
ositron tomography (PT) used with the tracer 6-[18F]
fluoro-L-dopa is able to visualize the dopaminergic
pathways in the human brain during life (1). In rhesus
monkeys, the retention of fluonne-i8 (l8F) in the cere
bral dopaminergic regions (such as striatum) is predom
inantly due to 6-['8F]fluoro-dopamine which was de
rived in vivo from 6-['8Fjfluoro-L-dopa(2). The simi
larity of the neurochemistry of catecholamines among
primates may permit us to extend this result to the
human brain. The biochemical lesion in the brains of
patients with Parkinson's disease has been demon
stratedby this method. In the striatum ofthese patients
the neurotransmitter dopamine is reduced and, con
comitantly, the striata accumulate less 18Fthan normal
(3â€”7).

The PT method with 6-[18F]fluoro-L-dopahas the
potential to measure quantitatively the kinetics of cer
ebral dopamine metabolism. Quantitative analysis of
PT data requires a mathematic model which describes
the metabolic fate and the time course of the tracer 6-
[18F]fluoro-L-dopa in the brain as well as in the blood.
The metabolites in the brain of primates are known
(2), but those in the human blood are not.

In this paper we report on the metabolic fate of 6-
[â€˜8flfluoro-L-dopain the blood ofhumans and compare
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our results with those obtained with L-['4C]dopa.This
knowledge will facilitate the development of a quanti
tative method for intracerebral dopamine metabolism.

The metabolism of the parent molecule L-dopa in
the human blood has been summarized recently (8). L
Dopa is transformed predominantly by aromatic amino
acid decarboxylase (dopa decarboxylase) to dopamine
and, to a smallerextent, by catechol-O-methyl-transfer
ase to 3-O-methyl-L-dopa (9). L-Dopa can also be 0-
sulfonated (10) and participates in transamination (Fig.
1). After administration ofÃ³-['8flfluoro-L-dopa a simi
lar pattern of â€˜8Fcarrying metabolites can be expected.

MATERIALS AND METhODS

6-['8flfluoro-L-dopa was synthesized as alreadydescribed
(11,12). The expectedmetabolites6-['8flfluoro-dopamine, 3-
O-methyl-6-['8F]fluoro-L-clopa,6-['8flfluoro-3,4-dihydroxy
phenyl acetic acid and 6-['8F]fluoro-homovanillicacid were
synthesizedby the generalfluorinationtechnique for catechol
compounds(11). These compoundswerecharacterizedby
their molecular ion in high resolution mass spectroscopywith
fastatom bombardmentionization and their @F-nuc1earmag
netic resonance(NMR) spectra(13). They servedas authentic
materialsto calibratethe extractionprocedureandthe chro
matographic analysis of the plasma extracts. Comparisons
were made with L-['4C)dopa and [7-'4C]dopamine. Both car
bon-14-(â€˜4C)labeledagentswereobtainedfrom the Radi
ochemical Centre, Amersham. Blood metabolites were mess
ured in nine volunteers as part of a 6-['8flfluoro-L-dopa/PT
scan. The age of the volunteers ranged from 29 to 65 yr.
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The metabolitesof 6-[18F]fluoro-L-dopain the bloodplasmaof healthyhumanshave been
identifiedas 3-O-sulfato-6[18F]fluoro-L-dopa,3-O-methyl-6-[189fluoro-L-dopa,6-[18fl
fluorodopamine, and 6-[18flfluorohomovanillic acid. The time course of these metabolites was
followed up to 2 hr. The findings have implications for the use of 6-['8F]fluoro-L-dopa as tracer
for cerebral dopamine metabolism. Despite the variety of metabolites in the peripheral blood
thereareonlytwo 18F-carryingcompounds,6-[18F]fluoro-L-dopaand3-O-methyl-6-[18F]fluoro
L-dOpa,that can cross the blood-brain barrier. After I hr, the plasma concentration of 3-0-
methyl-6-[18F]fluoro-L-dopareachesâ€”20%that of 6-[18F]fluoro-L-dopabut the mean
concentrationof the 0-methylatedmetaboliteover the sameintervalis <5% that of 6-[18F]-
fiuoro-L-dopa.
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Ana1@ of 1@FMetabolites
6-['8F]FiuorO-L-dopa(4to 6 mCi, specificactivity 140â€”170

