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Abstract
Aims/hypothesis The progressive loss of beta cell function is part of the natural history of type 2 diabetes. Autopsy studies
suggest that this is, in part, due to loss of beta cell mass (BCM), but this has not been confirmed in vivo. Non-invasive methods to
quantify BCM may contribute to a better understanding of type 2 diabetes pathophysiology and the development of therapeutic
strategies. In humans, the localisation of vesicular monoamine transporter type 2 (VMAT2) in beta cells and pancreatic poly-
peptide cells, with minimal expression in other exocrine or endocrine pancreatic cells, has led to its development as a measure of
BCM. We used the VMAT2 tracer [18F]fluoropropyl-(+)-dihydrotetrabenazine to quantify BCM in humans with impaired
glucose tolerance (prediabetes) or type 2 diabetes, and in healthy obese volunteers (HOV).
Methods Dynamic positron emission tomography (PET) data were obtained for 4 h with metabolite-corrected arterial blood
measurement in 16 HOV, five prediabetic and 17 type 2 diabetic participants. Eleven participants (six HOVand five with type 2
diabetes) underwent two abdominal PET/computed tomography (CT) scans for the assessment of test–retest variability.
Standardised uptake value ratio (SUVR) was calculated in pancreatic subregions (head, body and tail), with the spleen as a
reference region to determine non-specific tracer uptake at 3–4 h. The outcome measure SUVR minus 1 (SUVR-1) accounts for
non-specific tracer uptake. Functional beta cell capacity was assessed by C-peptide release following standard (arginine stimulus
test [AST]) and acute insulin response to the glucose-enhanced AST (AIRargMAX). Pearson correlation analysis was performed
between the binding variables and the C-peptide AUC post-AST and post-AIRargMAX.
Results Absolute test–retest variability (aTRV) was ≤15% for all regions. Variability and overlap of SUVR-1 was measured in all
groups; HOVand participants with prediabetes and with type 2 diabetes. SUVR-1 showed significant positive correlations with
AIRargMAX (all groups) in all pancreas subregions (whole pancreas p = 0.009 and pancreas head p = 0.009; body p = 0.019 and
tail p = 0.023). SUVR-1 inversely correlated with HbA1c (all groups) in the whole pancreas (p = 0.033) and pancreas head (p =
0.008). SUVR-1 also inversely correlated with years since diagnosis of type 2 diabetes in the pancreas head (p = 0.049) and
pancreas tail (p = 0.035).
Conclusions/interpretation The observed correlations of VMAT2 density in the pancreas and pancreas regions with years since
diagnosis of type 2 diabetes, glycaemic control and beta cell function suggest that loss of BCM contributes to deficient insulin
secretion in humans with type 2 diabetes.
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Abbreviations
AST Arginine stimulus test
AIRarg Acute insulin response to arginine

for the standard AST
AIRargMAX Acute insulin response to the

glucose-enhanced AST
aTRV Absolute test–retest variability
BCM Beta cell mass
COV Coefficient of variation
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CT Computed tomography
FBG Fasting blood glucose
18F-FP-(+)-DTBZ [18F]fluoropropyl-(+)-

dihydrotetrabenazine
HOV Healthy obese volunteer
MRI Magnetic resonance imaging
PCRU Pfizer Clinical Research Unit
PET Positron emission tomography
PP-(cells) Pancreatic polypeptide (cells)
ROI Region of interest
SUV Standardised uptake value
SUVR Standardised uptake value ratio
TRV Test–retest variability
VMAT2 Vesicular monoamine transporter type 2

Introduction

Hyperglycaemia in type 2 diabetes mellitus requires beta cell
failure, aggravated by a preceding period of hepatic and pe-
ripheral insulin resistance. With the development of impaired
glucose tolerance (prediabetes), glycaemic control is main-
tained by a compensatory increase in insulin secretion, attri-
buted in part to an increase in beta cell mass (BCM). In agree-
ment with rodent studies [1], BCMmeasured from cadaverous
pancreas was greater in obese insulin-resistant humans com-
pared with non-insulin-resistant individuals, but was reduced
by ~56% in comparison with age–BMI-matched donors with
type 2 diabetes [2]. However, analysis of islet beta cell
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composition by electron microscopy found that analysis of
an insulin-positive area by immunohistochemistry may over-
estimate beta cell loss [3]. Analysis using large-scale image
capture to obtain a comprehensive view of regional islet size,
distribution and cellular composition in cadaveric whole pan-
creatic sections from donors with type 2 diabetes and non-
diabetic donors of similar age and BMI to the obese groups
of the earlier study measured an overall reduction of only 15–
20% in beta cells [4]. Thus, the correspondence between loss
of BCM and deficiencies in insulin secretion and the timeline
of changes in BCM in relation to the development of type 2
diabetes are still open questions.

