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Abstract Objectives: The effect of gender and female
menstrual cycle on human striatal dopamine transporters
(DATs) was investigated with single-photon emission computed tomography (SPECT) using the ligand 2β-carbomethoxy-3β-(4-[123I]iodophenyl)tropane. Methods: Ten
female subjects aged 18–40 years (25.3±7.3 years) were
scanned twice during the early follicular and the mid-luteal
phases to detect any hormone-mediated changes in DAT
availability in the striatum or serotonin transporter (SERT)
availability in brainstem–diencephalon. Plasma estradiol
and progesterone levels were obtained at the time of SPECT
and confirmed the expected increases from the follicular to
the luteal phases. Finally, in a post hoc analysis of a
previously published healthy-subject sample, striatal DAT
availability was compared between 70 male and 52 female
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subjects who ranged in age from 18 to 88 years. Results: In
the ten menstrual cycle subjects, DAT availability (V3″) in
striatum and SERT availability in brainstem–diencephalon
did not differ between follicular and luteal phases. Moreover, change in V3″ for striatum or brainstem–diencephalon
was uncorrelated with change in plasma estradiol or
progesterone from the follicular to the luteal phase. In the
larger healthy-subject sample, there was no significant effect
of gender or the interaction of age and gender on striatal
V3″. Conclusions: These findings suggest that in using
DAT or SERT ligands in the study of neuropsychiatric
disorders, matching of female subjects according to a
menstrual cycle phase is unnecessary. Although the
present investigation did not confirm previous reports of
gender differences in striatal DAT availability, controlling
for gender in such studies still seems advisable.
Keywords [123I]β-CIT . Dopamine transporter . Serotonin
transporter . SPECT . Gender . Women . Menstrual cycle

Introduction
A growing body of research has examined the modulation
of brain dopaminergic systems by estrogen and other sex
steroids (for a review, see Di Paolo 1994). A number
of neuropsychiatric disorders thought to be linked to dopaminergic neurotransmission exhibit gender differences
such as Parkinson’s disease (Kuopio et al. 1999), schizophrenia (Seeman 1982), and substance abuse (Brady et al.
1993; Sofuoglu et al. 1999). Moreover, many of these same
disorders may show menstrual cycle effects among female
subjects. For example, the phase of menstrual cycle has
been observed to influence psychotic symptoms in women
with schizophrenia (Seeman 1996) as well as subjective
effects of cocaine in female cocaine users (Sofuoglu et al.
1999).
Whether alterations in specific dopaminergic elements
underlie these clinical phenomena is unclear. Autoradiographic studies in rats with the ligand [3H]GBR-12935
have demonstrated higher striatal dopamine transporter
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(DAT) density in intact females than in males (Morissette
and Di Paolo 1993; Rivest et al. 1995) or ovariectomized
females (Bossé et al. 1997; Morissette and Di Paolo 1993).
Striatal DAT density has also been shown to fluctuate during the female estrous cycle (Morissette and Di Paolo 1993),
with the peaking of the Bmax at proestrus coinciding with
the time of peak levels of striatal dopamine. Conversely,
rodent studies have not shown significant gender differences in adult levels of striatal D1 and D2 receptors
(Andersen et al. 1997). Human postmortem studies of gender differences in DAT and dopamine receptor concentrations are comparatively lacking.
With the advent of functional neuroimaging, it has become possible to probe the effects of hormones on neural
systems in living subjects. Two positron emission tomography (PET) imaging groups have examined the relationship
between female menstrual cycle and one dopaminergic
element—the D2 receptor. Wong et al. (1988) studied
fluctuations of the binding rate constant k3 using (3-N-[11C]methyl)spiperone ([11C]NMSP) in the caudate during the
menstrual cycle in six healthy women. They observed a
trend for a slight increase in k3 between the follicular and the
luteal phases. Nördstrom et al. (1998) examined four healthy
women with [11C]raclopride at two different phases of their
menstrual cycle and found no cycle-dependent variation in
D2 receptor density in the putamen. To date, no study has
investigated the effect of the female menstrual cycle on DAT
availability in humans.
Several previous in vivo imaging studies have explored
the effect of gender on dopamine receptors and DATs. PET
studies that have examined male–female differences in
D2-like dopamine receptor binding potentials or densities
have reported higher values in women in the anterior
cingulate cortex using [11C]FLB 457 (Kaasinen et al.
2001), but not in the striatum using [11C]raclopride (Farde
et al. 1995; Pohjalainen et al. 1998). A number of previous
single-photon emission computed tomography (SPECT)
studies have analyzed the effect of gender on striatal DATs
(van Dyck et al. 1995; Kuikka et al. 1997; Lavalaye et al.
2000; Mozley et al. 2001; Staley et al. 2001) and have
found either no gender differences in DAT availability
(van Dyck et al. 1995; Kuikka et al. 1997) [but greater
spatial heterogeneity of striatal tracer uptake in females
(Kuikka et al. 1997)] or increased DAT binding in women
(Lavalaye et al. 2000; Mozley et al. 2001; Staley et al.
2001).
2β-Carbomethoxy-3β-(4-[ 123 I]iodophenyl)tropane
123
([ I]β-CIT) is a potent cocaine analog with a high affinity
for the DAT (Boja et al. 1991; Carroll et al. 1991) and the
serotonin transporter (SERT) (Neumeyer et al. 1991). In
humans and nonhuman primates, the tracer concentrates
in striatum, diencephalon, and brainstem (Innis et al. 1993;
Laruelle et al. 1993; Seibyl et al. 1994). Pharmacological
characterization of regional [123I]β-CIT uptake has indicated that striatal activity is associated almost exclusively
with DAT, whereas binding in brainstem and diencephalon
is specific for the SERT (Laruelle et al. 1993). [123I]β-CIT
has shown good test–retest reproducibility (Seibyl et al.
1996). As a ligand of DATs, it has shown promise as a