mCi/mmol)was injectedintravenously.Arterialor venous
blood samples (in each oftwo subjects)were taken at intervals
after the tracer had been injected. Fluorine-18 was measured
by gamma scintillation counting. Chemical analyses were
made on plasma obtained by centrifugation at 2,000 g for 5
mm. The plasma proteins were precipitated with 7% perchlo
ricacidandseparatedbycentrifugationat2,000g for 10mm.
Thesupematantwasconcentratedto 500 @1by rotaryevapo
rationand then passedthrougha 0.22-am membranefilter.
Ruorine-l8-contaithngmetaboliteswereseparatedby liquid
chromatography(column:Regis-Hichrom,5@i,4.6 x 250mm;
mobilephase:10%methanolicsolutionof sodiumdihydro
genphosphate(75 mM) buffer adjusted to pH 2.9 with 70%
perchioricacid,containing1 @MdisodiumEDTAand 1mM
sodiumoctylsulfate;flowrate1 mi/mm). The effluentfrom
the columnwascollectedin 2 ml fractionsby an automatic
fraction collector. The â€˜8Fin each fraction was measured with
a NaI(Tl) gamma scintillation counter. The â€˜8F-contaimng
peaks were identified by comparing their elution times with
those of the authentic â€˜8F-iabeledcatechol materials which
werechromatographedunderidenticalconditions.The total
â€˜8Fcontent of the plasma extract was never < 10,000 cpm,
evenat latertimepoints.

Thelossesthateachmetabolitesufferedduringtheextrac
tionprocedureandhencetheextractionefficiencyweredeter
mined in separateexperiments.Authentic6-['8flfluoro-L-
dopa, 6-['8F]fluoro-L-dopamine, 3-O-methyl-6-['8flfluoro-L-
dopaor 6-['8flfluorohomovanilhicacid(@@-5.0iCi each)were
added to 1ml ofhuman plasma and the mixture was processed
as outhned above. The fraction of the added â€˜8Fthat was
recovered after the extraction procedure and chromatographic
analysis was 0.623 for 6-['8flfluoro-L-dopa, 0.625 for 6-['8F]
fluoro-L-dopamine, 0.628 for 3-O-methyl-6-['8F]fluoro-L-
dopaand0.450for6-[18flfluorohomovanillicacid.The â€˜8Fin
each chromatographic analysis was corrected for half-life
(T,,2 of 18Fis 110 mm) and the â€˜8Fin each metabolite peak
was then corrected for its correspondingrecovery.Fluorine
18 associated with each metabolite was finally expressed as
percent ofthe total â€˜8Fcontained in the plasma.

An unexpected peak fraction No. 4 occurred in the high
performance liquid chromatography(HPLC) analysis of the
plasma. This peak was tentatively assignedas 6-['8flfluoro-O-
sulfato-L-dopa for the following reasons.

First, when the fraction was hydrolyzed with 0.3M HC1 at
1000 for 40 mm (14) and re-chromatographed and it was
foundthatthe majorityof the â€˜8Felutedin the6-['8F]fluoro
L-dopa fractions (Fig. 1). Second, when L-dopa was converted
to 3-and4-O-sulfato-L-dopabythereactionwithconcentrated
sulfuric acid at 0Â°Cfor 1hr(15)and an aliquot ofthis reaction
mixture was chromatographed(chromatographicconditions
as above; eluate monitored with uv detector at 280 nm) the
amount of L-dopawas drasticallyreduced and two new not
quiteresolvedpeaksappearedinthepositionoffractionsNos.
3 and 4. This indicates the formationof 3- and 4-O-sulfato-L-
dopathatareknownto eluteseparatelyandwellaheadof L
dopa on reversedphaseliquid chromatographiccolumns (16).

