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Abstract The accurate quantification of beta cell mass in
humans is one of the key challenges in understanding the role
of beta cell loss and dysfunction in the pathogenesis of diabe-
tes mellitus. Autopsy studies indicate that beta cell loss is not
only a hallmark of autoimmune diabetes but also plays a
pivotal role in type 2 diabetes, owing to the toxic effects of
lipids, glucose and cytokines. Thus, there is an urgent need for
non-invasive clinical techniques for beta cell mass quantifica-
tion, which should be optimally integrated into standard diag-
nostic equipment in hospitals. In this issue of Diabetologia
(Brom et al DOI 10.1007/s00125-014-3166-3) it is reported
that single photon emission computed tomography (SPECT)
data with 111indium-labelled glucagon-like peptide-1 (GLP-1)
receptor agonist exendin-3 correlate with the morphometric
analysis of beta cell mass in a rat model of alloxan-induced
diabetes. With this validation, the authors were able to dem-
onstrate a significant loss of beta cell mass in C-peptide-
negative type 1 diabetic patients. Thus, 111indium-labelled
exendin-3 could serve as a model tracer for future studies of
larger cohorts of diabetic patients to monitor the dynamics of
beta cell loss and regeneration. Despite the recent progress
from SPECT imaging data there remain open questions that
await clarification in the near future such as variations in GLP-1
receptor density and physiological variation of beta cell mass in
relation to beta cell function. The use of GLP-1-based tracer
analysis may open new clinical avenues for non-invasive quan-
tification of beta cell mass in patients with newly diagnosed
type 1 diabetes and prediabetic individuals with high titres of
autoantibodies.
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DTPA Diethylene triamine pentaacetic acid
DTBZ Dihydrotetrabenazine
GLP-1 Glucagon-like peptide-1
SPECT Single photon emission computed tomography
VMAT2 Vesicular monoamine transporter type 2

The perfect tracer for non-invasive quantification of beta
cell mass

Tracers are chemical compounds with high affinity to
specific cell types either through binding to cell surface
structures or intracellular accumulation. Coupling with
paramagnetic particles, radioisotopes or fluorophores
allows in vivo detection by MRI, single photon emission
computed tomography (SPECT) or photonsensors. Irrespec-
tive of the detection method, the tracer used for labelling
beta cells must have certain key features for in vivo quan-
tification of beta cell mass, as detailed in the text box
below.

• A high sensitivity and affinity for specific structures of
the beta cell
– through binding to surface structures (e.g. GLP-1
derivatives, DTBZ or single chain antibodies) or

– tracer enrichment in beta cells by metabolism (e.g.
fluorodeoxyglucose, sulfonylurea derivatives)

• No toxic effects
• Effective labelling of a high proportion of beta cell mass
• Rapid tracer washout to repeat the diagnostic process
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The first strategies coupled specific ligands to
supramagnetic particles for tracking of transplanted islets by
MRI [1–4]. Overall these studies allowed the detection of
islets in the liver or under kidney capsules but there was a
large variation in the number of detectable islet spots, indicat-
ing insufficient sensitivity and reproducibility. Furthermore,
MRI methodology did not allow for effective labelling of
islets within the pancreas itself. In parallel, SPECT technology
has proved to be a highly attractive alternative toMRI through
the design of specific radiotracers with high affinity for beta
cells, and high specific activities of the tracers. In combination
with computerised tomography (CT) and refined computer
algorithms, SPECT has developed into an indispensable diag-
nostic tool for identification of tumours or metastasis in on-
cology. Although the spatial resolution of SPECT is
(currently) limited to 1–2 mm it shows a high sensitivity for
the detection of beta cells. In the search for the perfect radio-
tracer several target structures for the quantification of beta
cell mass have been tested so far. Tracers with high affinity to
vesicular monoamine transporter type 2 (VMAT2) such as
tetrabenazine (TBZ) or dihydrotetrabenazine (DTBZ) [5, 6]
were enriched in the endocrine pancreas but correlation with
beta cell mass appeared not to be optimal for monitoring beta
cell loss in diabetic patients. VMAT2 is not specifically
expressed in beta cells and can be also detected in other
neuroendocrine cell types [7]. In addition, the use of sulfonyl-
urea derivatives did not result in the specific detection of beta
cells, and thus there remains concern over their use in clinical
studies with large patient cohorts [8]. Single chain antibodies
(SCAs) isolated from phage libraries demonstrated high bind-
ing affinities to beta cells and revealed excellent labelling of
insulin-secreting cells in vitro but did not convincingly corre-
late with beta cell mass when used in an STZ-induced rat
model of diabetes [9].

