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Abstract

Purpose: 4-['®F]Fluorobenzylguanidine (['"®F]PFBG) is a positron emission tomography (PET)
probe for non-invasive targeting of the norepinephrine transporter. The aim of this study was to
assess uptake and distribution characteristics of this PET probe.

Procedures: Three cynomolgus monkeys were injected with 269 +51 MBq (7.3 + 1.4 mCi) of
['"®FIPFBG and 21 whole body PET scans were acquired over 165 min. s around organs to
generate time-activity curves. The absorbed doses to individual organs and the effective dose to
the whole body were estimated.

Results: Favorable distribution of ['"®FJPFBG was noted with a fast wash-in and wash-out of
radioactivity from several tissues. ['®F]PFBG rapidly distributed in the heart, liver, kidneys, and
adrenal glands. The uptake presented as %lID in the brain, lung, and spleen was 1.06 + 0.45,
6.28 +0.33, and 1.39 +0.35 at 1 min and decreased to 0.29 +0.02, 1.78 + 0.31, and 0.66 + 0.22
by 112 min. In general, a two- to fourfold reduction was noted from peak radioactivity levels.
Rapid uptake and significant retention of radioactivity was noted in the heart and the septal wall
was distinctly visible by 20 min. Fast wash-in and washout kinetics for ['®F]PFBG resulted in
shorter residence times. The residence time for the liver, lungs, kidneys, and spleen were 28.01
+7.73 min, 2.97 +0.56 min, 6.04 +3.41 min, and 1.09+0.33 min, respectively. The mean
effective dose for the 70-kg male was 0.04 +0.00 mSv/MBq. The organs receiving the highest
radiation dose in the 70-kg male model were the testes (0.11 +0.02 mGy/MBq), adrenals (0.08
+0.01 mGy/MBq), and urinary bladder wall (0.08 + 0.01 mGy/MBq).

Conclusions: ['"®FIPFBG shows a favorable biodistribution pattern. Rapid and persistent uptake
was noted in innervated organs. Renal clearance was the major path for elimination of
['"®F]PFBG. The estimated radiation burden from ['®F]PFBG was significantly lower than that
from ['2*I]MIBG.

Key words: 4-['®F]Fluorobenzylguanidine, PET imaging, Biodistribution in primates, Radiation
dose estimates

Introduction transport, storage, and release process mimicking NE [1].
_ o - MIBG binds to the cell membrane and internalizes via an
Metaiodobenzylguanidine (MIBG), a guanethidine analogue,  active transport mechanism for subsequent storage in the

is a functional analogue of norepinephrine (NE) with its vesicles [2]. The radioiodinated analogue [*'I]MIBG was
initially developed for the treatment and scintigraphy of the

S — adrenal medulla [3]. Further utilization of ['*'IJ]MIBG and
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['**T]MIBG showed promising results for the assessment of
cardiomyopathy and myocardial infarction [4, 5]. In addi-
tion, radioiodinated MIBG has also been effective in
targeting neuroendocrine tumors such as neuroectodermal
[6], pheochromocytoma [7-9], neuroblastoma [9], carcinoid
[10], and medullary thyroid carcinoma [11]. The use of
single-photon emission computed tomography imaging
(SPECT) with ['*I]MIBG offered higher sensitivity for
lesion detection in clinical studies as compared to planar
imaging using ["*'I]MIBG [7, 12]. Emergence of the more
advanced imaging technology positron emission tomography
(PET) for routine clinical use stimulated interest in devel-
oping PET analogues of [ T]MIBG. As with SPECT, PET
offers tomographic imaging capabilities and provides supe-
rior spatial resolution but adds rigorous attenuation correc-
tion for fully quantitative data. Initially, ['**I]-MIBG was
developed as a PET analogue. While an attractive option, the
long half-life (¢, =4.18 days) and complex decay schema
of 1-124 including high energy gamma rays [13] lead to
higher radiation dose to humans, limiting the administered
dose [14]. Additionally, delayed imaging post injection is
recommended for acceptable quality images [13, 14]. To
overcome such limitations, we and many others focused on
developing '*F-labeled MIBG analogues for PET imaging of
norepinephrine transporters (NET). Towards that goal,
among many compounds, para-['*F]fluorobenzylguanidine
(['*FIPFBG), meta-['®F]fluorobenzylguanidine
(['®*FIMFBG), and 4-['®F]fluoro-3-iodobenzylguanidine
(['®F]FIBG) were developed [15, 16]. In vitro and in vivo
evaluations of these newly developed fluorinated benzyl-
guanidines showed superior uptake and retention properties
over that of ['*’I/'"*'T]MIBG. Besides the inherent advan-
tages of PET imaging, the higher specific activity of
fluorobenzylguanidines from the no-carrier added synthesis
may have further contributed towards their superior targeting
abilities [15-17]. Fluorobenzylguanidines are also less
lipophilic and not susceptible to in vivo dehalogenation due
to the stronger carbon-fluorine bond compared to the
carbon-iodine bond in [TIMIBG which further aids im-
proved biological characteristics [18]. Therefore, '®F-labeled
fluorobenzylguanidine analogues are relevant probes to
target NET in humans.

