type 2 Diabetes Mellitus 
(T2DM, previously known as adult-onset diabetes). An early sign of T2DM 
and peripheral tissue insulin resistance is postprandial IGT (Impaired Glu-
cose Tolerance), where a patient has increased blood glucose values follow-
ing a meal. The natural history of T2DM is not as clear cut as in the case of 
T1DM, but it contains three basic metabolic defects: insulin resistance, beta-
cell dysfunction, and hepatic dysregulation of glucose production. The order 
in which these occur in the pathogenesis of T2DM is still debated. 
 
A patient with decreased BCM or insulin resistance will not produce suffi-
cient insulin to be able to regulate blood glucose levels properly. Ingesting 
glucose or other carbohydrates will raise the blood glucose (hyperglycemia) 
with reduced means of enabling tissue to increase glucose uptake. The com-
mon treatment is to administer exogenous insulin orally or subcutaneously in 
connection with meals. Treatment must be closely monitored though, as 
overdose of insulin can lead to glucose shortage in the blood (hypoglycemia) 
and loss of consciousness.  

 
Figure 5. The natural histories of Type 1 and 2 Diabetes Mellitus. The common end 
stage (dysregulation of blood glucose levels and the need for exogenous insulin) is 
similar for both types of the disease, but it is preceded by different changes in BCM, 
endogenous insulin release and peripheral insulin resistance. 
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Insufficient regulation of glucose levels may eventually lead to secondary 
diseases, and grave long-term complications including kidney failure, ampu-
tation (due to poor wound healing), and cardiovascular disease. 

 
Both forms of diabetes have genetic as well as environmental components 
and the underlying causes are still controversial. 

Islet transplantation 
Frederick Banting, co-discoverer of insulin, stated in his 1940 Nobel Prize 
lecture that: “Insulin is not a cure for diabetes, it is a treatment” [28]. This is 
especially true in patients afflicted by Type 1 Diabetes Mellitus, where no 
long-term dietary or life-style change can improve the underlying cause of 
the condition. 
Today, beta-cell replacement therapy in the form of clinical islet transplanta-
tion from a cadaveric donor is being investigated as a realistic permanent 
treatment of T1DM [29-32]. The pancreas consists of islets tissue (around 1-
2% of the pancreas volume) and exocrine tissue. The islets can be separated 
from the exocrine tissue by a process called islet isolation (Figure 6) [33].  
 
Transplantation of human donor islets according to a procedure known as the 
Edmonton protocol is being explored as a treatment for patients with T1DM 
[34]. The most common approach is to place a catheter in the portal vein of 
the patient.  Thereafter, the islets are slowly infused into the portal vein to 
follow the bloodstream to the liver [35]. As the islets are too large to pass 
through the hepatic micro-vessels and sinusoids all of the administered islets 
should theoretically engraft intra-hepatically giving the patient the same 
insulin-producing capacity as a non-diabetic person.  
 
In practice however, the recipient may need transplantation of islets from up 
to three to four donors to reach initial insulin independence, which implies 
that a large part of the transplanted islets loses function soon after adminis-
tration. Even those who become insulin-independent have an islet graft func-
tion that is estimated to be less than 30% of that in a healthy person [36]. 
The majority of patients resume exogenous insulin treatment after one to two 
years [37, 38]. 
 
The acute loss of islet function has partly been attributed to a process called 
the Instant Blood-Mediated Inflammatory Reaction (IBMIR) [39-41]. Trans-
planted islet can activate the coagulation and complement systems imme-
diately as they enter the bloodstream in the portal vein and the injurious re-
sponse from these systems is accompanied by rapid release of C-peptide 
from damaged or destroyed islets. In addition to this injurious process the 
infused islets may also be subjected to hemodynamic sheer stresses in the 
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portal vein [42]. Apart from these processes, the fate of both the functional 
and the damaged islets in the liver is unclear. Another venue being explored 
is to avoid IBMIR entirely by transplanting to novel sites, such as intramus-
cularly [45]. Future prospects also include using islets from animals (xeno-
transplantation) and beta-cells derived from human stem cells for clinical 
islet transplantation [46]. 
 
 

 
Figure 6. Schematic describing islet isolation and transplantation. The pancreas is 
procured from a cadaveric donor (1) and transported to the islet isolation laboratory. 
Warm and cold ischemia times are kept to a minimum. Surrounding tissue, such as 
fat, is removed by dissection (2). The pancreas is digested enzymatically (3) and 
mechanically (4). The endocrine (islets) and exocrine tissues are then separated by 
centrifugation in a Ficoll gradient (5) generated by a computerized pump system. 
The exocrine (x) tissue is discarded. The purified islet preparations are cultured in an 
incubator (6). If the islet isolation procedure is successful, and a suitable recipient is 
available, the islets can be transplanted into the liver by an intra-portal catheter (7). 
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Engraftment of islets after transplantation is usually assessed indirectly by 
measuring circulating markers (C-peptide, HbA1c, or blood sugar for exam-
ple), or by tracking changes in the patients need for exogenous insulin. The 
results of these measurements of islet functionality can take a long time to 
obtain (from days, weeks to years) and still do not correlate very well to the 
engrafted BCM [47], as changes in these parameters is delayed compared to 
loss of BCM. Consequently, rejection of the islet graft may have occurred 
even if a patient has positive C-peptide or normal HbA1c. The situation is the 
same when assessing endogenous BCM in the pancreas. 
 
When developing protocols for improved islet transplantation, it is therefore 
desirable to have faster and more accurate methods to estimate the amount of 
functional, engrafted BCM. Positron Emission Tomography and other mod-
alities such as functional magnetic resonance imaging (fMRI) offer the po-
tential for such direct measurement of BCM both during and after transplan-
tation. 

BCM imaging  
Several functional imaging modalities (PET, SPECT and fMRI) have been 
used to make progress in the field of islet imaging.  
fMRI, lacking advanced target-specific tracers and full quantification, has 
been implemented mostly in islet transplantation imaging [48, 49] where 
islet tissue is labeled with a paramagnetic compound prior to infusion in 
order to increase contrast versus background signal. Hepatic engraftments 
can be visualized by this procedure.  

PET (and to a lesser extent SPECT) on the other hand, has the potential 
for quantitative longitudinal imaging of BCM in the native pancreas, as well 
as in the hepatic or intramuscular graft. The spatial resolution is, however, 
much lower. 

Imaging BCM in pancreas 
The major obstacle in imaging endogenous BCM is related to the low pro-
portion of islet tissue, combined with its heterogeneous distribution. A nor-
mal human pancreas weighs roughly 100g, of which 1-2% constitutes islets. 
Estimating that around 80% of islets consist of beta-cells, we arrive at a val-
ue of 0.8-1.6% of the pancreas representing BCM. The challenge is to devel-
op an in vivo imaging methodology, where a tracer can differentiate BCM 
from other pancreatic tissues such as exocrine cells (around 78-79% of pan-
creatic volume) and extracellular (EC) space including ducts, vascularization 
etc. (20%) [50].  
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Progress has been made in imaging native BCM, most notably with various 
Dihydrotetrabenazine (DTBZ) analogues which targets the Vesicular Mo-
noamine Transporter 2 (VMAT2) [51-53]. VMAT2 is a membrane spanning 
protein which is mainly associated with the dopaminergic system and exerts 
its effect by transporting biogenic monoamines into secretory vesicles. The 
monoamines can then be released extra-cellularly through exocytosis. 
VMAT2 is expressed in the central and peripheral nervous system and the c 
system [54-56], and is co-localized with insulin in the pancreas [57, 58]. 
[11C]DTBZ, originally used clinically for mapping changes in VMAT2 in 
neurodegenerative disorders [59], has been investigated as a BCM imaging 
agent in several animal models and in human trials with some promising 
results [60-62]. Recently, the focus has shifted onto fluorine-18 labeled va-
riants, including ethyl [63] and propyl analogues [64-66].  
The glucagon-like peptide 1 receptor (GLP-1R) is another target system 
which has gained interest for BCM imaging. GLP-1R is expressed in the 
beta-cells (but not alpha, delta or pp-cells) in islets of human or murine ori-
gin [67], and has moderate expression in other pancreatic tissues [68]. GLP-
1 (the natural GLP-1R ligand) has several functional analogues with favora-
ble pharmacokinetics and plasma stability, such as Exendin-3 and Exendin-
4. 111In- and 123I-labeled Exendin-based tracers have been used to study 
BCM with SPECT [69, 70]. Initial promising results have been achieved 
with an Exendin analogue containing the positron emitting nuclide 68Ga [71]. 