Analysis of TMCMetabolites
In one individual, L-[14C]dopa(50 @iCi,specific activity

10.9 mCi/mmol) and 6-['8F]fluoro-L-dopa were co-injected
and venous blood samples werecollected at intervalsafterthe
injection. Each blood sample was treatedas describedabove.
The chromatographicanalysisofthe â€˜4C-metaboliteswasdone
differentlyfromthat usedwith6-['8flfluoro-L-dopato optim
ize separation between â€˜4C-metabolites(column: Waters @-
Bondapak C-18, 10 @,7.8 x 300 mm; mobile phase: 4%
methanolic solution of sodium dihydrogenphosphatebuffer
pH 2.9 with 1 mM sodiumoctylsulfateand 1 @Mdisodium
EDTA,flowrate2 mi/mm;uv-detectorat280tim).Authentic,
nonradioactive, L-dopa, 3-0 methyl-L-dopa, dopamine and
homovanillic acid (Aldrich Chemical Company, Milwaukee,
WI) were added to the sample before HPLC analysis to mark
the elution positions and thus identify the â€˜4C-peaks.Eluate
wascollectedin 2 ml fractions.Eachfractionwastransferred
into a scintillation vial and the liquid was evaporatedat room
temperaturein a streamof nitrogen.Scintillationcocktail
(Biofluor, New England Nuclear, 15 ml) was added to each
vial. After the 18Fhad decayed the â€˜4Ccontent ofeach fraction
was measuredin an LKB 1219 Rackbetascintillationcounter
using the internalstandardmethod. Recoverywas determined
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ographic slices (1.6 cm thick) which contained striatum and
occipital cortex were examined.

RESULTS

The i.8 hr half-lifeof â€˜8Frequireda chromatographic
procedure that separatedthe basic and acidic metabo
lites in a single analysis. Figure 2 shows a typical chro
matogram: it demonstrates a good separation between
the metabolites.

Five major â€˜8F-contthningmetabolites were found
and identified: 6-['8F]fluoro-0-sulfato-L-dopa, 6-['8F]
fluoro-L-dopa, 3-O-methyl-6-['8F]fluoro-L-dopa, 6-[18F]
fluoro-dopamine and 6-['8F]fluoro-homovanillic acid.

In two individuals the time course of â€˜8Fin arterial
and venous whole blood was measured. The data from
one of these individuals is shown in Figure 3 which is
representativeof both studies. During the first 15 mm
after the injection of 6-['8F]fluoro-L-dopaarterial and
venous disappearance curves have different shapes.
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FIGURE 3
Clearance of 18Ffrom human arterial
(â€¢)andfromvenous4 bloodafter

75 an injection of 6-{18F]IIUOrO-L-dOpa at

zero timeTIME (mm)
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as described for the â€˜8F-metabolites.Using L-['4C]dopaand
[7-'4C]dopaminethe fractionof 14Crecoveredafterthe extrac
tion procedure and chromatographicanalysis was 0.620 and
0.542, respectively. O-Methyl-L-['4Cjdopa and [14C]homova
nillic acid were not commercially available so their recoveries
were assumed to be the same as those of the fluorinated
analogs. The 14Cin each metabolite fractionwas correctedfor
its corresponding recovery. The â€˜4Cassociated with each me
tabolite was then expressed as percent of the total 14Ccon
tamed in the plasma.

Reaction in vitro between fluoro-dopas and S-adenosylme
thionine catalyzed by catechol-O-methyltranfrrase. The reac
lion mixture with 6-[18FJfluoro-L-dopaas substratewas pre
pared according to the general method by Coward and Wu
(1 7). The incubation time was 2 hr. The analysis of the
reaction mixture was described in detail earlier (18).

The relation between 3-O-methyl-6-f8F]fiuoro-l-dopa in the
plasma and â€˜8Fin the brain. One ofthe nine subjects who was
given 6-['8F]fluoro-L-dopawas given, on a separateoccasion,
an i.v. dose of 3-0-methyl-6['8F]fluoro-L-dopa(3 mCi). Arte
nal blood samples were collected for 2 hr during which time
the accumulation and distribution of â€˜8Fin the brain was
measured in the McMaster Positron Tomograph (19). Tom
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The disappearanceof â€˜4Cand â€˜8Ffrom arterialblood
plasma after the simultaneous injection of L-['4C]dopa
and 6-['8flfluoro-L-dopa was measured in one individ
ual and is shown in Figure 4A. Fluorine-i8 disappears
fasterthan â€˜4C.

