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A cyclotron target system for the production of anhydrous [ **F] fluoride
ion has been developed and used for the synthesis of carrier-free [°F]-3-
deoxy-3fluoro-D-glucose (3-FDG). The synthesis is sufficiently rapid and
efficient to allow production of usable amounts of 3-FDG with a 6-MeV
cyclotron. Preliminary animal studies show that 3-FDG is in fact a glucose

analog.
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The development of positron-emission tomogra-
phy, coupled with the synthesis of biologic substrates
containing positron-emitting nuclides, makes it pos-
sible to study local metabolism in vivo by noninvasive
techniques. Carbon-11-labeled glucose has been used
to determine local glucose metabolism in the brain
(1), but the rapid metabolic turnover leads to the
egress of 1'CO,. A glucose analog that would be
transported like glucose and enter but not complete
the metabolic cycle would be desirable. The synthesis
of such a compound has recently been published,
[*®F]-2-deoxy-2-fluoro-D-glucose (2-FDG) (2). It
is available only with a large cyclotron.

Of the possible isomers of deoxy-fluoro-glucose,
the 6-fluoro cannot be phosphorylated at C-6, the
5-fluoro prevents the formation of the pyranose ring,
and the 4-fluoro rapidly loses fluoride ion in vivo
(3), as do the alpha and beta glucosyl fluorides with
fluorination at C-1 (4).

Controlled transport across cell membranes in-
volves either “active transport” or “facilitated dif-
fusion” (5). Both processes involve a carrier and
have a significant activation energy (10-12 kcal/
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mole). For a given concentration gradient, facilitated
diffusion is considerably faster than would be ex-
pected from a passive mechanism. Active transport
is an energy-consuming process, moving the sub-
strate against a concentration gradient. The in vitro
studies of these two transport systems have been
performed on the hamster intestine for active trans-
port (6) and on the human erythrocyte for facilitated
diffusion (7). The blood-brain barrier is extremely
difficult to study in vitro. There is, however, consid-
erable in vivo evidence, both direct and indirect,
that transport of glucose across the blood-brain bar-
rier is similar to that in the human erythrocyte—
that is, a facilitated diffusion. Both systems are
sodium-independent, are insensitive to insulin, and
respond like transport inhibitors such as phloretin,
phlorizin, and cytochalasin B (8). Both systems also
respond in a similar quantitative fashion to a variety
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of glucose analogs (&), although the blood-brain
barrier and the erythrocyte membrane show differ-
ing selectivities for the alpha and beta anomers of
glucose.

Because the brain is not the only organ of interest
with respect to glucose metabolism, a glucose analog
that fulfills the requirements for both active transport
and facilitated diffusion is obviously desirable. In
vitro studies (9) using the hamster’s small intes-
tine (active transport model) show that an alpha-
hydroxyl group is required at C-2, possibly for the
formation of a covalent bond, while a hydrogen
bond acceptor is required at C-3 (9), and this is
possible when a fluorine is substituted for the 3-8-
hydroxyl. Thus, 2-deoxy-2-fluoro-D-glucose is not
actively transported and 3-deoxy-D-glucose is trans-
ported poorly, while 3-deoxy-fluoroglucose is trans-
ported with K; and V, similar to those of glu-
cose (9).

For the human erythrocyte model (facilitated dif-
fusion), no one hydroxyl group is essential for
transport. 3-Deoxy-3-fluoro-D-glucose is transported
with constants very similar to those obtained for
glucose (10,11). Data are not available for 2-FDG,
but it is possible that the two position is not involved
with binding to this carrier (10,11).