Several other novel and established tracers has been screened for the pur-
pose of BCM imaging, including [18F]dithizone (targeting Zn2+-ions) [72], 
[18F]repaglinide (SUR-ligand)[73], [68Ga]DOTATOC (Somatostatin receptor 
ligand), [11C]L-DOPA (catecholamine precursor), [11C]Harmine (MAO-A 
inhibitor), and the ever present [18F]FDG [74].  

Imaging the islet graft 
The approach of intravenous administration of BCM specific tracers may be 
less suitable for imaging intra-portally transplanted islets, since many tracer 
metabolites accumulate extensively in the liver. The hepatic signal from un-
metabolized, native tracer can be difficult to identify and model depending 
on the degree of metabolism. Some progress has been made in pre-clinical 
and clinical studies of transplanted islets using [11C]DTBZ (PET) [75] and 
an exendin-4 ligand (SPECT) [76], but the islets were transplanted intramus-
cularly in both cases. 
 
Another approach, which only applies to short-term studies of islet trans-
plantation, is to label the islets themselves prior to infusion, similar to the 
MRI procedure described above (ex vivo labeling). One major advantage 
with this method is that a tracer already available for both pre-clinical and 
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clinical studies can be used, namely [18F]FDG [77-80]. Since the labeling is 
performed in an in vitro setting, the tracer does not need to have specific 
uptake to islet cells only. However, the tracer needs to stay inside the cell for 
a long period of time. This can be achieved either by irreversible binding to 
an intracellular target, or by restriction of washout. In the case of [18F]FDG, 
the retention is high since its main metabolite [18F]FDG-6P cannot pass out 
through the regular glucose transporters. The only outflow is due to 
[18F]FDG-6P being reverted back to native [18F]FDG, which then can use 
trans-membrane channels.  The drawback with this method is that the trans-
plantation procedure can be studied for no longer than approximately 4-6 
hours. After that, the washout may lead to data that is unrepresentative of the 
actual islet distribution, or the radioactivity may have decayed to such an 
extent that the signal/noise ratio becomes limiting.   
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Materials and Method 

Clinical studies 
The clinical studies (II and III) were approved by the Regional Ethics Board, 
Uppsala, Sweden and were performed in accordance with local institutional 
and Swedish national rules and regulations [ClinicalTrials.gov Identifier: 
NCT00417131). 

Participants eligible were C-peptide negative (stimulated < 0.3ng/mL), 
type 1 diabetic patients on the waiting list for clinical islet transplantation 
that had previously received a kidney graft. Basal characteristics of the five 
patients transplanted are found in table 1. Three men and two women were 
transplanted. Their insulin requirements before transplantation were between 
0.57-0.81 U/kg bodyweight and their HbA1c between 6.9-10.6%. Kidney 
transplantations had been performed 1-9 years earlier.    

Animal studies 
Male Swedish Landrace pigs weighing 15-20 kg were used in studies I, IV 
and V. The pigs were housed at the breeders and transported to Uppsala Im-
anet on the day of the experiment. 
All animal experiments were approved by the Uppsala Animal Ethics Com-
mittee (C32/6, C245/8). 

Radiotracers 
[18F]FDG  
[18F]FDG (2-Deoxy-2-18Fluoro-D-glucose, [5, 6]) has widespread clinical 
use in oncology, neurology and cardiology (see above).  [18F]FDG was in 
this study used for direct ex vivo labeling of porcine islets (I) and human 
islets (II,III) before intra-portal islet transplantation. [18F]FDG was produced 
using TRACERlab FxFDG (GE Medical Systems, USA) and the radiochem-
ical purity was greater than 95%.  
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[18F]FE-(+)-DTBZ  
[18F]FE-(+)-DTBZ ([18F]-fluoroethyl-(+)-Dihydrotetrabenazine) is a fluori-
nated analogue of [11C]DTBZ which is a potent VMAT2 inhibitor ([81-83]). 
The mother compound, Tetrabenazine, has been used in clinical treatment of 
various movement disorders [84], for example, the chorea associated with 
Huntington’s disease [85].  

Radiosynthesis of [18F]FE-(+)-DTBZ  is described in paper IV. Total time 
of synthesis was 80-90 min from end of bombardment. The radiochemical 
purity was > 98% and the specific radioactivity obtained was 359±92 
GBq/μmol.  

[18F]FE-(+)-DTBZ-d4 

[18F]FE-(+)-DTBZ-d4 is an analogue of [18F]FE-(+)-DTBZ, where the 
hydrogens in the ethyl group containing the fluoride-18 nuclide are 
replaced by deuterium atoms. Deuterium (“heavy hydrogen”) contains 
an additional neutron in the nucleus. Radiosynthesis of [18F]FE-(+)-
DTBZ-d4 is described in paper V. Total time of synthesis was 90-100 
min from end of bombardment. The radiochemical purity was >98% 
for up to 5 hours after synthesis and the specific radioactivity obtained 
was 200-500 GBq/μmol.  
 

 
Figure 7. Structural formula for [18F]FE-(+)-DTBZ. The hydrocarbon (in this case 
ethyl) group containing the positron emitting fluorine-18 nuclide is covalently bound 
to the oxygen atom at the top left. The in vivo kinetics of the tracer can be modified 
by changing this group into another hydrocarbon, such as a methyl- or a propyl-
group. In the case of [18F]FE-(+)-DTBZ-d4, the hydrogen atoms (protium isotopes, 
1H, containing no neutrons) bound to the ethyl carbons are replaced by deuterium 
isotopes (2H, containing one neutron). 
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 [18F]Fluoride 
[18F]Fluoride is, structurally, one of the least complicated tracers used in 
PET. It consists of a negatively charged fluorine ion, which can “mimic” and 
substitute ions with similar atomic properties (size etc) in for example cor-
tical bone tissue [86, 87]. Radiosynthesis of [18F]Fluoride is described in 
paper V.  

Experimental procedures 
Different techniques and procedures were used in different studies. The stu-
dies are herein referred to with their corresponding roman numeral (see List 
of Papers above). 

Porcine Islet Isolation (I) 
Pig islets were isolated from Swedish Landrace pigs using a standardized 
isolation protocol [88]. Islets were suspended in CMRL 1066, without bicar-
bonate (PAA Laboratories, Pasching, Germany), supplemented with 20% 
heat-inactivated porcine serum and the following antibiotics: 100 U/mL Pe-
nicilin (Invitrogen AB, Sweden), 100 ug/mL Streptomycin (Invitrogen AB, 
Sweden), and 20 μg/ml Ciproxfloxacin 2 mg/ml (Bayer Healthcare AG, 
Leverkusen, Germany), and cultured in culture bags (Baxter Medical AB, 
Eskilstuna, Sweden) at 37°C without CO2 in a humidified atmosphere for 1-
4 days. 

Human Islet Isolation (II-V) 
Organ procurement was performed within the Nordic Network for Clinical 
Islet Transplantation (NNCIT). Isolation- and culture procedures have pre-
viously been described in detail [33]. Islet viability was assessed as insulin 
secretion in response to a glucose challenge in a dynamic perfusion system 
(in 1.67, 20, and then 1.67 mM glucose). 
The average outcome of the 6 islet isolations used in the study was 422,000 
(range 227,000-694,000) islet equivalents (IEQ) with an overall purity of 
53% (range 32-75%) and an average pellet volume of 1.9 mL. The dynamic 
stimulation index (SI) was 6.3 (3.7-9.3), and the insulin content per islet 
DNA was 5.3 (2.5 – 9.7) ng insulin/ng DNA. Islets were cultured for up to 
three days, or in one case utilized for transplantation immediately after isola-
tion. 
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Ex vivo [18F]FDG-labeling of islets(I-III) 
A direct ex vivo approach was used for the labeling of islets with [18F]FDG. 
The entire, or parts of the islet batch was transferred into Ringer-Acetate 
(Baxter Medical AB, Sweden) buffer containing 10% human albumin (Flex-
bumin, Baxter Medical AB, Sweden). The incubation contained no glucose 
in order to reduce any competition of uptake. Thereafter, 5-20 MBq/ml 
[18F]FDG was added. Incubation was performed at 37°C for 60 minutes with 
gentle mixing of the sedimented islets and the buffer at regular intervals. The 
islets were then washed three times in >50 ml transplantation buffer to re-
move excess radioactivity not incorporated in the cytoplasm.  

In the case of the porcine islets, the entire isolation batch was labeled. In 
the clinical study only the islets from the purest fraction (on average 23% of 
the total amount) was labeled while the remaining islets were prepared ac-
cording to regular routines. The labeled and the unlabeled fractions were 
mixed just prior infusion to the patients. 

Retention studies (I-III) 
The mono-exponential half-life, or cellular retention of [18F]FDG in cells is 
primarily dependent on the rate of enzymatically catalyzed dephosphoryla-
tion of [18F]FDG-6P.  