The results of the chromatographic analyses at var
ious times, both in arterial and in venous blood plasma
are shown in Figures 4B, 4C and 4D. Figure 4B shows
the pooled results from nine individuals, each studied
at six time points. 6-['8F]Fiuoro-homovanillic acid was
not sought in all samples. The major metabolites are 6-
[â€˜8Fjfluoro-dopamine and 3-0-sulfato-6-['8F]fluoro-L-
dopa.

Figures 4C and 4D show the analysis of venous
plasma from the same individual after co-injection of
L-['4C]dopa and 6-['8F]fluoro-L-dopa. 6-['8F]Fluoro
dopa leaves the plasma faster than dopa and more
fluoro-dopamine and 3-0-sulfato-fluoro-L-dopa are
made. In contrast L-['4C]Dopa is mainly 0-methylated.
This observation was confirmed both in vivo (Fig. 5)

and in vitro, (Table 1).L-Dopaappearsto be methylated
four times faster than 6-fluoro-L-dopa.

Figure 6 shows, on a log scale, the amount of â€˜8F,
with time after injection, that is contained in one ml of
whole blood, the amount of â€˜8Fthat is contained in the
plasma from 1 ml of whole blood, the amount of â€˜8F
associated with fluoro-L-dopa and the amount of â€˜8F
associated with 3-O-methyi-6-fluoro-L-dopa that is con
tamed in 1 ml ofwhole blood. Data from nine individ
uais are pooled.

When 3-O-methyl-6-['8flfluoro-L-dopa was injected
â€˜8Factivity was uniformly distributed throughout the
gray structures of the brain. At i hr the concentration
of â€˜8Fin the striatum was the same as that in the
occipital cortex (1 10 cpm per pixel per mCi injected).
The time integral of the arterial plasma â€˜8Factive
activityoverthe first hourwas 775,000 cpm.hr.mCi'.
This compared with a time integralof â€˜8Factivity from
3-0-methyl-6-['8F]fluoro-L-dopa derived from 6-[18F]
fluoro-L-dopa of 14,800 cpm.hr.mCi'. in the same
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FIGURE 4
Clearance and distribution of 14Cand 18Fmetabolites after an injection of L-['4C]dopa and 6-[18F]fluoro-L-dopa.PanelA,
clearance of 14Cand 18Ffrom blood plasma in the same indMdual. Panel B-D, Metabolites after the injection of @..[18@]
fluoro-L-dopa (panel B) and L-[14C]dopa (panel D). (A) 6-[18F]fluoro-0-sulfato-L-dopa; (â€¢)[14C]dopamine or 6-[18F]
fluorodopamine;(â€¢)3-O-methyl-L-['4C]dopaor 3-0-methyl-6-[18F]fluoro-L-dopa;(+) [â€˜4C]homovanillicacid or 6-[18F]
fluoro-homovanillicacid.The data inpanelB are pooledfrombloodanalysisof nineindividuals.The errorbarsare mean
Â±1 s.d.
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TABLEIInfluence
of Fluorine Substitution in L-DOpaon theRateof

0-Methylation byCOMTRate
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individual. The concentration of â€˜8Fin the striatum
after 6-['8F]fluoro-L-dopa was 140 cpm per pixel mCi';
in the occipital cortex it was 90 cpm per pixel mCi'.

DISCUSSION

The metabolites of 6-fluoro-L-dopa found in the
blood suggest that the metabolic pathways for the 6-
fluorinated analog are qualitatively similar to those for
L-dopa (8). Figure 7 outlines these pathways. There are,
however, significant quantitative differences. Whereas
0-methyiation is the major pathway for L-dopa (Figs.
4D and 5), it only accounts for a few percent for 6-
fluoro-L-dopa (Figs. 4B, 4C). It was, therefore, not
surprising to find that COMT 0-methylates 6-fluoro-L-
dopa at 1/4 ofthe rateofL-dopa(Table 1).We predicted
this COMT-inhibiting property of 6-fluoro-dopa (11,
20) and more recent kinetic studies in vitro have con
firmed that 6-fluoro-L-dopa is a poor substrate for
COMT (21).