The recent development of non-invasive in vivo imaging of
pancreatic BCM presents the possibility of directly measuring
beta cell compensation and loss [5–10]. Molecular imaging of
targets that are sufficiently enriched in beta cells compared
with other islet and exocrine cell types offers a viable strategy
to measure pancreatic BCM [11, 12]. Our recent work has
focused on positron emission tomography (PET) imaging of
vesicular monoamine transporter type 2 (VMAT2) as a mea-
sure of BCM. Importantly, its use as a biomarker of BCM is
supported by the finding that co-expression of VMAT2 and
insulin in beta cells was not different in individuals with type 1
or type 2 diabetes compared with those without diabetes [13].
Clinical studies targeting VMAT2 with the PET radioligand
[18F]fluoropropyl-(+)-dihydrotetrabenazine (18F-FP-(+)-
DTBZ or 18F-AV-133) measured decreases in 18F-FP-(+)-
DTBZ pancreatic uptake (38% [6]) and binding (40% [6]
and 26% [10]) in humans with long-standing type 1 diabetes.
Taking into account the decrease in pancreas volume in the
participants with type 1 diabetes, total pancreatic binding was
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reduced by 59% [6] and 63% [10] in the participants with type
1 diabetes. However, as the participants with type 1 diabetes
had no measurable beta cell function, the presence of residual
background signal raises concerns regarding the beta cell
specificity of 18F-FP-(+)-DTBZ and its utility in quantifying
changes in BCM [14, 15]. However, the contribution of spe-
cific and non-specific binding of 18F-(+)-FP-DTBZ to exo-
crine and endocrine pancreas of animals and humans
[16–18], and the localisation of VMAT2 to insulin-positive
beta cells and other cell populations (e.g. pancreatic polypep-
tide [PP]-cells) [11, 13], have been evaluated and indicate that
changes in pancreatic binding of 18F-FP-(+)-DTBZ track
changes in BCM. Interestingly, residual background was also
present in the pancreas of most of the individuals with type 1
diabetes participating in imaging studies that used radioligands
targeting alternative indicators of BCM (serotonin biosynthe-
sis [9] and glucagon-like peptide 1 receptor [GLP-1R] [8]).
The common observation of residual background signal using
three different classes of imaging agents in individuals with
type 1 diabetes supports the possibility that these agents are
revealing novel aspects of beta cell biology within the context
of health and diabetes [14].

Methods

Participants

A total of 38 individuals participated: 16 HOV (14 men and
two women), five individuals with prediabetes (three men and
two women) and 17 individuals with type 2 diabetes (11 men
and six women). HOV had: no history of type 1 or type 2
diabetes or diagnosed prediabetes; HbA1c <39 mmol/mol
(5.7%); fasting blood glucose (FBG) <5.6 mmol/l; and 75 g
OGTT with 2 h post challenge glucose <7.8 mmol/l.

Prediabetic participants had no history of type 1 or type 2
diabetes, HbA1c <48 mmol/mol (6.5%) and evidence of pre-
diabetes from: FBG ≥5.6 but ≤7.0 mmol/l and 2 h post-OGTT
challenge glucose <7.8 mmol/l; FBG <5.6 mmol/l and OGTT
with 2 h glucose ≥7.8 but ≤11.1 mmol/l; or FBG ≥5.6 but
≤7.0 mmol/l with an OGTT with 2 h glucose ≥7.8 but
≤11.1 mmol/l. Participants with type 2 diabetes had a diagno-
sis of type 2 diabetes as defined by the ADA criteria, HbA1c

≥53 mmol/mol (7.0%) and were treated with lifestyle and one
or more glucose-lowering agents. The average age, BMI, time
since diagnosis of type 2 diabetes and HbA1c are summarised
in Table 1. The study was approved by the Yale University
Human Investigation Committee and the Yale-New Haven
Hospital Radiation Safety Committee and in accordance with
federal guidelines and regulations of the USA for the protec-
tion of human research subjects contained in Title 45 Part 46
of the Code of Federal Regulations (45 CFR 46). All partici-
pants signed a written informed consent.