The in vitro retention was measured by suspending [18F]FDG-labeled is-
lets in either clinical transplantation buffer (II-III) or EDTA-treated porcine 
blood (I). After set time points over 90-120 minutes, the islets were sedi-
mented by light centrifugation (900-1000rpm for 1 minute) and separated 
from the supernatant. Both fractions were measured for radioactivity. The 
data points were fitted to a mono-exponential decay function (Eq. 2), where 
the kinetics is determined solely by the half-life (t½) of retention of the spe-
cific tracer. 
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Intra-portal islet transplantation, porcine (I) 
Ten hybrid piglets, weighing 13-18 kg, were anesthetized using ketamine 
(10 mg/kg BW; Intervet, Boxmeer, the Netherlands) as pre-medication and 
propofol (3-4 mg/kg BW; AstraZeneca, Södertälje, Sweden) at the onset of 
anesthesia. The piglets were intubated and mechanically ventilated in vo-
lume-controlled (tidal volume, 10 mL/kg BW) mode with sevoflurane (2-
2.5%; Abbot, Solna, Sweden). An i.v. infusion of pancuronium (2 mg; Orga-
non, Oss, Holland) and morphine (60 mg; Meda, Solna, Sweden) in 1000 
mL Ringer’s-acetate at 6 mL/kg BW/hour was administered throughout the 
experiment. 
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An upper abdominal midline incision was made, and 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% hu-
man albumin, and 11 mM glucose and infused over 20-30 minutes using a 
clinical feeding bag system (Baxter Medical AB, Eskilstuna, Sweden). At 
the end of the experiment, the pigs were euthanized with an overdose of 
KCl.  

Clinical intra-portal islet transplantation (II-III) 
All transplantations were performed at Uppsala Imanet AB, GE Healthcare, 
Uppsala, Sweden within the University Hospital. The patients had been fast-
ing overnight and received a balanced intravenous glucose insulin infusion 
designed to maintain a plasma glucose level of 90-144 mg/dL (5-8 mmol/L). 
A percutaneous transhepatic intra-portal catheter (6F Skater, Angiotech 
Pharmaceuticals, Stenlose, Denmark) and a central venous line were inserted 
by ultra sonography and fluoroscopy guidance under local anesthesia. The 
patients were then transported to the PET facility and placed on the bed of 
the PET/CT scanner. Immediately before transplantation, the [18F]FDG-
labeled islets were transferred to the transplantation infusion bag using a 
closed tube system (Baxter Medical AB, Eskilstuna, Sweden). The labeled 
and unlabeled islets were carefully mixed. A small sample was taken from 
the infusion bag to estimate the retention of radioactivity in the islets be-
tween the last washing and the start of the transplantation. When the PET 
camera was started the bag was placed inside the FOV in the camera gantry 
and measured for 2 minutes, to provide an internal measurement of the total 
administered radioactivity. The bag was then placed approximately 40 cm 
above the patients’ portal vein level and infusion started. The bag was slowly 
rocked manually during islet infusion to ensure a homogenous distribution of 
islets in the transplantation medium. Blood samples were collected before, 
during, and after the transplantation for measurements of C-peptide by ELI-
SA (Mercodia, Uppsala, Sweden).   

One patient received two transplants on the same day, 3 hours apart. The 
first islet preparation had been in culture for three days and the second was 
transplanted immediately after isolation. The low radioactivity remaining in 
the recipient after the first islet transplantation was subtracted from the anal-
ysis of the second transplantation. 
Clinical outcome, one month post-transplant, was assessed by CPGCR, de-
crease in HbA1c or stimulated C-peptide levels. 
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PET scanners (I-V) 
All human studies (II-III) and the majority of the animal studies (I, IV-V) 
were performed on a Discovery ST PET/CT scanner (General Electrics, 
Milwaukee, WI, USA). The concomitant CT examination provides the ne-
cessary attenuation correction and anatomical correlation to the PET find-
ings.  

A Hamamatsu SHR-7700 PET scanner (Hamamatsu Photonics, Hama-
matsu, Japan) was used for the 5 remaining animals in study I. An attenua-
tion map was acquired by a separate transmission scan using a spiraling 
68Ga/68Ge source in these cases. 

Image Analysis and Kinetic Modeling (IV-V) 
PET data was analyzed using either Xeleris (I-IV, GE Healthcare), IDA (I), 
or PMOD (V, PMOD Technologies Ltd., Zürich, Switzerland). CT images 
were used for ROI delineation when possible.  
Tissue uptake was expressed as Standardized Uptake Values (SUV) which 
enables comparison between examinations by correcting the uptake for total 
administered amount and subject weight. 

Modeling of kinetic PET data was performed in studies IV-V to estimate 
parameters for correlation to BCM or BCM biomarkers. In paper IV, the in 
vivo Binding Potential (BP) of tracer to the target was estimated by the Sim-
plified Reference Tissue Model (SRTM) [89]. Kidney Cortex was used as a 
reference tissue due to its low expression of VMAT2 and the comparable 
degree of perfusion compared to the pancreas. The model was implemented 
using the MatLab-based modeling program Rz (in-house, Uppsala Imanet 
AB, Uppsala, Sweden). 

A 1 tissue-compartment (1C) model was used in paper V [21]. The pan-
creatic and hepatic Time Activity Curves (TACs) for each scan were 
fitted to a 1C model containing two rate constants (K1, k2), using the 
tracer plasma kinetics as an input function, corrected for the loss of na-
tive tracer due to defluorination. Rate constants and the compound pa-
rameter total distribution volume (VT) were determined using the PMOD 
module PKIN (PMOD Technologies Ltd., Zürich, Switzerland). 

Homogenate tissue saturation binding (IV-V) 
Endocrine or exocrine tissues (n=3) isolated from human pancreata were 
homogenized and incubated in 50mM TRIS with [18F]FE-(+)-DTBZ added 
in concentrations distributed around the expected dissociation constant. Non-
displaceable binding was assessed by adding 10μM tetrabenazine (Biotrend, 
Zürich, Switzerland) to the incubation buffer.  
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Samples were forced by vacuum onto a 1.2 μm Whatman filter (Brandel, 
Gaithersburg, MD, USA) (pretreated with 0.05% polyethylenimine for 1 h) 
by a C-48 cell harvester (Brandel, Gaithersburg, MD, USA). The filter was 
washed three times with 50 mM TRIS, and then measured in a well counter 
for radioactivity.  
Tissue protein content (mg protein/sample) was assessed by a BioRad Pro-
tein Assay (BioRad, Hercules, CA, USA), and absorbance was measured 
with an EL808 microplate reader (BioTek, Winooski, VT, USA). 

In paper IV specific binding (calculated from total and non-specific bind-
ing) was expressed as fmol/mg protein and was plotted against the tracer 
concentration, expressed as nM. The dissociation constant kD and the recep-
tor density (Bmax) was estimated by fitting the model in Equation 3 to the 
data (y = fmol/mg protein, x = nM).  
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In paper V the in vitro Binding Potential (BP) was determined by substitut-
ing for BP= Bmax/ kD [90]. 

Frozen tissue autoradiography (IV) 
Frozen pancreatic biopsies from healthy subjects (IV-V), patients with 
T1DM (IV), or T2DM (IV) were prepared into 20 μm tissue sections with a 
HM 560 microtome (Microm, Germany). The sections were placed onto 
object glasses to investigate pancreatic in vitro tracer uptake. Human normal 
organ tissue microarrays (FBN401, BioMax, Rockville, MD, USA) were 
included to investigate in vitro tracer uptake in a number of other human 
tissues. 

The pancreatic tissue sections and human tissue micro arrays were incu-
bated at RT in 50 mM TRIS (IV) or PBS (V), with variable concentrations of 
tracer. 10 μM of tetrabenazine (Biotrend, Zürich, Switzerland) was added to 
determine non-displaceable binding. The sections were washed three times 
in incubation buffer and then dried. They were exposed for 2-4 hours against 
a phosphor screen (Amersham Biosciences, Uppsala, Sweden), scanned on a 
Phosphorimager SI (Molecular Dynamics, Sunnyvale, CA, USA), and ana-
lyzed by ImageQuant 5.1 (Molecular Dynamics, Sunnyvale, CA, USA). 
References measured in a well counter (in-house, Uppsala Imanet, Uppsala, 
Sweden) were included for quantification of the results. Regions of interest 
(ROIs) were drawn to include the entire samples, and the tracer uptake was 
expressed as fmol receptor/mm2. 
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Ex vivo autoradiography (I) 
Liver biopsies (around 1cc) from pigs transplanted trans-hepatically with 
[18F]FDG-labeled islets were snap-frozen in dry ice. Serial 25 μm sections 
were prepared using a microtome (HM 560, Microm, Germany) and trans-
ferred onto glass object plates. Sections were placed on phosphorimager 
plates (Amersham Biosciences, USA) for exposure overnight. Plates were 
then scanned at 50�m resolution using a Phosphorimager SI (Molecular Dy-
namics, USA).  

