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Summary	 Success in the noninvasive and quantitative imaging of pancreatic islet 
b-cell mass (BCM) has been made possible by the inherent sensitivity of PET and the 
development of radiotracers for b-cell enriched peptide targets. This article briefly discusses 
the methodological considerations that can impact upon the accuracy of measuring BCM, 
and approaches to optimize BCM measurements in the face of these potential limitations. 
The current status of two peptide receptors that show promise for imaging BCM will be 
discussed: glucagon-like peptide-1 receptor and vesicular monoamine transporter type 2. 

*Department of Internal Medicine, PO Box 208056, 333 Cedar Street, New Haven, CT, USA; Tel.: +1 203 785 5934; gary.cline@yale.edu

�� The sensitivity and specificity of molecular imaging by PET makes the noninvasive measurement of 
pancreatic b-cell mass (BCM) possible.

�� PET imaging provides an integrated measure of BCM within the pancreas, as opposed to the imaging of 
individual islets. For the purposes of clinical evaluation of b-cell survival, the integrated measurement of 
pancreatic BCM is a critical parameter.

�� Approaches to correct for off-target binding leading to background binding have been developed to 
improve the accuracy and dynamic range of BCM measurements. 

�� Preclinical evaluation in rodents suggests that glucagon-like peptide-1 receptor can serve as a useful 
biomarker for the imaging of pancreatic BCM.

�� Two independent Phase I clinical trials with PET imaging of vesicular monoamine transporter type 2 with 
[11C]-dihydrotetrabenazine and [18F]-FP-(+)-dihydrotetrabenazine have shown that the loss of pancreatic 
BCM in patients with Type 1 diabetes mellitus can be successfully measured.

�� The longer radioactive half-life of 18F (109.8 min) as compared with 11C (20.4 min) makes it possible 
to distribute [18F]FP-(+)-dihydrotetrabenazine for research trials, especially in longitudinal studies to 
evaluate the efficacy of therapies to preserve BCM. 
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Insulin secretion by the pancreatic islet b cells is 
regulated in response to changes in circulating 
glucose in order to maintain plasma glucose con-
centrations at optimal levels. Islet b cells sense 

the postprandial rise in glucose and respond 
with an increased rate of insulin secretion, 
which acts to suppress hepatic glucose output 
and to stimulate the muscle and liver to take up 
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and store glucose as glycogen [1]. The develop-
ment of peripheral and hepatic insulin resistance 
compromises the ability of the b cell to secrete 
sufficient insulin to quickly restore and main-
tain euglycemia [2]. Initially, islet b cells com-
pensate with increased rates of insulin secretion 
to overcome the deficient response of the muscle 
and liver towards insulin. With time, however, 
the vitality of the b cell suffers, leading to loss 
of both b-cell function and b-cell mass (BCM) 
[3], resulting in chronic hyperglycemia with its 
associated complications. Alternatively, the loss 
of BCM is the result of an autoimmune attack 
directed towards the b  cell [4]. Therapeutic 
strategies directed towards the root causes of 
insufficient insulin converge on the benefits of 
restoring the ability of the pancreatic islet b cells 
to secrete adequate insulin. Although the debate 
is ongoing, a consensus of data supports that 
b-cell function, as measured by overall rates of 
glucose-stimulated insulin secretion, improves 
with increases in BCM [5]. 

Developing therapies to increase BCM is 
complicated, however, by the lack of any prac-
tical way, short of taking a pancreatic biopsy, 
to measure BCM. The pressing need to non-
invasively measure BCM has prompted the 
concerted efforts of numerous laboratories 
to develop solutions to this challenge. Our 
primary objective is to noninvasively, quan-
titatively and reproducibly measure the mass 
number of endogenous b cells in the pancreas 
by PET. This is a daunting objective given that 
b cells, organized in the islets of Langerhans, 
are dispersed throughout the pancreas. Also, 
in healthy individuals, b cells constitute only 
1–3% of the total cellular mass of the pancreas. 
In diabetic patients, both Type 1 and Type 2, 
pancreatic BCM is lost with the progression of 
the disease [6,7]. Our goal is simply to measure 
BCM; whether b  cells are functionally com-
petent for glucose-stimulated insulin secretion 
or not is secondary to our imaging objective. 
Of the various imaging modalities, significant 
progress has been made using PET imaging, 
and this is the subject of this report.

