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Abstract: 6-Deoxy-6-[*éF]fluoro-D-fructose (6-[*®F]FDF) is a promising PET radiotracer for imaging GLUT5 in breast
cancer. The present work describes GMP synthesis of 6-[*8F]FDF in an automated synthesis unit (ASU) and dosim-
etry calculations to determine radiation doses in humans. GMP synthesis and dosimetry calculations are important
prerequisites for first-in-human clinical studies of 6-[*8F]FDF. The radiochemical synthesis of 6-['8F]FDF was opti-
mized and adapted to an automated synthesis process using a Tracerlab FX_ ASU (GE Healthcare). Starting from 30
GBq of cyclotron-produced n.c.a. [*8F]fluoride, 2.9 + 0.1 GBq of 6-[*F]FDF could be prepared within 50 min including
HPLC purification resulting in an overall decay-corrected radiochemical yield of 14 + 3% (n = 11). Radiochemical
purity exceeded 95%, and the specific activity was greater than 5.1 GBg/umol. Sprague-Dawley rats were used for
biodistribution experiments, and dynamic and static small animal PET experiments. Biodistribution studies served
as basis for allometric extrapolation to the standard man anatomic model and normal organ-absorbed dose calcula-
tions using OLINDA/EXM software. The calculated human effective dose for 6-[*F]FDF was 0.0089 mSv/MBq. High-
est organ doses with a dose equivalent of 0.0315 mSv/MBq in a humans were found in bone. Injection of 370 MBq
(10 mCi) of 6-[*8F]FDF results in an effective whole body radiation dose of 3.3 mSv in humans, a value comparable
to that of other '®F-labeled PET radiopharmaceuticals. The optimized automated synthesis under GMP conditions,
the good radiochemical yield and the favorable human radiation dosimetry estimates support application of 6-[*8F]
FDF in clinical trials for molecular imaging of GLUT5 in breast cancer patients.
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Introduction on its variable sensitivity and specificity.
According to current National Comprehensive

Breast cancer is the most frequently diagnosed Cancer Network (NCCN) guidelines, [*®F]FDG-

malignancy in women worldwide [1]. Various
non-invasive molecular imaging technologies
have significantly advanced diagnosis and
monitoring of treatment efficacy of cancer.
Among molecular imaging methodologies, posi-
tron emission tomography (PET) represents
one of most sensitive techniques for functional
molecular imaging of malignancies in vivo [2].
The most widely used PET radiotracer for
molecular imaging of tumor metabolism and
monitoring of disease management in breast
cancer is 2-deoxy-2-[*8F]fluoro-D-glucose ([*8F]
FDG) [3]. Although [*F]FDG-PET has been used
in numerous clinical studies with breast cancer
patients, it has shown several limitations based

PET does not have a role in breast cancer
screening. Moreover, the sensitivity of [*F]FDG-
PET in detecting primary breast cancer is less
than other imaging modalities, limiting its use-
fulness in routine screening and lymph node
staging of breast cancer [4].

Deregulation of energy metabolism of tumor
cells is associated with an increased rate of gly-
colysis resulting in higher uptake and phos-
phorylation of glucose [5]. However, analysis
of facilitative hexose transporter 1 (GLUT1)
expression in different types of human cancers,
including breast cancer, revealed a GLUT1
expression in only 46 to 67% of the samples.
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This study indicates that a rather large popula-
tion (30 to almost 50%) of breast cancer
patients exhibit only very low or no GLUT1
expression levels [6-8]. This fact may account
for the low or no uptake of [*®F]FDG in these
patients.

Besides [8F]FDG, other PET radiotracers such
as the proliferation marker 3’-deoxy-3’-[*8F]fluo-
rothymidine ([*8F]FLT), the estrogen receptor
(ER)-binding ligand 160a-[*8F]fluoro-17B-estra-
diol ([*®F]FES), the progesterone receptor (PR)-
binding 8F-labeled progestins such as 21-[*8F]
fluoro-16a-ethyl-19-norprogesterone  ([*8F]FE-
NP) and the more recently developed 4-[*3F]
fluoropropyl-tanaproget ([*®F]FPTP) have been
used for functional imaging in breast cancer
patients [9-12].

Steroid hormone receptor-binding radiotracers
offer the opportunity to predict breast cancer
patients’ response to anti-hormonal therapy.
However, they are not diagnostic in ER and PR
negative breast cancer patients.

