
analog ofL-DOPA, has been used to evaluate the integrity
of the central dopaminergic system using positron emis
sion tomography (PET) (8-12). Carbidopa pretreatment
has been included in some FDOPA-PET studies (13-16),
but its effects on FDOPA kinetics have not been analyzed.
The present work evaluates the effects of carbidopa on
striatal FDOPA kinetics with PET in both monkeys and
humans.

METHODS

Synthesis Methods
FDOPAwaspreparedusingtheradiofluorodemercurationpro

cedure previously described (17-19). The injected product had a
radiochemicalpurity greaterthan 99% with a specificactivityof
1-2 Ci/mmol. The compound was sterile and pyrogen-free.

Carbidopa Administration
For studiesin monkeys(Macacanemestninaweighing5â€”7kg,

both sexes),carbidopa (providedby Merck, Sharp, and Dohme,
Westpoint,PA) (5 mg/kg; i.v.,)was administrated60 mm prior
to injection of FDOPA. Two monkeys did not receive carbidopa
and were used as controls. For human studies, subjects were
divided into one control group (n = 3) and two carbidopa
pretreatments (p.o): 100 mg (n = 4), or 250 mg, (n = 3).

NonhumanPrimateStudies
Monkeys were deprived of food and liquids from midnight

prior to the PET study; otherwisethey were fed food and water
ad libitum as per UCLA animal science guidelines. Initial anes
thetization was performed with 100â€”150mg ketamine (i.m.)
followed by administration of 25â€”50mg of pentobarbital (i.v.).
Intratracheal intubation was then performed and the animal was
maintained on a neonatal ventilator. A distal lower extremity
artery was isolatedand, with lidocaineinjection,a cutdownwas
performed to allow cannulation of the femoral artery with a
teflon catheter. All animals were administeredpentobarbital(ap
proximately25 mgevery 1â€”2hr) to maintainadequateanesthesia
as judged by monitoring of blood pressure, movement, and
corneal responses. Body temperature was maintained with a
heating blanket. Arterial blood gases, hematocrit, and serum
glucosewerealsomonitoredthroughoutthe courseofeach study,
To initiatethe study,FDOPA(1.1â€”5.1mCi)wasadministeredas
a bolus injection via the venous catheter.

Carbidopa (L-a-hydrazino-a-methyl-b-(3,4-dihydroxyphenyl)
propionic acid is a known inhibitor of aromatic amino acid
decarboxylase. In both humans and monkeys, we studied the
effectsof carbidopaon plasmaand bralnkineticsof 6-[@F]
fluoro-L-DOPA(FDOPA),ananalogof L-DOPAusedfor PET
studies of the central dopaminergic system. Pretreatment with
carbidoparesuftedinincreasesinthe plasmalevelsof FDOPA
and 3-O-methyl-6-[18F]fluoro-L-DOPA(3-OMFD).Total striatal
and cerebellar activities measured with PET were also in
creased. Furthermore,increasesobserved in the specific
striatalactivity(striatumminuscerebellumtotal activity)were
correlated with increases in the plasma FDOPA curve. Car
bidopa pretreatment did not affect the influx rate constant (K)
for FDOPAfromplasmato striatumin humansasdetermined
by Patlakgraphicalanalysis.Thus, an increasein measured
striataltomographicactivitywassecondaryto the increasein
plasmaFDOPA levelsrather than as a resultof changesin
the FDOPA influxrate constant.

J Nucl Med 1992; 33:1472â€”1477

arbidopa, an inhibitor ofaromatic amino acid decar
boxylase, is known to inhibit the conversion of L-DOPA
to dopamine in extracerebral tissues (1,2). In humans, a
major portion of orally administered L-DOPA is decar
boxylated in the gastrointestinal tract (3,4) and in brain
capillary endothelium (5â€”7).Therefore, the use of carbi
dopa in combination with L-DOPA (SinemetÂ®)therapy
constitutes an effective mechanism to increase the bio
availability of L-DOPA administration in patients.