The first metabolic step, which is essential to pre-
vent the glucose analog from leaving the cell as rap-
idly as it arrived, is phosphorylation at the six posi-
tion. Studies with yeast hexokinase have shown that
2-FDG is a good substrate, while 3-FDG is phos-
phorylated with rates only ~5-10% of those for
glucose (12). 2-FDG has been shown to inhibit
totally the hexokinase in ascites tumor cells (13),
while 3-FDG is a good substrate for the phospho-
enolpyruvate-dependent phosphotransferase and hex-
okinase systems in E. coli and yeast (14,15). With
material of very high specific activity, however, when
enzyme/substrate ratios are very high and the reac-
tion is irreversible, the actual substrate/enzyme af-
finities are probably less important than for the
conventional system when enzyme/substrate ratios
are very low. At this time the relationship of the en-
zymes studied to the actual phosphorylating enzymes
in the brain is not clear.

The metabolic fate of 3-FDG has been shown to
be species-dependent, but the tissue accumulates
either 3-deoxy-3-fluoro-D-glucitol or further oxida-
tion products that still contain fluorine (16,17).

Finally, 3-FDG has been shown to be nontoxic in
rats at doses of 5 g/kg (17). Thus it appears to be
an attractive candidate for synthesis with F-18 and
use as a metabolic analog with a positron-imaging
device.

Standard methods for the synthesis of 3-FDG
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(18) require 6 days for the complete reaction se-
quence, and thus are not suitable for use with F-18
(Ty2 = 110 min). We have developed a rapid syn-
thetic sequence (Fig. 1) that is amenable to use with
cyclotron-produced radionuclides (19). It is based
upon fluoride ion displacement of 1,2:5,6-di-0-
isopropylidene-0-tri-fluoromethane sulfonyl-«-D-allo-
furanose (IV). II, III, and IV were all prepared
according to published procedures (20,21), and
1,2:5,6-di-0-isopropylidene-3-deoxy-3-fluoro-a-D-
glucofuranose (V) was identified by comparison of
NMR, IR, and mass spectra with published data
(22). 3-FDG (VI), obtained by boron trichloride
hydrolysis of the di-isopropylidene groups, has not
been obtained as crystals, but is chromatographically
identical* with that obtained from conventional acid
hydrolysis (18). Moreover, the tetra-acetates (VII)
obtained from either route are identical (M.Pt.
mixed M.Pt.) (I8).
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FIG. 1. synthetic seq

for synthesis of 3-FDG (VI).
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[*®F] fluoride ion is commonly produced by bom-
bardment of water with a variety of particles (23).
However, fluoride ion has a tightly bound solvation
sphere that considerably reduces its nucleophilicity
and is also very difficult to remove (24). Therefore
a target system was developed that would allow the
production of anhydrous [*8F] fluoride ion.

MATERIALS AND METHODS

Cyclotron system. The target for production of
H'SF has been described previously (25). Neon con-
taining 15% H, is bombarded with 5.2-MeV deu-
terons (on target) to produce F-18 atoms, which
then react with hydrogen to produce H!*F:

2Ne(d,«) '*F 4+ H, » H,°F +H
The gases are circulated rapidly during bombardment
by a peristaltic pump and pass over either a glass-
wool plug coated with cesium fluoride or a silver-
wool plug coated with cesium hydroxide. These ab-
sorb the H®F:

CsF + HF - CsHF,
CsOH + HF - Cs®F 4+ H,0

No measurable activity passes the glass-wool plug,
and >60%1t of the produced activity is removed
from the target chamber. A 10 pAhr bombardment
produces 16-18 mCi adsorbed on the glass wool.
The silver-wool/cesium-hydroxide is less successful
at trapping the activity, probably because the silver
wool is much coarser than the glass and the cesium
hydroxide adheres less and is thus more easily
knocked off. A 10 pAhr bombardment produces
12-13 mCi adsorbed on the wool. The remainder
passes through and accumulates in the plastic loop
of the pump.

