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PRODUCTION OF CYCLOTRON RADIOISOTOPES AND RADIOPHARMACEUTICALS FOR MEDICAL USE.
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Abstract :

Positron emission tomography in conjunction with radiopharmaceuticals labeled with positron

emitting radionuclides opens the possibility of visualizing in vivo in an atraumatic way fundamental pa-
rameters of metabolism in man. The main positron emitting radioisotopes carbon-11, oxygen-15, nitrogen-13
and fluorine-18 used for labeling radiopharmaceuticals (sugars, aminoacids, fatty acids and drugs) are
produced by nuclear reaction involving charged particles accelerated with cyclotrons. Small cyclotrons
producing 8 MeV deuterons and 15 MeV protons seem optimal for the routine production of these radionu-
clides. Some specific medical examples are given illustrating the potency of this new tool.

Gamma emitting radioisotopes were proved very early
to give unique biochemical or physiological informa-
tion when injected in a living organism in a suitable
chemical form. The possibility of external detection
offers a non invasive way to follow changes in the dis-
tribution of the tagged species.

Using adequate detectors, regional distribution as
well as quantitative kinetic parameters may be obtai-
ned in such a way that abnormalitiesof metabolism may
be observed with great - accuracy.

However the radioisotopes used for this purpose must
fulfil a number of physical and chemical criteria.

According to the size, and density of the human body,
the turnover and sensitivity to radiation damage of
living biological matter, the disintegration scheme and
the half-life of the useful radioisotopes should be
kept within narrow limits.

For most applications the half-lives of the radio-
nuclides used to date fall between a few seconds and
a few days. Beta/pamma or pure gamma emittors with gam-
ma ray energy ranging from a few tenths to a few hun-
dred keV are the most commonly used with an ideal ener-
gy around 150 to 200 keV to insure a minimum loss of
information from absorption in the biological matter
and a maximum sensitivity of the detection devices.
Alpha emitting radioisotopes are avoided because of the
high ionization of these particles which would deliver
a radiation damage to the target organ incompatible
with a diagnostic test.

According to the chemical criteria a good radionu-
clide has to be an isotope of the component elements
entering in the composition of biological matter in
order to reliably trace a biological or physiological
event.

With few exceptions (radioiodine in endocrinology,
radio-iron or cobalt in hematology) the radioisotopes
used so far do not entirelvmeet these criteria.

Technecium 99 m which is used for more than 80 7 of
the diagnostic tests in Nuclear Medicine has ideal
physical characteristics but is not a good biochemical

tracer since its presence can modify the chemical struc-—
ture and thus the metabolism of a labeled organic subs-
trate.

In the last ten years there have been a considerable
effort to make new radionuclides available to better
respond to the needs of modern Nuclear Medicine.

Positron emitting radioisotopes are ideal in this
respect since their mode of disintegration allows them
to be detected quantitatively and located with accura-
cy by tomographic devices. In addition, those which
are of interest for following biological phenomena
such as carbon 11, nitrogen 13, oxygen 15, fluorine 18
and a few others, are short lived radionuclides and
thus can be injected to humans without giving rise to
high radiation doses.

However, it must be kept in mind that some drawbacks
are the consequence of these short half-lives. Some
are methodological the need of having at the same
site the means of producing and incorporating them in
radiopharmaceuticals and of in vivo measurement for
achieving the medical studies, others are directly
concerned with the type of physiopathological parameters
which will be obtainable. Only short term studies will
be possible eliminating the possibility of observing
slow metabolic pathways.

Many reviews have already been published on this
subject (1,2) and the scope of this paper will be fo-
cussed on a few specific points in relation to the
production of the short-lived positron emitting radio-
isotopes, their incorporation in radiopharmaceuticals
and some medical applications under development in a
few medical centers.

I) Production of short lived positron emitting radio-
isotopes and radiopharmaceuticals.

The short half-life of the radioisotopes under con-
sideration necessitates that the means to make and to
use them be available at the same site. This means that
the accelerator for isotope production, usually a cy-
clotron, the chemistry laboratory for radiopharmaceu-
tical synthesis, and the detection device with other
facilities for the medical study should all be located
in or adjacent to the hospital.
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A) Cyclotrons

Although any accelerator able to produce charged
particles with an energy higher than a few MeV would

be suitable to produce IS0, 11C, 13N and 18F,cyclo—
trons are the most widely used machine and considera-
ble effort has been given by their manufacturers to
optimize them for radioisotope production.