Fructose metabolism is an alternative energy
metabolism to glycolysis in breast cancer.
Fructose metabolism is initiated through trans-
port of fructose via facilitative hexose trans-
porter GLUTS [13]. Elevated levels of GLUT5
expression have been found in several types of
cancer including breast cancer [14]. Imaging
employing GLUT5-mediated fructose uptake
would allow targeting of an alternative meta-
bolic pathway independent of the main glucose
transporter GLUT1. Targeting GLUT5 would be a
feasible approach for GLUT1 negative and [*8F]
FDG silent breast cancer patients. However,
there is still an ongoing debate on the extent of
GLUT5 expression in breast cancer tissue, and
its relevance as a diagnostic target in breast
cancer patients [15].

Very little is currently known about the status of
GLUT1 and GLUT5 expression in breast cancer
patients and their correlation with hormone
receptor status and energy metabolism.

Recently developed molecular probes, includ-
ing radiotracers, for imaging GLUT5 in breast
cancer include 1-deoxy-1-[*8F]fluoro-D-fructose
(1-[*8F]FDF, [16]), cyclic furanose analogues [17,
18], and 6-deoxy-6-[*8F]fluoro-D-fructose (6-
[*8F]FDF [19, 20]). 6-[*8F]FDF showed GLUT5-
mediated uptake in vitro and in vivo in various
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murine and human breast cancer cell lines.
Radiopharmacological evaluation of 6-[*8F]FDF
including small animal PET studies demonstrat-
ed the feasibility of the radiotracer for molecu-
lar imaging of GLUT5 in breast cancer [20].

The goal of the present work was the establish-
ment of an automated synthesis of 6-['®F]FDF
in an ASU according to GMP guidelines and cal-
culation of absorbed radiation dose in humans
as prerequisites for initiation of a clinical trial
with 6-[*8F]FDF in breast cancer patients.

Materials and methods

Synthesis of methyl 1,3,4-tri-O-acetyl-6-O-tosy!-
a-D-fructofuranoside

Methyl 1,3,4-tri-O-acetyl-a-D-fructofuranoside
(64 mg, 0.2 mmol) was dissolved in pyridine
(0.4 mL) at room temperature. 4-Methylbe-
nzenesulfonyl chloride (0.22 mmol) was then
added in a single portion. The reaction mixture
was allowed to stir for 24 hours before the addi-
tion of water (5 mL) and CH,CI, (5 mL). Upon
separation of the organic/aqueous layers, the
organic layer was washed with 10% H,SO, aq.
(2 x 5 mL) and saturated NaHCO, solution (5
mL). The organic layer was then dried (MgSO,)
and filtered before removal of the solvent in
vacuo. The crude material was subjected to
purification by column chromatography (7:3,
EtOAc:hexanes, silica gel) to afford pure methyl
1,3,4-tri-O-acetyl-6-0-tosyl-a-D-fructofuranosi-
de (0.1 mmol, 67%). R, 0.50 (hexanes/EtOAc
3:7); IR (thin film) 2960, 1748, 1598, 1369,
1230, 1190, 1093 cm-1; *H-NMR (400 MHz,
CDCl,) 56 7.80(d,J=8.4 Hz, 2H), 7.35(d, ] = 8.4
Hz, 2H), 5.46 (d, J = 6.8 Hz, 1H), 5.25 (dd, J =
6.0, 7.2 Hz, 1H), 4.29 (dd, J = 3.2, 10.0 Hz, 1H),
4.21 (d, J = 12.0 Hz, 1H), 4.16 (ddd, J = 3.2,
5.6, 7.2 Hz, 1H), 4.13 (d, J = 12.0 Hz, 1H), 4.09
(dd, J = 7.6, 10.4 Hz, 1H), 3.23 (s, 3H), 2.45 (s,
3H), 2.09 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H); *°C-
NMR (100 MHz, CDCI3) 8 170.2, 170.0, 169.8,
145.0, 132.6, 129.9, 128.0, 103.1, 77.9, 76.0,
75.7, 69.5, 61.7, 49.7, 21.6, 20.7, 20.6, 20.6.
HRMS (El, [M+Na]+) for C,H,NaO, S calcd

20" 26

497.1088, found: m/z 497.1078.
Production of [*8F]fluoride
[*8F]fluoride was produced by the *¥Q(p,n)'sF

nuclear reaction through proton irradiation of
enriched (98%) [*®Olwater (3.0 mL, Rotem,
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Figure 1. Scheme of automated synthesis unit for radiosynthesis of 6-[*8F]FDF.