Synthetic procedures and analysis. Carrier pro-
cedure. The glass-wool plug containing the activity
was added to a solution of 25 mg of (IV) (19)
and 5 mg N,N,N’,N’-tetramethyl-1,8-diaminonaph-
thalene (proton sponge) in dimethylformamide (2
ml, freshly distilled from calcium hydride under
reduced pressure) and refluxed for 45 min. Injection
of this solution onto a radiogaschromatograph (6
OV-1 column, 180°C, flow rate 30 ml/min) re-
vealed that approximately 98% of the volatile ac-
tivity, and 70% of the activity in solution, are
incorporated into (V). Addition of authentic (V)
to the solution has no effect on the activity peak.
However, this incorporation is anomalously high,
probably due to further reaction on the chromato-
graphic injection block. TLC analysis (silica
plates, 1% MeOH/CH:Cl.) of the product of
the reaction shows that ~50% of the activity re-
mains at the origin and ~50% has an R, of 0.6
[Re of (V) = 0.6]. One to two percent of the

Volume 19, Number 12

BASIC SCIENCES
RADIOCHEMISTRY AND RADIOPHARMACEUTICALS

activity is in the band R, = 0.9, where the tri-
fluoromethane sulfonate IV appears. The solution
is then poured into ether (25 ml) and the glass
wool washed twice with 2-ml portions of ether,
dried with magnesium sulfate, and evaporated to
dryness. The residue is dissolved in methylene chlo-
ride (3 ml), 2 M in boron trichloride, allowed to
stand for 5 min, and 2 ml water added. The meth-
ylene chloride is evaporated, the solution neutralized
with sodium hydroxide, and purified on an ion-
exchange column. The solution is then evaporated
down to 2 ml, neutralized with NaOH, and filtered
through a Millipore filter. A small sample is injected
onto a Waters carbohydrate column, eluted with
85% CH3CN/H;0 (2 ml/min), resulting in a single
radioactive peak at 6 min, identical with that from
an authentic sample of VI. A typical run produces
2-2.5 mCi of injectable activity from a 35 uA-hr
bombardment (55 mCi), with a minimum specific
activity of 50 mCi per millimol at 90 min from
EOB.

Carrier-free procedure. The failure to wash all the
activity from the glass wool was obviously unsatis-
factory. Also an increase in the specific activity
was desirable. Accordingly, the silver-wool/cesium-
hydroxide trapping system was used. The silver-
wool/cesium-hydroxide plug containing the activity
is added to a solution of IV (25 mg) and pro-
ton sponge (5 mg) in hexamethyl phosphoric tri-
amide (HMPA) (2 ml) freshly distilled under vac-
uum from 13 X molecular sieves; the solution is then
heated to 150°C in an oil bath for 1 hr while nitro-
gen is bubbled slowly through the solution. It is
allowed to cool and then poured into ether (25 ml),
and the flask and silver wool are washed twice with
ether (2 X 5 ml). Less than 10% of the activity
remains in the flask and on the silver wool.

The ether is washed with water (3 X 25 ml),
which typically also washes less than 10% of the
activity from the ether layer. GC analysis of this
solution with our present system has been unsuccess-
ful with carrier-free V. The very small amount of
material appears to be nonselectively adsorbed, and
tailing of the peak makes it virtually undetectable.
However, this analysis does establish that all the
HMPA is washed from the ether solution. TLC
analysis (silica-gel plates, 2% MeOH/CH.Cl,)
shows that virtually all the activity runs with the
same R, as V.

The ethereal solution is then treated in the same
fashion as the carrier-containing material. The final
result from a 10 pAhr bombardment (12-13 mCi
adsorbed activity) is 4.5-5 mCi of ['F]-3-FDG at
the end of synthesis ready for injection. If the [!8F]-
3-FDG is carrier free (see Discussion) it has a
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specific activity of 1.2 X 10* Ci/mg. The difference
in yield between the carrier and carrier-free proce-
dures is almost certainly due to the different fluorine
species present on the glass wool (vide infra). In one
experiment performed, using carrier fluoride but the
carrier-free procedure—i.e., silver wool and HMPA
—the radiochemical yield was the same as for the
carrier-free procedure.