The results from preclinical studies with ['*F]PFBG and
["®FIMFBG have shown promising results [16, 17, 19-21].
A recent first-in-human study with ['SF]MFBG [22] further
demonstrates the relevance of fluorobenzylguanidine. While
recent efforts by the Lewis group have modified the
synthesis for ['"*FIMFBG, the overall yields remain ~ 6-fold
lower than that for ['*F]JPFBG and necessitate the use of ~
11.1 GBq (300 mCi) of ['®F]fluoride for each 370 MBq
(10 mCi) dose of ['"*F]MFBG [17]. Since both ['*F]JPFBG
and ['"®FIMFBG isomers exhibit similar biological traits
in vitro and in vivo, the ability to synthesize ['*F]PFBG at
significantly higher yields [16, 17] offers a distinct advan-
tage to explore its translational and clinical potential [15—
17]. In a previously conducted study in canines with

pheochromocytoma, ['*F]PFBG distinctly localized neuro-
endocrine tumor on PET scans with tumor standardized
uptake values >16 [20]. In a different canine study,
["®F]JPFBG demonstrated the impact of transient ischemia
on myocardial sympathetic innervation [21, 23]. Results
from such studies demonstrate the significant clinical
potential of ['*FJPFBG. While ['*FJMFBG could play a
unique role in certain clinical applications, the combination
of the facile radiochemical synthesis of ['SFIPFBG and
comparable biological characteristics of the two analogues
allude to a distinct advantage in choosing ['*F]PFBG for
clinical and translational studies [16, 17].

The potential of ["®F]PFBG in clinical and translational
studies underscores the need to conduct the whole-body
distribution study in primates and to provide radiation dose
estimates for this radiopharmaceutical in humans [13, 24].
Herein, we report the results from whole-body PET imaging
study conducted in non-human primates using ["*F]PFBG.

Materials and Methods

This study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the Wake
Forest University Health Sciences (WFUHS) in compliance
with the National Institute of Health guidance on the use of
laboratory animals. Environmental enrichment was provided
as outlined in the WFUHS TACUC Non-Human Primate
Environmental Enrichment Plan. Three male cynomolgus
monkeys (Macaca fascicularis) with an average weight of
6.5+ 1.6 kg (range 5.0-8.2 kg) and a median age of 15 years
(11-20 years) were included in this study. Prior to the PET
scans, the animals were anesthetized with ketamine
(8 mg/kg) and intubated. The anesthesia was maintained
throughout the imaging session using isoflurane (1.5 %). A
catheter was placed intravenously to administer ['*F]PFBG.

Synthesis of ['*F]PFBG

The synthesis of ['*F]PFBG was performed using a previously
described method [16]. Briefly, 4-cyano-N,N,N-trimethylben-
zenaminium trifluoromethane sulfonate was reacted with ['°F]
tetrabutylammonium ters-butyl ammonium fluoride. The re-
sultant 4-['®F] fluorobenzonitrile was reduced with lithium
aluminum hydride followed by the reaction of the resultant
benzylamine intermediate with 2-methyl 2-thiopseudourea
sulfate. The crude product thus obtained was purified using
high performance liquid chromatography (HPLC) and was
reconstituted in saline solution.

PET Imaging

PET images were acquired on an Advance NXi PET scanner
(General Electric Medical Systems, Wisconsin, USA)
operating in 3D mode. The performance characteristics of
this scanner have been described previously [25-27]. The
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axial field of view covers 15.2 cm and each bed position
includes 35 slices with 4.25 mm axial slice thickness.
Images were reconstructed using the ADVANCE 3D
iterative reconstruction algorithm with 2 iterations and 28
subsets and attenuation, delayed random, and scatter
corrections applied [28, 29]. Standard quantification techni-
ques allowed the pixel values to be represented as
radioactivity concentration (kBq/ml).

