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Imaging of b-Cell Mass and Function
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In both type 1 and type 2 diabetes mellitus, b-cell mass (BCM),
which exclusively produces insulin, is lost. Various therapeutic
strategies are being developed that target BCM to restore its
function by promoting b-cell neogenesis and regeneration or
by preventing its apoptosis. To this end, it is essential to identify
biomarkers of BCM. Of the various imaging platforms, radionu-
clide-based imaging methods using radioligands that directly
target BCM appear promising. In particular, the vesicular mono-
amine transporter type 2 (VMAT2), which is expressed almost ex-
clusively by b-cells and found in close association with insulin,
can be noninvasively imaged with PET and 11C-dihydrotetrabe-
nazine or its derivatives. Despite the major limitation that b-cells
are low in abundance (1%22%) and dispersed throughout the
pancreas, VMAT2 PET is sensitive enough to detect VMAT2 sig-
nal and to allow kinetic model–based quantification of VMAT2
binding within the pancreas. However, these techniques are still
in early stages, and careful further evaluations and technical de-
velopments are needed before they can be clinically used as
a valid biomarker of BCM.
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Diabetes mellitus is a group of metabolic diseases
characterized by hyperglycemia that result from absolute
or relative deficits in insulin secretion by b-cells of the islets
of Langerhans in the pancreas. Type 1 diabetes (T1D) is
a result of autoimmune destruction of b-cells. T1D has an insipid
onset and may take years before it can be clinically recognized.
Most of the b-cell mass (BCM) in T1D was long thought to be
destroyed at the time of presentation with hyperglycemia.
However, recent evidence suggests that the BCM may have
significant residual insulin-secretory capacity even after a long-
standing history of the disease (1).

Type 2 diabetes (T2D), on the other hand, results from
multiple metabolic abnormalities including increased hepatic
glucose production, impaired insulin secretion, and peripheral

resistance to insulin. In T2D, the b-cells over time can no longer
meet the increased need for insulin, and BCM declines. Multiple
metabolic derangements can exert toxic effects on BCM
resulting in up to a 65% loss in the BCM (2). In North America,
diabetic patients usually have T2D. Many destined to develop
T2D spend years in a prediabetic condition characterized by
impaired fasting glucose levels. As estimated for 1999–2002 by
the National Institute of Diabetes and Digestive and Kidney
Diseases, 19.3 million individuals were diabetic and an addi-
tional 54 million had impaired fasting glucose levels. The
prevalence of total diabetic patients rose with age, reaching
21.6% for those aged 65 y or more. These prevalence estimates
reflect America’s largest health care epidemic (3).

A variety of experimental treatments for T1D is currently
under development, including immunotherapy, stem cell ther-
apy, and islet transplantation. The treatment of T2D has been
largely empiric because of the lack of understanding of the basic
mechanisms that are at work. However, in both T1D and T2D,
significant amounts of BCM are lost. An understanding of how
BCM changes during the course of diabetes may provide
important information needed for the development of new
therapy strategies for T1D and T2D. To this end, it is essential to
develop biomarkers of BCM.

SEARCH FOR BIOMARKERS OF b-CELLS

A biomarker of b-cells should allow a better understanding of
the pathophysiology of their losses in diabetes. Additionally,
a biomarker can be used to gauge the response to treatment that
targets these insulin-secreting cells and seeks to restore their
function by promoting the neogenesis and regeneration of
b-cells or by preventing their apoptosis. To accomplish this goal,
the biomarker needs to be both a trait marker and a state marker
of b-cells. Stimulated insulin secretion capacity is currently used
as an indirect measure of BCM. However, insulin secretion
measurements are limited not only by their inability to predict
the development of diabetes, for which metabolic or in-
flammatory stress may reversibly compromise b-cell function
without BCM losses, but also by their large intraassay variability
(4). Direct invasive b-cell sampling is technically difficult and
not practical. Therefore, no reliable and noninvasive biomarkers
of BCM are currently available.