Germany) using a TR19/9 cyclotron (Advanced
Cyclotron systems Inc., Richmond, British
Columbia, Canada).

Automated synthesis of 6-[*8F]JFDF

6-Deoxy-6-[*F]fluoro-D-fructose  (6-[*®F]FDF)
was synthesized according to a modified proce-
dure previously published by our group [20].
Instead of using the reported triflate precursor,
in this study we used corresponding tosylate
compound as the labeling precursor. Radio-
synthesis of 6-[*®F]FDF was performed on a GE
TRACERIab™ FX (GE Healthcare, Mississauga,
Ontario, Canada). The ASU was modified in
terms of program and hardware (Figure 1).

The ASU was installed and operated in a shield-
ed hot cell. The synthesis unit was equipped
with an integrated HPLC system using a
Phenomenex Nucleosil LUNA (ll) RP C18 pre-
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column (5 um, 50 x 10 mm) and Phenomenex
Nucleosil LUNA C18 column (10 ym, 250 x 10
mm; Torrence, CA, U.S.A.). The HPLC injection
system included a 5 mL loop and the sample
was eluted using a 0.1 M sodium acetate buffer
(pH = 5.4) solution at 2 mL/min. Radioactivity
and UV detectors were incorporated in the base
unit and the wavelength was recorded at 240
nm. Radio-TLC was performed on EMD Merck
F254 silica gel 60 aluminum-backed TLC plates
(EMD Millipore, Billerica, MA, U.S.A.). Radio-
activity was detected using the ASU radiode-
tector (GE Healthcare, Mississauga, Ontario,
Canada) during the radiosynthesis, a well-scin-
tillation Nal (TI) detector, and a Bioscan
AR-2000 (Bioscan Inc., Washington DC, U.S.A.)
for TLC plate reading. The potassium carbonate
and Kryptofix 2.2.2 solutions as well as aceto-
nitrile were purchased from Rotem Industries
Ltd (Durham, NC, U.S.A.), sodium acetate and
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glacial acetic acid from Sigma Aldrich (St. Louis,
MO, U.S.A.), HCI from Huayi Isotopes Canada
(Toronto, Ontario, Canada).

Sterile water for injection (SWFI) was obtained
from Hospira Healthcare Corp. (St. Laurent,
Quebec, Canada). 8F Separation cartridges
(Chromafix Strong PS-DVB’) lon exchange in
HCO, form were purchased from Machery-
Nagel (MACHEREY-NAGEL GmbH & Co. KG,
Dueren, Germany), Alumina N cartridges from
Waters (Milford, MA, U.S.A.), Millex HV outlet fil-
ters from Millipore (EMD Millipore, Billerica,
MA, U.S.A.), Chemovent vent filters from IMI Int.
Medical Industries (Pompano Beach, Fl, U.S.A.),
and 20 mL sterile collecting vials from
Mallinckrodt (St. Louis, Mo, U.S.A.).

Animal model

All animal experiments were carried out in
accordance with the guidelines of the Canadian
Council on Animal Care (CCAC) and were
approved by the local animal care committee of
the Cross Cancer Institute. Imaging and biodis-
tribution studies were carried out with adult
female Sprague-Dawley rats (Charles-River,
Canada).

Small animal PET imaging

Rats were injected with 12-17 MBq of 6-[*8F]
FDF in saline (150 to 200 uL). Accurately admin-
istered activity was calculated as the differ-
ence between syringe activity before and after
injection; activities were determined in a dose
calibrator (Atomlab 300, Biodex Medical
Systems, Shirley, NY, USA). Rats were anesthe-
tized through inhalation of isoflurane in 40%
oxygen/60% nitrogen (gas flow, 1 L/min), and
body temperature was kept constant at 37°C
for the entire experiment. Rats were positioned
and immobilized in the prone position with their
medial axis parallel to the central axis of the
microPET R4 scanner (Siemens Preclinical
Solutions, Knoxville, TN, USA). Dynamic emis-
sion scans were performed for 4 h post injec-
tion. After a delay of approximately 15 s follow-
ing the initiation of the scanning sequence,
12-17 MBq of 6-[*8F]FDF in 150-200 pl of saline
was injected through a needle catheter into the
tail vein. Data acquisition continued for 60 min
in 3D list mode.