In fact, the medical cyclotron needs no longer be
considered as a particle accelerator but as a radio-
isotope generator capable of producing enough radio-
activity to service a nuclear medicine unit.

Whereas in the recent past medium energy, (20 to
40 MeV protons), four particle machines were found to
be necessary because of their versatility to make
several isotopes with potential for medical use, the
trends i§ now toward cyclotrons specialized for a
specific use. Thus it has been shown that for the four
short radionuclides precited a 8 MeV deuterons, 15
MeV protons cyclotron would be sufficient.

Four manufacturers CGR-MeV Sumitomo, Scanditronix,
Japan Steel Works and the Cyclotron Corporation, have
designed ""baby'" cyclotrons on this basis having ex-
ternal beam currents of 50 yA. These small machines,
some of them being partly self-shielded, need mini-
mum operator intervention and can be located in an

area as small as 40 m2 (including power supplies and
control room). In addition to the cyclotron targetry
and remote systems for production of radioisotopes
and a limited number of radioactive precursors can be
provided.

of each can be obtained using the nuclear reactions
indicated in table I. However if the production yield
approaches the theoretical values for carbon-~11,
oxygen-15 and nitrogen-13, fluorine-18 still suffers
from a difficulty in quantitative recovery. When pro-

duced in the form of elemental fluorine carrier F2

must be added to the target gas in order to facilitate
the extraction of the radioactive isotope from the

18
target holder. With H "F production higher yields
seem to be possible without adding carrier.

Since at this writing, no "baby cyclotrons" are
working routinely, it is still difficult to ensure
that the amount of fluorine 18 to be made available
by these machines will be sufficient for routine me-
dical applications. Other nuclear reactions involving
the use of enriched isotopes are under study which
might overcome this difficulty. For fluorine 18 it is

thought that the reaction 180 (p,n) 8F will give

rise to high yields.

Also in table T is indicated the theoretical
specific radicactivity of these radioisotopes .The
importance of this parameter is that for a given
radioactivity corresponding to a tracer dose (a few
millicuries) the amount of material given to the pa-
tient will be very small. Thus, the possibility
exists to study highly toxic molecules without obser-
ving any physiological or pharmacological effects.

B) On line production of positron emitting short lived
radioisotopes and simple precursors.

The need for rapid manipulation of high radiocactivi-

TABLE I
Radionuclide Nuclear Reaction Half life Theoretical specific
activity (Ci/umole)
Oxygen-15 14N (d,n) 150 2.05 min 0.15 106
15N (p,m) 150
Carbon-11 s (a,mlc 20.4 min 10%
11 11
| B (p,n) "°C
! 14N.(p,u3 11C
|
Nitrogen-13 12C (d,n) 13 N 10 min 0.38 105
16 13
0 (p.a) N
Fluorine~18 ZONe (d,o) 18F7 112 min 0.3 104
2ONe (BHe,un) 18Ne
—_ 18F )
16 18
(1 "70 (a,p) F

(1) not possible with "baby cyclotrons"

Theoretical calculations of the yield for producing

o, 13N, 11C and 18F based on published cross sec-

tion and maximum beam currents available and allo-
wing irradiation time of the target near saturation
for the shortest lived radio-nuclides and of two hours
for fluorine 18 indicate that a minimum of one curie

15
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ties governs the strategy for the production
radiopharmaceuticals. In some cases the very
amount of material involved (due to the high
activity) introduces another difficulty. The
step of the strategy consists of the on-line produc-
tion of simple molecules or precursors which will

then be used for labeling more complicated radiophar-
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maceuticals.

Figures 1, 2, and 3 give some schemes routinely
used in many laboratories for such a production.

As can be seen from figure 1 four different mole-

cules labelled with 5O can be obtained continuously

mical steps used for trapping impurities or converting
the radioisotope into the desired molecule, labeled
molecular oxygen, carbon dioxide, carbon monoxide or
water may be directly obtained for medical use. It is
worth noting that they all contain large amounts of
carrier which is not a drawback, however, since they
are all physiologic molecules with the exception of

ON LINE PRODUCTION OF '*O LABELED MOLECULES

"IN (d, n) ;0 T = 2.04 min
Deuterons Target Soda lime Charcoal Filter
I ‘501
[ (3.2 mCiuA-" .min-' *)

= 6.5 MeV T N, + 2% 0, tra’;\:éor H— gOz tra';:l foor :

0.5 l.min"! - 2 - -

Activated charcoal

Target 400°C Filter
—_— 7] C'*0,
::I l L | {2.4 mCi.gA-t min' )

N, + 2% CO, trap for :

