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Abstract
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Diabetes. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1422. 61 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0223-2.
In order to further advance the field of diabetes research there is a great need for establishing
validated non-invasive quantitative techniques to study the pancreas and other tissues of
importance for blood glucose regulation. The general aim of this thesis was to explore magnetic
resonance techniques and positron emission tomography as such tools.
In paper I pancreatic perfusion under basal conditions and in response to glucose in
nondiabetic and type 1 diabetic individuals was studied with [15O]H2O PET/CT. Individuals with
type 1 diabetes were found to have reduced basal pancreatic perfusion and a severely impaired
pancreatic and splanchnic perfusion response to intravenous glucose stimulation.
In paper II four groups of subjects at different stages of type 2 diabetes development and a
control group of individuals without diabetes were examined with PET/CT and MRI. The [11C]5HTP uptake in pancreas was hypothesized to correlate with remaining functional capacity of the
β-cells. The progressive loss of β-cell function indicated by metabolic testing was not mirrored
by a decrease in [11C]5-HTP tracer accumulation in the pancreas. This provides evidence
of retained islet mass despite decreased β-cell function, indicating that β-cell dysfunction or
dedifferentiation, and not necessarily endocrine cell loss, constitutes a major cause of β-cell
failure in type 2 diabetes.
In paper III the feasibility of using ex-vivo MR spectroscopy for assessment of viability of
human pancreas grafts prior to transplantation was studied. It was found that 31P-MRS may
provide quantitative parameters for evaluating graft viability ex vivo, and is a promising tool
for objective non-invasive assessment of the quality of human pancreas grafts.
In paper IV the Imiomics method for automatic image analysis was validated in whole-body
[18F]-FDG PET/MR images in subjects with varying degree of insulin resistance. Imiomics was
found to provide association screening and timesaving analysis of whole-body data and detected
differences in glucose uptake and tissue composition between subjects on voxel-level. However,
it did not show complete correlation with traditional volume of interest based tissue analysis
in a small cohort.
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Introduction

Diabetes is characterized by insufficient insulin release. There are two main
types of diabetes: Type 1 (T1D) and type 2 (T2D). T1D is caused by autoimmune destruction of the insulin producing β-cells, T2D is caused by a
combination of β-cell dysfunction and loss of β-cells, and an increased insulin demand due to reduced sensitivity to the metabolic actions of insulin, i.e.
insulin resistance. Both type 1 and type 2 are increasing [1,2] and the health
care cost are enormous, estimated at around 12% of global health expenditure [3]. Hence, there is a great need to develop new treatment strategies and
to understand the underlying mechanism of the pathogenesis and progression
of the disease. In order to advance the field of diabetes research, application
of validated quantitative techniques is essential. Islet morphology differs
between species, and studies with human subjects are therefore of great importance. In studies with human subject the methods employed should preferably be non-invasive.

Islets of Langerhans
The insulin producing β-cells constitutes 50-80% of the islets of Langerhans
in the pancreas. Since the islets only constitutes 1-2% of the pancreas, have a
mean diameter of 140 µm, and are scattered throughout the pancreas [4] noninvasive studying of the islets in vivo is difficult. Invasive studies (i.e. biopsy) carry severe risks [5] and are not always representative. Blood samples
cannot study the islet itself, but rather its output.
The function of the islet depends on sufficient perfusion and this has been
extensively studied in animal models, reviewed by Jansson et al [6]. Islet
perfusion is regulated separately from that of the whole pancreas [7], and is
closely linked to the metabolic function of the islets, and increases in response to elevated blood glucose, when there is an increased need for insulin
dispersal [7]. Islet blood perfusion is disturbed in the setting of decreased
glucose tolerance [6,8]. However, the methods used for direct study of islet
blood flow in animal models are invasive or terminal, and cannot be used in
humans [7,9].
There is currently no non-invasive way to study the β-cell mass in humans. The changes of β-cell mass during progression of diabetes in humans
have been evaluated in autopsy studies [10-12]. The lack of a tool for non11

invasive studies of the β-cell mass in vivo in humans hinders the progress in
the fields of β-cell preservation and/or β-cell regeneration.

Body composition
The liver, muscles and adipose tissue play important roles in the regulation
of blood glucose, and changes in body composition with increase in visceral
adipose tissue and liver steatosis is well known to be associated with insulin
resistance. The clinical importance of increased fat content in the pancreas is
debated [13-16]. The interplay between body composition, insulin resistance
and loss of β-cell mass is poorly understood. Therefore there is a great need
for a tool that can study the β-cell mass and function as well as the characteristics of insulin resistance in terms of body composition, dysfunctional metabolism and lipid infiltration in the same subject.

Transplantation
Transplantation of islets or whole pancreas is a treatment option for patients
who have or are at high risk of severe secondary complications of diabetes
and in patients with disabling or life-threatening hypoglycemic unawareness,
but it is hampered by shortage of donors and an underutilization of available
grafts. This is mainly due to the strict criteria of what constitutes an acceptable pancreas graft [17]. To date the most important selection criterion is the
surgeon's own assessment of organ quality during procurement [18], which
is biased by individual experience and personal skills. A reliable objective
non-invasive method for pre-transplantation assessment of graft quality is
desirable. Such a method could potentially increase the number of successful
transplantations, by optimizing graft selection and enabling enhanced utilization of the extended-criteria donor pool, without increasing the risk of post
transplantation complications and graft failure.
Positron emission tomography (PET) and magnetic resonance (MR) techniques are potential tools for studying all the different aspects of diabetes
described above.

Positron Emission Tomography
PET utilizes biologically active molecules labeled with positron emitting
isotopes, so called tracers, to localize and quantify different biological processes. The emitted positron collides with an electron and is annihilated.
This gives rise to two 511 keV photons travelling with almost 180° angle to
12

each other and these photons hit the detector ring in the PET camera. The
detection of two simultaneous hits on opposite sides indicates that annihilation has occurred along the line between these two points, and multiple hits
enable more exact localization of where the tracer has accumulated. Since
exact anatomical localization is difficult solely based on PET images, PET is
often combined with computed tomography (CT) or MR imaging.
The signal in the PET images reflects the concentration of radioactivity
(Bq/volume unit). Tracer uptake can be normalized to the percentage of injected dose taken up per gram of tissue, to render a semi-quantitative assessment of tracer uptake. With dynamic PET imaging, with multiple scans
taken over time, quantification of uptake rate in target tissue and tissue perfusion is possible.
Radioactive labeled water ([15O]H2O) is a tracer that has been widely used
to study changes in perfusion in human organs, and has previously been used
to study pancreatic perfusion under basal conditions [19,20]. The tracer is
not specific for islets, but the perfusion difference between insulin-deficient
and healthy individuals seen in animal models mainly reflects the islet vascular component, i.e. the islet blood flow contribution [7,9,21], hence change
in islet perfusion should be reflected in a change in whole pancreatic perfusion.
The radioactively labeled precursor to serotonin [11C]5-Hydroxytryptophan ([11C]5-HTP) is taken up and metabolized and retained solely in
cells with capacity for serotonin biosynthesis and metabolism, such as the
islets of Langerhans, but not the exocrine pancreas, [22,23] and is used as a
PET tracer in clinical practice for localization of neuroendocrine tumors
[24,25]. It has previously been shown to provide a seemingly accurate measurement of the total islet mass in individuals without diabetes and individuals with T1D [20,26]. Furthermore, in two T2D patients, who had undergone
multiple [11C]5-HTP PET examinations due to neuroendocrine tumor, gradual decrease in tracer uptake was seen, paralleling the progression of diabetes [20], indicating that the tracer could be used to measure the progressive
β-cell loss in T2D.
[18F]-fluorodeoxyglucose ([18F]-FDG) is the most commonly used tracer
in PET [27]. It enables measurement of glucose uptake and has previously
been used in studies of diabetes and IS in several organs [28-35].

MR Imaging and MR Spectroscopy
MR provides images with excellent soft tissue differentiation and can accurately quantify the fat content of organs [36-39]. MR spectroscopy (MRS) is
used to quantify the relative content of different metabolites in a tissue. Different metabolites generate peaks at different positions in a spectrum and the
relative intensities of these peaks correspond to the relative concentration of
13

the individual metabolites. MRS studies, like MR imaging (MRI), often
measure the signal from H+, but other nucleus can be used as well. MRS of
31
P is an established method for quantifying levels of adenosine triphosphate
(ATP), which is vital for cellular bioenergetics and thus organ viability, its
breakdown product inorganic phosphate (Pi) and other phosphorous metabolites, such as phosphomonoesters (PME). 31P-MRS has previously been applied for assessment of human graft viability and function pre- and posttransplantation in kidney, heart and liver [40-46]. Ischemic changes, transplant rejection and graft viability of pancreas has been studied using 31PMRS in animal models [47-53]. The findings from these studies indicate that
31
P-MRS might be used to assess pancreas graft viability in the clinical setting.

