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Foreword

The presented PhD thesis aims at the introduction of three newly developed
fluorine-18  labelled  radiotracers  ([°FIFE@CIT, ["“FJFE@QCFN and
["® FIFE@SUPPY) for the PET neuroimaging and on the improvement of the
preparation techniques of one existing PET-tracer, namely the carbon-11 labelled
radioligand [carbonyl-"'"C]WAY 100635. The availability of selective receptor-ligands
is a prerequisite for the safe use of these molecules for the purpose of receptor
imaging. Since it is known that factors such as reaction time can strongly influence
the quality of the radioligand, especially with respects to radiochemical parameters
such as specific radioactivity, yield and radiochemical purity, special emphasis is
put on these preparative aspects.

The thesis is structured into three main parts :

(1) introduction and methods

(Il) papers and discussion

(1ll) conclusions

The introduction section should provide a brief and general background of the PET
technique and the chemistry used for the radiosynthesis of PET-tracers.

The methods/papers section gives experimental details of the newly prepared
radiotracers  (['®FIFE@CIT, ["FJFE@CFN and ["®FIFE@QSUPPY) or the
improvements performed in case of the existing PET-tracer ([carbonyl-'"'C]WAY
100635). All papers given in this section are either published (papers 1; 2 and 4) or
submitted for publication (paper 3).

Since there are many established abbrevations, which are used on a regular basis
in modern PET science, the author of this presented PhD thesis decided not to list

the used abbrevations of this work seperately. For a comprehensive and facilitated



reading the abbrevations are always immediately explained at the same page on
which they are used for the first time.

Furthermore, for a better overview the references chapter have been divided into
several parts. For the general introduction part and also for the four papers the

relating used, references are always given at the end of their respective sections.



1.General introduction

1.1. PET basics

PET stands for Positron Emission Tomography
PET is an in vivo imaging technique for the detection of administered
radiopharmaceuticals giving the opportunity to visualise physiological processes of

the human body. It is a so called NIRI (= Non-Invasive Radiotracer Imaging)

modality [1].
Imaging technique Mode Spatial resolution Target sensitivity
[ranges] [ranges]
X-ray/CT Anatomical 300.0pm Low [>mM]
MRI Anatomical 800.0pm Low [>mM]
Ultrasound Anatomical 500.0pum Medium [nM]
SPECT Functional + 5.0 - 10.0mm High [nM- pM]
molecular
PET Functional + | 2.0 - 8.0mm B High [nM- pM]
molecular

CT.. Computerized Tomography

MRI.. Magnetic Resonance Imaging

PET.. Positron Emission Tomography

SPECT..Single Photon Emission Computed Tomography

Table 1 shows several complementary non invasive imaging techniques and give an overview

of their data key characteristics [2].

The “imaging strength” of PET lies in its non-invasive clinical imaging at the
physiological and the molecular level [2]. The obtained spatial resolution and target
sensitivities are derived from a combination of intrinsic properties of the techniques
themselves and the particular combination of contrast agent and imaging protocol

used.



1 CT images (skull,bowels,spine) 2 X-ray images (skull,upper body,spine)

5 ['"®F]JFDG-PET whole body scan 6 [*™Tc]MDP-SPECT whole body scan
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Figures 1- 4 illustrate typical CT, X- ray, MRI and ultrasound images [7],
Figures 5 and 6 show a PET and a SPECT scan [8,9].

The shown images are intended to demonstrate, respectively to compare the

obtainable spatial resolution of the introduced imaging modalities of given Table 1.



The interested reader is referred to a recent review article published in 2006 by
Cherry SR in which he presented an overview of new advances in PET imaging
technology [10]. Furthermore, PET is not only valuable for medical purposes, it is

also strongly employed for drug developement research. PET can answering
questions of pharmacokinetics and drug dose regimen (microdosing concept) and is
a helpful tool for the evaluation of the biological selectivity of newly developed drugs
for the pharmaceutical industry. However, this PhD- thesis puts its emphasis on

interactions between radiochemistry, radiopharmacy, psychiatry working fields and

preclinic studies (marked with blue arrows).

Psychiatry unit working field:
Neurotransmission studies

Nuclear medicine unit Medicinal physics unit
working field: working field:
clinical question and clinical outcome Instrumentation and imaging modeling

A PET - facility unit
is the “interface” of

Radiopharmacy unit Radiochemistry unit
working field: working field:
Quality control and quality assurance Radiotracer production and development

Preclinic studies

Figure 7 a modern PET facility and its interfaces



PET- facility unit

Radiochemistry + radiopharmacy units

Feedback ' . Feedback

and control and control

Radionuclide production

Cyclotron targetry development and requirements

Figure 8 the “feedback and control” working mechanisms of a modern PET-facility and its
related units [11].

Overview of PET science and its working fields

1 The particle accelerator (cyclotron) enables the production of desired positron
emitters for labelling operations

2 The selected positron emitters carbon-11 and fluorine-18, which are the main
focus of this PhD thesis, will be attached to a ligand via different radiochemical
syntheses operation steps yielding the PET radiopharmaceutical.

3 The formulated PET radiopharmaceutical will be then administered into patient.
4 The PET scanner is the imaging device which registers the pathway of the
administered radiopharmaceutical within the subject It has to be kept in mind that
due to short physical half lives of positron emitters (see Table 2) nuclear medicine
facilities must be in vicinitiy to the cyclotron site. Only for fluorine-18 labelled PET-

tracers a considerable distribution possibility exists. Regional transport of fluorinated

PET radiopharmaceuticals such as for the “working horse” 2-deoxy-2-[*8F]fluoro-D-
9



glucose (= ['"®F]FDG) to other PET sites without cyclotron facility can be performed

(so called “satellite principle”).

Radionuclide | Phys. half life | Decay mode Max. specific activity*
Carbon-11 20.4 min R 3.4 x 10" GBg/umol
Fluorine-18 109.7 min R* and EC 6.3 x 10"° GBg/umol

* defined as the number of decay N per second and per mole see also p.36 for detailed explanation
Phys... physical

Max... maximum

[3+.. positron decay

EC.. Electron Capture property

Table 2 compares the physical and radiochemical properties of carbon-11 and fluorine-18

(given values are taken from [12]).

1. Production of radionuclides
In general there are two main approaches for the production of radionuclides which

are depicted in the following organigram:

¢ 1 Reactor approach ¢ 2 Cyclotron approach

+ . 3“ sideway Generator approach

This presented PhD thesis places its emphasis on the second approach and its produced radionuclides. Therefore the first
and the “third” production methods have been written with the aim to provide a complete overview of all possible
radionuclide production pathways.
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As shown, it is possible to produce radionuclides firstly with the nuclear reactor

plant approach and secondly using cyclotron production.

Nonetheless, it has to be mentioned (for completeness) that there also exists a “3

sideway” option via a generator system. These generator systems are produced in

nuclear reactor plants and can be treated as a sideway of the first approach. One
can distinguish between neutron deficient/proton rich and neutron rich/proton
deficient radionuclides. The latter are generated by nuclear reactors. For PET, only

neutron rich/proton deficient compounds are useful for diagnostic imaging.

¢ Approach 1 radionuclide production via a nuclear reactor plant

The main principle for production of this approach | is the bombardment of target
material with neutrons. The neutrons are employed as projectiles for the generation
of neutron rich nuclides (those products of nuclear reactions are the so called

ejectiles).

Projectil X 2> - “Transition state” > (desired) product +

l!—»\() _’\*i.,ﬁk

Figure 9a describes general (bombardment) nuclear reaction mechanism

target material 2p

x &%

\ product

prolectll . P <

ejectil

Figure 9b exemplifies the nuclear reaction of 32S(n,p)32P using a neutron as projectil [13].
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This nuclear reaction can be expressed in following general EEUEHOM

328+1n 91,0"'32:‘3

(equation 1)
The described (bombardment) nuclear reactions of approach 1 are taking place in a

so called nuclear reactor plant.

inside view

Ll

| scheme

......

reactor core with
Cerenkov radiation

Figure 10 on the left side shows a typical nuclear research reactor (Rossendorf, Germany,

decommissioned) [13]. Figure 11 in the middle gives an insight view into nuclear research
reactor [14] and Figure 12 on the right hand side illustrates a simplified construction scheme of

a nuclear reactor [15].
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+ “3 sideway” radionuclide production via a generator system

saline eluate front view

input > saline + Te-99m

outlet

Al2O3
matrix +
adsorbed
Mo-99
(= red dots)

lead shield

saline eluate + Ga-68 outlet

Figure 13 shows on the left hand side a simplified construction scheme of a %Mo/ %mTc
generator system [16]. Figure 14 on the right hand side illustrates the $Ge/ %4Ga generator
system which was employed for the first time in fall 2006 at the PET centre of the Vienna
General Hospital (AKH Wien) [8]

Technetium- 99m is the most important radionuclide for SPECT imaging tracers in
conventional nuclear medicine (Single Photon Computed Tomography)
Interestingly, there are also generator systems which produces positron emitters
such as the ®®Ge/ ®®Ga generator. A generator system is employed to seperate and
extract the desired radionuclide through the use of a parent nuclide that constantly

decays to a daughter nuclide.

Parent nuclide (A) =2 desired daughter nuclide (B) 2 granddaughter nuclide (C)

(equation 2).
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Furthermore, it is important that the physical half life of (A) must be much longer
than that of (B), a so called transient equilibrium between mother and daughter
nuclide is desired. For example ®®Ge is the mother nuclide (A) and ®®Ga is the
desired daughter nuclide (B). The main advantage of a generator is evident for

small PET sites, where PET radionuclides become available without cyclotron.

Generator Systems useful in Nuclear Medicine

?ECT \etc “ Therapy PET

Workhorse of NM  Nuclear Cardiology

PMo/*™Tc (360min) | 1'2Sn/"2In (100 min) 205 /a0y #“Tif45c (3.9 h)

N

W01 r (4.9 5) 1880y 198 Ho 22Fe/FMn (21 min)
\ \‘EZ"‘HQ.”QEP"AU (306s 135y /158 Qe 82Zn/*2Cu (10 min)

mother nuclide (A) / daughter nuclide (B)

1940s/1%41r ®Ge/**Ga (68 min)

178 /178Ta (9.3 min) ZBAC1EBI %Ge/*®Ga (68min)

122Xe/122| (3.6 min)

phvsical half life of dauahter nuclide (B) 1288a/125Cs (3.6 min)

NM..Nuclear medicine
SPECT.. Single Photon Emission Computed Tomography
PET.. Positron Emission Tomography

Figure 15. shows a chart with the two before introduced (red boxes) and other commonly used
generator systems employed in conventional nuclear medicine facilities and in PET sites [13].

Out of the so far available PET-generators, the °®Ge/ ®®*Ga generator system has

the best properties concerning the physical half life of the daughter nuclide [68 min]

and experiences a real “boom” in hospital PET centres. The most prominent ®Ga-
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labelled PET-tracer to date is [*®Ga]DOTA-TOC which is used for neuroendocrine
tumour imaging.

¢ Approach 2 radionuclide production via a cyclotron

The main difference of cyclotron produced radionuclides as compared before to the
reactor approach is a wider variety of nuclear reactions. This fact is due to the
variation of possible employed projectiles such as protons, deuterons, helium-3 or
helium-4 bombarding particles. In practice, however medical cyclotrons mostly use
protons as projectiles for the nuclear reactions. Numerous medical accelerators that
are used in hospital PET centres are proton accelerators. In some rare cases also
alpha particles and deuterons are accelerated. The major advantages of these
medical accelerators compared with nuclear reactor plants concerning radionuclide

production are:

4) small construction dimensions

4) a low activation energy of components

+4) a low neutron background with low lead shielding requirements
+) to get high specific activity of the desired radionuclide

+) limited access to reactors

¢) production of fewer radionuclidic impurities by selecting an defined energy

window for the employed nuclear reaction

15



Construction principle of cyclotron

The main parts of a cyclotron comprise:

¢ 1 The ion source located in the cyclotron centre which generates the projectiles

¢ 2 The acceleration chamber for the ions which become projectils for desired

nuclear reactions

¢ 3 The magnets to maintain the acceleration of ions and to keep them on a circular

path (the so called dee’s).

¢ 4 The target chamber where the projectil with high velocity hits the target material

and induces the desired nuclear reaction.

: X

Cryopump dee’s

Extractor #1

projectil outlet

— Magnetic Coils

[ = &
I =) TR i RF Transmission
i o Cannection

Ny QA ok Hydrauiic
}1< o N ” Lifting 4)
s §

GCombination =~
Magnet

| ion source

inlet beamline

Accass Pit
projectil g i s

(1) steel yoke (2)+(2") steel poles (3) cooper coils (4) accelerating magnets (dee's) (5) generating ion source (6)

accelerated ion (projectil)

Figure 16. on the left side shows a simplified construction scheme of a cyclotron [17].and
Figure 17 on the right hand side shows selected details of cyclotron working parts [20].
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top view
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Figure 18. explains the physical mechanisms of the bombarding particle generation within a

Spiral path of
accelerated electrons

cyclotron [18].

The dimension size of a cyclotron depends on the function for which they are

intended (working pupose).

Figure 19 shows on the left hand side a cyclotron which employs deuterons as projectiles
especially designed to produce only oxygen-15 for medicinal PET studies for example brain
perfusion studies; due to reason of its small size it is also called “baby cyclotron”). Figure 20
illustrates in the middle the particle accelerator at TRIUMF (Tri University Meson Facility) in
Vancouver, Canada, where a wide variety of radionuclides are produced and other experiments
are carried out (for research purposes). Figure 21 on the right hand side depicts the research
cyclotron at the PSI (Paul Scherr Institut) in Villingen, Switzerland, which is also employed for
research purposes. (Note the shown diameters (red arrows) of right [19] and middle sided [20]
research cyclotrons in comparison to a so called “baby cylotron” on the left hand side (blue
arrow) [20] .
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To conclude, all such research cylcotrons share another characteristic which sets
them apart from medical cyclotrons beside the “bigger” construction dimension, the
availability of much higher projectil (mostly proton) energy namely in the range of
50-200MeV compared to baby cyclotron with common proton energy capacity of 2-
20MeV. This circumstance leads to a possible high variety of radionuclide
production such as Fe-52 (projectil energy (= p.e.) >100MeV); Br-75 (p.e. >60MeV)
or 1-120 (p.e. >100MeV) with the employment of research cyclotrons. However,
there have been also tremendous efforts performed in medical cyclotron
construction and target chemistry which resulted in developments of very high
intensity small accelerators for the production of common positron emitters

especially employed on hospital sites [21-23].
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Cyclotron targetry and its design

The main aims of cyclotron targetry are simply summarized:

¢ 1 to construct an optimal containment which accommodates the material being

irradiated

¢ 2 to get the target material into the beam of accelerated ions

¢ 3 to keep it there during the irradiation

¢ 4 to remove the generated product radionuclide from the target material quickly

and efficiently

General requirements for target design

Following five internal components are mandatory for cyclotron maintenance. There

must be :

¢ 1 an area for containment of target material (solid, liquid or gas material) to be

irradiated in the beam

¢ 2 a cooling jacket around target containment (cooling liquid like water)

¢ 3 an inert gas cooling flow in the front foil of beam entry (like helium)

¢ 4 a vacuum isolation foil leading to the cyclotron vacuum chamber for beam line.

¢ 5 a target foil leading to the irradiated target material for beam line

These general required five internal components are shown in following Figure on

the next page.
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Figure 22 illustrates a simplified target construction scheme showing the five requirements

adapted from [20].
1. Solid targets

A solid target can be formed as a foil or as a powder. If the solid target material is a
good heat conductor, which is mandatory for optimal achievable cooling efficiency,
the beam can hit the solid target in a perpendicular angle and therefore no beam
energy loss occurs. Earlier solid powder targets for use with low beam currents or
with thermally conductive solids have been designed for the carbon-11 production.
These targets are mostly made of solid boron oxide. This “horon powder” is pressed
into groves of the target plate and irradiated [24]. The main disadvantage of this
approach is the removing difficulty of the generated carbon-11 from the boron oxide
matrix in comparison to the ease of separation of the desired radionuclide in a gas
or liquid target. Complexeous chemical extraction and purification methods have to

be employed to remove the desired carbon-11 from the solid boron matrix. Thus this

20



construction of solid target is not widely used. More detailed information concerning

carbon-11 production via the solid target approach is explained on page 42.
2. Liquid targets

In the case of liquids, the target has similar dimensions as compared to the solid
target since the target material occupies a specific volume unless the liquid
volatilizes. The difference is that the liquid is typically added and removed from the
target while it is in place on the cyclotron. The generated radionuclide is
conveniently recovered as a reaction product by sparging the volume above the
target liquid material with a suitable sweep gas, usually helium (= He). A typical
liquid target is the oxygen-18 enriched water (= H,'°0) target for the production of
["®F]F for nucleophilic substitution reactions (see on page 48 more detailed

information)

,,,,,

inlets/outlets for cooling side view
liquid/ gas ?1 beam entry

water inlet

Figure 23 shows an oxygen-18 enriched water (= H.'60) generation 2 target from GE®(= General

Electric (Schenectady, U.S.A)) [155]

3. Gas targets

Gas targets are widely used, most prominently as the N gas target for the

production of carbon-11 using the "N (p,a)''C nuclear reaction. The loading and
21



unloading of target materials are easily accomplished under remote control and
manipulation of the target gas mixture itself also permits some control over the
desired radionuclide product quality. To have enough target material in the beam to
obtain sufficient radionuclide product, it is mandatory that the target shape has to be
designed as a cylinder which holds the target gas under pressure. Thus the foil of
beam entry has to withstand this pressure differentials with some reliability, but
increased foil thickness also increases beam energy deposition within the foil
material (the so called window). Furthermore, since gases have not very good heat
conductor properties it is crucial to gurantee the removal of the generated heat

during irradation process from the target gas.

Vacuum lIsolation Foil
~Helium Cooling Outlet

[ T /Water Cooling Jacket

y 4

4

Target Gas
Beam H _
entry
IJ H Gas Inlet/Outlet
Target Foil . .
9 : side view

Figure 24. shows a simplified construction scheme for a gas target [20].

A brief guide to PET physics

The PET radiopharmaceutical contains a positron emitter such as carbon-11 or
fluorine-18 which enables the detection with PET scanner.

The R* decay of positron emitters

Neutron deficient radionuclides (like C-11 and F-18) which are produced by the
bfore introduced cyclotron approach ( see page 10) have the property to decay via

positron particle (R* or e*) emission. (particle data: e* mass has a value of 0.511
22



MeV, charge +1 and spin value of 1/2 [25]) The consequence for this R* decay, for
example for carbon-11 is the generation of a new radionuclide in this case boron-10
with one proton fewer and one more neutron in the nucleus under simultaneous

emission of a positron and a neutrino (v) particle.

Beta-plus Decay
VAR
Carbon-11 Boron-10 // \\
' . B+ ' Neutrino {Positroiu
|
\
+ =) + + w + \ & /
\ L
£ protons 3 profons
4 peutrons 2 Deutrons

Figure 25. describes graphically the before described carbon-11 nuclear reaction [25]

The annihilation process

The emitted positrons (e*) shift through matter (e.g. patient's body) and as a
consequence undergo the same interactions like electrons (e) such as energy loss
through ionization and excitation processes of neighbouring atoms and molecules.
Is the initial energy loss high enough and the positron traveling distance in the
neighbourhood of matter reached (the travel range depends on initial energy of
positron see Table 3 on pages 24, 33 and 45), the e” will annihilate with a nearby
electron since the positron is the antimatter counterpart of the e".

The mentioned positron travel ranges in millimeters [mm] and imposes the limit of

the physical local resolution aquired with the PET scanner (“the smaller the initial
positron energy values the smaller positron travel range and thus the better the spatial

PET resolution” theoretically can be) [26]. This physical circumstance explains why
fluorine-18 labelled PET tracers give better spatial imaging properties compared

with carbon-11 labelled PET tracers.
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Nuclide Decay mode Max. energy | Mean energy | Max. range in water
C-11 100% R* 0.960 MeV | 0.386 MeV 4.1 mm

F-18 97% R+ 3% EC | 0.690 MeV | 0.250 MeV 2.4 mm
Max...maximum

B3+ ..Positron decay

EC ..Electron Capture property

Table 3. shows positron energy and positron travel range of carbon-11 and fluorine-18 (given

values are taken from [12])

This annihilation is always accompanied by an emission of two gamma
rays/photons (y). Both emitted photons leave the nucleus diametrically under an
angle of approximatley 180°+ 0.3° [122]. The final emitted energy of each photon
has the exact value of 511keV. The annihilation process are depicted in following

Figures with the intention to give a better overview.for the interested reader.

annihilation event  |~_

0.51 MeV I-‘"'-._‘ Two antl-parallel 511 keV

ﬂﬁgilorrl? y I'E:{’ b 3 phaotons prodypeed

SN
Before \‘3 After ;\??;w
. + + q T e \s\\ — T e
; Unstable parent P"‘F i l_,*l l .._L'I'
electron positron T =i G | “
[ 1\4 e BN \ Positran combines with "1_|_
[ 14 f NaN ) clectron and annihilates '
0.51 Mev T
. Gamma ! L AN
annihilation event photon Proton decays to \
neutren in nuekeys - “\\ .
positron and ﬁ neutrino
neutring emitted

Figure 26 and Figure 27. (right hand side taken from [27] and left hand side is adapted from

[28]) are illustrating the annihilation process

The positron < electron pair annihilation can be detected and localized with a

modern PET scanner and is essential for “NIRI" (= Non- Invasive Radiotracer

Imaging) modalities [1] (see pages 6 and 7).
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The coincidence detection in a PET scanner

A true coincidence event is defined as the “simultaneous” detection of two emitted
photons with each 511keV in opposite directions ( in an angle of ~180°) within a
PET scanner in which the scintillation detectors are circumferencially arranged the
so called PET detector ring. As a consequence of thus arrangement a circular and

transaxial FOV (= Field Of View) is built. This detector ring is one core part of a PET

scanner.

detector ring arrangement

front view |

detector block ring

LOR..Line Of Response is referred as the path between two opposite detectors which detect a true coincidence event
(further details explained on page 30).