Methodological considerations 
& limitations of PET imaging
Before discussing examples of PET imaging of 
the pancreatic islet BCM, a discussion of meth-
odological limitations common to any approach 
using PET to image BCM needs to be acknowl-
edged. First and foremost, tracer binding density 

per b cell must be constant irrespective of dis-
ease state. This concern will need to be evalu-
ated on an individual basis with each intended 
b-cell protein target. A second methodological 
consideration is that the imaging resolution of 
PET is greater than the diameter of the islet, 
and may introduce errors termed partial volume 
effects [8–10]. The mismatch between image 
resolution and islet diameter, which differs by 
a factor of approximately 10, limits our ability 
to image and accurately determine the radio-
tracer uptake within individual pancreatic islets, 
and has led to the objection that PET imaging 
cannot be used to measure pancreatic BCM [9]. 
Fortunately, for the purposes of quantitative 
imaging of BCM, it is not necessary to image 
individual islets [10]. Partial volume effects are 
minimized in the measurement of BCM, since 
the radioactivity is measured for all pancreatic 
voxels, and the spatial resolution of the PET 
scanner is greater than the pancreas diameter. 
An integrated measurement of the density of a 
b-cell-specific receptor within a defined volume 
of the pancreas meets our objective of measur-
ing b-cell density. And, when b-cell-specific 
receptor density is summed over the entire pan-
creas, the result is a quantitative measurement 
of pancreatic BCM.

A third methodological consideration is the 
nonideality of the radioligand’s specificity, 
which results in background binding to a greater 
degree than the specific binding to the b cell. 
As discussed below, BCM can be quantitatively 
measured in the presence of this off-target back-
ground binding, however, reducing or elimi-
nating its contribution to the total binding is 
desirable for making diagnostically meaningful 
measurements. A primary objective of noninva-
sive imaging of BCM is to provide a means to 
evaluate the efficacy of treatments designed to 
preserve or restore BCM in longitudinal stud-
ies. This is an especially challenging objective, 
since the total BCM of healthy individuals is at 
most a few percent in the pancreas, decreasing 
to a few tenths of a percent with diabetes pro-
gression [6,7]. Ideally, the change in the signal 
intensity would have a one-to-one correspon-
dence with BCM. The correspondence of the 
change in PET signal intensity to the change in 
BCM is a direct function of the specificity ratio 
of the radioligand for binding to the b cell ver-
sus anywhere else in the pancreas [11,12]. Rough 
calculations indicate that an exact correspon-
dence of change in radioligand binding to BCM 
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would require a specificity of a ratio of more than 
100,000:1, while a specificity ratio of 1000:1 
would deviate from ideality by approximately 
5%. Fortunately, for monitoring changes in 
BCM, an ideal correspondence is not necessary. 
As long as the radioligand binding is propor-
tional to BCM, we have shown that meaningful 
results can be obtained with a specificity ratio 
less than 100. Our recent imaging study with 
[18F]-FP-(+)-dihydrotetrabenazine (DTBZ) 
found an approximately 50% reduction in 
[18F]-FP-(+)-DTBZ binding potential in those 
patients with long-standing Type  1 diabetes 
mellitus (T1DM) and nondetectable functional 
BCM, corresponding to a specificity ratio on the 
order of approximately 100:1 [13]. The caveat to 
correlating any observed change in any radioli-
gand binding with BCM is the assumption that 
the background binding either remains constant, 
or can be measured, for each imaging session.

Background, or off-target binding of the 
radioligand will contribute to the observed tis-
sue uptake, and if not accounted for, will lead 
to errors in the interpretation of the measured 
amount or change of BCM [14]. The total 
observed signal in the target tissue is the sum of 
the radioligand: first, specifically bound to the 
target of interest; second, specifically bound to 
proteins other than the desired target; and third, 
nonspecifically bound to the tissue. Binding to 
anything other than the desired target can be 
considered off-target background binding. The 
relative contribution of the background signal 
to the total signal will be a factor of the tissue 
density of non-b-cell targets, and the radioli-
gand’s off-target specific and nonspecific bind-
ing affinities. In order to quantify BCM in the 
presence of background signal, the contribution 
of the background to the total signal must be 
established, and measurable in each subject. If 
a reference tissue can be identified that has the 
same degree of nonspecific binding and lacks the 
intended b-cell protein target, then this tissue 
can be used as a reference tissue to correct for 
the contribution of nonspecific binding to the 
total binding of the radiotracer in the pancreas, 
and arrive at a measure of BCM [14].

