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Abstract

A plethora of cyclotron options have been developed to fulfil the demands of nuclear medicine industries in PET and
SPECT radioisotopes. As a remote site, the difficulties of transporting fluorine 18 radiopharmaceuticals for PET examina-
tions were overcome by the installation of a 7.5 MeV cyclotron for in-house production. The addition of a third-party
synthesis module enabled the synthesis of 7 additional radiotracers according to a “dose on demand” principle. Radio-
chemical yield is considered the primary factor in producing sufficient activity for a single patient dose, since low energy
cyclotrons can only offer low initial activities. We hereby report the average radiochemical yields, synthesis times and
doses per production for ['8FIFDG, ['8FIPSMA-1007, ['®FIDOPA, ['8FIFET, ['8FIFLT, ['®FIFMISO, ['®F]Choline and ['®F]FES
using a BG75 cyclotron and a Neptis Mosaic-RS. Additionally, the presence of radionuclidic impurities in the final product

was examined.
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1 Introduction

Positron emission tomography with computed tomogra-
phy (PET/CT) is gaining acceptance and is becoming the
leading modality in diagnosis among the non-invasive
diagnostic techniques in nuclear medicine [1]. Positron
emitting isotopes have been used to radiolabel several
compounds with different biodistributions, leading to
an arsenal of radiopharmaceuticals that can be used to
image certain reactions, metabolic routes and processes
at the molecular level [1]. Due to its properties, fluorine-18
(F-18) is the radioisotope of choice for many radiophar-
maceuticals. Among other characteristics, it has a half-life
of 110 min, which is enough for production and admin-
istration or dispatching. However, its availability is chal-
lenging for remote sites where transport logistics are

more complicated and time consuming. This has a direct
impact on the examination costs and leads to the need for
in-house production of F-18 using accelerators [2].

Nowadays there is a variety on available cyclotrons,
differing on several properties and characteristics [3-6].
From the economical point of view, the cyclotron of choice
depends primarily on the estimated number of PET exami-
nations per year for the covering area of the institution [7].
Due to increasing demands of F-18 radiotracers remote
sites could overcome their proximity “disadvantage” using
a "dose on demand” small cyclotron. As a result, several
companies have manufactured and offered lower energy
cyclotrons in order to achieve multiple runs of bombard-
ment and fluorine-18 activity yields during a single day,
according to the needs of the site [4, 6].
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Such an example is the BG-75 Biomarker Generator
(Best ABT Molecular Imaging Inc., Knoxville, TN, USA),
which consists of the mini cyclotron and the microchem-
istry unit. The cyclotron is a 7.5 MeV, self-shielded, proton
beam, positive ion cyclotron, initially designed for Fluoro-
deoxyglucose (['8FIFDG) production only, using “a dose on
demand” principle.

However, the growing need for further non-FDG PET
examinations led us to the introduction of an additional
radiosynthesis module which, to the best of our knowl-
edge, has never before been used together with a 7.5 MeV
cyclotron.

We herein report the feasibility on production of several
other fluorine-18 radiotracers using a BG75 cyclotron and
a third-party synthesis module (NEPTIS mosaic-RS auto-
mated system, ORA, Philippeville, Belgium) by reporting
our experience after more than 2 years.