Figure 28 and Figure 29 show PET detector ring arrangements (blue arrows), the LOR (red
doted line) and the FOV (black arrow) within a PET scanner) (left hand side a sketch of circular

detector block arrangement [121], right hand side a real insight into an opened Siemens
CTIECAT EXACT PET scanner [31]).
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HRRT G-PET SHR 12 000

Figures 30-32 are intended to show. state of the art PET scanner models (on left hand side
Siemens ECAT-HRRT for whole body imaging (=High Resolution Research Tomograph), in the
middle GE G-PET for whole body scans ( specimen position blue arrows) and on the right hand
side Hamamatsu SHR-12000 PET scanner, which is specialyl designed for neuroimaging
modalities ( head position red arrow) [30].

PET scanner working parts
Detectors and light distributors
A scintillation detector consists two main parts:

¢ 1 a scintillation crystal

¢ 2 a photomultiplier (= PMT). ].

Photomultiplier Tube o
(1 " gquarg)

side view
64 units/pieces

BGO crystal material

IC.. Integrated circuit unit, this PET read out IC unit (= PETRIC) amplifies the photodiode pulse signals and identifies the

highest detector crystal signal

Figure 33 and Figure 34 show scintillation detectors with connected PMT photographs on the
left side [29] and on the right hand side adapted from [31]
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The current resolution requirements demand a detector crystal size approximately
in the range of milimeters [mm].

The adjustment of each single crystal with a single PMT is not possible due to PMT
construction limits in miniature. The use of avanlanche photodiodes (= APD) instead
of PMT’s enables single crystal measurement. So far, this technique is still in
development and not available for daily routine use. Detector crystals are positioned
in blocks. The scintillation signals which are generated by such arranged crystals
are read out by square PTM’s classified as A, B, C, and D that are located behind

the crystal matrix as shown right below.

gEEEEEEEEEEEER
Crystal cuts form . . n r
light guides side view - ;
Scintillator crystals | M I
\ “—PMIC - b
. y . ;
y AT T ‘- T n I
HTL Y ERNZ @R : 5
<« PMTD =l
Y-axis S - - '}i . !
64 crystals ol e 8 . :
< — PMTB =‘ o /
i B “IT generated PET
S~ | TR  image
A TGP
X-axis 4 JMIA A AN | 4 front view

Figure 35 and Figure 36 show schemes of the orientation of PMT’s detectors for generating

PET images left handed sketch is taken from [27] and right handed side sketch is adapted from
[31]).

To avoid crossing signals of the neigbouring single crystals the surfaces of the cuts
that seperate them from each other are mirrorplated. If a 511keV photon is entering
one of those crystals the interaction will generate a scintillation signal. The arriving
photons can only enter from the front of the crystal block.

The block size is a square field of 16 crystals (16 crystals per PMT)

Detectors and lightdistributor are made in one piece. Two scintillation crystal

materials are state of the art and used nowadays: Bismuth germanate (= BGO) or
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Luthetium orthosilicate (=

LSO), LSO is advantageous compared to BGO because

LSO can read out more scintillation signals per time interval as BGO and the spatial

resolution of LSO is higher. However, LSO is more expensive and so mostly the

choice for BGO as a conventional material for detection crystal was made.

detector material

MNal

BGO

LSO {

8

@_’% ‘y HRRT 2000
b

- ‘e |\ |PETmIEs
‘; Q m ECAT Il 1977
'ﬁ' "B w NeuroECAT 1978
.?'. @ m ECAT 931 1985
JJ: @ @ EXACT HR+ 1995
e
Y

HR.. High Resolution
HRRT..High Resolution Research Tomograph
ECAT.. Emmision Computer Aided Tomography

Figure 37. gives an overview of used PET crystal detectors from the first material Natriumiodid

(= Nal) in the 70’s to BGO and nowadays employed LSO and their resulting possible related

spatial resolution [27].
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The coincidence event is the positron < electron- pair annihilation

a
radioactive atom

—ipt

511 keV

annihilation™**

positron scatters in
tissue losing energy

511 keV

— = YRR

b wcwrs valid event

W ofeeeee

specimen

ST e |

Figure 38 and Figure 39 depicted the desired “coincidence event” which is subsequently

registrated within the PET scanner [32].

There has to be made a distinction between three different cases of coincidence

events which is illustrated in the following organigram.

i |

¢ Case 1 True event

¢ Case 2 Scatter event

¢ Case 3 Random event

Annihilation event:\;x;=

Scatter event Random event

True event

LOR.. Line of response

Types of Events in PET

True coincidences

both gammarays escape
without scatter and nteract in
detectors

Scatter coincidences

one or both gamma rays
scatter in tiggue

Random coincidences

two gamma rays from
separate emissions strike the
detectors at the same tune

Crum p Institute for Biological Imaging

Figure 40 and Figure 41 are illustrating the three possible cases of coincidence events (left
hand side sketch taken from [27] and right hand side from [122] ).
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¢ Case 1 The true event

Two opposite located detectors in the PET scanner detector ring were hit by two
photons (y) caused by an annhililation process. The simultaneous pulses from the
detectors indicate that our true event occured somewhere along the path between
the two detectors. This path is commonly referred to the real line of response ( = the
LOR). The number of coincidence events occurring between the two detectors

indicates how much “radioactivity” there was on the LOR.

¢ Case 2 The scatter event
Scattered events result from so called Compton scattering where one photon vy is
deflected (due to collision with an electron e’) from its direction prior to detection

thus the resulting coincidence event will be assigned to the wrong LOR.

¢ Case 3 The random event
Randoms events occur when two photons (y) are not arising from the same
annhihilation event, but are incidentally detected within the allowed coincidence

interval.
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PET imaging quality
As it is shown in below depicted organigram the PET imaging can be degraded by

following five factors:

events

4 1 Scatter 4 2 Attenuation 4 3 Random 4 4 Dead time 4 5 Noise

¢ 1 Scatter

Scattered coincidences add a background to the true coincidence distribution
causing radioactivity concentration to be overestimated. Statistical noise is also
increased by scatter events. The number of detected scattered coincidences
depends on the volume and attenuation characteristics of the imaged object and on
the camera geometry.

¢ 2 Attenuation

Due to scatter and adsorption effects there is an overall loss of counts (= loss of
true events) This can be defined as the attenuation. Both photons (y) of an
annihilation event must leave matter unattenuated to be detected as a true event.
Thus, the introduction of body nonuniformities into reconstructed PET images has to
be considered. As a consequence, the emitted positrons shifting through different
areas of patient’s body have different attenuation degrees: radiation emitted from
the middle of the body is more likely to be attenuated than from near the patient’s

body edge area.
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+ 3 Random events

Even if two ring detectors receive the two emitted 511 keV photons of a true event
at “exactly” the same time, there will be a difference in the detection time at which

electronic pulses leave each detector. Thus, the coincidence time window must
allow some time difference in detection. The total time window has values of

nanoseconds [ns]. This time window should be selected large enough so that all

true events are detected. Nonetheless, ‘the larger the chosen time window is the

more random events will be also recorded”, resulting in the degradation of PET
imaging quality.

Just as with scattered events the random events also add a background to the true
coincidence distribution. Like for scatters, the same parameters influence the
possible recorded number of random events: the object volume, its attenuation
properties and the PET scanner geometry.

¢ 4 Dead time ( also the so called refraction time)

With increasing photon rate hitting detectors also the probability of missing photons
increases. This fact is due to the detector dead time.

This losses can be reduced by implementing systems of independent detectors,
faster scintillators and signal processing for recording events.

+ 5 Noise

Noise is defined as the random variations in pixel intensity. Noise decreases with
increasing counts. Increased countrates can be achieved with longer scanning
times, higher administred acitivity doses and improved scanner efficiency
performance. In this context the noise quality is also dependend on the background

level.
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PET spatial resolution

The spatial resolution of a PET image can be impacted by three factors:

¢ 1 Positron path ¢ 2 Noncollinearity ¢ 3 Detector size

¢ 1 The positron path
The positron has a certain travel range before the e* conversion (annihilation event)
takes place due to its lower initial energy of fluorine-18 in comparison to carbon-11

the travel distance of fluorine-18 is smaller than of carbon-11.

Nuclide Decay mode Max. energy | Mean energy | Max. range in water
C-11 100% R" 0.960 MeV | 0.386 MeV 4.1 mm
F-18 97% R+ 3% EC | 0.690 MeV | 0.250 MeV 2.4 mm
Max..Maximum

R+ ..Positron decay
EC ..Electron Capture property

Table 3. shows the dependency of positron energy and positron travel range of carbon-11 and

fluorine-18 (given values are taken from [20], see also on pages 24 and 45).

¢ 2 The noncollinearity
Due to reason that both 511keV photons are not exactly emitted under an angle of

180°(x 0.3°) noncollinearity is generated [122].

4+ 3 The detector

The size of detector is related directly to spatial resolution (“the smaller the detector

size the better the achievable spatial resolution”).
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1.3. PET chemistry

PET is a technique which administers radiopharmaceuticals into the human body.
The radiolabel allows to follow the fate of the radiotracer throughout the body. A
clinical diagnosis can be based upon the receptor binding, pathological physiology
and metabolism, differences in blood flow, or simply by following the distribution of
these radiotracers. The most commonly PET-radionuclides are fluorine-18, carbon-
11, nitrogen-13, oxygen-15 and gallium-68. Carbon, nitrogen and oxygen can be
also called “elements of life” since they are involved in virtually every organic
molecule [24]. Therefore, authentic labelling without any change in the chemical
properties of the compounds (PET-tracer) can be achieved .Taking into account the
half-lives, only carbon-11 (~20min), fluorine-18 (~109min) and gallium-68 (~68min)

can be used for the routine synthesis of various PET-tracers.

The differences of PET chemistry to classical organic chemistry

¢ 1 PET chemistry must be always performed in lead shielded enviroments so
called hot-boxes/cells with the aim to protect the operator from radiation burden and
to fulfill radiation safety guidelines of the authorities. [34].

On the next page two Figures of a typical hot box are presented.
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Figure 42 and Figure 43 show state of the art hot-box/cell from outside on the left and on the
right side with insight view (hot box model Agatha from Comecer® (Castelbolognese, Italy) for
PET chemistry in which the working place is located, respectively the radiosynthesizer module

is placed

¢ 2 The most commonly employed primary carbon-11 precursors [”C]COz(g) and
['""CICH4 and also one of the primary fluorine-18 precursors, ["®F]F,q) are
gaseous. Thus, for the transformation into secondary precursor molecules for
instance [''C]CHsl(g), or ['®F]XeF ) online-operations in hot-boxes are mandatory.

¢ 3 The starting amounts for educts in radiosyntheses are “low” in comparison to
classical organic reactions. The precursor wheight ranges always in [mg] units for
applied PET chemistry. No-carrier-added (n.c.a.) products usually are administred
in only a few nanogram [ng] amounts.

¢ 4 Time (overall synthesis reaction (time)) is absolutley crucial in PET chemistry
due to the short physical half life of the employed positron emitters. Thus, chemical
operation processes like radiosynthesis, the high performance liquid
chromatography (HPLC) purification and formulation must be done as quickly as

possible [36]. Regarding to time duration of each radiosynthesis step (i-vi) the
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following estimated and approximative time values in minutes for carbon-11

chemistry are enlisted in “brackets” :

(i) The radionuclide production via cyclotron (~10-50min)

(ii) Preparation set-up of the automated controlled synthesizer modul (~60-120min)

(iii) Radiosynthesis (~10-40min*)

| (iv) Formulation of radiotracer and documentation (~10min)

E [(v) Quality control processes including HPLC and GC methods, furthermore

checking of pH and osmolality (~10min)

(vi) Permission for intravenous administration into patient by physician

*The time duration for the radiosynthesis should not overun more than two physical half lives thus for carbon-11 syntheses

approximatley ~40 minutes and in the case for fluorine-18 syntheses approximatley ~200 minutes [36].

solenoid valves

\ semlpreperatlve HPLC column u |t
reaction vessel | a -_-_-

| side view IR | C Control unit

Figure 44. shows a state of the art commercially available synthesizer modul ([*®F]-Nucleophilic

substitution module Nr.14322 from Nuclear Interface® (Miinster, Germany) now GE (= General
Electric® Schenectady, U.S.A) concepted for nucleophlic substitution reaction with ['8F]F- for

radiosyntheses [35] see more detailed information on page 170).
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General development considerations of new PET radiopharmaceuticals:

For the development of a new PET-tracer the following aspects have to be
considered:

¢ 1 The choice of labelling position of employed positron emitter (multiple position
possible within the compound )

¢ 2 The stereochemistry aspects

¢ 3 The specific radioactivity requirement *

¢ 4 The choice of cyclotron generated primary precursor and related online
produced secondary precursors

¢ 5 The choice of inactive precursor which has to be radiolabelled (e.g. free
acid/base or the corresponding salt compound) and also the choice of reaction
solvents (e.g. lipophilic/hydrophilic media) resulting in the selection of purification
conditions (e.g. preperative HPLC column type)

¢ 6 The choice of solvent composition for final formulation (obtaining the desired
physiological pH of ~7.4 and physiological osmolality range of ~250-300 osm/kg)

¢ 7 The clinical outcome for nuclear medicine issues of the performed PET study

* The specific activity is an important issue for the preparation of radionuclides. It is important in several applications and
particulary of importance in PET where the positron emitter is in incorporated into a molecule that is used to probe some
physiological processes in which very small amounts of the molecule are being used. To repeat it once more, PET is
basically a tracer method and the goal is to probe the process without perturbing physiology. If the amount of labelled
molecules is very small in comparison to the amount of native compound or its competitor then the perturbation will be
neglectable. When performing such studies with focus on probing the number of receptors or the concentration of an
enzyme these considerations become a main issue [37]. The common way to express the concept of specific activity is in

terms of the amount of radioactivity per mole of compound, for example in GBg/pmol or in MBg/nmol.

Specific activity for | Theoretically calculated | Practically measured

Carbon-11 3.4 x 10° GBg/umol 50 GBg/pmol

Fluorine-1 6.3 x 10* GBqg/umol 500 GBg/umol

Table 4 illustrates the specific activity values for carbon-11 and fluorine-18 (values taken from

[38))
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1.3.1. Carbon-11 radiochemical considerations

The targetry for carbon-11 precursor production of [''"C]COyq) and ['"C]CHay is

commercially available and can be performed on a daily routine basis.

The short physical half life of 20.3min allows repeated PET studies in the same

subject on the same day with different carbon-11radiotracers (so called multitracer

studies). Furthermore the effect of multiple labelling positions on the metabolism

and uptake of the carbon-11 tracer can be investigated resulting in optimization of

target specificity and background minimization.

Nowadays, a wide variety of available carbon-11 labelled radiopharmaceuticals

have been developed for the application in biomedical and pharmacological PET

studies with the increasing interest in investigations of receptor ligand interactions.

Hence, it has become mandatory for radioligands to be prepared with high specific

radioactivity.

[''C] PET-tracers

Selected biological targets

Selected references

+ [''C] Methionine Brain tumor imaging [39] [40-43]
¢+ [''C] Acetate Prostate cancer imaging [44] [45-48]
+ [''C] DASB SERT imaging [49-52]
+ [''C] WAY 100635 5-HT1aR imaging [53-55]
+ ["'C] Flumazenil GABAAR + BZR imaging [56-59]

SERT .. Serotonin transporter

5-HT 1R .. 5-Hydroxytryptamin (= serotonin) subtype Receptor 1a

GABA AR.. Gamma butyric acid subtype Receptor a

BZR.. Benzodiazepine Receptor

Table 5 shows selected synthesized carbon-11 PET labelled tracers of the PET centre of the

Vienna General Hospital
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Generally, the starting primary precursor for radiosyntheses with carbon-11 is
['"C]CO4). For some radiosyntheses, [''C]CH,yq is prepared in target as well.
However, for a majority of carbon-11 labelling radiosyntheses the secondary
precursor [''C]CHsl(g) is the most important one for the attachment of a [''C]CHs3

label into the target compound.
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Figure 47 illustrates the complexeous precursor carbon-11 chemistry and the main generation
pathway from [11C]CO;) to [""C]CH:lg) [60].

Carbon-11 is most commonly produced in the target using the before described
"N(p,a)""C nuclear reaction [61]. The target is usually a N, gas target with a trace of
oxygen to convert carbon-11 directly into [”C]COz(g). Almost all syntheses involving
carbon-11 start with [''C]CO,) as the primary product [24,61].

['"C]CO,q), originating from the target, can be easily and quickly processed into
['"C]CHislg) by simple reduction and iodination. The reduction is accomplished either
by lithium alumimium hydride (LiAlH4) which leads to ['"C]CH3OH or with hydrogen

which leads to [''C]CHa). [''CICHsl() can be synthesized “online” from both these

precursors and there are commercial devices to carry out these syntheses. Starting
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from [''C]JCH3;OH, hydrogen iodide (HI) is added resulting in the production of
['"CICH3l(). Starting from [''C]CHyq) the gas is passed through a heated tube
containing gaseous iodine and the “in situ” generated [''C]CHal(g). is extracted in a
recirculating system [62].

The above illustrated pathways demonstrate the wide variety of secondary
precursor molecules, which can be synthesized from the labelled primary precursor
['"'CICOxg).

For the desired generation of secondary precursors “online” synthetic manipulations

cyclotron bombardment are necessary. Nowadays the N, O, S or C- alkylation with
[”C]CHgl(g) is the most widely employed method for incorporating carbon-11 into
organic molecules [63].

Moreover, concerning the [''C]CHsl g production via [''C]CHa) approach there are
several advantages in comparison to the [11C]C02(g) approach [62].

+ 1 Higher specific activity value due to reason that the enviromental air does not
contain as much inactive ['?C]CHyq) as inactive [?C]COyq

¢ 2 Aggressive chemicals like LiAlH; and HI are not employed for the ['"C]CHsl(
generation via the ['"C]CHyq) approach

+ 3 The “online” automation of the [''C]CHy() approach is more straight forward

(one conversion step less)
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+ [''C]CHal
»classic agent”

¢ ["'CICH,Tf
,new class*

As shown in above organigram, Jewett et al developed a “new class of methylation
agent” the highly reactive and convenient [''C]methylation agent [''C]CHsTf,
([""Clmethyltriflate) [64]. [''C]CH3Tfg as a [''C]methylation agent has following
striking advantages in comparison to [''C]CHslg for N, O, S or C-alkylation
reactions:

+ 1 Higher radiochemical yield values

¢ 2 Shorter synthesis time

+ 3 Higher specific activity values

¢ 4 Lower used precursor amounts

¢+ 5 Simplification of an“online” automation

¢ 6 Reduction of radioactive waste

1.3.1.1. Carbon-11 labelling methods

On the next page several selected carbon-11 labelling strategies are summarized in
following organigram with the intention to give an idea of the complexeous

precursor carbon-11 chemistry for the interested reader.
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Nuclear reactions for the carbon-11 production

For the carbon-11 production several nuclear reactions are known, two selected

approaches are introduced.

Approach 1

Approach 2

Nuclear reaction

14N(p,d) 11c

* 11B (p’n)11c**

Target

N2 (g)

Enrich.”B + Al powder ()

Projectil energy range [MeV] 13>3MeV

10->0MeV

Main product form

['CICO)

[''C] in ["°B]+Al matrix) ***

Expected yield [MBg/uAh] ~3820

g..gaseous
s..solid

enrich. ..enriched

~3400

*[65] **[66] ** generated carbon-11 must be extracted from the [19B]+Al target matrix through chemical extraction or
combustion methods of the matrix

Table 6. shows two selected nuclear reaction for carbon-11 production, whereas the approach

1, the "“N(p,a) 'C nuclear reaction, is most commonly used.
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Carbon-11 target containment

Metal materials are the choice for target body construction like Al (aluminium) [65].
Stainless steel foils are suitable for target windows. The target should be made in a
conical form with respect to beam profile and penetration, in order to achieve high
specific radioactivity and fast emptying properties.

Target hardware

The target gas for carbon-11 production should be of high purity and especially as
free from carbon containing impurities as possible. Great care must be taken to
prevent any contamination of the target by trap contents. Furthermore, to restrict the
entry of inactive [12C]C02(g) it is preferred to employ polymers as material for tubings

between the gas supply and target.

[''C]CO; recovery methods

The generated [''C]CO, has to be led from the cyclotron target to the hot-box/cell.
To maintain high specific activity the [''C]COx() should be recovered from the target
as quickly as possible (time range of 1-3min). There are two established methods

which are employed for [''C]CO5(y) seperation.

| |
¢ Method 1 Cryogenic trap ¢ Method 2 Molecular sieve
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¢ Method 1 The cryogenic trap

[11C]CO2(g) is trapped in a stainless steel tube immersed in cooling liquids such as
liquid nitrogen (boiling point -196°C) or liquid argon (boiling point -186°C). The
desired temperature is maintained by using a temperature controller. The
[11C]CO2(g) is recovered simply by passing a slow stream of inert sweep gas for
instance helium through the trap while it is warmed up 0°C or room temperature.
The trapping efficieny are almost quantitiative and also the recovery performance

[>98%] both referring to the end of bombardment (EOB) [60].

¢ Method 2 The molecular sieve trap

Using this method, the generated [''C]CO,q) is collected in a pre-activated
molecular sieve column. Column pre-activation is performed by heating up to 400°C
under vacuum followed by cooling in a flow of inert gas like nitrogen down to 100°C.
Entrapment yield of ['"C]CO,q) is almost quantitative [>98%)] and the trapped
["'C]CO, is recovered in an inert sweep gas like nitrogen by trap heating up to
>200°C. The recovery ratio of ['"C]CO, is about 90% referring to the end of

bombardment (EOB) [60].

1.3.2. Fluorine-18 radiochemical considerations

As just discussed before the fluorine-18 labelling strategies, respectively its
radiosyntheses are not so “straight forward” as compared with the positron emitter

carbon-11, which is an element of life [20]. The carbon-fluorine bond forms strong

covalent values and can be incorporated into a variety of organic molecules

Fluorine-18 can be substituted for a hydroxy group (as in the case for the most

prominent molecule in PET 2-deoxy-2-[*8F]fluoro-D-glucose (['8F]FDG)) or can be
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substituted for a hydrogen atom. The van der Waals radius of a fluorine atom has a
value of 1.47A (= 1 Angstrom = 10°m = 1nm) and is similar to that of a hydrogen

atom with 1.20A and oxygen 1.52 A and thus substitution of fluorine for hydrogen
and oxygen causes ‘minimal” steric alteration of the modified molecule [156].