Techniques developed to account for back-
ground binding and accurately measure recep-
tor density in the brain are well established and 
provide rational approaches for measuring the 
background signal in the pancreas. A proven 
strategy to measure the background signal of 
receptors and transporters in the brain exploits 

the selectivity of the target receptor to specifi-
cally bind only one enantiomer of the two stereo-
isomers of the radioligand [15–17]. For example, 
to measure striatum dopamine D1 receptors, 
binding of the inactive (-) enantiomer was 
determined in the D1-rich striatum and the 
cerebellum, which lacks D1 receptors [15]. The 
cerebellum, with equivalent nonspecific binding 
of both the (+) and the (-) enantiomers, served 
as a reference tissue in vivo to correct for the 
contribution of nonspecific to the total binding 
of the (+) enantiomer for evaluating D1-receptor 
density in the striatum. A similar strategy has 
been used to account for nonspecific binding in 
the pancreas when targeting VMAT2 as a bio-
marker for pancreatic b-cells. VMAT2 binding 
has been shown to be selective and specific for 
the (+) enantiomer of [18F]-FP-DTBZ, whereas 
the affinity for the (-) enantiomer is negligible 
[16,17]. Establishing a suitable reference tissue to 
correct for nonspecific binding of the (+) enan-
tiomer was determined using the inactive (-) 
enantiomer, making it possible to then deter-
mine the specific binding of [18F]-FP-DTBZ 
within the pancreas, and thereby calculate a 
truer value of BCM. 

�� Heterovalent ligands
As discussed above, PET imaging can be used to 
obtain clinically useful measures of pancreatic 
BCM even in the presence of a significant back-
ground signal. The extent to which the uptake 
of the radiotracer by the pancreas is proportional 
to BCM will be determined by the specificity 
of its uptake by the b cell in relation to the rest 
of the pancreas. It follows, then, that improving 
the specificity of the radioligand for binding to 
the b cell will lead to a larger dynamic range 
in the correlation between the PET-determined 
binding parameters and actual pancreatic BCM. 
Rather than focusing on enhancing the bind-
ing affinity for a single receptor, an alternative 
approach for increasing b-cell specificity has been 
to design multivalent ligands targeted to two or 
more different b-cell receptors. The hypothesis 
spurring the use of the heteromultivalent ligand 
to increase selectivity is that, while many cell 
types, including b cells, may share expression 
of any one particular receptor, the expression of 
a particular combination of two or more recep-
tors may be unique to b  cells. The feasibility 
of this approach has been demonstrated in the 
design of a heterobivalent ligand engineered to 
bind two different G protein-coupled receptors 
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(GCPRs) [18]. In vitro, an approximately 24-fold 
increase in bivalent versus monovalent bind-
ing affinity was reported, resulting in a strik-
ing enhancement of the in  vivo image inten-
sity with a fluorescently tagged heterobivalent 
ligand. The use of heteromultivalent ligands 
for imaging BCM has the potential advantages 
of: first, lowering the concentration needed for 
imaging; and second, reducing the background 
binding, thereby improving the one-to-one 
correspondence of binding to BCM. 

Specific methods/targets
Key to the success of molecular imaging is identi-
fying a suitable b-cell-specific target. Two funda-
mentally different approaches have been used to 
identify imaging targets, the first targets peptides 
known to be highly associated with the b cell, 
with the ATP-sensitive K+ channels being a prime 
example [19]. Early approaches to imaging BCM 
explored the potential of radioligands targeting 
the sulfonylurea receptor of the ATP-sensitive 
K+ channels with fluorinated analogs of glybu-
ride [20] and repaglinide [21]. While the low, and 
predominantly nonspecific pancreatic uptake 
suggested that the glyburide analogs were not 
suitable for imaging BCM [20], the repaglinide 
analog did show promise for further evaluation 
[21]. However, preclinical imaging trials confirm-
ing the ability to discern changes in BCM are 
still lacking. 