2 Materials and methods

All chemicals, reagents and solvents needed for synthesis
of 2-Deoxy-2-["®F]Fluoro-p-glucose (['®FIFDG), ['®FIPSMA-
1007, ['®F]Fluoro-L-dihydroxyphenylalanine (['®F]DOPA),
["8F]Fluoro-L-dihydroxyphenylalanine (['8FIFET), ['®F]
Fluorothymidine (['8F]FLT), ['®F]Fluoromisonidazole (['éF]
FMISO), ['®FIFluorocholine (['®F]Choline), ['®F]Fluoroestra-
diol (['®FIFES) were purchased from ABX GmbH (Rade-
berg, Germany). Pre-conditioned Sep-Pak” Light Waters
Accell™Plus QMA cartridges were used for '8F~/'80 water
separation. Additionally, the synthesis cassettes equipped
with the cartridges required for each radiopharmaceutical
and the reference compounds used for the quality control
were also purchased from ABX GmbH. No modifications
were made to the purchased Single-use synthesis cas-
settes and reagent kits. Methods and standard operating
procedures for synthesis were provided by ORA NEPTIS
manufacturer. Minor modifications on the sequences were
made to avoid activity losses and ensure success on pro-
ductions. For the better handling of low initial activity, a
6.2 cm line for introducing the activity to the synthesizer
was used. The syntheses were hosted in a MecMurphil
PET shielded isolator (MecMurphil S.r.l, Bologna, Italy)
equipped with HEPA filters. HPLC solvents (HPLC grade)
were purchased from Sigma-Aldrich.

HPLC analysis was performed on a Shimadzu 20A/AT
system with a Gabi detector (Elysia-Raytest; Strauben-
hardt, Germany) for the determination of the radiochemi-
cal and chemical purity as well as the chemical identity of
each compound. An ACE 3 C18 150 1.5 mm (ACE), Rezex
ROA-Organic Acid H* (8%) 250 x 4.6 mm and Luna® 5 um
Scx 100 A 250 x 4.6 mm column was used. Prior the quality
control, a reference standard of each compound was used
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for the determination of the retention time. GC (Shimadzu
17A, Lab solution 2.1 software; Kyoto, Japan) was used for
the determination of residual solvents using a RESTEK RTX-
624 (id 0.32 mm, length 1200 mm; Bellefonte, PA, USA)
column. Radionuclidic identity was checked by half-life
measurement via a dose calibrator (M.E.D. -Medizintechnik
Dresden GmbH, Dresden, Germany). Radionuclidic purity
was determined using a multi-channel analyser (Mucha
star, Elysia -Raytest, Straubenhardt, Germany) with Gina
star software (version 6.0, Elysia -Raytest, Straubenhardt,
Germany). A spot test was used for the determination of
both Tetrabutylammonium bicarbonate solution (TBA-
HCO;) and Kryptofix levels in the final product, TLC (mini
Gina detector and Gina star software, Elysia-Raytest;
Straubenhardt, Germany) was performed using TLC Silica
Gel 60 F254 Alu sheets (25x70 mm) and a mixture of
MeOH:Ammonia (9:1 v/v ratio) as stationary and mobile
phase respectively for the development of the plate.
Reference standards of 111 ppm TBA-HCO; solution and
600 ppm Kryptofix solution were used.

["8FIFluoride was produced by irradiation of Oxygen-18
enriched water (97%, ABX, GmbH; Radeberg, Germany)
with a 7.5-MeV cyclotron according to '®0(p,n)'8F nuclear
reaction. A 316-Stainless steel target of 0.28 mL maximum
volume capacity and a window made of havar alloy, was
used. The cyclotron’s target current was maintained at
5.5 pA. A total of 0.25 mL Oxygen-18 enriched water was
used. Elution and purge of the transfer line was carried out
in each production run, using the same volume of water
(0.25 mL). Average time of bombardment for all synthe-
ses was 87.3+9.2 min. Irradiations were performed in the
facility with the BG75; 7.5 MeV proton beam, positive-ion
cyclotron. All syntheses were carried out using Neptis
Mosaic-RS.

In order to investigate the existence and the identity
of long-lived radioisotopes that might be present in the
[O-18] water coming from the target, a further analysis was
carried out. To determine those radioisotopes, a gamma
spectroscopy of the recovered [0-18] water of all produc-
tions carried out with Neptis, since the first day of opera-
tion, was made (Fig. 1). Additionally, gamma spectros-
copy for the recovered [0-18] water of single FDG run was
performed, in order to determine the consistency of the
output of radioisotopes (Fig. 2). The gamma spectroscopy
data of a decayed ['®F] FDG dose is also shown in Fig. 3.