List mode data were sorted into sinograms with
72 time frames (10x2s,8x5s,6x10s, 8x
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20s,8x60s,10x120s,6x300s, 18 x 600
s). The frames were reconstructed using the
Ordered Subset Expectation Maximization
applied to the 2D sinograms (2D OSEM) and
maximum a posteriori (MAP) image reconstruc-
tion. Prior to the radiotracer injection, transmis-
sion data for the purpose of attenuation correc-
tion was acquired using a Co-57 point source.
The image files were further processed using
the ROVER v2.0.51 software (ABX GmbH).
Masks for defining 3D regions of interest (ROI)
over tumors and the muscle tissue on the con-
tralateral axilla were set and the ROIs were
defined by thresholding. ROI time-activity
curves (TACs) were generated for subsequent
data analysis.

Standardized uptake values (SUV = [activity/mL
tissue] / [injected activity/body weight]) were
calculated for each ROI.

Biodistribution experiments

After intravenous injection of 1.5-4 MBq of
6-[*8F]FDF in saline (150 to 350 pL) into the tail
vein of isoflurane-anesthetized rats, animals
were allowed to regain consciousness until sac-
rifice. While under isoflurane anesthesia, ani-
mals were euthanized by decapitation at 5 and
30 min, 1 h,2h,3h, 4 h,and 6 h post injection
and rapidly dissected. Organs of interest includ-
ing blood, heart, lung, liver, kidneys, thymus,
spleen, duodenum, small and large intestine,
pancreas, right femur, muscle, stomach, ova-
ries, brain, fat and bladder were collected and
weighed. Radioactivity in all tissues was mea-
sured in a y-counter and results were analyzed
as percentage of injected dose per gram of tis-
sue (%ID/g).

Radiation dosimetry analysis

Radiation dosimetry analysis for the determina-
tion of the normal organ-absorbed doses and
the effective dose was performed using
OLINDA/EXM software (version 1.1, Vanderbilt
University, Nashville, TN, U.S.A.).

Scaling of the animal-obtained values to human
values was carried out by weighting the organ
uptake with the relative organ mass in the ani-
mal and human:

(i) =) [(2=) /(=) ]

human rar
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Figure 2. Radiosynthesis of 6-[**F]FDF.

In practice, concentrations

%ID [ %ID

mined experimentally.

This also accounts for organs that cannot be
excised in their entirety, such as muscle, blood
and bone. Equation 1 then becomes

( %ID ) =< %ID ) (Mod) rar )
murgan human margan rat. (mbody)/wman

The values for (%ID/m gan)humém are obtained by
first averaging the values (%ID/m_, gan)rat -(my, dy)
.. for the three individual animals sacrificed at
each time point and then dividing by the weight
of the adult human of 73.7 kg [23, 24]. To
obtain the cumulated activity in each organ,
these curves were multiplied by the human
organ mass, using the values implemented in
the OLINDA/EXM code [23], and integrated: for
the first 6 hours numerically by evaluating the
area under the measured curve and beyond 6
hours by fitting a mono-exponential function to
the last four data points of each curve and inte-
grating it from 6 h to infinity.

Not in all cases did the organs for which cumu-
lated activity was determined by means of the
biodistribution (see above) correspond to the
source organs as defined in OLINDA/EXM. The
following assumptions were made to derive the
cumulated activity for the OLINDA-defined
source organs: (i) It was assumed that all activ-
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ity detected in the stomach, intestines and the
urinary bladder originated from their contents.
(ii) Since lower large intestine (LLI) and upper
large intestine (ULI) were not measured sepa-
rately, the measured total activity was distrib-
uted to LLI and ULI activity according their
mass ratio, using the masses for LLI and ULI
walls as defined in the OLINDA/EXM code.

(iii) Since exact quantities of the small amounts
of bone and muscle activity contained in the
remainder of the body were unknown, they
were not subtracted from the whole body activ-
ity. (iv) The activity of the heart’s content was
determined from the blood concentration
(decays/mL) and multiplied by the internal vol-
ume of the heart (510 mL, ICRP89). (v) It was
assumed that activity is uniformly distributed
to cortical and trabecular bone and red mar-
row. The number of decays in each is assigned
according to their weight ratio, based on the
weight of the human skeleton of 10.45 kg
(ICRP89), the ratio of cortical to trabecular
bone of 4/1 and the fact that red marrow con-
stitutes 4% of the total body mass [24, 25].

The values determined for cumulated activity in
each source organ were then used as input for
the OLINDA/EXM code.

Statistics

Biodistribution experiments were repeated
with three animals at each time point and the
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of the process yielded dried [*8F]
KF suitable for subsequent nucl-
eophilic radiofluorination.

