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Abstract
Objectives Previous studies have investigated the occupan-
cy of the serotonin reuptake transporter (SERT) after
clinical doses of citalopram and other selective serotonin
reuptake inhibitors. In the present study, the occupancies of
SERT after multiple doses of escitalopram and citalopram
were compared using the radioligand [123I]ADAM and
single photon emission computed tomography (SPECT).
Methods Fifteen healthy subjects received escitalopram
10 mg/day (n=6) or citalopram 20 mg/day (n=9) for a
total of 10 days. SERT occupancies in midbrain were
determined with SPECT and [123I]ADAM at three different
time points: at baseline (no medication) and at 6 and 54 h
after last drug intake.
Results At 6 h after the last dose, mean SERT occupancies
were 81.5±5.4% (mean±SD) for escitalopram and 64.0±
12.7% for citalopram (p<0.01). At 54 h after the last dose,
mean SERT occupancies were 63.3±12.1% for escitalo-
pram and 49.0±11.7% for citalopram (p<0.05). The plasma

concentrations of the S-enantiomer were of the same
magnitude in both substances. For both drugs, the elimina-
tion rate of the S-enantiomer in plasma was markedly
higher than the occupancy decline rate in the midbrain.
Conclusion The significantly higher occupancy of SERT
after multiple doses of escitalopram compared to citalopram
indicates an increased inhibition of SERT by escitalopram.
The results can also be explained by an attenuating effect of
R-citalopram on the occupancy of S-citalopram at the
SERT.
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Introduction

The serotonin reuptake transporter (SERT, 5-HTT) is the
primary target for selective serotonin reuptake inhibitors
(SSRI), which are commonly used for treatment of
psychiatric disorders and as first-line treatment for major
depression and anxiety disorders (Bauer et al. 2002).
Among the group of SSRIs, citalopram represents a widely
prescribed SSRI (Noble and Benfield 1997). It is a racemic
mixture of S(+)- and R(−)-citalopram. Escitalopram is the
therapeutically active S-enantiomer of citalopram, which
modulates the serotonin reuptake activity and is therefore
thought to be responsible for the pharmacological effects
(Kasper 2004; Murdoch and Keam 2005). Escitalopram
binds to both the primary site of the SERT and on an
allosteric site (Sanchez et al. 2004). It is approved for the
treatment of depression and anxiety disorders.
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Meyer et al. (2004) reported SSRI occupancy rates for
various SSRIs with the positron-emission tomography
(PET) ligand [11C] DASB. They found a SERT occupancy
of 76% for 10 mg citalopram, 79% for 20 mg citalopram,
and 85% for 40 mg citalopram, and that the in vitro median
effective concentration (EC50) does not correlate with
affinity. This demonstrated that although target-specific
affinity is obviously a very important feature of a drug, it
does not predict the occupancy value in vivo, even when
plasma levels are known (Meyer et al. 2004).

On the other hand, Herold et al. (2006) reported a mean
occupancy of SERT of 61% (single photon emission
computed tomography [SPECT] methodology, ADAM
ligand) in depressed patients after treatment for 7 days with
10 mg/day of citalopram. A recent SPECT study using the
radioligand [123I]ADAM performed by Klein et al. (2006)
found a dose-dependent, statistically significant increase
from 60 to 75% in occupancies of SERT after single doses
of escitalopram (5, 10, and 20 mg), while the occupancies
after citalopram (10 and 20 mg) did not demonstrate
statistically significant differences (65–70%). Furthermore,
no statistically significant difference in the occupancy was
found when comparing equimolar doses of escitalopram
and citalopram (i.e., 10 mg escitalopram with 20 mg
citalopram; Klein et al. 2006).

In the present study, the occupancy of SERT after
multiple doses of escitalopram and citalopram was com-
pared using the radioligand [123I]ADAM and single photon
emission computed tomography (SPECT). The doses
investigated were equal with respect to the amount of the
S-enantiomer, i.e., 10 mg escitalopram and 20 mg citalo-
pram. We hypothesized that SERT occupancy rates would
be higher for escitalopram than for citalopram at steady
state after multiple dose-intake 6 h after last dose.

Materials and methods

Subjects

The study protocol and all procedures were approved by the
research ethics committee of the Medical University of
Vienna, Austria. Twenty healthy male subjects (mean age
27±6 years) without past or current neuropsychiatric history,
as established by a structured clinical interview for DSM-IV
(Mini International Neuropsychiatric Interview, German
version 5.0.0), were included into the study. The subjects
that fulfilled the inclusion criteria and did not meet any
exclusion criteria were enrolled into the study after they
signed the informed consent form.

All 20 subjects received treatment with escitalopram
or citalopram. Five subjects were excluded from the
SPECT data analysis due to software error during the

SPECT scan (n=2), troubles with the shipment of the
radioligand (n=2), or unavailability of the magnetic
resonance imaging (MRI) scanner (n=1). The 15 subjects
included in the further data analysis had a mean age (±SD)
of 28±7 years (range 20–47 years).

Drug treatment

After the screening visit, each subject was randomly
assigned to one of two medication groups (10 mg/day
escitalopram or 20 mg/day citalopram, treatment period of
10 days) by an unblinded study coordinator, who was not
involved in the procedures of the SPECT data acquisition
or data analysis. Of the 15 subjects available for the SPECT
data analysis, 6 received 10 mg escitalopram and 9 were
treated with 20 mg citalopram. Adverse events were
assessed by the UKU side effects scale at the end of the
study (Lingjaerde et al. 1987).

