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hanges in serotonin transporter function have been
implicated in a variety of neuropsychiatric disorders includ
ing major depression (1,2), Parkinson's disease (3,4), and
Alzheimer's disease (5). Moreover, the serotonin transporter
(5-HTT) is the primary site of action of several antidepres

sant drugs, including the so-called selective serotonin reup
take inhibitors (6).

2-@3-carbomethoxy-3-@3-(4-iodophenyl)-tropane (CIT) is a
cocaine derivative with high affinity for the dopamine
transporter (DAT) (7) as well as for 5-HTT (8). [â€˜23I]@3-CIT
has been shown to visualize DATs and 5-HTTs in rodent (9),
monkey (10â€”12),and human brains (13â€”15).In vivo displace
ment studies in primates have shown that striatal (3-CIT
binding is mainly associated with DAT, whereas binding in
the hypothalamus and midbrain is mainly associated with
5-HTF (10, 12). In an autoradiographic study of the postmor
tem human brain, [â€˜@I](3-Cffbinding in the thalamus,
hypothalamus, and midbrain, with the exception of the
substantia nigra, could be completely displaced by addition
of the selective serotonin reuptake inhibitor citalopram,
indicating that (3-CIT binding in these areas is almost
exclusively to 5-HTTs (16). Because ofthe different localiza
tion of DATs and 5-HTFs, the possibility of studying both
transporter types using (3-CIT as a single ligand has been
suggested (10).

Moreover, a different time course of [â€˜231](3-CITuptake in
the striatum and in 5-HTF-rich regions such as the hypothala
mus and the midbrain has been shown in SPECT studies in
monkeys (10,12) and humans (14,17). Whereas uptake in the
striatum appears to be slow, reaching a maximum approxi
mately 16 h after tracer injection, followed by stable binding
for up to 24 h after injection in humans, peak uptake in the

[1@l]@3-carbomethoxy-3-@3-(4-iodophenyl)-tropane(CIT) is a use
ful ligand for dopaminetransporters(DATs)and serotonintrans
porters(5-HTTs).PreviousSPECTstudieshaveshowna stateof
sustainedequilibriumin the striatumon day 2 after injectionthat
allows quantification of striatal DATs using a simple ratio of
specific-to-nondisplaceable binding. The aim of this study was to
investigate the kinetics of [1@l]@3-ClTuptake in the thalamus,
hypothalamus, and midbrain, areas known to contain 5-HTTs in
high densities.Methods: SPECTwith a triple-headcamerawas
performed on 16 healthy volunteers (I 3 women, 3 men; mean
age [Â±SD],32 Â±11 y) after intravenous bolus injection of 130 Â±
20 MBq (3.5 Â±0.5 mCi) [1@l]@3-ClT.Two individuals were
scanned 1, 2, 4, 7, 10, 13, 16, and 24 h after injection,and the
remainingI 4 were scanned4, 7, 10,20, and 24 h after injection.
Values from I 9 previously examined healthy volunteers (8
women, 11 men; mean age, 52 Â±20 y) were included in the
analysisto study the age dependencyof @3-ClTbindingin stnatal
and 5-HTTâ€”richbrain areas in a largercontrol sample. Results:
Peak uptake 4 h after injection,followedby stable uptake until10
h and a slow decreaseuntil24 h, was observedin the thalamus
hypothalamusregion.Activityinthe midbrainâ€”ponsregionpeaked
2 h after injection. Because of a concomitant slow but steady
declineof uptake in referenceregionsstarting4 h after injection,
a higherstabilityof bindingratiosfor 5-HTTâ€”richbrainareaswas
observed on day 2, suggesting that a state of transient equilib
rium is reached between 20 and 24 h but that conditions are only
close to transient equilibriumbetween 4 and 10 h after injection
for 5-HiTâ€”richbrain areas. In additionto an age-relateddecline
of stnatal [1@l]@3-CITbinding of 6.6% per decade, a significant
age-associated decrease of @3-ClTbinding of 3â€”4%per decade
was found in 5-HiTâ€”richbrain areas. The decline of @3-CIT
binding in these regions may be explained,at least in part, by a
loss of monoamine transporters with age but may also be related
to age-associated morphologic changes. Conclusion: [123l1@@
CIT appears to be a suitable ligand for imaging serotonin
transporters with SPECT. However, careful age matching is
warranted for [1@l]f3-ClTSPECT studies of 5-HTT changes in
patientswith neuropsychiatncdisorders.
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hypothalamus and midbrain was observed approximately 4
h after injection (14,17). Uptake in the occipital cortex and
cerebellum, which are used as reference regions, is fast,
peaking before 1 h after injection and stabilizing approxi
mately 4 h after injection. The stability of (3-CIT uptake in
the striatum and in reference regions on day 2 (from
approximately 18 to 24 h after injection) indicates a state of
sustained equilibrium and allows quantification of striatal
DATs using a simple ratio of specific-to-nondisplaceable
binding (17,18).