The tissue slices were stained for insulin by the PAP EnVision method. 
Washes were performed with PBS containing 0.05% Tween throughout. 
Slices were initially incubated with 0.6% hydrogen peroxide for 15 minutes, 
before incubation with primary insulin antibody A0564 (DAKO, Glostrup, 
Denmark) overnight. Secondary goat-anti rabbit antibody K4002 (DAKO, 
Glostrup, Denmark) was added for 30 minutes, before exposure by Liquid 
DAB+ Substrate-Chromogen (+AEC K3464) (DAKO, Glostrup, Denmark). 
Nuclear staining was performed with Mayer’s Hematoxylin. 
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Results  

Imaging Porcine Islet Transplantation (I) 
The porcine islet isolations (n=10) yielded on average 430,000 IEQ. Islets 
batches had a purity of more than 95% with no difference in insulin release 
between [18F]FDG-treated and untreated islets in a dynamic perfusion sys-
tem.  

The mean enrichment of [18F]FDG into the islets used for transplantation 
was 0.99± 0.32 (corresponding to 2.1± 0.5 MBq), and part of the uptake 
could be reduced by competition by unlabeled glucose. The retention half-
life of [18F]FDG in the islets in EDTA-treated porcine blood was 141.5 mi-
nutes.  

The distribution of radioactivity in the liver was readily detected in the 
PET/CT images. The fraction of radioactivity in the transplantation medium 
at the beginning of the infusion of islets was negligible.  

The radioactivity accumulated in the liver during the islet infusion (0-20 
min) and reached a peak just after the end of transplantation. The average 
peak of radioactivity was 54.0± 5.1% of administered radioactivity.  After 
the end of infusion, the liver radioactivity decreased with a half-life of 216± 
16 minutes.  In all experiments, a large fraction of the liver radioactivity was 
found in “hot spots”, which were localized in different parts of the liver. The 
[18F]FDG-labeled islets were predominantly taken up into the right part of 
the liver (posterior and anterior lobe) 

The whole-body examination showed no radioactivity accumulation in 
the brain, heart, or lungs. The radioactivity was evenly distributed through-
out the animal’s body, apart from uptake in the liver and the bladder. No 
difference in distribution of radioactivity was found using the PET or 
PET/CT scanner. Radioactivity in the blood samples was below the detection 
limit. 
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Imaging Clinical Islet Transplantation (II-III) 

The uptake of [18F]FDG in islets was competitively inhibited from 2.7mM 
glucose. The mean SUV of [18F]FDG in islets was 0.40 (range 0.04-0.85), 
corresponding to a mean of 2.65MBq. The retention curve of [18F]FDG in 
islets was best described by mono-exponential washout, and the retention 
half-life of the mono-exponential function was 196.0 minutes (R2>0.93, 
range 187-216 minutes).  

Patients (n=5) received on average 432,000 IEQ, of which 15-30% was la-
beled with [18F]FDG. Total islets purity was 32-75%. CT verified that the tip 
of the intra-portal catheter was positioned in the portal vein, and the trans-
plantations were performed over 13-23 minutes. Samples taken from the 
infusion bag showed that 89% (range 83-95) % of the [18F]FDG was con-
tained within the islets at the start of the transplantation. 

 
Figure 8. Although the patients were given on average over 400,000 IEQ each, only 
on average 275,000 IEQ were found in the liver after completed transplantation. The 
amount of islets is calculated from the measured radioactivity in the liver, using the 
average amount of radioactivity corresponding to each isle. This value decreased 
over time due to gradual washout. Therefore, the correction for estimated washout is 
included in the figure. The gradual elimination after peak uptake can, to a large 
extent, be attributed to radioactive washout and does not represent islet movement or 
destruction. 
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Figure 9. Sharp increase of C-peptide in plasma was seen after start of islet trans-
plantation. This is considered to be an indication of islet destruction due to IBMIR 
and other processes, as no normal biological mechanism in islets explain such a 
rapid release. Patient III was C-peptide positive at the start of the transplantation, 
due to receiving an islet graft 3 hours earlier. 

The peak of the radioactivity in the liver was found on average 18.7 minutes 
after the start of islet infusion. The radioactivity uptake peak in the liver 
represented an average of 275,470±51,460 IEQ compared to the total admi-
nistered dose of 432,630±72,320 IEQ, corresponding to 66.4 (range 53.4-
88.4) % in individual patients (Figure 8). An increase in C-peptide was 
found shortly after the start of transplantation in each case (Figure 9).  
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Figure 10. Summation of PET data 0-60 minutes following the start of islet infu-
sion. In this subject (patient V), there is a marked difference in uptake between and 
within hepatic segments. 

The hepatic radioactivity distribution was heterogeneous, with a marked 
concentration in small multi-focal areas spread through-out the liver (Figure 
10). The average accumulation was highest in the left medial main segment 
(258 IEQ/cc), followed by the right anterior main segment (235 IEQ/cc). 
Lowest average uptake was found in the right posterior (175 IEQ/cc) and left 
lateral main segments (159 IEQ/cc). Highest heterogeneity was found in 
patient V with 20% of the graft in areas with more than 500 IEQ/cc and an 
average islet density of 508 IEQ/cc in the left medial segment. On average, 
among all the patients, 48.6% of the islets could be found in areas over 150 
IEQ/cc and 12.8% in areas over 400 IEQ/cc.  

The whole-body examination showed low to no accumulation of radioac-
tivity in the myocardium, brain, and lungs. Clinical outcome for all patients 
was comparable to regular islet transplantations. 
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Characterization of BCM Imaging Agent [18F]FE-(+)-
DTBZ (IV) 
In vitro studies 
The potential of [18F]FE-(+)-DTBZ as an BCM imaging agent was investi-
gated in vitro in both a saturation binding study and by frozen tissue autora-
diography using human pancreatic tissues. 

In vitro binding to VMAT2 in islet homogenates had a dissociation con-
stant just above nanomolar level (kD=3.5 nM). 89 % of the binding was spe-
cific around the measured kD, with only 11% being non-displaceable.  The in 
vitro Binding Potential (BP= Bmax/kD) was 109.1 as the receptor density Bmax 
was determined to be 382 fmol/ mg protein in the islet sample.  

In contrast, a majority (65%) of the binding to exocrine tissue was non-
displaceable. The specific binding in exocrine tissue had a high apparent kD 
of 28.7 nM, almost 10 times higher than in pure islet homogenates. Exocrine 
BP was consequently 10-fold lower (BP=9.8). 

 
Figure 11. Representative experiments using [18F]FE-(+)-DTBZ in human pancre-
atic tissue homogenates. There is a large difference in saturability and specificity in 
islet and exocrine tissue. 

Pancreatic autoradiography tissue slices contain at least 98-99% exocrine 
tissue, and the large amount of non-specific binding (54% in healthy con-
trols, 49% in Type 2 Diabetes Mellitus patients, and 66% in Type 1 Diabetes 
Mellitus patients) in the slices was predictably of similar amounts as in pure 
exocrine homogenates. Specific uptake in all tissue types was heterogeneous, 
while non-displaceable binding was more homogenous.  

In vivo studies 
In the in vivo porcine model, PET images of the abdomen displayed hetero-
geneous uptake distribution patterns in the pancreas and the liver. The kinet-
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ics in each tissue type was similar in all three subjects. Pancreatic uptake 
peaked at SUV 2.8 shortly after injection, followed by a slow washout (Fig-
ure 12). The uptake in the liver was higher, but with the same time-activity-
curve profile. The kidney cortex peaked at SUV 12 after 1 minute. Most of 
the tracer was either excreted into the urinary system, or into the biliary sys-
tem. 

 
Figure 12. Pharmacokinetics of the tracer [18F]FE-(+)-DTBZ in select abdominal 
tissues. Error bars represents SEM. 

During the PET/CT examination, there was a progressive radioactivity ac-
cretion into the gallbladder (peaking at SUV 8.6) and the common bile duct 
(peaking at SUV 13). No draining of bile into the duodenum was observed 
during the 90 minutes examination. In all three animals, uptake in the stom-
ach wall varied (peaking at SUV 3 to 10). The uptake in bone tissue in-
creased almost linearly during the examination, and the vertebral column 
reached a SUV of 3.1 after 90 minutes indicating defluorination of the tracer.  

