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Abstract: Quantitative PET imaging with [®¥Ga]Ga-DO3A-VS-Cys**-Exendin-4 has potential use in diabetes and can-
cer. However, the radiation dose to the kidneys has been a concern for the possibility of repeated imaging studies
in humans. Therefore, we investigated the dosimetry of [®3Ga]Ga-DO3A-VS-Cys*°-Exendin-4 based on the biodistri-
bution data in rats, pigs, non-human primates (NHP) and a human.Organ distribution of [®®Ga]Ga-DO3A-VS-Cys*°-
Exendin-4 in rats (Male Lewis; n=12; 30, 60, and 80 min) was measured ex vivo. The dynamic uptake of [®3Ga]
Ga-DO3A-VS-Cys*®-Exendin-4 in the abdomen was assessed by PET/CT scanning of pigs (male; n = 4, 0-60 min),
NHP (Female; cynomolgus; n=3; 0-90 min), and human (female; n=1; 0-40, 100, 120 min).The organ distribution
data in each species were extrapolated to those of a human, assuming similar distribution between the species.
Residence times were assessed by trapezoidal approximation of the kinetic data. Organ doses (mGy/MBq) and the
whole body effective dose (mSv/MBq), was extrapolated by using the OLINDA/EXM 1.1 software. The extrapolated
human whole body effective dose was 0.017 + 0.004 (rats), 0.014 + 0.004 (pigs), 0.017 £ 0.004 (NHP), and 0.016
(human) mSv/MBq. The absorbed dose to the kidneys was limiting:0.33 + 0.06 (rats), 0.28+0.05 (pigs), 0.65 +
0.11 (NHP), and 0.28 (human) mGy/MBq, which corresponded to the maximum yearly administered amounts of
455 (rat), 536 (pig), 231 (NHP), and 536 (human) MBq before reaching the yearly kidney limiting dose of 150 mGy.
More than 200 MBq of [*8Ga]Ga-DO3A-VS-Cys**-Exendin-4 can be administered yearly in a human, allowing for re-
peated (2-4 times) scanning. This potentially enables longitudinal clinical PET imaging studies of the GLP-1R in the
pancreas, transplanted islets, or insulinoma.
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Introduction the glucagon like peptide-1 receptor (GLP-1R),
which is highly expressed by the pancreatic
B-cells and insulinoma tumors. Its radio-synthe-
sis and subsequent biodistribution characteris-
tics in vivo have been described in different
species models [3-6].

The estimation of the absorbed doses in differ-
ent organs of patients for any new developed
radiopharmaceutical is indispensable. The de-
velopment of radionuclide-based diagnostics
and subsequent targeted radiation therapy has
triggered the importance of the internal dosim- [8Ga]Ga-DO3A-VS-Cys*-Exendin-4 can serve
etry information to estimate the radiation risks two main purposes in the clinical setting. First,

\éer?;:s the bergﬁﬂtsdln .nuctlear_ r?edlc?e [1] 2]. it can help in understanding the etiology and
urthermore, the dosimetry information 1S ‘a progression of diabetes. In fact, very little is

significant gr|ter|on fo_r.approvw.]g r.lew radio- known regarding the B-cell mass (BCM) during
pharmaceuticals for clinical applications. . . .
the progression of diabetes in humans and

[68Ga]Ga-DO3A-VS-Cys*®-Exendin-4 is reported what is known is largely based on morphologi-
to be a promising imaging candidate to target cal studies of the pancreas post mortem. The
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Table 1. Summary of species models and exendin-4 peptide dose used in the studies

Animal Model n Weight (kg) Peptide dose (ug/kg) Activity (MBq) Time points (min)
Rat 12 0.36+0.01 0.1 3.03+0.79 30, 60, 80
Pig 4 31.0+25 0.021 + 0.003 745 + 2.55 0-60
Non-human primate 3 733+1.70 0.037 £0.023 1.51+1.15 0-90
Human 1 115 0.17 101.2 0-40, 100, 120

imaging and quantification of BCM in vivo would
help to longitudinally assess the progression of
Type 1 and Type 2 Diabetes (T1D/ T2D),which
normally rely on the WHO criteria in regard to
diabetic symptoms expressed by the pati-
ents [7, 8]. Most importantly, it would be an in-
dispensable tool for assessing the efficacy of
novel anti-diabetic drugs aiming to replace, pro-
liferate, or protect the B-cells and visualize via-
ble transplanted islets of Langerhans. Mor-
eover, [*®Ga]Ga-D0O3A-VS-Cys*-Exendin-4 can
potentially be used as a GLP-1R target engag-
ing a biomarker in the drug development of
novel GLP-1 agonists.