research tool in idiopathic Parkinson’s disease (Innis et al.
1993; Seibyl et al. 1995), cocaine addiction (Malison et al.
1998a), alcoholism (Tiihonen et al. 1995), Tourette’s syndrome (Malison et al. 1995), attention deficit hyperactivity
disorder (ADHD) (van Dyck et al. 2002a), schizophrenia
(Laruelle et al. 2000), and healthy aging (van Dyck et al.
1995, 2002b). As a ligand of SERTs, it has shown additional research potential in depression (Malison et al. 1998b),
cocaine addiction (Jacobsen et al. 2000), alcoholism (Heinz
et al. 1998), and healthy aging (van Dyck et al. 2000). In
clinical research, however, an understanding of the effects of gender and female menstrual cycle on [123I]β-CIT
binding is essential for subject selection and experimental
design.
In the present study, we examined the effect of the
female menstrual cycle phase on DAT availability in the
striatum. Since uptake of tracer in brainstem–diencephalon
is associated primarily with the SERT, we also analyzed the
relationship between menstrual cycle and SERT binding
in this brain region.
Finally, in a larger healthy-subject sample that has been
previously published (van Dyck et al. 2000, 2002b), we
conducted a secondary post hoc analysis of the effect of
gender on striatal DAT availability. The lack of an effect of
gender on central SERT availability by [123I]β-CIT has
been previously reported for this sample (van Dyck et al.
2000) and is not reanalyzed here. Briefly, that analysis
showed that SERT availability in brainstem–diencephalon
declined by 29.5% over the age range 18–88, or approximately 4.2% per decade. However, the addition of
gender (with or without the interaction of age and gender)
did not significantly improve the prediction of V3″ after
controlling for the contribution of age, nor was there an
effect of gender when premenopausal (<50 years) and
postmenopausal age ranges were examined separately.