In vivo pancreatic BP was determined by kinetic modeling using the kid-
ney cortex as a reference tissue. BP was below 0.3 in all three animals, indi-
cating a low proportion of specifically bound tracer in the tissue. All animals 
had functional BCM (plasma insulin levels normal; 91±10 pmol/l). 
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The whole body PET/CT examination performed 90 minutes after tracer 
administration revealed uptake in the joints and cortical bone. The accumula-
tion was highest in the urinary bladder, bile ducts, and gallbladder. 

 [18F]FE-(+)-DTBZ-d4: Effects of Deuteration (V) 
In vitro studies 
The BP (fmol/mg protein/nM) and specificity (%) of [18F]FE-(+)-DTBZ-d4 
in human pancreatic tissues was determined by saturation binding, using the 
same assay as for the analogue to allow for comparison. The tracer-receptor 
BP was found to be higher in pure islets (BPislet=27.0±8.8) compared to exo-
crine homogenates (BPexocrine=1.7±1.0) (table 1). The absolute BP was lower 
in both tissue types compared to the non-deuterated FE-(+)-DTBZ analogue 
described previously (BPislet=109.1, BPexocrine=9.8). However, the BPislet/ 
BPexocrine ratio was larger for [18F]FE-(+)-DTBZ-d4 (16.0 vs. 11.1 for the non-
deuterated analogue) potentially allowing for greater tissue discrimination. 
 
76% of the exocrine binding was non-specific, compared to 34% in islet. 
The difference in specificity between the tissues is in reality even larger, 
since the islet homogenates contained 15-20% exocrine tissue, which pre-
sumably increased the apparent proportion of non-specific binding in the 
islet samples. The total binding (specific VMAT2-interactions as well as 
non-specific binding) was on average 17-fold higher in islet homogenates 
compared to exocrine homogenates for all nanomolar concentrations of trac-
er.   

Table 1. Binding Potential of [18F]FE-(+)-DTBZ and [18F]FE-(+)-DTBZ-d4 in islet 
or exocrine tissue homogenates. BP is determined from the ratio of the receptor 
density Bmax and the affinity parameter kD. The variation in islet BP is most likely 
due to tracer-target affinity since the receptor density should stay constant. BP varia-
tion between islet and exocrine tissues is due to difference in receptor expression. 
The BPislet/ BPexocrine ratio for both analogues are the same.  

 
[18F]FE-(+)-DTBZ [18F]FE-(+)-DTBZ-d4 

BPislet 109.1 27.0 

Specificityislet (%) 89 66 

BPexocrine 9.8 1.7 

Specificityexocrine (%) 35 24 

BPislet/BPexocrine ratio 11.1 16.0 
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In vivo studies 
Accumulation in the pancreas was homogenous with no difference in uptake 
in the pancreatic head, body, or tail in either of the subjects with an average 
peak uptake of SUV 2.64 shortly after administration (Figure 13). All piglets 
were normoglycemic after induction of anesthesia (plasma glucose concen-
tration 4.4-7.6 mM). Other abdominal tissues with notable accumulation 
were the liver and the spleen, all with faster washout kinetics than the pan-
creas. Parts of the hepatic tracer uptake could be attributed to accumulation 
in the bile ducts, which drains into the common bile duct (choledoccus) for 
transport to the gallbladder. No release of bile into the duodenum could be 
seen during the examination. Large uptake was found in a region near the 
stomach wall, possibly partly specific uptake in enterochromaffin-like cells 
in the oxyntic mucosa. Apart from the biological elimination through the bile 
system (usually mainly lipophilic), excretion though the kidneys, urethra, 
and the bladder was observed.   

Quantification of defluorination 
The deuteration of the tracer was designed to increase the molecular stability 
in regard to defluorination. The spinal column vertebrae VOIs, containing 
mainly cortical bone but also trabecular bone tissue due to partial volume 
effects (PVEs), had moderate uptake of tracer (SUV 1.4) within the initial 
minutes, but no further accumulation indicating lower defluorination. To 
quantify the rate of defluorination for both [18F]FE-(+)-DTBZ-d4 and the 
previously investigated analogue [18F]FE-(+)-DTBZ, the rate constants con-
trolling [18F]Fluoride uptake in cortical bone was determined by a  2-tissue 
compartment  model. As expected, bone uptake was high after administra-
tion of [18F]Fluoride and the model parameters describe large accumulation 
in the specific binding compartment (k3=0.42±0.04) with close to irreversi-
ble kinetics (k4=0.0058±0.0004). Almost the entire tissue uptake is predicted 
to be attributed to the specific compartment (VS/VT=0.99), with less than 1% 
of the cortical signal coming from non-specific or free tracer. The gradual 
dynamic defluorination of [18F]FE-(+)-DTBZ-d4 and [18F]FE-(+)-DTBZ in 
the plasma was retrospectively determined from the dynamic cortical bone 
uptake and the cortical rate constant modeling parameters acquired from 
[18F]Fluoride data. 
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Figure 13a-d. Delineation of pancreas (red), spleen (green) and parts of the anterior 
and posterior hepatic segments (black) exemplified on a trans-axial PET/CT fusion 
image (a). Panel (b) shows the average dynamic uptake of [18F]FE-(+)-DTBZ-d4 in 
the pancreas and other abdominal tissues from 4 different piglets. Excretion through 
the bile system is the fate of a majority of the tracer and its metabolites (c), but there 
is also elimination of tracer through urine (d). The bio-distribution is not affected by 
the deuteration procedure, except for reducing the uptake in cortical bone tissue. 

The defluorination rate constant kdefluorination was close to 10 times lower for 
the deuterated [18F]FE-(+)-DTBZ-d4 (kdefluorination= 0.0016±0.0007) than the 
non-deuterated [18F]FE-(+)-DTBZ (kdefluorination= 0.012±0.002) (p<0.05). Al-
ternatively, the defluorination expressed as the half-life stability was more 
than 7 hours for the deuterated tracer compared to just over 1 h for the non-
deuterated version. 

Quantification of pancreatic uptake  
Pancreatic uptake of [18F]FE-(+)-DTBZ-d4 was quantified by a 1-tissue com-
partment model using plasma input curves corrected for tracer metabolism 
through defluorination. [18F]FE-(+)-DTBZ was also reanalyzed by the same 
procedure. The two rate constants K1 and k2 decreased after deuteration 
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(p(K1)=0.054, p(k2)<0.05), but the macro parameter VT was unchanged 
(p=0.27) (table 2). Consequently, there was no significant difference in the 
total VMAT2 binding in pancreas even though more native [18F]FE-(+)-
DTBZ-d4 was available in the plasma. The rate constants represented higher 
in- and efflux of free tracer but no net accumulation. 

Table 2. 1-Tissue Compartment model parameters using defluorination-corrected 
plasma input curves. Results for [18F]FE-(+)-DTBZ-d4 is compared to a re-analysis 
of [18F]FE-(+)-DTBZ .The total distribution volume (VT) represents a combination 
of specific and non-specific binding as well as free tracer, and is calculated from the 
rate constant ratio K1/k2. VT was not affected by deuterization, even though both K1 
and k2 increased.  

 
[18F]FE-(+)-DTBZ  

Parameter Unit Exam 1 Exam 2 Exam 3 Average SEM 

K1 (cc/min)/cc 0.27 0.30 0.20 0.26 0.03 

k2 1/min 0.08 0.07 0.04 0.064 0.01 

VT cc/cc 3.39 4.47 4.65 4.17 0.39 

[18F]FE-(+)-DTBZ-d4 

Parameter Unit Exam 1 Exam 2 Exam 3 Exam 4 Average SEM 

K1 (cc/min)/cc 0.65 1.09 1.13 0.36 0.81 0.18 

k2 1/min 0.32 0.25 0.37 0.10 0.26 0.06 

VT cc/cc 2.05 4.39 3.06 3.64 3.69 0.49 
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Discussion 

The following discussion is divided into two parts: PET imaging of the he-
patic islet graft, and PET imaging of endogenous islets in the pancreas.  

Imaging islet transplantation  
Intra-hepatic islet transplantation is a promising technique and a potential 
cure for patients with T1DM. The recipient organ, i.e. the liver has been 
compared to a “black box” in clinical islet transplantation since we have 
only been able to monitor the input (quality and characterization of the is-
lets) and the long term output (clinical follow up, indirect measures of islet 
mass and function). The in- and output parameters yield relevant informa-
tion, but the immediate peri-transplant fate of the islets has escaped evalua-
tion.  

In papers I-III, early islet kinetics and distribution was quantified and vi-
sualized in real-time in either clinical or in a porcine model of islet trans-
plantation. The use of PET/CT with [18F]FDG-labeled islets allowed for 
detailed localization of the administered islets, both anatomically and in 
time. 