6-['8flfluoro-L-DOPA (FDOPA), a positron-emitting
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(â€˜@l0cm2in area)for thecerebellarhemispheresweresimilarly
drawn, but werebased on early images(1â€”10mm). Those ROIs
were then applied to the serial PET imagesobtained at various
scan times and corrected for radioactive decay to give tissue â€˜8F
time-activity curves of the corresponding regions. The curves
from the left and the right sides were averaged to give a single
striataland a singlecerebellarcurve for each study.Thesecurves
werealso normalizedfor the injectedFDOPAdose in mCi/kg.

In small structures such as the striatum, ROI analysis can
produce partial volume effects.With the ROIs and the imaging
resolutionused in this study,the ROI valueswouldhaveapprox
imately a 40% underestimation of the true radioactivityconcen
tration in striatum (22). This underestimation, however, occurred
in all studies and thus would not affect results unique to the
carbidopapretreatment.

Graphical Analysis. FDOPA tissue-time activity data were
analyzedusingthe graphicaltechnique as describedby Patlak et
al. (23,24). This technique is effectivewhen the tracer is mets
bolicallytrapped in tissue(2@);for FDOPA,its conversionto 6-
[â€˜8fl-fluorodopamine(FDA)is consideredirreversiblein normal
brain and is followed by the trapping of FDA within neuronal
vesicles; minimal clearance of the tracer is observed during the
experimental period(21,26-28). The major peripheral metabolite
of FDOPA, 3-O-methyl-6-['8flfluoro-L-DOPA (3-OMFD), is
also transportedinto the brain. However, since 3-OMFD distri
bution appears to be uniform in brain tissue (29), the subtraction
of cerebellaractivity(whichcontainsprimarily3-OMFDat later
scan times) from striatal activity can be used to eliminate the
contribution due to 3-OMFD. The results will then represent
specificuptake of FDOPAin the stniatum.The Patlak equation
can be rewrittenas:

[S(T)- C(T)]/Cp(T)= K @â€˜;fCp(t) dt/Cp(T) - B,

where S(T)-C(T)representsthe specific striatalactivity at time T,
CP(T)is the concentrationof FDOPAin plasmaat time T, K is
the influx rate constant of FDOPA from plasma to striatum and
B is a constant related to the distribution volume of FDOPAin
striatum. When [S(T)-C(T)]/Cp(T)is plotted againstthe integral
from time 0 to T of Cp(t)/Cp(T), the resultant curve should
asymptoticallyapproach a straight line with a slope (in units of

@RIUK@@@1.FOOPA-PtTsummedImages(60-120 mifl) tor
threeindividualspretreatedwithcarbidopa:(A)0 mg,(B)100mg,
(C) 250 mg at 60 mmpriorto the FDOPAinjection.All images
are expressedas (counts/s)/gand are normalizedby injected
dose in mCi/kg.

HumanStudies
Ten normal male volunteers(20â€”30yr of age) were studied

after their informedconsentwasobtainedin accordancewith the
UCLAHuman SubjectProtectionCommittee.All subjectswere
fasted 4 hr priorto the study. Radial arteryand venous catheter
ization were performed and then FDOPA (2.3-10.0 mCi) was
administered as a bolus via the venous catheter.