Because of relatively stable uptake in the cerebellum and
in 5-HTTâ€”richbrain areas approximately 4 h after injection
(14, 17), we have previously used this time point for
measuring 5-HTFs with [â€˜231](3-CITSPECT, assuming equi
librium conditions for the 5-HTF (19). However, most
subjects in earlier kinetic studies have been scanned only
until 6 or 8 h after injection on the first study day (14,17).
Thus, a possibility remained that maximal uptake in the
hypothalamus and midbrain may be reached at a later time or
that washout more than 4 h after injection may be more
pronounced than expected from previous studies. Moreover,
these studies included only a few subjects.

Our aim in this study was to investigate the kinetics of
[â€˜231](3-CITuptake in 5-HTTâ€”richbrain areas in a larger
group of healthy volunteers and to revalidate our previous
assumption of stable regional uptake in 5-HiTâ€”rich brain
areas approximately 4 h after injection. Moreover, by
including data from previously studied healthy volunteers,
we examined the age dependency of striatal (3-CIT binding
in a larger control sample and investigated possible age
correlations for (3-CIT binding in 5-HTFâ€”richbrain areas.

MATERIALS AND METHODS

Healthy Volunteers
The study was approved by the local ethics committee, and

informed consent was obtained from every healthy volunteer.
Sixteen healthy volunteers (13 women, 3 men; age range, 21â€”60y;
mean age [Â±SD],32 Â±11y) participated. They were examined by
an experienced psychiatrist using a structured clinical interview to
exclude any present or past neuropsychiatric illness and abuse of
alcohol or illicit drugs. Additionally, a history negative for psychi
attic disease in first-degree relatives was required. Physical exami
nation showed normal findings in all participants, and no history of
any serious medical condition was reported. No individuals were
taking prescribed medication, with the exception of oral contracep
tives in 6 women.

To study the age dependency of @3-Cffbinding in striatal and
5-HTTâ€”richbrain areas in a larger control sample, values from 19
previously studied subjects (8 women, 11men; age range, 24â€”71y;
mean age, 52 Â±20 y) were included in the analysis. Mean age was
not significantly different between women and men for the
combined control group of 35 subjects (44 Â±4 y for women versus
42 Â±5 y for men). The historicalcontrol group consistedof 13
healthy volunteers and 6 patients with peripheral neurologic
disorders. None of the healthy volunteers or patients with periph
eral neurologic disorders had a history of present or past psychiatric
disease or drug abuse. The healthy volunteers did not take any
prescribed medication. The patients did not take antidepressants or

other drugs known to interact with (3-CITbinding to dopamine or
serotonin transporters. The results from 13 subjects from this
historical control group were reported previously (20).

Radiopharmaceutical Preparation
[1231]f3-CITwas synthesized according to the method of Neum

eyer et al. (8), with several modifications that were described
earlier (14).

DataAcquisition
After blockade of thyroid uptake with 600 mg sodium perchlor

ate orally 30 mm before tracer application, the healthy volunteers
received a mean dose of 130 Â±20 MBq (3.5 Â±0.5 mCi) (range,
89â€”167MBq[2.4â€”4.5mCi])[1231](3-CITintravenouslyasasingle
bolus. SPECT was performed using a triple-head rotating scintilla
tion camera (Multispect 3; Siemens, Knoxville, TN) with a
resolution of 9 mm full width at half maximum in the transaxial
plane. Camera heads were equipped with medium-energy collima
tors. To ensure consistency in positioning for repeated scans, each
subject's head was placed in the head holder by means of a laser
beam system with the infraorbitomeatal plane aligned perpendicu
lar to the rotational axis. A chin strap was used to minimize head
movement during scanning. Two individuals were repeatedly
scanned with image acquisition starting 1, 2, 4, 7, 10, 13, 16, and
24 h after injection. The remaining 14 individuals were repeatedly
scanned with image acquisition starting 4, 7, 10, 20, and 24 h after
injection. For each scan, a total of 180 frames were collected in a
step-and-shoot mode. SPECT lasted 20 mm (20 s per frame) for
data acquisitions starting up to 10h after injection and 40 mm (40 s
per frame) for data acquisitions starting later.

The injected dose in the historical control group (n = 19) was
slightly higher(mean, 147 Â±31 MBq [4.0 Â±0.8 mCi] [1231](3-CIT;
range, 97â€”222MBq [2.6â€”6mCi]). Fifteen subjects of this group
had been scanned at 4 h after injection; 16 subjects, at 20 h; and 7
subjects, at 24 h.