PET/MR
PET and MR give complementary information, and an integrated PET/MR
system combines the two techniques in one examination. Since MR is used
for anatomical reference and attenuation correction the radiation dose to the
subject is lower than when using a PET/CT. A PET/MR examination with
whole-body imaging acquisition done under hyperinsulinemic euglycemic
clamp enables simultaneous measurement of insulin sensitivity, localization
of glucose uptake and tissue composition, providing a comprehensive assessment of the metabolic status of the subject.

Imiomics
The traditional technique for analyzing PET and MR data is by manually
delineating Regions of interest (ROIs) or Volumes of Interests (VOIs) in
each subject. This type of analyses are very time-consuming, which limits
the ability to perform large whole-body imaging studies. These analyses also
require a predetermined focus of which organs or areas of the body to analyze, hence significant findings in un-foreseen areas could remain undetected. Whole-body imaging with automated tissue registration and analysis
addresses both these problems.
The Imiomics method [54] uses an automated registration process and
voxel-wise normalization of all subject data to a reference person, i.e. deformation of the voxels to fit the corresponding voxel in the reference person. Thereby a common coordinate system is created, enabling visualization
of statistical data and localizing significant findings in the whole body at
group level. Each voxel contains the information of the deformation applied
and the original signal intensity, which enables calculation of difference in
tissue volume and tissue composition between the subjects. Thus Imiomics
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applied to PET/MR images provides a method to explore the voxel-wise
differences in tissue composition, tissue volume and tracer uptake.
The registration process starts by registering bones, thereafter nonadipose tissue and last adipose-tissue, applying gradually more elasticity in
the deformation, based on the assumption that the skeleton is the tissue volume that varies the least between the subjects and fat volume is the most
variable volume.
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Aims

General aim
Explore MR and PET as tools for studying various aspects of pancreas and
other tissues vital for the blood glucose regulation.

Specific aims
Paper I
To study pancreatic perfusion under basal conditions and in response to glucose in non-diabetic and type 1 diabetic individuals by the use of [15O]H2O
PET/CT.

Paper II
To assess the pancreatic islet mass in-vivo in different stages of type 2 diabetes development by the use of [11C]5-HTP PET/CT.

Paper III
To investigate the feasibility of using ex-vivo MRS to assess the viability of
human pancreas grafts prior to transplantation or islet isolation.

Paper IV
To validate the Imiomics method for automatic image analysis in whole
body PET/MR images in subjects with varying degree of insulin resistance.
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Materials and methods

All procedures were approved by the regional ethical board and performed in
accordance with the Helsinki declaration. Written informed consent was
obtained from all participants in paper I, II, and IV prior to their inclusion. In
paper III the relatives of the donors were asked about the deceased’s opinion.

Study population
Paper I
Eight individuals with longstanding, well-controlled T1D without any signs
of micro- or macrovascular complication and sex-, age- and BMI-matched
healthy individuals (HI) were included. Inclusion criteria for the type 1 diabetes participants were: 18-35 years, >10 years diabetes duration, HbA1c
<7.5% (58.5 mmol/mol), fasting C-peptide <0.05 nmol/l, no medication
besides insulin, plasma creatinine <90 µmol/l, urine albumin <25 mg/l and
no signs of retinopathy or known other micro- or macrovascular complication. All study participants were non-smokers and physically active. One of
the diabetic participants had a very small pancreas, with substantial spillover
of PET-signal from the left kidney into the pancreatic ROI and was, therefore, excluded. See Table 1 for descriptive data of included participants.
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Table 1. Descriptive data of study participants in Paper I.
Variable
n
Male (n, %)
Age (years)
BMI (kg/m2)
HbA1c % DCCT
HbA1c (mmol/mol)
fP-glucose (mmol/l)
P-glucose (mmol/l) following glucose administration
fP-C-peptide (nmol/l)
C-peptide (nmol/l) following glucose administration

HI

T1D

8
4 (50%)
26.7±1.3
22.9±1.4
5.2±0.3
(33.3±0.82)
5.4±0.2
12.1±0.3
0.6±0.07
1.6±0.3

7
4 (57%)
25.9±0.9
23.6±1.0
7.1±0.3***
(53.6±1.3)***
6.7±1.0
14.3±1.01
0.01±0.006***
0.01±0.006***

Five individuals with type 1 diabetes had non-detectable C-peptide levels and were therefore
assigned the lowest detectable level for the assay (0.003 nmol/l). All values are given as
means ± SEM. Unpaired Student’s t test was used to determine differences between the two
groups, p values <0.05 were considered statistically significant. *** denotes p<0.001
fP, fasting plasma; HI, healthy individuals; P-glucose, plasma glucose; T1D, type 1 diabetes.

Paper II
Thirty-one individuals with T2D and 8 healthy controls (HC) were included.
Individuals with T2D were divided into four groups based on their BMI and
current diabetes treatment regimen: group A, BMI >30 kg/m2 (obese) treated
with oral antidiabetic drugs (OAD); group B, BMI 20-26 kg/m2 (lean) treated with OAD; group C, BMI >30 kg/m2 (obese) treated with OAD and insulin; and group D BMI 20-26 kg/m2 (lean) treated with OAD and insulin.
The metabolic control of study participants was evaluated under fasting
conditions based on HbA1c levels, plasma glucose, and plasma C-peptide
levels. Based on that, HOMA indexes were calculated using the HOMA2
calculator. HOMA2-B is an estimate of the β-cell steady-state function and
HOMA2-S is an estimate of insulin sensitivity; values are given as a percentage and the model has previously been calibrated so that 100% represents values obtained from young healthy adults. HOMA2-IR is an estimate
of insulin resistance [55,56].
In addition to estimations of metabolic control and β-cell function based
on fasting parameters, we conducted an intravenous arginine test and a glucose-potentiated arginine test, which are considered the gold standard to
assess the functional β-cell mass [57,58]. In brief, the tests were conducted
as follows. After overnight fasting and sampling of baseline blood samples,
arginine (5 g) was administered intravenously. Blood samples were drawn
from the opposite arm after 2, 3, 4, 5, 7, 10, and 40 min. C-peptide and glucose levels were analyzed in plasma, and the maximum C-peptide secretion
was calculated by subtracting the fasting levels from the average value of the
three highest recordings during the first 5 min. During the glucose potentiated arginine test, glucose was infused (50 mg/mL, 18 mL/min), and after 60
18

min, blood samples were collected and arginine (5 g) was administered intravenously. Repeated blood samples were then collected after 2, 4, 5, 7, and
10 min. By subtracting the C-peptide level recorded just prior to arginine
administration from the average C-peptide levels during the following 5 min,
the maximum β-cell secretion capacity was calculated. See table 2 for descriptive data of study participants.
Table 2. Descriptive data of study participants in Paper II.
HC

Group A

Group B

Group C

Group D

Total n
8
7
7
9
8
Antidiabetic treatNA
OAD
OAD
OAD +
OAD +
ment
insulin
insulin
Sex (n male)
4
5
5
7
4
Age (years)
63.3±2.2
56.7±3.8
60.3±4.1
61.8±2.4
66.3±1.9
Diabetes duration
NA
1.6±0.3
3.4±2.0
11.4±2.0††# 15.7±1.8††††
(years)
###
BMI (kg/m2)
28.1±1.2 33.3±1.0** 25.1±0.9
33.2±1.2**
25.8±0.5
P-glucose (mmol/L)
5.9±0.1
9.6±0.7
8.3±0.6
10.4±1.6*
10.2±2.1
P-C-peptide
0.86±0.09 1.36±0.21 0.78±0.05
1.2±0.24
0.56±0.08
(nmol/L)
HbA1c (mmol/mol)
37.6±0.9
53.3±4.0*
49.6±2.2 71.3±5.8**** 61.4±2.4***
HOMA2-B (%)
107±8
69±9*
56±4**
65±14*
40±6***
HOMA2-S (%)
56±8
32±5
52±4
60±23
68±14
HOMA2-IR
2±0.2
4±0.6
2±0.2
4±1
2±0.4
P-cholesterol
5.9±0.4
4.4±0.3*
4.6±0.2
3.7±0.3***
5.1±0.5
(mmol/L)
P-triglycerides
2.0±0.5
1.4±0.2
1.2±0.2
2.2±0.6
1.5±0.2
(mmol/L)
P-HDL cholesterol
1.3±0.1
1.1±0.1
1.1±0.1
0.9±0.1**
1.3±0.1
(mmol/L)
P-LDL cholesterol
3.7±0.3
3.0±0.2
2.9±0.2
2.1±0.2***
3.2±0.4
(mmol/L)
HOMA indexes were calculated using the HOMA2 calculator based on fasting glucose and Cpeptide levels. HOMA2-B is an estimate of the β-cell steady state function and HOMA2-S is
an estimate of insulin sensitivity; 100% corresponds to young healthy adults. HOMA2-IR is
an estimate of insulin resistance. Data are given as means ± SEM, unless stated otherwise.
Group A, BMI >30 kg/m2 treated with OAD; group B, BMI 20-26 kg/m2 treated with OAD;
group C, BMI >30 kg/m2 treated with OAD and insulin; Group D, BMI 20-26 kg/m2 treated
with OAD and insulin; NA, not applicable; P, plasma.
A one-way ANOVA using Dunnett post hoc test with comparison with HC was applied for
statistical analysis when values were compared with HC. *p<0.05, **p<0.01, ***p<0.001 and
****p<0.0001. A one-way ANOVA using Tukey post hoc test was applied for statistical
analysis when data was compared between the groups of patients with diabetes.
††p<0.01 and ††††p<0.0001 when compared to group A. #p<0.05 and ###p<0.001 when
compared to group B.