However, the major concern of substitution with fluorine-18 for hydrogen is the high
electronegative (= EN) fluorine with EN 3.980 in comparison with hydrogen with EN
2.200 which can alter the electron distribution in a way that can alter the binding
poperties of the new substituted molecule. Furthermore, the fluorine-18 label
incorporation can influence parameters such as the pKa value, dipole moments and
thus overall the molecule reactivity, the stability of chemical functions neighbouring
to the incorporated F-18 label and the lipophilicity (facilitating hydrophobic
interactions with specific binding sites). Nonetheless, fluorine-18 is an attractive
positron emitter nuclide for the use in PET chemistry, especially due to its
convenient physical half-life [12,38,67,68]. Following characteristics underline this

attractiveness of fluorine-18 label in comparison to carbon-11 labelled
radiopharmaceuticals. Firstly, the “low” positron energy in comparison to C-11,

which decays from the fluorine-18 emitter, thus F-18 gives the higher spatial

resolution [26].

Nuclide Max. energy Mean energy | Max. range in water

C-11 0.960 MeV 0.386 MeV 4.1 mm

F-18 0.690 MeV 0.250 MeV 2.4 mm

Table 3. shows the dependency of positron energy and positron travel range of carbon-11 and
fluorine-18 (given values are taken from [20] also on pages 24 and 33)
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Secondly, the higher achievable specific activity property of F-18
radiopharmaceuticals (via the enriched oxygen-18 H,'®0 target approach compared
to C-11 labelled radiotracers. Especially, for high affinity receptor PET studies, high
specific radioactivity ratios of the synthesized radiopharmaceuticals are

prerequisites.

Specific activity | Theoretically calculated | Practically measured

C-11 3.4 x 10° GBg/pmol 50 GBqg/pmol

F-18 6.3 x 10* GBg/umol 500 GBg/umol

Table 4. shows the superior theoretical and practical specific activity values of fluorine-18

compared to carbon-11 [38].

Moreover, the physical half life of fluorine-18 of approximatley 109.3 minutes
allows complex radiochemical radiosyntheses and “long time consuming” PET
scanning procedures in comparison to carbon-11 labelled PET tracers (with a
physical half life of 20.4 minutes). Additionally, the incorporation of fluorine-18 into
a radiopharmaceutical allows the modulation of electronic, lipophilic and steric
parameters all of which can critically influence both the pharmacodynamic and
pharmacokinetic drug properties like drug receptor interactions and aiding

translocation across lipid bilayers or absorption.
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[®F] radiotracer Selected biological target Selected References
¢+ ['°FIFETO 11R-Hydroxylase [69-72]
¢+ ["°FIFDG glucose metabolism/ utilization [73-75]
¢+ ["°FIFE@CIT DAT [76-78]
+ ["°FIFE@QCFN HOR [79-81]
+ ["°FIFE@QSUPPY A3AR [82-85]
[°FIFFMZ GABAAR [86-89]

DAT.. Dopamine Transporter

HOR.. Opioid receptor subtype mu

A3AR.. Adenosine receptor subtype 3

GABA4R.. Gamma butyric acid receptor subtype a

Table 7. illustrates selected available fluorine-18 labelled tracers of the PET centre of the
Vienna General Hospital:

Two selected nuclear reactions for the fluorine-18 production

There are existing more than twenty discovered nuclear reaction yielding fluorine-18
for the interested reader the review article of Qaim S is recommended [90].
However, there are two common pathways to introduce which have been
worldwidely established and are described in Table 8 on the page 48 comparing
their production data characteristics. The approach 1 is the O(p,n)'®F nuclear
reaction on an oxygen-18 enriched water (= H,'®0) target yielding in ["®F]F (aq). This
obtained F-18 labelling agent form has to be specially “activated” prior to its
employment This introduced approach 1 of the oxygen-18 enriched water target is
the most effective and thus, nowadays the most widely employed in hospital PET
centres due to reason of its obtainable high specific activity values, its easy and

convenient handling.
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The approach 2 is the *°Ne(d,a)'®F nuclear reaction carried out in a neon gas target
wit carrier addition (c.a.) of ['*F]Fyq. therefore only ‘low” achievable specific

radioactivities can be obtained. Moreover, the hazardous nature of ['*F]Fy4 makes

it difficult to handle in a hospital enviroment [91].This generated fluorine-18 labelling
agent ['®F]F ) can be used in the synthesis directly without any “pre-activation”

procedures which may be an advantage compared to approach 1 concerning

overall radiosyntheses time saving effects [92].

Approach 1 Approach 2
Nuclear reaction ®o(p,n)"°F “Ne(d,a)"°F
Target Enr. H2'°0q) Ne(g)*
Projectil energy range [MeV] 1623 14->0
Main product form ["°FIF (aq) ["°F]F ()
Expected yield [GBg/pAN] ~2.22 ~0.40
Specific activity [MBg/umol] ~6.10° ~100
ag..aqueous
g--gaseous

Enr.. enriched
* Carrier addition (c.a.) of inactive elemental [°F]Fzg) to target neon gas is a prerequisite. In pure neon, nucleogenic
fluorine-18 diffuses to the target wall and is chemically adsorbed, when a low proportion of carrier fluorine-19 [~ in pmol
range] is present exchange of nucleogenic fluorine-18 can compete with surface adsorption and recovery of most of the
generated radioactivity from the target becomes then possible [93] Due to this carrier addition, high specific activities can
not be achieved. Due to the necessity of carrier in the [*8F]F2  production and the fact that every ['8F]F2 ) molecule
carries only one active ['8F] atom, the theoretical achievable maximum specific activity in subsequent electrophilic fluorine-

18 reaction is limited always to 50%.
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Production of c.a. ['®F]F, by the *’Ne(d,a)'®F nuclear reaction

Target hardware

Target bodies of approach 2 should be constructed of pure metal material. Usually,
the target is made of Nickel (= Ni) [93,95]. The window foil is preferably made of
Aluminium (= Al). The cooling of the window foil is normally performed with an inert

gas like Helium (= He).

Target gas

The neon gas must be as pure as obtainable in order to recover the radioactivity
mainly as elemental ['®F]F5) [90,91,96]. Thus, the used neon gas should be as free
from nitrogen and carbon oxides as these incorporate substantial proportions of the
fluorine-18 into  inert substances, namely nitrogen['®F]trifluoride  and
carbon['®F|tetrafluoride. Contamination by fluorocarbons should also be avoided.
Corrosion of target and auxillary components is not a significant problem if only
dilute mixtures of ['°F]F, [< 2%] in neon is used. Given the highly hazardous nature
of fluorine gas, it is emphasized that additional safety requirements have to be

fulfilled.

Target operating conditions for the production of c.a. ['’F]F

The main factor that determines ['°F]F, () recovery is the chemical state of the
target surface [91-92]. Passivation (= perfluorination) of the surface is necessary
before bombardment to avoid a significant loss of fluorine-18 along with fluorine-19
carrier. Two passivation methods have been proposed firstly, thermal passivation
and secondly the beam induced passivation. Thermal passivation requires the
target to be heated after filling with dilute fluorine-19 gas (in neon). The beam-

induced passivation is achieved by deuteron bombardment of the gas target.
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Target operating conditions for the production of n.c.a. ['®F]F

The proton irradiation of ['0] enriched water is the most effective method for the
production of n.c.a. ["*F]F aq).

The primary consideration in design was to consume as little of the costly ['?0]
enriched water as possible during production. The requirement for small target
volume in turn means that target thickness has to be selected carefully for effective
use of the beam. Effective target cooling of the front of the entrance window with
helium and the back side with water is mandatory. The decision to operate a low
pressure or high pressure target is fundamental since it influences the target
construction and the strategy for coping with the adverse effects of radiolysis and
heat. In the low pressure mode of operation without taking appropriate precautions
radiolysis and boiling can cause a significant loss of ['®0] enriched water and render
the use of high beam currents impractical for high yields. Requirements for effective
venting or the catalytic recombination of radiolytically generated oxygen and
hydrogen must therefore be considered [92,93]. On the other hand, for high
pressure targets considerations have to be made regarding the ratio between

irradiated target water volume and the amount of water available for recirculation on
the “overhead space” inside of the target water cavity, additionally the density

reduction effects as a consequence of elevated temperature operation due to high
pressure levels have to be considered.

The most efficient water target is simply composed of a cavity for the target water
bounded by two rigid metal foils which the rear foil being efficiently cooled by a
suitable fluid e.g. water. Target volume range is usually up to 2.5ml of oxygen-18

enriched water H,'°0. Other parameters of importance are the type of target seals,
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the chemical nature of the metallic insert and foils, the type of transfer tubing and

the facility for recovery of the oxygen-18 enriched water H,'®0 [94].

Target hardware
Pure metal material is the optimal choice for target body construction, e.g. Copper
(= Cu) or Silver (= Ag) [97]. Refrigarated Helium (= He) and deionized water are

used for cooling down the window foil and the target containment.

Target water

The purity of the oxygen-18 enriched water used in target is of major concern.
Organic impurities must be absent as these can prevent recombination of
radiolytically generated oxygen and hydrogen atoms causing target burst. In order
to eleminate traces of organic solvents purification can be achieved using reflux
methods. the yielded purity of the oxygen-18 enriched water can be assesed by gas
chromatography (GC). Furthermore, undesired metal cation contaminants coming
from the window foil material can be also detected thus decreasing the reactivity of
[18F]F'(aq) [98]. The elimination of such undesired metal cations can be performed by
the employment of an ion exchange resin column [99]. which also enables the

recovery of enriched oxygen-18 water H,'°0 [100].
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['®F]F and ['®F]F, recovery methods

There are two seperation methods for fluorine-18 recovery

4 n.c.a. [18F]F-(aq) 4 c.a. [18F]F2 (9

|
| |
Direct use Separation of ['®0] enriched H,O Direct use
via
1 Destillation approach
2 lon exchange approach

c.a..carrier added (= addition of inactive [19F]F2 )

n.c.a..non carrier added

Figure 49. shows the two methods for fluorine-18 recovery.from an [80] enriched water target
and 2Ne gas target. For the [?°Ne] gas target the fluorine-18 is recovered as elemental ['8F]F ).
It is removed by target filling with carrier addition (c.a.) of inactive ["F]F in an inert carrier gas
such as for example Argon (= Ar) [101]. The resulting mixture of [*8F]Fq in Argon can be used
in following radiosynthesis directly.

In the case of the ['30] enriched water target the fluorine-18 activity is removed in the aqueous
phase. The enriched ['80] water containing ['8F]fluoride ion can be directly used in the
radiosynthesis (this method can be employed for small volume water targets and if the cost of
losing the ['80] water is minor compared to the cost of the cyclotron run). As shown in above
organigram there is also a possibility for seperation of ['8F]F g from the [80] enriched water

either by distillation or by using a resin column [102-103]

With the knowledge of these generation pathways the next issue is the introduction
of fluorine-18 into the desired compounds requiring for carbon-fluorine bonds

formation. The labelling agent [18F]F'(aq) is employed for all nucleophilc substitution
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reactions (S") and the generated ['®F]F() enables the electrophilc substitution

mechanism (SF) or, electrophilic addition mechanism (AF)

T

| |
¢ Approach 1 SV ¢ Approach 2 SF or A"

[°FIF (@q) ["*FIF )

a..aqueous

g..gaseous
Figure 50 shows the two possible approaches for the C-F bond formation and their relating

labelling agent
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1.3.2.1. Fluorine-18 labelling methods

There are two main labelling methods for fluorine-18 which are depicted in following

organigram.
¢ Direct labelling ¢ Indirect labelling
no-carrier- carrier-added Fluoroalkylations Other prostethic
added labelling labelling using (e.g.Fluoroethylations) groups
using [18F]F-(aq) [18F]F2(9)
Labelling of
peptides,

¢ ["SFIFEQ@QCIT paper1

¢ ["|JFE@SUPPY paper 3 I + [*FIFE@CFN paper 2 proteins and
antibodies

Figure 51. gives an overview of fluorine-18 labelling techniques.

For fluorine-18 labelling - perhaps more than for any other radionuclide- labelling
yields depend on factors that are determined by radionuclide production (regarding

the electrophilic or the nucleophilic approach).

Nucleophilic reactions (S")

For nucleophilic fluorination, the F-18 labelled fluoride ion is almost always obtained
as an aqueous solution. [18F]F'(aq) is unreactive due to the high charge density of the
fluoride anion. It is strongly hydrated and thus inactivated for nucleophilic

substitution reactions. Therefore, ["®F]F (4 requires some simple but very important
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manipulations to become a reactive nucleophilic reagent. Thus, methods for the
preparation of reactive fluoride ion in organic solvents suitable for radiochemical
syntheses have been evaluated. The steps in preparing reactive fluoride are crucial
to the success of the labelling reactions and its worthwhile to examine the methods
commonly being used. In any aqueous solution, ["®F]F anion must be accompanied
by a positively charged counter ion (such as metal ions). As [18F]F'(aq) is removed
from the water target, there are metal ions present within which were rinsed off the
wall surface of the target containment during irradiation [104]. However, such metal
counterpart ions of target material like for example Silver (= Ag) generally decrease
the reactivity of [18F]F'(aq) Therefore, employment of an anion exchange resin
column for ['®0] water seperation is also advantageous for the removal of such
metal impurities [99-100].

For labelling by nucleophilic substitutions, [18F]F'(aq) is required to be essentially free
of water. In general, the strategy for generating reactive [18F]F'(aq) involves the use
of phase transfer agents (e.g. cryptand) that incorporate suitable positively charged
counter-ion addition [18F]F'(aq) with a large counter-ion, phase transfer agent (so
called cryptand) and addition of a base in a polar aprotic solvent. Where required
traces of water (or other solvent) are removed by azeotropic distillation.

First point [18F]F'(aq) reactivity can be enhanced by the addition of selected cationic
counter ion prior to the evaporation of the water. Three types of counter ions have
been used: (1) large metal ions such as rubidium or cesium, (2) potassium
complexed by a cryptand such as the aminopolyether Kryptofix® 2.2.2
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) [99,100] or another
approach is the use of tetrabutylammonium salts [71,105]. The addition of a cation
also involves the inclusion of another anion coming from base addition to the

reaction mixture. Anions such as [OH] or [COs)* are often employed which do not
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effectively compete with the ['®F]F anion in nucleophilic displacement reactions.
Carbonate is usually the anion of choice since it is less likely to cause base
catalysed side reactions. Moreover, since [18F]F'(aq) has in dipolar aprotic solvents
also a strong basic character, and generally the resulting reaction medium is basic
(due to addition of [COs]* or [OH] anions), elimination reactions can compete with
the nucleophilic substitution SN. The Vienna General Hospital uses a K,COs-
Kryptofix® 2.2.2 system for ["®F]F .y activation by azeotropic distillation with
acetonitrile as apolar and aprotic organic solvent. The activated [18F]F'(aq) is
afterwards resolubilised in the solvent containing the substrate (precursor) for
nucleophilic attack (labelling). The resolubilisation efficiency is affected by the
material and dimension of the reaction vessel, solvents and other factors such as
metal ion contamination [106].

The substitution of [18F]F'(aq)' against various leaving groups is an excellent method
for the synthesis of aliphatic carbon-fluorine bonds [107]. The choice of leaving
group will depend on the radiochemical yield, stability of the precursors, ease of
subsequent separation of the ['®F] fluorinated product from precursors, reagents

and solvents and the formation of  potential side products.
Trifluoromethanesulfonate esters commonly so called ‘triflates” (= Tf) are

particularly reactive and provide excellent yields in nucleophilic [*®F]fluorination
reactions such as in the radiosynthesis of 2-deoxy-2-["®Flfluoro-D-glucose (=
['"®F]FDG). Halogens are good leaving groups for aliphatic nucleophilic
displacements. The exact reaction conditions in terms of solvents and temperatures
are variable and must be optimized for each particular reaction. Other groups such
as cyclic sulfates, halogenides, mesylates and tosylates are also used as leaving

groups although they tend to give somewhat lower yields than triflates.
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Fluorine-substituted aromatic rings are common in many types of biologically active
organic molecules. As mentioned before, fluorine is similar in size to the hydrogen
atom and thus does not employ serious steric effects. But its high electronegativity
(= EN) is likely to significantly alter the electronic characteristics of the aryl ring
system. The generally good metabolic stability of the resulting ['®F]-labelled
aromatic compounds is a major advantage. Nucleophilic aromatic ["®F]-fluorination
requires for activated aromatic molecules, electron withdrawing substituents in
ortho- or para-position to the leaving group are indispensable. Particulary
substituents with strong electron withdrawing properties such as [NO,]" , [CN] and
carbonyl groups are suitable for the activation [108-109]. Halogens, nitro and the

trimethylammonium salts show increasing reactivity as leaving group.

Direct ['®F]-labelling methods

Depending on the procedure that is used for the production of fluorine-18 in the
cyclotron, fluorine-18 is obtained in a particular chemical form i.e. as ['®F]F; ) or as
[18F]F'(aq) which determines the possible subsequent reaction (= electrophilic or -

nucleophilic substitution).

SF reaction

C.a. ['®F]F,) is directly form the Neon gas target available for the electrophilic
reactions, but only in low specific activity [110]. [18F]F2(g) is not a selective
fluorinating agent due to reason of its “high reactivity”, ['®F]Fyq can be modified into
somewhat less reactive and thus, more selective such as fluorine-18
acetylhypofluorite or fluorine-18 xenon difluoride [111-112]. These selective agents

offer fluorine-18 labelling possibilities of electron rich compounds like alkenes which
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can not be labelled via the nucleophilic approach. To repeat again, the main
disadvantage of ['®F]F,q is its low obtainable specific radioactivity value.
Concluding, the electrophilic ['®F]-labelling routes are only useful for
radiopharmaceuticals where a high specific activity value is not a requirement like
for 6-['°F]fluoro-L-DOPA [113]. As mentioned before the electrophilic ['°F]Fy agent
has a low labelling selectivity due to its high reactivity and thus, undesired radical
side reactions can occur. Extensive purification procedures have to be performed

for fulfilling the requirements of high purity radiopharmaceuticals.

SN reaction

To obtain [*®F]-labelled compounds based on n.c.a. ['®F]F (4), which is directly
available from the target without any carrier addition the nucleophilic approach (SV)
is nowadays the most important practical route for the production of fluorine-18
labelled radiopharmaceuticals with possible highest specific activity. This is
generally preferable but is a prerequisite for investigations of low concentration
binding sites, as for example for imaging of neuronal receptors which have to be
studied without perturbation of the physiological equilibrium. N.c.a. ["®F]F is
obtained in aqueous solution therefore; the labelling approach has to be performed
under aprotic but polar conditions. For [18F]F'(aq) seperation and recovery anion
exchange resins are employed and generally prior the labelling approach via
nucleophilic substitution the water excess is subsequently removed by azeotropic
distillation process with acetonitrile as the polar and aprotic solvent [103]. The direct
nucleophilic '®F-fluorination of aliphatic compounds in dipolar aprotic solvents
proceeds according to an SN? mechanism. Halogens or sulphonic acid ester
functions like mesylate, tosylate and triflate function can be used as leaving groups.

Showing that triflate precursors give the best result [99,105]. The replacement of the
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leaving group proceeds via a “Walden inversion” according to the stereospecific SN?

mechanism. This is exemplified by the radiosynthesis of the most widely used PET-

radiopharmaceutical ['®F]FDG [99,100].

['®F]-fluorinated prosthetic groups

Here, a primary F-18 fluorine labelled functionalized compound is coupled with a
second molecule. Important procedures via prosthetic groups are the ['8F]-
fluoroalkylation [107] the ['®F]-fluoroacylation [114] and the ['®F]-fluoroamidation
[115]. Applications of these ['®F]-labelling pathways via prosthetic groups are
widespread and can be realized with almost every molecule carrying a protic
function such as thiol, amino or hydroxyl function. This is exemplified by the
fluoroalkylation of several biorelevant molecules like for example for receptor
ligands of the dopaminergic system [76,110] the serotoninergic system [111] and
benzodiazepine receptors (respectively, GABAa receptors) [86,87,118]. Many more
tracers were synthesized using this route and especially ['®F]-fluoroethylation was

the subject of recent improvements

Fluoroalkylations

Since many biologically active compounds contain alkylic side chains, e.g. methyl-
and ethyl-groups, these structural units may be targets for the affixation of a
radiolabel. In fact, many compounds have been labelled with a [”C]methyl-group
for PET. Thus, the development of ['®F]fluoroalkylated tracers was the logical
consequence. A variety of different fluoroalkylating agents have been developed so
far: ['®F]bromofluoromethane [123,124], ['®F]fluoroiodomethane [125] 2-

['®F]bromofluoroethane[126,127]], 2-['®F]tosyloxyfluoroethane [107,128] 3-
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["®F]bromofluoropropane [129-140], 3-['®F]fluoroiodopropane [140,141] and 3-
[18F]tosyloxyﬂuoropropane [133]. The thus labelled synthons are restricted to small
alkyl-chains to avoid too large structural differences. The most important
fluoroalkylated tracers, already introduced into clinical application, are ['®F]JFET (O-
(2-["®F]Fluorethyl)-L-Tyrosin) [134] and ["®F]FP-CIT (2B-carbomethoxy-3p-(4-

iodophenyl)-8-(3-['®FIfluorpropyl)nortropan) [130,135,136].