After sedation, the non-human primates (n=3) were
positioned on the scanner table. An isotope transmission
scan using ®*Ge pin sources was acquired (3 min per bed
position) for attenuation correction purposes. Subsequently,
269+51 MBq (7.3 + 1.4 mCi) of ["®F]PFBG was adminis-
tered intravenously and a dynamic series of PET images
were acquired from top of the head to the knees (four or five
bed positions depending on animal size) over 165 min.
Overall, twenty-one dynamic frames were acquired using the
following timing sequence: 4 x 15 s/bed, 3 x 30 s/bed, 6 x
60 s/bed, 5 x 120 s/bed, and 3 x 240 s/bed with added frames
for animal 1 (1 x 240 s/bed) and animal 3 (2 x 240 s/bed) to
accommodate their longer body size. All images were
analyzed using PMOD 3.206 (PMOD Technologies, Zurich,
Switzerland).

PET Image Analysis

Initially, a large region of interest (ROI) was drawn on the
axial views of the PET images such that the entire visible
body was included in the ROI to estimate the percent of
injected radioactivity recovered. Additional ROIs were
placed manually on identifiable organs to obtain the amount
of radioactivity present in those organs at each time point.
Each ROI was carefully placed to minimize any overlap with
adjacent organs and was reverified by viewing through axial,
coronal, and sagittal image planes. Additionally, the tempo-
ral frames were summed to obtain a high-count image set for
assessing the accuracy of ROI placement and organ
identification.

The lumbar spine was used to estimate the total
radioactivity in the red marrow using a previously published
method [30]. Total radioactivity in the adrenal glands was
calculated by doubling the radioactivity in the left adrenal
gland to account for the left and the right adrenal glands.
Radioactivity accumulation in muscle was estimated by
multiplying the radioactivity concentration obtained from a
ROI placed in the thigh muscles with the total estimated
muscle mass following a previously described method [31].

Time activity curves (TACs) were generated from the
ROIs placed on organs delineated on the PET images. The
total mass for individual organs was estimated as described
previously [32]. The radioactivity accumulation was
expressed as percent injected dose (%ID). The residence
times were obtained by performing numerical integration
utilizing the trapezoidal method from time zero to the last
imaged time point. The radioactivity from last imaged time
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point to infinity was assumed to deplete solely via physical
decay without any further biological clearance [31, 33] and
was analytically integrated. The number of disintegrations
per unit activity for the identified source organs, which is
mathematically equivalent to the residence times, were
entered into OLINDA/EXM 1.0 software [31, 34] to obtain
the organ absorbed dose, effective dose equivalent (EDE),
and effective dose (ED) estimates for the 70-kg male, 15-
year-old, 10-year old, 5-year old, and l-year old phantoms
using the 1-h bladder voiding model. Parameters for the
bladder voiding model were extracted from the urinary
bladder TAC which was used as a proxy to estimate the
cumulated urinary excretion.

Statistical Analysis

Results are expressed as mean # standard deviation.
Statistical analysis was performed using the Student’s ¢ test
for unpaired data. A 95 % confidence level was chosen to
determine the significance of differences between groups,
with a p value of less than 0.05 indicating a significant
difference.

Results

The results from this study show a favorable distribution
pattern for ["®F]PFBG in non-human primates with fast
wash-in and wash-out of radioactivity from several organs
including the blood pool, kidneys, spleen, and brain. A
typical biodistribution profile for ['*F]PFBG is shown in
Fig. 1. Axial, coronal, and sagittal views of the time-
summed whole body ['*F]JPFBG PET images fused with the
Ge-68 isotope transmission scan from a representative non-
human primate show significant uptake of radioactivity in
the heart, salivary glands, liver, kidneys, and the bladder
(Fig. 1). Biodistribution data derived from whole body PET
scans are presented as %ID in various organs at 1, 30, 55,
86, and 112 min (Table 1).

A time sequence of the whole body maximum intensity
projection images of a non-human primate injected with
['"®F]PFBG show the biodistribution characteristics of
['®FIPFBG at various time points (Fig. 2). The heart,
salivary glands, liver, spleen, and the kidneys are distinctly
visible on these images as early as 1 and 5 min (Fig. 2a, b).
After the clearance of radioactivity from the surrounding
organs, the left adrenal gland became distinctly visible by
61 min (Fig. 2c¢).