DataAnalysis
Cross sections 3.5 mm thick and oriented parallel to the

canthomeatal plane were reconstructed by filtered backprojection
(Butterworth filter; cutoff frequency, 0.7; order, 7) in 128 X 128
matrices. Attenuation correction was performed assuming uniform
attenuation within an ellipse drawn around the head contour
(attenuation coefficient, 0.120/cm). Circular regions of interest
(ROIs) were placed in the midline in areas corresponding to the
thalamus and hypothalamus (32 pixels each), midbrain (26 pixels
each), and pons (21 pixels each). Irregular ROIs were drawn in
areas corresponding to the left and right striatum (40 pixels each),
in the frontal and occipital cortex at the level of maximal striatal
binding (180 pixels each), and in the left and right cerebellar
hemispheres (60 pixels each). All ROIs were drawn with the help of
a brain atlas by a single examiner. Values of the 4 circular midline
ROIswith thehighestcountingrate(usuallyfrom 1 slice below the
maximum of striatal binding downward, the area corresponding to
thalamus and hypothalamus) were pooled to form a thalamus
hypothalamus region. Valuesof the next 6 midline ROIs below (the
area corresponding to midbrain and pens) were pooled to form a
midbrainâ€”pensregion, and the average counts per pixel were
calculated. Counts in striatal regions were calculated in several
consecutive single-slice views, and the values of the slices with the
highest counting rate for each striatum were used to avoid tilting
errors. Activities from 3 adjacent frontal and 3 adjacent occipital
cortex ROIs at the level of maximal striatal binding were pooled.
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The values of both cerebellar ROIs in 3 consecutive axial slices of
maximal cerebellar activity were averaged.

Brain regional uptake was calculated as cpm/MBq injected dose,
corrected for decay and body mass (cpm/pixellMBq X kg).
Individual washout rates (%/h) between 4 and 10 h after injection
and between 20 and 24 h after injection were calculated as
f(uptakeIo@,/uptake4h)minus I) x 100/6 and ((uptake 2@,,/uptake@,,)
minus I) x 100/4. Cerebellar activity was assumed to represent
nonspecific bound and free activity, because the density of DATs
and 5-HiTs in the cerebellum is known to be low (21,22). Ratios
between mean counts in target regions (striatum, thalamus, and
hypothalamus; midbrain and pens; frontal cortex) and the cerebel
lum were calculated. These ratios minus I represent specific-to
nondisplaceable binding and are assumed to be directly related to
thebindingpotentialat the timeofbindingequilibrium(17,18).

Statistical Analysis
Descriptive statistical analyses were performed on the calculated

washout rates of brain regional uptake between 4 and 10 h after
injection and 20 and 24 h after injection. Likewise, descriptive
statistical analyses were performed on the calculated specific-to
nondisplaceable binding ratios. The results are expressed as
mean Â±SD. Washout rates for the cerebellum and occipital cortex
were compared using an unpaired, 2-tailed Student t test. A possible
age dependency of [â€˜231fl3-Cffbinding in the striatum (striatum-to
cerebellum ratio minus 1at 20 h after injection) and in 5-HT1.'â€”rich
brain areas (thalamusâ€”hypothalamus-to-cerebellumand midbrain
pens-to-cerebellum ratios minus 1at 4 and 20 h after injection) was
examined separately for this study population and for the combined
control group. Because the control group of this study included
only two older individuals, the Spearman rank correlation was used
to rule out any leverage effects by so-called influential points. The
Pearson product moment correlation and linear regression analyses
were used for the combined control group, which included this
group and the 19 individuals previously studied. All statisti
cal analyses were performed using version 7.5 SPSS software
(SPSS, Inc., Chicago, IL). P < 0.05 was considered statistically
significant.

RESULTS

Kinetic Study
Figure 1 shows timeâ€”activity curves of regional brain

uptake in 2 healthy volunteers scanned repeatedly from 1 to
24 h after injection of 130 MBq (3.5 mCi) [1231](3-CIT.
Striatal uptake increased until 16 h after injection. Uptake in
the thalamusâ€”hypothalamus region reached a maximum 4 h
after injection and remained stable until 10 h after injection.
Activity in the midbrain and pons peaked 2 h after injection
and remained relatively stable until at least 10 h after
injection. Frontal and occipital cortex timeâ€”activity curves
were similar. A steep decrease in cortical uptake between 1
and 2 h after injection was followed by a moderate decline
between 2 and 4 h and relatively stable binding thereafter.
Cerebellar uptake decreased moderately between 1 and 2 h
after injection and then paralleled the cortical uptake curves.