3 Results

During the last 2 years of production, 1213 irradiations
were carried out using both ABT’s microchemistry unit
and Neptis Mosaic-RS. The average activity of F-18
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Fig. 1 Gamma spectroscopy
data of the bombarded [0-18]
water of all productions carried
out using Neptis Mosaic RS
module

Fig.2 Gamma spectroscopy
data of the bombarded [0-18]
water of a single FDG run
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transferred to synthesis modules was 4.08+£0.24 GBq 3.1 Radiopharmaceuticals

after an average bombardment time of 87.3£9.2 min.

The data shown here were obtained using only Neptis  3.1.1 2-Deoxy-2-['®F]Fluoro-p-glucose
Mosaic-RS. All radiochemical yields presented below are

in the non-decay corrected form.

After 82 productions of FDG using the Neptis mosaic-
RS radiosynthesis module, with 92.4 min of average
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Fig.3 Gamma spectroscopy
data of a decayed ['®F] FDG 0.55!
dose
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bombardment time and a synthesis time of 23 min, the
average production yield was 53 + 8%. This equates to an
average activity of 2.56 +£0.84 GBq. The activity was consid-
ered enough for four to five patients to be administered,
depending on their weight (target activity of 3.5 MBq/
kg(BW)) and considering that only one PET/CT scanner is
available.

3.1.2 ["®F]-PSMA 1007

After 93 productions of '8F-PSMA-1007 with a synthesis
time of 41 min, the average activity of '®F-PSMA-1007 was
1.97 £0.57 GBq, which translates to a radiochemical yield
of 57 +8.1%. Based on the scan time (3 h post injection;
target activity 4 MBg/kg(BW)) the average activity trans-
lates to the administration of up to three patients with one
production.

3.1.3 ["®F]Fluoro-t-dihydroxyphenylalanine

After 10 productions of '®F-L-DOPA with a synthesis time
of 86 min, the average activity was 258 +78 MBq and the
radiochemical yield was 7 + 1%. This activity corresponds
to a single patient (target activity 4 MBqg/kg(BW)) for each
production.

3.1.4 ["®FIFluoroethyl-i-tyrosine

After 24 productions of '8F-FET with a synthesis time
of 49 min, the average activity of 1.31+0.3 GBq, with a
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radiochemical yield of 30 + 6% was achieved. This activity
was considered to be enough for up to three patients to be
administered (target activity of 200 MBg/patient).

3.1.5 ["®F]Fluorothymidine

8E-FLT was produced once with an activity of 169 MBgq,
which results in a radiochemical yield of 5.6%. The low
achievable activity of '8F-FLT (therefore high cost) have
discouraged the use of '®F-FLT and favoured the use of
3.1.4in the daily routine. Synthesis time 43 min.

3.1.6 ["®F]Fluoromisonidazole

With two productions of '8F-FMISO, the activities of
629 MBq and 527 MBq can be reported. This translates
to radiochemical yields of 17% and 11% respectively. The
achieved activity was enough for a single patient (target
activity 5.5 MBq/kg(BW)). The time needed for synthesis
was 55 min.

3.1.7 ["®FIFluorocholine

After two syntheses we report doses of 973 MBq and
847 MBq, which translate to a radiochemical yield of 24%
and 18%. The synthesis time was 49 min. A single patient
was administered in each case (target activity 3 MBqg/
kg(BW)).
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3.1.8 ["®F]Fluoroestradiol

Two productions of '8F-FES were carried out. After 71 min
of syntheses the final activities recorded were 800 MBq
and 852 MBq and radiochemical yields of 23% and 28%.
Those were administered to patients in a radioactive dose
of 111-222 MBq as a slow intravenous bolus injection over
1-2 min [8]. Due to the uptake time of 80-100 min, the
final activity is considered to be enough for two patients.

All radiopharmaceuticals passed the specifications for
their quality control stated by European Pharmacopoeia.

3.2 Radionuclides generated using 7.5 MeV
cyclotron

During normal operation, the BG-75 cyclotron activates
certain materials, such as the target and its window. Since
the target and the target window are made of stain-
less steel and havar alloy respectively, the generation of
unwanted radionuclides cannot be avoided [9].

