
have demonstrated that raclopride binding is increased by
pretreatment with drugs@.that deplete dopamine and
decreased by drugs that increase dopamine concentra
tion (6â€”9).Because of its sensitivity to endogenous do
pamine,@ â€˜C-raclopride has been used with PET to assess
relative changes in dopamine concentration in the living
baboon brain (10). These . studies monitored changes
in synaptic dopamine concentration secondary to phar
macological interventions by observing changes in
â€œC-raclopride binding. Similarly, SPEC!' studies with
the iodinated bÃ¨nzamide [5-N-(1-ethyl-2-pyrrolidinyl]-
methyl-2-hydroxy-3-iodo-6-mÃ§thoxybenzamide (IBZM),
(Kd = 0.43 nM) have demonstrated the displacement of
IBZM by endogenous dopamine in the living nonhuman
primate brain (11). The feasibility of measuring relative
changes in dopamine concentration using@ â€˜C-raclopride
requires that the measurements of@ â€˜C-raclopride binding
be reproducible in the same subject. The stability of
â€œC-raclopride binding has been demonstrated for the
anesthetized baboon brain when scanned on the same day
(10). The stability of â€˜1C-raclopridebinding measured in
the awake human brain has not been reported. This study
assesses the stability of@ â€˜C-raclopride measurements in

human brain by performing repeated@ â€˜C-raclopride scans
on the same subject on separate days.

METHODS

Subjects
The subjects were five normal healthy male volunteers (ages

21â€”46yr) who were screenedfor absenceof medical, neurolog
ical or psychiatric disease. Care was taken to exclude subjects
with a past or present history of alcohol or drug use (except
caffeine). Urine toxicology tests were performed twice in the
week the scans were performed to ensure absence of psycho
active drug use. Informed consent was obtained from the sub
jects following the guidelines of the Human Studies Review
Committee at Brookhaven National Laboratory.

Carbon-i 1-raclopride has been successfully utilized with
PETto assesschangesIn endogenousdopamineconcen
trationafterpharmacologicalinterventioninthe livingbaboon
brain. For similar studies to be done in humans, measure
ments of@ 1CracIopride with no intervention need to be re
producible.In orderto test the reproducibility(test-retest)of
11C-raclopride binding in the human brain, we performed
repeated studies on two different days. Studies were done in
five normal controls with no pharmacological intervention.
Time-activity (%dose/cc) curves for@ 1C-raclopride in the
basal ganglia (BG) and cerebellum (CBL) were highly reprÃ 
ducible with an average differencein peak uptake for re
peated studies in the same individual of 4%. The BG to CBL
ratio for the average activity concentration between 30 and
60 mm showed differences that ranged from â€”7%to 8%
between the repeated Studies. Graphical analysis to obtain
the distribution volume revealed intrasubject values that
ranged from â€”9%to 7% for the ratio of the distribution
volume in BG to that in CBL These studies demonstrate that
in order to use 11C-raclopride to measure an individual's
change in relative dopamine concentration secondary to
pharmacologicalor behavioralintervention,a changein stri
atal@ 1C-raclopride binding in excess of 10% is required.

J NuciMed1993;34:609â€”613

arbon-1 1-raclopride, a substituted benzamide, has
been used to measure D2 dopamine receptor properties
in the human brain with PET (1â€”3).The relatively
lower affinity of raclopride for the D2 dopamine receptor
(Kd = 1.1 nM) than that of other dopamine tracers uti
lized with PET such as spiperone and N-methylspiperone
(Kd = 0.08 nM) make it more sensitive to competition
with endogenous dopamine (4â€”7).Studies in rodents
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SubjectStudyWeight (Ib)RACL (hg)PlasmaIntegralTotal

activitYUnchanged11C-RACL30

mm60 mm30 mm60mmrcsOOl1

218412.1 4.51317 13771966 20161101 116314681572rcsOO21

215810.1 8.71601 16942445 25981315 142218772033rcsOO31

224312.1 7.31369 13652093 20911258 126118031796rcsOO41

217314.6 12.51232 12431886 19081061 112815021633rcsOOS1

222213.5 6.61232 12471886 19131123 11561610 1616

TABLE 1
Massof RacloprideInjectedandIntegratedPlasmaConcentrationof@ 1Cand@ 1C-RacloprideperSubjectin BothStudies