The second reaction step (Figure
T 2; R2) involved incorporation of
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as the labeling precursor to
afford intermediate 1. Radioflu-
orination was carried out in anhy-
drous CH,CN (0.5 mL) using 7-14
mg of tosylate labeling precursor
at 140°Cfor 20 min to give radio-
fluorinated 1-methyl tri-acetylat-
ed fructofuranoside as interme-
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Figure 3. HPLC traces for the identity control (A) and the quality control (B)

of the final product 6-[*®F]FDF.

values for cumulated activity averaged at each
time point. Standard errors of the means (SEM)
were calculated for each mean value.

Results

Radiosynthesis of 6-[*8F]JFDF under GMP con-
ditions

Automated radiosynthesis of 6-[*8F]FDF using
the Tracerlab FX_ ASU is summarized in Figure
2.

In the first reaction step (Figure 2, R1), no-car-
rier added (n.c.a.) [*®F]fluoride was removed
from ['*®0]H,0 using a Chromafix Strong PS-DVB
cartridge. The anion exchange resin efficiently
retained radiofluoride while allowing passage
of [®0]H,0. A solution (0.8 mL) containing
potassium carbonate (3.6 mg of K,CO,in 0.2
mL H,0) and Kryptofix 2.2.2 (14.5 mgin 0.6 mL
CH,CN) was used to elute n.c.a. [**F]fluoride
from the resin (Figure 2; R1). The [*®F]KF solu-
tion was azeotropically dried by the consecu-
tive addition and removal of anhydrous CH,CN.
Initial azeotropic distillation was performed at
55°C for 1 min at 0.1 bar. Upon completion of
the first evaporation step, an additional 1 mL of
CH,CN was added to reactor, and the solvents
were evaporated at 55°C for 1 min at 0.1 bar
followed by an evaporation step at 95°C for 3
minutes under high vacuum (0.01 bar). The end
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15.0 diate 1.

Final synthetis step (Figure 2;
R3) involved acidic hydrolysis of
intermediate 1 by adding 2N HCI
(1 mL) to the reaction mixture.
Treatment of intermediate 1 with 2N HCI rapidly
hydrolyzed acetyl and methyl groups to yield
the final product 6-[*8F]FDF. The hydrolysis step
was optimized with regard to acid strength and
time to achieve high radiochemical yields with-
in a short reaction time. Crude reaction mixture
was diluted with 1 mL of 0.1 M sodium acetate
buffer (pH = 5.4, (HPLC Purification Mobile
Phase) and 2.0 mL of sterile water. This solu-
tion was filtered through a N-Alumina cartridge
to remove [*®F]fluoride prior to transfer into a
collection vial for subsequent HPLC puri-
fication.

N-Alumina cartridge-based filtration of the
crude reaction product obtained after the 3™
reaction step removed most of unreacted [*8F]
fluoride to facilitate the purification process
using the HPLC system attached to the ASU.
Crude reaction mixture was loaded onto a 5 mL
injection loop. HPLC purification was carried
out using a Phenomenex Nucleosil LUNA (ll) RP
C18 pre-column (5 ym, 50 x 10 mm) and
Phenomenex Nucleosil Luna C18 column (10
pm, 250 x 10 mm) employing isocratic elution
with 100% 0.1 M sodium acetate buffer (pH =
5.4) at a flow rate of 2 mL/min. Product peak
was collected between 9.9 and 10.9 min.
Collected peak (~2 mL) was transferred into a
sterile vial through a sterile filter. The overall
isolated radiochemical yield of 6-[*®F]FDF was

Am J Nucl Med Mol Imaging 2014;4(3):248-259
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6-['®F]FDF in a normal rat
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Figure 4. Selected PET images of a Sprague-Dawley rat at 1, 5, 20 and 30 min as well as 1, 2, 3and 4 h p.i. of 12.15
MBq 6-[*8F]FDF. Images are displayed as maximum intensity projections (MIPs).

14 + 3% (n = 11, decay-corrected) at high radio-
chemical purity of greater than 95%.

Quality control of 6-[*8F]JFDF under GMP condli-
tions

Identity of 6-[*8F]FDF was confirmed by HPLC
and radio-TLC using co-injection and co-spot-
ting with reference compound, respectively.
Representative HPLC-traces are given in Figure
3A. Quality control was carried out using a
Gilson HPLC (Mandel Scientific Company Inc.;
Guelph, Ontario, Canada) by injection of HPLC-
purified 6-[*8F]FDF onto a Phenomenex Nu-
cleosil Luna C18 column (10 ym, 250 x 10 mm)
and elution with 0.1 M sodium acetate buffer
(pH = 5.4) at a flow rate of 2 mL/min (Figure
3B).