Methods
Subjects
The primary study population consisted of ten female
subjects aged 18–40 years (25.3±7.3 years; seven Caucasian, two Asian, and one African-American). These subjects participated in a menstrual cycle study in which they
were scanned twice, during the early follicular phase (days
5–7 of the cycle, counting the first day of menses as day 1)
and during the mid-luteal phase (days 4–9 after the
luteinizing hormone (LH) surge, counting the day of the
positive result as day 1). All menstrual cycle subjects had
regular predictable menstrual cycles (varying by 3 days or
less, ranging from 25 to 32 days in duration; 28.9±2.1) and
had not received oral contraceptives or any other hormonal
therapy within the preceding 6 months. They were asked to
keep a careful menstrual calendar and to use a urine LH test
kit (Ovu-Quick; Quidel Corp., San Diego, CA) daily for
several days prior to their anticipated LH surge (beginning
at cycle days 9–11 for the women in this sample, based on
individual cycle length). To avoid a potential order effect,
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SPECT scans were counterbalanced such that approximately half of the subjects were scanned initially during
the follicular phase (six subjects), and the other half was
scanned during the luteal phase (four subjects). Subjects
were scanned during the same or consecutive menstrual
cycles insofar as possible (eight of ten cases). The interscan
interval ranged from 14 to 114 days (35±39). At the time of
follicular- and luteal-phase SPECT (specifically, immediately prior to [123I]β-CIT injection or about 24 h prior to
scanning), blood samples were drawn for measurement of
plasma estradiol and progesterone concentrations by a
double-antibody radioimmunoassay using a commercial kit
(Biodata Corporation, Rome, Italy).
In addition, a larger healthy-subject population published previously (van Dyck et al. 2000, 2002b) was
reanalyzed post hoc for possible gender effects. This secondary population consisted of 122 healthy volunteers (70
males and 52 females) whose ages ranged from 18 to 88
(46±19 years; 101 Caucasians, 10 African-Americans, 8
Asians, and 3 Hispanics). Those subjects who were at least
55 years of age (n=31) were also required to have no
significant evidence of cognitive impairment as indicated
by a Folstein Mini-Mental State Examination (MMSE)
(Folstein et al. 1975) score of at least 27. Those subjects
who were at least 68 years old (n=25) were required to have
a normal brain magnetic resonance imaging (MRI) scan.
No subject was taking medication that is known to affect
the brain dopamine or serotonin systems, and no female
subject was taking oral contraceptives or hormone replacement therapy. The present study population is a subset
of the sample (N=126) in which we previously reported
age-related declines in dopamine (van Dyck et al. 2002b)
and serotonin (van Dyck et al. 2000) transporters using the
same [123I]β-CIT SPECT scans; however, it eliminates
three women from that sample who were receiving hormone replacement therapy and one who was receiving oral
contraceptives.
All subjects underwent a clinical examination by a
research psychiatrist to exclude any neurological or psychiatric disease, alcohol, or substance abuse. Screening
procedures included a physical and neurological examination, electrocardiogram (EKG), serum chemistries, thyroid
function studies, complete blood count (CBC), urinalysis,
and urine toxicology screening. Female subjects of childbearing potential were required to have a negative pregnancy test (serum at screening, urine immediately prior
to tracer injection). Subjects gave written informed consent
to the research protocol approved by the Yale Human
Investigation Committee and conducted in accordance with
the 1964 Declaration of Helsinki.

OH) PRISM 3000 (n=87) or 3000XP (n=35) SPECT
camera equipped with a low-energy, high-resolution
(LEHR) fanbeam collimator (128×128 matrix, 120° angular range, 3° angular step, 40 steps, 36 s/step, 15.5 cm
radius of rotation). In this configuration, the PRISM 3000
acquires images at a reconstructed full width at halfmaximum resolution of 12.3 mm as determined by a 123I
point source in water. Comparability of the two cameras
has been previously confirmed by imaging 26 subjects on
both cameras from a single [123I]β-CIT injection (van
Dyck et al. 2000, 2002b). All of the menstrual cycle
subjects were scanned on the PRISM 3000. Previous
studies have demonstrated that [123I]β-CIT reaches equilibrium binding in the brain by 18–24 h (Laruelle et al.
1994; van Dyck et al. 1995), yielding a simple unitless ratio
of regional radioactivities [V3″ = specific/nondisplaceable
binding = (region−occipital)/occipital] in estimating DAT
number (i.e., Bmax). Prior to scanning, four or five fiducial
markers filled with 5 μCi of Na99mTcO4 were attached to
the skin along the canthomeatal plane to identify this plane
during image analysis.
Images were reconstructed from photopeak counts (159±
16 keV) using standard filtered backprojection methods (Butterworth, power 10, cutoff 0.24 cm−1) and displayed as a 128×128×64 matrix with a voxel size of
2.07×2.07×3.56 mm (15.25 mm3). Subsequent image analysis was performed by an operator who was unaware of
subject demographics. SPECT data were reoriented to
correct for deviations from the canthomeatal plane, as
identified by the fiducial markers. Eight contiguous transaxial slices, with the highest uptakes in brainstem–diencephalon and striatum, respectively, were identified from a
reconstructed midsagittal image and digitally summed to
yield two transaxial slices, each 28.5 mm thick. Attenuation
correction was performed using a Chang zero-order method
(attenuation coefficient μ=0.15 cm−1) within an ellipse
drawn around the skull. Standard region of interest (ROI)
templates for left and right caudate (424 voxels or 6.5 ml
each), left and right putamen (824 voxels or 12.6 ml each),
brainstem–diencephalon (432 voxels or 6.6 ml), and occipital cortex (7,912 voxels or 120.6 ml) [similar to those
previously published (van Dyck et al. 1995, 2000)] were
positioned on the summed slice.
The caudate and putamen may be smaller in females than
in males, as some (Gunning-Dixon et al. 1998), but not all
(Jernigan et al. 1991; Murphy 1985), volumetric MRI
studies have reported. To minimize the effects of group
differences in striatal volume (i.e., greater partial volume
effects in females), smaller ROIs for the caudate and
putamen [96 voxels or 1.5 ml each, as previously published
(Seibyl et al. 1995)] were also analyzed.