Tomographic Imaging
PETstudieswereperformedusingthe ECAT831tomograph

(Siemens, Knoxville,TN). This particular tomograph permits
simultaneous acquisition of 15 axial sections with a center-to
center separation of 6.4 mm. All studies were reconstructed with
a Hanningfilter(cutofffrequency= Nyquistfrequency)resulting
in image resolution of 8.5 x 8.5 x 7.0 mm (FWHM). The
monkeys werepositioned supine with the head inclined 18Â°(tilted
inferiorly) relative to the orbito-meatal line. Humans were posi
tioned supine with the imagingplane parallelto the orbito-meatal
line. During the scanning procedure, the monkeys were anesthes
ized (see above) and their head fixed in position with foam
pillows. For human subjects, head placement was maintained by
foam pillows and velcro straprestraints.A transmissionscan with
6S@ ring source was performed for correction of attenuation

(20). After administration of FDOPA, sequential emission scans
were obtained beginning immediately aftertraceradministration
using the followingscanningsequencefor monkeys: ten 90-sec
images, nine 5-mm images, six 10-mm images. The scanning
sequencefor the human studieswas:six 30-secscans,four 3-mm
scans, five 10-mm scans and three 20-mm scans.

Rapid arterialblood samplingwasperformedvia the indwell
ing radial artery catheter in the human subjects and via the
femoral artery catheter in monkeys.Whole blood samples(2.0
ml each for humans, 0.25 ml each for monkeys) weretaken using
the followingprotocol: twelvesamplesat 10-secintervals for 2
mm beginning immediately after tracer injection, and addi
tionally at 3, 4, 5, 7, 10, 30, 60 and 120 mm. Plasma metabolite
determination was performedon samples drawn at 5, 10, 30, 60
and 120mm after tracer injection.Sampleswerecentrifuged,the
plasma was separated and the activity was measured in a well
counter to provide the 18Farterialtime-activity curve.

FDOPAMetabolites In Plasma
FDOPAand its metaboliteswereanalyzedin the plasmaof

both monkeysand human subjectsby highpressureliquid chro
matography as previously described (15). The corrected plasma
FDOPAarterialinputfunctionwasthengeneratedfromthe â€˜8F
time-activity curve and the percentage ofFDOPA and its metab
olites at 5, 10, 30, 60 and 120 mm (data not shown) (21).
Calibrationbetween the tomograph and well counter was estab
lished using a â€˜8Funiform cylinder so that plasma activity and
regional brain activity could be expressed in the same units of
cps/ml.

DATA ANALYSIS
Region of Interest Analysis. Regions of interest (ROIs) were

drawn on the reconstructed PET images to define the striatal
(caudate and putamen) and cerebellar regions bilaterally (21).
ROIs (-@4â€”5cm2 in area on a cross-sectionalplane of largest
striatal area) were defined separatelyaccordingto the apparent
boundary ofthe structure on the emission images for the left and
right striata,basedon a summed imagefrom 60â€”120mm. ROIs

FDOPAWITHCARBIDOPAPRETREATMENT
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ml/(g â€¢mm)) equal to the influx rate constant of FDOPA from
the plasma to the striatum. Linear regressionanalysiswas used
to fit the data (from 15 to 120 mm) to give the estimatesof K
and B.

RESULTS

After FDOPA administration, radioactivity progres
sively accumulated in the striatum of both normal mon
keys and humans. By 2 hr after injection, activity in the
striatum was very prominent when compared with back
ground activity noted in the cerebellum. Figure 1 depicts
summed human images (60â€”120mm) of tracer distribu
tion cps after FDOPA injection into a representative sub
ject from each group (0, 100, 250 mg carbidopa) normal
ized by injected dose in mCi/kg. The figure shows increases
in striatal uptake with increases in administered carbidopa
dose.

The effects of carbidopa pretreatment on tissue-time
activity curves for the striatum and cerebellum in humans
and in monkeys are shown in Figure 2. After tracer injec
tion, a similar pattern of progressive accumulation of
activity was observed that peaked at 30-40 mm for the
striatum and at 10â€”20mm for the cerebellum.

Figure 3 shows the relationship between the adminis
tered carbidopa dose and the measured radioactivity levels
in plasma and in tissue. In Figure 3A, the areas under both
the plasma FDOPA curve and the 3-OMFD curve from 0
to 120 mm were increased with larger doses of carbidopa
(correlation coefficient, r = 0.86 and 0.81, respectively).