Another potential use for [®8Ga]Ga-DO3A-VS-
Cys*%-Exendin-4 is in the non-invasive imaging
of insulinoma, a form of pancreatic endocrine
tumor that causes hyperinsulinamic hypoglyce-
mia in adults. Such tumors can be localized
with [68Ga]Ga-DO3A-VS-Cys*°-Exendin-4 due to
their overexpression of GLP-1R [9]. [*®Ga]Ga-
DO3A-VS-Cys*°-Exendin-4 may replace the reg-
ular diagnosis methods for localizing insulino-
ma such as [*C]5-HTP-PET, magnetic reso-
nance imaging (MRI), computed tomography
(CT), or endoscopic ultrasound. The small size
of many of the insulinoma metastasis (< 2 mm)
has limited the use of conventional methods to
localize the tumors based on their sensitivity
and resolution. Other methods such as angiog-
raphy, intra-arterial calcium stimulation, and
venous sampling (ASVS) have improved the
sensitivity but can cause complications due to
their invasiveness. Recently, insulinoma has
also been localized by targeting the somatosta-
tin receptor by PET and SPECT. However, soma-
tostatin receptor expression, in contrast to
GLP-1R, is low in benign insulinoma (around
90% of all insulinoma), which limits the applica-
tions of somatostatin imaging analogs [10].

Due to the renal excretion of [(8Ga]Ga-DO3A-
VS-Cys*°-Exendin-4 and the extensive intracel-
lular retention of radioactivity in the kidney cor-
tex, there have been concerns that the renal
radiation dose might be too high for allowing
repeated imaging in humans.
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Therefore, we estimated the human dosimetry
of this novel tracer extrapolated from the differ-
ent species, namely, rat, pig, non-human pri-
mate (NHP), as well as from a case study re-
ported on an insulinoma patient, to provide
information of the dose distribution to normal
organs. The dosimetry was calculated by the
OLINDA/EXM 1.1 software, which uses differ-
ent phantoms for extrapolation of dose estima-
tions to humans [11]. In nuclear medicine, most
of the attention has been paid to monitoring
the absorbed doses to tumors for the optimiza-
tion of therapy planning. However, with the
increased use of PET and SPECT in the non-
oncological setting, dosimetry is increasingly
important, since even the low radioactivity as-
sociated with the diagnostic examinations
could potentially be harmful to healthy tissue
after repeated imaging examinations.

Material and methods
Radiochemistry

[*8Ga]Ga-D0O3A-VS-Cys*-Exendin-4 was synth-
esized in good manufacturing practice-compli-
ant production and with quality control as previ-
ously described [3-6].

The production of the tracer for the experi-
ments on the different species was accompli-
shed within 1 hour, using the generator eluate
fractionation method [12] with purification of
the final product [13]. A sample in each batch
was analyzed for the determination of identity,
radiochemical and chemical purity, pH, estima-
tion of the peptide content, as well as control of
sterility and endotoxins.

Biodistribution of [?8Ga]Ga-DO3A-VS-Cys*°-
exendin-4 in different animal models and hu-
man

The data from these studies have been pub-
lished previously and are briefly summarized
and compared herein [3, 4]. The amount of the
administered peptide was less than 0.2 ug/kg
(Table 1) in all of the species in order to avoid
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pharmacological side effects and partial recep-
tor saturation.

Biodistribution of [*®Ga]Ga-D0O3A-VS-Cys*°-Exe-
ndin-4 in rats was measured by post mor-
tem organ distribution. The dynamic uptake of
[®®8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4 in the ab-
domen of pigs, NHP, and human was assessed
by PET/CT scanning.