However, due to its low energy, the BG75 cyclotron only
generates a very small amount of other, long-lived radio-
isotopes. Although most of the generated radionuclides
expected [4, 10] are detectable in both cases (Figs. 1, 2)
shown below, the activities recorded are very low. The sum
of the integrated values of the peaks generated are 400
cps and 20 cps for all time and for a single day, respec-
tively. An FDG dose was left to decay for five days. Despite
that the data from Figs. 1 and 2 are comparable, there is
no indication that any of these radioisotopes are present
in the final product.

The data from Figs. 1 and 2 show that there are cer-
tainly 2 radioisotopes that can be considered activation
products of Havar and stainless steel, Manganese 52
(t1/2=5.6 days) and Cobalt 56 (t1/2=77 days). One more
isotope that is expected to be appeared cannot be identify
but only hypotheses can be made due to lack of equip-
ment and the low of activity. That isotope is Technetium
96X (t1/2=4.6 days) where its parent isotope (Molybde-
num) has been used as addition to the stainless-steel alloy.

4 Discussion

The need for specialized examinations led to the installa-
tion of Neptis module due to the limitation of Best ABT’s
microchemistry unit on producing radiopharmaceuticals
other than FDG. The production of the new radiotracers
has been shown to be feasible. All of them passed the
quality control specifications and they can be considered
as suitable for a routine nuclear medicine clinical practice.
Eight radiopharmaceuticals were produced with compara-
ble radiochemical yields to those reported by commercial

cyclotron-synthesis modules [1, 11, 12]. Although the
production of more FDG doses with one batch was not
planned initially, the use of a third-party synthesis module
enabled that option as well leading to the administration
of even 5 patients with one hardware and reagents kit of
FDG. Therefore, Best ABT’s 7.5 MeV cyclotron can be con-
sidered efficient enough for a small clinical site of 30-40
cases per week depending on the availability of synthesis
modules.

Furthermore, the lower initial activity restricts the
number of patients that can be administered. A Longer
line was added on introducing the activity to the module
through a 10 mL reservoir column in order to avoid spill-
age of droplets on its sides. And therefore, to minimize
losses of activity.

Moreover, ['®FIDOPA, ['®FIFMISO, ['®F]Choline, ['®FIFES
and ["®FIFLT could only be administered to a single patient
at a time, even though sufficient activity was generated for
["8F]Choline and ['®F]FES to administer up to two patients.
Long synthesis times combined with low initial activities
and patient availability results in single dose productions.
The rest of the radiopharmaceuticals could be adminis-
tered to multiple patients. Despite similarities in imaging,
FET was preferred over FLT because of its better ability
to cross the blood-brain barrier [11] as well as the better
yields that were obtained.

Additionally, the unwanted production of other radio-
nuclides did not deviate from what has been reported pre-
viously [13, 14] or suggested by cyclotron manufacturer. A
similar study with different cyclotrons and target materi-
als have shown similar results on the spectroscopic data
[14, 15]. Although there is a production of other radionu-
clides, their low activity compared to commercial cyclo-
trons allows for better waste or equipment management
in order to comply with national and local regulations.
Additionally, there was no indication that any of those
by-products were present in the final product even after
5 days of decay.

5 Conclusion

In conclusion, the addition of Neptis Mosaic-RS to the
existing ABT’s 7.5 MeV cyclotron, made the production of
additional radiopharmaceuticals feasible. Not only that,
but also allowed the production of batches of radiop-
harmaceuticals needed for a certain number of patients.
Most of the radiotracers have been produced to be admin-
istered to a single patient; however, the capabilities of the
system in administering more patients with the same
batch depends on the PET/CT scanners'and patients’ avail-
ability. Due to the limitation of low energy cyclotrons in
providing high initial activities of F-18, the radiochemical
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yield is considered the parameter that will define the capa-
bilities of each batch.
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