GLP-1 agonists as radiotracers

Amajor breakthrough in the development of beta cell specific
radiotracers has come from glucagon-like peptide-1 (GLP-1)
receptor agonists, as demonstrated by the sensitive detection
of insulinomas [10]. Over recent years several groups have
developed radiolabelled or fluorescently-labelled GLP-1
probes suitable for quantification of endogenous beta cell
mass after systemic application of the tracer [11–17]. In par-
ticular, GLP-1 agonists with low sensitivity to degradation by
dipeptidyl peptidase-4 (DPP4) have proved to be highly at-
tractive candidates for in vivo SPECT imaging of beta cells
[11, 12, 18]. The covalent coupling of the chelating com-
pounds diethylene triamine pentaacetic acid (DTPA) or
1,4,7,10-tetra-azacyclododecane-1,4,7,10-tetra-acetic acid
(DOTA) to the exendin peptides opened up the possibility of
using various radionucleotides with different energy emission

spectra. Despite this progress in the design of beta cell specific
GLP-1 agonist radiotracers, published studies have so far
lacked a clear correlation between beta cell mass and SPECT
intensities. Furthermore, proof-of-concept data with human
type 1 diabetic patients are required to justify studies with
large clinical cohorts.

In this issue ofDiabetologiaBrom et al close this gap using
111indium-labelled exendin-3 as a radiotracer [19]. For gradual
induction of beta cell loss rats were injected with increasing
doses of alloxan. After onset of hyperglycaemia 111In-
exendin-3 was applied systemically and the animals were
scanned by SPECT. Thereafter the rats were killed and beta
cell mass was quantified by morphometric analysis of serial
pancreatic sections combined with microautoradiography.
The reconstructed SPECT data of representative pancreatic
areas showed an excellent correlation with the morphometri-
cally determined beta cell mass, indicating a high beta cell
specificity of the 111In-exendin-3 radiotracer. In the second
part of the study, a dose of 150 MBq 111In-exendin-3 was
administered to healthy volunteers and C-peptide-negative
type 1 diabetic patients, followed by a SPECT scan. After
24 h the pancreatic uptake values were significantly lower
(>60%) in type 1 diabetic patients than in healthy controls.
This study therefore provides the proof-of-concept that the
111In-exendin-3 tracer allows quantification of beta cell mass
in humans, as a validation for the study of larger cohorts.
SPECT analysis is a standard and widely available technique
in clinical diagnostics and thus quantification of beta cell mass
will become a reality in the diagnostic repertoire of type 1
diabetes if the radiolabel has been optimised. This therefore
raises the question of which variables determine the success of
a GLP-1 radioprobe. As pointed out by the authors the com-
bination of high specific activity (700 mBq/nmol) and low
doses of the radiolabel may be the crucial factors to avoid
nonspecific binding of the tracer.

Beta cell mass variation and dysfunction in diabetes:
the clinical value of SPECT technology

The pancreatic 111In-exendin-3 uptake data showed large var-
iations both in the cohort of healthy controls and type 1
diabetic patients. Autopsy studies with a larger cohort
(n>50) using standard morphometric analysis of insulin-
positive cells confirmed this variation so that a calculated beta
cell mass of between 0.25 and 1.5 g is compatible with a
normoglycaemic state [20]. Future studies with healthy vol-
unteers are urgently needed to verify the normal range of beta
cell mass in relation to age and body mass, with particular
emphasis upon the reproducibility of the SPECT technique
over a time period of months or years. The study by Brom et al
did not indicate the variation of repeated SPECT analyses in
the control cohort, which would be an important indicator of
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the robustness of this technique if used to monitor beta cell
loss or regeneration in the pathogenesis of diabetes or after
beta cell preserving interventions [19]. Constant expression of
the GLP-1 receptor is a prerequisite for the most effective
GLP-1 radiotracer, so that changes in beta cell mass are clearly
monitored, rather than any downregulation of the GLP-1
receptor, for example as an effect of lipotoxicity or proinflam-
matory cytokines. In rats a hyperglycaemic clamp induced a
significant decrease inGlp1rmRNA expression in islets [21],
so that data from the 111In-exendin-3 tracer would probably
indicate a lower beta cell mass compared with morphometric
analysis of insulin-positive cells. Furthermore, a high GLP-1
receptor density in the exocrine portion of human pancreas, as
reported by in vitro autoradiography [22], could be a con-
founding factor for accurate SPECT analysis so that small
reductions of beta cell mass may not be not be detected with
high sensitivity. Although Brom et al found that GLP-1 re-
ceptor mRNA expression in the exocrine portion comprises
only 2% of the expression level in islets, the receptor densities
may be somewhat different on the protein level [19].