Animal studies. The blood-brain barrier permea-
bility to 3-FDG was assessed in rhesus monkeys
(Macaca mulatta) by external detection of a small
bolus (~0.2 ml) of the tracer injected into the in-
ternal carotid artery. This measurement was com-
plemented by the simultaneous measurement of cere-
bral blood flow (CBF) and cerebral metabolic rate
for glucose, determined respectively from the exter-
nal detection of the washout of H.!50 injected into
the internal carotid artery and the brain arterio-
venous difference for plasma glucose concentration
as measured by standard enzymatic techniques. The
details of the experimental procedures have been
described elsewhere (26). Briefly, to assure that the
radionuclides entered only the internal carotid ar-
tery, the right external carotid artery was ligated at
the bifurcation of the common carotid artery 2 wk
before the experiment. This surgical procedure facili-
tates the injection of tracers into the internal carotid
artery, and its effect on our experimental results is
considered negligible (26). For the experiment re-
ported here, the monkeys were anesthetized with
phencyclidine (Sernylan, 3 mg/kg), paralyzed with
gallium triethiodide (Flaxidyl), intubated with a
cuffed endotracheal tube, and passively ventilated
with an animal respirator on 100% oxygen. A 1.4-
mm catheter was inserted in the femoral artery and
its tip positioned in the right common carotid artery
under fluoroscopic guidance. A second catheter was
positioned in the right jugular bulb for the collection
of cerebral venous blood, and a second injection of
[*®F]-3-FDG used in the correction of our arterial
injection for recirculating tracer (see below). To
prevent clotting in these catheter systems, the animal
was given heparin at the beginning of the experiment.
Routine monitoring of the animal included the con-
tinuous measurement of arterial blood pressure, end-
tidal carbon dioxide tension, and rectal temperature.

The time course of labeled 3-FDG and O-15-
labeled blood through the brain was detected by a
Nal(TIl) detector (3 in. X 2 in.) appropriately posi-
tioned and collimated to insure uniform detection
efficiency. After suitable electronic processing—in-
cluding narrow pulse-height analysis—the signals
were processed in a classic LINC laboratory com-
puter, and corrections made for tracer decay and
room background. Temporal resolution of the data
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was optimized in the initial portion of each collection
by using sample integration times of 0.1 sec.

The extraction fraction of labeled 3-FDG was
obtained by graphically extrapolating the nearly
linear 25-60 sec section of the semilogarithmic plot
of tissue tracer clearance back to the abscissa of the
maximum perfusion peak (Fig. 2), and computing
the ratio of the extrapolated value to the value ob-
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FIG. 2. (A) Behavior of [F]-3-FDG during single capillary
transit through the brain of rhesus monkey as seen by a single,
externally placed scintillation detector (upper curve, “intracarotid").
The extraction (E) of ['*F]-3-FDG by brain was computed from these
data after correction was made for recirculating tracer by a second
injection of tracer into venous efiuent of brain (lower curve, “intra-
venous"), and “subtraction” of the two curves (see text). Extraction
(E) was then computed from ratio of B to A as shown. Cerebral
blood flow (CBF) was determined from clearance of Hs°O following
its carotid injection. (B) Behavior of [*“F]-3-FDG in brain following
its i.v. administration in rhesus monkey. Details of detection system
are given in text,
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FIG. 3. Possible route for introduction of F-19 in synthesis of
[**F]-3-FDG.

tained at A (Fig. 2). This initial estimate of the
extraction fraction of [8F]-3-FDG is high because of
the presence of significant recirculating tracer in the
field of view of the detector. Correction for this re-
circulating tracer is made in the following manner.
A second injection of labeled deoxyglucose is in-
jected into the venous outflow of the brain by way
of the catheter in the right jugular bulb. The quantity
of tracer injected is normalized first to the amount
injected into the carotid artery, and second to the
first estimate of the nonextracted fraction as detailed
above. The tracer curve generated from this injection
(Fig. 2) is then used to subtract a first approximation
of the amount of tracer present due to recirculation
from the arterial tracer curve. From this corrected