0.5 |.min-! -0: -N,0

Activated charcoal
Target 900°C I Soda lime Filter
0, -¢co | [ | co
| ] ] (2.4 mCigA-' min')
‘Nz + 2% 0, tra';\:l f«())r: : 802
0.5 Lmin"' - ’
Palladium
Target Soda lime Charcoal 150°C
i
N, + 2% 0,

* At the output of a 10 meter line

FIGURE 1

in large amounts using 6.5 MeV deuterons and nitrogen
as the target gas. According to the chemical identity
of the carrier gas added to the nitrogen and the che-

Water
(2 ml)

{80 mCi/2 mI/30 pA)
at steady state

carbon monoxi de. For the latter gas toxicity problems
might arise if the specific activity is too low.

ON LINE PRODUCTION OF '*N LABELED MOLECULES

2C {d, n) YN T = 10min
%0 (p, o} 3N
Cu
Deuterons Target 850°C
13 N
—_— |
| | (0.23 mCi.uA-* .min')
12 MeV I trap for : Separating
(o]} — *NO, CO, from *N
- CO by NaOH
Devarda alloy
Protons Target + NaOH
NG 1INH, ¢ 19 NH, OH (350 mCi.
H 1 : 30 uA~’ .30 min™')
13.5 MeV at E.O.B. + 10 min
?Hz o]
FIGURE 2
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Figure 2 pgives two reactions for making nitrogen-13
either as molecular nitrogen or as ammonia. The latter
after millipore sterilisation, may be used as a radio-
pharmaceutical for perfusion studies of the brain or
heart and also serve as a starting material for the
labeling of amino acids.

Carbon-11, in spite of its short half-life, is
perhaps the most interesting radioisotope for labeling
because it can be introduced in any kind of biomole-
cule or in drugs of various classes without modifying
their structure. Figure 3 indicates how labeled car-
bon dioxide, carbon monoxide and cyanide, three impor-
tant precursors for organic synthesis, are obtained
on line and in high yields.

into account the biological phenomenon which is to be
observed. It is generally considered that the time of
synthesis including purification and sterilization
must not be longer than two to three times the half
life of the radioisotope used for labeling. On this
basis the number of radiopharmaceuticals labeled with

15
0 and 13N will be limited to very simple products.

However 3N as ammonia—l3N has been used for enzyma-
tic labeling of the amino group of various aminoacids
on the amino group such as alanine, glutamic acid,
glutamine or phenylalanine (4,5).

A considerable number of 1C labeled molecules have
been synthesized in the last few years for which large
amounts of simple precursors are available.

ON LINE PRODUCTION OF ''C LABELED MOLECULES

SN (p, o) '{C T = 20.4 min
Protons Target
—I—’—' CcO ~ COTIJ *N, + N, (to waste)

1520 MeV _f -

N, + ppm O, 8§3°OC L

(0.5 L.min") Liquid 1eo,

argon (2 mCipA- .min-')
—185°C
Pt wool
Protons 1000°C
"ICH, l
| I *N, + N, (to waste}

15-20 MeV t T

N, + 5% H, NH,

(0.5 i.min"") {30 ml.min-') NaOH HeNT

(0.IN) {1.8 mCi.uA" min-' ]
Zinc {powder)

Protons 400°C Soda lime
z T ]
15-20 MeV 1 trap for : -

N, + ppm O, - CO,

(0.5 l.min-') Molecular si ueo

e (1.8 mCiuA min)

FIGURE 3

More specific details on the production of these
three radionuclides may be found in the book of
Buckingham and Clark (3).

Fluorine-18 in spite of the difficulties already
mentioned for its production in the chemical forms
necessary for organic synthesis is also a major radio-
isotope for the labeling of biomolecules. Since it has
a longer half life than the other positron emitters
more time is available for chemistry and for follo-
ving its fate in biological systems. However most of
the biologically active molecules, with the exception
of a few drugs, do not normally contain a fluorine
atom and it must be considered that replacing a hydro-
gen with fluorine could alter the behavior of the
thus altered labeled molecule in the biological sys-
tem in which it is introduced.

C) Radiopharmaceuticals.

The synthesis of radiopharmaceuticals labeled with
these short lived radionuclides is particularly diffi-
cult because of short half life. In other respects
the choice of the molecule to be labeled must take

648

11
Starting with CO2 fatty acids such as palmic acid

have been produced labeled on the carboxyl group from

Grignard reagent (6) and used for heart metabolic

studies (7).