Paper III
Pancreata from 5 human donors, 3 males and 2 females, aged 49-78 years,
with BMI 22-31 kg/m2, were included. Table 3 describes the donor charac19

teristics. During organ procurement, pancreata were perfused in situ with
histidine-tryptophan-ketoglutarate (HTK) solution. Post-retrieval, all pancreata were stored in a pancreas container kit (MEDCOAS, Årvollskogen,
Norway) filled with HTK-solution under hypothermic condition (4°C) during the following 21-44 h. Contrary to University of Wisconsin solution,
HTK-solution does not contain phosphorus; hence the signals measured by
31
P-MRS in our study are solely derived from pancreas graft metabolites and
not the preservation solution.
Table 3. Gender, age and body mass index of the donors.
Donor nr

Sex

Age (y)

BMI (kg/m2)

1
2
3
4
5

F
M
F
M
M

62
68
63
78
49

29.4
24.0
30.9
22.2
22.3

Paper IV
Thirteen subjects with T2D, twelve pre-diabetic subjects and ten healthy
controls, determined by fasting glucose levels and oral glucose tolerance
test, were recruited from our hospital, via advertising and from the EpiHealth
[59] and ANDiU [60] registries. The inclusion criteria were 40-70 years of
age and BMI 25-35 kg/m2. T2D subjects were required to have had no
change in therapeutic regime for the last month and HbA1c 48-80
mmol/mol. Subjects were age, gender and BMI matched. Table 4 shows the
characteristics of the subjects.
Table 4. Descriptive data of study participants in Paper IV.
Group

Number
(% female)

T2D
13 (46%)
Pre-diabetic
12 (67%)
Controls
10 (50%)
SD=Standard deviation

Age
y
mean (SD)
62 (7.4)
64 (6.4)
60 (6.8)

BMI
kg/m2
mean (SD)
30.8 (4.0)
31.4 (3.1)
30.4 (5.1)

M-value
mg/kg/min
mean (SD)
5.25 (2.28)
7.73 (3.78)
10.82 (3.94)

Pt-eGFR
mL/mi/1.73
mean (SD)
83 (9.1)
74 (8.8)
76 (7.8)

PET/CT examinations (paper I and II)
All individuals were fasting >4 hours prior to the PET examinations. The
individual was placed in supine position in a Discovery ST PET/CT (GE
Healthcare, Milwaukee, MI, USA) scanner, and a scout CT examination was
performed to position the pancreas in the scanner field of view. A low dose
20

abdominal CT examination was performed in order to provide anatomical
co-registration and for attenuation correction for the PET images. To evaluate perfusion a 10-minute dynamic PET examination (time frames: 1 x 10 s,
8 x 5 s, 4 x 10 s, 2 x 15 s, 3 x 20 s, 2 x 30 s, and 6 x 60 s) with [15O]H2O
(radiowater) as tracer was performed after intravenous administration of 400
MBq. In paper I this was performed before (base-line) and after an intravenous injection of 30% (wt/vol.) glucose solution (300 mg/kg). In the 8 diabetic subjects and 8 healthy individuals the second examination was performed 0-10 min after glucose administration. In addition, 2 healthy individuals were examined at base line and 10-20 min after glucose administration.
In paper II the subjects were examined once, during fasting.
To evaluate serotonin biosynthesis (paper II) a 60 minute dynamic PET
examination (time frames: 1 x 10 s, 8 x 5 s, 4 x 10 s, 2 x 15 s, 6 x 30 s,
5 x 120 s, 5 x 300 s, and 2 x 600 s) with [11C]5-HTP as tracer was performed
after intravenous administration of 4 MBq/kg. During the [11C]5-HTP examination, discrete venous blood samples were acquired after 5, 20 and 40
minutes to assess the percentage of native [11C]5-HTP in the blood plasma.
Images were reconstructed using an iterative Ordered Subsets Expectation
Maximization (OSEM) VUEpoint algorithm (GE Healthcare). Data were
analyzed using the VOIager 4.0.7 software (GE Healthcare, Uppsala, Sweden). ROIs corresponding to the pancreas and its parts (paper I and II) and
liver (paper I) were delineated on transaxial sequential CT slices and combined into VOIs. In order to reduce possible partial volume effect, only PET
voxels fully inside the organ were delineated. CT VOIs were transferred to
co-registered PET images.
The perfusion or blood flow (in ml/min or ml/min/ml tissue) was assessed
by a standard single-tissue compartment model from dynamic [15O]H2O PET
data, using an aortic VOI as the input function [19]. In paper I portal and
arterial hepatic perfusion were calculated and used as comparators [19].
Pancreatic uptake of [11C]5-HTP was normalized to the percentage of injected dose taken up per gram of pancreas (%ID/g). The total percentage of
injected dose taken up by the pancreas (%ID) was calculated by multiplying
%ID/g by the pancreatic volume (ml) as separately assessed by MRI images.
In order to correlate [11C]5-HTP uptake in pancreas with age, data from a
previous study in a younger cohort were included [20].

MRI (Paper II)
MRI examinations were performed using a 1.5 T clinical scanner (Achieva,
Philips Healthcare, Best, The Netherlands). The fat content of pancreas and
liver was measured using a dedicated Dixon scan, using a spoiled 3D multi
gradient echo sequence. An in-house developed method was used to recon-
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struct water and fat data correcting for T2* decay [61]. The organs were
delineated manually from the images using the software ImageJ.

MRS (Paper III)
Examinations were performed on a 1.5 T clinical MR scanner (Achieva,
Philips Healthcare, Best, The Netherlands). During the period of hypothermic storage each graft was repeatedly examined with 31P-MRS at different
time points to measure the cold ischemia time (CIT) dependent changes of
phosphorous metabolites in the graft. Since the pancreata were transported
from other hospitals to our center the first measurement for each graft could
not be performed immediately after retrieval. The first spectrum was obtained 5-13 hours after perfusion start. Due to the inherent unpredictability
of the access to pancreatic grafts, where grafts suitable for the study became
accessible at very short notice, the time points for the subsequent measurements could not be standardized, but had to be adjusted to available time
slots for MR-examinations, between pre-planned patient examinations. After
the period of cold storage three pancreata were exposed to room temperature
for 4-24 hours and one last 31P-MRS spectrum was measured for each pancreata. These spectra served as reference for non-viable tissue.
To guide placement of spectroscopic voxels T2 weighted Turbo Spin Echo
sequences in three orthogonal planes were obtained with the whole-body
coil. Phosphorous spectra were acquired using a transmit-receive quadrature
head coil. Magnetic field homogeneity was adjusted automatically by iterative first-order shimming. Volume of interest (voxel) was defined by an image-selected in vivo spectroscopy (ISIS) localization sequence [62] Hyperbolic secant adiabatic pulses were used for rf-excitations. The main measurement parameters were as follows: spectral bandwidth, 1500 Hz; repetition
time, 3500 ms; 1024 points (the length of FID 683 ms), and 512 acquisitions.
The first FID point was sampled 0.1 ms after the last rf-pulse. Typical voxel
size was 45 x 45 x 140 mm3 (Fig. 1). To improve the signal-to-noise ratio
and the spectral resolution the ISIS sequence was combined with 1H broadband decoupling (WALTZ-4 modulation) and nuclear Overhauser enhancement (NOE). The NOE mix time was 2400 ms. The whole body rf-coil was
used for this purpose. During all MR examinations ice packs were placed
around the container to avoid heating of the graft (Fig. 1). The effectiveness
of the cooling was evaluated by measuring the temperature of the solution
inside the preservation container just before and immediately after MR examination at five different time points.
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Figure 1. Typical voxel position for 31P-MRS in the transversal (left) and sagittal
(right) plane. Ice packs surround the graft container to enable continuous cold
preservation.