Scan
PET studies were carried out with a whole-body, high-reso

lution positron emission tomograph (6 x 6 x 6.5 mm FWHM, 15
slices, Computer Technologies, Incorporated, 931). To ensure
accurate repositioning of subjects in the PET camera for the
repeated scans, an individually molded headholder was made
for each subject. The head of the subject was then positioned in
the gantry with the aid of two orthogonal laser lines, one of
which was placed parallel to the canthomeatal line and the other
parallel to the sagittal plane. This strategy allows accuracy for
repositioning within 2 mm (12). A chin strap device was used to
minimize movement of the head during the scan. Subjects were
scanned twice 24 hr apart at the same time of day using 3.8â€”12.5
mCi of â€œC-raclopride (13) (specific activity 0.5â€”1.5Ci/pM at
EOB. Table 1 provides the mass of raclopride injected for each
of the studies and the weight of each subject). Prior to â€˜
raclopride injection, transmission scans were obtained to cor
rect for attenuation. In preparation for the study, subjects had
two catheters implanted, one in an antecubital vein for tracer
injection and the other in the radial artery for blood sampling.
Arterial sampling was used to quantitate total â€˜â€˜Cand un
changed@ â€˜C-raclopridein plasma. Arterial samples were ob
tamed using an automated blood sampling device (Ole Dich,
Denmark) every 2.5 sec for the first 2 mm, then every mm from
2â€”5mm andthen at 10, 15,20, 30,45and60mm. After injection
of@ â€˜C-raclopride,a series of 20 emission scans were obtained
from time of injection up to 60 mm (scans were taken each mm
for the first 10 mm and then 5-mm scans were taken for the next
50 mm).

Assay of 11C-Raclopride in Plasma
For quantitation of â€œC-raclopridein plasma, the following

procedure was used. Acetonitrile (0.5 cc) was added to each
plasma sample and the mixture was sonicated and centrifuged.
Unchanged raclopride concentrations were determined by high
pressure liquid chromatography (HPLC) of a supernatant which
had been previously spiked with unlabeled raclopride. The
HPLC system consisted of a Waters Nova-Pak C18column (3.9
x 300 mm) and a mobile phase of CH3CN:0.01 M ammonium
formate: glacial acetic acid (40:60:0.5) at a flow rate of 1.0
ml/min. Detection of the raclopride peak was by ultraviolet
absorption at 254 nm. Raclopride eluted at approximately 9 mm.

A 50â€”100@dstandard of each supernatant was removed prior to
HPLC injection and used to determine column recovery.

Image Analyses
For the purpose of drawing ROIs, we obtained an averaged

emission scan representing the activity from 10â€”60mm post
injection of the tracer. ROIs for basal ganglia (BG) and cerebel
lum (CBL) were drawn on these averaged images and then
projected to the dynamic emission scans. For the basal ganglia,
a region for dorsal striatum was obtained by averaging activity
in left and right basal ganglia in two sequential planes. To

minimize inaccurate quantitation introduced by small differ
ences in relative position of the basal ganglia within the z-axis of
the gantry (14), we selected the two central sequential planes
where the basal ganglia were located. Because the dimensions of
the BG in the z-axis (2.5 cm) (15) are smaller than twice the
FWHM in this axis (1.3 cm), use of the central slices minimizes
errors introduced by varying their recovery coefficient from one
study to the other as a result of misposition. To further minimize
errors from partial volume effects in the other planes, we ob
tamed ROIs with volumes smaller than twice the FWHM in the
axial and transverse planes (BG = 0.99 cm3 and CBL = 1.32
cm3). For the CBL, we averaged the values obtained in left and
right cerebellar regions selected from the slice located in the
middle of the cerebellum. Figure 1 shows the shape, size and
location of the regions selected.

Reproducibility of â€œC-raclopridebinding was assessed for
the following quantitative measurements:

1. Time-activity curves for@ â€˜C-raclopridein BG and CBL were
quantitated to obtain peak uptake expressed as %dose/cc,
time to reach peak uptake and percent clearance from peak
uptake at 60 mm.

2. BG-to-CBL ratios were obtained by averaging the activity
in these regions comprising the 30- to 60-mm period after
injection of tracer.

3. The distribution volume (DV) was obtained using a graph
ical analyses technique for reversible system as previously
described (16). The ratio of the DV in BG to that in CBL
was used to assess reproducibility of the measurements.

The DV provides a measure of binding that is a linear function
of receptor availability given by
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The individual values for the mass of raclopride in
jected and for the integrated plasma concentration for
total radioactivity and for unchanged â€˜1C-raclopride for
the two studies are shown in Table 1. For all of the
studies, the mass of 11C-raclopride injected was within a
tracer dose range. Analysis of plasma revealed no signif
icant differences in total plasma activity nor in percent
nonmetabolized@ â€˜C-raclopride between repeated studies.
The percentage of unchanged@ â€˜C-raclopride corre
sponded to 95% Â±4% at 1 mm, 88% Â±3% at 10 mm, 81%
Â±4% at 30 mm and 68% Â±3% at 60 mm.