Figure 3B shows that the total radioactivity levels in both
striatum and cerebellum were also increased with carbi
dopa pretreatment (r = 0.81 and 0.80, respectively). Figure
4 shows a strong correlation (r = 0.84) between FDOPA
uptake (total and specific) in the striatum and the area
under the FDOPA plasma curve, indicating that the in
crease in tissue radioactivity is a result of increases in
plasma levels following carbidopa pretreatment.

Table 1 summarizes the Patlak graphical analysis results
for the human subjects. Included is the regressed slope and
intercept. Analysis ofvariance was performed on the slope
values for the 0 mg, 100 mg and 250 mg pretreated
individuals. No significant difference was noted for the
slope values among the three groups.

DISCUSSION

Carbidopa has become an important adjunct in the
treatment of Parkinson's disease with L-DOPA (30). mi
tially, studies showed that L-DOPA bioavailability was
increased with carbidopa pretreatment that effectively in
hibited peripheral decarboxylase activity (31); improve
ments in motor function were attributed to resultant in
creases in dopamine brain levels (32). More recently,
investigations have shown that increases in L-DOPA bio
availability are correlated with carbidopa dose (30).

FDOPA is being used to probe presynaptic dopami
nergic mechanisms with PET in animals and humans (33).
The use of FDOPA as an analog of L-DOPA with PET
has been validated with double-label experiments (FDOPA

A

CPS!g

mCI/kg

B

CPS/g

mCI/kg

Human Striatum Human Cerebellum

FIGURE2. (A) Fluorine-i8
tissuetime-activitycurvesafter
FDOPA Injectionfor human
striatum and cerebellum.Car
bidopawasadministeredat60
mm prior to the FDOPA injec
tion:controls(n = 3; meanÂ±
s.d.); 100 mg (n = 4; mean Â±
s.d.);250 mg (n = 3; meanÂ±
s.d.). (B) Fluormne-18tissue
tirne-actlvfty curves after
FDOPA Injection for monkey
striatum and cerebellum.Car
bidopa(5mg/kg,i.v.)was ad
ministeredat 60 mm priorto
theFDOPA Injection.
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SubjectCarbklopaSiope KInterceptMean slopeÂ±no.dose
(mg)(mI/min.g)ml/gs.d.

0.011Â±0.002

Graphicalanalysisresultsusing the Patlakmethodare shown.
Includedis the dosageof carbidopa,the regressionfitted slopeand
the y.intercept.AnalySISof variancewas then performedbetween
theslopevaluesof eachcarbidopaadministrationscheme;theab
senceofanysignificantdifferencebetweenthe slopesindicatesthat
carbidopadoesnotaffectthe FDOPAinfluxconstant.
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FIGURE3. (A)AreaunderthecurveforplasmaFDOPA(0)and3-OMFD(â€¢)versusadministeredcarbidopadose.Carbidopa(100
mg or 250 mg)was administeredat 60 mmprior to the FDOPAinjection.Carbidopaplasmalevelsat the time of injectionwere 0.09
Â±0.04 @g/ml(n = 4; mean Â±s.d.) for 100 mg and 0.19 Â±0.06 ,@g/mI(n = 3; mean Â±s.d.) for 250 mg carbidopa administered. We
have subsequentlyshown in humansthat 200 mg carbidopa90 mm prior to the FDOPAinjectionare sufficientto restrict peripheral
FDOPAmetabolismtoonly3-OMFD(11).(B)Totalradioactivityareaunderthecurveforstriatum(0) andcerebellum(â€¢)asa function
of carbidopadose.

and [3H]DOPA) in rats. These studies revealed markedly
similar peripheral and central metabolism pathways for
both tracers (34). It has also been shown that carbidopa
pretreatment altered the peripheral metabolism of
FDOPA, analogous to its effects on L-DOPA metabolism,
such that increases in rat striatal FDA levels were observed
(15). Theseparticularfindingsbecamethe impetusforour
investigation on the effects of carbidopa on FDOPA ki
netics and metabolism in PET studies.