Figure 2 shows the time course of averaged regional
[1231](3-CITuptake in the remaining 14 healthy volunteers,
studied from 4 to 24 h after injection. A plateau of binding
between 4 and 10 h after injection, followed by a slow
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FIGURE 1. Timeâ€”activitycurvesof averagedbrain regional
uptake from 1 to 24 h after injectionof 130 MBq [1@l]@3-CITin 2
healthyvolunteers.Striataluptakeincreaseduntil 16h. Uptakein
thalamusâ€”hypothalamusregion peaked 4 h after injection and
remainedstable until 10 h. Midbrainand pens activity peakedat
2 h and remained relatively stable until at least 10 h. Steep
decreasein corticaluptakebetween1 and 2 h after injectionwas
followed by moderate decline between 2 and 4 h and relatively
stable binding thereafter. Cerebellar uptake decreased moder
ately between 1 and 2 h after injection and then paralleled
occipitaluptakecurve.p.i. = after injection.

decrease thereafter, was seen in the thalamus and hypothala
mus. A slow but steady decline of uptake was evident
in the brain stem, cortex, and cerebellum starting 4 h after
injection.

Table 1 gives mean washout rates of brain regional uptake
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FIGURE 2. Timeâ€”activitycurvesof averagedbrain regional
uptakefrom 4 to 24 h after injectionof 130 MBq [1@lJ@3-CITin 14
healthy volunteers. Plateau of uptake between 4 and 10 h in
thalamus and hypothalamus was followed by slow decrease.
Slow but steady decline of uptake was evident in brain stem,
cortex, and cerebellum starting 4 h after injection. p.i. = after
injection.
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Region 4â€”10h afterinjection20â€”24 h afterinjection*Striatum

â€¢ +6.1 Â±1.7(+3.7 to +8.7)â€”1 .1 Â±1.2 (â€”3.1to+2.4)Thalamusâ€”hypothalamus
â€”0.5Â±1.3(â€”2.9to +2.1)â€”2.9 Â±1.8(â€”5.8to0.0)Midbrainâ€”pons
â€”1.7Â±1.4 (â€”4.5to +1.3)â€”2.9 Â±2.5 (â€”7.2to +1.7)Frontalcortex
â€”3.2Â±1.5(â€”5.3to +0.5)â€”3.5 Â±1.5(â€”5.5toâ€”1.1)Occipital

cortex â€”3.0Â±1.4 (â€”5.0to â€”0.7)â€”3.3 Â±2.4 (â€”6.4to+0.6)Cerebellum
â€”3.5Â±1.5(â€”5.3to â€”0.9)â€”3.9 Â±1.4(â€”6.6toâ€”2.2)*lfl

twosubjects,washoutbetween16 and24hafterinjection.Values
aremeanÂ±SD(range)ofpercentagewashoutperhour.

Region4
hafter

injection10
h after

injection20
hafter

injection*24
hafter

injectionStriatum3.3

Â±0.7 (2.5â€”5.0)6.6 Â±1.0(5.0â€”9.1)9.9 Â±1.4 (7.7â€”13.0)11.4 Â±1.7(8.2â€”16.1)Thalamusâ€”hypothalamus1
.67 Â±0.27 (1.25â€”2.36)2.32 Â±0.33(1.81â€”2.82)2.61Â±0.29(2.05â€”2.96)2.74Â±0.42(1.86â€”3.47)Midbrainâ€”pons0.91

Â±0.11 (0.76â€”1.05)1.19 Â±0.18 (0.82â€”1.43)1.27 Â±0.24 (0.91â€”1.59)1.36 Â±0.27(0.98â€”1.87)Frontal
cortex0.21 Â±0.08 (0.06â€”0.40)0.26 Â±0.11(0.12â€”0.52)0.24Â±0.08(0.10â€”0.39)0.26Â±0.14(0.07â€”0.51)*Values

from14individuals.Values
aremeanÂ±SD(range)oftargetregion-to-cerebellumratiosminus1.

TABLE I
Washout Rates of Brain Regional Uptake of [123l]@3-ClTin 16 Healthy Volunteers

between 4 and 10 h after injection and between 20 and 24 h
after injection. Table 2 gives mean striatum-to-cerebellum,
thalamusâ€”hypothalamus-to-cerebellum, midbrainâ€”pons-to
cerebellum, and frontal cortex-to-cerebellum ratios minus 1.
Whereas the average changes in thalamusâ€”hypothalamus
and midbrainâ€”ponsuptake between 4 and 10 h after
injection were low (â€”0.5% Â±1.3%/h and â€”1.7% Â±1.4%/h,
respectively), washout in the occipital cortex and in the
cerebellum (â€”3.0% Â± 1.4%/h and â€”3.5% Â± 1.5%/h,
respectively) was slightly more pronounced. Consequently,
the thalamusâ€”hypothalamus-to-cerebellum and midbrain
pons-to-cerebellum ratios minus 1 increased by 6.8% Â±
3.0%/h and 5.5% Â± 3.9%/h, respectively. Because of
relatively higher washout rates in the thalamusâ€”hypothala
mus and brain stem from 20 to 24 h after injection
(â€”2.9% Â±1.8%/h and â€”2.9%Â±2.5%/h, respectively) and
comparable cerebellar washout during this period, the
thalamusâ€”hypothalamus-to-cerebellum and midbrainâ€”pons
to-cerebellum ratios minus 1 increased at lower rates from
20 to 24 h after injection (by 1.5% Â±3.6%/h and 2.5% Â±
5.3%/h, respectively). Uptake in the striatum was relatively
stable between 20 and 24 h after injection (â€”1.1% Â±
1.2%/h), but the moderate degree of washout in the cerebel
lum (â€”3.9%Â±l.4%/h)led to an increase in the sthatum-to
cerebellum ratio minus 1 of 3.8% Â±1.8%/h.