Choice of animal model 
Porcine hepatic and islet biology share many traits with human biology and 
the piglet is, therefore, a good model for pre-clinical assessments of new 
methodologies in islet replacement therapy. Murine models are very com-
mon in diabetes research (for example, NOD or streptozotocin-induced di-
abetic mice or rats), but the size of these animal models makes them less 
than ideal when studying islet distribution in the liver. Mouse and rat islets 
are of comparable size to human islets (50-150μm in diameter), but the he-
patic vascularization is relatively miniaturized. Anatomical correlation of 
PET images by CT or MRI is essential for interpretation of abdominal scans, 
and at the time of the transplantation study (2006-2007) no small animal 
PET/CT scanner was available.  

The porcine islet transplantations were performed almost identical to the 
clinical procedure, acting as “test runs” for the clinical studies. The same 
PET/CT camera was used in both studies, further increasing comparability.  
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The similarity between human and porcine biology was reinforced by the 
fact that the results in these studies were highly transferable from the pre-
clinical to the clinical setting (in respect to labeling procedure, islet distribu-
tion, and kinetics). 

Tracer considerations 
[18F]FDG was chosen as the tracer for cell labeling due to the potential for 
progress into clinical use, and availability. It is already in clinical use, allow-
ing for rapid transition of the protocol into clinical islet transplantation. In 
addition it is regularly produced at the facility, giving us the advantage of 
not having to consider radiochemistry as a limiting factor. Developing radio-
synthesis of novel PET-tracers is generally a difficult and time consuming 
task. Access to a local cyclotron may also be a restricting factor. 

The in vitro labeling procedure has a relatively low efficiency, resulting in 
low incorporation of [18F]FDG into islets. The uptake is dependent on the 
metabolic state of the islet batches, which may explain the variation in labe-
ling efficiency [91].  The procedure was designed to be as gentle as possible 
to the islets, to allow for comparison to regular islet transplantation. Conse-
quently, we did not add any substances (insulin, arginine, glucokinase acti-
vators, etc.) to stimulate glucose uptake. Any changes in incubation or pre-
treatment of the labeled subpopulation of islets could potentially compro-
mise how representative they are for the unlabeled population. This choice 
of method has its drawback, as the low total administered amount could po-
tentially compromise the quantification due to noise. To provide an internal 
camera reference of the total administered amount of [18F]FDG, we meas-
ured the infusion bag containing the labeled islets inside the gantry for two 
minutes just prior start of transplantation. This measurement was used when 
calculating the percentage of administered tracer contained in the liver.  

The retention was expected to be considerable, since metabolic trapping is 
one of the key properties of [18F]FDG. The retention was similar in trans-
plantation media (t½> 3h) and porcine blood (t½>2h). The washout is slow 
enough to allow for imaging and quantification during the peri-transplant 
phase and longer.  

Hepatic distribution of islets 
The distribution of [18F]FDG-labeled islets in the liver was heterogeneous in 
both the clinical and the pre-clinical setting.  

The time-activity curves during clinical transplantation were similar for 
the four main liver segments, although at somewhat different SUV levels, 
indicating that islet delivery to the different segments was constant during 
the procedure. Within each liver segment, radioactivity was found in hot-
spots, likely representing islets entrapped in clots in the portal branches. 
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The tendency for islets to distribute in hot-spots can be quantified as islet 
density (IEQ/cc). Any cutoff value (from 0-500 IEQ/cc) can in theory be 
specified and the fraction of islets present in volumes above the cutoff can be 
determined as shown in Figure 14. This presents us with the possibility to 
investigate how a sub-population of the total islet transplant can influence 
the clinical outcome. For example, the fraction of islets entrapped in clots 
and considered as non-functional (estimated to densities above a specified 
cutoff value) can be estimated and removed when correlating engrafted 
IEQ/kg to clinical outcome (Figure 15).  
 

 
Figure 14. Calculation of number of islets in hot-spots after transplantation. Stars 
represent the expected density given that a perfectly homogenous hepatic distribu-
tion occurred in each patient. This type of graph can be used to assess how hetero-
geneously the islets have engrafted in the individual patient. Case IIIa represents the 
patient in whom the islets were disseminated to the entire hepatic distribution vo-
lume. The peak (75,000 IEQ at 50-100 IEQ/cc) was found at the expected homogen-
ous distribution value (71 IEQ/cc) with the residual islets forming a two-tailed nor-
mal distribution. Interestingly, the second transplantation in the same patient (IIIb) 
showed a similar tendency. Patient V represents the other extreme, in whom the islet 
population was highly shifted and aggregated into hot-spots (homogenous distribu-
tion would correspond to 229 IEQ/cc). The majority of patients (4/5, especially 
patients II, IV and V) showed tendencies for a high heterogeneity in the islet distri-
bution. 
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Figure 15. Islet engraftment vs. clinical outcome measured as stimulated C-peptide 
1 month post transplant. The correlation is improved when removing all islets 
trapped in hot-spots with a density over 300 IEQ/cc. A similar improvement in cor-
relation is also seen for other markers of clinical outcome such as CPGCR, when 
subtracting islets in hot-spots. 

The quantification (or the linear relationship between amounts of radioactivi-
ty/islet) will eventually be compromised as we chose to study low density 
areas as lower density corresponds to lower amount of radioactivity [92]. We 
can partly circumvent this potential obstacle by never studying the low den-
sity areas alone, instead performing several subsequent threshold VOIs over 
the entire hepatic volume. The lower threshold is gradually increased, leav-
ing the hot-spots in the later VOIs. Finally, the size and density of the hepat-
ic volume which contains few islets (and low radioactivity) can be assessed 
by subtraction of the high density threshold VOIs from the total hepatic up-
take. 

One of the theoretical main advantages attributed to the intra-portal route 
of islet infusion is that they would be expected to be distributed at a low 
density in a large and well-vascularized organ. The findings presented here 
indicate that a major fraction of the islets accumulate in high numbers in 
defined hot-spots.  At present, it is not known if the liver can support the 
engraftment of islets at such a high density.   

Islet kinetics and possible destruction 
The mean maximum uptake of labeled islets in the human liver reached only 
63% of the infused radioactivity (54% in the porcine model). A simple ex-
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planation, that the [18F]FDG-labeled islets were able to pass through the liver 
sinusoids, was quickly ruled out. If shunting of islets through the liver had 
occurred, they would be trapped in the capillaries of the alveoli, but no lung 
accumulation of radioactivity was found in either the patients or the piglets. 

Even when factoring in the cellular washout (the biological retention dis-
cussed above) of the tracer, only 75 % of the islets remained in the liver. A 
possible interpretation of these findings is that a minimum of 25% of the 
islet cells are irreversibly damaged within the first minutes after contact with 
portal vein blood, releasing the entrapped [18F]FDG-6P. The only biological 
systems in blood that can damage infused islets within this short period of 
time are the cascade systems of which the complement system is the prime 
candidate. IBMIR describes just such an injurious process. Further corrobo-
rating this interpretation is the marked increase in circulating C-peptide 
which occurred immediately after islet transplantation.  

The second consequence of the proposed islet destruction is that the free, 
circulating radioactivity should consist of a mix of [18F]FDG (due to wa-
shout) and [18F]FDG-6P (through direct release). The tracer mixture in plas-
ma could theoretically be identified by a separating technique such as Thin 
Layer Chromatography (TLC). However, due to dilution into a large volume 
of distribution, the amount of radioactivity in plasma samples was below 
detection limit of the well-counter.  

Clinical Outcome and Future Prospects 
The clinical outcome of the transplantation after one month was comparable 
to regular transplantations reported in previous literature. This implies that 
the labeling procedure and the PET/CT examination may be performed 
without risk of compromising islets quality. 

The main advantage of the [18F]FDG PET/CT technology described here 
is that it is readily available in many centers and hospitals performing islet 
transplantation, and that it allows for real-time quantitative and qualitative 
measurements of islet kinetics and distribution after transplantation. The 
technique can be used to assess various approaches to enhancing intra-portal 
islet engraftment, and to evaluate alternative sites of implantation in the clin-
ical setting. 

Future investigations need to focus on increasing tracer incorporation 
without compromising islet comparability, in addition to determining 
[18F]FDG-6P content in plasma at different stages during transplantation. 
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Imaging native BCM using fluoride-18 labeled DTBZ 
analogues 
Somewhat poetically, one can describe the human pancreas as consisting of 
an archipelago of scattered endocrine islets in an ocean of exocrine tissue. 
Imagine looking down from the sky and trying to estimate the small total 
land area relative to the water surface area. In daylight, this is easy and ana-
logous to the in vitro situation of studying histological tissue slices under a 
microscope.  The in vivo analogue requires doing the same thing, but after 
nightfall. How does one detect if an islet has sunken or a new one risen?  