11CO2 was also introduced in glucose by biological
1

synthesis (8,9). CO as label of carboxyhemoglobin

is a good marker of the blood pool (10). Converted

11
into phosgen (° CO Clz) this precursor has a great

potential for labeling various drugs : Pimozide, a
neuroleptic pharmaceutical known to have a high and
specific affinity for dopamine receptors (11),diphe-
nylhydantoin one of the major drugs for the treat
ment of epilepsia (12), dimethyloxazolidinedione
(DM0) an in vivo pH marker (13).

11CO2 is easily transformed into formaldehyde and
methyl iodide and used for attaching a labeled methyl
group to amines and hydroxyl groups: drugs used for
in vivo binding studies at the level of dopamine,
opiate, cholinergic and benzodiazepine receptors,
(14,15), sugars (16), proteins (17), and aminoacids
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(18) were labeled at high specific activities using
this approach.

HIICN another important precursor has been used
for labeling the carboxyl group of many amino acids
by the Bucherer Strecker synthesis (19). However only
a racemic mixture can be obtained. Resolution of the
optical isomers is currently under development since
only the L-amino acids are normally metabolized by
the organism. (20). H!ICN is also used for labeling
sugars such as deoxyglucose (21) and various amines
(22, 23).

This list is not limitative and many other ra-
diopharmaceuticals are currently labeled with carbon-
11. (24).

From the technical point of vue,efforts were
made to obtain these molecules in the shortest time
possible with a high radiochemical purity. Rapid high
performance liquid chromatography (HPLC) is now gene-—
rally used for purification step (25) and semi auto-
mated or remote control apparatus set up in lead

shielded cells are available in many laboratories (26).

With these techniques, and starting with Curie amounts
of carbon 11,200 to 300 mCi of the radiopharmaceutical
can be obtained routinely in sterile and pure form in
thirty to fourty minutes with minimal radiation expo-
sure to the operator. In spite of special care taken
to avoid contamination with stable carbon the specific
activity of these molecules is far less than the
theoretical.

The best obtained to date is in the range of 1
to 2 Ci/umole at time of injection. The low mass of
the carbon-11 labeled precursor involved in a radio-
chemical synthesis may however give rise to low yields
or important secondary reactions as well (27).

The incorporation of fluorine-18 in an organic
skeleton has also been the object of considerable
work. Since fluorine is much less common in environ-
ment than carbon less contamination of the radioiso-
tope by stable fluorine will occur than is the case
for carbon-11. Due to this advantage, nearly carrier—
free fluorine-18 labeled radiopharmaceuticals can be
obtained.

However, when 8F as Fy is needed for labelling
the only way of recovering it from the cyclotron tar-—
get in which the nuclear reaction takes place, is to
add carrier fluorine. This leads to a considerable
decrease in specific activity which may limit its use.

In spite of this limitation fluorine-18 as Fy is
currently used to label a sugar (18F)~fluoro-2-deo-
xyglucose (28,29). This compound in combination with

a sugar metabolism model developed by Sokoloff (30)

is used for the measurement of regional sugar consump-—
tion in the brain and in the heart in various physio—
logical and pathological situations (31, 32,33).

Fluorine 18 as HI8F has recently been produced
in a carrier free state and has been used for labe—
ling neuroleptic drugs having affinity for dopamine
receptors in the brain.

Many other fluorine-18 labeled molecules such
as amino acids, fatty acids and drugs have also been
made and their syntheses can be found in the littera-
ture (34).

2)Examples of the use of radiopharmaceuticals labeled

with short lived radioisotopes for medical research.

The development of positron emission tomography
has been one of the most important recent events al-
lowing the quantitative regional in vivo measurement
of radiopharmaceuticals labeled with positron emittors.
(36, 36). This technique is based on the detection in
coincidence of the gamma rays emitted following posi-
tron annihilation and allows transverse section tomo-—
graphic pictures of the body to be obtained.

Positron emission tomography in conjunction with
the radiopharmaceuticals described earlier is used
for the measurement of fundamental medical parameters
such as

- The distribution and movement of fluids (cere-
bral blood flow and volume for example),

- The metabolism of natural substrates (sugar or
oxygen consumption in various organs , amino
acid incorporation into proteins).

- The fate and pharmacokinetics of drugs (regio-
nal distribution of drugs, specific receptor
binding studies).

Three examples will illustrate physiopathological
and pharmacological parameters of which measurements

are under study at the present time.

A) Cerebral blood flow and oxygen metabolism

These measurements are based on a model developed
by T. Jones (37) which consists in the continuous in-
halation by the patient of C1502 or 1502. cl507 is a
marker of water since a rapid exchange occurs in the
lung capillaries between the oxygen of carbon dioxide
and oxygen of blood water.