Time-activity curves for 11C-raclopride in BG and CBL
are shown in Figure 2. Peak activity was reached between
10â€”25mm, at which point radioactivity plateaued or grad
ually decreased. Peak uptake in BG varied between sub
jects from 0.0041% dose/cc to 0.0060% dose/cc. Peak
uptake between repeated runs on a given subject ranged
from 0% to 7% (Table 2). Percent clearance from time of
peak to the end of study (60 mm) showed a large inter
subject variability, ranging from 13% to 43%. Within a
given subject, the difference in percent clearance be
tween repeated runs ranged from â€”9%to +4%.

The individual BG-to-CBL ratios for the repeated mea
sures in the subjects are shown in Table 3. The average
group values for the BG-to-CBL ratios for study 1 were
4.58 Â±0.46 and for study 2, 4.57 Â±0.55. Average percent
change was 0.4% Â±5.4% and the intraclass correlation
corresponded to r = 0.90.

The results from the graphical analyses are shown in
Eq. 2 Table 3. Average values for DV (expressed as milliliters

RESULTS

FIGURE 1. Location,sizeandshapeof ROIsusedto quan
titate@ 1C-raclopridein basalganglia(upperimages)andcere
bellum(lowerimage).

DV = K1/k@(1+ NS + BmaxfKd), Eq. 1

for regions containing receptors characterized by an equilibrium
dissociation constant Kd and free receptor concentration,
Bmax. For nonreceptor regions the DV is given by

DV = K1/k@(1+ NS).

In both equations, NS represents the ratio of transfer constants
for nonspecific binding, K1 and k@are the plasma to tissue and
the tissue to plasma transport constant respectively. A param
eter proportional to Bmax can be obtained from Equations 1 and
2 giving

Bmax/K@j(1/1+ NS) = [DV(BG)/DV(CB)] â€”1. Eq. 3

Equations 1 and 2 are based on classical compartmental analysis
in which the effects of CBF and capillary permeability are im
plicitly included in the parameters K1 and k@.The advantage of
the DV is that it is easily determined by a graphical technique
derived from classical compartmental equations; it is not a func
tion of blood flow (17) and is a more stable measure than the
individual kinetic constants determined directly by compart
mental analysis which are sensitive to noise and statistical fluc
tuations in the data (18). The ratio of DV for BG to CBL
eliminates possible differences in the K1/k ratio between exper
iments. The assumption that the ratio of the transport constants
is the same for BG and CBL is common (19).

Reproducibility in the values for BG/CBL and for the ratio of
the DV in BG to that in CBL was estimated using intraclass
correlation analysis (20). This correlation with range 0 (no sta
bility) to 1 (perfect stability) quantitates the ability of a measure
ment to characterize true differences between individuals rela
tive to measurement variability. It is interpreted as an index of
measurement reliability in the statistical literature (20,21).

RCSOO1 RCSOO4

FIGURE 2. lndMdualtime-activitycurvesfor@ 1C-raclopride
in basal ganglia and cerebellumfor studies 1 and 2. Activity is
expressedas %dose/ccof tissue. For study 1: striatum, I; cer
ebellum,c@. Forstudy2: striatum,0; cerebellum,0.
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SubjectStudyPeak
uptake
%lD/cc%ChangeTimeto

peakuptake
(mm)%

Clearance
at 60mmrcsOOl1

20.00500.0053+69.5 9.54339rcsOO21

20.00560.0060+722.5 22.51316rcsOO31

20.00430.0046+79.5 9.52820rcsOO41

20.00480.0048017.5 17.53425rcsOO51

20.00410.0041012.5 9.538 39

SubjectStudy.
Ratio

BG/CBL% ChangeDistribution

Volume%

ChangeBGCBLDVBG/CBLrcsOOl1

24.06 3.73â€”81.94 1.940.53 0.573.663.40â€”7.02rcsOO21

24.89 4.80â€”22.21 1.940.47 0.444.704.41â€”6.23rcsOO31

25.21 5.18â€”11.57 1.620.33 0.354.764.63+2.71rcsOO41

24.28 4.36+21
.99

2.130.55 0.543.623.94+9.02rcsOO51

24.47 4.77+71
.47

1.530.37 0.393.973.92â€”1.26Mean1

24.58
Â±0.46

4.57 Â±0.550.4
Â±5.44.14 Â±0.5

4.06Â±0.5â€”1
.64 Â±6

TABLE 2
AnalysesofTime-ActivityCurvesof@ 1C-raclopndein Basal

Ganglia for Studies 1 and 2

unchanged â€œC-raclopride which also led to a 6% change
in the distribution volume in CBL. In this respect, the use
of the ratio of the distribution volume in BG to that in
CBL compensates for global changes in ligand uptake.
Even though one individual showed a variation of 9% for
the model parameter representing Bm@,JK@(DV BG/DV
CBL), the test-retest changes were in both directions,
with an average test-retest group variability of â€”1.6%.
Because in an actual test situation (where an intervention
is applied to change dopamine concentration) the changes
will presumably occur in the same direction, the average
test-retest group variability can be used to compare the
group effects of the intervention.