Ex vivo organ distribution in rats: Lewis rats
(male; n=12; 355.5 + 13.1 g) were used in the
study. The tracer was injected in the sedated
animals (anesthesia, 3.5% isoflurane in
50%/50% medical oxygen/air at 450 mL/min)
via the tail vein as a bolus of approximately 1
MBq, corresponding to 0.1 pg/kg of peptide.
The animals were allowed to awaken immedi-
ately after the tracer administration and were
sacrificed (with CO,) at 30 min (n=2), 60 min
(n=5), and 80 min (n=5) post injection time. The
organs were resected and weighed, the radio-
activity was measured in a well counter (Upp-
sala Imanet AB, Uppsala Sweden), and the trac-
er uptake in the organs was presented as a
standardized uptake value (SUV).

Tracer kinetics analysed by PET-CT in pigs, non-
human primate and human: The subject han-
dling and anesthesia procedures have already
been reported [3-5]. The pigs, NHP, and human
were positioned in the Discovery ST PET/CT (GE
Healthcare) with the abdomen in the center of
the field of view, assisted with a low-dose CT
scout view (140 kV, 10 mAs). The CT scans at
140 kV and 10-80 mAs were acquired for
attenuation correction.

Forty-day old high-health herd-certified male
pigs (Yorkshire x Swedish Landrace x Ham-
pshire, SLU, Sweden) from the same litter (n=4),
weighing 31.0 + 2.5 kg, were examined by PET/
CT. The animals were then injected intrave-
nously with 8.08 + 3.83 MBq, corresponding to
0.025 + 0.01 yg/kg peptide of [*®Ga]Ga-DO3A-
VS-Cys*°-Exendin-4, followed by dynamic PET
scans of 30 frames for 60 min (12 x 10 s, 6 %
30s,5x120,5 % 300s, and 2 x 600 s) in the
same position. Two of the animals were exam-
ined by multi-bed scans (five partly overlapping
bed positions), following the dynamic baseline
to investigate the whole body biodistribution.
The PET data was acquired during 4 minutes
for each bed position. Attenuation correction
and morphological CT were obtained in the
same manner as for the dynamic scan.
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Healthy cynomolgus monkeys (female; n=3;
7.33 + 1.70 kg) that were scanned at baseline
dose were used in this investigation. The ani-
mals were injected with approximately 0.2
MBq/kg, corresponding to (0.04 + 0.02) yg/kg
of [®®Ga]Ga-D0O3A-VS-Cys*-Exendin-4. PET
scans for 90 min were performed with 33
frames (12 x 10s,6 x 30s,5x 1205, 5 x 300
s,and 5 x 600 s). Immediately after the abdom-
inal dynamic scan, the animals were examined
with a multi-bed scan (3 or 4 partly overlapping
bed positions) to cover the entire body. PET
data were acquired for 5 min in each bed posi-
tion. Attenuation correction and morphologic
CT were accomplished in the same manner as
for the dynamic scan.

Afemale patient (35 yr, 115 kg), who presented
with severe chronic hypoglycemia, was admit-
ted to the Uppsala University Hospital in Swe-
den, and her case report has been published
[5]. However, the detailed biodistribution and
Kinetic data for this patient has not been previ-
ously published. The patient was intravenously
injected with 0.88 MBq/kg, equivalent to 0.17
ug/kg of [68Ga]Ga-DO3A-VS-Cys*°-Exendin-4
prior to the dynamic PET examinations over the
liver and the pancreas for 40 minutes. This was
followed by a whole body CT examination for
attenuation correction and multi-bed whole bo-
dy PET scans (4 min acquisition per bed posi-
tion) at 100 and 120 minutes after injection.

PET-CT image reconstruction and analysis: All
PET-CT 3-D image acquisition was perfor-
med by iterative OSEM VUEPOINT algorithm (4
mm Hann filter, 2 iteration, 21 subsets) into
128 x 128 matrix with pixel size 3.9 x 3.9 x
3.27 mm. Data analysis was performed by PM-
OD v3.508 (PMOD Technologies Ltd., Zurich,
Switzerland). Regions of interest (ROIs) were
created on the trans-axial CT slices. Entire
organs were delineated on the sequential slic-
es and combined into volumes of interest (VO-
Is). Mean VOI values for each time frame were
used to calculate the SUVs normalized for body
weight.