No statistically significant difference between washout in
the cerebellum and washout in the occipital cortex was seen
from 4 to 10 h after injection (â€”3.5% Â± 1.5% versus

â€”3.0% Â± 1.4%/h, respectively) or from 20 to 24 h after
injection (â€”3.9% Â± 1.4% versus â€”3.3% Â± 2.4%/h,
respectively).

Age Dependency of [1@l]@3-ClTBinding
A negative correlation between age and the striatum-to

cerebellum ratio minus 1 was seen only at 20 h in this study,
which included only 2 older individuals (rank correlation
coefficient Er,] = â€”0.51; P = 0.061). A significant negative
correlation was found between age and the thalamus
hypothalamus-to-cerebellum ratio minus 1 at 4 h after
injection (r, = â€”0.53;P = 0.035). No significant correla
tions between age and the thalamusâ€”hypothalamus-to
cerebellum ratio minus 1 at 20 h after injection and the
midbrainâ€”pons-to-cerebellum ratio minus 1 at 4 and 20 h
after injection were observed (thalamusâ€”hypothalamus 20 h
after injection, r, = â€”0.05;brain stem 4 h after injection,
r@= â€”0.01;brain stem 20 h after injection, r5 = â€”0.05).

Table 3 shows the mean striatum-to-cerebellum, thalamus
hypothalamus-to-cerebellum, and midbrainâ€”pons-to-cerebel
lum ratios minus 1 in the combined control group. A highly
significant age-related decline in striatal [1231](3-CITbinding
was evident (Fig. 3). The striatum-to-cerebellum ratios
minus 1 at 20 h after injection ranged from 5.7 to 13.0
(mean, 8.6 Â±1.8). Regression analysis revealed a decrease
of 35.8% over the age range of 21â€”75y, or 6.6% per decade.
A significant age-related decrease in binding was found as
well in the thalamusâ€”hypothalamus region at 4 and 20 h after

TABLE 2
[123l](3-CITBinding Ratios in 16 Healthy Volunteers
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Region4
h afterinjection

(n = 31)20
h afterinjection

(n = 30)24
h afterinjection

(n =23)Stnatum3.1

Â±0.6 (2.0â€”5.0)8.6 Â±1.8(5.7â€”13.0)10.6 Â±2.2(5.9â€”16.1)Thalamusâ€”hypothalamusI
.59 Â±0.28 (1.03â€”2.38)2.28 Â±0.42(1.58â€”2.96)2.56 Â±0.56(1.25â€”3.47)Midbrainâ€”pons0.88

Â±0.14 (0.56â€”1.10)1 .15 Â±0.25 (0.60â€”1.59)1 .29 Â±0.32(0.57â€”1.87)Values

aremeanÂ±SD(range)of targetregion-to-cerebellumratiosminus1.

TABLE 3
[1231]f3-CITBinding Ratios in Combined Control Group

injection (3.9% and 3.2% per decade, respectively) (Figs. 4A
and B). A significant age-related decrease in (3-CIT binding
of4.5% per decade was observed in the brain stem 20 h after
injection (Fig. 5B). Only a trend for an age-related decrease
(3.1% per decade) in binding in the midbrain and pons was
found 4 h after injection (Fig. 5A).

DISCUSSION

Kinetics of [@l]ftCIT Binding in 5-HTTâ€”RIchBrain Areas
[â€˜231](3-CITis a high-affinity ligand for both dopamine

and serotonin transporters (7,8). Studies have shown that
(3-CIT binding in the striatum is almost exclusive to DATs
whereas binding in the hypothalamus and midbrain is
mainly associated with 5-HTF (10,12,16,19). Kinetic stud
ies have shown a different time course of [t23I](3@CITuptake
in the striatum and in 5-HTTâ€”rich brain areas (14,17).
Whereas uptake in the striatum appears to be slow, reaching
a maximum approximately 16 h after injection, followed by
stable binding for up to 24 h after injection, peak uptake in
the hypothalamus and midbrain occurs approximately 4 h
after injection. Uptake in the occipital cortex and in the
cerebellum, which are used as reference regions, is fast,
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peaking before 1 h after injection and stabilizing approxi
mately 4 h after injection (14,17). The stability of (3-CIT
uptake in the striatum and in reference regions on day 2 after
injection indicates a state of binding equilibrium and allows
for quantification of striatal DATs using a simple ratio of
specific-to-nondisplaceable binding (17,18).