SPECT imaging
Statistical analysis
All subjects received a 0.6-g saturated solution of potassium iodide (SSKI) in the 24 h prior to tracer administration. They then received an injection of [123I]β-CIT
(6.0±0.8 mCi; specific activity >5,000 Ci/mmol) followed
23.2±1.8 h later by a 24-min scan with a Picker (Cleveland,

V3″ for striatum, striatal subregions (caudate and putamen), and brainstem–diencephalon was computed without conversion of SPECT counts per minute (cpm) to
absolute units of radioactivity as [(cpm/voxel)region −
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(cpm/voxel)occipital)] / (cpm/voxel)occipital. The effect of
the menstrual cycle phase (follicular vs luteal) on plasma estradiol and progesterone levels and on V3″ in
striatum and brainstem–diencephalon was analyzed by
paired t tests. The relationship between change in hormonal levels and change in V3″ from the follicular to
the luteal phase was examined by Pearson’s product
moment correlation coefficient (r).
The effect of gender on striatal V3″ was then analyzed
post hoc in the previously published sample by analysis of
covariance (ANCOVA), controlling for age which has been
strongly correlated with striatal V3″ in previous studies
with [123I]β-CIT (van Dyck et al. 1995, 2002b). In light of
evidence for different gender effects on DATs in intact vs
ovariectomized female rats (Morissette and Di Paolo
1993; Bossé et al. 1997) and in younger vs older women
(Mozley et al. 2001), separate ANCOVAs were also performed on the pre- and postmenopausal age groups. A
simple age cutoff could not be used for female subjects,
since one premenopausal subject (48 years old) was older
than the two youngest postmenopausal subjects (45 and 48
years old). Premenopausal females were compared to
males who were less than 50 years old, and postmenopausal females to males who were more than 50 years old.
Statistical analyses utilized the SPSS (SPSS Inc., Chicago,
IL) or PASS 2005 (for power calculations; NCSS Inc.,
Kaysville, UT) software packages and employed two-tailed
tests of significance.

Results
Effect of menstrual cycle phase on hormone levels
and [123I]β-CIT binding
Demographic and hormonal data for the ten menstrual
cycle subjects are displayed in Table 1. These subjects’

average cycles ranged from 25 to 32 days. Their early
follicular-phase scans actually occurred on cycle days 5–7,
and their mid-luteal-phase scans on days 4–9 after the LH
surge (or cycle days 19–28). The LH surge for these
subjects, as determined by a urine LH test kit, occurred on
cycle days 12–23. Plasma estradiol levels showed
considerable intersubject variability in both the follicular
[coefficient of variation (CV) 59%] and luteal (CV 40%)
phases. Estradiol levels increased significantly from 39.3
±23.3 pg/ml for the follicular-phase scan to 95.7±38.6 pg/
ml for the luteal-phase scan (t(9)=3.5, p=0.007; paired t
test), although three subjects (1, 5, and 10) exhibited no
increase between follicular and luteal phases. Plasma
progesterone levels similarly demonstrated considerable
intersubject variability in both the follicular (CV 27%) and
luteal (CV 76%) phases. Progesterone levels increased
from 0.4±0.1 pg/ml for the follicular-phase scan to 11.3
±8.6 pg/ml for the luteal-phase scan (t(9)=4.0; p=0.003).
Two subjects (4 and 6) evidenced no luteal-phase rise in
plasma progesterone, suggesting that they had anovulatory
cycles, as occurs in as many as 38% of cycles in young
women (Metcalf and Mackenzie 1980). Therefore, a
separate analysis was performed excluding these two
subjects.
Striatal [123I]β-CIT SPECT data for the ten menstrual
cycle subjects are displayed in Fig. 1. The values of striatal
V3″ ranged from 6.1 to 10.8 (7.7±1.4) for the ten menstrual
cycle subjects (including both scans for each subject).
Mean values of striatal V3″ did not differ between follicular
(7.6±1.6) and luteal (7.8±1.1) phases (t(9)=0.57; p=0.59;
paired t test). When the two subjects with dubious
ovulation were eliminated from the analysis, the result
was the same (follicular, 7.7±1.7; luteal, 7.8±1.2; t(7)=0.24;
p=0.82; paired t test). Moreover, change in striatal V3″ was
uncorrelated with change in plasma estradiol (r=−0.06;
n=10; p=0.87) or progesterone (r=0.10; n=10; p=0.79)
from the follicular to the luteal phase. Finally, when striatal