Ex vivo autoradiography of pancreas in rat

Sprague-Dawley (n=4; male; 338.5 + 16.7 g)
were administered 0.61 + 0.1 MBq, correspo-
nding to peptide mass of 0.1 ug/kg. The ani-
mals were euthanized by CO,, 60 min p.i. The
pancreas from the animals were removed post
mortem, immediately frozen, and sectioned by
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a microtome (Microm 560 cryostat, Cellab
NordiaAB, Sweden) into 20 ym sections and
placed upon object glasses. The object glasses
from each animal were exposed to SR (Super
Resolution) storage phosphor screens (Per-
kinEImer, Downers Grove, IL, USA), for 2 hr. The
plates were scanned using a Cyclone plus ph-
osphor imager (PerkinElmer, Model no. C4-
31200, Downers Grove, IL, USA).

The pancreatic sections were immediately re-
frozen and later thawed and stained for insulin
by the immune fluorescence method (IF). The
sections were fixed in ice-cold acetone for 10
minutes and then washed in PBS for 3 minutes,
followed by incubation with DAKO Serum free
protein block (Agilent Technologies, Glostrup,
Denmark) for 30 minutes. The sections were
then incubated over night at 4°C in the insulin
primary antibody (Insulin A, Santa Cruz, SC-
7839, goat-polyclonal (1:100) followed by wash
in PBS (3 x 3 minutes). Slides were then incu-
bated with secondary antibody Alexafluor 555
(Invitrogen, Carlsbad, CA, USA; donkey anti-go-
at; dilution 1:1000) for 60 minutes in a humidi-
fied dark chamber, again followed by washing
PBS (3 x 3 minutes). ProLong ® Gold Antifade
reagent (Life Technologies, Rockville, MD, USA)
was used for mounting slides. Tile scan images
were acquired with a Zeiss LSM780 confocal
microscope at 10 x magnification.

The autoradiograms and the IF stains were co-
registered and analyzed using Image J 1.48 v
(National Institutes of Health, Bethesda, MD,
USA).Manual ROIs were drawn on the regions of
high radioactive signal density (assumed to cor-
respond to islets of Langerhans) and within the
regions with weak radioactivity signal (exocrine
tissue). The overall phosphor image plate back-
ground was also assessed and subtracted from
all data samples. The hotspot-to-exocrine upta-
ke was expressed as a ratio for each analyzed
section. Several sections (more than 3) from
each animal were analyzed in this fashion.

Dosimetry

Residence time calculation: The assessment of
the residence times was preceded by the nor-
malization of the mean SUVs from the animals
(SUV,) and human organs to the whole body
adult reference male and female phantom
weights [14]. This was performed according to
(Equation 1).
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[ % ] = SUVa X (M> (Equation 1)
organ

human Kkgweight / human

The normalized SUVs were then un-decay cor-
rected to their respective time point. The ani-
mal and patient organs and the kidney sub-
regions of the pigs, NHP, and human residence
times (MBg-h/MBq) were assessed by trapezoi-
dal approximation of the collected kinetic data,
followed by the extrapolation of the remaining
points from the last time point to infinity by a
single mono-exponential fit. Bone marrow resi-
dence times were assessed according to the
bone marrow blood model [15]. The remainder
of the body residence times for [*8Ga]Ga-DO3A-
VS-Cys*°-Exendin-4 was obtained by taking the
theoretical residence time of Gallium-68 minus
the total residence times in the source organs,
and the difference was assumed to be homoge-
neously distributed in the body.

Absorbed dose calculations: The estimation of
the absorbed dose was performed by OLINDA/
EXM 1.1 software where the calculations were
based on the adult reference male or female
phantom to obtain the intended absorbed dose
estimate in humans (ICRP60). The kidney sub-
region absorbed doses were calculated based
on the multi-region kidney model phantom [16].