Fluoroethylations

Fluoroethylations represent the most important class amongst the fluoroalkylations
since (1) fluoroethylating agents can be easily produced from commercially
available substances and (2) the fluoroethyl-group is sterically close to methyl- and
ethyl-groups. Targets for fluoroethylations are amine [77,137-141], hydroxylic
[134,142,143], mercapto [144,145] and carboxylic [146,70,71,76,86,87] moieties. 2-
["®F]Tosyloxyfluoroethane is widely used since it is easy to prepare, very stable and
suitable for a variety of compounds [147]. On the other hand, it is (1) not as reactive
as 2-["®FJfluoroethyltriflate [148,149] (2) sensitive to some solvents and bases [148];
(3) not a selective agent [150] and (4) intricate to purify — a semi preparative HPLC
is unavoidable. Hence, microwave enhanced conditions were proposed that
increased the selectivity and the radiochemical yields [151].
2-[*®F]Bromofluoroethane can also be produced rapidly. Thus, a lot of effort was put
into investigations to optimize yields and quality of this intermediate compound by
addition of sodium iodide and application of solid phase extraction for purification

[149,152,153].
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Abstract: In the last decade radiolabelled tropane analogues based on B-CIT have
proven undisputable for the imaging of the dopamine transporter. However, further
improvements in their pharmacodynamic and pharmacokinetic features are
desirable. An important improvement, yielding in higher affinity to the dopamine
transporter (DAT) versus serotonin transporter (SERT) can be achieved by a simple
replacement of the carboxylic methyl ester group in B-CIT by a fluoroethyl ester.
The preparation and ex vivo evaluation of this new R-CIT-analogue — ["®*FIFE@CIT
— will be presented herewith. Precursor and standard were prepared from 3-CIT and
analyzed by spectroscopic methods. Yields of precursor and standard preparation
were 61% and 42%, respectively. ['*FIFE@CIT was prepared by distillation of
["®F]bromofluoroethane (['®F]BFE) and reaction with (1R-2-exo-3-ex0)8-methyl-3-(4-
iodo-phenyl)-8-azabicyclo[3.2.1] octane-2-carboxylic acid. After 10 minutes at
150°C the product was purified using a C-18 SepPak. The radiosynthesis evinced
radiochemical yields of >90% (based on ['®F]BFE), the specific radioactivity was
>416 GBg/umol. An average 30uAh cyclotron irradiation yielded in more than
2.5GBq ["®F]JFE@CIT. For the ex vivo bioevaluation 20 male Sprague-Dawley rats
were sacrifized at 5, 15, 30, 60 and 120 minutes after infection. Organs were
removed, weighed and counted. For autoradiographic experiments transversal brain
slices of about 100um were prepared. The ex-vivo evaluation showed highest brain
uptake in striatal regions followed by thalamus and cerebellum. Highest striatum to
cerebellum ratio was 3.73 and highest thalamus to cerebellum ratio was 1.65.
Autoradiographic images showed good and differentiated uptake in striatal regions

with good target to background ratio.

Key words: R-CIT, PET, ['®FIFE@CIT, dopamine transporter, autoradiography
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1. Introduction

In the last decade radiolabelled cocaine analogues based on R-CIT have proven
undisputable for the imaging of the dopamine transporter (DAT). Alterations of the
DAT can be associated with neurodegenerative and neuropsychiatric disorders,
including Parkinson’s disease, depression, attention deficit-hyperactivity disorder,
Huntington’s chorea and schizophrenia [1]. A multitude of cocaine analogs has been
synthesized to date. Among these the so called WIN-compounds exhibit a 2-200-fold
higher affinity for the DAT than cocaine. Some of these compounds have been
labeled with ["'C] or ['®F] and were used for positron emission tomography (PET).
The major disadvantage of the WIN-compounds is their high affinity for the serotonin
transporter (SERT) and the norepinephrine transporter (NET) [2-8]. Basically two
functional groups within the molecule can be targeted with the radiolabelled
substituent: the amine and the carboxylic function. Replacing the original N-methyl
substituent of R-CIT by a more lipophilic N-fluoroethyl (3-CIT-FE) or N-fluoropropyl
substituent (B-CIT-FP) resulted in decreased affinity both for DAT and SERT [9]
Modifications of the original methyl ester function towards longer more lipophilic
fluoroethyl or fluoropropyl substituents resulted in higher affinity for the DAT and
from all investigated tropanes, the fluoroethylester of R-CIT displayed the highest
DAT affinity and the highest selectivity DAT over SERT and DAT over NET [8]. We
have recently presented a feasible method for the synthesis of ['®F]fluoroethyl esters
proofing biologically more stable than methyl- or ethyl esters [10-13]. Thus our
rationale was the precursor preparation, radiosynthesis and first ex vivo evaluation of
this  ['®F]fluoroethylester of R-CIT (2R- carbo-2'-['®F]fluoroethyloxy-3R-4-
iodophenyltropane; 2'-["®F]fluoroethyl (1R-2-exo- 3-exo)-8-methyl-3-(4-iodophenyl)-

8-azabicyclo[3.2.1]octane-2-carboxylate; ['*FIFE@CIT) using rats.
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2. Materials and Methods

Synthesis

Materials Solid phase extraction cartridges (SepPak® C18plus) were purchased from
Waters Associates (Milford, MA). R-CIT was obtained from ABX (Radeberg,
Germany). All other reagents and chemicals were purchased from Merck (Darmstadt,
Germany), Sigma-Aldrich Chemical Company (Steinheim, Germany) or Riedel-de
Haén (Seelze, Germany) and used without further purification. Analytical thin layer
chromatography (TLC) was performed using silicagel 60 F,s4 plates from Merck or
Macherey-Nagel (Duringen, Germany). Analytical high performance liquid
chromatography (HPLC) was performed using a LiChrospher 100 RP-18 column
(5um, 250 x 4mm) from Merck. Preparative HPLC was performed using a Luna RP-
18 column from Phenomenex (2.5 x 30 cm; Torrance, CA, USA). Gas
chromatography (GC) was performed using an HP-Innowax column (30m x 0.32mm
x 0.25um).

['®F]Fluoride was produced via the "®O(p,n)'®F reaction in a GE PETtrace cyclotron
(16.5 MeV protons). H,'®0 was purchased from Rotem GmbH (Leipzig, Germany).
Instruments Analysis of radio-TLC plates was performed using a digital
autoradiograph (Berthold Technologies, Bad Wildbad, Germany). Analytical HPLC
was performed with a Merck-Hitachi LaChrom L-7100 system equipped with a Merck-
Hitachi LaChrom L-7400 UV detector at 235nm and a lead-shielded Nal-
radiodetector (Berthold Technologies, Bad Wildbad, Germany). Preparative HPLC
was performed with a Knauer 1800 pump and a Knauer K 2501 UV-Detector (Berlin,
Germany). Gas chromatography was performed using an HP 6890 series system
equipped with a flame ionisation detector (FID, Hewlett Packard, Palo Alto, CA,
USA). NMR spectra were recorded on a Varian Inova 400 (Palo Alto, CA, USA) with

CDClI; and methanol-D4 as solvents.
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Precursor Synthesis (3-B-(4-lodophenyl)tropane-2-3-carboxylic acid) (-CIT (500mg,
1.3mmol) was dissolved in 6N hydrochloric acid and refluxed for 24h under an argon
atmosphere. Then the hydrochloric acid was evaporated and the residue was purified
by preparative HPLC (Phenomenex Luna column, water/acetonitrile/trifluoroacetic
acid: 70/30/0.1, flow rate 50mL/min). The solvents were removed and the residue
was dried under vacuum to give 300mg (61%) of a colorless solid.

FE@CIT (3-B-(4-lodophenyl)tropane-2-3-carboxylic acid 2-fluoroethyl ester) 3-3-(4-
lodophenyl)tropane-2-3-carboxylic acid (122mg, 0.33mmol) was dissolved in 13ml
dichloromethane. 2-Fluoroethanol (164mg, 2.56mmol) and N,N-dimethylpyridin-4-
amine (DMAP 20.2mg, 0.165mmol) were added and the mixture was cooled to 0-
5°C. Then 1-Ethyl-3-(3-(N,N-dimethylamino)propyl)carbodiimide hydrochloride
(EDCI, 70mg, 0.36mmol) was added and the mixture was stirred under argon for
18h. The solvent was removed and the residue was subjected to flash
chromatography (hexane/ether/triethylamine: 15/10/1) to obtain 58mg (42%) as a
white solid.

2-Bromoethyl triflate 2-Bromoethyl triflate was prepared according to a literature
method [14] starting from trifluoromethanesulfonic anhydride and 2-bromoethanol.
2-Bromo-1-["’F]fluoroethane (["®F]BFE) No-carrier-added (n.c.a.) aqueous
['®F]fluoride was added to a 2.5ml v-vial containing Kryptofix 2.2.2. (13.3umol),
potassium carbonate (10.0umol) and acetonitrile (1.0ml, 19.1mmol) and heated to
100°C. Azeotropic drying was performed by subsequent addition of at least four
250yl portions of acetonitrile. To the dried complex 2-bromoethyl triflate (20pl,
77.8umol) and acetonitrile (80ul, 1.5mmol) were added, the vial was sealed and
heated at 100°C (10min).

Distillation Volatiles were distilled using a smooth stream of nitrogen (5ml/min) and

1/16" tubing with needles connecting the reaction vessel, a washing flask and the
85



product trap. The washing flask contained 190ul of DMSO and 10pl of anhydrous
DMF at ambient temperature, whereas the product trap contained 600ul of
anhydrous DMF at 0°C. A total of 500ul of acetonitrile was added in small portions to
the reaction vessel to achieve quantitative distillation of ['°F]BFE.

“Wilson Method” [2]. Volatiles were distilled using the same set up as described in
distillation except: THF was used as distillation solvent (500ul), no washing flask was
used and ["®F]BFE was trapped into 200ul DMF (-40°C), 3x100ul THF were used for
quantitative transfer.

[ FIFE@CIT 5mg (13.4umol) (1R-2-exo-3-exo)-8-methyl-3-(4-iodo-phenyl)-8-
azabicyclo[3.2.1]octane-2-carboxylic acid was dissolved in 300pul dichloromethane,
17.4ul TBAH solution was added and dichloromethane was evaporated. The dried
complex was reconstituted in 500ul anhydrous DMF. A calculated aliquot of this
solution was added to the distilled ['®F]BFE. The reaction was carried out for 10 to 30
minutes at temperatures from 20°C to 180°C. For the “Wilson Method” 20min at 80°C
were used.

Product purification The product solution was diluted with a total of 20ml water and
loaded onto a pre-conditioned (ethanol/water) C18plus SepPak® cartridge. After
washing with a further 10ml of water, the purified ['"*FJFE@CIT was quantitatively
eluted with 1.2ml of ethanol (100%).

Quality control Chemical and radiochemical impurities were detected using radio-
HPLC (mobile phase: 65% (water/ethanol/acetic acid 87.5/10/2.5 (v/viv), 2.5 g/l
ammonium acetate, pH 3.5), 35% acetonitrile) and radio-TLC (mobile phase: 40%
(water/ethanol/acetic acid 87.5/10/2.5 (v/viv), 2.5 g/l ammonium acetate, pH 3.5)
60% acetonitrile). Residual solvents were analyzed by GC (carrier gas: He; flow:

2.7 ml/min; 45°C (2.5min) — 20°C/min to 110°C — 30°C/min to 200°C — 200°C

(10min); FID: 270°C). Residuals of Kryptofix 2.2.2 were analyzed by TLC according
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to the ['®FJFDG monograph in the European Pharmacopoeia (1999:1325) (mobile
phase: 90% methanol/10% ammonia (v/v); iodine chamber).

Animal Experiment.

Materials Organ fractions were counted with a Canberra Packard Cobra Il auto-
gamma counter (Canberra Packard, Canada). % Doses were calculated using two
calibration curves (high and low activity) with known activities and decay corrected
for the injection time. Preparation of the doses was done on a Capintec CRC15R
dose calibrator and the rest body was counted on a planar Nal crystal assembled
with an Ortec Maestro 32MCA emulator data acquisition software. Remaining activity
in the rest body was calculated by correlation of the counts with a calibration curve
acquired with known activities in the same geometry and decay corrected for the
injection time. Autoradiographic images were developed on a Canberra Packard
instant imager.

Biodistribution All biodistribution studies followed a protocol for the NIH Animal Care
and Use Committee also approved by the Austrian law on animal experiments. Male
Sprague-awley rats/Him:OFA (n=20, 206-242 g) were injected with 1.25-2.23 MBq
["®FIFE@CIT in 180-225 pl physiological phosphate buffer through the tail vein.
Subsequently the rats were sacrificed by exsanguination from the abdominal aorta in
ether anaesthesia after 5 (n=4), 15 n=4), 30 (n=4), 60 (n=4) and 120 minutes (n=4).
Organs were removed, weighed and counted (Cobra Il auto-gamma counter,
Canberra Packard, Canada). Radioactivity is expressed as percentage of injected
dose per gram tissue (% ID/g). For autoradiography 12.25-17.84 MBq were
administered via the tail vein and transversal brain slices of about 100um were

prepared after 5, 15, 30, 60 and 120 minutes and subjected to imaging.
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3. Results

Synthesis

A reaction scheme of the synthesis is presented in figure 1.

Synthesis of FE@CIT -CIT was hydrolyzed with hydrochloric acid to give the free 3-
CIT acid and purified by preparative HPLC (yield 61%). 'H-NMR(methanol-D4): &

. 1.95 (dt J=14.37, J=4.0, 1H); 2.14-2.31 (m, 2H); 2.35-2.53 (m, 2H); 2.72 td (J =
14.1,J =2.62, 2 H); 2.84 (s. 3H, CH3); 3.05 (dd, J=6.3, J = 1.87, 1H); 3.53 (m, 1H);
4.00 (m, 1H), 4.12 (dd, J =6.9, J = 2.1, 1H); 7.09 (m, 2H); 7.66 (m, 2H)
Fluoroethyl-R-CIT was obtained by reacting the acid with 2-fluoroethanol in
dichlormethane employing EDCI as coupling agent and DMAP as catalyst (yield
42%). "H-NMR(CDCl3): § 1.54-1.76 (m, 3H); 2.02-2.27 (m, 2H); 2.20 (s, 3H, CHa);
2.51 (td, J = 12.3, J = 2.8, 1H); 2.92 (m, 2H); 3.34 (m, 1H); 3.60 (m, 1H); 3.98-4.55
(m, 4H, CHx-CHx-F); 6.99 (d, J = 8.45, 2H); 7.56 (d, J = 8.45, 2H). "F-NMR: 5 125
Synthesis of [*FIFE@CIT Radiochemical yields depended on reaction temperature
and amount of precursor, as presented in figures 2 and 3 whereas reaction time
appeared to play a subordinate role: the reaction was complete within 10 minutes (cf.
figure 3). The radiosynthesis evinced radiochemical yields of >90% (based on
['®FIBFE), the specific radioactivity was >416 GBg/umol. An average 30pAh cyclotron
irradiation yielded in more than 2.5GBq ["*FIFE@CIT.

["®FIFE@CIT was identified by co-elution of the radioactive product with the inactive
reference standard both on HPLC and radio-TLC (TLC: rf values: precursor: 0.68,
FE@CIT: 0.74, BFE: 0.0; HPLC: retention times: precursor: 3.85min; FE@CIT:
8.13min; BFE: 6.05min). Radiochemical yield of the purified product exceeded 96%

(specific radioactivity >416 GBqg/pmol (11243Ci/mmol)).
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Animal Experiment

Results of the biodistribution experiments are presented in table 1 and showed good
uptake of ['®FJFE@CIT in brain regions. Autoradiographic results are presented in
figure 4. Striatal regions are clearly visible at 60 minutes.

4. Discussion

General

R-CIT has been playing an important role in neuroimaging for more than a decade. A
series of analogues have already been synthesized and evaluated for PET mostly
showing modifications on the ester function, the amine function and on the para-
position in the aromatic ring. [1,2] presented the evaluation of two
[18F]fluoroethylesters with a para-methylphenyl and a para-chlorophenyl substituent
showing high affinity for DAT-rich regions. These investigations [8] showed that the
substitution of the paraphenyl-methyl group by a paraphenyl-halogen group yielded
in a higher DAT-affinity and better DAT over SERT selectivity. On the other hand
replacing the original methyl-ester of B-CIT by a fluoroethyl ester yielded in a 1.5
times higher affinity for the DAT, a 10 fold increased selectivity DAT over SERT and
a 59 times increased selectivity DAT over NET [8]. Looking at the metabolic pattern
of B-CIT and methylester-analogues, enzymatic ester cleavage appeared to be the
major degradation route [6], [15-16]. In previous reports we presented evidence for a
higher metabolic stability of esters when the alkyl-rest chain was replaced by a
fluoroalkyl-chain [12,13]. This fact supports the strategy of fluoroethylation as a tool
for stabilizing ester functions. As another strategy fluoroalkyl groups could be
attached to the secondary amine group of the molecule, but concordantly, Kula et al
[17], Gu et al [8] and Okada et al [9] presented lower affinity and lower DAT over
SERT selectivity when replacing the N-methyl group by N-fluoroalkyl groups. All

these data from recent publications and own experiences abounded as the
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theoretically optimal structure (1) the fluoroethylester for metabolic stability together
with (2) high affinity and (3) best DAT over SERT selectivity with a N-methyl

substituent and the para-iodophenyl or a 3,4-dichlorophenyl structure.

Synthesis

The synthesis of the precursor for ['®FIFE@CIT is based on literature methods. Thus
R-CIT was hydrolyzed with 6N hydrochloric acid to yield the 3-CIT acid [18]. In the
author’s opinion, this method is superior with respect to the saponification employing
dioxane/water requiring several days of reaction [19]. However, neither way gave
100% conversion thus making a purification of the acid by preparative HPLC
necessary.

The synthesis of FE@CIT was straightforward. 3-CIT acid was reacted with 2-
fluoroethanol and 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride
(EDCI) in the presence of 4-dimethylaminopyridine (DMAP). FE@CIT was obtained
in 42% yield.

["FIBFE We evaluated two different set-ups for the purification of ['*F]BFE via
distillation. Both methods yielded highly purified (>99%) ['°F]BFE, but the reactivity
for the conversion to ["*FJFE@CIT did not abide for the "Wilson Method”. Although
Wilson et al. [2] presented very high yields (>27%) for the radiosynthesis of
['"®F]FETT and ['®F]FECT using THF as distillation solvent, we could not reproduce
these findings in the synthesis of [*FJFE@CIT. As already discussed before, the
washing flask is essential for successful syntheses [10-11]. The described method
uses solid phase extraction (SPE) for product purification and is easy to adopt for a

remotely controlled synthesis module.
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Animal Experiment

The ex-vivo evaluation showed highest brain uptake in striatal regions followed by
thalamus/hypothalamus and cerebellum. The striatal region was selected as an area
of binding to the DAT due to its high concentration of dopamine reuptake sites and
thalamus/hypothalamus was chosen as an area representative of binding to SERT
because it contains many serotonergic nerve terminals and few dopaminergic nerve
terminals [20]. Highest uptake in the striatum was found at 15 minutes, with a steady
decrease thereafter (figure 5). Lavalaye et al presented another parameter for the
evaluation of tracer binding: Striatum to cerebellum ratio and thalamus to cerebellum
ratio, both expressed as % ID/g multiplied by the body weight [20]. For ["*FIFE@CIT
the highest striatum to cerebellum ratio was 3.73 and thalamus to cerebellum ratio
was 1.65 both at the maximum (60 and 120 minutes, respectively). Maximum values
for ['>I]FP-CIT were calculated for 120 minutes [20]: 3.95 for striatum/cerebellum
and 2.01 for hypothalamus/cerebellum (cf. figure 6). Goodman et al [7] investigated
['"®FJFECNT in rats and found in two different studies at 60 minutes striatum to
cerebellum ratios of 8 and 4.3, respectively. In the same two studies hypothalamus to
cerebellum ratios were 2.24 and 1.76, respectively. Wilson et al [1] evaluated four
tropanes using rats: [''C]RTI-31, [''CIRTI-32, ['®F]FETT and ['®F]JFECT and found
maximum striatum to cerebellum ratios of 8.7, 26.7, 21 and 14; whereas maximum
hypothalamus to cerebellum ratios were 2.3, 3, 8 and 1.69. Striatum to hypothalamus
ratios in this study as a sign of DAT/SERT selectivity showed values of 2.3 ([''C]RTI-
31), 3.0 (["'C]RTI-32), 8.0 (["®F]JFETT) and 1.69 (['®F]JFECT). Giinther et al [21]
calculated striatum to thalamus ratios from autoradiographic slices and found
1.5+0.02 (['*°[]B-CIT), 2.0+0.15 (['**I]R-CIT-FE) and 2.7+0.44 (['*°I]3-CIT-FP)
(Giinther et al., 1997). Our study with ['®FJFE@CIT showed a striatum to thalamus

ratio of 2.99+0.32 (60 min). Amongst the discussed tropanes ['*FIFE@CIT does not
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show the highest affinity to the DAT, but the DAT/SERT ratio is comparatively high.
These findings are also in concordance with the transporter binding affinities
presented by Gu et al [8].