We have now shown that for FDOPA-PET studies in
monkeys and humans, FDOPA and 3-OMFD plasma
levels (Fig. 3A) along with tomographic total activities in
striatum and cerebellum are increased as a function of
carbidopa dose (Figs. 1, 2 and 3B). Since 3-OMFD crosses
the blood-brain barrier, the total activity measured by PET
in striatal tissue includes 3-OMFD, in addition to FDOPA

and its neuronal metabolites, FDA, 6-['8flfluoro-3,4-di
hydroxyphenylacetic acid (FDOPAC) and 6-['8flfluoro
homovanilhic acid (FHVA) (35,36).

With carbidopa pretreatment, increases in tomographic
striatal activity specific to dopaminergic processes are also
correlated with FDOPA plasma levels. These changes,
however, were only detected by the striatum-cerebellum
subtraction method. No significant differences were ob
served in striatum-to-cerebellum (S/C) ratios with carbi
dopa dose; S/C = 3.0 with 0 mg, 2.7 with 100 mg, 2.7
with 250 mg carbidopa.

By using the techniques ofPatlak et al. (23,24), we have
demonstrated that pretreatment with carbidopa does not
significantly affect the influx rate constant (K) for FDOPA

TABLE I
Graphical Analysis (Humans)

U)
0.
(2

U
U
0

U

C
C
I-

I 0 0.009
2 0 0.013
3 0 0.010
4 100 0.009
5 100 0.008
6 100 0.010
7 100 0.012
8 250 0.008
9 250 0.010

10 250 0.011

â€”0.28
â€”0.13
â€”0.18
â€”0.16
â€”0.11
â€”0.22
â€”0.19

â€”0.18
â€”0.13
â€”0.17

0.010 Â±0.002

0.010Â±0.002

Area of plasma FD curve (mln-KCPS/ml)

FiGURE 4. Total (0) and specific(â€¢)striatalactivityversus
areaunderthe plasmaFDOPAcurve.The specificstiiatal actMty
was derivedfromstilatumminuscerebellumtotal activity(see
Figure3 for methods).
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from the plasma to the striatum (Table 1). This confirms
the notion that the increased striatal activity measured by
PET is secondary to increases in FDOPA plasma levels
rather than in an alteration in blood-brain barrier trans
port. The striatum-cerebellum subtraction method used
for this analysis was derived from the striatum total activity
minus cerebellum activity (nonspecific). In the cerebellum,
an area essentially devoid of dopaminergic neurons, the
tomographic activity represented nonspecific accumula
tion of 3-OMFD and FDOPA (21,28). By subtraction of
cerebellar from total striatal activity at each time point of
the tissue time-activity curve, specific striatal tracer accu
mulation was determined (25). Although studies in ro
dents have shown that the FDOPA level in the striatum is
lower than that in the cerebellum (15), for these studies
the oversubtraction of free FDOPA, as reflected in the
striatum-cerebellum difference, would not affect the slope
ofthe data in the Patlak graphical analysis because the free
FDOPA component in tissue has a zero slope on the Patlak
plot (37). Furthermore, the oversubtraction error was mm
imized at later scan times when the majority of activity
was represented by 3-OMFD.

In conclusion, we have shown in this work that for
FDOPA-PET studies carbidopa pretreatment increases to
tal and specific brain tomographic activity per unit dose
of FDOPA. Also, graphical analysis techniques reveal that
the influx rate constant for FDOPA transport from plasma
to striatum does not change. The resultant greater activity
in brain structures for a given FDOPA dose provides lower
statistical noise in the PET images and allows for a more
accurate delineation ofdopaminergic structures, especially
in situations where their integrity is compromised (e.g.,
Parkinson's disease). Conversely, for multiple studies on a
human subject, lower FDOPA doses can be used without
compromising image quality, thus reducing unnecessary
radiation exposure.
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19. a balancingof 131fhazardvs. riskof 1271.
20. federalregulationsfor emergencysituations.