Results

Comparison of biodistribution of [¥Ga]Ga-
DO3A-VS-Cys*°-Exendin-4 in the different spe-
cies

In vivo PET imaging: The representative PET
images of the normal biodistribution, following
the intravenous injection of [*8Ga]Ga-DO3A-VS-
Cys*°-Exendin-4 in pigs, non-human primates,
and human are shown in Figure 1. In the pigs,
non-human primates, and human, the distinct
uptake of the tracer in the pancreas could be
delineated within 10 minutes post injection
(Figure 1A-C). These images represent the tr-
ans-axial projections of the fused PET-CT imag-
es, averaged between 5-15 minutes post injec-
tion. The hepatic uptake of the tracer was low
and similar to the tracer availability in the blood
at later time points in pigs, NHPs and human
(Figure 1D-F). A high contrast, compared to the
hepatic background, is therefore potentially
achievable, which is important since the liver is
a major site for insulinoma metastasis as well

Am J Nucl Med Mol Imaging 2015;5(3):259-269
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Figure 1. In vivo biodistribution of [®8Ga]Ga-DO3A-VS-Cys*°-Exendin-4 at baseline doses. In vivo biodistribution as
analyzed by PET imaging in the pig (0.025 pg/kg; 60 min), NHP (0.01 pg/kg; 90 min), and human (0.17 pg/kg; 40
min, 100 min & 120 min). The pancreas (white arrow) was delineated within 10 minutes post injection in the PET
scanner (A-C). The low hepatic uptake (red arrow) of the tracer at baseline (D-F) shows the potential for outlining
insulinoma tumor metastasis (F) (orange arrow) and transplanted islets in the liver. The MIP coronal images in dem-
onstrate that the highest uptake of the tracer was observed in the kidneys (green arrow) in all the species (G-1). The

color bar for panels (A-F) indicates SUV.

as the clinically relevant recipient organ in islet
transplantation. Furthermore, insulinoma me-
tastases in the liver of the patient were clearly
visible (Figure 1F). The highest accumulation of
the tracer was observed in the kidneys; more-
over, within the kidney, the accumulation of the
tracer was primarily observed in the kidney cor-
tex (Figure 1G-I). The coronal images are maxi-
mum intensity projections (MIP) of the whole
body scan. Apart from the renal excretory
organs (kidney and urinary bladder), pancreas,
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and the insulinoma tumors, no other tissue or
organ showed considerable tracer uptake.

Quantification of tracer uptake in the tissue:
Organ uptake of [*8Ga]Ga-DO3A-VS-Cys*°-Exen-
din-4 in the different species are presented as
SUVs in Figure 2. Ex vivo organ distribution of
[°8Ga]Ga-D03A-VS-Cys*°-Exendin-4 in rats sho-
wed the highest uptake in the kidney, followed
by the spleen, liver, pancreas, heart, and blood
(Figure 2A). A similar pattern of tracer uptake

Am J Nucl Med Mol Imaging 2015;5(3):259-269



Dosimetry of [8Ga]Exendin-4 in several species

80+ Rat W30mn B Pig
M 60 min
] 80 min

W 1 min

6 min

12 min
[l 22.5min
B 27.5 min
£ 32.5 min
[ 37.5 min
] 45 min
[] 55 min

3 8 £ %

suv

55006

Non-human primate Human

$ 3

§
[mimimlsie] | ] ]
]

(]
3
3

suv

& > S
. & F £ N
& & Y &
& &
s &

Figure 2. [8Ga]Ga-DO3A-VS-Cys*®-Exendin-4 kinetics in the organs of the different species at baseline dose. Rapid
clearance of the tracer can be noticed in the blood, liver, and spleen. The tracer uptake in the GLP-1R positive tissue
pancreas and the insulinoma tumor increased with time. Retention in the kidneys indicate renal excretion pathway.

Figure 3. An autoradiogram of rat pancreatic section. (A) The intense areas of radioactive uptake are around 50
times higher than the weak background in the tissue section. The corresponding IF staining for insulin of the same
section shows the location of the islets of Langerhans (B). The radioactive distribution of the autoradiogram is highly
correlated to the location of the islets of Langerhans, as shown by the autoradiogram/IF stain fusion (C). Only the
largest islets are visible in the autoradiogram, but almost no radioactive uptake is found outside of the islets. Scale
bar represents 1 mm.

was observed at 30 min, 60 min, and 80 min uptake of the tracer in the organs was observed
post injection time points. However, the peak at 60 min post injection. [*®*Ga]Ga-DO3A-VS-
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Figure 4. Un-decay corrected kinetics of tracer. The un-decay corrected time-dependent accumulation of [®3Ga]
Ga-DO3A-VS-Cys*°-Exendin-4 which was used for estimating organ residence times in rat (A), pig (B), non-human
primate (C) and human patient (D). Actual exposure in all tissues including the kidneys are beginning to decline 30-
40 minutes after administration and the assumption of a mono-exponential fit from the last time point to infinity is

therefore reasonable.