FIG. 4. Flvorine-18 distribution in rhesus monkey 30 minutes
after injection of 6.5 mCi of [*°F]-3-FDG.
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arterial curve the venous data are renormalized and
the subtraction procedure repeated. After three itera-
tions of this procedure it can be shown (unpub-
lished) that the true extraction fraction of a tracer
such as 3-FDG can be determined from the arterial
curve. The final extrapolated value (Fig. 2) is used
to compute the actual fractional extraction of the
tracer.

The cerebral metabolic rate for glucose was com-
puted from the arteriovenous glucose difference and
the CBF as measured by H,!%0.

In order to assess the behavior of [8F]-3-FDG in
brain following its i.v. administration, 1 mCi was in-
jected into a peripheral vein in an animal prepared
and monitored in the manner described above.

Whole-body distribution data were obtained using
a similarly anesthetized and paralyzed monkey, and
injection of 6.5 mCi of [®F]-3-FDG. Scintigrams
(200k counts/image) were obtained using a scin-
tillation camera with a 550-keV-rated collimator,
and the time taken for accumulation was recorded
in each case. The results are shown in Fig. 4. The
experiment was repeated with carrier-free material
and the distribution was very similar.

RESULTS AND DISCUSSION

Radiochemistry. The reaction between cesium
fluoride and the allose trifluoromethane sulfonate
(IV) is close to quantitative with respect to both
the ester and the fluorine ion (19), but with
the radiotracer considerably less than 100% is in-
corporated. The primary variable is in the washoft
from the glass wool plug. This is not surprising.
Cesium fluoride is known to react with glass in the
presence of water to produce fluorinated silicone
derivatives, which can either be freed from the sur-
face or remain in the polymeric structure of the glass.
There is a rough correlation between the activity
washed off the glass wool and that lost from the
ether layer by the aqueous wash. Consequently the
activity remaining in the ether layer is fairly constant,
being 15% of the starting activity without correction
for decay. This is consistent with increased removal
of silicone fluorides rather than free fluoride ion.
There is also the possibility of fluoride exchange with
the trifluoromethane sulfonate anion. This occurs to
a small extent with the ester (VI), and might occur
to a larger extent with the anion produced by the
displacement reaction.

Whether the silver-wool/cesium-hydroxide proce-
dure truly produces carrier-free material or merely
“no carrier added” is difficult to resolve fully. There
are two possible sources of stable fluoride. The first
is by thermal decomposition of the trifluoromethane
sulfonate (IV) as shown in Fig. 3. This may oc-
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cur on the injection block of the GC (250°C)
when a small peak (1% ) with a similar retention
time as (V) is produced. It was determined by
GC/MS that this was not (V). However, when
(IV) is heated to 150°C in HMPA for 3 hr and
then injected onto the GC, the chromatogram is
identical to that produced by direct injection of
(IV), and (IV) can be recovered quantitatively from
the solution. Furthermore, if (IV) is refluxed in
HMPA for 90 min (235°C), it is completely decom-
posed, but no detectable quantities of (V) are pro-
duced. Therefore it is unlikely, although not im-
possible, that small amounts of [°F] (V) are being
produced by this route. Possibly stable fluorine is
produced during the bombardment. Bombardment
of the target produces micromolar quantities of meth-
ane by beam-induced decomposition of residual
vacuum-pump oil and O-rings. The vacuum seals of
the target are greased with “Fluorolube” high-
vacuum grease, which is a polymeric fluorochloro-
carbon. Irradiation of this grease in the reducing
atmosphere could produce H?F, although the grease
is out of the main radiation field and does not suffer
any visible damage. Volatile fluorochlorocarbons
could be expected to accompany the production of
H'F, however, and none of these can be detected
by IR or GC.