Rapid arrival of radioactivity in the heart led to clear
visualization of the heart (Fig. 3). Initially, the uptake in the
heart represented blood pool activity (Fig. 3a). Rapid
depletion of radioactivity from the blood pool resulted in
clear delineation of the myocardial and septal wall by
20 min (Fig. 3b) which remained visible at later timepoints
(Fig. 3c).
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Fig. 1. Summed whole-body PET images from a representative non-human primate showing in vivo biodistribution of
["®F]PFBG after administration of 314 MBq (8.5 mCi) of ['®F]PFBG. Images represent a axial, b sagittal, and ¢ coronal views,
summed across all dynamic frames fused with the Ge-68 isotope transmission scan. Significant accumulation of ['®F]PFBG is

seen in the heart, liver, bladder, and the kidneys.

The total radioactivity in the whole body was assessed by
placing a large ROI encompassing the entire body on the
first dynamic image set. This whole-body ROI accounted for
105 %=+7 % of the administered dose. The radioactivity
contents in individual organs were calculated by drawing
individual ROIs over the organs that were easily visualized
and identified on the PET images.

The accumulation and clearance of radioactivity in the
kidneys and the urinary bladder is shown in Fig. 4. As seen
from the TACs, an initial surge of radioactivity was noted in
the kidneys within the first minute post-injection, followed a
gradual excretion of radioactivity from the kidneys into the
bladder. Accumulation in the bladder was initially low with
less than five %ID accumulating in the bladder in the first
8 min. Thereafter, the radioactivity levels increased steadily
in the bladder and >30 %ID accumulated into the bladder
over the course of this study.

The mean TACs for the liver, muscle, blood pool, lungs,
spleen, and brain are shown in Fig. 5. In general, after the initial
uptake, the radioactivity levels in most organs decreased
significantly, except for the muscles. For example, the
radioactivity levels in the blood pool peaked at 51.72 +£4.40
%ID soon after administration (1 min) and rapidly decreased to
16.20+9.00 %ID by 30 min, a 3-fold decrease. Similarly, the
%ID in the brain, lung, and spleen decreased from 1.06+ 0.45,
6.28+0.33 and 1.39+0.35, respectively at 1 min to 0.29+
0.02, 1.78 £0.31 and 0.66+ 0.22, respectively by 112 min. In
general, a two- to fourfold reduction was noted in most organs
from their peak radioactivity levels with the notable exception
of the muscle and urinary bladder.

The uptake and washout trend in the heart, pancreas, and
salivary glands is shown in Fig. 6. The average uptake in the
heart was 1.24 +0.06 %ID and 0.95+0.11 %ID at 30 min and
112 min, respectively. The uptake in the pancreas was 0.95 +

Table 1.. Biodistribution of ['*F]JPFBG in non-human primates (%ID: mean + standard deviation)

Organ 1 min 30 min 55 min 86 min 112 min
Adrenals 0.48+0.25 0.33+0.03 0.30+0.02 0.29+0.02 0.29+0.02
Brain 1.06+0.45 0.31+0.03 0.29+0.03 0.29+0.03 0.29+0.02
Blood pool 51.72+4.40 16.20£9.00 13.06 £4.75 12.94+6.16 11.08 £4.46
Heart wall 1.714+0.23 1.24+0.06 1.124+0.09 1.03+0.12 0.95+0.11
Kidney 13.57+4.18 6.81+7.57 3.89+1.78 2.73+1.07 1.97+0.61
Liver 16.54+9.53 2539+4.71 22.54+3.62 18.01 +4.68 16.26 +4.99
Lung 6.28+0.33 1.97+0.38 1.89+0.33 1.81+£0.31 1.78£0.31
Muscle 20.31+3.39 24.84+3.52 28.38+£4.23 31.30+4.50 34.01+4.63
Pancreas 1.20+0.16 0.95+0.13 0.78+0.12 0.65+0.17 0.59+0.19
Parotid glands 0.46+0.45 2.25+1.48 2.33+1.50 2.36+1.50 2.47+1.58
Red marrow 8.11+1.23 5.97+1.02 6.06+0.58 6.21+0.49 6.43+0.39
Spleen 1.39+0.35 0.74+0.21 0.71+0.18 0.68+0.20 0.66+0.22
Stomach 0.32+0.15 0.28+0.10 0.23+0.06 0.18+0.03 0.18+0.03
Submandibular glands 0.55+0.48 1.00+0.48 0.99+0.45 0.92+0.39 0.93+0.38
Testes 1.35+0.27 1.02+0.20 0.96+0.16 0.92+0.14 0.91+0.17
Urinary bladder 0.13+0.03 12.47+11.26 21.87+5.55 26.64 +5.81 30.87+5.90
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Fig. 2. Representative whole-body PET images of a non-human primate showing the time course of ['®F]PFBG after
administration of 314 MBq (8.5 mCi) of ['®F]PFBG. These maximum intensity projection images in the coronal view show
[18F]PFBG uptake at a 1 min, b 5 min, ¢ 61 min, d 123 min, and e 173 min. The heart, spleen, and the kidneys are clearly
delineated within a 1-min post injection. Remarkable uptake was noted in the parotids and the submandibular glands (b—e). The
ureter, left adrenal, and bladder are clearly visible on the 61-min image (c). With time, the radioactivity levels decreased in the
liver and the kidneys whereas the radioactivity levels continued to increase in the bladder (c—e).