Organs with high uptake were liver, lung and kidney (up to 5.1% ID/g at 120
minutes/liver), whereas bowels, bone and muscle showed little uptake (max. 0.56 %
ID/g, 120 minutes/bowels). Intermediate uptake was found in heart, thyroid, spleen,
pancreas and the pituitary gland (max. 1.1% ID/g, 15 minutes/spleen). The increase
in uptake of the kidneys over time without a concomitant increase in uptake in the
bowels could be in line with the mainly renal excretion of ['*FIFE@CIT. Low levels of
fluoride accumulation was shown in bone (max. 0.32+0.03% ID/g; femur).
Autoradiographic images showed good and differentiated uptake in striatal regions

with good target to background ratio (figure 4).
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5. Conclusion

["®FIFE@CIT was prepared via the well established distillation method and followed
the expected biodistribution routes. Precursor and standard synthesis were fast and
simple with good yields. Optimum reaction conditions are 10 minutes at a
temperature of 150°C with a precursor concentration of =2 5mM. Uptake in DAT rich
regions was high with striatum to thalamus/hypothalamus ratios in the upper range of
comparable DAT-tracers. Ex-vivo bioevaluation together with ex-vivo
autoradiographic findings support the further evaluation of ['®FIFE@CIT for DAT-

PET.
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Figures and tables

Figure 1 shows a scheme of the synthesis of FE@CIT and ['®FIFE@CIT. Reagents

and conditions: a) 6N HCI, reflux; b) standard synthesis: 2-fluoroethanol, DMAP,

EDCI, dichloromethane; c) radiosynthesis: TBAH, DMF, ['®F]BFE, 150C°.
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Figure 2 shows the dependence of the radiochemical yield of ['®F[FE@CIT and

['8F]BFE on reaction temperature (5mM, 20min, means + SD; n=4; P=0.95).
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Figure 3 shows the dependence of the radiochemical yield of ["*FIFE@CIT on the

amount of precursor (150°C; means + SD; n=4; P=0.95).
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Table 1 on the next page shows the values counted in various organs at different
time points after application of 1.25-2.23 MBq ['®F]JFE@CIT as percent injected dose

per gram organ (% ID/g; mean values +/- SD).
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Tissue 5min 15min 30min 60min 120min
blood 0,27 + 0,05 0,23 + 0,04 0,17 + 0,01 0,15 + 0,03 0,10 = 0,03
bone (femur) 0,32 + 0,03 0,30 + 0,02 0,19 + 0,06 0,14 + 0,02 0,10 + 0,03
colon 0,30 + 0,04 0,27 + 0,06 0,19 + 0,08 0,14 + 0,01 0,14 + 0,04
fat 0,13 + 0,03 0,23 + 0,12 0,21 + 0,10 0,21 + 0,04 0,17 + 0,03
heart 0,63 + 0,07 0,34 + 0,04 0,18 + 0,05 0,14 + 0,01 0,10 + 0,02
ileum/
N 0,33 + 0,12 0,53 + 0,21 0,37 + 0,13 0,54 + 0,33 0,56 + 0,30
jejunum
kidney 2,12 + 0,60 2,54 + 1,01 2,30 + 1,44 3,86 + 2,05 3,14 + 2,11
liver 0,54 + 0,11 1,47 + 0,31 1,68 + 0,79 3,06 + 0,46 5,09 + 0,64
lung 3,57 + 0,89 2,30 + 0,48 1,33 + 0,45 0,86 + 0,13 0,52 + 0,08
muscle 0,34 + 0,05 0,26 + 0,02 0,16 + 0,07 0,16 + 0,09 0,07 + 0,02
pancreas 0,73 + 0,09 0,83 + 0,12 0,44 + 0,15 0,30 + 0,02 0,17 + 0,02
pituitary

0,73 £ 0,22 0,61 + 0,32 0,46 + 0,24 0,44 + 0,18 0,24 + 0,07
gland
spleen 0,54 + 0,24 1,08 + 0,13 0,70 + 0,25 0,49 = 0,03 0,27 = 0,04
tail 0,90 + 0,71 0,84 + 0,81 0,61 + 0,63 0,72 + 0,57 0,28 + 0,11
testes 0,18 + 0,02 0,27 + 0,05 0,24 + 0,10 0,28 + 0,06 0,34 + 0,07
thyroid 0,76 + 0,46 0,70 + 0,34 0,41 + 0,20 0,35 + 0,23 0,42 + 0,41
striatum 1,35 + 0,26 1,96 + 0,20 1,43 + 0,06 1,23 + 0,08 0,48 + 0,07
thalamus/

0,89 + 0,11 0,80 + 0,04 0,66 + 0,06 0,42 + 0,06 0,27 + 0,04
hypothalamus
cerebellum 0,89 + 0,04 0,82 + 0,09 0,56 + 0,02 0,33 + 0,04 0,16 + 0,01
carcass 0,42 + 0,10 0,39 + 0,12 0,30 + 0,11 0,22 + 0,01 0,17 + 0,08
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Figure 4 shows an autoradiography of an ex vivo mid-brain slice from a single rat 60

minutes after i.v. administration of ['*F][FE@CIT.
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Figure 5 shows the kinetics of three brain regions expressed as % ID/g x g

bodyweight (means + SD; n=4; P=0.95).
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Figure 6 shows distribution volume ratios (DVR) representing tissue to cerebellum
ratios at various time points (% ID/g; means £ SD; n=4; P=0.95). The asterisk (*)
signs values for ['?*[JFP-CIT taken from reference [Lavalaye J. et al] for reasons of
comparison. Statistical P-values are given for DVR(striatum) vs. DVR
(thalamus/hypothalamus) and were determined via t-test for comparison of two

means from independent (unpaired) samples with a=0.05.
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Abstract

PET imaging of the p-opioid receptor (OR) is still restricted to [''C]carfentanil
([""C]CFN) but its use is limited due to its short half-life and high agonistic potency.
Recently, the radiosynthesis of ['F]fluoroalkyl esters of CFN was proposed,
unfortunately yielding products not suitable for human PET due to their low specific
activities. Therefore, our rationale was the reliable radiosynthesis of a
['®F]fluoroethylated CFN derivative overcoming these drawbacks and its preliminary
bioevaluation in rats.

The ['®F]fluoroethyl ester of carfentanil, ['*FIFE@QCFN (2-["®F]fluoroethyl 4-[N-(1-
oxopropyl)-N-phenylamino]-1-(2-phenylethyl)-4-piperidinecarboxylate), and its
corresponding inactive standard compound were prepared. Purification of
['"8FIFE@CFN was achieved via solid phase extraction. Whole body biodistribution
was investigated in rats and p-OR selective binding was measured
autoradiographically in rat brain slices.

['"|FIFE@QCFN was prepared with excellent purity (>98%) and sufficient yields.
Specific activity surpassed the level required for safe administration. In rats,
considerable uptake was observed in ileum, lung, kidney and heart. Uptake in the rat
brain peaked at 5 min (0.21 %ID/g). On autoradiographic slices, highest uptake was
seen in the olfactory bulb and cerebral cortex whereas almost no uptake in the
cerebellum was observed, matching the known distribution of y-OR in the rat brain
excellently.

Our simplified synthesis of [‘®FIFE@CFN, for the first time, overcomes the
shortcomings of [''CJCFN and the previously suggested alternatives: (1) longer half-
life; (2) easy production and (3) adequate specific activity should make a wider
application possible. Hence, [18F]FE@CFN may become a valuable PET tracer for

the imaging of the y-OR in human brain and heart.
105



Summary

PET imaging of the p-opioid receptor (OR) is still restricted to [''C]carfentanil
(""CICFN) but its use is limited due to its short half-life and high agonistic potency.
Recently, the radiosynthesis of ['®F]fluoroalkyl esters of CFN was proposed,
unfortunately yielding products not suitable for human PET due to their low specific
activities. Therefore, our rationale was the reliable radiosynthesis of a
['®F]fluoroethylated CFN derivative overcoming these drawbacks.

The ['®F]fluoroethyl ester of carfentanil, ["*FIFE@CFN (2-['®F]fluoroethyl 4-[N-(1-
oxopropyl)-N-phenylamino]-1-(2-phenylethyl)-4-piperidinecarboxylate), and its
corresponding inactive standard compound were prepared. Purification of
["8FIFE@CFN was achieved via a simple solid phase extraction method.
["8FIFE@CFN was prepared with excellent purity (>98%) and sufficient yields.
Specific activity surpassed the level required for safe administration. We therefore
conclude that our simplified synthesis of ['*FIFE@CFN, for the first time, overcomes
the shortcomings of [''C]CFN and the previously suggested alternatives: (1) longer
half-life; (2) easy production and (3) adequate specific activity should make a wider
application possible. Hence, [18F]FE@CFN may become a valuable PET tracer for

the imaging of the y-OR in human brain and heart.

KEY WORDS: opioid receptor; carfentanil; fluorine-18; fluoroalkylation; PET
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Introduction

The existence of a specific opiate receptor (OR) was demonstrated by Candace B.
Pert and Sol H. Snyder in 1973 [1]. Since that time, a number of OR subtypes have
been revealed [2]. Of the three major classes of opioid receptors (OR) - y, k and & -
the p receptor is by far the one most important. Activation of the u-OR by an agonist
such as morphine causes symptoms such as analgesia, sedation, reduced blood
pressure, itching, nausea, euphoria, decreased respiration, miosis and decreased
bowel motility. Although tolerance to respiratory depression develops relatively
quickly, it is the single most adverse side effect of opioid use. In medicine, opioids
are widely used as effective analgesics for severe pain (www.opiods.com).

Fentanyl, an artificial opioid analgesic with a potency of about 80 times that of
morphine, was synthesized in the late 1950s. Lateron, several fentanyl analogues
were developed. Carfentanil (CFN) is an extremely potent (analgesic potency 10,000
times that of morphine), synthetic opiate binding to the p-subtype of the OR with very
high affinity (Ki = 0.051 nM). In rats, CFN was found to be 90 and 250 times more
selective for u-OR compared to - and k-subtypes, respectively [3].

Today, positron emission tomography (PET) of the p-OR is still restricted to [''CJCFN
although the short half life of carbon-11 (20 min) together with the unavoidably low
specific activities limit its application to PET centres with an on-site production facility.
Nevertheless, continuous work is done with ['"C]JCFN concerning various topics such
as alcohol abuse and detoxification [4], therapeutic effectiveness in heroin addicts
[5], pain activation [6, 7] or temporal lobe epilepsy [8].

Recent findings demonstrated that y-OR imaging with PET could, beside its
application in the human brain, become a very useful tool also in cardiology resulting
in a better insight in the cardiovascular pathophysiology, especially in the ischemic

heart and in arrhythmias. Furthermore, cardiovascular effects of drug abuse and
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chronic u-OR stimulation could be evaluated and quantified [9-11]. Although the
booming interest of the community is demonstrated by the afore mentioned
publications, the drawbacks of the short half-life of [''C]JCFN and its extremely high
potency still have to be overcome to allow a broader application of y-OR imaging with
PET.

Therefore, different strategies to ameliorate the applicability of [''C]JCFN have been
followed lately, resulting in derivatives labelled with either carbon-11 [12] or fluorine-
18 [13-15].

Our group recently presented a feasible method for the synthesis of ['®F]fluoroethyl
ester ligands based on their methylester relatives proving biologically more stable
than methyl or ethyl esters [16-20]. Simultaneously to our investigations regarding the
preparation of a ['®F]fluoroethylated CFN, the radiosynthesis of ['®F]fluoroalkyl esters
of CFN was described elsewhere [21]. There, the authors conclude: (1) the
fluoroethyl ester is favourable to the fluoropropyl compound; and (2) the specific
activity achieved with their radiosynthesis is less than required for the application in
human PET imaging.

Thus, our aim was the simplified preparation and improved radiosynthesis of

[18F]FE@CFN with high specific activities.

Materials and Methods

General

All reagents and chemicals were purchased from Merck (Darmstadt, Germany),
Sigma-Aldrich Chemical (Steinheim, Germany) or Riedel-de Haen (Seelze, Germany)
and used without further purification. ['®F]Fluoride was produced via the ®O(p,n)'®F
reaction in a GE PETtrace cyclotron (16.5 MeV protons). H,'®0 (>97%) was

purchased from Rotem (Leipzig, Germany). Solid phase extraction cartridges
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(SepPak® C18plus) were purchased from Waters Associates (Milford, MA). Melting
points were measured with a Biichi-535 instrument. The "H-NMR and *C-NMR
spectra were obtained with a Bruker 500 spectrometer at 20°C in DMSO-dg, CDCl3

and D0, respectively.

Precursor and Standard Synthesis

For inactive precursor and standard syntheses, analytical thin-layer chromatography
was performed on Macherey-Nagel Alugram® Sil G/UV254 40x80 mm aluminium
sheets (Dueringen, Germany) with the following eluent systems (v/v): [A]: chloroform-
methanol 9:1; [B]: ethyl acetate-methanol 8:2. The spots were visualized with a 254
nm UV lamp or with 5% phoshomolybdic acid in ethanol. Preparative system: pump:
Merck/Knauer K-1800; column: Phenomenex 100A, Nucleosil C18; flow: 5 mL/min;
eluent: methanol-water-acetic acid 70:30:0.1 (v/v/v); UV detector: Merck/Knauer K-
2501, A = 254 nm. Column chromatography was performed on silica gel (Kieselgel
60, Merck (0.040-0.063 mm)).

Benzyl 4-[(1-oxopropyl)phenylamino]-1-(2-phenylethyl)-4-Piperidinecarboxylate (1a,
figure 1) was prepared according to a literature method [22, 23].
Desmethylcarfentanil free acid (1b) precursor was synthesized by hydrogenolysis of
1a (4 bar, 16 h). The fluoroalkylation of 1b was performed via 1¢ [23] with 1-brom-2-
fluoroethan in dry N,N-Dimethylformamide. NMR assignments are based on a
standard reference [24].
4-[N-(1-oxopropyl)-N-Phenylamino]-1-(2-phenylethyl)-4-piperidinecarboxylic
acid (1b)

A solution of Benzyl 4-[N-(1-oxopropyl)-N-Phenylamino]-1-(2-phenylethyl)-4-
piperidinecarboxylate (1a) (470 mg, 1 mmol) in ethanol (50 mL) was hydrogenolysed

in the presence of Pd/C 10 % (100 mg) at room temperature and 4 bar for 16 h. The
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catalyst was removed by filtration and the solvent was evaporated in vacuum. The
residual white powder was purified by column chromatography on silica gel. Eluent
systems: 1. chloroform-methanol 9:1 to 7:3. 2. methanol-acetic acid 9:1. TLC: R{A] =
0.13; R{B] = 0.1. The crude product was purified by preparative RP-HPLC (tr = 17.6
min).

2-Fluoroethyl 4-[N-(1-oxopropyl)-N-Phenylamino]-1-(2-phenylethyl)-4-
piperidine-carboxylate (1d)

To a stirred suspension of 4-[N-(1-oxopropyl)-N-phenylamino]-1-(2-phenylethyl)-4-
piperidine-carboxylic acid sodium salt (1¢) (100 mg, 0.248 mmol) in dry N,N-
Dimethylformamide (6 mL) under argon atmosphere 2-bromo-1-fluoroethane (40 mg,
0.273 mmol) was added. The solution was stirred at room temperature for 24h. The
reaction mixture was poured onto water (50 mL) and extracted with chloroform (3x25
mL). The organic phase was dried (Na,SO,). The solvent was evaporated in vacuum
and the residual oil was purified by column chromatography on silica gel (50 g) with
hexane-ethyl acetate 1:1 (v/v). The pure fractions were collected and the eluent was
evaporated yielding an oily residue — R{A] = 0.76; R¢{B] = 0.78 — The residue was
dissolved in dry diethyl ether (5 mL) and a solution of 2 M HCI in diethyl ether was

given. The crystalline product was filtered off and dried in vacuum (3x10™" mbar).

Radiosynthesis

Radio-analytical thin-layer chromatography (radio-TLC) was performed using silicagel
60 F254 plates from Merck. Analysis of radio-TLC plates was performed using a
digital autoradiograph (Berthold Technologies, Bad Wildbad, Germany). Analytical
high-performance liquid chromatography (HPLC) was performed using a LiChrospher

100 RP-18 column (5 pm, 250 x 4 mm) from Merck on a Merck-Hitachi LaChrom L-
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7100 system equipped with a Merck-Hitachi LaChrom L-7400 UV detector at 235 nm
and a lead-shielded Nal-radiodetector (Berthold Technologies).

2-Bromoethyl triflate

2-Bromoethyl triflate was prepared according to a literature method [25] starting from
tri-fluoromethanesulfonic anhydride and 2-bromoethanol.
2-Bromo-1-[*®F]fluoroethane ([**F]BFE)

No-carrier-added (n.c.a.) aqueous ['®F]fluoride was added to a 2.5 mL v-vial
containing kryptofix 2.2.2. (13.3 pymol), potassium carbonate (10.0 pmol) and
acetonitrile (1.0 mL, 19.1 mmol) and heated to 100°C. Azeotropic drying was
performed by subsequent addition of at least four 250 uL portions of acetonitrile. To
the dried complex 2-bromoethyl triflate (20 pL, 77.8 umol) and acetonitrile (80 pL, 1.5
mmol) were added, the vial was sealed and heated at 100°C (10 min).

Distillation

Volatiles were distilled using a smooth stream of nitrogen (6 mL/min) through a
washing flask (containing 195 pL of DMSO and 5 pL of anhydrous DMF at ambient
temperature) into the product trap containing 300 pL of anhydrous DMF at 0°C. A
total of 200 pL of acetonitrile was added in small portions to the reaction vessel to
achieve quantitative distillation of ['®F]BFE.

[*® F]FE@CFN (2a)

10 mg (26.3 umol) CFN-acid (1b) were dissolved in 300 pL dichloromethane, 28 pyL
tetrabutylammonium hydroxide solution (TBAH, 1 M in methanol) was added and
dichloromethane was evaporated. The dried complex was reconstituted in 1000 pL
anhydrous DMF. A calculated aliquot of this solution was added to the distilled
['8F]BFE to achieve the desired molarity. The reaction was carried out for 5-20 min

at temperatures from 20-150°C.
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Product purification

The product solution was diluted with a total of 35 mL water and loaded onto a
preconditioned C18plus SepPak® cartridge. After washing with a further 10 mL of
water, the purified ['®*FJFE@CFN was quantitatively eluted with 1.2 mL of ethanol.
Quality control

Chemical and radiochemical impurities were detected using radio-HPLC (mobile
phase: 65% (water/ethanol/acetic acid 87.5/10/2.5 (v/v/v), 2.5 g/L ammonium
acetate, pH 3.5)/35% acetonitrile) and radio-TLC (mobile phase: 95% acetonitrile/5%
water). Residuals of kryptofix 2.2.2 were analyzed by TLC according to the ['®F]FDG
monograph in the European Pharmacopoeia (mobile phase: 90% methanol/10%

ammonia (v/v); iodine chamber).

Results

Precursor and Standard Synthesis
4-[N-(1-oxopropyl)-N-Phenylamino]-1-(2-phenylethyl)-4-piperidinecarboxylic
acid (1b)

Yield: 170 mg (44 %) — melting point: 230.0-233.5°C — 1H-NMR (DMSO-dg)

0 =12.43 (brs, 1H, COOH); 7.19-7.49 (m, 7H, CH,CH2Ph, NPh ); 7.14 (m, 3H, NPh);
2.59-2.64 (m, 2H, CH,CH,Ph); 2.52-2.54 (m, 2H, CH,CH,Ph); 2.33-2.34-2.43 (m, 4H,
2xCH,CHj3); 2.04-2.13 (m, 2H, CH,CH>); 1.75 (q, J = 7.4 Hz, 2H, CH3CH,CO); 1.52
(m, 2H, CH,CHy); 0.80 (t, J = 7.4 Hz, 3H, CH3;CH,CO) — 13C-NMR (DMSO-dg) &
=174.23 (COOH); 173.96 (CH3CH,CO); 139.05 (NPh-C1); 137.32 (BPh-C1); 130.99
(NPh-C3,5); 130.49 (BPh-C3,5); 129.93 (BPh-C2,6); 129.50 (BPh-C4); 129.46 (NPh-
C4); 127.71 (NPh-C2,6); 60.21 (C-4); 57.22 (CH,CH,Ph); 49.85 (C-2,6); 30.98
(CH,CH,Ph); 30.31 (C3,5); 29.13 (CH3CH,CO); 9.77 (CH3CH,CO) — Cy3H25N203

(380,48).
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2-Fluoroethyl 4-[N-(1-oxopropyl)-N-Phenylamino]-1-(2-phenylethyl)-4-
piperidine-carboxylate (1d)

Yield: 110 mg (48 %) 1d HCI — melting point: 210.0-211.7°C — 1c¢ base: 1H-NMR
(CDCl3) 6 = 7.22-7.45 (m, 7H, CH,CH2Ph, NPh ); 7.13-7.19 (m, 3H, NPh); 4.65 (dm,
J =47.5 Hz, 2H, CH,CH,F); 4.45 (dm, J = 29.1 Hz, 2H, CH,CH,F); 2.69-2.78 (m, 2H,
CH,CH,Ph); 2.53-2.59 (m, 2H, CH,CH); 2.45-2.52 (m, 2H, CH,CH>); 2.30-2.37 (m,
2H, CH,CHy); 1.88 (q, J = 7.4 Hz, 2H, CH3CH,CO); 1.67 (m, 2H, CH,CH); 0.96 (t, J
= 7.4 Hz, 3H, CH3CH,CO) — 1c HCI: 13C-NMR (D,O+CD30D) & = 177.37
(COOCH2CH2F); 172.96 (CH3CH,CO); 137.42 (NPh-C1); 136.12 (BPh-C1); 130.05
(NPh-C3,5); 129.99 (BPh-C3,5); 129.85 (BPh-C2,6); 129.07 (BPh-C4); 128.70 (NPh-
C4); 127.38 (NPh-C2,6); 81.83 (CH,CHF, J = 165.4 Hz); 65.09 (CH,CH,F, J = 18.8
Hz); 60.61 (CH,CH,Ph); 57.31 (C-4); 49.36 (C-2,6); 30.05 (CH,CH,Ph); 29.82 (C3,5);

28.57 (CH3CH,CO); 8.53 (CH3CH,CO) — CosH31FN,O3 (426,52).

Radiosynthesis

A reaction scheme of the synthesis is presented in figure 2, showing the optimized
conditions used in the two-step preparation of ['®FJFE@CFN.

Yields depending upon varying reaction conditions are presented in figure 3: a
reaction temperature of 150°C with a precursor concentration of at least 5 mM should
be applied for more than 5 min for satisfactory preparation of ['*FIFE@CFN. The
product was identified by co-elution of the radioactive solution with the inactive
reference standard both on HPLC and radio-TLC (TLC — R¢ values: FE@CFN: 0.7-
0.8, BFE/fluoride: 0.0; HPLC — retention times: precursor: 3.9 min; FE@CFN: 8.3
min; BFE: 3.4 min). Radiochemical purity in the final solution exceeded 98% (specific
radioactivity up to 154 GBqg/umol (4,162 Ci/mmol)). The radiosynthesis evinced

radiochemical yields of >75% (based on ['®F]BFE). An average 40 pAh cyclotron
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irradiation yielded more than 1.5 GBq purified and ready for application formulated

["®FIFE@CFN.