A period of stable (3-CIT uptake approximately 4 h after
injection was observed in 5-HTFâ€”nch brain areas in previ
ous studies (14, 17). Because uptake appeared to be rela
tively stable at 4 h in reference regions as well, we have used
4 h after injection as the time point for measuring 5-HTTs
with [â€˜231}(3-CITSPECT, assuming equilibrium conditions
for the 5-HTT (19). However, few subjects were included in
these kinetic studies, and data were available only up to 8 h
after injection on the first study day (14, 17). A major finding
of the kinetic study that we are now reporting was a
remarkable stability of (3-CIT uptake in the thalamus
hypothalamus area from 4 to 10 h after injection, followed
by a steady but slow decrease until 24 h after injection.
Activity in the midbrain and pons peaked 2 h after injection,
remained relatively stable until 10 h, and washed out at
slightly higher rates on day 2. A slow but steady decline of
uptake was evident in cortical areas and in the cerebellum
starting 4 h after injection. Because of slightly more
pronounced washout in the cerebellum than in the thalamus
hypothalamus and midbrainâ€”pons between 4 and 10 h after
injection, the thalamusâ€”hypothalamus-to-cerebellum and
midbrainâ€”pons-to-cerebellum ratios minus 1 increased by
6.8% Â±3.0%/h and 5.5% Â±3.9%/h, respectively. Because
of relatively higher washout rates in the thalamus
hypothalamus and brain stem from 20 to 24 h after injection
and comparable cerebellar washout during this period, the
thalamusâ€”hypothalamus-to-cerebellum and midbrainâ€”pons
to-cerebellum ratios minus 1 increased at lower rates from
20 to 24 h after injection (by 1.5% Â±3.6%/h and 2.5% Â±
5.3%/h, respectively). This finding suggests that despite

stable uptake in the thalamus, hypothalamus, and brain stem
between 4 and 10 h after injection, conditions may be closer
to a state of transient equilibrium (23) between 20 and 24 h
after injection than between 4 and 10 h after injection for
5-HTFâ€”richbrain areas. Another method of estimating the
binding potential at true equilibrium is to measure the ratio
of specific-to-nondisplaceable binding at the peak uptake of
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FIGURE 3. Correlationbetween stnatal [1@l1@3-ClTbinding
(striatum-to-cerebellumratio minus 1 at 20 h after injection)and
age in 30 healthy volunteers.Striatum-to-cerebellumratio minus
1 = â€”0.0674x age + I 1.576; r = â€”0.736;P = 0.0001.
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FIGURE 4. (A) Correlationbetweenage and [1@l]f3-ClTbindingin thalamusand hypothalamus(thalamusâ€”hypothalamus-to
cerebellum ratio minus 1) 4 h after injection in 31 healthy volunteers. Thalamusâ€”hypothalamus-to-cerebellum ratio minus 1 =
â€”0.0066x age + 1.846; r = â€”0.395;P = 0.028. (B) Correlationbetweenage and [1fll]I3@ClTbindingin thalamusand hypothalamus
20 h after injectionin 30 healthy volunteers.Thalamusâ€”hypothalamus-to-cerebellumratio minus I = â€”0.0112x age + 2.781 ; r =
â€”0.512;P= 0.004.
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specific binding, as defined by subtraction of uptake in the
reference region from uptake in the target region (24). The
peak of specific (target minus cerebellum) uptake in 5-HTT
rich brain areas in our group of healthy volunteers varied
between 4, 7, and 10 h after injection. Because a proper
identification of the peak of specific uptake is required for
the peak-equilibrium analysis, the kinetic profile of [l23I](3@
CIT in 5-HTFâ€”rich brain areas does not seem to be
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compatible with this method. In a previous study, we
compared (3-CIT binding in the thalamusâ€”hypothalamus
area in depressed patients treated with the selective seroto
rnn reuptake inhibitor citalopram with a group of healthy
volunteers of comparable age and could show a highly
significant binding reduction in the patients (19). A parallel
time course of tracer uptake was observed in patients and
healthy volunteers, both studied 2, 4, 16, 20, and 24 h after
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FIGURE5. (A)Correlationbetweenageand[1ml]@3@ClTbindinginmidbrainandpons(midbrainâ€”pons-to-cerebellumratiominus1)4
h after injection in 31 healthyvolunteers.Midbrainâ€”pons-to-cerebellumratio minus 1 = â€”0.0029x age + 0.995; r = â€”0.342;P =
0.06. (B) Correlation between age and [1@l]@3-ClTbinding in midbrain and pens 20 h after injection in 30 healthy volunteers.
Midbrainâ€”pons-to-cerebellumratio minus 1 = â€”0.00585x age + 1.412; r = â€”0.449;P = 0.013.
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injection, with maximum binding 4 h after injection and
slightly lower uptake on day 2. The binding reduction of
[â€˜231](3-CITin the thalamusâ€”hypothalamus area in patients
treated with citalopram was virtually the same at 4 and 20 h
after injection (thalamusâ€”hypothalamus-to-cerebellum ra
tios minus 1, â€”47%versus â€”45%,respectively) (19). This
finding suggests that both time points are feasible for the
measurement of 5-HiTs with [â€˜231](3-CITSPECT.