Table 1 Demographic and hormonal data for female subjects at two phases of menstrual cycle
Follicular scan
Cycle day
Subject
1
2
3
4
5
6
7
8
9
10
Mean
SD

Age
40.0
20.1
20.0
21.0
32.8
18.5
18.5
26.9
31.6
23.8
25.3
7.3

Average cycle
27.0
29.5
30.0
25.0
27.0
30.0
30.0
32.0
30.5
28.0
28.9
2.1

5
7
7
5
7
6
6
5
5
7
6.0
0.9

Estradiol
(pg/ml)
75
35
20
29
84
18
48
20
24
40
39
23

Progesterone
(ng/ml)
0.4
0.3
0.2
0.4
0.2
0.4
0.4
0.4
0.5
0.4
0.4
0.1

LH surge

Luteal scan

Cycle day

Cycle day

14
14
23
15
12
15
19
17
–
15
16.0
3.3

19
20
28
19
19
22
26
26
20
21
22.0
3.4

Estradiol
(pg/ml)
69
92
93
147
82
157
106
50
122
39
96
39

Progesterone
(ng/ml)
15.0
18.7
4.6
0.4
28.2
0.2
11.6
8.1
15.4
10.5
11.3
8.6

Average cycle refers to the subject’s average menstrual cycle length by self-report. Cycle day counts first day of menses as day 1. The date of
LH surge for subject 9 was not recorded
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estradiol (r=−0.18; n=10; p=0.63) or progesterone (r=0.10;
n=10; p=0.79) from the follicular to the luteal phase.
Effect of gender on [123I]β-CIT binding in striatum

Fig. 1 Dopamine transporter (DAT) availability (V3″) in striatum,
as measured by [123I]β-CIT and SPECT in healthy female subjects
(n=10) at early follicular and mid-luteal phases of menstrual cycle.
Circles denote individual subjects; lines link subjects. Mean values
of striatal V3″ did not differ between follicular (7.6±1.6) and luteal
(7.8±1.1) phases (t(9)=0.67; p=0.59; paired t test). When two
subjects with dubious ovulation (denoted by open circles and
dashed lines) were eliminated from the analysis, the results did not
differ

subregions (caudate and putamen) were considered separately, all of these analyses remained insignificant (data
not shown).
Brainstem–diencephalon [123I]β-CIT SPECT data for
the ten menstrual cycle subjects are displayed in Fig. 2. The
values of V3″ for brainstem–diencephalon ranged from 1.9
to 3.3 (2.5±0.4) for the ten menstrual cycle subjects (including both scans for each subject). Mean values of V3″
for brainstem–diencephalon did not differ between follicular (2.5±0.5) and luteal (2.5±0.3) phases (t(9)=0.67;
p=0.52, paired t test). When the two subjects with dubious
ovulation were eliminated from the analysis, the result was
the same (follicular, 2.5±0.5; luteal, 2.5±0.4; t(7)=0.49;
p=0.64; paired t test). Finally, change in V3″ for brainstem–
diencephalon was uncorrelated with change in plasma

Fig. 2 Serotonin transporter (SERT) availability (V3″) in brainstem–diencephalon, as measured by [123I]β-CIT and SPECT in
healthy female subjects (n=10) at early follicular and mid-luteal
phases of menstrual cycle. Circles denote individual subjects; lines
link subjects. Mean values of V3″ for brainstem–diencephalon did
not differ between follicular (2.5±0.5) and luteal (2.5±0.3) phases
(t(9)=0.67; p=0.52; paired t test). When two subjects with dubious
ovulation (denoted by open circles and dashed lines) were eliminated from the analysis, the results did not differ