The available analytical techniques would indi-
cate that no stable fluorine is being introduced, but
the differences in sensitivity between what is detect-
able and what is truly “carrier free” are of the order
of 104.

Animal experiments. Behavior of ['®F]-3-FDG
during a single capillary transit through the brain is
shown in Fig. 2. The CBF at the time of this meas-
urement was 56 ml/(100 g min). The estimated ex-
traction fraction (E) of ['®F]-3-FDG, corrected for
recirculating tracer, was 0.314. Arterial plasma glu-
cose concentration was 93 mg%, and cerebral-
venous plasma glucose concentration was 83 mg%.
The computed cerebral metabolic rate for glucose
was thus 5.6 mg/ (100 g min).

These data (Fig. 2) suggest that ['*F]-3-FDG
crosses the blood-brain barrier by facilitated diffu-
sion in a manner analogous to that of glucose (27).
A preliminary estimate of the fidelity with which
[*®F]-3-FDG mimics the behavior of glucose can
be obtained from our data. From the computed
fractional extraction of ['8F]-3-FDG we can estimate
the forward flux of glucose across the blood-brain
barrier. This is done by combining the arterial plasma
glucose concentration, the fractional extraction of
[*®F]-3-FDG, and the computed CBF. This gives a
value of 15.7 ml/(100 g min). From the ratio of the
estimated forward flux to the net flux as computed
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from the arteriovenous concentration difference for
glucose and the CBF, we can estimate the ratio of
glucose fluxes across the blood-brain barrier, as
previously described (27). An estimate based on the
tracer information provided by ['®F]-3-FDG yields
a value of 1.55. This is in good agreement with pre-
vious estimates of this value of 1.37 (27), and sug-
gests, as described in detail elsewhere (27), that
[**F]-3-FDG is faithfully mimicking the behavior of
glucose during its passage across the blood-brain
barrier. Further work will obviously be necessary to
confirm this preliminary observation.

The behavior of ['8F]-3-FDG in brain following
its i.v. administration is shown in Fig. 2B. It is seen
that ['8F]-3-FDG activity rose promptly to a pla-
teau value and remained relatively constant over the
900-sec period of data collection. These data dem-
onstrate that ['®F]-3-FDG is retained within brain
tissue at a time when it can be estimated that blood
activity has declined significantly, thus suggesting
that this analog of glucose is trapped within the meta-
bolic pathways of the brain as predicted. This ob-
servation, in conjunction with the blood-brain barrier
permeability of [!®F]-3-FDG as described above,
lends preliminary support to the idea that this tracer
may be useful in the measurement of glucose metab-
olism in the brain.

The whole-body distribution of carrier material
as shown by the scintigrams (Fig. 4) is similar to
that expected, since the brain, heart, and liver are
the primary utilizers of glucose in the resting animal.
The only anomaly is in the bladder. This is not un-
expected, since in the rat 3-FDG accumulates in the
bladder (17). The images were taken 5-70 min
after injection, and no visual difference was seen
over this time period. The difference in time taken
to accumulate 200k counts over this time span is in
the range of the half-life of F-18—i.e., for the head
section 70 sec at 5 min and 95 sec at 70 min.

We have shown that, with a small cyclotron, usable
quantities of very high-specific-activity [**F]-3-FDG
can be synthesized. Note that the radiochemical
yields obtained of ['®F]-2-FDG are considerably less
than those obtained in the current synthesis, and
specific activities obtained with 3-FDG are higher
than those obtained with 2-FDG (2).

FOOTNOTES

* Waters carbohydrate column, 85% acetonitrile/water.

t Following irradiation of 100% neon, 3 mCi/uA-hr of
F-18 can be washed out of the target chamber (M. J. Welch,
unpublished data).
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