Spectra were fitted using the AMARES algorithm [63] as implemented in
the magnetic resonance user interface software package [64] and each peak
fitted with a Lorentzian and the spectral intensity (the area under the curve)
was calculated. The following metabolite intensities were quantified: PME
(main constituents are phosphocholine (PC) and phosphoethanolamine
(PE)), Pi, phosphodiesters (PDE) (consisting of glycerophosphocholine
(GPC) and glycerophosphoethanolamine (GPE)), and ATP (three phosphate
groups γ-, α-, and β-ATP). Spectra were phased manually and fitted without
previous apodization of the free induction decays. However, for presentation
purpose, a Lorentzian apodization corresponding to 2 Hz line broadening
was applied. Prior knowledge for spectrum processing was obtained by fitting the well-resolved pancreas spectra and by using data from the literature.
Following prior knowledge was applied to fit metabolite resonances by Lorentzians (Fig. 2): (i) soft constrains were applied on expected positions of
PE, GPC and ATP resonances; (ii) chemical shift differences between γ-, αATP doublets and β-ATP triplet resonances caused by J-coupling was fixed
to 17 Hz; (iii) positions of PC and GPE peaks were shifted 14 Hz in respect
of PE and GPC positions, respectively; (iv) chemical shift difference between GPC and phosphatidylcholine (PtdC) spectral line was fixed to 19.9
Hz; (v) chemical shift difference between upfield α-ATP line and nicotinamide adenine dinucleotide phosphate (NADP) spectral line was fixed to 25
Hz; (vi) amplitude ratios of γ-, α-ATP doublets and β-ATP triplet were fixed
to 1:1 and 1:2:1, respectively; (vii) relative phase of all peaks was set to zero; (viii) line widths of PE and GPC were estimated and set equal to PC and
GPE, respectively; (ix) line width of PtdC peak was fixed to double of GPC,
and line widths of all ATP spectral lines were fixed to 0.7 of Pi line width.
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Figure 2. 31P-MRS pancreas spectrum. Measured spectrum (a) fitted spectrum (b)
individual components (c) residue (d). Phosphomonoesters (PME); phosphoethanolamine (PE) and phosphocholine (PC), inorganic phosphate (Pi), phosphodiesters
(PDE); glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC),
phosphatidylcholine (PtdC), phosphocreatine (PCr), adenosine triphosphate (ATP),
nicotinamide adenine dinucleotide phosphate (NADP).
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Hyperinsulinemic euglycemic clamp (Paper IV)
The gold standard to assess whole-body insulin sensitivity is hyperinsulinemic euglycemic clamp (clamp). The subject is first given a priming dose of
insulin i.v., the infusion of insulin is then maintained at a constant high level.
Simultaneously a glucose solution is infused at a variable rate to achieve a
steady-state plasma glucose level. The plasma glucose level is kept at
euglycemic level. When steady state is achieved the glucose infusion rate
equals whole-body glucose uptake, i.e. metabolized glucose, M, and is therefore a measure of insulin sensitivity (IS). [65] This is under the assumption
that the suppression of hepatic production of glucose by insulin [66] is complete. The M-value is typically normalized to body weight or lean body mass
[67].
The clamp was performed according to previously published methods,
adapted to be compatible with PET/MR [65,68]. In short; Subjects were
examined in the morning after overnight fasting and instructed to avoid alcohol and caffeine for a minimum of 6 hour prior to the examination, and to
avoid intense physical activity 24 hours prior to the examination. After a
priming dose the insulin (Actrapid, Novo Nordisk, Copenhagen, Denmark)
infusion rate was held constant at 56 mU/m2 body surface/min. Simultaneously a 20% glucose solution was infused at a variable rate to achieve a
steady-state plasma glucose level of 5.6 mmol/L. When steady state was
achieved image acquisition was initiated and the clamp was maintained during acquisition. The M-value was calculated by dividing the glucose infusion
rate during steady state (60-120 minutes after the initialization of the clamp)
by lean body mass (mg/lbm kg/min) determined by Bioelectrical Impedance
Analysis (BC-418, Tanita, Arlington Heights, IL).

PET/MR (Paper IV)
PET/MR imaging was performed using an integrated PET/MR system
(Signa PET/MR, GE Healthcare, Waukesha, WI) as previously described
[68]. Briefly, 4 MBq [18F]-FDG/kg body weight was injected i.v. at the initiation of a 10 min dynamic PET scan of the thorax to capture early tracer
dynamics of [18F]-FDG, followed by five whole-body PET scans (covering
head to toe). MR images generated for attenuation correction (MRAC,
1.95x1.95x2.6 mm) were acquired immediately before respective PET-scan.
All corrections necessary for quantitative PET were performed. MRAC from
the last PET whole-body scan was processed to generate fat and water fraction images, and used for the Imiomics analysis. The PET scans as well as
the MRAC images were acquired in free breathing. Finally, a whole body
(head to toe) MRI 2-point Dixon sequence (Lava-flex, 1.94x1.94x4 mm) was
performed (breath hold over abdominal region).
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PET data was analyzed using Matlab (Matlab 2015b, The Mathworks Inc,
Natick, MA). The voxel-wise [18F]-FDG influx rate (Ki) was calculated for
the whole body by using the Patlak method [69], using a volume of interest
in the aorta procured from the dynamic thorax scan and the whole-body PET
scans to generate an image derived input function (IDIF). The IDIF was
corrected for blood cell bound radioactivity.

Imiomics (Paper IV)
The MRI (MRAC) and PET data (Ki) from all subjects was normalized to a
reference person using a non-parametric version of the Imiomics method
[54]. The reference person was a 64-year-old male with a BMI of 26.8, belonging to the healthy control group. The subjects’ individual M-value was
paired with the data from that subject in each voxel. Whole-body Pearson
correlation coefficient-maps for M-value and Ki, fat-content and tissue volume respectively, voxel-wise showing the r-value, were produced, as well as
corresponding maps showing the p-values of the correlations (Fig. 11).
Correlation maps and significance maps were analyzed in the program 3D
Slicer [70]. To enable a mean quantification of correlation r-values in the
different tissues, VOI of each tissue volume were manually drawn on the
attenuation correction MR images for the reference subject, slightly inside
the organ contour to avoid unreliable values due to possible registration inaccuracies. These VOIs were then transferred to the correlation maps and
significance maps to enable calculation of mean r-values and p-values of the
different tissues. Mean p-value <0.05 in a VOI was considered significant.
The adipose tissue VOIs were filtered to only include voxels with a fat fraction of a minimum of 50%, to avoid non-adipose tissue inclusion in the VOI.
Since the position of the intestines can vary greatly between subjects, registration in the central abdomen was deemed unreliable. Hence, of the intraabdominal fat (visceral adipose tissue (VAT)) only the retroperitoneal fat
deposit was analyzed. The skeletal muscle was analyzed with a VOI of the
mid-thigh femoral muscles in 74 consecutive slices filtered to include voxels
with 0-10% fat fraction, to avoid inclusion of fat tissue located between the
muscles. Subcutaneous adipose tissue (SAT) in gluteal/thigh was defined as
subcutaneous fat from the level of vertebra L5 to the knee. Paracardial adipose tissue included the adipose tissue between the thorax wall and the heart.
The correlations identified with the volumes of the heart, paracardial adipose tissue and liver were confirmed through manual drawing of VOI of
these tissues in all subjects’ LAVA-flex images. The heart volume was assessed by outlining the heart in 8 slices in the axial plane from the apex and
up in all subjects. The paracardial fat volume was assessed by drawing a
VOI including the adipose tissue between the thorax wall and the heart in 8
consecutive slices in the axial plane. The liver volume was assessed by
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drawing a VOI outlining the contour of the liver. The Pearson correlation
coefficients of these VOI volumes and the M-value was calculated, p-value
<0.05 was considered significant.