Study design

Each participant underwent one abdominal magnetic reso-
nance imaging (MRI) scan and at least one abdominal PET/
computed tomography (CT) scan. Of 38 participants, 11 par-
ticipants (six HOV and five with type 2 diabetes) underwent
two abdominal PET/CT scans for the assessment of test–retest
variability (TRV). Test–retest scans were acquired 7–15 days
apart. The remaining participants had only one PET/CT scan.
Each participant had up to five visits: screening, PET/CT
scan(s), MRI scan and AST. All participants underwent both
standard and glucose-enhanced AST to examine insulin secre-
tory capacity. The PET imaging took place at the Yale
University PET Center 3 ± 0.2 days after the AST, and the
MRI imaging took place at the Yale Magnetic Resonance
Research Center 5 ± 0.2 days after the AST. All screening
activities and AST procedures were performed at the New
Haven Pfizer Clinical Research Unit (PCRU).

Arginine stimulus test

The beta cell function of all participants was determined by
the acute C-peptide response to arginine stimulation and
glucose-enhanced arginine stimulation [19, 20]. Participants
were admitted to the PCRU and fasted overnight for at least
8 h prior to AST. Participants with type 2 diabetes had their
oral glucose-lowering agents and/or insulin dose withheld on
the morning of the AST procedure. Two antecubital venous
catheters were inserted, one for arginine and glucose injection
and the other for collection of fasting blood samples to deter-
mine the levels of glucose, C-peptide and other hormones.
After collection of baseline samples (−10, −5 and 0 min prior
to arginine bolus), the standard AST (executed at the partici-
pant’s basal glucose level) was initiated with an intravenous
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Recent imaging studies to assess changes in BCM in
humans with type 2 diabetes indicate that beta cell loss is less
than earlier immunohistochemical analyses reported. Studies
using 18F-FP-(+)-DTBZ PET measured a 19% (p =NS, n = 3)
reduction in pancreatic binding [10], while pancreatic binding
of [11C]5-hydroxy-tryptophan in participants with type 2 dia-
betes was variable, overlapped with the healthy control parti-
cipants and did not correlate with changes in beta cell function
[7]. To address the divergent results and provide additional
insight into changes in BCM that occur with the development
of type 2 diabetes, PET imaging was used to: (1) determine if
PET measures of 18F-FP-(+)-DTBZ in the pancreas differ bet-
ween individuals with type 2 diabetes and age–BMI-matched
healthy obese volunteers (HOV); (2) determine the extent to
which 18F-FP-(+)-DTBZ binding variables correlate with beta
cell function using the standard and glucose-enhanced argi-
nine stimulus test (AST) [19, 20]; and (3) assess the intra-
subject variability (test–retest) of 18F-FP-(+)-DTBZ binding.



Table 1 Participant demographics and beta cell function

Diagnosis Age (years) BMI (kg/m2) Time since T2DM
diagnosis (years)

HbA1c

(mmol/mol)
HbA1c (%) AIRarg

(ng/ml)
AIRargMax
(ng/ml)

HOV (n = 16) 51 ± 4 29 ± 2 – 35 ± 2*** 5.3 ± 0.2** 2.4 ± 1.1 9.9 ± 3.1***

Prediabetes (n = 5) 56 ± 5 30 ± 3 – 33 ± 4*** 5.2 ± 0.4** 3.3 ± 0.7** 9.6 ± 2.5***