Kinetics of [1231]f3-CITBinding in Striatum
Our finding of stable uptake in the striatum between 20

and 24 h after injection (washout rate, â€”1. 1% Â±1.2%/h) is
in line with the results of previous studies (1 7,18). However,
the moderate degree ofwashout in the cerebellum (â€”3.9% Â±
1.4%/h) in this study led to a 3.8% Â±1.8%/h increase in the
striatum-to-cerebellum ratio minus 1. In comparison, van
Dyck et al. (18) reported a remarkable stability in [t23i](3@
CIT uptake in the striatum (average change, 0.29%/h) and
occipital cortex (average change, â€”1. 19%/h) between 18
and 24 h after injection, resulting in an average 1.72%/h
increase in the ratio of specific-to-nondisplaceable binding.
Stable occipital uptake and stable plasma concentrations of
[â€˜231](3-CITwith a decline of less than 1%/h were observed
between 4 and 8 h after injection in 5 healthy volunteers by
Laruelle et al. (1 7). In contrast to these workers, we have
used the cerebellum as a reference region because the
density of DATs and 5-HTTs in the cerebellum are known to
be negligible whereas 5-HTTs are prevalent in low densities
throughout the cerebral cortex (16,21).

Washout rates in the cerebellum were not significantly
different from those in the occipital cortex. Thus, use of the
cerebellum as opposed to the occipital cortex as a reference
region cannot alone account for the lower stability of the
specific-to-nondisplaceable ratios. One possible explanation
for the higher washout in the reference regions may be much
lower administered doses of radiotracer than those used by
van Dyck et al. (18) (average, 130 versus 366 MBq).
Biodistribution studies in healthy volunteers showed high
initial uptake in the lung, with subsequent distribution to the
liver, intestine, and brain (25). One could therefore speculate
that a higher injected dose may result in protracted redistri
bution of the tracer from extracerebral compartments to
plasma and brain, resulting in prolonged stability of tracer
uptake in reference regions. In practical terms, the instability
of the ratios of specific-to-nondisplaceable binding indicates
that measurements should be performed at one specific time
and not within a longer window, e.g., between 18 and 24 h
after injection. Even the low washout rates in the occipital
cortex reported by van Dyck et al. (18) would lead to an
average increase of 10% in the specific striatum-to
cerebellum ratio from 18 to 24 h after injection.

Effects of Normal Aging on [1@I](3-ClTBinding
Our data from a larger control sample show a highly

significant reduction of striatal [â€˜231](3-CITbinding with age.
The striatum-to-cerebellum ratios minus 1 at 20 h after
injection decreased by 35.8% over the age range of 21â€”75y,

or 6.6% per decade. This finding is in line with the results of
previous PET and SPECT studies (18,26â€”28).The rate of
decline of striatal binding is similar to the rates observed
with [â€œC}cocaineand PET (7% per decade) (27), [â€œC]d
threo-methylphenydate and PET (6.6% per decade) (28),
and another SPECT study using [â€˜231](3-CIT(8% per decade)
(18). Postmortem studies have consistently shown age
related reductions of striatal dopamine transporters (29â€”31)
and of the content of dopamine transporter mRNA in the
substantia nigra (32), suggesting that the reduction of striatal
(3-CIT binding shown by in vivo studies in fact reflects a loss
of striatal dopamine transporters with age. The age-related
decline of striatal dopamine transporter binding found in this
study and in previous in vivo studies is slightly larger than
the estimated age-related decline of dopaminergic neurons
in the normal substantia nigra (4.7% per decade) (33). This
finding agrees with in vitro studies showing that the decline
of dopamine transporter mRNA with age appears to exceed
the rate of dopamine cell loss in the substantia nigra (32).