Animal studies have demonstrated the sensitivity of
â€œC-raclopnide to pharmacological interventions that

change intrasynaptic dopamine concentration (6â€”10).How
ever, the stability of â€˜1C-raclopridebinding when no inter
ventions are made suggests that it is not sensitive to normal
day-to-day fluctuations of the intrasynaptic concentration
of dopamine. Its stability in humans makes it a potentially
useful tracer for the investigation of changes in intrasyn
aptic dopamine brain concentration secondary to pharma
cological and/or behavioral interventions. However, its sen
sitivity both to decreases as well as increases in dopamine
concentration and dose response needs to be investigated.

In contrast to the stability of the measures in a given
individual, there was considerable intersubject variabil
ity. Of particular interest is the variability in the rate of
â€˜1C-racloprideclearance throughout the scanning period.
The mechanisms that account for differences in rate of
â€˜1C-raclopnide clearance among individuals should be in
vestigated to determine if this reflects differences in rate
of dopamine release, blood flow, rate of free versus non
specific and specifically bound ligand, differences in met
abolic pattern of the ligand and/or differences in plasma
delivery of ligand. We have observed a similar degree of
intersubject variability in the rate of clearance of â€˜1C-
raclopnde in the baboon brain.

per gram of tissue) in BG and CBL were not significantly
different between the two studies and corresponded in
BG: study 1: 1.84 Â±0.03; study 2: 1.83 Â±0.2 and in CBL:
study 1: 0.45 Â±0.1; study 2: 0.46 Â±0.1. The average
group value for the ratio of the DV in BG to that in CBL
was forstudy1:4.14Â±0.5and forstudy2:4.06Â±0.5.
Average percent change was â€”1.6%Â±6% and the intra
class correlation corresponded to r = 0.85.

DISCUSSION

This study shows that measurements of â€œC-raclopride
in the human brain under conditions of no intervention
are highly reproducible in the same individual on different
days. The stability of â€˜â€˜C-raclopride measurements as
assessed with the BG-to-CBL ratio, and the ratio of the
distribution volume in BG to that in CBL show individual
variations of less than 10%. Although individual values
for the distribution volume in BG were reproducible for
four of the subjects, subject RCSOO2 showed a 16% van
ation. The variation for this subject was, in part, a func
tion of an increase in the plasma concentration of

TABLE 3
Basal Ganglia-to-Cerebellar Ratios for@ 1C-raclopride Uptake and Distribution Volumes for Studies 1 and 2
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In considering these results, one has to realize that the
reproducibility of â€œC-raclopride measurements was dem
onstrated when subjects were tested 24 hr apart at the
same time of day and under the same experimental con
ditions. Repeated measurements at longer time intervals
or at different times during the day may yield different
results. Also, the stability of these measurements in pa
tients with psychiatric and/on neurological disorders may
vary as a function of the disease state and needs to be
investigated.

ACKNOWLEDGMENTS

We thank Astra Research Center for providing samples of
raclopride and nor-raclopride; Dean Wong, MD for providing
the dosimetry data for â€œC-raclopnideand John E. Overall, PhD
for statistical analysis; Robert Carciello and Babe Barrett for
cyclotron operations; Alex Levy, Donald Warner and Naome
Pappas for PET operations; Colleen Shea, Payton King and
Elizabeth Jellett for radiotracer preparation and analysis; Gale
Burr and Kathy Pascani for subject recruitment; Noelwah Ne
tusil and Kari Johannesen for patient care; Donna Russo for
manuscript preparation; and Carol Redvanly for scheduling and
organization. This research was supported in part by the U.S.
Department of Energy under contract DE-ACO2-76CH00016
and NIDA grant no. 5R01-DA06891 and NINDS, NS15638.

REFERENCES
1. Farde L, Ehrin E, Eriksson L, Ctal. Substituted benzamides as ligands for

visualization ofdopamine receptor binding in the human brain by positron
emission tomography. Five NatlAcad Sci 1985;82:8863-8867.