Statistical analysis
In paper I differences between two groups of parametric data were assessed
by two-sided t tests. Normal distribution of data was assessed by ShapiroWilk’s test and equal variance was assessed by Levene’s test. Pearson’s
product moment correlation coefficient was calculated to assess linear correlations. p-value <0.05 was considered statistically significant. Values are
given as means ± SEM.
In paper II comparisons between multiple groups were made with oneway ANOVA, using Dunnett post hoc test with comparison with healthy
control, and Tukey post hoc test when data was compared between the
groups of patients with diabetes. Differences between two groups were assessed by two-sided t-test. p-value <0.05 was considered statistically significant.
In paper IV Pearson’s product moment correlation coefficient was calculated to assess linear correlations. p-value <0.05 was considered statistically
significant.
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Results

Metabolic characterization (Paper I, II)
In individuals with type 1 diabetes (paper I) HbA1c levels were increased, as
expected. However, both mean fasting glucose and stimulated glucose concentrations were similar to healthy individuals during the PET examination
(Table 1).
In paper II one individual in the group of HC did not participate in any
imaging studies and was not included in the reporting of the imaging results.
One individual in the HC group exhibited markedly high [11C]5-HTP pancreas uptake and retention (1.2%ID) in addition to having an unusually large
pancreas (148 g) despite having smaller than average body size. Since an
anatomical abnormality of the pancreas could not be ruled out, this individual was excluded from the report. One individual in group A (BMI >30 kg/ m2
[obese] treated with OAD) did not undergo a [15O]H2O PET scan and is
therefore not included in the reporting of pancreas perfusion and pancreatic
blood flow per gram of tissue (PBF). One individual in group D (BMI 20-26
kg/m2 [lean] treated with OAD and insulin) did not undergo an MRI scan
and is therefore not included in reporting of pancreas volume, pancreas perfusion, [11C]5-HTP pancreas uptake, and pancreas and liver fat percentage.
Subjects treated with exogenous insulin showed a lower C-peptide secretion in response to arginine (Fig. 3A). During the glucose-potentiated arginine test, a decreased C-peptide response was observed in all groups with
T2D when compared with HC (Fig. 3B).
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Figure 3. Estimates of functional β-cell mass. The functional β-cell mass was estimated by conducting an intravenous arginine stimulation (A) and a glucosepotentiated arginine stimulation (B). A: The response to intravenous arginine stimulation is comparable to that of HC in patients with OAD (groups A and B), whereas
a decreased C-peptide response was observed in patients with OAD and insulin
treatment (groups C and D). B: The C-peptide response to a glucose-potentiated
arginine test was decreased in all patients with T2D when compared with HC. All
values are given as means ± SEM. A one-way ANOVA using Dunnett post hoc test
with comparison with HC was applied for statistical analysis. *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001.

Perfusion (Paper I, II)
Participants with type 1 diabetes had a 23% lower baseline pancreatic perfusion compared with healthy participants (1.3±0.1 vs. 1.7±0.1 ml x min−1 x
g−1; p=0.0497; Fig. 4a). A lower perfusion seemed consistent in all parts of
the pancreas of type 1 diabetic individuals, although when compared with
the findings from healthy participants, this change was only statistically significant for the pancreatic head (caput; p=0.0298) (Fig. 4a, b). There was no
difference in either portal or arterial hepatic perfusion between healthy and
type 1 diabetic participants (Fig. 4a). In the healthy individuals only, an inverse correlation was observed between baseline pancreatic blood flow and
plasma glucose concentrations (Fig. 4c, d).
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Figure 4. Blood perfusion of the pancreas and its anatomical subregions (head [caput], body [corpus] and tail [cauda]) and in liver tissue (portal vein and hepatic artery [A. hepatica]) in healthy individuals (n=8) and individuals with long-standing,
well-controlled type 1 diabetes (n=7) under baseline and glucose stimulated conditions. (a) Baseline perfusion in the whole pancreas, anatomical subregions of the
pancreas, and in the liver tissue of healthy individuals and individuals with type 1
diabetes. (b) Individual blood flow values for the anatomical subregions for healthy
and type 1 diabetic study participants. (c, d) Analysis of the correlation between
fasting plasma glucose (P-glucose) concentrations and baseline pancreatic blood
flow in (c) healthy (p=0.014, r2=0.66) and (d) type 1 diabetic individuals (p=0.74,
r2=0.024). (e) Effects of intravenous glucose administration on perfusion of the
whole pancreas and its anatomical subregions and liver tissue. (f) Glucosestimulated blood flow in the anatomical subregions of the pancreas for each study
participant. (g) The change in blood flow in response to intravenous glucose administration in the whole pancreas, anatomical subregions of the pancreas and liver
tissue. (h) The change in blood flow in the anatomical subregions of the pancreas in
response to intravenous glucose administration for each study participant. (i) Analysis of correlation between change in plasma insulin (P-insulin) and pancreatic blood
flow after glucose administration in healthy individuals (p=0.44, r2=0.13) expressed
as per cent increase and in (j) as absolute values (p=0.12, r2=0.41). (k) Analysis of
correlation between changes in portal hepatic perfusion and pancreatic blood flow in
healthy individuals, expressed as per cent increase (p=0.24, r2=0.29). All values in
(a), (e) and (g) are given as means ± SEM. Healthy individuals, black bars or black
circles; individuals with type 1 diabetes; grey bars or white squares. *p<0.05,
**p<0.01 and ***p<0.001 when compared with healthy individuals.

In healthy individuals, a 48±8% increase (p=0.0006, compared with baseline
measurements) in total pancreatic perfusion was observed during the first 10
min after intravenous glucose administration (the change in absolute values
is shown in Fig. 4e, g) and similar increases were observed in all subregions
of the pancreas (the change in absolute values is shown in Fig. 4e-h). The
pancreatic perfusion increase in response to glucose was much less pronounced in type 1 diabetic participants irrespective of their fasting glucose
levels (the change in absolute values is shown in Fig. 4e, g). There was only
a mean 10-12% increase when compared with baseline measurements in the
pancreatic head (caput; p=0.048) and tail (cauda; p=0.004), but no statistically significant change in total pancreatic perfusion (p=0.065) in these individuals. Neither portal nor arterial hepatic perfusion increased in diabetic individuals after intravenous glucose injection, while there was a 38±10%
(p=0.0083) increase when compared with baseline measurements in the portal, but not arterial hepatic, perfusion in healthy individuals (the change in
absolute values is shown in Fig. 4g). There was no correlation between
change in plasma insulin concentrations and pancreatic blood flow in healthy
individuals after glucose administration (Fig. 4i-j). Additionally, the magnitude of pancreatic and portal hepatic perfusion increase in healthy individuals did not show any correlation (Fig. 4k). In the two healthy individuals reexamined 10-20 min after glucose administration, there was no longer any
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pancreatic blood flow increase (1.6±0.3 vs. 1.7±0.3 ml x min−1 x g−1), despite blood glucose concentrations remaining increased 20 min after glucose
administration (11.3±0.2 mmol/l) (data not shown).
In type 2 diabetes (paper II) perfusion was increased in obese subjects on
OAD compared with HC (p=0.02). Otherwise there were no clear differences between the groups. The pancreatic size accounts to a large extent for
this difference, as seen by the lack of difference in PBF per gram of tissue in
the same group (Fig. 5).
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Figure 5. Pancreatic perfusion. Total pancreatic perfusion was increased in obese
individuals on OAD compared with HC, but otherwise unchanged (A). The PBF per
gram of pancreas did not differ between the groups (B). *p<0.05.
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Islet mass (Paper II)

Pancreatic [11C]5-HTP (%ID)

There were no differences in pancreatic uptake of [11C]5-HTP in any of the
groups (Fig. 6). There was a greater variation in each of the groups consisting of individuals with T2D (a factor of three or more), whereas the variation
in the individuals without diabetes was smaller (factor of two). There was a
tendency of decreased uptake in lean subjects requiring exogenous insulin
(the group with highest decrease in β-cell function) (Fig. 3), but one outlier
exhibited strong uptake almost six times higher than the majority of the individuals in this group.
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11

Figure 6. Pancreatic uptake of [ C]5-HTP. The uptake and retention of [11C]5-HTP
in pancreas was assessed at the 55-min time point after intravenous administration.
There was no clear change in [11C]5-HTP uptake between the groups, although there
was a tendency of decrease in lean individuals requiring exogenous insulin, with
exception for one outlier.

Fat content and tissue expansion (Paper II, IV)
In paper II the fat content in pancreas varied markedly between the individuals in each group, with no significant difference between groups (Fig. 7A, C
and D). Obese individuals, both on OAD as well as those on exogenous insulin, exhibited a higher hepatic fat content as compared with individuals
without diabetes (Fig. 7B). Pancreatic volume was increased in obese individuals requiring exogenous insulin (group C) (Fig. 8). There was a tendency
of increase in pancreatic size also in obese individuals on OAD, except for
one outlier with a small pancreas.
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Figure 7. Fat content in abdominal organs. Fat content in the pancreas (A) and liver
(B). The individual in panel C has a markedly increased fat content in the pancreas
(white arrows) compared with the individual in panel D. *p<0.05; **p<0.01.
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Figure 8. Pancreas volume in HC and patients with T2D. Pancreatic size was increased in obese subjects requiring exogenous insulin, as well as a tendency for
increase in size in obese individuals on OAD only. *p<0.05.
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The fat content and volume of organs was also studied in paper IV, were we
found a negative correlation between insulin sensitivity and the volume of
the liver and the paracardial fat depot. Since the focus of paper IV is validation of the Imiomics method, the results will be presented in more detail
under Imiomics, below.