0.13 %ID at 30 min and 0.59+0.19 %ID at 112 min. The
uptake in the adrenals was 0.33 £ 0.03 %ID at 30 min and 0.29
+0.02 %ID at 112 min. The uptake in the parotid and the
submandibular glands was rapid, high, and remained un-
changed with time. For example, the average uptake in the
parotid gland was 2.25+1.48 %ID and 2.47+1.58 %ID at
30 min and 112 min, respectively (p>0.1). Similarly,
accumulation in the submandibular gland at 30 min and
112 min also did not change significantly over time (»p >0.1).
Residence times, also referred to as the average number of
disintegrations in an organ, were calculated for the source organs
that were easily visualized on the PET images and are presented
in Table 2. The radiation dose to various organs, EDE, and ED
estimates for the 70-kg adult male phantom and other relevant
age phantoms were calculated using the 1-h bladder voiding
model and selected results are presented in Table 3 along with
two other relevant '®F-labeled radiopharmaceuticals. The mean
ED for the 70-kg adult and 5-year-old was 0.04 £0.00 mSv/
MBq, and 0.50 + 0.08 mSv/MBgq, respectively. The organs that

received the largest radiation absorbed dose for the 70-kg adult
male model were the testes (0.11 +0.02 mGy/MBq), adrenals
(0.08£0.01 mGy/MBq), and urinary bladder wall (0.08 £
0.01 mGy/MBq). For the 5-year-old phantom, the organs
receiving the largest radiation absorbed dose were the testes
(2.26 £0.40 mGy/MBq), adrenals (0.30 +0.02 mGy/MBq) and
urinary bladder wall (0.22 +0.03 mGy/MBq). The mean EDE
modeled for the 70-kg male and 5-year-old infant was 0.05 +
0.01 mSv/MBq and 0.64 +0.10 mSv/MBq, respectively. Sub-
sequently, we compared ED for ['*F]PFBG, 2-deoxy-2-['*F]flu-
oro-D-glucose, and [*IMIBG for various age group phantom
models (Table 4). As seen from Table 4, the inclusion of testes
residence time for OLINDA analysis resulted in 2-fold higher
ED for ['®FJPFBG than that without the testes residence time.

Discussion

The focus of this work was to assess the whole-body
distribution pattern for ['*F]PFBG in non-human primates

0

suv 10

Fig. 3. Axial views of the PET scans fused with the Ge-68 isotope transmission scan show the radioactivity accumulation
pattern in the heart over time. The heart is clearly visible soon after the injection and a shows a significant blood pool
component. By 20 min, b the blood pool radioactivity levels have decreased and the septal wall became distinctly visible. The
myocardial and septal walls remained distinctly visible thereafter in c.
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Fig. 4. The time activity curves show the washout of radioactivity from the kidneys and simultaneous accumulation in the
bladder. Data points are the mean + standard deviation determined in three non-human primates and are corrected for
radioactive decay. The solid lines represent the best fit curve for each organ. At ~5-min post injection, the kidney radioactivity

levels fall significantly while the radioactivity levels started to rise in the urinary bladder.

and to estimate human radiation absorbed dose as a prelude
to the use of ['*F]JPFBG in humans. Several PET dosimetry
studies have compared the biodistribution and absorbed
radiation dose data from humans, non-human primates, or
rodents [37-39]. In general, the human dosimetry data
calculated from biodistribution results in non-human pri-
mates is more accurate and has provided better estimates
than those derived from rodents [37]. In this report, we
describe whole-body uptake and distribution characteristics
of the NET probe ['*F]JPFBG in primates and provide
radiation absorbed dose estimates.