2. Farde L, Wiesel FA, Stone-Elander S, et al. D2 dopainine receptors in
neuroleptic-naive schizophrenic patients; a positron emission tomography
study with 11C-raclopride. Arch Gen Psychiany 1990;47:213â€”219.

3. Brooks Di, Ibanez V, Sawle GV, et al. Striatal D2 receptor status in
patients with Parkinson's disease, striatonigral degeneration and progres
sive supranuclear palsy measured with@ 1C-raclopnde and positron emis
sion tomography. Ann Neurol 1992;31:184â€”192.

4. Seeman P, Grigoriadis DE, NiZnIk HB. Selectivity of agonists and antag

onists at D2 dopamine receptors compared to D1 and S@receptors. Drug
Des' Res 1986;9:63â€”69.

5. Logan J, Dewey SL, Wolf AP, et al. Effects of endogenous dopamine on
measures of â€˜8FN-methylspiroperiodol binding in the basal ganglia: com
parison of simulations and experimental results from PET studies in
baboons. Synapse 1991;9:195â€”207.

6. SeemanP, GuanHC, NIZnikHB. Endogenousdopaminelowersthe
dopamine D2 receptor density as measured by 3H raclopride: implications
for positron emission tomographyof the human brain. Synapse 1989;3:
96-97.

7. Young TL, Wong DF, Goldman S, et al. Effects ofendogenous dopamine
on kineticsof 3H-N-methylspiperoneand 3H-raclopridebindingin the rat
brain. Synapse 1991;7:188â€”194.

8. Ross SB, Jackson DM. Kinetic properties of the accumulation of 3H

raclopride in the mouse in vivo Naunyn-Schmied. Arch Pharmacol 1989;
340:6â€”12.

9. Inoue 0, Kobayashi K, Tsukada H, Itoh T, Langstrom B. Difference in in
vivo receptor binding between 3H-N-methylspiperone and 3H-raclopride
in reserpine-treated mouse brain. I Neural Tmnsm 1991;85:1-10.

10. Dewey SL, Smith 0, Logan J, et al. GABAergic inhibition of endogenous,
dopamine release measured in vivo with â€œC-racloprideand positron
emission tomography. I Neuroscience 1992;12:3773-3780.

11. Innis RB, Malison RT, A1-Tikrity M, et al. Amphetamine-stimulated

dopamine release competes in vivo for @I-IBZMbinding to the D2
receptor in nonhuman primates. Synapse 1992;10:177-184.

12. Kearfott KS, Rouenberg DA, Knowles RJR. A new headholder for PET,

cr andNMRimaging.I ComputAssistTomogr1984;8:1217-1220.
13.FardeL, HallH, EhrinE, SedVaII0. Quantitativeanalysesof D2do

pamine receptor binding in the living human brain by positron emission
tomography. Science 1986;231:258-260.

14. Bendriem B, Dewey SL, Schlyer DJ, WolfAP, Volkow ND. Quantitation
ofthe human basal gangliawith positron emission tomography: a phantom
study of the effect of contrast and axial positioning. IEEE Trans Med
Imag 1991;10:216â€”222.

15. Blinkov SM, Glazer II. Thehumanbrain in figwiesand tables.A quan
titative handbook New York: Plenum. 1968:166-170.

16.LoganJ,FowleriS, VolkowND,etal.Graphicalanalysesof reversible
radioligand binding from time activity measurements applied to N-â€•C
methyl-(-) cocaine PET studies in human subjects. I Cereb Blood Flow
Metab 1989;10:740â€”747.

17. Holthoff VA, Koeppe RA, Frei KA, Paradise AH, Kuhl DE. Differenti
ation of radioligand delivery and binding in the brain:validation of a two
compartment model for â€œC-flumazenil.I Cereb Blood Flow Metab 1991;
11:745â€”752.

18. Sawada Y, Hiraga S, Francis B, et al. Kinetic analysis of 3-Quinuclidinyl

4-I'@1lIodobenzilate transport and specific binding to muscarinic receptor
in rat brain in vivo: implications for human studies. I Cereb Blood Flow
Metab 1990;10:781â€”807.

19. Wong DF, Ojedde A, Wagner HN Quantification ofneuroreceptors in the
living human brain. I. Irreversible binding ofligands.JCeieb BLOOdFlow
Metab 1986;6:136-146.

20.HaggardEA.Intraclasscotrelationandtheanalystsof variance.New
York: Dryden Press; 1958.

21. Winer Si. Statisticalprinc4ples in experimental des4gn. New York: Mc

Graw-Hill; 1972.

613Reproducibility of@ 1C-Raclopride in Human Brain â€¢Volkow et al.