Quality assessment of pancreatic grafts (Paper III)
Examination time with voxel placement and shimming was approximately
40 minutes for each spectrum obtained. PME/Pi, PDE/Pi and ATP/Pi spectral intensity ratios decreased with increasing CIT (Fig. 9, 10). This trend
was seen in all grafts, but the change over time was less pronounced in the
graft with the longest time (13 hours) between perfusion start and the first
MR examination. The spectra of non-viable pancreas tissue (examined in 3
grafts) revealed large Pi intensities, small PME and PDE intensities and no
discernable ATP intensities (Fig. 9). The PME/Pi ratios for non-viable tissue
were; 0.672 (graft 2, 4h 20min in room temperature); 0.504 (graft 3, 7h in
room temperature) and 0.327 (graft 4, 24h 30min in room temperature). γATP rapidly decreased to the level of noise and could only be reliably quantified in the initial spectra of the grafts with the shortest time (5-6 hours)
between perfusion start and the first MR examination. β-ATP was only
above the noise level in the graft with the shortest time between perfusion
start and the first MR examination. PME/Pi was the only ratio that could be
reliably quantified even with prolonged CIT in all grafts. Figure 10 show
levels of spectral intensity ratios PME/Pi as a function of time after start of
HTK perfusion. The median change in graft temperature during MR examination was -0.5°C. On no occasion did the scanning cause the temperature of
the graft to rise above 4°C.
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Figure 9. Typical 31P-MRS spectra acquired from the same pancreas during cold
preservation at 9h 5min (a), 9h 40min (b), 10h 55min (c), 12h 25min (d), 27h 30min
(e) after histidine-tryptophan-ketoglutarate perfusion start and after 4h 20min in
room temperature (f).
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Figure 10. PME/Pi spectral intensity ratios (in arbitrary units) decay with increasing
cold ischemia time.

Imiomics (Paper IV)
The main results are presented as correlation maps and corresponding significance maps in figure 11, and the mean r-values and p-values of the different
tissues are presented in table 5. The significant findings were a positive correlation between M-value and Ki in skeletal muscle, and a negative correlation between M-value and the volume of the liver, the heart and paracardial
adipose tissue. This trend was seen in both females and males, but when
divided based on gender only the positive correlation between M-value and
Ki in skeletal muscle in both males and females and the negative correlation
between M-value and heart volume in men reached significance.
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Figure 11. Whole-body Pearson correlation coefficient-maps for M-value and Ki (a),
fat-content (b) and tissue volume (c) respectively, voxel-wise showing the r-values
and corresponding maps showing the p-values of the correlations (d-f). MR-image
of the reference person (g) and image showing the position of the maps in the body
(h).
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Table 5. Mean r-values and p-values of the different tissues by Imiomics

Brain
Lungs
Heart
Paracardial fat
Liver
SAT torso
VAT
SAT gluteal/thigh
Skeletal muscle

M-value vs. Ki
r-value (p-value)
-0.34 (0.11)
-0.04 (0.45)
0.11 (0.56)
0.25 (0.25)
0.21 (0.31)
0.36 (0.15)
0.39 (0.14)
0.26 (0.24)
0.80 (0.00007)*

M-value vs. volume
r-value (p-value)
-0.10 (0.55)
0.11 (0.51)
-0.42 (0.03)*
-0.47 (0.04)*✝
-0.50 (0.01)*✝
-0.28 (0.20)
-0.30 (0.17)
-0.04 (0.54)
-0.22 (0.26)

M-value vs. fat%
r-value (p-value)
-0.08 (0.49)
-0.08 (0.53)
-0.11 (0.47)
-0.16 (0.39)
-0.38 (0.11)
-0.14 (0.39)
-0.13 (0.40)
0.05 (0.47)
-0.06 (0.47)

* represents significant findings (p<0.05), ✝ represents findings confirmed by analysis of
manually drawn tissue VOI.

The negative correlations between M-value and tissue volume of the liver
and paracardial fat were confirmed with traditional VOI-analysis of these
tissues, with VOIs manually drawn in each subject, (liver r=-0.34, p=0.049,
paracardial fat r=-0.49, p=0.003) (Fig. 12). The negative correlation between
M-value and heart volume did not reach significance with traditional VOI
analysis, (r=-0.29, p=0.09) (Fig. 12). When separating male and female,
there was a significant negative correlation between volume of paracardial
fat and M-value in both males (r=-0.50, p=0.048) and females (r=-0.48,
p=0.04) and between liver volume and M-value in males (r=-0.51, p=0.04)
with traditional VOI-based analyses.
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Figure 12. Correlations between M-value and tissue volume of the liver (a) and
paracardial fat (b) and heart (c) with traditional VOI-based analysis.
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Visually assessing the correlation and significance maps a significant negative correlation between tissue volume and M-value was found in the ventral
abdominal SAT (Fig. 13), that was not detectible with a VOI-based analysis
of the whole abdominal SAT. Likewise there was a positive correlation between M-value and tissue volume in the dorsal femoral SAT (Fig. 14).

Figure 13. Negative correlation between tissue volume and M-value was found in
the ventral abdominal SAT. Correlation coefficient map voxel-wise showing the rvalues (a) and corresponding map showing the p-values of the correlations (b). MRimage of the reference person (c).

Figure 14. Positive correlation between M-value and tissue volume was found in the
dorsal femoral SAT. Correlation coefficient map voxel-wise showing the r-values
(a) and corresponding map showing the p-values of the correlations (b). MR-image
of the reference person (c).
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Discussion

Perfusion (Paper I, II)
Pancreatic islets are dependent on a high perfusion not only for efficient
metabolism but also for their dispersal of insulin [7,71]. PET with [15O]H2O
is a standard method for measuring perfusion; we therefore used this method
to study perfusion in patients with T1D (paper I) and T2D (paper II).
Patients with longstanding T1D showed a lower basal perfusion in pancreas compared to healthy individuals. In contrast to this patients with T2D
did not have decreased pancreatic perfusion during basal conditions. After
injection of glucose patients with T1D showed a lower perfusion increase
than non-diabetic individuals.
A previous study of human pancreatic perfusion in T1D did not show any
significant difference between individuals with T1D and healthy individuals
neither at baseline nor after glucose administration [20,72]. This disparity in
findings could be due to the limitations of the technique used in the earlier
study; arterial spin labeling MRI, with a low signal to noise ratio and artefacts induced by organ movements. In another study [20] of basal pancreatic
perfusion a small decrease was found in T1D, but it did not reach a significant level.
The mechanism behind the defect perfusion in T1D is unclear. Data from
animal studies [7,9,21] indicates that the perfusion difference between insulin-deficient and healthy animals mainly reflects the islet vascular component. However, the increase in pancreatic perfusion after glucose administration in healthy individuals was accompanied by an increase in portal hepatic
perfusion. The pancreatic contribution only constitutes a minor part of the
portal blood flow [73]. It is therefore probable that the pancreatic perfusion
increase observed was not only due to an increase of islet blood flow, as seen
in rodents [7,9], but may also have occurred as a result of blood flow increase in the whole splanchnic region, caused by parasympathetic signaling
through the vagal nerve [74]. In line with this, the absence of an increase in
pancreatic perfusion in diabetic individuals could be explained by autonomic
neuropathy or endothelial dysfunction [75],
Future PET studies need to take into consideration the reduced perfusion
seen in pancreas and the splanchnic region in patients with T1D. Reduced
perfusion reduces tracer delivery, and the consequent reduced tissue uptake
can erroneously be attributed to lower level of target if the reduced perfusion
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is not accounted for. In patients with T2D we did not se any reduction of
pancreatic perfusion during basal conditions. This is in agreement with a
recent study [76], where they did not see any difference in pancreatic and
intestinal perfusion between healthy controls and patients with T2D, measured both before and after mixed meal intake. Hence reduced tracer delivery
is probably not a main factor to take into consideration in studies of T2D,
neither in fasting state nor after increasing blood glucose.