In addition to a decline in striatal (3-CIT binding, a
significant age-related decrease was found in 5-HiTâ€”rich
brain areas. Thalamusâ€”hypothalamus-to-cerebellum ratios
minus 1 decreased by 3.9% (4 h after injection) and 3.2%
(20 h after injection) per decade. A significant age-related
decline in (3-CIT binding of 4.5% per decade was observed
in the brain stem 20 h after injection. A trend for an
age-related decline (of 3. 1% per decade) in binding in the
midbrain and pons was found 4 h after injection. This
decrease of (3-CIT binding in 5-HiTâ€”rich brain areas may
be explained, at least in part, by an age-related loss of
5-HiTs. However, no consistent age-related changes of
5-HT concentrations or of 5-HiT density have been ob
served in the postmortem human brain (5,34). Thus, when
interpreting our results, one must consider other potential
contributing factors. Recent studies have shown a relatively
high affinity of [â€˜2311(3-CITfor norepinephrine transporters
(NETs) (35). In a PET study in nonhuman primates, 50% of
[â€œC](3-CITbinding in the thalamus could be displaced by
the 5-HiT ligand citalopram. However, a displacement of
about 50% of [â€œC](3-CITbinding in this area was also
observed with the NET ligands desipramine and mazindol.
The combined administration of citalopram and desipramine
reduced binding in the thalamus by about 80%, indicating
that uptake in this area represents binding to both 5-HiTs
and NETs (36). High densities of NETs are present in the
thalamus, hypothalamus, locus coeruleus, and other brain
stem nuclei including the dorsal and median raphae in the rat
brain, whereas NET binding is low in the caudate nucleus
and putamen (37). An autoradiographic study of the postmor
tern human brain using the selective NET ligand [3H]nisox
etine showed a significant age-related decline of NETs in the
locus coeruleus, which is the most important source of
noradrenergic projections to the forebrain (38). Conse
quently, the age-related changes of [â€˜231](3-CITbinding in
the thalamus, hypothalamus, and brain stem evident in
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our SPECT study may be linked to a decline of NETs with
age.

In contrast to NETs and 5-HTTs, which appear to be
widely distributed throughout the brain, DATs seem to be
restricted to the striaturn and the substantia nigra (39). Thus,
DAT binding is unlikely to contribute significantly to (3-CIT
binding in the thalamus and hypothalamus. Based on the
results of two different membrane-binding studies, the ratio
of DATs to 5-HiTs in the substantia nigra would be
approximately 0.3 (21,22), suggesting a minor contribution
of DATs to (3-CIT binding in the midbrain. The age-related
decline of dopaminergic neurons and the even more pro
nounced decline of DAT mRNA in the substantia nigra
(32,33) are likely to be associated with a reduction of DAT
density in the substantia nigra. The age-related decline of
(3-CIT binding in the midbrain may therefore be explained,
at least in part, by a loss of DATs in the substantia nigra. In
light of the overlapping localization of all 3 monoamine
types in the brain stem and of 5-HiTs and NETs in the
thalamus and hypothalamus, the use of selective ligands
would be a clear advantage to elucidate the contribution of
each monoamine transporter type to the observed aging
effects.

Morphologic changes with age are another potential
confounding factor in the interpretation of our results. A
volumetric MM study of healthy male volunteers showed a
significant reduction of the striatum volume with age,
exceeding the age-associated atrophy of the cerebral hemi
spheres (40). A less marked reduction of the thalamus
volume with age was observed in that study. However,
because of the concomitant enlargement of the third yen
tide, a contribution of atrophy to the age-associated decline
of (3-CIT binding in the thalamus and hypothalamus has to
be considered (partial-volume effect). The use of unpaired
circular ROIs for the thalamus and hypothalamus in that
study may not be optimal because of the inclusion of the
third ventricle. However, because of the limited spatial
resolution of SPECT, the use of paired ROIs for these areas
cannot overcome the problem of partial-volume effects
caused by ventricular enlargement. Future studies with MRI
coregistration and the use of functional imaging systems
with higher spatial resolution may be able to overcome these
limitations.

CONCLUSION

[â€˜23I](3-CITis a useful ligand for imaging serotonin
transporters with SPECT. The high stability of specific-to
nondisplaceable binding ratios in 5-HiTâ€”rich brain areas
between 20 and 24 h after injection suggests that 5-HiTs can
be imaged under conditions of transient equilibrium during
this period. The age-associated decrease of (3-CIT binding in
5-HiTâ€”rich brain areas indicates that careful age matching
is warranted for [â€˜231](3-CITSPECT studies of changes of
5-HiTs in patients with neuropsychiatric disorders. Studies
using selective ligands should help to clarify to what degree
NETs and DATs contribute to uptake of (3-CIT in 5-HTT

rich brain areas and to the observed effects of aging in these
regions.
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