T2DM (n = 17) 55 ± 6 30 ± 2 9.6 ± 5.8 69 ± 19 8.5 ± 1.7 1.8 ± 1.3 3.9 ± 2.8

Data are mean ± SD

**p < 0.01 vs T2DM, ***p < 0.001 vs T2DM

T2DM, type 2 diabetes
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bolus injection of 5 g arginine hydrochloride 10% (wt/vol.)
administered over a period of ~1 min, with blood samples
collected for glucose, insulin and C-peptide over the next
10 min (2, 3, 4, 5, 6 and 10 min after arginine administration).
Immediately following the collection of the 10 min sample,
glucose levels were elevated by a continuous infusion of glu-
cose (as dextrose 20% in water) at a rate of 900 mg/min for
70 min. After collecting new baseline samples at 50, 55 and
60 min after the start of the glucose infusion, the glucose-
enhanced AST was initiated with an intravenous bolus injec-
tion of 5 g arginine hydrochloride 10% (wt/vol.). Timed blood
samples were again collected for glucose, insulin and C-
peptide over the next 10 min at the same intervals.

The acute insulin response to arginine for the standard AST
(AIRarg) was defined as the mean of the three highest C-
peptide values from 2, 3, 4 and 5 min minus baseline C-
peptide (average of −10, −5 and 0 min). The acute insulin
response to the glucose-enhanced AST (AIRargMAX) was
defined as the mean of the three highest C-peptide values at
62, 63, 64 and 65 min minus baseline C-peptide at elevated
glucose (average of 50, 55 and 60 min) [19, 20].

Pancreas volume by MRI

Pancreas volume was determined as previously described [6].
Amagnetic resonance image of the trunkwas acquired using a
Siemens Sonata 1.5 T Instrument (multi-breath-hold T1-
weighted acquisition, field of view 38.0 × 38.0 cm, matrix
256 × 256, in-plane resolution 1.48 mm, 50 contiguous slices,
5 mm slice thickness). Interactive level detection was used
with a threshold to distinguish pancreas from surrounding
tissue and pancreas regions of interest (ROIs) were delineated
on axial sections and confirmed in orthogonal planes using the
BioImage Suite software, version 3.01 (https://medicine.yale.
edu/bioimaging/suite/). Volumes in each section were
summed for total pancreas volume.

Radiosynthesis

18F-FP-(+)-DTBZwas synthesised byAvidRadiopharmaceuticals
(Philadelphia, PA, USA) using a synthetic scheme similar

to that previously described [17]. The specific activity at
time of injection and injected mass were 58 ± 46 MBq/
nmol and 3.1 ± 1.9 μg, respectively.

Administration of 18F-FP-(+)-DTBZ

Each participant was limited to a maximum dose of 296 MBq
per scan. The mass dose did not exceed 10 μg per administra-
tion. 18F-FP-(+)-DTBZ was administered intravenously over
1 min by infusion pump.

PET imaging and variables

The mean injected dose of 18F-FP-(+)-DTBZ for all studies
was 256 ± 46 MBq. The injected doses at the test and retest
scans were 259 ± 25 and 270 ± 28 MBq, respectively.
Administered doses, specific activities and injected mass were
not statistically significantly different between test and retest
scans (two-sided paired t test, p = 0.10, p = 0.36 and p = 0.74,
respectively). PET images were acquired using a Biograph
mCT PET/CT scanner (Siemens Medical Systems, Knoxville,
TN, USA). Dynamic scan data were reconstructed with the
ordered subset expectation maximisation algorithm with point
spread function correction using time-of-flight measurements.

The PETstudy consists of a 2 h scan (SCAN-A) and a 1.5 h
scan (SCAN-B), with a 30 min break between the two scans.
The frame timing of PET data was 6 × 30 s, 3 × 1 min, 2 ×
2 min and 22 × 5 min (SCAN-A) and 18 × 5 min (SCAN-B).

PET imageswere corrected for bodymotion using amutual-
information-based algorithm (BioImage Suite software, ver-
sion 3.01, https://medicine.yale.edu/bioimaging/suite/).