Favorable biodistribution and fast wash-in and wash-out
of radioactivity was noted for several key organs which
facilitated clear visualization of these organs on the PET

images. Intense uptake was noted in the kidneys within 1-
min post injection which peaked by 6 min followed by a
significant decline in radioactivity levels, thereafter. In
contrast, the radioactivity level in the urinary bladder was
initially low and increased steadily with time. The rise in
radioactivity levels in the bladder coincided with the
washout of radioactivity from the kidneys (Fig. 4). This
uptake and clearance pattern is consistent with the urinary
excretion of hydrophilic ligands and suggests renal clearance
as the major route of ['*F]PFBG excretion from the body.
In rodent biodistribution studies reported earlier, at 1 h
post injection, ['"*F]PFBG showed 1.2+0.74 %ID/g in the
bone [16] which perhaps indicates slight defluorination
in vivo. The PET images from this study did not show

a . Liver b o0 Muscle C . Blood Pool
=) 40 =) 40 =) 40
X X B
20 20 20
0 50 100 150 0 50 100 150 0 50 100 150
) Time (min) Time (min) Time (min)
d 10 Lung e . Spleen " Brain
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2 5 2 1 2 1
0 50 100 150 0 50 100 150 0 50 100 150
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Fig. 5. Time activity curves construed from the whole body PET scans for easily visualized organs: a liver, b muscle, ¢ blood
pool, d lung, e spleen, and f brain, after administration of ['®FJPFBG. The percent injected dose in organs (%ID) is presented as
the mean =+ standard deviation from three non-human primate scans and is decay corrected. Initially, liver showed high uptake
levels which was followed by a gradual washout of radioactivity. The radioactivity levels in the lungs and brain were low for the
duration of the study. While the muscles were not visualized on PET scans, a higher amount of radioactivity (%ID) was noted,
primarily due to very large overall muscle mass.



692 Lokitz S.J. et al.: Biodistribution and Radiation Dosimetry of F-18 PFBG

Heart wall

Average

0 50 100 150

Time (min)
C. Parotid glands
Average
4
ST L ]
°\°2 e0000® © © 0 0 © ° o
1 00000 0 0 0 0 O L] L
0' 5IO 1(‘)0 150
Time (min)

Pancreas

Average

0 50 100 150
Time (min)

Submandibular glands
Average

o, W b pRs b g g

Time (min)

Fig. 6. Time activity curves (TACs) showing the accumulation of ['®F]PFBG in a the myocardium, b pancreas, and ¢ parotid,
and d submandibular glands. Uptake for individual non-human primates is shown by the colored dots while the solid line
represents the average value (n=3; mean + standard deviation). These TACs show rapid accumulation with a sustained

retention of radioactivity in these organs.

uptake in the bones which suggests no in vivo defluorination
in primates within the study time frame. Similarly, other
studies conducted previously in canines also did not show
bone uptake in the PET images which provides further
evidence of the resistance of ['*F]PFBG towards in vivo
defluorination [23]. Although the exact rationale or mecha-
nism for such differences is unknown, many investigators
have reported significant differences in distribution and
accumulation of radioactivity in rodents and primates, with
species difference hypothesized as a plausible cause [20, 23,
40, 41]. Extensive peripheral defluorination of ['*F]SP203, a
PET probe that targets mGIluRS5, was observed in rats and
not in humans and these differences were assumed to be

Table 2.. Residence times for ['*F]PFBG in various organs derived from
PET images acquired in non-human primates (n=3; mean =+ standard
deviation)

Organ Residence time (min)
Adrenals 0.46+0.03
Brain 0.48+0.05
Heart wall 1.54+0.13
Kidney 6.04+3.41
Liver 28.01+£7.73
Lung 2.97+0.56
Muscle 49.43+5.75
Pancreas 1.06+0.23
Red marrow 10.01+£0.90
Salivary glands 4.94+2.48
Spleen 1.09+0.33
Stomach 0.32+0.07
Testes 1.50+0.26
Urinary bladder 42.28+9.32
Remainder of body 8.33+4.20

mediated by the mammalian glutathione transferase activity
levels which varies with species and tissues [42—44]. In
addition, P450 isoforms and rat serum esterase have also
been implicated in divergent metabolic degradation of
various compounds between primates and rodents [45].
While the muscles were not discernible on the PET images,
the total uptake when calculated as %ID, was very high
(32.40£3.60 %ID at 97 min) which could be attributed to
relatively high muscle mass (>2000 g) compared to the
mass of other organs that are significantly smaller (liver ~
200 g, kidneys ~40 g).