Islet mass (Paper II)
Accumulation of the serotonin precursor HTP in pancreas is almost exclusively mediated by dopa decarboxylase (DDC) [26], and thus specific for
cells with capacity for serotonin biosynthesis, and can be used as a surrogate
marker for endocrine pancreas [20]. We therefore used PET with [11C]5HTP as tracer to measure islet cell mass in healthy controls and patients with
T2D stratified to correspond with the progression of the disease. We found
no difference in pancreatic tracer uptake in T2D patients compared with
healthy controls.
In a previous study [11C]5-HTP uptake was reduced by two-thirds in βcell deficient individuals with longstanding T1D [20]. However, in an autopsy study of subjects with T2D, a markedly decrease in β-cell mass could
only be observed in subjects with a disease duration of >15 years [11]. The
duration of T2D for the subjects in the our study was only 16 years or less on
average. Hence, our results are in accord with previous data of a retained βcell mass during the initial period after diagnosis of T2D.
[11C]5-HTP labels both α- and β-cells in the pancreas [20,22,26], albeit
with a higher degree of retention in β-cells [22]. Therefore [11C]5-HTP cannot distinguish between accumulation in α- or β-cells. Our imaging findings
with similar [11C]5-HTP uptake in all groups of subjects with T2D suggest
that the total endocrine pancreas mass remains in most subjects with T2D,
but that a substantial fraction of the β-cells are dysfunctional or have dedifferentiated and therefore show impaired functional capacity. This is in contrast to the situation in T1D were inadequate insulin secretion is due to β-cell
death, reflected in a reduced pancreatic [11C]5-HTP accumulation [20]. The
regulation of serotonin biosynthesis in β-cell is poorly understood, but the
limited literature on the matter indicates that the serotonin biosynthesis
(DDC activity) is unchanged also in dysfunctional β-cells [77]. Dedifferentiation of β-cells into immature endocrine cells with reduced functional capacity for insulin secretion, or trans-differentiation into α-cells, has been described in animals and in the human pancreas [78-81]. The transition from βcells into α-cells may explain the reported increase in the ratio of α-cells to
β-cells [82,83] and the rare finding of bihormonal cells and expression of
mesenchymal markers in subjects with T2D or insulin resistance [84-86].
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A dual-tracer approach, using [11C]5-HTP combined with a more β-cellselective PET tracer [87], for example a GPR44 targeting tracer [88,89]
could be used in future studies to estimate changes in both β-cell mass and αcell mass during progression of diabetes.
The pancreatic uptake of [11C]5-HTP in healthy controls in the present
study was markedly reduced compared to the values obtained in an earlier
study [20], 0.40±0.05%ID vs 0.17±0.02%ID (Fig. 15).
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0.2
0
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Figure 15. Pancreatic uptake and retention of [11C]5-HTP is decreased with age. In a
comparison with a previous study of [11C]5-HTP in young adults without diabetes
[20], a greater uptake in the pancreas was observed compared with that observed in
older individuals without diabetes enrolled in the current study. **p<0.01.

This is likely to be an age effect since the healthy controls in the presents
study had an average age of 63 years, while the healthy controls in the previous study were less than 25 years old. It has been demonstrated that there is
a gradual decline in β-cell function with increased age in subjects with normal glucose tolerance [90], however that study could not discriminate
whether this was due to reduction in β-cell mass or dysfunctional β-cells. A
decrease in β-cell mass with increasing age has been shown at autopsy even
in subjects without diabetes [11]. However, another autopsy study showed
preserved β-cell mass in spite of advanced age in nondiabetic individuals
[91]. The reduction in [11C]5-HTP uptake and retention in pancreas with age
can be explained by either a reduced capacity for 5-HTP uptake and reten44

tion (serotonin biosynthesis) in islet cells, or a reduced pancreatic endocrine
cell mass in older subjects, albeit not to the extent to induce clinically important dysregulation of glucose metabolism.
When using [11C]5-HTP in clinical practice to visualize neuroendocrine
tumors pretreatment with peroral 200 mg carbidopa is routinely used since it
increases lesion-to-background contrast by slowing down the body metabolism of [11C]5-HTP and thereby leaving more unmetabolized [11C]5-HTP in
the blood for uptake in endocrine cells [92]. However, this strategy was not
applied in this study since peroral preadministration of a pharmaceutical
would add individual variability in degree of inhibition, which would yield
additional variations in the data.
A drawback with [11C]5-HTP as well as [15O]H2O is that they both require
an on-site cyclotron, due to their short half-lives, approximately 20 minutes
and 2 minutes respectively. Generating [11C]5-HTP is very complicated;
only 2 centers in the world currently have the capacity, which poses another
limitation to the use of this tracer in diabetes research.

Fat content and tissue expansion (Paper II)
In paper II we found increased pancreatic size, as well as increased hepatic
fat content, in obese individuals with T2D, which is in agreement with previous studies [93,94]. The findings regarding tissue composition in paper IV
will be discussed under Imiomics, below.

Quality assessment of pancreatic grafts (Paper III)
To investigate the feasibility of using ex-vivo 31P-MRS for assessment of
viability of human pancreas grafts the concentrations of various metabolites
were followed in pancreas grafts during cold ischemic storage with the assumption that viability could be reflected in concentration changes of the
metabolites. For ethical reasons the pancreata included in this study consisted only of grafts that have been deemed unsuitable for transplantation and
have subsequently been utilized for research, hence no comparison to clinical outcome is possible. It is conceivable that grafts for clinical transplantation would have more favorable spectra.
When using MRS the value obtained for a studied metabolite is related to
some reference substance, such as Pi, to get a quantitative value.
After retrieval of an organ ATP will decrease rapidly due to lack of oxygen
and Pi, the breakdown product of ATP and essentially all other organic
phosphate compounds, will accumulate [95]. All ratios X/Pi will therefore
decrease over time.
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ATP seems like a relevant candidate to follow, since ATP is essential for
maintenance of life. In line with this, there are some earlier works where
measurement of ATP was used to monitor graft viability. In a canine model
Pi/γ-ATP and Pi/β-ATP ratios were positively correlated with warm ischemia time and post transplantation graft failure [52]. In another work porcine
pancreas were examined with 31P -MRS and a higher ATP/Pi ratio was found
in the group with higher islet functionality and post-culture survival [53]. In
human kidney [40] and liver [45] grafts detection of ATP peaks ex-vivo was
associated with the best graft function post-transplantation.
However, the rapid decline of ATP ex-vivo is reversible after a short time
of ischemia [48] and ATP is therefore not a completely reliable indicator of
viability. Furthermore, in our hands it was not possible to follow ATP during
prolonged CIT, since ATP deteriorated so rapidly that the γ-ATP and β-ATP
peaks were quantifiable only at very short CIT.
We therefore tested to follow various other metabolites over time.
PME/Pi was found to be the most suitable parameter to use, as the concentration of PME was high enough to generate a signal well above noise level
even after several hours of CIT. PME has earlier been assessed in a few studies. A reduction of PME peak with longer CIT has earlier been observed in
human [40] and liver [45] grafts. Studies have also found that pre-transplant
PME/Pi correlates with subsequent clinical renal function [40,44].
To the best of our knowledge this is the first study exploring the feasibility of using 31P-MRS to evaluate human pancreatic grafts prior to transplantation. Others have also used 31P-MRS for a slightly different question, comparing the efficiency of different storage techniques for human pancreata
[96].
Viability is well known to decrease with longer CIT. In our study the type
of time-dependent change in the metabolite ratio was the same for all grafts.
However, the exact ratio-value varied between grafts after the same CIT
(Fig. 10) showing differences in viability. It is likely that there are several
causes for this - variation between donors, variations in treatment before
retrieval of the organ, and variations in conditions during transport to the
laboratory. Thus it is difficult to use a certain CIT as a cut-off criteria for
graft utilization. Therefore other methods are needed for pre-transplantation
assessment of graft quality. The MRS technique may be such a method. Examination can be done under sterile conditions with no harmful temperature
changes. The time needed for the examination was about 40 minutes in our
study. Examination time could be reduced if a scanner with higher field
strength is used, since signal–to-noise ratio increases with magnetic field
strength. If evaluation is limited to PME/Pi, ignoring the much weaker ATP
signal the time needed could be further reduced. This would conceivably
make 31P-MRS an applicable tool for graft viability assessment in the clinical setting.
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However, there are some limitations with the method. It requires additional hardware that is not the standard equipment on a clinical MR scanner
and expertise in performing 31P-MRS examination and analysis. Due to the
inherent unpredictability of the access to pancreatic grafts and the need to
keep CIT as short as possible, some disturbance in the routine patient examination schedule and the need for on call staff to perform the examinations
can be expected if the method is employed in a clinical setting. The method
could also be applied in research and development in the field of pancreas
transplantation.

Imiomics (Paper IV)
We set out to validate the Imiomics method by comparing it to traditional
VOI-based analysis.