Image analysis

Computation of regional time–activity curves Regions of in-
terest were manually delineated on the summed image (0–
90 min) of motion-corrected SCAN-A: pancreas head, pan-
creas body, pancreas tail, kidney (left and right) and spleen.
The summed PET image (150–240 min) of SCAN-B was co-
registered to the summed PET image (0–90 min) of SCAN-A
using a mutual-information-based algorithm. The drawn ROIs

https://medicine.yale.edu/bioimaging/suite
https://medicine.yale.edu/bioimaging/suite
https://medicine.yale.edu/bioimaging/suite
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were warped to SCAN-B using the estimated transformation,
and edited manually in the case of misregistration between
SCAN-A and SCAN-B. ROIs were thinned using the ‘classi-
cal thinning algorithm’ [21] to minimise partial volume and
respiratory motion effects. Pancreas subregions were
concatenated to form the whole pancreas ROI. The final
ROIs were applied to the images (electronic supplementary
material [ESM] Fig. 1) to generate regional time–activity
curves (ESM Fig. 2).

The spleen was clearly seen in the PET images. As the
upper (superior) part of the spleen is more susceptible to errors
from body motion (e.g. because of attenuation mismatch), the
spleen ROI was located on the lower (inferior) part of the
spleen. For kidney ROI placement, as the lower part of the
kidney can be out of the field of view and the upper part of the
kidney can be influenced by spill-in from the uptakes in
neighbouring organs, the kidney ROI was located on the mid-
dle part of the kidney.

PET quantification Regional standardised uptake value ratio
(SUVR) was computed from the time window (180–240 min)
as the ratio of the standardised uptake value (SUV) from two
different regions (from a target and a reference region). When
uptake in the target region is equal to that in the reference
region, the value of SUVR is 1. The outcome measure in this
study is SUVRminus 1 (SUVR−1), where the subtraction of 1
accounts for non-specific tracer uptake. In previous human or
non-human primate studies [6, 18] the spleen and kidney have
been proposed as candidate reference regions. However,
we recently determined that the minor contribution of
radiometabolites relative to the parent 18F-FP-(+)-DTBZ,
and dimensions that minimise partial volume effects, makes
the spleen a more practical pseudo-reference region [17].

Outcome measures were compared between HOV and the
participants with prediabetes or type 2 diabetes using two-
tailed unpaired t test.

The mean and SD of TRV were calculated using the fol-
lowing formula:

TRV ¼ 100� retest − test

testþ retestð Þ=2

The absolute value of TRV (aTRV) was also calculated.
The mean of TRV is an index of trends in the outcome mea-
sures between the two scans, and the SD of TRV is an index of
the variability of the percentage difference between the two
measurements. The aTRV combines these two effects into a
single value.

Statistical analysis

Quantitative results are presented as mean ± SD. Differences
between groups were analysed using a two-tailed t test,

assuming equal variance. Relationships between SUVR-1
and beta cell function as measured by the AST, HbA1c and
years of diabetes were assessed using the Pearson correlation
coefficient. A value of p < 0.05 was considered statistically
significant. All tests except for power analysis were performed
using GraphPad Prism 7 software. Power analysis was con-
ducted using G*Power Version 3.1.9.2.

Results

Arginine stimulus test

Plasma glucose levels after an overnight fast and immediately
prior to the AST were higher in the participants with type 2
diabetes (7.8 ± 2.3 mmol/l) compared with the HOV (5.1 ±
0.3 mmol/l, p < 0.0005) and participants with prediabetes (5.3
± 0.3 mmol/l, p = 0.03). The elevated fasting glucose in those
with type 2 diabetes may account for the lack of significance
(p = 0.07) in the beta cell function as measured by AIRarg
(Table 1). However, beta cell function measured with the
glucose-enhanced AST, AIRargMax, was significantly de-
creased in those with type 2 diabetes compared with HOV
and participants with prediabetes (Table 1).

Uptake images

Figure 1 shows typical examples of SUV images of 18F-FP-
(+)-DTBZ in an HOV and a participant with type 2 diabetes
summed from 180 to 240 min post-injection.

Test–retest variability

The TRV across participants is shown in Fig. 2 and Table 2.
The aTRV was ≤15% for all regions.

Outcome measures

The mean and % coefficient of variation (COV) of SUVR-1
across participants are shown in Table 3. The rank order of
uptake was pancreas head > pancreas body > pancreas tail in
all groups.

Comparison of SUVR-1 (180–240 min) values in the sub-
regions of pancreas is shown in Fig. 3. A non-significant de-
crease in SUVR-1 for all pancreatic subregions was observed
in individuals with type 2 diabetes compared with the HOV
for all pancreatic subregions, with group differences in the
pancreas head approaching significance (p = 0.058). Note that
there was no difference in spleen SUVs. In fact, the mean
spleen SUV was slightly higher than that of the individuals
with type 2 diabetes, so the between-group difference in
SUVR-1 might be underestimated.