Discussion
General
["'CICFN has played an important role in neuroimaging of the p-OR for more than a
decade. Despite the high agonistic potency of the compound and its limitations in
availability due to the short half-life (20 min) prominent research groups have
demonstrated their interest in y-OR imaging for psychiatry and cardiology. Lately,
some modified analogues have been synthesized and evaluated for PET, but none of
the compounds exhibited satisfactory properties.

Since the potency of the ethyl ester analogue of CFN is 13-times less than that of
unmodified CFN [26] the fluoroethylated compound is discussed to exhibit a similarly
reduced potency. Therefore, Henriksen et al. [21] proposed that the required specific
activity of the final product solution will also be reduced. Furthermore,
pharmacological effects of CFN cannot be excluded for administration of more than
2.1 ug/70 kg [27]. Disregarding this (assumedly) reduced potency of ['"*F[FE@CFN,
the specific activity at the time of injection has to be >75.2 GBqg/umol for the safe
administration of 370 MBq of ['®F]FE@CFN. Our preparation surpassed this value
reproducibly, revealing values of up to 154 GBqg/pmol in contrast to Henriksen at al.
[21] who only found 35 GBg/umol.

Thus, our method for the preparation of [18F]FE@CFN could overcome the previous
shortcomings by (1) displaying satisfactory high specific activities; (2) assuring its

wider availability and (3) guaranteeing its safe use also in human PET studies.
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Radiosynthesis

The presented method was already applied for a variety of PET- radiotracers and
proved reliable and feasible throughout various preclinical [17, 19, 20] and even
clinical experiments [16, 18, 28]. During the radiosynthesis, the use of a washing
flask in the distillation is indispensable to provide reactive, highly purified ['®F]BFE, a
prerequisite for successful syntheses [16, 17, 20]. Unfortunately, this purification of
the intermediate substrate also accounts for the major loss of activity throughout the
preparation. Radiochemical yield for the subsequent conversion reaction depended
on reaction temperature and time as well as amount of precursor. The described
method uses solid phase extraction (SPE) for product purification and is easy to
adapt for a remotely controlled synthesis module. As a further improvement, no semi-
preparative HPLC system is needed throughout the preparation. Thus, a significant
reduction in the overall synthesis time — 55 min (this work) versus 100 min [21] — was
achieved and the instrumental requirements were kept to a minimum. The
biodistribution experiments revealed high uptake for ileum, heart, lung, and kidney —
all organs known to possess high y-OR densities — whereas muscle and bone
showed little uptake (table 1.). Thus, de-fluorination seems to play a subordinate role
in peripheral metabolism whereas ester cleavage seems rather probable due to
increased liver uptake. This fact was also discussed in a preliminary abstract [13].
Again, also considerable uptake was observed in the heart supporting previous
findings about p-OR in this organ. ['*FJFE@CFN therefore could become an
interesting PET tracer for the imaging of the cardiovascular pathophysiology and
especially for quantification of cardiovascular effects of drug abuse and chronic y-OR
stimulation.

Autoradiographic rat brain images showed uptake in y-OR rich regions. Cerebral

cortex and olfactory bulb showed high tracer accumulation whereas almost no uptake
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of ["®F]FE@CFN could be observed in the cerebellum (Fig. 4). This excellent
congruence with the known distribution of the y-OR in the rat brain further
substantiates the selectivity of the radiotracer. Further investigations are under way
to enlighten the specificity of u-OR binding and the metabolic stability of

["®FIFE@CFN prior to its use in human PET studies.

Conclusion

["®FIFE@CFN was prepared with excellent purity in sufficient radiochemical yields to
serve for routine PET imaging. The specific activity was well above the level required
for its safe administration. Thus, our method for the preparation of ['*FIFE@CFN, for
the first time, overcomes the shortcomings of [''CJCFN: due to (1) the longer half-life;
(2) its easy production and (3) the adequate specific activity a wider application

should become possible.
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Captions

FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

TABLE 1

Derivatives of Carfentanil; Abbreviations: Bn: benzyl group; CFN:

Carfentanil

Reaction Scheme for the Preparation of ['*F]JFE@CFN.

The dependence of the radiochemical yield of ['*FIFE@CFN on (a)
reaction temperature (prec. conc. 5 mM, 20 min); (b) precursor
concentration (150°C, 20 min); and (c) reaction time (prec. conc. 5 mM,

150°C). All given values represent arithmetic means + SD for n=3.

Autoradiography of an ex-vivo mid-brain slice from a single rat, 5 min.

after i.v. administration of ['**FJFE@CFN (Not published data).
Values counted in various organs at different time points after

administration of 0.5-1.5 MBq ['®F]JFE@CFN as percent injected dose

per gram organ (% ID/g; mean values + SD; n=5) (Not published data).
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Figures and Tables

FIGURE 1
R Name
CHs CFN
1a |Bn
1b |H CFN-acid
1c |Na CFN-acid sodium
salt
1d | CH,CH.F FE@CFN
2a|CH.CH,"®F [["®FIFE@CFN
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FIGURE 2
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FIGURE 3
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Figure 4.
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Table 1.

Tissue 5 min 15 min 30 min 60 min

blood 0.30 £ 0.05{0.18 + 0.03|/0.17 £ 0.02/0.14 £ 0.02
brain 0.21 £ 0.03|{0.17 + 0.06(0.11 £ 0.04|0.14 £+ 0.10
carcass 0.18 £ 0.05{0.21 + 0.04/0.25 £+ 0.03]/0.25 £+ 0.02
colon 0.33 £ 0.10({0.26 + 0.07(0.43 £ 0.12]0.37 £ 0.05
fat 0.07 £ 0.04|0.28 + 0.12(0.62 + 0.19]/0.60 * 0.11
femur 0.31 £ 0.03|{0.28 + 0.05(/0.26 + 0.02|0.26 + 0.04
heart 0.66 + 0.06/0.37 + 0.08(0.29 + 0.04|0.19 = 0.01
ileum 0.95 + 0.29(3.43 + 0.50(3.16 £ 0.50{1.14 £+ 0.20
kidney 222 + 051{1.10 £+ 0.20(1.04 £ 0.07|0.61 £ 0.04
liver 098 + 0.34(1.71 + 0.47(1.85 £ 0.18|1.72 + 0.38
lung 2.34 + 0.43|0.96 + 0.23(0.67 £ 0.07|0.39 £ 0.03
muscle 0.27 + 0.04|0.23 + 0.04(0.16 £ 0.02|0.13 = 0.01
pituitary gland |2.40 + 0.39(3.16 + 0.70|3.15 + 0.60(2.66 + 1.10
tail 0.46 + 0.20(0.65 + 0.15(0.44 £ 0.12|0.40 £ 0.13
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Abstract

Changes of the adenosine A3 receptor subtype (A3AR) expression have been shown
in a variety of pathologies, especially (1) neurological and affective disorders, (2)
cardiac diseases, (3) oncological diseases and (4) inflammation processes. Recently,
(5-(2-fluoroethyl) 2,4-diethyl-3-(ethylsulfanylcarbonyl)-6-phenylpyridine-5-carboxylate,
FE@SUPPY) was presented as a high affinity ligand for the A3AR with good
selectivity. Hence, our aims were (1) the development of a suitable labeling
precursor; (2) the establishment of a reliable radiosynthesis for the fluorine-18
labeled analogue, ["*FIFE@SUPPY; and (3) a first biodistribution study of
["SFIFE@SUPPY in rats.

Methods: A suitable labeling precursor, 5-(2-tosyloxyethyl) 2,4-diethyl-3-
(ethylsulfanylcarbonyl)-6-phenylpyridine-5-carboxylate (Tos@SUPPY), was
developed and the reference standard compound, FE@SUPPY, was synthesized
according to a previously published method. The radiosynthesis of ['*FIFE@SUPPY
was conducted in a one-pot reaction starting from cyclotron produced [*®F]fluoride.
To the dried ['®F]fluoride-aminopolyether complex, Tos@SUPPY in acetonitrile was
added, the vial was sealed and heated. Purification was achieved using semi-
preparative HPLC and solid phase extraction. Biodistribution studies followed an
established protocol: male Sprague-Dawley rats were injected with ['*FIFE@SUPPY
and were subsequently sacrificed by exsanguination in ether anesthesia at different
points of time. Organs were removed, weighed and counted.

Results: 1.7g recrystallized Tos@SUPPY was obtained (52%) as white crystalline
powder. 136.8mg FE@SUPPY was obtained after purification (67%) as yellowish oil.
Starting from an average of 49.2+13.9GBq ["®FIfluoride, 8.9+4.0GBq of formulated
['"*FIFE@SUPPY (34.9+14.8%, based on ['®F]fluoride, corrected for decay) were
prepared. Specific radioactivity was 60.8+18.0GBqg/umol. The organ with the highest
uptake was the liver (1.87+0.16% 1.D./g, 15min; 1.41+£0.57% |.D./g, 30min). Organs
with pronounced uptake were kidney, lung and heart. Tissues with lowest uptake
were colon and testes. Intermediate brain uptake was observed throughout the
examined time span.

Conclusion: [18F]FE@SUPPY was prepared in a feasible and reliable manner.
Overall yields and radiochemical purity were sufficient for further preclinical and

clinical applications. Uptake pattern of ['*FIFE@SUPPY congruently follows the
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described distribution pattern of the A3AR. The fact that organs reliably displaying
high densities of the other adenosine receptor subtypes beside low densities of
A3AR, show only low uptake, is encouraging for further studies with [18F]FE@SUPPY
for quantitative PET imaging of the A3AR.

Key words: Adenosine, PET, Receptor, Fluorine-18, Radioligand
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Introduction

Adenosine is a ubiquitous nucleoside, released from metabolically active or stressed
cells. It is known to act as an important regulatory molecule through its activation of
cell surface receptors named A4, Aza, Azg, and As; (A1AR, A2AR, A3AR), which all
belong to the G-protein—coupled superfamily of receptors. There exists much
information on the distribution of the A; and Aja receptors because good
pharmacological tools including radioligands are available. There are also several
studies that have used antibodies to localize adenosine A1 receptors in brainand Aga
receptors in striatum [1,2]. In the case of the Ayxs and Aj receptors, there are many
open questions regarding the distribution and involvement in pathophysiological
processes.

Collectively, adenosine receptors are widespread on virtually every organ and tissue.
So, they represent promising drug targets for pharmacological intervention in many
pathophysiological conditions that are believed to be associated with changes of
adenosine levels such as asthma, neurodegenerative disorders, chronic inflammatory
diseases, and cancer [3]. The A3AR is the latest identified adenosine receptor and its
involvement in tumors has recently been shown: A3ARs are highly expressed on the
cell surface of tumor cells and in human enteric neurons but not in the majority of
normal tissues [4-10]. In a very comprehensive study ABAR mRNA expression in
various tumor tissues was tested in paraffin-embedded slices using reverse
transcription-PCR analysis [11]. A comparison with the A3AR expression in the
relevant adjacent normal tissue or regional lymph node metastasis was performed. In
addition, A3AR protein expression was studied in fresh tumors and was correlated
with that of the adjacent normal tissue. The authors conclude that primary and
metastatic tumor tissues highly express A3AR, which indicates that high receptor
expression is a characteristic of solid tumors. These findings suggest the A3AR as a
potential target for tumor growth inhibition and imaging. The A3ARs are also known
to be involved in many other diseases, such as cardiac [12] and cerebral ischemia
[13], glaucoma [14], stroke [15] and epilepsy [16]. Western blot analysis showed that
A3 receptors are present in rat hippocampal nerve terminal membranes [17] and
functionally it has been shown that the A3AR plays a role in the brain
neurotransmitter system by directly influencing for instance serotonin [18-20] or

glutamate [21]. Unfortunately, although the A3AR is discussed as a good target for
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drug development, there is little information on the distribution and the absolute
amounts of receptor protein in various body regions in the literature so far: Fredholm
et al found high expression of A3 mRNA in rat testes, intermediate levels in human
cerebellum and hippocampus, sheep lung and spleen and low levels in human liver,
kidney, heart, intestine, testis and rest of the brain [22]. In a second publication, the
authors quantified the mRNA responsible for the expression of the A3AR in hearts of
immature, young, and mature rats. They found values comparable (immature) or
even higher (1.4 times higher in young and 1.6 times higher in mature rats) [23]
compared to other adenosine receptors. The same group investigated the distribution
of the mRNA of various adenosine receptors in the rat brain and found low but
significant amounts of Az mRNA (about a fifth of the A;a mMRNA), which were further
down-regulated after ovariectomy (2-fold) [24]. Dixon et al found expression of the
gene encoding the adenosine A3AR to be widespread in the rat - throughout the
CNS and in many peripheral tissues. The authors also concluded that this found
pattern of expression is similar to the one observed in man and sheep, which had
previously been perceived to possess distinct patterns of ASAR for gene expression
in comparison to the rat [25]. However, in these few cases the given values represent
the mRNA responsible for the expression rate for the receptors but do not represent
absolute receptor densities.

For direct quantification of these receptor densities, autoradiography or positron
emission tomography (PET) can be used. Both methods demand selective
radiotracers. Recently, Li et al [26] evaluated a series of pyridine derivatives
regarding affinity and selectivity on the A3AR. Amongst these compounds, a
fluoroethyl ester (5-(2-fluoroethyl) 2,4-diethyl-3-(ethylsulfanylcarbonyl)-6-
phenylpyridine-5-carboxylate, FE@SUPPY) was presented with promising
properties. An affinity in the nanomolar range (Ki 4.22 nM) as well as excellent
selectivity for the A3AR (ratio A1/Az = 2700) was demonstrated. [26] Hence, our aims
were (1) the development of a suitable labeling precursor; (2) the establishment of a
reliable radiosynthesis for the fluorine-18 labeled analogue, ["*FIFE@SUPPY; and (3)
a first biodistribution study of ["*FIFE@SUPPY in rats.
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Materials and Methods

General

Melting points were determined on a Reichert-Kofler hot-stage microscope. Mass
spectra were obtained on a Shimadzu QP 1000 instrument (El, 70 eV). IR spectra
were recorded on a Perkin-Elmer FTIR spectrum 1000 spectrometer. Elemental
analyses were performed at the Microanalytical Laboratory, University of Vienna
(Austria). "H- and ">C-NMR spectra were recorded on a Bruker Avance DPX-200
spectrometer at 27 °C (200.13 MHz for "H, 50.32 MHz for '*C). Radio-analytical thin-
layer chromatography (radio-TLC) was performed using silicagel 60 F254 plates from
Merck. Analysis of radio-TLC plates was performed using a digital autoradiograph
(Instant Imager, Canberra-Packard, Russelsheim, Germany). Analytical high-
performance liquid chromatography (HPLC) was performed using a Merck-Hitachi
LaChrom system equipped with an L-7100 pump, an L-7400 UV detector and a lead-
shielded Nal-radiodetector (Berthold Technologies, Bad Wildbach, Germany). The
semi-preparative HPLC system consisted of a Sykam S1021 pump and an UV
detector and a radioactivity detector in series.

Solid phase extraction (SPE) cartridges (SepPak® C18plus) were purchased from
Waters Associates (Milford, MA). All starting materials for precursor and reference
standard syntheses, were commercially available and used without further
purification. (Ethyl benzoylacetate, Fluka 12990; Ethylene glycol, Riedel-de Haén
24204; Ammonium acetate, Sigma-Aldrich A7330; Propionaldehyde, Fluka 81870;
Ethanethiol, Fluka 04290; 2,2-Dimethyl-1,3-dioxane-4,6-dione, Fluka 63395;
Propionyl chloride, Fluka 81970) 5-(2-hydroxyethyl) 2,4-diethyl-3-
(ethylsulfanylcarbonyl)-6-phenylpyridine-5-carboxylate =~ (OH@SUPPY; 1) was
prepared according to a literature method [26]. ["®F]Fluoride was produced via the
'®0(p,n)'®F reaction in a GE PETtrace cyclotron (16.5 MeV protons; GE medical
systems, Uppsala, Sweden). H,'®0 (>97%) was purchased from Rotem Europe
(Leipzig, Germany). Anion exchange cartridges (PS-HCO3) for ['®F]fluoride fixation

were obtained from Macherey-Nagel (Dueringen, Germany).

Precursor chemistry — 5-(2-tosyloxyethyl) 2,4-diethyl-3-(ethylsulfanylcarbonyl)-6-
phenylpyridine-5-carboxylate (Tos@SUPPY; 2)
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To a stirred mixture of OH@SUPPY (1; 2.40 g, 6.2 mmol) and triethylamine (1.68 g,
2.3 mL, 16.6 mmol) in THF (30 mL) at 0°C, a solution of toluene-4-sulfonyl chloride
(2.36 g, 12.3 mmol) in THF (10 mL) was added dropwise. After the reaction mixture
was refluxed for 62 h, the solvent was evaporated in vacuo and the residue was

recrystallized from diethyl ether. A reaction scheme is presented in Figure 1.

Reference standard — 5-(2-fluoroethyl) 2,4-diethyl-3-(ethylsulfanylcarbonyl)-6-phenyl-
pyridine-5-carboxylate (FE@QSUPPY; 3)

The reference compound was obtained according to [26]. Briefly, OH@SUPPY (1)
was treated with diethylaminosulfur trifluoride (DAST) at -78°C. Purification was

performed using column chromatography.

Radiosynthesis — 5-(2-['°F]fluoroethyl) 2,4-diethyl-3-(ethylsulfanylcarbonyl)-6-phenyi-
pyridine-5-carboxylate (['*FIFE@SUPPY: 3a)

No-carrier-added (n.c.a.) aqueous ['°F]fluoride was fixed on an anion exchange
cartridge (carbonate form) on-line and separated from excess water. Subsequently,
['®F]fluoride was eluted with a solution containing the aminopolyether Kryptofix 2.2.2.
(4,7,13,16,21,24-hexaoxo-1,10-diaza-bicyclo[8.8.8]hexacosane; 20 mg, 53.2 umol)
and potassium carbonate (4.5 mg, 32.6 umol) in acetonitrile/water (70/30 vol/vol;
V=1.0 mL). This solution was heated to 100°C and azeotropic drying was performed
by subsequent addition of at least four 250 pL portions of acetonitrile.

To the dried ['®F]fluoride-aminopolyether complex, 8-10 mg of Tos@SUPPY (14.7-
18.5 umol) in acetonitrile was added, the vial was sealed and heated to 75°C for 20
min (see Figure 1). After cooling to room temperature, the crude reaction mixture was
subjected to semi-preparative reversed-phase HPLC (HPLC: column: Chromolith®
SemiPrep RP-18e, 100x10 mm (Merck 1.52016.0001), mobile phase: acetonitrile/
water/acetic acid (60/38.8/1.2 v/vlv; 2.5 g/L ammonium acetate; pH 3.2); flow: 10
mL/min). The ["®FIFE@SUPPY fraction was diluted with 80 mL water and fixed on a
C18plus SepPak®. After washing with 10 mL water the pure product was eluted with
1.5 mL ethanol, sterile filtered (0.22 pm Millipore GS®) and formulated with 0.9%

sodium chloride solution (10 mL).
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Biodistribution experiments

All biodistribution studies followed a protocol of the NIH Animal Care and Use
Committee also approved by the Austrian law on animal experiments. The procedure
followed the protocol established in previous studies [27-29]. Briefly, male Sprague-
Dawley rats/Him:OFA (n=20, 263-318 g) were injected with 0.37-1.41 MBq
["|FIFE@SUPPY (180-225 pL) through the tail vein. Subsequently the rats were
sacrificed by exsanguination from the abdominal aorta in ether anesthesia after 5, 15,
30, 60 and 120 minutes (n=4, respectively). The organs were removed, dry weighed
and counted (Cobra Il auto-gamma counter, Canberra Packard, Canada).

Radioactivity is expressed as percentage injected dose per gram tissue (% 1.D./g).
Results

Precursor chemistry

1.7 g recrystallized Tos@SUPPY was obtained (52%) as white crystalline powder
(Mp 107°C). For NMR-analysis, the solvent signal was used as an internal standard
which was related to TMS with & = 7.26 ppm (*H in CDCls), 5 = 77.0 ppm (*C in
CDCls).

'H-NMR (200 MHz, CDCl3): & (ppm) 7.61 (d, 2H, J = 8.2 Hz, OTs H-2, H-6), 7.42 (m,
2H, Ph H-2, H-6), 7.28 (m, 3H, Ph H-3, H-4, H-5), 7.19 (d, 2H, J = 7.94, OTs H-3, H-
5), 4.09 (t, 2H, J = 4.61, OCH»CHy), 3.84 (t, 2H, J = 4.67, CH,0SO0,), 3.06 (q, 2H, J =
7.32, SCH.CH3), 2.80 (g, 2H, J = 7.44, NCCH,CH3), 2.59 (q, 2H, J = 7.56,
CC(CH2CH3)C), 2.34 (s, 3H, OTs CHs), 1.30 (m, 6H, CC(CH2CH3)C, NCCH,CH3),
1,09 (t, 3H, J = 7,57, SCH,CH3). "*C-NMR (50 MHz, CDCl3): & (ppm) 195.2 (COS),
167.9 (COO0O), 159.6 (C-6), 157.1 (C-2), 148.1 (C-4), 145.0 (OTs C-1), 139.6 (OTs C-
4), 133.1 (Ph C-1), 132.5 (C-3), 129.7 (OTs C-3, C-5), 128.9 (Ph C-4), 128.3 (Ph C-3,
C-5), 128.1 (OTs C-2, C-6) 127.8(Ph C-2, C-6), 125.6 (C-5), 66.6 (CH,0SO,), 62.5
(OCH2CHgy), 29.1 (NCCH,CH3), 24.5 (CC(CH2CH3)C), 24.0 (SCH2CH3), 21.5 (OTs
CHj3), 15.7 (CC(CH2CH3)C), 14.5 (NCCH,CH3), 14.0 (SCH,CH3).