Recognition of the sweet taste of urine in diabetic patients was
probably the first metabolomic biomarker of diabetes (5). Effort
has recently focused on identifying biomarkers of BCM using
proteomics, microRNA profiling, and gene expression profiling.
However, such studies are in their infancy.
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Alternatively, the use of in vivo imaging such as MRI and PET
has the potential to achieve this end, because it is practical,
noninvasive, and carries a minimal risk. MRI can be useful in
accurately estimating the pancreatic volume by separating fat.
However, b-cell–containing tissue accounts for only 1%22% of
the pancreas, and MRI cannot distinguish between the exocrine
and endocrine pancreas without specific contrast reagents,
which must be reacted with islets ex vivo (islet transplantation)
(6). Radionuclide-based imaging, on the other hand, allows
targeting of certain molecules in tissue. For example, by
targeting anion transporters expressed by pancreatic acinar
cells, 11C-acetate PET can visualize the exocrine pancreas (7).
18F-FDG may be useful in imaging transplanted islets to evaluate
their viability (8).

PET has long been used to quantify certain critical
components of the neurotransmission system. Clark et al., using
18F-4-fluorobenzyltrozamicol, imaged vesicular acetylcholine
transporters on presynaptic neuronal vesicles innervating the
pancreas, showing increased 18F-4-fluorobenzyltrozamicol up-
take in prediabetic rodent pancreata (9).

To develop b-cell biomarkers, one must choose target
molecules that are specific b-cells and readily quantifiable by
PET. In gene expression profiling experiments to study tissue-
restricted transcripts in human islets, our group identified a series
of neurofunctional gene products in human b-cells (10). We
selected as a potential PET marker the vesicular monoamine
transporter type 2 (VMAT2) that is expressed by b-cells and
monoaminergic neurons but is absent from the exocrine
pancreas and other abdominal organs because of the availability
of a VMAT2 PETradioligand, 11C-dihydrotetrabenazine (DTBZ).
11C-DTBZ has been a useful biomarker of brain dopamine
neurons (11).

Histochemical evidence suggests that VMAT2 found on
vesicles that store insulin and dopamine within b-cells is
independent of insulin synthesis, processing, and secretion
(12,13). The function of VMAT2 in b-cells is similar to that in
the central nervous system: control of vesicular monoamine
content (Fig. 1). In b-cells, however, vesicular monoamines
(e.g., dopamine) are thought to regulate insulin secretion (14) via
other monoamine receptors expressed on neighboring b-cells
(15). Although the concentrations of VMAT2 in the brain
(mostly in the striatum) are small (;800 fmol/mg of protein),
11C-DTBZ PET allows excellent visualization and quantifica-
tion of specific VMAT2 binding in the striatum (11).

VMAT2 AS A BIOMARKER OF b-CELLS

Rodent models of T1D showed that 11C-DTBZ uptake in the
pancreas correlated well with measures of glucose homeostasis
(16,17). Pancreatic VMAT2 binding decreased as the ability to
clear glucose from the blood was lost. Since then, some groups
have reported similar findings, whereas other groups have
reported difficulties in detecting any differences between
euglycemic and diabetic rodents (18–20). This inconsistency
may be due to problems with identifying the pancreas on small-
animal PET images, radioligands with insufficient specific
activity, and the rodent strain and age selection.

Our group extended 11C-DTBZ PET of BCM to humans with
long-standing T1D and healthy controls as the first proof-of-

concept clinical study (21). 11C-DTBZ PET allowed excellent
visualization of the pancreas (Fig. 2) and kinetic model–based
quantification of VMAT2 binding. In controls, VMAT2 binding
correlated well with stimulated insulin secretion. The functional
VMAT2 binding capacity (defined as VMAT2 binding times the
functional volume of the pancreas) was decreased by at least
40% in T1D. This study thus showed that PET quantification of
BCM is feasible and that significant amounts of PET-measured
BCM are present in T1D. Although the latter finding is consistent
with the recent postmortemhistochemicalfindingthata significant
residual amount of BCM is still present in the pancreas of long-
standing T1D patients, several potential limitations of this
imaging approach need to be carefully evaluated.