Pancreas volume by MRI Pancreas volumes and pancreas
volume indices normalised for body surface area were similar
in the HOV and participants with type 2 diabetes. Although
not significant, MRI-measured pancreas volume was ~13%
lower in participants with type 2 diabetes compared with
HOV (Table 3), similar to that observed previously [22].

Comparison of outcome measures The between-subject rela-
tionships between mean values of SUVR-1 and C-peptide
release, HbA1c and years since diagnosis of type 2 diabetes
were assessed using the Pearson correlation coefficient.
Significant correlations of SUVR-1, the PET index of BCM,

with AIRargMAX (all participants), HbA1c (all participants)
and years since diagnosis of type 2 diabetes were observed
(Fig. 4). SUVR-1 showed significant positive correlations
with AIRargMAX in all pancreas subregions. SUVR-1 was
inversely correlated with HbA1c (whole pancreas and pan-
creas head) and years since diagnosis of type 2 diabetes (pan-
creas tail and head). Correlation coefficients and p values are
summarised in Table 4.

Discussion

In this study, PET imaging of VMAT-2 with 18F-FP-(+)-
DTBZ was used to assess the correlation of BCM with func-
tion in age–BMI-matched healthy control participants and in-
dividuals with type 2 diabetes to test the hypothesis that a loss
of BCM contributes to impaired insulin secretion in humans
with type 2 diabetes. We observed a large spread of 18F-FP-
(+)-DTBZ binding and uptake variables in the pancreas of the
HOVand prediabetes participants overlapping with the type 2
diabetes participants (Fig. 3, Table 3 and ESM Table 1).
However, significant correlations of SUVR-1 were deter-
mined for: (1) the whole pancreas and the pancreas head, body
and tail with AIRargMax; (2) the whole pancreas and pancreas
head with HbA1c; and (3) the whole pancreas and pancreas
head and tail with years since diagnosis of diabetes (Table 4,
Fig. 4). These results support the hypothesis that a global loss
of VMAT2 density (as a measure of BCM) may contribute to
deficient insulin secretion in humans with type 2 diabetes, and
that a progressive loss of BCM with duration of type 2 diabe-
tes contributes to poorer glycaemic control. The modest loss
of VMAT2 binding in the participants with type 2 diabetes,
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a bFig. 2 (a) 18F-FP-(+)-DTBZ
SUVR-1 (unitless) at test and
retest scans. Each symbol denotes
each scan. Grey circles, test; white
circles, retest. Lines show means
± SD. (b) Repeated measurement
of 18F-FP-(+)-DTBZ SUVR-1 in

Table 2 SUVR-1 TRV in the pancreas

Variability measure Head Body Tail Whole

TRV (%) 3 ± 13 5 ± 15 3 ± 18 4 ± 13

aTRV (%) 12 14 15 12

Data are mean ± SD, n = 11
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a b

SUV

(g/ml)

Transversal

Coronal

c d

Transversal

e f

Coronal

Fig. 1 Representativemagnetic resonance and PET images from anHOV
participant (a,c,e) and a participant with type 2 diabetes (b,d,f): transver-
sal magnetic resonance images (a,b), and transversal (c,d) and coronal
(e,f) PET SUV images summed over 180–240 min after tracer adminis-
tration of 18F-FP-(+)-DTBZ. Activity is expressed in SUV [concentra-
tion/(injected dose/body weight)] = [body weight g/body tissue ml]. The
scale range for SUV is 0 (no uptake) to 20 (maximum uptake). Pancreas
head, body and tail are indicated by white, yellow and green arrows,
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respectively

the whole pancreas



Table 3 Pancreas volume and uptake (SUVR-1) of 18F-FP-(+)-DTBZ

Participant MRI: pancreas
volume (ml)

Pancreas volume
index (ml/m2)

Mean SUVR-1 SUVR-1 × volume (ml)

Head Body Tail Whole Whole

HOV (n = 16) 66.4 (26) 31.4 (25) 4.2 (24) 3.8 (26) 3.5 (30) 3.8 (25) 258 (43)