Radio-TLC analysis on silica-gel plates gave a R,
value of 0.6 in 95% CH,CN/H,0 for 6-[**F]FDF.
Specific activity of 6-['®F]FDF was assessed
using UV absorption of cold 6-FDF. The UV
detection limit for 6-FDF was determined to be
0.1 mg/ml. Based on the injected radioactivity
amount, the minimum specific activity of 6-[*8F]
FDF was determined to be 5.1 GBg/umol.
However, exact specific activity of 6-[*8F]FDF in
the final product solution is higher, since the UV
trace of the analytical HPLC at 220 nm showed
no mass peak corresponding to unlabeled
6-FDF.

Subsequently, 6-[*8F]FDF samples underwent a
series of quality control tests according to the
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specification for clinical validation of radiophar-
maceuticals as required by Health Canada
including an appearance test, a stability test, a
test for pH, a radionuclide identification test, a
residual Kryptofix 222 test and finally the steril-
ity and bacterial endotoxin test. The final 6-[*8F]
FDF solution ready for injections had a pH
between 4.8 and 6 and was stable (> 95%) in
saline for up to 12 h after radiosynthesis.

In vivo PET experiments

Radiolabeled fructose derivative 6-['8F]FDF
was further evaluated in vivo in order to obtain
estimates of human normal organ radiation
doses required for a first study in man. Figure 4
displays dynamic PET images of the abdominal
part of a Sprague-Dawley rat after injection of
6-[*8F]FDF at selected time points ranging from
1 minto 4 h p.i..

During the first 30 min after radiotracer injec-
tion, an initial circulation uptake and renal
clearance pattern is observed with low back-
ground radioactivity in other organs. However,
at 1 h p.i. and later time points, a continuous
increase of radioactivity in bones was visible.
Figure 5 depicts extracted time-activity curves
(TACs) for radioactivity uptake and clearance
through the kidneys, the blood pool, liver, mus-
cle tissue and bones. The radioactivity detect-
ed in bones shows an initial uptake which pla-
teaued for about 30 min before a continuous
increase was observed for to the rest of the
PET imaging experiment.

Am J Nucl Med Mol Imaging 2014;4(3):248-259
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Figure 5. Time-activity curves (TACs) for heart (blood pool), |
PET experiment. Data are presented as SUV.

Biodistribution and dosimetry

For the dosimetry calculation a detailed ex vivo
biodistribution experiment was carried out in
rats at 5, 30 and 60 min as well as 2, 3, 4 and
6 h p.i. Table 1 summarizes data biodistribution
for 5, 60 min and 1, 2 and 6 h p.i. Except for
bone and brain tissue all organs possessed a
clearance pattern.

Table 2 presents the calculated human absor-
bed doses and effective dose for 6-[**F]FDF as
determined using OLINDA/EXM.

The human effective whole body dose determi-
nation resulted in 0.0085 mSv/MBq and 0.010
mSv/MBq for the human adult male and female
phantom. The highest absorbed doses resulted
for the red marrow and osteogenic cells, corre-
sponding to the high amounts of radioactivity
detected with the PET experiments in the bones
(Figures 4 and 5). For the osteogenic cells dose
equivalents of 0.029 mSv/MBqg and 0.038
mSv/MBq for a human male and female were
calculated. An injected activity of 370 MBq (10
mCi) of 6-[**F]FDF would expose an adult
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Time [min]

iver, kidneys, muscle and bone derived from the dynamic

human male to 3.1 mSv and a human male to
3.7 mSy effective radiation dose.

Discussion

This study presents the radiosynthesis of
patient doses and human radiation dose calcu-
lations of 6-[*F]FDF, a novel *¥F-labeled fruc-
tose derivative for imaging GLUTS in vivo.
Radiosynthesis of 6-[*8F]FDF was accomplished
in an automated synthesis unit under GMP con-
ditions. Automated synthesis and dosimetry
data of 6-[*®F]FDF are important prerequisites
for using the radiotracer in a first-in-human clin-
ical study.