The second approach seeks to identify novel 
b-cell-specific peptides with no a priori knowl-
edge of the target. Alternatives to targeting pro-
tein receptors known to be enriched in the b cell 
are to generate monoclonal antibodies for islet 
b-cell surface antigens [22], or to use a phage dis-
play selection process for the discovery of novel 
b-cell binding peptides [23]. Phage particles 
that display peptides or single-chain antibodies 
(SCAs) are selected that trigger receptor-medi-
ated endoctyosis by islets or b cells. Infectious 
phage are recovered, and following subsequent 
rounds of selection, the specificity of the phage 
towards b-cell proteins can be substantially 
increased. Using this approach, Ueberberg et al. 
generated SCAs targeting rat and human islet 
b cells. The quicker vascular clearance of SCAs 
compared with monoclonal antibodies lends sup-
port to their use as imaging agents. And, in rat 
studies with [125I]-labeled SCAs, their potential to 
measure BCM was favorably demonstrated [23].

The relative merits of these radioligands, 
potential b-cell receptors and peptide targets, 

and strategies for the noninvasive imaging of 
BCM are discussed in several recent reviews 
[19,24–27]. For the purposes of this report, the 
focus of this contribution is on two molecular 
targets that continue to hold promise for mov-
ing towards clinical applications within the short 
term. Given the pace of recent research in this 
field however, it is highly likely that other imag-
ing agents may soon move to the forefront of 
routine measurement of pancreatic BCM in the 
battle against diabetes. 

�� GCPRs & glucagon-like peptide-1 receptor
A number of GPCRs have been identified that 
are enriched in the b cell relative to the exocrine 
pancreas, and serve to regulate b-cell function 
[25]. Recognizing the potential of these GPCRs as 
molecular targets, efforts have focused on iden-
tifying GPCR targets and developing GPCR 
ligands as a means to image islets and BCM [12]. 
Of the GPCRs identified as being sufficiently 
unique to the b cell for imaging, it may be argued 
that the most progress has been made in target-
ing glucagon-like peptide-1 receptor (GLP-1R). 
The majority of the GLP-1R imaging ligands 
have explored the efficacy of derivatives of the 
GLP-1 peptide mimetics, such as exendin-4 
and exendin-3 [28–32]. The key consideration for 
introducing an imaging tag into these peptides 
is to avoid those amino acid residues that are 
involved in binding to the receptor. Specificity 
to islet b  cells enabled the imaging of mouse 
islets in situ with exendin-4 modified with near-
infrared fluorescent tag attached to the lysine-12 
residue [28]. Analogs of exendin-4 for PET and 
SPECT imaging have relied on modifying the 
lysine-40 residue for the chelation of 111In, 68Ga 
or 99mTc [29–30], and their potential for imag-
ing of human insulinomas has been shown in 
mice. The application of exendin analogs for 
imaging BCM has also been demonstrated in 
rats with [111In]DTPA-exendin-3 [31]. However, 
quantitative imaging of BCM with GLP-1 ana-
logs such as these may be compromised by the 
downregulation of GLP-1 receptor number in 
poorly controlled diabetes. Recent studies indi-
cate that chronic hyperglycemia can lead to the 
downregulation of GLP-1 mRNA and protein 
in rats and humans, and lead to an underesti-
mation of BCM [33,34]. Evaluating the potential 
impact of receptor downregulation will need 
to be resolved as work progresses towards mov-
ing GLP-1R imaging forward for the clinical 
imaging of BCM.
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�� Vesicular monoamine transporter type 2
Of the various approaches for imaging of BCM 
in vivo, to date the clearest examples of quan-
titatively imaging pancreatic BCM in human 
clinical trials have been with ligands directed 
towards vesicular monoamine transporter type 2 
(VMAT2). VMAT2 is responsible for the storage 
and release of monoamines such as dopamine, 
norepinephrine and serotonin in the transport 
vesicles of synaptic terminals of monoaminergic 
neurons, and is coexpressed in pancreatic b cells 
[26,27,35,36]. A strong correlation between the 
expressions of VMAT2 with insulin was found 
in the human pancreas. And, most importantly, 
the coexpression of VMAT2 and insulin was 
no different in patients with T1DM or Type 2 
diabetes mellitus (T2DM) compared with those 
without diabetes, thereby lending credence to its 
use as a biomarker of BCM [35]. Radiolabeled 
analogs of DTBZ have been shown to be spe-
cific ligands for VMAT2 [16,37,38], and [11C]
DTBZ has been successfully employed to evalu-
ate changes in VMAT2 levels in the brain asso-
ciated with Parkinson’s disease by PET imaging 
[39,40]. Developing imaging techniques to monitor 
the loss of BCM in relation to b-cell function is 
driven largely by the need to be able to evaluate 
the efficacy of therapies to restore or prevent loss 
of BCM with progression of T1DM or T2DM. 
Substantial progress towards this goal has been 
made by Harris and colleagues in imaging studies 
of pancreatic VMAT2 as a biomarker of BCM 
in rodent models of diabetes and humans [41–43]. 
Longitudinal PET-imaging studies of diabetes 
progression in biobreeding diabetic prone rats, 
and in streptozotocin-treated Lewis rats, showed 
positive correlations of [11C]DTBZ binding with 
BCM [41,42]. Recently, Goland et al. provided the 
critical proof that PET imaging with [11C]DTBZ 
could also measure the loss of BCM in patients 
with T1DM [43]. However, the relatively high 
background signal remaining in these long-stand-
ing T1DM patients may limit the overall utility 
of [11C]DTBZ for detecting relatively small, but 
physiologically-relevant, changes in BCM.