Correlations between insulin sensitivity and [18F]-FDG influx
rate
As expected from data in previous studies [30-34,97], a strong positive correlation between IS and [18F]-FDG influx rate was seen in skeletal muscle.
Several previous studies have shown a positive association between [18F]FDG-uptake in adipose tissue and IS [33-35,97], and traditional analysis
with manual drawing of VOIs in each subject in our material, as part of another study (Boersma et al) [98], also showed a positive correlation. Imiomics based analysis yielded a weaker correlation that did not reach significance.
Even though the heart expresses insulin sensitive GLUT4 transporters
[99] we did not find any correlation between IS and [18F]-FDG influx rate,
possibly due to motion artifacts since the image acquisition was not EKG
triggered.
There was no correlation between IS and [18F]-FDG influx rate in the liver, which is in concordance with traditional analysis in our material [98], but
contrary to a previous study [29].
A negative correlation between IS and [18F]-FDG uptake in the brain, has
previously been observed during clamp [28] but not in fasting conditions
without clamp [28,100]. The findings suggest that brain metabolism of glucose is altered in patients with reduced IS. In traditional analysis of our material this correlation was significant [98], but not with Imiomics. One reason
for the discrepancy with previous studies could be that the ventricles were
included in the brain region of the Imiomics reference person since the
MRAC images did not provide enough resolution to reliably differentiate
between brain tissue and the ventricles.
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Correlations between insulin sensitivity and fat fraction or tissue
volume
Liver steatosis and hepatomegaly are known features in non-alcoholic fatty
liver disease [101], which is closely linked to reduced IS and T2D [102]. In
accordance with this a negative correlation with IS and liver volume was
seen in the present study. There was no correlation with IS and liver fat content (p=0.11) with Imiomics, but traditional analysis of the individuals in our
study shows a significant negative correlation between IS and liver fat content (Boersma et al, unpublished data). The discrepancy between the different analysis methods in the same cohort may be due to the use of MRAC
sequences for Imiomics analysis, in order to make the automatic registration
as accurate as possible. The fat fraction estimation is of limited quality in
these images. In the traditional analysis dedicated Dixon-images were used
for fat fraction analysis
Storage of excess lipids in the SAT in the gluteofemoral region is more
metabolically favorable and associated with higher IS as compared to storage of lipids primarily in the fat deposits of the upper body [103]. With Imiomics based assessment there was no significant correlations between IS and
SAT or VAT volume, although with traditional analysis a significant negative correlation between VAT volume and IS was found (Boersma et al,
unpublished data). Due to the intestines’ ability to move, their position varied between subjects, rendering automatic registration centrally in the abdomen difficult. Hence analyzing VAT with Imiomics was limited to the adipose deposits peripherally in the abdomen, where intestinal movements do
not interfere, which could explain the differences in results.
Increased epi/pericardial fat as well as intrathoracic adipose tissue outside
the pericardium has previously been shown to be associated with reduced IS
[104-106], which is in accordance with our finding of negative correlation
between IS and paracardial fat tissue volume. The association between reduced IS and intrathoracic adipose tissue volume can be explained by its
close associations to VAT volume [106]. Since image registration of VAT is
challenging with Imiomics due to intestinal movements, the paracardial fat
volume might be a similar but more reliable variable to study when applying
Imiomics.
The negative correlation between IS and heart volume seen in Imiomics
analysis did not reach significance with traditional analysis. This could be
due to that the heart VOIs in the individual subjects were drawn in eight
slices from the apex and up, and hence did not include the whole heart.
As discussed above the correlations are often weaker and it is more difficult to reach significance with Imiomics based analysis as applied in the
present study compared to traditional analysis in the same material. This is
probably due to that in VOI-based analysis, mean signal intensity is calculated from all voxels within the tissue (i.e. within the VOI), limiting the influ48

ence of noise. In Imiomics the analysis of the signal is voxel-wise, rendering
a higher resolution, but at the cost of less noise reduction. In a larger study
this drawback would probably become less significant.
Apart from validating the Imiomics methods by comparing the results it
generates with traditional analysis, we also wanted to see if Imiomics could
find new unexpected correlations not found with traditional predefined VOIbased analysis. Visually assessing the correlation and significance maps,
there is a significant negative correlation between IS and tissue volume in
the ventral part of abdominal SAT. Likewise there is a positive correlation
between IS and tissue volume in the dorsal femoral SAT. However since
these findings are very local they can not be detected with traditional VOIbased assessment of the whole abdominal or gluteofemoral SAT, but are
detectable with analysis on a voxel-level, which Imiomics provides. Imiomics could therefore possibly be used as a screening method to detect unexpected findings, such as these local findings, and thus providing results to
be explored further in more detailed studies.
Possible future improvements of the Imiomics method could be including
the PET signal in the registration algorithm for improved quality, improve
Ki-estimates by correction for motion between PET image acquisitions, and
analyzing if the choice of reference person affects the quality of the registrations and the analysis results.

Future perspectives
Automatic image analysis will enable studies with large cohorts, which is of
great importance to further advance the field. Utilization of integrated
PET/MR systems will provide several benefits. It is a “one-stop shop”,
providing functional imaging and tissue characterization with PET and MR
in one session, which facilitates data analysis, logistics of the studies and
study participation. It also utilizes MRI for PET attenuation correction and
anatomical reference, which substantially reduces the radiation dose to the
subjects. This is of particular value in diabetes research where subjects do
not have malignancies and are often young. A lower radiation dose enables
longitudinal studies to evaluate disease progression and treatment response,
or the option of examining a subject with several tracers.
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Conclusions

Individuals with type 1 diabetes have reduced basal pancreatic perfusion and
a severely impaired pancreatic and splanchnic perfusion response to intravenous glucose stimulation.
The unchanged accumulation of [11C]5-HTP in subjects with different stages
of T2D is in accord with recent findings using single-cell transcriptome and
morphological analysis. This indicates that β-cell dysfunction or dedifferentiation, and not necessarily endocrine cell loss, constitutes a major cause of
β-cell failure in T2D.
PET with a dual-tracer approach separately measuring islet cell and β-cell
mass may shed further light on this issue.
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P-MRS may provide quantitative parameters for evaluating graft viability
ex vivo, and is a promising tool for objective non-invasive assessment of the
quality of human pancreas grafts prior to transplantation or islet isolation.
Imiomics provides association screening and timesaving analysis of wholebody data, and detection of differences between subjects on voxel-level, but
did not show complete correlation with VOI-based tissue analysis in a small
cohort.
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Sammanfattning på svenska

Insulin krävs för normal reglering av sockernivån i blodet och bildas i s.k.
β-celler belägna i de Langerhanska öarna i pancreas. Diabetes är en sjukdom
som karakteriseras av otillräcklig insulinfrisättning, och finns i två huvudvarianter - typ 1 och typ 2. Typ 1 orsakas av en förlust av β-celler, medan typ 2
orsakas av en kombination av β-cell dysfunktion, förlust av β-celler och en
ökad efterfrågan på grund av insulinresistens. Både typ 1 och typ 2 ökar och
hälsovårdskostnaden är enorm, uppskattad till cirka 12% av de globala hälsovårdsutgifterna. Det finns därför ett stort behov av nya metoder för att
klarlägga och förstå mekanismerna för patogenes och progression av sjukdomen samt för att utveckla och evaluera nya behandlingsstrategier.
Huvudsyftet med avhandlingsarbetet har varit att utforska PET och MR som
verktyg för att studera pancreas och andra vävnader som har betydelse för
blodglukosregleringen.
I delarbete I användes [15O]H2O PET/CT för att studera genomblödningen av
pancreas under normala förhållanden och hur den förändras vid tillförsel av
glukos. Individer med typ 1 diabetes hade reducerad basal genomblödning i
pancreas och också en avsevärt mindre blodflödesökning i inälvornas, inklusive pancreas, kärlbädd efter glukostillförsel jämfört med normala individer.
I delarbete II studerades fyra patientgrupper i olika stadier av typ 2 diabetes
och en grupp med friska individer med [11C]5-HTP PET/CT. Hypotesen i
denna studie var att upptaget av spårämnet skulle korrelera mot funktionell
kapacitet hos β-cellerna. Vi fann inte någon sådan signifikant korrelation och
slutsatsen blev att man kan ha kvarvarande ö-cellsmassa trots sviktande βcells funktion. En förklaring skulle kunna vara att det sker en dedifferentiering av ö-cellerna under sjukdomsutvecklingen.
I delarbete III ville vi utröna huruvida ex-vivo 31P MR spektroskopi kan
användas för att bedöma viabilitet hos ett pancreastransplantat före transplantation. 31P-MRS visade sig kunna monitorera viabiliteten i transplantatet
över tid och skulle kunna vara ett värdefullt komplement vid bedömningen
om ett transplantats lämplighet för transplantation eller för att utvärdera ett
transplantats viabilitet i samband med utprövning av olika metoder för förvaring av transplantat.
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I delarbete IV validerade vi Imiomics metoden för automatisk bildanalys av
helkropps PET/MR bilder i patienter med varierande grader av insulinresistens, d.v.s. olika grader av typ 2 diabetes. Imiomics visade sig kunna användas för screening för korrelationer mellan variabler som glukosupptag,
vävnadssammansättning och insulinresistens, för tidsbesparande analys av
helkroppsdata och detektion av skillnader mellan individer på voxelnivå.
Den gav dock inte en fullständig överensstämmelse med en traditionell men
betydligt mer arbetskrävande manuell analys. Framtida studier får visa om
denna skillnad beror på ett alltför litet undersökningsmaterial eller om
Imiomics-metoden behöver förbättras.
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