Another metabolic differencebetween L-dopaand its
fluoro-analog that relates to COMT activity is the for
mation of comparatively large amounts of 3-0 sulfato

FIGURE5
Occurrenceof 0-methyl-metabolites
in the humanbloodafter simultane
ous injectionof L-[14CJdOpaand 6-
[18F]fluoro-L-dopa measured in the
sameindividual

6-fluoro-L-dopa and fluoro-dopamine. No sulfo-conju
gation of L-['4Cjdopawas observed. It may be argued
that the inhibition of COMT by 6-fluoro-dopa directs
the metabolism of 6-fluoro-L-dopatowards the sulfo
conjugation and decarboxylation pathways by mass
action (Fig. 7).

The biggest difference between 6-fluorodopa and L
dopa in vivo was the formation of large amounts of 6-
[â€˜8F]fluorodopamine compared to [â€˜4C]dopamine.This
suggests that the enzyme aromatic amino acid decar
boxylase decarboxylates 6-fluoro-L-dopa faster than
dopa. This is in contrast to 5-fluoro-dopa which is
decarboxylated with the same kinetics as L-dopa (22).
A particular perturbation of electron density caused by
fluorine in the 6-position of the dopa molecule may be
responsible for accelerating the decarboxylation reac
tion. The molecular mechanism responsible for the
difference is under investigation in our laboratory.

Other workers have shown some surprising differ
ences in the biologic properties of isomers of fluoro
catechols. For example, 2- and 5-fluorodopamine and
dopamine are equipotent in causing renal vasodilation
in the dog, whereas 6-fluorodopamine is only 1/4 as
active (23). Dramatic differences in adrenergic activity
also exist among the isomers of fluoronorepinephrmne
(24).

The analyticalwork describedin this paperwas done,
in part, to determine whether the time-activity curve
for â€˜8Fin whole venous blood could be used to represent
the supply of 6-[â€•Fjfluoro-L-dopato the brain in a
compartmental analysis of the type that has been used
successfully to measure regional intracerebral glucose
metabolism by â€˜4C-or â€˜8F-iabeleddeoxyglucose. This
method of analysis demands that a kinetic model be
constructed. The model can be based either on the
movement of the tracer between anatomical compart
ments, or on the chemical transformation of the tracer
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FIGURE6
Comparisonof the â€˜@Fdisappear
ancecurveson the samescale.Flu
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In 1 ml of whole blood; 18Fdue to 3-
0-methyi-6-[1l9fluoro-L-dopa in 1 ml
of whole blood. The data are pooled
from the analysisof nineindividuals.
TheerrorbarsaremeansÂ±1 s.d.

in the organ under investigation; in this case the brain.
In either situation the supply to the brain, in our case
the time averaged concentration of 6-['8F]fluoro-L-
dopa, needs to be known as accurately as possible. As

we have shown, venous blood, however easily accessi
ble, will not be sufficientbecause the time-activity curve
for â€˜8Fin venous blood differs greatly from that in the
arterial blood (Fig. 2). Further, because of metabolism
in the periphery, the time course of total â€˜8Fin the
arterial blood plasma does not represent the â€œinput
functionâ€• for the mathematical model (Fig. 6). To
obtain the â€œinputfunctionâ€•the concentration of 6-['8F]
fluoro-L-dopa in the arterial plasma has to be deter
mined in as many sequential blood samples as possible.

Of the five identified metabolites of 6-['8F]fluoro-L-
dopa, 3-O-methyl-6-['8F]fluoro-L-dopais the only one
likely to enter the brain because it is known that 3-0-
methyl-L-dopa is transported across the blood brain
barrier (25); the other metabolites are likely to be
excluded (26,27). Because equivalent i.v. doses of 6-
[â€˜8F]fluoro-L-dopa and 3 -O-methyl-6-['8F]fluoro-L-
dopa produce similar countrates per pixel in the gray
structures of the brain at 1 hr and because the time
integral of â€˜8Factivity in the arterialplasma due to 3-
O-methyl-6-['8flfluoro-L-dopa derived from 6-['8FJflu
oro-L-dopa was 1/50 that of the integral derived from
3-O-methyl-6-['8F]fluoro-L-dopa alone, the amount of
â€˜8Factivity in the brain that might come from meta
bolically derived 0-methylated fluoro-L-dopa can not
exceed more than a few percent. Therefore, in studies
of cerebraldopamine metabolism involving 6-['8F]flu
oro-L-dopa and positron tomography it will be reason
able to assume that the time-activity curve of 6-['8F]
fluoro-L-dopa in arterial plasma represents the input
function for the brain.
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