Figure 3 displays the relationship between striatal V3″ and
age for the previously published healthy-subject sample
(van Dyck et al. 2000, 2002b), with males and females
denoted separately. Since no effect of menstrual cycle was
observed, the ten menstrual cycle subjects were included in
this sample, with each subject’s first scan analyzed (six
follicular and four luteal). Phase of menstrual cycle was not
a criterion of entry for the remaining female subjects and
was not recorded. When the effect of age was controlled
for, striatal V3″ was found to be unrelated to gender
(F(1,121)=0.04; p=0.84; ANCOVA). The effect of age was
significant in the ANCOVA model (t(121)=−9.13; p<0.001).
The interaction of age × gender was not significant
(F(1,121)=0.39; p=0.53), indicating no significant gender
differences in the age-related rate of decline in striatal V3″.
An age-dependent decline was observed for both males (r=
−0.66, n=70, p<0.0001) and females (r=−0.63, n=52,
p<0.0001). Linear regression analysis revealed that V3″
declined by 50% for males and 42% for females over the
age range 18–88, or approximately 7.2% per decade for
males and 6.0% per decade for females. There was still no
effect of gender when premenopausal (F(1,78)=0.00;
p=0.99; ANCOVA) and postmenopausal (F(1,42)=1.08;
p=0.30) subjects were considered separately.
The results were similar with small ROIs for caudate and
putamen. When the effect of age was controlled for, V3″

Fig. 3 Dopamine transporter (DAT) availability (V3″) in the
striatum, as measured by [123I]β-CIT and SPECT, vs age in 122
healthy subjects. Closed circles represent females and, open
triangles represent males. There was an age-dependent decline in
striatal V3″ for both males (r=−0.66; n=70; p<0.0001) and females
(r=−0.63; n=52; p<0.0001). When the effect of age was controlled
for, striatal V3″ was found to be unrelated to gender (F(1,121)=0.04;
p=0.84; ANCOVA) or the interaction of age × gender (F(1,121)=0.39,
p=0.53)
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was found to be unrelated to gender for caudate
(F(1,121)=0.00; p=0.98; ANCOVA), putamen (F(1,121)=
0.02, p=0.88), and striatum (F(1,121)=0.01; p=0.93).

Discussion
We investigated the effect of gender and menstrual cycle
phase on [123I]β-CIT uptake. In ten menstruating female
subjects, the availability of DAT in striatum and SERT in
brainstem–diencephalon did not differ between follicular
and luteal phases of the menstrual cycle. Moreover, change
in V3″ for striatum or brainstem–diencephalon was uncorrelated with change in plasma estradiol or progesterone
from the follicular to the luteal phase. Finally, there was no
effect of gender or the interaction of age and gender on
striatal DAT availability in a larger, previously published
(van Dyck et al. 2000, 2002b), healthy-subject sample that
included the ten menstrual cycle subjects.
Effect of menstrual cycle on DAT and SERT
availability
Our failure to detect an effect of menstrual cycle phase
on DAT or SERT availability may have been limited by a
number of factors, including anovulatory cycles and
scanning at suboptimal cycle times for some subjects.
However, our results did not differ when two subjects with
dubious ovulation were eliminated from the analysis.
Despite the challenge of synchronizing a busy SPECT
schedule with female menstrual cycles, our subjects generally complied well with the LH test kits, and all lutealphase scans were able to be scheduled within the prescribed
4–9 days after an LH surge. The final cycle days for some
subjects (3, 7, and 8, scanned on days 26–28) were less
likely mid-luteal than late-luteal (when circulating levels of
estradiol and progesterone are falling). Nonetheless, hormonal levels obtained at the time of scanning confirmed
substantial luteal-phase rises for these subjects as well as
robust increases for the overall sample.
Autoradiographic studies in rats with the ligand [3H]
GBR-12935 have demonstrated fluctuations in DAT density during the female estrous cycle (Morissette and Di
Paolo 1993), with peaking of the Bmax at proestrus coinciding with time of peak levels of striatal dopamine. The
differences in our results may represent species differences
or possibly ligand differences, as [3H]GBR-12935 has
been shown to bind to sites other than the DAT (Allard
et al. 1994; Soucy et al. 1997). We cannot exclude the
possibility that our human-subject sample was too small to
detect a significant effect of menstrual cycle phase.
However, our study had 80% power (α=0.05, two-tailed
paired t test) to detect a 13.8% increase (17.4% increase
with the elimination of the two subjects with dubious
ovulation) in striatal V3″ from follicular to luteal menstrual
cycle phases—far smaller than the roughly 25% increase
observed at proestrus in rodent studies (Morissette and Di
Paolo 1993).