POTENTIAL LIMITATIONS

As a trait marker of b-cells, VMAT2 must be specific for the
islet b-cells within the pancreas (Fig. 3). VMAT2 immunoflu-
orescent histochemical staining in the pancreas of humans and
monkeys colocalized with islet b-cell insulin staining, and
VMAT2 staining was absent from exocrine tissue (12). There
was a strong correlation between the fractional pancreas area
positive for islet insulin and VMAT2 in pancreata of healthy
controls, T2D patients, and long-standing T1D patients (22).
However, not all VMAT2 immunoreactivity was associated
with b-cells. From the studies of human pancreas sections,
filamentous VMAT2 staining can sometimes be found, pre-
sumably representing autonomic innervation (22). However,
the total area of these structures is not significant (,0.1%),
relative to the area of VMAT2 staining associated with b-cells.

FIGURE 1. Schematic diagrams of VMAT2 in brain and
proposed function of VMAT2 in b-cells of pancreas. (Left)
Cytoplasmic dopamine is synthesized (1) and then transported
(2) by VMAT2 into presynaptic vesicles and later delivered to
synaptic junction by exocytosis (3). Dopamine diffuses across
junction and binds to receptors on postsynaptic cell (4).
Activated receptors change activity of postsynaptic neuron.
Dopamine is also degraded by monoamine oxidase (6) or
recycled from synaptic cleft by dopamine transporter (DAT) (5).
(Right) VMAT2 transports cytoplasmic dopamine into insulin-
containing vesicles. On glucose stimulation, insulin and dopa-
mine are delivered to extracellular space. Dopamine diffuses to
neighboring b-cell and binds to dopamine D2 receptor, inhibiting
further insulin secretion.
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In addition, a small population of cells positive for pancreatic
polypeptide (PPY) and VMAT2 was found in these studies.
However, PPY cells account for less than 10% of the total
b-cell population (23), and only 1 in 2 PPY cells was VMAT2-
positive. At least some PPY-positive/VMAT2-positive cells
may represent committed progenitors of b-cells (24). It can be
thus concluded that VMAT2 has a close relationship with
BCM (i.e., insulin). However, VMAT2 expression is not
completely restricted to b-cells, because small percentages of
PPY cells, as well as the innervation, are VMAT2-positive.

Second, a potential limitation of BCM PET is its limited
spatial resolution. b-cells are low in abundance (1%22%) and

are dispersed throughout the pancreas. However, PET appears
excellent at detecting VMAT2 signal (Fig. 2). Our VMAT2
PET brain and pancreas imaging studies in baboons suggest
that pancreatic VMAT2 binding is approximately 85% that of
brain striatum.

In addition to detecting adequate VMAT2 signal, VMAT2
PET should allow accurate VMAT2 quantification in the
pancreas. To estimate specific VMAT2 binding in the pancreas
with 11C-DTBZ, the VMAT2-devoid renal cortex has been
used as reference tissue for the estimation of nonspecific
binding in the pancreas. Our group recently confirmed the
validity of this approach in baboons (25). The accuracy of PET
quantification of neuroreceptors (transporters) requires the
availability of radioligands that satisfy certain conditions: good
tissue uptake to allow high signal-to-noise ratios, high target
affinity to allow high target (specific) signal, low nonspecific
signal, and reversible specific binding for the kinetic model-
based quantification. Recently developed 18F-9-fluoropropyl-
(1)-DTBZ (26) and other derivatives of DTBZ (27) attempt to
improve some of the radioligand properties over 11C-DTBZ.
Our group is currently evaluating 18F-fluoropropyl-(1)-DTBZ
PET in humans with T1D and T2D. Compared with 11C-
DTBZ, 18F-fluoropropyl-(1)-DTBZ has higher affinity for
VMAT2 and less lipophilicity and hence lower nonspecific
binding. In addition, 18F, with its longer physical half-life (110
min), can make this radioligand more widely available.