Prediabetes (n = 5) 58.3 (30) 28.0 (24) 4.3 (29) 4.1 (31) 3.7 (34) 4.0 (31) 235 (44)

T2DM (n = 17) 57.8 (35) 29.2 (33) 3.5¶ (29) 3.5 (26) 3.1 (28) 3.4 (27) 196 (47)

Data are mean (%COV)
¶ p = 0.058 vs HOV

T2DM, type 2 diabetes
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together with the large overlapping spread in pancreatic
VMAT2 binding and beta cell density found here and pre-
viously [4, 7, 23], suggests that loss of beta cell function is
primarily responsible for insufficient insulin secretion of
humans with type 2 diabetes, with the loss of BCM acting to
exacerbate this deficiency.

Co-localisation of VMAT2 with insulin-positive pancreatic
islet beta cells in both non-diabetic and individuals with type 2
diabetes [13], combined with the high affinity of 18F-FP-(+)-
DTBZ for VMAT2 [24, 25], support its use to quantify chan-
ges in BCM [6, 18]. Although the majority of VMAT2 is
expressed in beta cells, ~40% of PP cells have been shown
to be VMAT2 positive [13], and may contribute to radiotracer
binding. In most of the pancreas, PP-cell density (~50–100
times lower than beta cell density) would be expected to make
negligible contribution to pancreatic radiotracer uptake [26,
27]. However, the measured volume densities of PP and beta
cells in the head region abutting the duodenal wall are similar,
and loss of PP-cells, or atrophy in this region with loss of
endocrine cell mass, could lead to a measurable reduction in
radiotracer binding [11, 27]. No significant differences in PP-

cell volume density throughout the pancreas, or within the PP-
cell-rich region of the pancreas head, were observed in control
participants and donors with type 2 diabetes (58–75 years)
[22, 26]. Thus, the progressive reduction in 18F-FP-(+)-
DTBZ binding that we observed in participants with type 2
diabetes is more likely owing to loss of VMAT2-positive beta
cells than to loss of PP cells.

We chose the 4 h scan duration to evaluate the optimum
time window for computing SUVR. We found SUVR (180 to
240 min) gave the best test–retest reproducibility, and it was
therefore chosen as the primary outcome measurement. The
TRV for SUVR (180–240 min) was slightly higher than the
binding potential (non-displaceable [BPND]) for healthy con-
trol participants and participants with type 1 diabetes (9.4%)
[10]. The TRVof SUVR-1 was good (≤15%) in all pancreatic
subregions for both the HOV and those with type 2 diabetes.
This value was used to perform a power analysis to detect
within-subject change (paired sample, two-tailed t test, statis-
tical power 0.95). Sample sizes of five or 13 participants
would be needed to detect within-subject changes of 20% or
10%, respectively.

There are limitations to our study. Foremost is the assump-
tion that VMAT2 expression is proportional to BCM. As
discussed above, VMAT2 expression in PP cells can compro-
mise the correlation of VMAT2 binding with BCM. In addi-
tion, the potential for dedifferentiation of beta cells with type 2
diabetes may occur such that changes in the cell’s phenotypic
expression resulting in decreased functional BCM may occur
with or without changes in VMAT2 [28–31]. We used the
glucose-enhanced AST to determine maximal beta cell func-
tion, rather than measures of beta cell sensitivity to glucose
such as graded glucose infusion test [32]. As prior studies
have found that obesity, per se, may lead to increased BCM,
difference in BCM between obese individuals with type 2
diabetes could be anticipated to be less in comparison with
lean than with obese healthy individuals [2]. We selected age–
BMI-matched participants to maximise BCM differences.
Although the smaller group size for those with prediabetes
(n = 5), in comparison with the type 2 diabetes (n = 16) and
HOV (n = 17) groups, limited our ability to detect the