To our knowledge, no previous human imaging studies
have examined the effects of female menstrual cycle on the
DAT, although two groups have measured another dopaminergic marker, the D2 receptor, in relation to cycle phase.
Wong et al. (1988) investigated the effect of menstrual
cycle on D2 dopamine receptor binding in caudate using
PET and [11C]NMSP binding in six women. They found a
small but definite trend (no statistics presented) for the
binding rate constant (k3) to be lower in the follicular phase
and higher in the periovulatory and luteal phases. No
hormonal levels were reported. Nördstrom et al. (1998)
examined four healthy women with PET and [11C]raclopride at two different phases of their menstrual cycle and
observed no menstrual-cycle-dependent variation in D2
receptor density. Finally, one previous imaging study has
examined the effect of estrogen replacement therapy on
DAT availability using SPECT and [99mTc]TRODAT-1 in
healthy postmenopausal women (Gardiner et al. 2004).
Those investigators observed a modest but statistically
significant increase in DAT availability in the left anterior
putamen after 4 weeks of conjugated equine estrogens and
in both the left and right anterior putamen when medroxyprogesterone acetate was added to the regimen for an
additional 2 weeks.
Prior imaging studies have also neglected the effects of
female menstrual cycle on central SERT availability.
Human platelet investigations have shown increased [3H]
imipramine binding during the luteal phase compared with
the follicular phase (Rojansky et al. 1991; Steege et al.
1992), although one study found no effect of the menstrual
cycle phase (Poirier et al. 1986). However, since platelet
SERT binding appears to correlate poorly with central
SERT binding (Malison et al. 1998b), a direct examination
of the brain is necessary. We are likewise unaware of any
animal studies that have examined menstrual cycle effects
on SERT binding in the brain. Although we lack a
predicted effect size for formal power calculations, our
study had 80% power (α=0.05, two-tailed paired t test) to
detect a 14.8% increase (16.3% increase with the elimination of the two subjects with dubious ovulation) in V3″ for
brainstem–diencephalon from the follicular to the luteal
menstrual cycle phases.
Effect of gender on DAT availability
We were unable to measure an effect of gender on striatal
DAT availability in our previously published (van Dyck
et al. 2000, 2002b) healthy-subject sample, the largest such
sample analyzed to date. This negative finding follows
discrepant results in several previous investigations of
male–female differences in striatal DATs, including two
from our group. Van Dyck et al. (1995) examined 28
healthy subjects (14 males and 14 females) from age 18–83
with [123I]β-CIT SPECT and observed no effect of gender
on striatal V3″. Kuikka et al. (1997) studied 39 healthy
subjects (23 males and 16 females) from age 20–75 with
[123I]β-CIT SPECT and fractal analysis and reported
greater spatial heterogeneity of striatal tracer uptake in
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females. In this sample, the authors observed no gender
differences in overall striatal DAT availability (J. Kuikka,
personal communication). Lavalaye et al. (2000) performed [123I]FP-CIT SPECT scans in 45 healthy volunteers
(23 males and 22 females) from age 18 to 83 and found
significantly higher striatal binding ratios in females than in
males (an effect that was unrelated to age). Staley et al.
(2001) studied 21 healthy nonsmokers and 21 smokers (18
males and 24 females) from age 26 to 54 with [123I]β-CIT
SPECT and observed significantly higher values of V3″ in
the striatum, midbrain, and diencephalon in females than in
males regardless of smoking status. Mozley et al. (2001)
evaluated 66 healthy subjects (30 males and 36 females)
from age 18 to 75 with [99mTc]TRODAT-1 and reported
higher tracer-specific uptake (k3/k4 at equilibrium) in the
caudate and putamen in females, as well as significant age
× gender interactions (with greater sex differences in
younger subjects). We cannot exclude the possibility that
the present study lacked statistical power to detect a small
effect of gender. However, our study had 80% power
(α=0.05, two-tailed ANCOVA, age) to detect a 12.5%
increase in striatal V3″ in females vs in males as compared
to the 16% increase observed by Lavalaye et al. (2000) or
the 10.5% increase observed by Staley et al. (2001). We
also cannot discount the possibility that our negative
gender results could be influenced by a small effect of
menstrual cycle (that was missed in our ten-subject
sample). Since gender studies of DAT availability have
not controlled for cycle phase (van Dyck et al. 1995;
Kuikka et al. 1997; Lavalaye et al. 2000; Staley et al. 2001;
Mozley et al. 2001), scanning women at different phases of
the menstrual cycle might contribute to discrepant gender
effects across studies.
Divergent results among these studies—three positive
and three negative (including the present one) for gender
differences—are potentially attributable to a number of
differences in imaging methodologies. The three negative
reports all used [123I]β-CIT (van Dyck et al. 1995; Kuikka
et al. 1997), whereas two of the three positive studies used
the more DAT-selective ligands [123I]FP-CIT (Lavalaye
et al. 2000) or [99mTc]TRODAT-1 (Mozley et al. 2001).
However, ligand differences are unlikely to account for
discrepant gender effects given that striatal uptake of
[123I]β-CIT is associated almost exclusively with the DAT,
and one study (Staley et al. 2001) found male–female
differences with this ligand. Only Staley et al. (2001)
employed MRI coregistration for ROI placement, enabling
the use of the cerebellum as the reference region, whereas
other investigators used the occipital cortex as the reference
region (van Dyck et al. 1995; Lavalaye et al. 2000; Mozley
et al. 2001). Although a previous primate SPECT investigation (Laruelle et al. 1993) demonstrated no displaceable
component of cortical [123I]β-CIT uptake, human postmortem studies have found low but measurable levels of SERT
in the occipital cortex (Cortes et al. 1988; Laruelle et al.
1988), including with [123I]β-CIT (Staley et al. 1994).