Cys*°-Exendin-4 showed a higher pancreatic
and kidney uptake, increasing with time in the
pigs, NHP, and in human. At the end of the scan
in the patient, the highest uptake of the tracer
was quantified in the kidneys, followed by the
pancreas and insulinoma tumor (Figure 2B-D).
Within the kidneys, the cortex showed the high-
est accumulation increasing with time, with
less retention in the kidney medulla. The uptake
in the pancreas and insulinoma can be exp-
lained by the specific binding to GLP-1R exp-
ressed on the beta cells and the tumor. The ex
vivo autoradiography study in rats confirmed
the heterogeneous distribution of [*®Ga]Ga-
DO3A-VS-Cys*-Exendin-4 in the pancreas. The
focal uptake, corresponding to the islets of
Langerhans due to their size and distribution as
well as the co-localization between [%8Ga]
Ga-DO3A-VS-Cys*°-Exendin-4 uptake and insu-
lin (Figure 3A-C), was more than 48 * 4 times

265

higher than the weak exocrine background,
which has implications for the internal pancre-
atic radiation dose distribution.

Dosimetry

Residence times were calculated based on the
un-decay corrected biodistribution data shown
in Figure 4A-D. Since there was no apparent
uptake in the red marrow, a linear relationship
in the blood residence time and the red marrow
residence time was assumed to estimate the
red marrow radiation dose [15]. The residence
times for [°8Ga]Ga-DO3A-VS-Cys*°-Exendin-4 in
the different species, extrapolated to human
males and females are shown in Figure 5. The
organs are presented in decreasing order of
residence time, as observed in the patient, with
kidney first followed by the muscle, red marrow,
liver, pancreas, and spleen. The lung residence
time in pigs was not included, as lungs were out

Am J Nucl Med Mol Imaging 2015;5(3):259-269
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Figure 5. Residence time. Estimated residence times
of the tracer at baseline dose in the organs, extrapo-
lated to human from the rat, pig, and NHP; and in a
female patient. From the above figure, it is evident
that the kidney is the critical organ and the longest
residence time in the kidney was observed in the
NHP, compared to the other species.

of the field of view during the PET examination.
High residence times were observed in the kid-
ney cortex for extrapolations to female and
male humans, indicating a trapping of the ra-
dionuclide rather than further excretion to the
kidney medulla and urinary bladder. Other or-
gans with notable residence times were the
muscles, liver, and red marrow for both female
and male in all the species.

Table 2 summarizes the estimated doses in
human organs, as extrapolated from the differ-
ent species. The organs are presented in de-
creasing order of radiation doses observed in
the human patient, with kidneys on top fol-
lowed by the pancreas, red marrow, spleen,
liver, muscle, and lung. Hence, the highest radi-
ation dose was observed in the kidneys.

The estimated effective dose, from rat’s data,
was relatively higher compared to other animal
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models while it was similar in pigs, non-human
primates, and in the patient.

From Table 2 it is evident that the local dose to
the kidney was the limiting factor rather than
the estimated whole body effective dose. The
kidney dose, extrapolated from the different
species, was 0.34 + 0.06 (rats), 0.28 £ 0.05
(pigs), 0.65 + 0.1 (NHP), and 0.28 (human)
mGy/MBq, which corresponded to the maxi-
mum yearly administered amounts of 455 (rat),
536 (pig), 231 (NHP), and 536 (human) MBq
before reaching the cut-off value of 150 mQGy in
the kidney [17].

Discussion

Here, we have estimated the human dosimetry
of [8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4, in order
to investigate if repeated imaging examinations
are possible before reaching the whole body
and organ absorbed dose limits.