Lastly, to monitor treatments that target b-cells, VMAT2 must
be a good state marker of viable b-cells. Animal studies suggest
that VMAT2 binding measured by 11C-DTBZ PETappears to be
a good state marker of BCM because VMAT2 binding decreased
longitudinally with the decrease in the ability to clear glucose
from the blood (16,17). Although glucose concentrations can
regulate insulin transcriptions (28,29), our unpublished data
suggest that VMAT2 expression is unaffected. Longitudinal
human PET studies that address the issue of changes in the state
of BCM are needed. Our preliminary human data with 11C-
DTBZ suggest that the test–retest reproducibility of the
quantification of VMAT2 is excellent. However, newer radio-
ligands such as 18F-fluoropropyl-(1)-DTBZ should improve the
precision because of excellent signal-to-noise ratios.

FUTURE DIRECTIONS

As PET quantification of BCM with VMAT2 radioligands
proceeds to critical validation studies in new-onset diabetes,
other novel BCM targets and other imaging platforms for BCM
quantification are emerging (30). One technique potentially
applicable to human imaging may be manganese-enhanced MRI
(31). This technique, rather than directly targeting b-cells,
attempts to detect b-cell activation after enhanced intracellular
Mn21 mobilizationvia Ca21 channels when b-cells are activated
by glucose.

Currently, however, radionuclide-based imaging techniques
appear most sensitive in directly targeting b-cells in humans.
With the recognition that b-cells of the endocrine pancreas
and neurons share the expression of several tissue-restricted
transcripts (32), other opportunities to exploit PET tracers
originally developed for quantification of targets in the brain

FIGURE 2. Transverse 11C-DTBZ PET images of healthy
control (left) and T1D patient (right). Summed dynamic PET
images were obtained 0–90 min after tracer injection of 500
MBq (top). Corresponding tissue segmentation images are
also shown (bottom), with different colors representing
different organs. K 5 kidney; L 5 liver; P 5 pancreas; S 5

stomach.

FIGURE 3. Sections of human pancreas stained with
antiinsulin or anti-VMAT2 antibodies. Human islets of
Langerhans are identified by reactivity with antiinsulin
antibodies in sections of normal pancreas from cadaveric
donor (left). Similar pattern of antibody staining is seen in
adjacent section of pancreas from same donor reacted with
anti-VMAT2 antibodies (right). Little reactivity is seen outside
islet structures. Images were acquired at ·200 magnifica-
tion.
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present themselves for BCM imaging. These targets include
dopamine D2 receptors (15) and L-3,4-dihydroxyphenylalanine
(DOPA) decarboxylase (33). However, our preliminary results
of imaging in the baboon pancreas with D2 tracers appear
challenging. 18F-DOPA appears useful only for congenital
hyperinsulinism. Some groups are also exploiting widely
available SPECT to image b-cell–specific targets such as the
islet cell IC2 antigen and glucagonlike peptide-1 receptors
using peptide agonists and antagonists labeled with 111In or
123I (34–36).

CONCLUSION

In diabetes, b-cells that exclusively secret insulin are lost.
There is a growing need to develop biomarkers of b-cells,
because therapeutic strategies are being developed that target
b-cells. Radionuclide-based imaging using radioligands that
directly target b-cells appear promising. In particular, VMAT2,
which is adequately expressed and found in close association
with insulin within the b-cells, can be quantified with PET in
humans. However, these techniques are still in early stages,
and careful further evaluations and technical developments are
needed before they can be clinically used as a valid biomarker.
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