At early timepoints, the left adrenal gland was clearly and
distinctly visible. Nonetheless, the right adrenal gland
remained masked initially, perhaps due to high radioactivity
contents in the surrounding tissues such as kidney and liver.
As radioactivity levels in liver and kidney dropped, the right
adrenal gland became more apparent (Fig. 2). Since the
sympathetic nervous system plays a key role in controlling
the heart function through modulating the uptake and release
of NE in the heart, we evaluated the uptake and washout
pattern of ['*F]JPFBG in the heart. Sustained and persistent
uptake with limited washout of ['"*F]JPFBG was noted in the
heart among all three primates (Fig. 6). The salivary glands
are highly innervated by parasympathetic and sympathetic
nerves and has been recognized as an NE uptake site [46].
Intense uptake of ['*'T]MIBG in the salivary glands has been
previously attributed to accumulation in presynaptic adren-
ergic nerves surrounding the salivary gland cells [47-49].
Therefore, it is reasonable to assume that ['*F]PFBG should
accumulate in the salivary glands due to dense sympathetic
innervation [48, 49]. The results from this study showed
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Table 3.. Radiation dose estimates for ['*F]FDG, ['*F]MFBG, and ['*F]JPFBG. The radiation dose for ['*F]PFBG is derived from PET images of non-human
primate using 1 h bladder void model and extrapolated to various age groups (mean =+ standard deviation)

Organ ["®FIFDG [35] Adult  ['®F]MFBG [22] Adult ['®*F]PFBG Adult Male ['*F]PFBG 15 year  ['*F]PFBG 5 year
(mGy/MBq) (mGy/MBq) (mGy/MBq) (mGy/MBq) (mGy/MBq)
Adrenals 0.01 0.02+0.02 0.08+0.01 0.12 £ 0.01 0.25 + 0.02
Brain 0.04 0.00+0.00 0.00£0.00 0.00 + 0.00 0.01 + 0.00
Breasts 0.01 0.01£0.00 0.00+0.00 0.00 + 0.00 0.01 + 0.00
Gallbladder wall 0.01 0.01+0.01 0.02+0.00 0.02 + 0.00 0.04 + 0.01
Lower large intestine wall 0.01 0.01+0.01 0.01+0.00 0.01 = 0.00 0.02 £ 0.00
Small intestine 0.01 0.01£0.00 0.01+0.00 0.01 + 0.00 0.02 + 0.00
Stomach wall 0.01 0.01+0.00 0.01£0.00 0.01 +0.00 0.03 + 0.00
Upper large intestine wall 0.01 0.01+0.00 0.01+0.00 0.01 £ 0.00 0.02 £+ 0.00
Heart wall 0.07 0.03+0.02 0.02+0.00 0.03 + 0.00 0.06 + 0.01
Kidneys 0.02 0.03+0.03 0.07+0.03 0.08 + 0.04 0.17 £ 0.08
Liver 0.02 0.05+0.03 0.06+0.02 0.08 + 0.02 0.18 + 0.04
Lungs 0.02 0.01+0.01 0.01+0.00 0.02 + 0.00 0.04 + 0.01
Muscle 0.01 0.01+0.00 0.01+0.00 0.01 +0.00 0.07 £ 0.01
Ovaries 0.01 0.01+0.01 0.01+0.00 0.01 + 0.00 0.02 + 0.00
Pancreas 0.01 0.03+0.02 0.04+0.01 0.06 + 0.01 0.15 £ 0.03
Red marrow 0.01 0.01+0.00 0.02+0.00 0.02 + 0.00 0.06 + 0.00
Osteogenic cells 0.01 0.01+0.00 0.01+0.00 0.02 = 0.00 0.04 + 0.00
Skin 0.01 0.00+0.00 0.00+0.00 0.00 + 0.00 0.01 + 0.00
Spleen 0.01 0.02+0.01 0.03+0.01 0.04 +0.01 0.08 + 0.02
Testes 0.01 0.01+0.01 0.114+0.02 0.26 + 0.04 2.26 £ 0.40
Thymus 0.01 0.01+0.00 0.01£0.00 0.01 = 0.00 0.02 + 0.00
Thyroid 0.01 0.03+0.03 0.00+0.00 0.01 + 0.00 0.01 + 0.00
Urinary bladder wall 0.13 0.19+0.20 0.08+0.01 0.10 + 0.01 0.22 +0.03
Uterus 0.02 NR 0.01+0.00 0.01 = 0.00 0.03 + 0.00
Total body 0.01 0.01+0.01 0.01+0.00 0.01 + 0.00 0.03 + 0.00
Effective Dose Equivalent NR NR 0.05+0.01 0.10 = 0.01 0.64 £ 0.10
(EDE) (mSv/MBq)
Effective dose (ED) (mSv/ 0.02 0.02+0.01 0.04+0.00 0.07 £ 0.01 0.50 + 0.08

MBq)

NR not reported

early and sustained levels of ['*F]PFBG accumulation in the
salivary glands (Fig. 6). While these uptake levels were high
and persistent for all three non-human primates in this study,
slightly lower uptake was noted in the salivary glands of an
older primate (p <0.05) which is likely due to the depleted
innervation in the older non-human primate since salivary
gland cells degenerate and undergo structural and functional
changes with age [50].