IR cm™ (KBr): 3454, 2978, 2931, 2880, 1738, 1657 MS: m/z (%) 540 (M*- 1, 0.21),
481 (31), 480 (98), 436 (27), 264 (14), 199 (36), 154 (42), 91 (100), 65 (20).
Elemental analysis: Calculated molecular weight for C2sH31NOsS, was C, 62.08; H,
5.77; N, 2.59 and the analysis found a good agreement C, 61.96; H, 5.73; N, 2.53.
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Reference standard

136.8 mg FE@SUPPY was obtained after purification (67%) as yellowish oil. NMR-
analysis (*H and C) was performed and results were in full accordance with the
literature. [26]

Radiosynthesis

Until now, 10 high scale radiosyntheses were performed. Starting from an average of
49.2 + 13.9 GBq (average + SD; range: 29.9 — 67.0 GBq) [18F]fluoride, 8.9+4.0 GBq
of formulated ['®FIFE@SUPPY (34.9 + 14.8 %, based on ['®F]fluoride, corrected for
decay) were prepared within 97.8 £ 10.0 minutes. Radiochemical purity determined
via radio-TLC and radio-HPLC always exceeded 98%. Specific radioactivity was
determined via HPLC and found to be 60.8 + 18.0 GBg/umol (1640 + 490 Ci/mmol) at
the end of synthesis (EOS). ["*FIFE@SUPPY was found to be stable for at least 10
hours (checked by chromatography).

Biodistribution experiments

All values are shown in Table 1. The organ with the highest uptake was the liver
showing 1.87+0.16% 1.D./g at 15 min and 1.41+0.57% 1.D./g at 30 min. Other organs
with pronounced uptake were kidney, lung and heart. The tissues with the lowest
uptake were colon and testes. Blood activity was 0.04-0.09% 1.D./g throughout the
whole experiment. Intermediate brain uptake was observed throughout the examined
time span (0.20-0.33% 1.D./g). Remaining activity in the carcass accounted for 0.10-
0.23% 1.D./g.

Discussion

General

According to the distribution pattern of the A3AR described in literature [22-24], the
only limitation for the successful PET quantification could lie in too low receptor
densities. But since many PET studies have already been successfully performed on
the A1AR and A2AR systems, and Jenner et al and Rose'Meyer et al [23,24] found
densities of the ASAR comparable (in the heart even higher) to those of A1AR and
A2AR, it was consecutively one would expect sufficient target receptors for

quantitative PET imaging of the A3AR. Li et al [26] published a series of chemical
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structures, with most of them displaying reasonable affinities for the ASAR. Amongst
all those investigated structures containing a fluorine atom, FE@QSUPPY was the
most affine compound for the A3AR. Furthermore, FE@SUPPY contains its fluorine
label at its fluoroethyl ester function, a moiety known to serve as a good radiolabeling
target.

It can be expected, that ["®FIFE@SUPPY, after passing the blood brain barrier or
other tissue membranes, is cleaved by esterase by forming 2-['®F]fluoroethanol and
the acid of SUPPY (2,4-diethyl-3-(ethylsulfanylcarbonyl)-6-phenylpyridine-5-
carboxylic acid). 2-['®F]Fluoroethanol would easily re-diffuse from tissue and would
not contribute to the receptor signal leading to lower non-specific accumulation

compared to tracers primarily forming hydrophilic radioactive metabolites.

Precursor and reference standard

The preparation and purification of the precursor molecule as well as the reference
compound were accomplished straight forward without any significant problems.
Surprisingly, the tosylation reaction was unexpectedly sluggish (62 hours under

refluxing in THF).

Radiosynthesis

For the preparation of [18F]fluoroethyl esters, there are two major ways: (1)
fluoroethylation of the free acid compound and (2) direct radiofluorination of a
precursor molecule containing a preformed ethyl ester function with a good leaving
group (such as tosylate, triflate or mesylate). Fluoroethylations are useful for
molecules originally designed as [''C]methyl esters since they share the very same
precursor (i.e. the free acid). These precursors are easily translated into the
corresponding [18F]ﬂuoroethyl esters. [27-30] In contrast, direct radiofluorination
demands rather sophisticated precursor chemistry but can be performed in a one-pot
reaction which is easier to automate. Hence, the latter way is usually preferred and
was chosen for the preparation of [18F]FE@SUPPY. The described radiosynthesis

was straight forward with a negligible failure rate (2 out of 54).

Biodistribution experiments
As presented in Table 1, the organ displaying the highest uptake was the liver

followed by the kidney. Since our group has demonstrated recently that
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['®FIfluoroethyl esters are primarily metabolized by carboxylic esterases, high kidney
uptake could be explained by the renal excretion route of the major expected
metabolite, ["®F]fluoroethanol [27, 31-34]. High liver uptake could be explained by
metabolism taking place in the CYP-rich hepatosomes.

Fredholm et al. [22] summarized the distribution of adenosine receptor subtypes and
stated high expression of adenosine A1 and Axa receptors in various brain regions.
Since we found only moderate uptake in brain, high binding to those receptor
subtypes appears improbable. Additionally, high expression of adenosine A;
receptors is found in heart, and high expression of adenosine A, receptors is found
in thymus and spleen. Again, the uptake of ["®FIFE@SUPPY in these organs is
moderate to low, indicating a high selectivity of this novel PET-ligand to the As
subtype as stated by Li et al [26], earlier. Organs reliably expressing As mRNA are
lung (intermediate levels), liver, kidney, heart and intestines (low levels) [22].
Calculating tissue-to-blood ratios as a more accurate indicator for accumulation over
time we found uptake of ["®FIFE@SUPPY in all of these regions (see Figure 2).
Highest values are displayed for liver, kidney and lung tissue. All of these three
organs and spleen reach their peak activity already after 5 minutes.

It is noteworthy that the tissue-to-blood ratio of the brain — although only at an
intermediate level — is the only one increasing over the whole time course of the
experiment (up to 5.4 + 0.6 after 120 minutes). This fact is encouraging for further
applications of ["*FIFE@SUPPY in the central nervous system besides its high

potential for oncological and cardiological PET imaging.
Conclusion

["®FIFE@SUPPY, the first PET-ligand for the adenosine As receptor, was prepared in
a feasible and reliable manner, starting from a suitable labeling precursor
(Tos@SUPPY). Overall yields and radiochemical purity were sufficient for further
preclinical and clinical applications. The uptake pattern of [18F]FE@SUPPY
congruently follows the described distribution pattern of the A3AR (as far as
assessable). The fact that organs known to reliably display high densities of the other
adenosine receptor subtypes beside low densities of ASAR, show only low uptake is
encouraging for further studies with ['®FJFE@SUPPY for the quantitative imaging of
the A3AR.
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Figure 1 — Reaction scheme for the preparation of Tos@SUPPY, FE@SUPPY and
["®FIFE@SUPPY starting from OH@SUPPY.

tosyl chloride, THF
triethylamine
r.t.; 150min

DAST
dichloromethane
-78°C -->r.t.

["®F]fluoride
acetonitrile
75°C; 20min

\/
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Figure 2 — Tissue-to-blood uptake ratios of ['*FIFE@SUPPY in organs of assumed
moderate-to-high A3AR densities [22-24] at different time points. Values were
calculated by division of tissue (% 1.D./g) by blood (% 1.D./g) for each individual
subject (e.g. brain (rat1) / blood (rat1); brain (rat2) / blood (rat2); etc.). Given bars
represent arithmetic means + standard deviation of these values grouped for each

time point (n = 4).
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Table 1 — Biodistribution of ['*FJFE@SUPPY in rats at different time points. Values

represent % injected dose per gram (% 1.D./g; arithmetic means + standard deviation;

n 2 3)

Tissue 5min 15min 30min 60min 120min
blood 0,090 + 0,027 | 0,076 + 0,033 |0,081 + 0,019 0,038 + 0,012 (0,038 + 0,013
testes 0,063 + 0,025 | 0,160 + 0,067 |0,084 + 0,030 0,019 = 0,005 (0,039 + 0,011
liver 0,880 + 0,333 | 1,871 + 0,161 | 1,415 £+ 0,567 [0,326 + 0,169 [0,072 + 0,015
spleen 0,200 + 0,089 | 0,180 + 0,086 |0,098 + 0,042 | 0,007 = 0,007 (0,020 + 0,001
fat 0,155 + 0,095 | 0,417 + 0,105 |0,435 + 0,167 [0,114 = 0,056 [0,112 + 0,012
colon 0,066 + 0,025 | 0,160 + 0,103 |0,041 + 0,010 {0,003 = 0,003 [0,005 + 0,005
ileum/jejunum | 0,192 + 0,080 0,299 + 0,052 | 0,168 + 0,065 (0,583 + 0,083 |0,231 + 0,031
kidney 0,800 + 0,318 | 0,806 + 0,121 |0,571 + 0,180 | 0,070 = 0,045 (0,011 + 0,001
muscle 0,152 + 0,096 | 0,244 + 0,091 |0,123 + 0,045 [ 0,024 = 0,001 0,004 + 0,003
femur 0,217 + 0,080 | 0,245 + 0,061 |0,133 + 0,049 [0,021 = 0,019 (0,025 + 0,002
thymus 0,244 + 0,142 | 0,299 + 0,090 |0,111 £ 0,062 0,008 + 0,005 [0,001 + 0,000
heart 0,528 + 0,211 | 0,380 + 0,075 |0,165 + 0,072 0,059 + 0,041 (0,033 + 0,004
lung 0,695 + 0,157 | 0,634 + 0,171 |0,290 + 0,135 [0,079 = 0,041 (0,035 + 0,015
brain 0,257 + 0,106 | 0,332 + 0,080 |0,297 + 0,123 0,200 + 0,050 (0,210 + 0,090
carcass 0,234 + 0,162 | 0,208 + 0,064 |0,168 + 0,052 0,098 + 0,046 (0,154 + 0,048
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Summary

So far, [carbonyl-"'"C]WAY-100635 is the PET-tracer of choice for 5HTia-receptor-
imaging. Since the preparation is still a challenge, we aimed at (1) the evaluation of
various essential parameters for the successful preparation, (2) the simplification of
the radiosynthesis and (3) the establishment of a safe and fully automated system.
The preparation is based on a commercial synthesizer and all chemicals are used
without further processing. We found a low failure rate (7.7%), high average yield
(4.0+£1.0 GBq) and a specific radioactivity of 292+168 GBqg/umol (both at the end of
synthesis, EOS).

Key words

WAY-100635 / Serotonin / 5-HT / Radiosynthesis / Carbon-11
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Introduction
Carbon-11 labelled WAY-100635 (N-(2-(1-(4-(2-methoxyphenyl)-1-piperazinyl)ethyl))-
N-(2-pyridyl)-cyclohexane-carboxamide; WAY') was introduced into positron emission
tomography (PET) as a highly potent and selective antagonist at the 5HT4a receptors
more than a decade ago. Since 5HTqa receptors are implicated in the pathogenesis
of anxiety, depression, eating disorders and motion sickness, they are an important
target for drug therapy [1,2]. The visualisation and quantification of this receptor is a
basis for further exploration of molecular pathologies causing psychiatric
conspicuousness. The most extensively studied tracers are two carbon-11 labelled
WAY-100635 derivatives, [O-methyl-'"C]- and [carbonyl-"'C]WAY-100635 [3-8]. [O-
methyl-""C]WAY-100635 is rapidly metabolized to [O-methyl-'"C]WAY-100634, both
passing the blood-brain barrier and other polar radioactive metabolites [1, 9-12].
Since [carbonyl-""C]WAY-100635 is solely metabolized to radioactive polar
metabolites that do not cross the blood-brain barrier [10], it became the PET-tracer
of choice.
Since the radiosynthesis is especially technically demanding we aimed at developing
a simple and automated preparation method using a commercially available
synthesizing module. Automated methods for radiosyntheses are favourable,
because
= carbon-11 preparations demand heavy lead shielding and do not allow manual
operation,
= the short half-life of carbon-11 makes a short total synthesis time a
prerequisite for routine preparation,
= jt is easier to comply with “good manufacturing practise” (GMP) with
automated methods, and
= itis easier to perform repeated preparations for routine demands.
There are very few publications dealing with the automated or semi-automated
preparation of [''C]labelled WAY-100635 [7,8], and [carbonyl-"'C]WAY-100635 is still
considered as one if not the most challenging PET-tracer. Hence, we aimed at (1) the
evaluation of various previously not investigated parameters essential for the
successful preparation and purification, (2) consecutively the simplification of this
challenging PET-radiosynthesis and (3) the establishment of a safe and fully
automated system for routine applications. This investigation should help others to

avoid unnecessary, expensive and time consuming troubles during the
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implementation of this important 5HT14 radioligand and to simplify its preparation

drastically.
Materials and Methods

General

Cyclohexylmagnesium chloride (2.0 M in diethylether, No. 256692 200 mL;
“Grignard’s reagent”), tetrahydrofurane (THF without stabilizing agent; No. 40,175-7
100 mL), thionyl chloride (99%, No. 23,046-4 5 mL) and triethylamine (TEA, 99.5%,
No. 47,128-3 100 mL) were obtained from Sigma Aldrich (St. Louis, MO, USA). WAY-
100634 (“precursor”) was obtained from ABX (No. 320, ABX-Advanced Biochemical
Compounds Dresden, Germany), C18plus SepPak® cartridges were obtained from
Waters (Waters® Associates Milford, MA, USA). Millex GS® 0.22 pm sterile filters
were purchased from Millipore® (Bedford, MA, USA).

Testing of loop material

PE (polyethylene): [''C]CO, (85.5 + 10 GBq, n=40, flow 3 mL/min) was passed
through a 80 cm long polyethylene tube (PE, Portex fine bore polythene tubing REF
800/100/280; 0.86 mm x 1.52 mm; FC 334104, Portex Ltd, UK), impregnated with 0.5
mL cyclohexylmagnesium chloride, diluted with 1.0 mL THF. After trapping was
complete, the reaction mixture was eluted with a thionyl chloride solution (5 uL in 400
ML THF) and transferred to a solution containing 3.5 mg WAY-100634 in 20 yL TEA
and 40 yL THF, previously prepared in the reactor. The reaction was allowed to
proceed for 4 min at 70°C. After cooling to room temperature, the activity was
counted and the crude reaction mixture was subjected to analytical HPLC. The
corresponding product peak (retention time: 6-8 min) was corrected for decay
compared to the by-product eluting with the front. This corrected value was then
related to the measured activity at the end of bombardment (EOB).

FEP (Fluoroethylene-propylene): [''C]CO- (33 + 4.5 GBq, n=14, flow 3 mL/min) was
passed through a 80 cm long FEP tube (Cat. 1520 0.03 inch x 1/16 inch; Upchurch
Scientific, Oak Harbor, WA, USA), impregnated with 0.5 mL cyclohexylmagnesium
chloride, diluted with 1.0 mL THF. The consecutive processing was conducted

analogous to the steps described in the section above (PE).
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ETFE (Ethylen-Tetrafluoroethylene): [''C]CO. (30 + 23 GBq, n=12, flow 3 mL/min)
was passed through a 80 cm long TEFZEL® tube (ETFE; Cat. 1528 0.03 inch x 1/16
inch, Upchurch Scientific), impregnated with 0.5 mL cyclohexylmagnesium chloride,
diluted with 1.0 mL THF. The consecutive processing was conducted analogous to

the steps described in the section above (PE).

Determination of the effect of amount of precursor

After trapping was complete, the reaction mixture was eluted from the PE loop with a
thionyl chloride solution (5 uL in 400 yLTHF) and transferred to a solution containing
variable amounts of WAY-100634 in 20 uyL TEA and 40 uL THF (1.5 — 5.0 mg),
previously prepared in the reactor. The reaction was allowed to proceed for 4 min at
70°C. After cooling to room temperature, the activity was counted and the crude
reaction mixture was subjected to analytical HPLC. The corresponding product peak
(retention time: 6-8 min) was corrected for decay compared to the by-product eluting
with the front.

Testing of preparative HPLC-columns

XTerra: The crude aqueous solution was purified by preparative HPLC (column:
Waters® XTerra, 10 um, 300 x 7.8 mm, No.188001166; mobile phase: methanol/0.1M
ammonium formate/TEA 65/35/0.3 (v/v/v); flow 6 mL/min). The desired product peak
eluted after approximately 7 minutes and peak cutting time was 40-50 seconds.
u-Bondapak: The crude aqueous solution was purified by preparative HPLC (column:
Waters® p-Bondapak, 10 ym, 300 x 7.8 mm, No. N3078B0110S18; mobile phase:
methanol/0.1M ammonium formate/TEA 65/35/0.3 (v/v/v); flow 6 mL/min). The
desired product peak eluted after approx. 5 minutes and peak cutting time was 40
seconds.

Gemini: The crude aqueous solution was purified by preparative HPLC (column:
Phenomenex® Gemini, 10 um, 110 A, 250 x 10 mm, No. 00G-4436-NO; mobile
phase: methanol/0.1M ammonium formate/TEA 70/30/0.3 (v/v/v); flow 10 mL/min).
The desired product peak eluted after approx. 7 minutes and peak cutting time was

only 25 seconds.
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Influence of the inert gas

The composition of the inert working gas, a previously addressed parameter [8], was
investigated using the following set-up: PE loop, 3.5 mg precursor, y-Bondapak
column for HPLC purification. Pure helium (6.0) and nitrogen (6.0) were compared

regarding overall yield and product quality.

Automated set-up

A scheme of the synthesis apparatus is presented in Figure 3. All details given in the
following section refer to this figure.

Prior to synthesis, 80 cm of the PE tubing were tightly wound around a chopstick
(diameter approx. 6 mm) and fixed with scotch tape to fit inside the reaction vial pin
hole (AD2). Care should be taken to avoid squeezing. Luer fittings were connected
on both ends, and immediately prior to start of synthesis the loop was impregnated
with cyclohexylmagnesium chloride (0.5 mL) in THF (1 mL) with a flow of 3 mL/min.
Cyclotron produced ['"C]CO, (43.5 — 90 GBq, mean 73 + 13) was trapped at -150°C
(liquid nitrogen; cool trap, AD1). Then, it was passed through the specially prepared
synthesis loop (AD2) under heating of the cool trap to 0°C using 3 mL/min nitrogen-
flow. After the activity reached its maximum, the reaction mixture was manually
eluted with a thionyl chloride solution (3 pL in 400 yLTHF) and transferred on-line into
the reaction vial (AD3) containing a solution of 3.5 mg WAY-100634 in 20 yL TEA
and 40 yL THF (exhaust through V19). After 4 minutes at 70°C, the reaction was
quenched by addition of 1000 pL distilled water (V2) and the crude mixture was
subjected to the HPLC injector (V11) passing the fluid detector. The product peak —
as obtained by preparative HPLC — was cut from the chromatogram via V7, diluted
with 80 mL water and captured on the pre-conditioned C18plus SepPak (V14a,
V12a). After washing with a further 10 mL of water (V6b, V14b, V12a), the purified
product was eluted from the SepPak with 1.5 mL ethanol (V5b, V6a, V14b, V12b).
After formulation with 10 mL physiological saline solution (AD4) and on-line sterile
filtration under aseptic conditions (V13 - laminar air flow hot cell), the product was

subjected to quality control.

Statistical analysis was performed using the Microsoft Excel® integrated analysis tool.

Unpaired independent two-tailed t-tests were made between two data sets and a

151



significance level of p < 0.001 was considered highly significant. Descriptive

statistical analysis was performed using mean values and the standard deviation.

Quality control

HPLC analysis was performed with a Merck-Hitachi LaChrom L-7100 pump with a
Merck-Hitachi LaChrom L-7400 UV detector at 254 nm and a Nal-radiodetector
(Berthold technologies, Bad Wildbach, Germany) using a y-Bondapak C-18 column
(5 um, 300 x 3.9 mm, WAT027324, Waters®). Mobile phase: 0.1M ammonium
formate/acetonitrile 55/45 (v/v) at a flow rate of 2 mL/min. Residual solvents were
analysed by gas chromatography (HP 6890 series system with a flame ionisation
detector (FID)): carrier gas: He; flow 2.7 mL/min; 45°C (2.5min); 20°C/min to 110°C;
30°C/min to 200; 200°C (10min); FID: 270°C. pH and osmolality were determined for
safe administration. Radionuclidic purity was assessed by recording of the
corresponding gamma spectrum (annihilation radiation at 511 keV and sum peak at

1022 keV) and additional measurement of the physical half-life.
Results

Effect of loop material
Comparative results are presented in Figure 1. The yields range from 0.8 + 0.7%
(FEP) over 2.5 + 2% (ETFE) up to 27 £ 10% (PE).

Influence of amount of precursor

Results are presented in Figure 2. It is evident, that there is insignificant conversion
below 2 mg of the precursor. For reliable conversion a minimum amount of 3.5 mg of
the precursor appears to be reasonable. Higher amounts result in an insignificant

increase.

Effect of preparative HPLC-columns

Results are presented in Table 1. Statistical evaluations showed, that the method
using the Gemini column is superior with regard to preparation efficiency and quality
of the purified product (overall product vyield, specific activity, precursor

contamination).
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Influence of the inert gas

A comparison of N2 (n=34) and He (n=20) as module working gases showed no
significant impact on radiochemical yields (2.42 vs. 2.98 GBq; p=0.10), synthesis
time (28 vs. 29 min; p=0.72) and radiochemical purity (98.1 vs. 98.3%; p=0.67) of the
readily prepared tracer.

Automated apparatus

A scheme is presented in Figure 3. The presented set-up proved to be reliable and
feasible. From a total of 92 routine patient syntheses we observed only 7 failures
(7.6%, every 13™). Out of the 6 failures, 3 were due to operator mistakes (assembling
mistake, pinched off trapping loop, missing preparative peak), 2 due to chemical
problems (no conversion) and 1 because of a technical problem (valve fault).

Using the optimum reaction parameters in the automated module, average yields of 4
+ 1GBq (12.0 + 3.6%) with a specific radioactivity of 292 + 168GBg/umol were
obtained within 29 + 3 minutes overall. The radiochemical purity averaged > 98%,
and the contamination of the final product solution with WAY-100634 was below 0.2

Mg/mL.

Discussion

Due to its difficult preparation, [carbonyl-"'C]WAY-100635 still has to be considered
as one of the, if not the most, demanding PET-tracers. Two different methods have
been introduced, the “wet” method [3-5] and the “dry” method [6-8]. In the “wet’
method the three main reaction steps are performed in a traditional one-pot wet-
chemical way, whereas the “dry” method uses a loop impregnated with the
immobilized reaction partners for steps one and two (see Figure 4). The obtained
adduct is then flushed into the precursor solution for the reaction step 3. Only the
“dry” method could be performed automatically in a commercially available module at

our department and therefore was our method of choice.