Radiosynthesis of 6-[*¥F]JFDF was optimized
using a tosylate labeling precursor instead of
previously reported triflate precursor [20].
Tosylate labeling precursor offers several
advantages such as its solid form and higher
stability, which allows for a longer shelf life of
up to 3 months without significant decomposi-
tion. A reliable and robust radiosynthesis of
6-[*®F]FDF was developed in an ASU. The GE
Tracerlab FX_ ASU used in our study is fre-

Am J Nucl Med Mol Imaging 2014;4(3):248-259



Table 1. Biodistribution of 6-[*8F]FDF in rats [%ID/g; n = 3]

Synthesis and dosimetry of 6-[*8F]FDF

Organs 5 min 1 hour 2 hours 6 hours

Blood 0.739 £ 0.011 0.398 + 0.026 0.183 + 0.026 0.034 + 0.005
Heart 0.636 +£ 0.011 0.303 +£ 0.023 0.179 £ 0.046 0.029 + 0.003
Lung 0.607 + 0.040 0.322 £ 0.028 0.152 + 0.023 0.037 + 0.004
Liver 0.577 £ 0.009 0.347 £ 0.028 0.218 + 0.051 0.064 £ 0.012
Kidneys 3.052 + 0.300 0.875 £ 0.105 0.420 £ 0.078 0.064 + 0.016
Thymus 0.489 + 0.020 0.280 + 0.032 0.156 + 0.385 0.023 + 0.002
Spleen 0.449 £ 0.013 0.284 +0.016 0.147 £ 0.005 0.053 + 0.003
Duodenum 0.704 £ 0.011 0.327 + 0.006 0.189 + 0.021 0.051 + 0.015
Small Intestine 0.627 + 0.004 0.340 + 0.009 0.236 + 0.055 0.046 £ 0.010
Large Intestine 0.230 £+ 0.005 0.279 + 0.007 0.534 £ 0.218 0.495 + 0.046
Pancreas 0.283 £ 0.015 0.179 £ 0.015 0.095 £ 0.016 0.024 + 0.002
Bone 0.234 £ 0.025 0.795 £ 0.046 0.786 £ 0.344 0.094 £ 0.026
Muscle 0.240 £ 0.010 0.310 +£ 0.024 0.156 + 0.020 0.023 + 0.003
Stomach 0.274 + 0.090 0.245 + 0.020 0.147 £ 0.027 0.020 £+ 0.001
Ovaries 0.470 + 0.064 0.323 £ 0.029 0.145 + 0.042 0.025 + 0.005
Brain 0.129 + 0.016 0.240 + 0.015 0.186 + 0.005 0.043 + 0.005
Bladder 0.831+0.119 1.305+0.171 1.095 + 0.621 0.153 + 0.044
Fat 0.077 + 0.016 0.053 + 0.009 0.016 + 0.003 0.005 + 0.001

quently employed as an effective synthesis
module for automated radiosyntheses of
numerous PET radiotracers for clinical applica-
tions such as [*8F]FLT, [*8F]FAZA, [*®F]fluorocho-
line and [*8F]FET [21]. 6-['8F]FDF could be pre-
pared in decay-corrected radiochemical yields
of ~14%. The minimum specific activity was
determined to be 5.1 GBqg/umol. The high
radiochemical (radiochemical purity > 95%)
and chemical purity (no chemical contamina-
tions visible in the UV trace of purified product),
and the successful quality control tests make
prepared 6-[*8F]FDF suitable for injections into
humans.

The highest absorbed doses are observed in
bone forming cells, red marrow and osteogenic
cells. This is consistent with findings from
mouse and rat PET image analysis, where bone
was found to possess the highest radioactivity
levels at 1 h p.i. [20] followed by a further
increase for up to 2 h. Higher radiation dose
levels are also expected for the kidneys and uri-
nary bladder since 6-[*®F]FDF has shown main-
ly a renal clearance pattern.

The Food and Drug Administration’s Radioactive
Drug Research Committee (FDA-RDRC), in its
Code of Federal Regulations 21CFR361.1 [22],
limits the single dose of radiation to the whole
body, active blood-forming organs, lens of the

256

eye and gonads to 30 mSv and for other organs
to 50 mSv. The data presented here indicates
that an injected dose of 370 MBq (10 mCi),
based on a typical prescribed dose of 5.2 MBq/
kg for FDG [26], would not exceed these limits.
The critical organs, i.e. osteogenic cells and red
bone marrow, would absorb 11.7 and 4.4 mSv
in this case. The effective whole body dose to a
human determined from this investigation is
0.0089 mSv/MBq. This value compares favor-
ably with the one reported for FDG in the SNM
procedure guidelines of 0.027 mSv/MBq [27]
and the ICRP of 0.019 mSv/MBq [28].