Among the technical factors that are more likely to
introduce systematic bias in gender analyses are photon
attenuation and partial volume effects, owing to male–
female differences in head size, skull thickness, and brain
morphometry. Only Staley et al. (2001) performed transmission scanning for measured attenuation correction. The
other studies all assumed uniform attenuation within an
ellipse drawn around the skull (van Dyck et al. 1995;
Kuikka et al. 1997; Lavalaye et al. 2000; Mozley et al.
2001). The assumption of uniform attenuation might boost
brain activities more in females than in males—given a
relatively greater skull thickness in males—yielding
spurious gender differences. This phenomenon is thus
unlikely to produce a false-negative result in the three
negative studies or a false-positive finding in the study
employing measured attenuation correction (Staley et al.
2001).
None of the studies incorporated a formal “partialvolume” correction (Sorenson and Phelps 1987), although
caudate and putamen may be smaller in females than in
males (Gunning-Dixon et al. 1998). Failure to correct for
volume differences might tend to suppress striatal activities
more in females than in males and cause gender differences
to be missed by the negative studies. To minimize this
possibility, we undertook a secondary analysis using
smaller ROIs [1.5 ml each for caudate and putamen, well
below actual volumes which are approximately 3.4 ml for
caudate and 4.2 ml for the putamen (Gunning-Dixon et al.
1998)] but still observed no gender differences. However,
future studies would still benefit from formal partialvolume correction.
Autoradiographic studies in rats with the ligand [3H]
GBR-12935 have demonstrated higher DAT density in intact
females than in males (Morissette and Di Paolo 1993; Rivest
et al. 1995) or ovariectomized females (Morissette and Di
Paolo 1993; Bossé et al. 1997), although we are unaware of
any postmortem human studies that have examined the
effects of gender on DAT binding. Such studies would be
most valuable, as they would circumvent the aforementioned gender differences in skull thickness and brain
morphometry which may inherently bias imaging studies.
In summary, imaging studies of gender effects on DAT
availability are currently divided between those that show
higher DAT availability in females vs those that show no
gender differences. These discrepancies are not readily
accounted for by methodological differences. Given the
potential for systematic gender biases in head size, skull
thickness, and brain morphometry, future studies would
benefit from measured attenuation correction (Staley et al.
2001) as well as the introduction of formal partial-volume
correction. Given the unclarity of this issue, prudence
would dictate that DAT imaging studies of neuropsychiatric disorders should still employ gender matching.
However, our results suggest that in using [123I]β-CIT
and other ligands of the DAT and SERT in the study of
most neuropsychiatric disorders, matching of female
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subjects according to menstrual cycle phase is probably
unnecessary.
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