The core of the PET paradigm involves the targeting of a biological mole-
cule by a radioactive tracer. Usually, the PET physician or researcher has the 
good fortune of studying tissues where the target of interest is present in 
relatively high amount and/or in a well-defined region. As previously stated, 
this is not the case when attempting to visualize BCM.  

Aspects on the in vitro screening 
The studies on [18F]FE-(+)-DTBZ showed that the affinity (kD=3.5 nM ) for 
VMAT2 was comparable to previously reported values for a tritiated ligand 
[81]. Hydrogens or carbons can be replaced by radioactive isotopes (3H or 
11C, respectively) essentially without changing any of the molecular proper-
ties except the molecular mass. When inserting fluorine-18 however, we are 
adding a nuclide with strong electro-negativity which can alter the molecular 
binding properties profoundly. In the case of DTBZ, the fluorine-18 nuclide 
is evidently positioned with enough distance to the active binding site.  
 
When assessing the binding of [18F]FE-(+)-DTBZ-d4, we determined BP 
instead of Bmax and kD. Bmax and kD can sometimes be difficult to separate 
from each other by non-linear regression and there is a very real possibility 
of obtaining a local minima for a specific Bmax and kD pair. By introducing 
the compound parameter BP= Bmax /kD this potential problem is circum-
vented [90]. Here, we used the difference in BP for islets and exocrine tissue 
as a measure for potential tissue discrimination. The BPislet/ BPexocrine ratio 
was slightly larger for [18F]FE-(+)-DTBZ-d4 (16.0) compared to  [18F]FE-
(+)-DTBZ (11.1) allowing for at least a similar ability for tissue discrimina-
tion. 
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Figure 16. The relative ratios of islet and exocrine specific and non-specific contri-
butions in the pancreas, predicted from in vitro BP values. The figure illustrates that 
the exocrine signal is a major complication in BCM imaging. For example, a com-
plete loss of the pancreatic BCM (1-2% of pancreatic volume) would correspond to 
a total signal loss of around 8-10% using these tracers.  

The major problem in respect to BCM imaging is not the affinity to 
VMAT2, which would be sufficient for in vivo quantification for each of the 
analogues. On the contrary, the problem is the specific and non-specific 
binding of [18F]FE-(+)-DTBZ and [18F]FE-(+)-DTBZ-d4 to exocrine tissue 
(Figure 16). A surprisingly large ratio of the total binding (35% and 24%, 
respectively) was displaceable by tetrabenazine presumably corresponding to 
VMAT2 binding. VMAT2 has not previously been reported in exocrine tis-
sue, but some of the signal may arise from neurons, which is present in the 
exocrine fraction. Only 1% of the pancreatic VMAT2 expression has been 
associated with innervation in immunohistological studies [93], but their 
contribution in tissue samples containing no endocrine islets may be larger. 
The non-specific binding is probably an even greater obstacle. It is possible 
that the non-specific binding could be decreased by modifying the structure 
of either tracer, specifically the lipo-philicity of the tracer. 

In vivo tracer defluorination and excretion 
 [18F]FE-(+)-DTBZ, although stable in vitro, was extensively metabolized in 
vivo through dehalogenation, or more specifically defluorination, as was 
evident from the gradual increase in radioactivity concentration in bone in 
the dynamic PET/CT examination. The positron emitting 18F-nuclide (or 
other halogens such as 15O) can be enzymatically cleaved off the native trac-
er, and the radioactive fluoride ion (18F-) can further replace OH- in hydrox-
ylapatite in cortical bone, as they share atomic properties.  

This type of metabolism decreases the amount of native tracer available 
for tissue distribution potentially reducing the concentration in the target 
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tissue, especially in combination with other types of metabolism. Similar 
effects have been demonstrated for other PET-tracers when substituting the 
radiolabel from 11C to 18F in pig [94] and mouse [95]. This process varies 
between species, however, and defluorination of [18F]-labeled DTBZ-
analogues have not been observed in monkey [96].  
 
The phenomenon called the Kinetic Isotope Effect (KIE) can reduce the rate 
of enzymatic dehalogenation. The introduction of heavier isotopes (deute-
rium instead of hydrogen) can modify the reaction rate of the breaking of a 
covalent bond. If the isotope is directly involved in the bond in question, it is 
called a primary KIE. In this study, isotopic substitution of hydrogen to deu-
terium was performed on the ethyl carbons containing the fluorine-18 nuc-
lide. These isotopes are not directly involved in the reaction, and the reduc-
tion in reaction rate is called the secondary KIE. The isotopic substitution is 
denoted by adding d4 (representing 4 nuclides) to the tracer description 
([18F]FE-(+)-DTBZ-d4). Previously, the KIE has been used to modify the 
behavior of PET tracers for different effects [97-100]. 

The main difference in tissue PK/PD between the deuterated and the un-
modified analogues predictably occurred in bone tissue. Bone tissue consists 
of cortical bone (dense bone containing hydroxyl-apatite) and trabecular 
bone (a more porous material containing blood vessels and bone marrow), 
and these can be difficult to separate in a VOI especially in the vertebral 
column where the cortical fraction is relatively low. Even though the gradual 
tracer accumulation in the vertebrae was markedly reduced due to the sec-
ondary KIE, there was still an uptake plateau of SUV 1-1.5. This uptake 
most likely represents binding to VMAT2 expressed by hematopoietic cells 
in the bone marrow [54], while the gradual accumulation is due to irreversi-
ble [18F]Fluoride binding to apatite in cortical bone.   

Excretion of either analogue through the bile system dominated the distri-
bution 30 minutes post administration. Biliary excretion is mediated by the 
hepatic bile duct tree, which combines into the hepatic ducts for transport 
either into the gallbladder (via the cystic duct) or to the duodenum. The drai-
nage into the duodenum is transported via the pancreatic duct, which poten-
tially could lead to an overestimation of islet and/or exocrine uptake. Since 
no late accretion (reflecting that of choledoccus) was seen in the pancreas 
and no release was detected into the duodenum it is likely that the pancreatic 
route of excretion was closed during the studied time frame. This path is 
controlled by the sphincter of Oddi which usually open postprandially, hig-
hlighting the potential effect on tracer pharmacokinetics by fasting before 
PET scanning. 
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Quantification of pancreas uptake 
The aim of tracer development in BCM imaging is to provide a tool, which 
can provide measurements related to the in vivo distribution of beta-cells. 
The uptake in any tissue (and this applies to almost all tracers) is a combina-
tion of tracer bound to the target receptor, tracer bound to other structures 
(non specific binding), and free tracer. The picture can sometimes be even 
more complicated when also the contribution of radio-labeled tracer metabo-
lites and the degree of vascular contribution of the uptake need to be consi-
dered. To separate these various factors in order to achieve true quantifica-
tion, some form of mathematical modeling is required. 

We initially assed the PK/PD of the non-deuterated analogue [18F]FE-(+)-
DTBZ by the Simplified Reference Tissue Model, by using trans-axial kid-
ney cortex VOIs as input. The main advantage of the reference model ap-
proach is that it does not require a metabolite corrected arterial plasma activ-
ity curve as input. 

The average Distribution Volume Ratio (DVR) in the pancreas was com-
parable to the kidney cortex, which indicate that the BP (=DVR-1) of 
[18F]FE-(+)-DTBZ is similar in both tissues. This result cannot be explained 
by low to non-existent BCM as the plasma insulin levels were normal in all 
three animals. Thus, the model severely underestimates the DVR and BP of 
VMAT2 binding in the pancreas, and consequently, the existing BCM.  

The model requires several assumptions, such as; that the reference tissue 
lacks expression of VMAT2 and that the combined non-specific and free 
tracer distribution volumes (VNS and VF) are similar in the target and refer-
ence tissues (can also be expressed as K1/k2=K1'/k2'). The presence of 
VMAT2 in the kidney cortex has not been reported previously; therefore it is 
more probable that the second assumption is violated.  

In the second study, we could correct for parts of the metabolism by de-
termining the defluorination of both [18F]FE-(+)-DTBZ and [18F]FE-(+)-
DTBZ-d4. Since the kidney cortex reference tissue approach underestimated 
VMAT binding, both tracers were instead evaluated and contrasted with 
each other by the 1-Tissue Compartment Model (1TCM) and the 2-Tissue 
Compartment Model (2TCM). The 2TCM could potentially offer a more 
detailed description of the tracer behavior in the pancreas, but the 1TCM 
provided a better and more robust fit to the data (data not shown). Just as in 
the case of the reference model (SRTM vs. the full reference tissue model), it 
is difficult to separate the specific compartment from the non-specific and 
free compartment.  