A signif icant improvement in imaging 
VMAT2 for clinical applications to monitor 
BCM was achieved with the development of a 
fluoropropyl-derivative of DTBZ, [18F]FP-(+)-
DTBZ, with approximately eightfold higher 
binding affinity for VMAT2 [16,38]. Additionally, 
the longer radioactive half-life of 18F (109.8 min) 
as compared with 11C (20.4 min) makes it pos-
sible to distribute [18F]FP-(+)-DTBZ for research 

trials and clinical applications. We recently 
evaluated [18F]FP-(+)-DTBZ for PET imag-
ing and quantification of BCM in T1DM and 
healthy controls matched for age and BMI using 
the protocol outlined in Figure 1 [13]. All meas-
ures of pancreatic binding, calculated from the 
dynamic PET data acquired after administration 
of [18F]FP-(+)-DTBZ, were strikingly reduced 
in the T1DM subjects. Moreover, all binding 
parameters correlated positively with the insu-
lin secretory capacity of b cells as measured by 
an arginine challenge. Notably, the reduction in 
the BCM was not dependent upon pancreas vol-
ume, but reflected a loss of islets throughout all 
regions in the pancreas of the T1DM patients. 
However, when the decrease in pancreas volume 
in the T1DM subsets was accounted for, the 
relationship between PET-determined BCM and 
function was even more evident. In comparison 
to the previous studies using [11C]DTBZ, [18F]
FP-DTBZ substantially improves, both qualita-
tively and quantitatively, the ability to noninva-
sively image pancreatic BCM in humans. The 
high tracer uptake in the pancreas and the quality 
of the time–activity curves give confidence that 
the methodological errors would be no higher 
than previous results in brain, with a test–retest 
reliability of approximately 10% [44,45], and that 
clinically relevant changes in BCM can be moni-
tored during the course of longitudinal studies. 
Using metabolic measures, the rate of decline of 
endocrine pancreas function in new onset dis-
ease was shown to decay by 40–50% in the first 
year following diagnosis of disease [4]. Thus, PET 
studies spaced approximately 9 months apart and 
initiated within 10 weeks of diagnosis are likely 
to be properly spaced to evaluate the efficacy of 
therapies to prevent the decline in BCM during 
this critical phase.

Conclusion & future perspective
The sensitivity of PET imaging and the ability 
to quantify b-cell receptor number is of signifi-
cant benefit for longitudinal noninvasive, direct 
evaluations of BCM in health and diabetes. The 
clinical utility of PET imaging of VMAT2 as a 
biomarker of BCM has been proven with [11C]
DTBZ, and independently with [18F]FP-(+)-
DTBZ. Ongoing studies to determine the reli-
ability of PET scans with [18F]FP-(+)-DTBZ, and 
to resolve and correct for off-target binding, will 
advance the wider application for its use in clini-
cal studies. The experience gained with the clini-
cal VMAT2 imaging studies serve as a prototype 
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and benchmark for alternative b-cell-specific 
radioligands as they come online. Peptide recep-
tors such as GLP-1R and other b‑cell GPCRs 
are probable candidates, with heteromultivalent 
ligands showing promise to improve b‑cell speci-
ficity. Novel b‑cell binding peptides will likely 
be identified by phage-display selection, stimu-
lating the development of new imaging agents 
and opening up new areas of research of b‑cell 
biology. Existing and future PET imaging probes 
to noninvasively image BCM will be of signifi-
cant value in: first, studying the natural history 
of T1DM and T2DM; second, measuring the 
efficacy of pharmaceutical and cell-based inter-
ventions; and third, making clinical diagnoses 
related to incipient disease.
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