We used data from these whole-body PET images to
derive EDE and ED estimates for ['*F]JPFBG for the 70-kg
male phantom using the residence times derived from tissue
TACs. The fast clearance of ['*F]PFBG from most normal
organs led to short residence times (Table 2). In addition to
the favorable biodistribution pattern, the short half-life of the
"®F_radionuclide may have contributed towards these short

residence times, which resulted in modest radiation absorbed
dose to many organs (Table 3). Recently, the group from
Memorial Sloan Kettering published radiation dosimetry
estimates for ['®FIMFBG [22] through their “first-in-
human” study using this radiopharmaceutical. We, therefore,
compared the radiation dose estimates for ["*F]PFBG with
newly reported dose estimates for ["*FIMFBG [22] and also
with ['®*F]FDG [35], a widely used PET radiopharmaceutical
(Table 3). In most dosimetry calculations, the testes
residence time is not included in such analysis, largely due
to poor or no visualization of testes on the scans. It is likely
that this may have contributed towards a higher ED for
["®F]PFBG. Therefore, we further added ED for ['*F]PFBG
without the testes residence time and presented a head-on
comparison of ED for various radiolabeled benzylguanidines

Table 4.. Comparison of Effective Dose for ['*F]PFBG (with and without including residence time data for the testes in dosimetry calculations), ['*F]FDG,

and various [ T]MIBGs

Model ["*FIPFBG ['®FIPFBG w/o testes ['*FIMFBG [22]  ['*F]FDG [35] ['IMIBG [36]  [“'I]MIBG[36] ["**IIMIBG [14]
(mSv/MBq) (mSv/MBq) (mSv/MBq) (mSv/MBq) (mSv/MBq) (mSv/MBq) (mSv/MBq)

Adult  0.04 0.02 0.02 0.02 0.02 0.15 0.25

15 year 0.07 0.02 NR 0.02 0.02 0.20 0.39

10 year 0.42 0.03 NR 0.04 0.03 0.25 0.58

5year 0.50 0.05 NR 0.06 0.04 0.40 1.03

1 year 0.70 0.09 NR 0.10 0.07 0.71 1.92

NR data not reported
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in Table 4. We find that the ED for ['*F]JPFBG (without
testes residence times), ['SFIMFBG, ['®F]JFDG, and
['®IIMIBG are quite comparable. In contrast, the ED for
['**IIMIBG and ["*'I]MIBG were significantly higher
(Table 4). For example, the ED for ['*F]PFBG in a 70-kg
male (0.02 mSv/MBq) was ~ 12-fold and ~ 7-fold lower than
the ED for ['**I]MIBG and ["*'I]MIBG, respectively
(Table 4). Since the effective radiation dose is inversely
proportional to the body weight/volume, the dose to small
children and infants is anticipated to be somewhat higher
than that for adults [36, 51, 52]. In this study, the testes was
the organ receiving the highest radiation dose. The ED from
the CT portion of a PET/CT exam can range from 4 to
75 mSv depending on the imaging protocol and scanner
which would be common to most PET radiopharmaceuticals.
In summary, the total radiation dose estimated from
["®F]PFBG is favorable and comparable to its meta analogue
["®FIMFBG and to many other radiopharmaceuticals cur-
rently used in clinical studies.

Conclusion

Rapid and persistent uptake of ['*FJPFBG was noted in
NET-rich organs such as the heart and salivary glands. In
general, a favorable biodistribution with fast wash-in and
wash-out patterns was noted for most normal organs. Renal
clearance is the major path for elimination of ['*F]PFBG.
The radiation dose estimates suggest modest radiation risk in
humans, similar to many other radiopharmaceuticals and
supports the use of ['*F]PFBG for translational and clinical
applications. While the uptake and distribution for the two
fluorinated benzylguanidines is quite comparable, it is likely
that a higher radiochemical yields for ['"*F]JPFBG would
influence its preferred use.
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