There was no significant difference in total VMAT2 binding in pancreas 
uptake despite more native [18F]FE-(+)-DTBZ-d4 being available in the 
plasma due to decreased metabolism. The defluorination rate is therefore not 
an obstacle for VMAT2 quantification, at least not with respect to reduced 
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amount of native tracer. High cortical uptake can still complicate image 
analysis and yield PVEs however, depending on target tissue position. 

It is important to remember that the modified input curves are corrected 
for defluorination only, not other metabolites. Depending on the rate of me-
tabolism, the input curve will be over-estimated, especially during the latter 
parts of the scan. Overestimation of the amount of native tracer available for 
tissue distribution results in an underestimation of the influx controlling rate 
constant K1, which in turn can lead to an underestimation of VT. 

Delineation of pancreas 
PET and/or CT measurements of pancreatic uptake and delineation of the 
pancreatic tissue contain many potential difficulties, regardless of the animal 
model studied. Mice and rat models have a stretched, diffuse pancreas, 
which can be very difficult to delineate, especially without the aid of CT. 
This is a lesser problem in a large animal model such as the pig. Other diffi-
culties arise from the proximity of high or moderate uptake regions such as 
the kidney cortex, spleen, and potentially the duodenum. The pancreas can 
usually be visualized on a few trans-axial CT slices (depending on the orien-
tation) without oral contrast administration, but the PET kinetics can still be 
affected by PVEs (where voxels contain contributions from different tis-
sues). This effect is especially troublesome in murine models and is probably 
one of the reasons for the very mixed results on identical tracers published in 
the field of small animal beta-cell imaging. 

To avoid PVEs, we modified the CT guided pancreatic delineation by 
studying the kinetics of the most problematic neighboring tissues, the kidney 
cortex and the spleen. The kidney cortex was avoided by studying early time 
summations, and the splenic uptake was separable from the pancreatic due to 
the washout being very rapid during later frames. Further analysis of kinetics 
using techniques such as Masked Volume-Wise Principal Compartment 
Analysis (MVW-PCA [101]) could further aid pancreatic delineation. 

Future Prospects on pancreatic BCM imaging 
Currently, various DTBZ- and GPL-1 analogues are intensely researched by 
several groups. Researchers in the relatively young field of BCM imaging 
has been proficient in taking advantage of one of the main advantages of 
PET, which is the short time-frame needed for transferring new methodolo-
gies into relevant clinical studies. During the last few years, at least four 
tracers have been used for BCM investigations in humans: ([18F]FDG, 
[11C]DTBZ, [Lys40(Ahx-DTPA-111In)NH2]exendin-4  (SPECT), and [18F]FP-
(+)-DTBZ) [60, 65, 76, 80].  

The ethylated DTBZ-analogues investigated in this thesis are not suitable 
for pancreatic BCM measurement in their current form, despite having high 
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preference for BCM or islet tissue. As previously stated there are excessive 
specific and non-specific interactions in exocrine tissue obscuring the islet 
signal. This hurdle is not specific for the DTBZ analogues used here, but 
also applies to for example [11C]DTBZ and [18F]FP-DTBZ.  

However, [18F]FE-(+)-DTBZ-d4 especially can potentially be used to 
study transplanted islets graft. Hepatic grafts are out of reach for all DTBZ 
based tracers, as the liver has high non-specific uptake. Finding a 1-5 cc 
graft spread out in a standard hepatic volume is analogous to the famous 
needle in the haystack, regardless of how densely parts of the infused islets 
may accumulate. Instead, [18F]FE-(+)-DTBZ-d4 has characteristics, which 
are important when considering the study of VMAT2 dense tissues in prox-
imity to cortical bone structures, as in the case of intramuscular islet trans-
plantation in pre-clinical or clinical settings. New transplantation sites cur-
rently evaluated for increased graft survival and improved outcome are tis-
sues such as bone marrow [46] and brachioradialis (forearm) muscle [45]. 
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Conclusions 

• Real-time PET/CT-studies of clinical islet transplantation is possible using 
[18F]FDG-labeled islets. New or modified procedures can be assessed with 
just a few hours delay. 

• The trans-hepatic distribution of islets following intra-portal infusion is 
highly heterogeneous. The significance of this finding is not known, but high 
cellular density can potentially result in poor oxygenation and nutrient 
supply. 

• The failure to detect more than 25% of the infused islets could be direct 
evidence of the deleterious IBMIR process. The effect was enhanced in the 
preclinical model, making it suitable for further investigations. 

• [18F]FE-(+)-DTBZ is highly preferential (10-fold) for islet tissue compared 
to exocrine tissue in vitro due to the differences in VMAT2 expression. 
However, the low amount and heterogeneous distribution of beta-cells in the 
pancreas makes BCM quantification difficult. 

• [18F]FE-(+)-DTBZ-d4 has similar potential for tissue discrimination as the 
non-deuterated analogue [18F]FE-(+)-DTBZ. In addition, the increase stabili-
ty against in vivo defluorination significantly decreases bone uptake. The 
analogue is suitable for studying pure islet grafts in close proximity to cor-
tical bone (i.e., intramuscular grafts). 

• The in vitro and in vivo assay used to characterize the DTBZ analogues in 
respect to BCM quantification can be used to screen future DTBZ analogues 
or novel tracers targeting other islet-specific receptors. 
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Populärvetenskaplig sammanfattning på 
svenska 

Positron Emissions Tomografi (PET) är en avbildningsteknik med många 
användningsområden inom sjukdomsdiagnostik, uppföljning av behandling 
och forskning. Läkemedel, eller andra biologiskt aktiva ämnen kan märkas 
radioaktivt utan att förändra deras egenskaper. Med hjälp av den radioaktiva 
märkningen kan ämnet följas i kroppen med hjälp av en s.k. PET-kamera. Ett 
sådant radioaktivt märkt ämne kallas för en spårsubstans.  

Allra vanligast är det att ge radioaktivt märkt socker till patienter, s.k. 
[18F]FDG. Spårsubstansen [18F]FDG ansamlas i vävnader som använder 
socker som energikälla, t.ex. hjärnan eller snabbt växande tumörer som vid 
cancer. Av denna anledning används [18F]FDG både inom hjärnforskning 
och för att hitta små tumörer i patienter med misstänkt cancer.   

I denna studie användes [18F]FDG för att studera vad som händer när man 
transplanterar insulinproducerande celler (s.k. ö-transplantation) till patienter 
med typ 1 diabetes. De insulinproducerande cellerna finns i de Langerhanska 
öarna i bukspottskörteln och hjälper kroppen att reglera blodsockret. Hos 
patienter med typ 1 diabetes har alla insulinproducerande celler förstörts och 
dessa patienter kan återfå förmågan att producera eget insulin genom ö-
transplantation till levern. Tidigare har man inte kunnat se vad som händer 
med de Langerhanska öarna i levern, men man har kunna sluta sig till att en 
stor del av dem förstörs då öar från flera olika donatorer behövs för att en 
patient ska tillfriskna. Denna studie visar att en del av öarna skadas kort efter 
transplantation, samt att de överlevande öarna har en tendens att ansamlas i 
hög koncentration i små områden i levern. Förhoppningen är att denna tek-
nik för avbildning av ö-transplantation ska kunna användas till att undersöka 
nya metoder för att öka andelen överlevande öar eller förändra deras fördel-
ning i levern, och snabbt avgöra om dessa åtgärder är effektiva eller inte. 
 
Det är också intressant att titta på mängden öar i bukspottskörteln (även kal-
lad beta-cells massa), då den förändras inte bara vid typ 1 diabetes utan ock-
så vid den betydligt vanligare, och globalt ökande typ 2 diabetes. För att göra 
detta behöver man en spårsubstans som ansamlas i hög grad i de insulinpro-
ducerande cellerna. Ett stort problem är att bara ungefär en av hundra celler i 
bukspottskörteln är insulinproducerande.  
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För avbilda de kroppsegna insulinproducerande cellerna i bukspottskör-
teln använde vi en klass av spårsubstanser som kallas [18F]DTBZ. Dessa 
ämnen är intressanta då de binder till en receptor som finns i insulinproduce-
rande celler men inte i övriga exokrina celler i bukspottskörteln. Försök med 
vävnader från donatorer visade att dessa spårsubstanser ansamlades mer än 
10-falt högre i de Langerhanska öarna jämfört med exokrin vävnad. För att 
se mängden öar i bukspottskörteln behövs en ackumulation som är ännu 
högre (50-100 gångers upptag), men spårsubstanser som [18F]DTBZ kan 
också användas för studier av transplanterade öar i andra vävnader, t.ex. 
muskel.  
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