General
So far, it was understood that the synthesis of [carbonyl-'"C]WAY-100635 is

especially sensitive to traces of moisture and therefore demands freshly distilled
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solvents and vigorously dried reaction partners. In this study, we present for the first
time, that there is no need to distil THF or thionyl chloride and there is no demand to
especially process WAY-100634, TEA and the Grignard reagent. All chemicals were
used as commercially available, without further purification. One essential finding
concerns the influence of stabilizer (2,6-di-tert-butyl-p-cresol) in THF: no conversion
can be achieved if stabilized THF is used! The given THF product is — to the best of

our knowledge — the only available directly usable solvent for this purpose.

Loop material

McCarron et al. [7] reported that polypropylene (PP) guarantees successful trapping
efficiency. Since PP is not easily available from a commercial source, Matarrese et
al. [8] compared PP with FEP, and found no significant difference in the preparation
yields. However, during our set up procedure, we found very low trapping and
subsequent conversion using FEP and therefore alternatively evaluated ETFE and
PE. As evident from Figure 1, only PE permits a reproducible preparation of
[carbonyl-'"C]WAY-100635. These findings could be explained by the known
differences in mixing in flow-through reactions using tightly coiled polymers due to the
differences in wall friction. Although PE is not recommended as a material for thionyl
chloride storage, we did not observe any secondary reactions. Furthermore, PE is

very cheap and easily available from commercial suppliers.

Amount of precursor

Initially, it was reported, that the successful use of the wet method required 13-60 mg
of precursor to achieve yields of 0.78 GBq (0.7% radiochemical yield at EOB) [4,7].
Hwang et al. [5] reported a one-pot synthesis demanding 2-3 mg of precursor for
average yields of 30 mCi (1.11 GBq; 2.5% EOS) of [carbonyl-'"C]WAY-100635. In
case of the dry method, McCarron et al. [7] suggested the use of 3.5 mg of precursor.
Since there was no evaluation published regarding the influence of amount of
precursor upon conversion yield, we conducted these experiments using 1.5-5.0 mg
of the precursor. Our data show a distinct dependency (Figure 2), suggesting that 3.5

mg of the precursor is very suitable for safe routine application.

Preparative HPLC-columns
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Due to the amount of precursor demanded for the radiosynthesis of [carbonyl-
"C]WAY-100635, the purification is a challenging step: WAY-100634 exhibits affinity
for the SHT4a receptor and has to be limited to a maximum of 0.2 pg/kg body weight
[13]. McCarron et al. [7] even suggested a sample enrichment device to obtain higher
resolution of the preparative HPLC. To keep technical requirements to a minimum,
we decided to omit sample enrichment and directly inject the quenched aqueous
solution on an adequate HPLC column. From the three evaluated columns,
pBondapak and XTerra showed poor pH stability leading to decreased resolution and
short lifetime. High back-pressure allowed for a maximum flow of 6 mL/min. In
contrast, Gemini showed a back pressure of 145 bar at a flow of 10 mL/min.
Exceptional pH stability resulted in extended product life at comparable costs.
Additionally, resolution between WAY-100634 and [carbonyl—”C]WAY-100635 was
increased, diminishing precursor contamination in the final product solution to a tenth.
This result reflects the higher efficiency (more theoretical plates) of the Gemini

column. Interestingly, the specific radioactivity was increased significantly.

Influence of the inert gas

Matarrese et al. [8] discussed the importance of the use of argon as carrier gas: due
to its higher molecular weight, argon should diminish the contact with disturbing
moisture in the vessel. In contrast, helium has the tendency to leak and is lighter than
air. Nevertheless, we observed satisfactory yields both with helium and nitrogen, and

therefore attach little value to that parameter.

Automated apparatus

The presented method is very simple, allowing the routine preparation of [carbonyl-
"C]WAY-100635 with a commercially available synthesizer module. With this set-up
a 20-minutes reduction of the overall synthesis time as compared to [8] was
achieved. As compared to the published failure rate of 14.9% [5], the presented
method can be conducted very reproducibly with a failure rate of only 7.6%. Yields

are constantly high, in average 4.0 GBq (2.4-6.3 GBq).

Although it is commonly known that the set-up of a reliable synthesis of [carbonyl-
"C]WAY-100635 is a challenge, it took us less than 6 months from point zero to the

first patient synthesis. Until now, 92 routine investigations have been performed. For
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illustrative purposes two examples are presented in Figure 5 showing the undisputed
quality of [carbonyl-''"C]WAY-100635 as the tracer of choice for 5HT¢a receptor
imaging [14].

Conclusion

A simple and feasible method for the routine preparation of [carbonyl-''C]WAY-
100635 is presented here. Detailed experimental evaluations of the essential
parameters were conducted, and on their basis an automatic set-up was generated.
The preparation is based on a commercially available synthesizer module and all
chosen chemicals can be used without further processing. The presented set-up
allows the reproducible preparation of [carbony/—”C]WAY-100635 with high specific
radioactivities and yields up to 6.3 GBq.

Acknowledgements

The authors thank Thomas Zenz for reliable technical support and Dr. Oliver Langer
for his initial interest in the project. Parts of the project were supported by a grant
from the Austrian Science Fund (FWF P16549).

156



References

1. Houle, S., DaSilva, J. N., Wilson, A. A.: Imaging the 5-HTa receptors with
PET: WAY-100635 and analogues. Nucl. Med. Biol. 27, 463 (2000).

2. Passchier, J., van Waarde, A.: Visualisation of serotonin-1A (5-HT1A)

receptors in the central nervous system. Eur. J. Nucl. Med. 28, 113 (2001).

3. Mathis, C. A, Simpson, N.R., Mahmood, K., Kinahan, P. E., Mintun, M. A.:
[”C]WAY-100635: a radioligand for imaging 5-HTIA receptors with positron
emission tomography. Life Sci. 55, 403 (1994).

4. Pike, V. W., McCarron, J. A., Lammertsma, A. A., Hume, S. P., Poole, K. G.,
Grasby , P. M., Malizia, A., Cliffe, I. A., Fletcher, A., Bench, C.: First
delineation of 5-HT1A receptor in human brain with PET and [C-11]WAY-
100635. Eur. J. Pharmacol. 283, R1 (1995).

5. Hwang, D. R., Simpson, N. R., Montoya, J., Mann, J. J., Laruelle, M.: An
improved one-pot procedure for the preparation of [''C-carbonyl]-WAY100635.
Nucl. Med. Biol. 26, 815 (1999).

6. Wilson, A. A., DaSilva, J. N., Houle, S.: Solid-phase radiosynthesis of
[""C]WAY100635. J. Label. Compd. Radiopharm. 38,149 (1996).

7. McCarron, J. A., Turton, D. R., Pike, V. W., Poole, K. G.: Remotely-controlled
production of the 5-HT1a receptor radioligand, [carbonyl-"'C]WAY-100635, via
"C-carboxylation of an immobilized Grignard reagent. J. Label. Compd.
Radiopharm. 38, 941 (1996).

8. Matarrese, M., Sudati, F., Soloviev, D., Todde, S., Turolla, E. A., Kienle, M. G.,
Fazio, F.: Automation of [''Clacyl chloride syntheses using commercially
available ""C-modules. Appl. Radiat. Isot. 57, 675 (2002).

9. Osman, S., Lundkvist, C., Pike, V. W., Halldin, C., McCarron, J. A., Hume, S.
P., Luthra, S. K., Bench, C. J., Grasby, P. M., Swahn, C.-G., Wikstrom, H.,
Barf, T., Ginovart, N., Farde, L., Cliffe, |. A., Fletcher, A.: Radioactive
metabolites of the 5SHT1A receptor radioligand, [O-methyl-''C]WAY 100635, in
rat, monkey and humans plus evaluation of the brain uptake of the metabolite
[O-methyl-'"C]WAY 100634 in monkeys. J. Label. Compd. Radiopharm. 37,

283 (1995).
157


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Passchier+J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22van+Waarde+A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Hwang+DR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Simpson+NR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Montoya+J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Man+JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Laruelle+M%22%5BAuthor%5D

10.Pike, V. W., McCarron, J. A., Lammertsma, A. A., Osman, S., Hume, S. P.,
Sargent, P. A., Bench, C. J., Cliffe, I. A., Fletcher, A., Grasby, P. M.: Exquisite
delineation of 5-HT1A receptors in human brain with PET and [carbonyl-
"MCIWAY-100635. Eur. J. Pharmacol. 301, R5 (1996).

11.Cliffe, I. A.: A retrospect on the discovery of way-100635 and the prospect for
improved 5-HT+a receptor PET radioligands. Nucl. Med. Biol. 27, 441 (2000).

12.0sman, S., Lundkvist, C., Pike, V. W., Halldin, C., McCarron, J. A., Swahn, C.-
G., Farde, L., Ginovart, N., Saijnder, K., Luthra, S. K., Gunn, R. N., Bench, C.
J., Sargent, P. A., Grasby, P. M.: Characterisation of the appearance of
radioactive metabolites in monkey and human plasma from the 5-HT1A
receptor radioligand, [carbonyl-""C]WAY-100635—Explanation of high signal
contrast in PET and an aid to biomathematical modelling. Nucl. Med. Biol. 25,
215 (1998).

13.Hume, S. P., Ashworth, S., Opacka-Juffry, J., Ahier, R. G., Lammertsma, A.
A., Pike, V. W., Cliffe, I. A., Fletcher, A., White, A. C.: Evaluation of [O-methyl-
*H]WAY-100635 as an in vivo radioligand for 5-HT1A receptors in rat brain.
Eur. J. Pharmacol. 271, 515 (1994).

14.Lanzenberger, R., Mitterhauser, M., Spindelegger, C., Wadsak, W., Klein, N.,
Mien, L. K., Holik, A., Attarbaschi, T., Mossaheb, N., Sacher, J., Geiss-
Granadia, T., Kletter, K., Kasper, S., Tauscher, J.: Reduced serotonin-1A
receptor binding in social anxiety disorder. Biol. Psych., in press (2006).
DOI:10.1016/j.biopsych.2006.05.022

158



Captions

Table 1:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Comparison of three different HPLC columns and their influence on
selected radiochemical parameters. Each given value represents
arithmetic mean + standard deviations.

Influence of the loop material on the combined trapping and conversion
yield. Each given value represents arithmetic mean + standard deviation
(n27). (*) Values differ significantly (p<0.05; unpaired two-tailed t-test)
(* %) Values differ highly significantly (p<0.001; unpaired two-tailed t-
test)

Influence of the amount of precursor upon the conversion yield. Values
represent arithmetic means + standard deviation (n = 7).

Graphical illustration of the set-up of the commercially available Nuclear
Interface module. AD ... activity detector; V ... valve; LAF ... laminar air
flow.

Schematic illustration of the three major steps in the radiosynthesis of
[carbonyl-""C]WAY-100635. Steps 1 and 2 are performed inside the
coated PE loop (with immobilized Grignard’s reagent; AD2); step 3 is
conducted in the reaction vial (AD3) at 70°C for 4 minutes.

Parametric 5HT1a receptor distribution superimposed on high-resolution
single-subject structural MR images (matrix 256*256*128, resolution
0.78*0.86*1.56mm, MPRAGE sequence). The white crosses show the
commissura anterior in the coronal, sagittal and axial view of a healthy
male subject (A) and a male patient suffering from social anxiety disorder
(B). The colour table indicates values of regional 5SHTa receptor binding
potential (Bmax/KD) for each voxel. The 5HTa receptor binding potential
is significantly reduced across all brain regions in the patient compared to
the healthy control subject, although radiochemical variables are
comparable. Areas with low 5HTa receptor densities as the reference
region, cerebellum, show no specific binding calculated by the simplified
reference tissue model using PMOD. The PET data were acquired on a
GE Advance PET camera measuring a series of 30 successive time
frames (15*1min, 15*5min) in 3D mode within a total acquisition time of

90 minutes. [carbonyl-"'C]WAY-100635 was injected as bolus. Emission
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data were scatter corrected, 35 contiguous slices (matrix 128*128*35)
with a slice thickness of 4.25 mm were reconstructed by using an
iterative filtered back-projection algorithm. Spatial resolution of the final
reconstructed volume was 4.36 mm full-width-half-maximum at the centre
of the field of view. Radiochemical parameters represent values at time of

injection. Further details are found in (Lanzenberger et al., 2006).
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column Yield (EOS) [GBq] Yield (EOS) [%]# Preparation Spec. radioactivity Conc. of WAY- Radiochem.

time [min] [GBg/umol] 100634 [ug/mL] purity [%]§
X-Terra | 1.55 £ 1.09 (=) 56 £ 3.41 (n.s.) 30 £ 7 374 £ 350 (ns.) | 1.21 +£0.58 (n.s.) 96.8 + 1.2
M-Bondapak | 2.26 £ 0.94 (%) 7.2 £ 343 (n.s.) 28 £ 5 456 £ 30.2 (ns.) | 1.54 +1.38 (n.s.) 98.1 £+ 15

I+

Gemini | 4.00 + 0.96 (%*%)|12.03 + 3.65 (% %) | 29 2924 + 1682 (**)| 0.16 +0.35 (**) | 983 + 0.8

#) at the end of synthesis (EOS), corrected for decay, based on [''cico, (EOB, end of bombardment)

8) determined by analytical radio-HPLC (conditions see methods section — quality control)
(%) values differ significantly (p<0.05; n = 16-54; unpaired two-tailed t-test)

(% %) values differ highly significantly (p<0.001; n = 16-54; unpaired two-tailed t-test)
(n.s.) values differ not significantly (p>0.05; n = 16-54; unpaired two-tailed t-test)

Table 1: Comparison of three different HPLC columns and their influence on selected radiochemical parameters. Each given

value represents arithmetic mean + standard deviations.
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Figure 4: Schematic illustration of the three major steps in the radiosynthesis of
[carbonyl-"'C]WAY-100635. Steps 1 and 2 are performed inside the
coated PE loop (with immobilized Grignard’s reagent; AD2); step 3 is
conducted in the reaction vial (AD3) at 70°C for 4 minutes.
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Figure 5:

Healthy subject ’ ~ Patient

Male W\
Age: 27 vyears |" . 1 Bl Age:
Injected dose: 419.4 MBq L\ I §. /4y Injected dose: 4 /
JF___ Specific activity: 33.4 MBg/nmol . 7 Specific activity: 32.1 MB
[
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0 6

Parametric 5HT4a receptor distribution superimposed on high-resolution
single-subject structural MR images (matrix 256*256*128, resolution
0.78*0.86*1.56mm, MPRAGE sequence). The white crosses show the
commissura anterior in the coronal, sagittal and axial view of a healthy
male subject (A) and a male patient suffering from social anxiety
disorder (B). The colour table indicates values of regional 5HTqa
receptor binding potential (Bmax/KD) for each voxel. The 5HTia
receptor binding potential is significantly reduced across all brain
regions in the patient compared to the healthy control subject, although
radiochemical variables are comparable. Areas with low 5HTa receptor
densities as the reference region, cerebellum, show no specific binding
calculated by the simplified reference tissue model using PMOD. The
PET data were acquired on a GE Advance PET camera measuring a
series of 30 successive time frames (15*1min, 15*5min) in 3D mode
within a total acquisition time of 90 minutes. [carbonyl-'"CIWAY-100635
was injected as bolus. Emission data were scatter corrected, 35
contiguous slices (matrix 128*128*35) with a slice thickness of 4.25 mm
were reconstructed by using an iterative filtered back-projection
algorithm. Spatial resolution of the final reconstructed volume was 4.36
mm full-width-half-maximum at the centre of the field of view.
Radiochemical parameters represent values at time of injection. Further

details are found in (Lanzenberger et al., 2006).
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3. Conclusions

The presented thesis aimed at the establishment and the development of four
innovative PET-tracers for neuroimaging. The targets of the presented compounds
work are the dopamin transporter (= DAT) imaged with ['"*FIFE@CIT, the mu opioid
subtype receptor (= PJOR) imaged with ["®FIFE@CFN, the adenosine 3 subtype
receptor (= A3AR) imaged with ["*FIFE@SUPPY and the serotonin 1A subtype
receptor (= 5-HT1A) imaged with [carbonyl-""C]WAY 100635

In the establishment of [carbonyl-""C]JWAY 100635 at the PET centre of the Vienna
General Hospital, we gained new insights on the radiosynthesis of this high
demanding four step radiosynthesis resulting in the implementation of an automated
radiosynthesis for the daily routine production.

The considerations for the development of new fluorine-18 fluoroethylated
neuroimaging tracers are based on the long radiochemical expertise of the local
working group. The choice for the selected targets was inspired by the “fruitful”
cooperation with the department of psychiatry of the Vienna General Hospital,
especially with Dr R. Lanzenberger, head of the local neuroimaging group.

The new developed PET-tracers of this PhD thesis will broaden the PET in vivo
neuroimaging spectrum and, furthermore, enable new insights in the neurotransmitter
systems of the human brain. Especially with the focus on clinical psychiatry questions
such as pathophysiological meachanisms of the serotonergic system and their
related diseases, e.g. social anxiety disorders, these PET-tracers will provide
additional information.

Moreover, the introduced tracers can also be strongly employed for drug

developement research by answering questions of pharmacokinetics and drug dose
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regimen (microdosing concept) and there enable the evaluation of the biological

selectivity of newly developed drugs for the pharmaceutical industry.

Outlook and future perspectives

For the tracers ["FIFE@CIT ,['*FIFE@QCFN and ["®FIFE@SUPPY the required
preclinical evaluations were accomplished and a the clinical application will be the
next step Especially, [18F]FE@CIT has the potential to be implemented for the daily
routine DAT-neuroimaging at the PET centre of the Vienna General Hospital due to
its fast, convenient radiosynthesis, feasibility and high product yields Moreover,
optimizations of this radiosynthesis are schedulded with a newly designed precursor
compound, which contains a tosylate leaving group, thus enabling the direct
fluorination via one-pot one-step reaction. This will result in overall time reduction and
allowing will an easier approach for the automatization. For [18F]FE@SUPPY, first

micro-PET studies are in process.

To conclude, the newly gained aspects for fluorine-18 fluoroethylations and for
carbon-11 radiochemistry (with the focus on the primary precursor [''C]CO, are
enlightning the demanding and complex synthesis mechanisms.

The special emphasis on preparative aspects of radiochemical parameters specific
(radioactivity, yield and radiochemical purity) were fully fulfilled for all presented PET-

tracers.
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4. Appendix

Automatization approach of radiosyntheses

Due to radiation safe guarding guidelines for the operating personnel and operational
safety requirements for the production of PET radiopharmaceuticals the
implementation of automated and remotely controlled radioyntheses of PET
radiotracers performed by synthesizer module is always the desired main aim. The

radiosyntheses production in a hospital PET centre have special requirements:

1) Due to short physical half life of positron emitters the starting production activity
ranges in [GBq] levels to yield sufficent amount of the desired PET tracer at the end of
radiosyntheses. Thus the radiation burden for the operating personnel have to be

minimized.

2) The need of hospital daily routine production of PET radiopharmaceuticals requires

rapid, reproducible, safe and reliable radiosyntheses.

3) Each produced radiopharmaceutical batch has to fulfill pharmaceutical quality
assurance standards, respectively given Good Manufacturing Practice guidelines

(GMP).

With these three prerequistes in mind the employment of synthesizer modules for the
automatization of radiosyntheses is the “logical” approach for appropriating these three

demands.
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1) The automated set-up for the radiosynthesis of ['*FIFE@SUPPY
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This Figure shows the scheme of the employed synthesizer module Tracer lab FX v for the automated [8F]FE@SUPPY
radiosynthesis. All following given operation steps are related to this scheme. Cyclotron produced n.c.a [8F]F was inserted by
the operator manually in reaction vessel due to reason that there is no direct connection line to the target. Then for the
azeotropic drying process the reaction vessel content was transferred via V10 (= Valve) through a [18F]F- cartidge for seperation
of unreacted oxygen-18 enriched H.0%%. This undesired oxygen-18 enriched H20%is transferred via V11 into the waste vial.
The desired [*8F]F is eluated from the catridge with a 16.0mg- 20.0mg K 222/ 3.5-4.5mg K2COs dissolved in a solution of [70-
80]ACN/ [30-20] water (v/v) , which is stored in reagent vial V1, this eluated mixture is transferred via V13 into the reactor 1. In
this reactor 1 the azeotropic dryness operation of [8F]F- is performed by first addition of two x 500.0ul ACN portions and then
followed by a second addition of four x 250.0ul ACN from reagent vial V2. The heating temperature is 100°C for 10.0 minutes.
After this activiation the obtained K 222. / [*8F]F complex in reactor 1 is reacting with a precusor amount of 1.5mg- 10.0mg
Tos@SUPPY, which is stored in reagent vial V3. After the reaction temperature of 75.0°C for 20.0 minutes is fulfilled , this
crude mixture is then subjected to the radio HPLC injector V12 passing the fluid detector for purification process. The product
peak [‘8FJFE@SUPPY- as obtained by semi-preparative HPLC- was cut automatically from the chromatogram via V18, diluted
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with 80.0ml water stored in a reagent vial ( so called “bulb”) and captured on pre-conditioned C18 SepPak® plus or C18
SepPak® light V17. After washing with a further 10.0ml of water stored in V9 via V17 and V15 into the waste vial. The purified
product was eluted from the SepPak with different ethanol volumina in a range of 0.6- 2.5ml stored in V8 via V17 and V15 into
the formulation vial (= formul. vial). After formulation with 10.0ml physiological saline solution stored in V7 via V17 and V15 and
on-line sterile filtration with different tested sterile filter types under aseptic conditions via V22-> laminar air flow hot cell (blue
arrow LAF cell), the product [8FJFE@SUPPY was subjected to quality control.

2) Original Standard Operation Procedures protocol (= SOP) for [carbonyl-'"C]WAY

100635 of the PET centre of Vienna General Hospital (added on the next pages)
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