How can GLP-1 agonist radiotracers improve diagnosis of
diabetes and treatment decisions? As discussed above,
pancreases from type 1 diabetic patients showed >60% lower
uptake of the 111In-exendin-3 tracer than healthy controls.
Notably, however, the uptake values of two patients in the
diabetic cohort were relatively high compared with those of
normoglycaemic controls. This phenomenon may be ex-
plained by (1) a high residual beta cell mass with low func-
tional activity; (2) uptake by precursor cells (e.g. from pan-
creatic ducts) that express the GLP-1 receptor; or (3) nonspe-
cific binding to exocrine cell types [22]. A recent study in this
journal provides clear evidence from a sensitive C-peptide
assay that, in the majority of type 1 diabetic patients, the beta
cell mass is not completely destroyed even after long disease

duration [23]. Because nonspecific binding of the GLP-1
radiotracer cannot be excluded, the diagnosis of type 1 diabe-
tes requires a combination of SPECT analysis with sensitive
C-peptide assays and analysis of autoantibodies.

Perspectives and challenges

Brom et al convincingly demonstrate the suitability of the
111In-exendin-3 radiotracer to quantify human beta cell mass.
The half-life of the 111In radionucleotide, the simplicity of the
labelling procedure and the availability of SPECT/CT scan-
ners in clinical diagnostics now opens a realistic prospect for
the design of human studies with larger cohorts. Although the
main focus of these studies is diabetic patients, the main target
group of a larger cohort study would be nondiabetic volun-
teers, to validate the robustness of the SPECT technique with
respect to reproducibility and variation of beta cell mass and
its dependence on sex, age, body mass and nutritional state
(Fig. 1). Despite the radiation exposure without clear medical
indication for volunteers, these data are required for the cor-
rect interpretation of SPECT data from diabetic patients, irre-
spective of the cause of beta cell loss. In the near future we can
expect further technical improvements to SPECT analysers to
provide higher sensitivity, spatial resolution of organ struc-
tures and speed of diagnostic procedure [24]. The value of
SPECT analysis within the portfolio of diagnostic tools in
diabetology will ultimately be determined by the availability
of effective strategies to preserve or restore beta cell mass.
Neither immune intervention nor stem cell-based strategies
have so far been successful when clinical use is applied as a
benchmark. Nevertheless in vivo monitoring of beta cell mass
will be an important technique to document beta cell mass loss
in newly diagnosed type 1 diabetic patients or autoantibody-
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Fig. 1 SPECT/CT analysis of
beta cell mass by GLP-1R agonist
radiotracers: perspectives and
challenges
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positive individuals at high risk of developing overt diabetes.
Sensitive C-peptide assays indicate that residual beta cell mass
in type 1 diabetic patients may be higher than originally
estimated [25], so that accurate quantification of this mass
would be a good indicator of possible beta cell regeneration or
regain of secretory function.

Some suggestions for future research
• Investigate the physiological variation of beta cell mass
over a time course of weeks and months in healthy
individuals
• Explore how age, body mass and nutritional state affect
beta cell mass
• Clarify confounding GLP-1 expression in the exocrine
pancreas in mice with beta cell specific knockout of the
GLP-1 receptor
• Study C-peptide responses in type 1 diabetic patients
with significant pancreatic uptake of GLP-1 radiotracers
• Verify GLP-1 radiotracers in mouse models with beta
cell mass increase, such as that caused by high-fat diet
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