This radioactive water 1is distributed to the dif-
ferent structures of the brain according to regional
blood flow. The inhalation of molecular radioactive
oxygen will lead to the labeling of blood oxyhemoglo-
bin which is also distributed to the brain accor—
ding to its blood flow. But in contrast radioactive
oxygen is extracted by the brain cell proportionally
to its metabolic rate.Because of the short half life
of oxygen 15 a continuous inhalation will lead to a
steady state in a few minutes and the tomographic ima-
ges registered at this time at the level of the brain
will represent both the cerebral blood flow (Cl509
picture) and the oxygen metabolism (150) picture).

This method has been used for studying brain
metabolism in various brain ischemic diseases (38).
Figure 4 shows an exemple of the recovery of brain
oxygen consumption as demonstrated in a patient suf-
fering transient ischemic attacks, after restoration
of the regional blood flow by anastomosis of the
temporal artery with the cerebral artery. The first
three pictures of figure 4 represent blood flow,
oxygen metabolism and brain oxygen extraction frac-
tion before operation.

The arrows indicate the regions of the brain with
a decreased blood flow. No abnormalities can be seen
on the 150, picture indicating that in spite of the
low perfusion,oxygen metabolism is still efficient.
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POST.OP

FIGURE 4 :

But the brain cells in the affected region are
obliged to extract a greater than normal percentage
of oxygen as seen on the third picture. After the
operation of revascularization of the diseased brain
region, (second line of figure 4) cerebral blood
flow as well as oxygen metabolism returned to normal.
This example shows how this approach may help the
surgeon to determine the outcome of the treatment.

B) Specific binding of drugs in the heart. (39).

Specific binding of drugs to tissular receptors
is one of the mechanismswhich explains their pharmaco-
logical effect. This specific binding may be visua-
lized in vivo by positron emission tomography as
shown in figure 5.

In this experiment llc-methylquinuclidinyl ben-
zylate (MQNB), a specific ligand of cholinergic re-
ceptors which are present in high concentration in
the heart, was injected into a baboonThe distribu-
tion of this labeled drug in -the heart (horseshoe
shape of the left ventricular wall) and in the liver
is shown in the 2 cm thick transaxial slice presen-—
ted as images 1 and 3 obtained 10 and 13 minutes
after the injection of the drug. To confirm the spe-—
cific binding at the level of the heart, a pharmaco-
logical dose of atropine, a drug known to act on
the cholinergic receptors, was injected. The compe-—
tition of atropine and the labeled MQNB for the same
receptor is exemplified by the displacement of the
radioactivity in the heart (image 2) but not in the
liver (image 4) where no receptors are known to be
present.

Other experiments of the same type were performed
with observation of the brain using labeled psycho-
active drugs which bind to various specific receptors
for neurotransmettors (40,41).
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C) Detection of pancreatic disease. (42)

The difficulty of evaluating the condition of the
pancreas has led to the development in the past few
years of further tools of investigation such as ul-
trasound, transmission computed body tomography
and others.

More recently positron emission tomography has be-
gun to be used for evaluating the normal and abnor-
mal pancreas. Imaging of this organ has been accom-
plished by labeling natural aminoacids such as

C-methionine. When injected, this aminoacid is
readily extracted from the blood. The duration of
the process of its incorporation into protein and
secretion is approximatly the same as the carbon-11
physical half life.

phy when used in conjunction with positron emitting
radiopharmaceuticals is a new and efficient means

for study of metabolic pathways in vivo in an atrau-
matic way. However, the wide spread of this methodo-
logy will be possible only with further efforts to
optimize the different techniques involved and decrea-
se original investment and operational expenses.

FIGURE 6 :

Figure 6 shows a 11C—methionine scan in a normal
patient. 4 slices were made at 6, 8, 10 and 12 cms
above the umbilicus. The arrow shows the head (a and
b), the body and the tail (c) of the pancreas.

Carbon-11 activity is also seen in the liver (L).
Low or no uptake of the radiopharmaceutical is obser-
ved in chronic pancreatitis andcancer. This
study performed on 100 patients confirms that posi-
tron emission tomography has, compared to other diag-
nostic methods, the highest overall diagnostic effi-
ciency in detecting pancreatic disease. However the
price of such an examination is still too high to be
used routinely.

Conclusion.

It is now obvious that positron emission tomogra-

. 11
PET Scans of a normal pancreas obtained with

C - methionine
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