Patientsare rushedto the emergencyroomof your hospital
afteranaccidentata nuclearreactorsite.Concerningthecare
of patients potentially contaminated with radionuclides,

21. theJCAHO requiresallaccreditedhospitalsto havewrit

ten plans for the care of such casualties.
22. steps must be taken immediatelyto interrupt any radia

tion-induced injury process.
23. the patient,even ifcriticallyinjured,shouldbe keptinthe

ambulance until a radiation survey can be completed.
24. thepatientshouldbewashedandshoweredpriortotreat

ment to remove as much contamination as possible.
25. a determinationof the absolute lymphocytecount is

essential.

ITEM 1-5: Sourcesof RadiatIonExposure
ANSWERS: 1,A; 2,C; 3,E;4,D; 5,D
ThesourcesofradiationdosereceivedbytheU.S.populationhavebeen
summarized by a number of national and international bodies. The
estimatesvaryslightlybetweenagencies,buttheestimatesgivenbelow
fromtheNationalAcademyofSciences,BEIRCommittee(1980),repre
sentan averageof thesevalues.

U.S. General Population Exposure Estimates

theaverageexposureofthemembersoftheU.S.populationtoallsources
of ionizingradiationisthe first based upon a common unit, the effective
doseequivalent(whichweighstherisksofpartial-bodyirradiation).The
averageannualeffectivedoseequivalenttoindividualsintheU.S.popula
tionis360mrem(3.6mSv).Themajorpartof this,300mrem(3mSv),
isfrombackgroundwhichincludes200mrem(2mSv)fromradonand
itsdecayproducts.Therelativecontributionof medicaldiagnosis,which
amountsto54 mrem(39mremfromx-rayexaminationsand 14mrem
fromradiopharmaceuticals),is lessthanthatestimatedin previousevalua
tions.Thiscontribution,15%ofthe total,is lessthanthe50%estimate
of BEIR-1980(93mremmedicalversus185mremtotal).

ITEMS 6-9: AcuteRadIatIonSyndromes
ANSWERS:6, A; 7,B; 8, C; 9, E
About2 hoursafterrapidexposureofallora majorportionofthebody
to high dosesof radiation,humansbegin to showsigns and symptoms
of acute gastrointestinaland neuromusculareffects,which are collec
tively called the prodromal syndrome. Its German designation
Strahienkater is compounded from@ â€˜radiation' â€˜and â€˜â€˜hangover,'â€w̃hich
itssymptomsmimic.Nauseaand vomiting begin at about 50 rads.The
threshold for radiation-induced lethality in humans is about 200 rads.
Asdoselevelsriseabovethis,mortalityincreases.Humansappearto
developand recoverfromsignsof hematologicdamagemoreslowly
than other mammals.The peak incidenceof humandeathsfrom
hematologicdamageoccursatabout30daysbutdeathscontinuefor
up to 60 days,whereasthe peak incidence of death in animalsoccurs
at10-15days.Thusthelethaldosefor50%ofanirradiatedpopulation,
theLD@,is bestestimatedfor a periodof60 daysin humansand30
daysinanimals.TheestimatedLD@,ecforhumansis350rads.Seizure
andcomaoccuronlyaftertotalbodydosesontheorderof5000rads.
Rofernces
1. BaverstockKF,AshPJND.A reviewofradiationaccidentsinvolvingwholebody

exposureand the relevanceof the LD50160for man. Br J Radio!
1983;56:837-849. (continued on page 1500)

Note added In proof: Recently, the NCRP has reevaluated radiation
exposurein the U.S.(NCRPReportNo.93, IonizingRadiationExposure
of the Population of the United States.1987.)This new assessmentof
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