Fig. 3 Comparison of 18F-FP-(+)-DTBZ uptake (SUVR-1 [unitless]) in
pancreas between HOV, prediabetes and type 2 diabetes groups. Lines
show means. Circles, HOV; crosses, prediabetes; triangles, type 2 diabe-
tes. PD, prediabetes; T2DM, type 2 diabetes
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Fig. 4 18F-FP-(+)-DTBZ uptake
is positively correlated with
glucose-potentiated C-peptide
release (AIRargMAX) and
inversely correlated with
glycaemic control (HbA1c) and
years since diagnosis of type 2
diabetes in HOV, prediabetes and
type 2 diabetic participants. (a)
Comparison of SUVR-1
(unitless) in the whole pancreas
with AIRargMAX. (b–d)
Comparison of SUVR-1
(unitless) in the pancreas head
with: (b) AIRargMAX; (c) HbA1c;
and (d) years since diagnosis of
type 2 diabetes. Dotted lines, 95%
CI for line of regression. Circles,
HOV; crosses, prediabetes;
triangles, type 2 diabetes. T2DM,

Table 4 Correlations of SUVR-1
with C-peptide release
(AIRargMAX), HbA1c and years
since diagnosis of diabetes

Region AIRargMAX HbA1c Years since diagnosis of diabetes

r p value r p value r p value

Pancreas head 0.42 0.009 −0.43 0.008 −0.48 0.049

Pancreas body 0.38 0.019 −0.30 0.068 −0.39 0.119

Pancreas tail 0.37 0.023 −0.28 0.086 −0.51 0.035

Whole pancreas 0.42 0.009 −0.35 0.033 −0.43 0.088
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type 2 diabetes

anticipated increase in BCM in prediabetic humans, all three
groups were included in assessing the correlation between
beta cell function and pancreatic VMAT2 density.
Significant overlap, consistent with biological variability of
BCM, masked potential group differences in VMAT2 density.
Finally, the concern common to all targeted radiotracer ima-
ging studies is the localisation of radiotracer activity to the
targeted cell population. Thus, if beta cells represent ~2% of
the pancreas, the localised activity will be ~50 times higher
than the mean pancreas activity.

Studies of cadaverous pancreas obtained from non-diabetic
and donors with type 2 diabetes indicate a loss of BCM in
those with diabetes, but differ in the magnitude and regional
distribution of BCM loss [2, 4, 33]. The heterogeneity in our
measured BCM is similar to that observed in a recent PET
study using [11C]5-hydroxy-tryptophan uptake to measure
BCM [7], and with the results from human autopsy studies
[4, 23]. Our results differ from the pronounced decrease in
BCM in donors with type 2 diabetes measured by immuno-
histochemistry in cadaver pancreas [2]. Differences in age,
BMI and time since diagnosis of type 2 diabetes may

contribute to the disparity between results. The individuals
in our study were younger (54 years vs obese 63 years and
lean 80 years) and had BMI intermediate between the obese
and lean groups in the study of cadaverous pancreas (29 kg/m2

vs obese 37 kg/m2 and lean 22 kg/m2) [2]. A similar study
measured a ~25% decrease in beta cell volume density in
donors with diabetes [22]. Although our participants were
younger (54 years vs 69 years), BMIs were similar (29 kg/
m2 vs 30 kg/m2). In agreement with our results, BCM was
found to decrease with time from type 2 diabetes diagnosis,
and a large overlapping range of beta cell volume densities
(~0.25 to 2.5%) was measured for both the non-diabetic and
type 2 diabetic donors. In a study of whole pancreatic sections,
donors with type 2 diabetes of similar age (58 years vs
55 years), BMI (30 kg/m2 vs 30 kg/m2) and time since type
2 diabetes diagnosis (14 years vs 10 years) to our participants
had a loss of beta cells localised to the head of the pancreas,
with no statistically significant beta cell loss in the pancreas
body or tail [4]. Our in vivo PET imaging results are similar,
with the greatest mean loss (~17%, p = 0.058) of VMAT2 in
the head of the pancreas of participants with type 2 diabetes.
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In summary, VMAT2 binding correlated: (1) positively
with beta cell function for the whole pancreas, and pancreas
head, body and tail; (2) inversely with HbA1c for the whole
pancreas and pancreas head; and (3) inversely with years since
diagnosis with type 2 diabetes for the pancreas head and tail.
Thus, progressive reduction of VMAT2 density, indicative of
loss of BCM, in the pancreas of individuals with type 2 dia-
betes may contribute to deficient glucose-stimulated insulin
secretion.
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