The pharmaco-kinetics of [*®Ga]-DO3A-VS-
Cys*®-Exendin-4 in the different species sh-
owed a rapid washout from blood and most tis-
sues, but a high retention in the kidneys, fol-
lowed by specific uptake in the GLP-1R positive
tissues such as the pancreas and in the insuli-
noma (Figure 2). Validation of the target specif-
ic uptake of [(8Ga]Ga-DO3A-VS-Cys*°-Exendin-4
in these tissues has been published previously
[3, 4, 6]. The long residence times in the kid-
neys are most likely due to tubular reabsorp-
tion, predicting a high absorbed radiation dose,
which makes these organs critical. The estimat-
ed absorbed dose in the kidney ranged between
0.30-0.73 mGy/MBq for females and 0.26-
0.42 mGy/MBq for males, extrapolated from all
the species (Table 3). Among the different spe-
cies, the highest absorbed dose was observed
in the NHP. In the patient study, the most rele-
vant for the clinical situation, the absorbed
dose in the kidney was 0.28 mGy/MBq.

Given a yearly acceptable kidney dose of 150
mGy, this compares to approximately 536 and
231 MBq of administered tracer per year based
on the clinical data and the extrapolation from
the NHP, respectively. We have previously
shown that the administration of more than 0.1
ug/kg of aExendin-4 peptide induces a partial
saturation of the GLP-1R [3]. Assuming a rou-
tinely reproducible specific radioactivity of 50
MBqg/nmol, which is reasonable for modern
68Ga/%8Ge generators and based on previous
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Table 2. Estimated absorbed dose of the tracer at baseline dose in the organs and effective dose in
the different species

Gallium-68 absorbed Doses (mGy/MBq)

Organ Rat Pig NHP Patient
Extrapolated to human Female Male Female Male Female Male Female
Kidneys 0.375 0.296 0.314 0.248 0.725 0.571 0.276
Kidney Cortex N/A N/A 0.303 0.261 0.729 0.420 0.378
Kidney Medulla N/A N/A 0.124 0.106 0.390 0.298 0.181
Pancreas 0.014 0.011 0.051 0.040 0.102 0.080 0.050
Red Marrow 0.027 0.029 0.022 0.021 0.022 0.022 0.026
Spleen 0.075 0.060 0.015 0.012 0.034 0.026 0.023
Liver 0.065 0.052 0.019 0.015 0.022 0.018 0.022
Muscle 0.013 0.011 0.008 0.006 0.009 0.007 0.015
Lungs 0.014 0.011 0.014 0.011 0.030 0.024 0.013
Effective dose (mSv/MBq) 0.02 0.014 0.017 0.011 0.018 0.013 0.016

Table 3. Comparison of dosimetry of other reported exendin-4 radiotracers. Doses are given as mGy/MBq
unless otherwise stated

[#3Ga]Ga-DO3A-VS-Cys*°- [Lys*°(Ahx-DOTA-*1In)  [Lys*°(AhxHYNIC-°"Tc/ED- [**Cu]NODAGA-exe-

Organ Exendin-4 [human data, Table 2] NH2]-exendin-4 [18] DA)NH2]-exendin-4 [19] ndin-4 [20]
Kidney 0.276 4.48 0.083 1.48
Liver 0.022 0.20 0.0046 N/A
Lungs 0.013 0.13 0.0046 N/A
Pancreas 0.050 0.70 0.020 N/A
Muscles 0.015 0.12 0.0024 N/A
Bone marrow 0.026 0.14 0.0030 N/A
Spleen 0.023 0.37 0.068 N/A
Effective dose (mSv/MBq) 0.016 0.155 0.0037 0.074

N/A: information not available.

radiosynthesis of this tracer, then 50-100 MBq
at most can be administered to a subject of 73
kg in order to keep below 0.1 pg/kg adminis-
tered peptide. Thus, at least 5-10 (clinical data)
or 2-4 (NHP extrapolation) examinations can
potentially be performed yearly in humans.

The estimated whole body effective dose was
similar, regardless of species differences and
was at most 0.020 uSv/MBq (extrapolated fr-
om rat). Administration of 50-100 MBq of [¢8Ga]
Ga-DO3A-VS-Cys*-Exendin-4 would yield a do-
se of 1-2 mSv. A CT examination for anatomical
information and attenuation correction amo-
unts to approximately 1 mSv per bed position,
and when added to the PET dose, it gives a
total of 2-3 mSv per examination. This corre-
sponds to 3-5 PET/CT examinations yearly
before reaching the acceptable whole body
dose of 10 mSv. With the potential increasing
use of hybrid PET/MR scanners in the future,
the additional radiation dose from the anatomi-
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cal examination is null and can be disre-
garded.