To date [*®F]FDG is still the most widely used
PET radiotracer, being used in > 90% of all PET
studies, and it has proven its usefulness for
diagnosis, staging and detection of residual/
recurrent cancer [29]. However, [*8F]FDG dis-
plays some important limitations for tumor
detection including uptake into inflammatory
lesions which might confound the adequate dif-
ferentiation between post-therapy inflamma-
tion and residual tumor [30, 31]. In breast can-
cer patients, [*®F]FDG-PET has been shown to
possess a 76-89% sensitivity and 73-80%
specificity for the primary diagnosis. It shows,
however, only low and very variable sensitivity
of 20-50% to detect axillary lymph node metas-
tasis [12]. The shortcomings of [*®F]FDG have
led to the development of alternative PET and
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Table 2. Predicted human absorbed doses for
6-[*8F]FDF

Absorbed dose

Organs [mGv/MBq]
Adrenals 0.0069
Brain 0.0051
Breasts 0.0037
Gallbladder wall 0.0074
Lower low intestine wall 0.0118
Small intestine 0.0151
Stomach wall 0.0060
Upper low intestine wall 0.0117
Heart wall 0.0075
Kidneys 0.0202
Liver 0.0132
Lungs 0.0059
Muscle 0.0055
Ovaries 0.0092
Pancreas 0.0065
Red marrow 0.0119
Osteogenic cells 0.0315
Skin 0.0036
Spleen 0.0063
Testes 0.0045
Thymus 0.0049
Thyroid 0.0048
Urinary bladder wall 0.0179
Uterus 0.0073
Total body 0.0071

Effective dose
Effective dose equivalent

0.0089 mSv/MBq
0.0108 mSv/MBq

SPECT radiotracers using different targeting
approaches [15]. Fructose and analogues may
become molecules of interest to study tumor
growth and metabolic syndrome [32]. Fructose
transport through GLUT5, which is expressed in
breast cancer, would represent an alternative
targeting strategy [33]. Although Gambhir and
co-workers have recently raised questions
about the degree of overexpression of GLUT5 in
human breast cancer tissue [15], it remains to
be elucidated whether there would be a func-
tional difference in fructose and glucose
metabolism in breast cancer patients with dif-
ferent types of breast tumors. It was found ear-
lier that D-fructose is taken up to significantly
higher degrees in breast cancer cells compared
to a non-tumorigenic epithelial cell line [12].
Uptake via fructose transporting GLUTs has
been assessed earlier by 1-[*F]FDF [16]. It was
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demonstrated that 1-[*8F]FDF showed no selec-
tive uptake in GLUTS expressing tissue, where-
as 6-[*®F]FDF showed selective uptake into
GLUTS expressing tissue, specifically breast
cancer cells [32]. This finding and the favorable
radiopharmacological profile of 6-[*F]FDF in
various murine and human breast cancer cell
lines suggest application of 6-[*8F]FDF for imag-
ing of GLUT5 in breast cancer patients [19, 20].
An interesting pharmacological aspect of
6-['8F]FDF is the observed bone uptake ([20];
current study). According to the obtained time-
activity curves in bone, radioactivity accumula-
tion seems to occur in two phases: a) an initial
uptake during the first 30 min followed by b) an
increased uptake starting at 30 min p.i. until
the end of the study at 4 h p.i. The observed
time-activity curve is atypical for a sole radiode-
fluorination process. Bone uptake levels are
significantly higher and differ markedly in the
uptake kinetics after injection of [*®F]fluoride
[unpublished data]. There is initial evidence
that GLUT5S is expressed in chondrozytes sug-
gesting a role for fructose transport and metab-
olism during the synthesis and degradation of
cartilage [34, 35]. However, detailed function
of proposed GLUT5 expression in chondrocytes
is still not fully understood, but it is not a limit-
ing factor for the application of 6-[*F]FDF as
PET radiotracer for molecular imaging of GLUT5
in breast cancer.

In conclusion, the pre-clinical evaluation in dif-
ferent models of breast cancer revealed that
6-['8F]FDF shows significant levels of uptake in
breast cancer tissue and a fast clearance lead-
ing to low background levels which would be
favorable for a PET radiotracer. Moreover,
favorable dosimetry data for 6-['8F]FDF and its
advantageous clearance properties, other than
the observed accumulation in bone, would sup-
port further testing of 6-[*8F]FDF as a new PET
radiotracer in a first human clinical study.
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