In comparison with other reported Exendin-4
analogues, labeled with other radiometals, we
observed that the extrapolated absorbed dose
of [*®Ga]Ga-D0O3A-VS-Cys*°-Exendin-4 is lower
(Table 3). The absorbed dose in kidney for
Indium-111 and Copper-64 labeled Exendin-4
was approximately 17and 5 times that of
[®8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4, respective
ly [18]. Furthermore, the absorbed doses in all
the other organs were relatively lowest for
[®8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4 except for
the Technicium-99m labeled Exendin-4 [19].
The extrapolated effective doses ranging from
0.016-0.02 mSv/MBq and 0.011-0.014 mSv/
MBq for human females and males, respective-
ly, were also lower compared to the other Ex-
endin-4 labels. For instance, the effective dose
for Indium-111and Copper-64 labeled Exen-
din-4 was10 and 5 times higher, respectively,
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than the effective dose of [*®Ga]Ga-DO3A-
VS-Cys*°-Exendin-4 [20].

Recently, several Fluorine-18 labeled ana-
logues of Exendin-4 have been developed [21,
22]. Some have a significantly lower renal re-
tention with a correspondingly lower kidney
radiation dose [23]. The potential drawback
may instead be a higher whole body effective
dose due to the relative longer half-life of
Fluorine-18 (109.8 minutes) compared to Galli-
um-68. The dosimetry of Fluorine-18 labeled
Exendin-4 has not yet been reported to the
authors’ knowledge.

The ex vivo examination of the pancreas in rats
reveals that the uptake was highly focal rather
than homogenous. This is not surprising and
has been shown previously for radiolabeled
Exendin-4 analogues. It has important implica-
tions for the estimation of tissue radiation
dose, since the models are programmed to as-
sume a homogenous tissue distribution. Thus,
the rather insignificant pancreatic dose calcu-
lated here actually corresponds to a higher
dose to selected areas of the pancreas. These
areas are identical to the islets of Langerhans
and their beta cells, which are known to have
high expression of GLP-1R [24]. The autoradiog-
raphy study showed a 50-fold higher uptake in
these areas, compared to the remaining exo-
crine pancreas. Naively, this may be extrapo-
lated to yield a 50 times higher radiation dose,
potentially approaching doses which may harm
the beta cells and cause diabetogenic effects.
However, the Full Width Half Maximum (FWHM)
range of the positron emitted from Gallium-68
is in excess of 500um, before annihilation due
to its relatively high energy (E__=1900 keV)
[25]. Therefore, the deposited dose will not be
concentrated solely inside the islets of Lan-
gerhans, which have a diameter of 8-500 ym
(mean 150 pym). In contrast, the local dose to
the islets of Langerhans will be substantially
higher for the positron emitting nuclides with a
shorter range (such as Fluorine-18, FWHM=100
pum, E__ =635 keV), as well as for the imaging
nuclides with a fraction of other modes of emis-
sion (for example, Indium-111 auger electrons).
In fact, Indium-111 labeled Exendin-4 was pre-
viously shown to ablate insulin producing INS-1
cells in mice when given in sufficient doses
[26]. We, therefore, speculate that the risk is
low for diabetogenic effects due to the locally
deposited radiation dose in the islets of La-
ngerhans for Gallium-68, especially compared
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to other available radionuclides used for Ex-
endin-4 based imaging.

Conclusion

Here, we show that [(8Ga]Ga-DO3A-VS-Cys*°-
Exendin-4 can be administered repeatedly
(2-4) per year in human without exceeding the
radiation limits in criticial organ, kidney or from
estimated effective dose. This potentially ena-
bles longitudinal diagnostic studies not only in
insulinoma patients but also in other popula-
tions such as subjects developing T1D/T2D,
subjects with transplanted islet grafts as well
as healthy volunteers enrolled in the early
phase of drug development studies.
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