Radioligand

[123I]ADAM (2-((2-((dimethylamino)methyl)phenyl)thio)-
5-iodophenylamine) was used as a highly specific SPECT
radioligand for the SERT. [123I]ADAM was synthesized at
MAP Medical Technologies Oy, Tikkakoski, Finland, as
previously described (Oya et al. 2000) and purified with a
high-performance liquid chromatography (HPLC) system
as described by Klein et al. (2006).

SPECT and MRI scan

All subjects underwent a magnetic resonance scan (T1-
weighted, matrix 256×256, GE Sigma 1.5 Tesla scanner) to
improve the regions of interest (ROIs) definition on
coregistered images.

In total, three SPECT scans were performed: (1) a baseline
scan without medication, (2) a scan 6 h, and (3) a scan
54 h after last study drug administration. The radioligand
was administered intravenously as bolus injection. In the
citalopram treatment group, the mean±SD amount of
injected activity of [123I]ADAM was 165±18, 158±17, and
173±2 MBq for the first, second, and third measurement
sessions, respectively. In the escitalopram group, subjects
received 175±20, 162±17, and 146±41 MBq for scans one,
two, and three, respectively. SPECT scans were performed
with a three-headed rotating scintillation camera (Siemens
MultiSPECT 3), equipped with medium energy collimators
after blockade of thyroid uptake with 600 mg sodium
perchlorate 30 min before tracer application. SPECT inves-
tigations were performed about 275 min after tracer
application (Sacher et al. 2006), and the data were collected
as described by Klein et al. (2006). A total of 180 frames
(60/camera head) was collected using a step and shoot mode.
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A 128×128 matrix was used and the slice thickness of cross-
sections was 3.5 mm. Reconstruction was performed with
filtered back projection and a Butterworth filter (cutoff
frequency 0.7, order 7). Finally, attenuation correction with
an attenuation coefficient of 0.12/cm was done after drawing
an ellipse around the head contour. Characteristics on the
SPECT scan and administration of the radiotracer for both
groups are shown in Table 1.

Data analysis

In each subject the structural magnetic resonance image
was coregistered to the corresponding SPECT image using
a neuroimaging software package (RView®). The ROIs
including the midbrain/hypothalamus and the cerebellum
were drawn on each coregistered MRI/SPECT data volume
by a single examiner blind to the treatment details using a
manually defined template. These ROIs were transferred to
the corresponding SPECT images. Data were analyzed as
the mean count rate within the ROIs. Counts in midbrain/
hypothalamic regions were calculated in three consecutive
axial slices using the highest mean values to avoid tilting
errors. The three midbrain/hypothalamic ROIs (three slices)
and the six cerebellar ROIs (three slices, left + right) were
each pooled together, then the average counts per pixel
were calculated. Because of the very low density of SERT
in the cerebellum, the activity measured in the cerebellar
ROI represents mainly unspecific binding, whereas the
midbrain/hypothalamic ROI represents specific and unspe-
cific binding (Backstrom et al. 1989; Kish et al. 2005). The
occupancy in midbrain/hypothalamus was expressed as
percentage and calculated for each subject according to
the following equation:

occupancy %ð Þ ¼ BP1� BP2ð Þ=BP1 �100%

where binding potential (BP)1 is binding potential without
medication and BP2 with medication (for more details see
Klein et al. 2006).

Pharmacokinetic analysis

The term “S-citalopram” will be used for plasma concen-
tration of the S-enantiomer, whereas “escitalopram” will be
used when referring to the study medication. Blood samples
for pharmacokinetic analysis were obtained at predose on
day 10, before and after the 6 h SPECT scan, at 8, 10, and
24 h postdose, and before and after the 54 h SPECT scan.
Nominal sampling times were used, and the time points
before and after the two postdose SPECT scans were set to
5.5 and 6.5 h and 53.5 and 54.5 h, respectively. Plasma
samples were analyzed for S- and R-citalopram using an
enantiomer-selective HPLC mass spectrometry (MS)/MS,
as described by Gutierrez et al. (2003). The pharmacoki-

netic parameters tmax, Cmax, AUCss, and t1/2 on day 10 of
dosing were estimated for S-citalopram and R-citalopram
with standard noncompartmental analysis using WinNonlin
Professional (version 4.1, Pharsight). Differences in the
pharmacokinetic parameters tmax, Cmax, AUCss, and t1/2 of
S-citalopram after administration of citalopram and escita-
lopram were analyzed with a t test, with the significance
level set to 0.05.

Pharmacodynamic analysis

Differences in mean SERT occupancy values between
escitalopram and citalopram 6 and 54 h postdose were
tested using a t test. The rate of decline in occupancy for
escitalopram and citalopram was estimated by linear
regression of the logarithmic mean occupancy values at 6
and 54 h for each compound.

An Emax model was used to describe the relationship
between the S-citalopram plasma concentrations and the
SERT occupancy values by means of non-linear regression
analysis (NLMIXED). The following model was used:

occupancy %ð Þ ¼ E�
maxC

�
EC50 þ Cð Þ� �

where C is the S-citalopram plasma concentration immedi-
ately before the SPECT scan, Emax is the maximum
occupancy, and EC50 is the S-citalopram concentration
giving rise to half the maximum occupancy (i.e., apparent
equilibrium association constant). All pharmacodynamic
analyses were performed with the statistical software
SAS®, version 8.2.

Results

Fifteen of the initial 20 subjects were included in the
pharmacokinetic and pharmacodynamic data analysis. Five
subjects dropped out as specified above. Nine subjects

Table 1 Subject demographics and radiotracer parameters

Escitalopram
10 mg n=6

Citalopram
20 mg n=9

Age (mean±SD), years 28±3 28±9
BMI (mean±SD), kg/m2 24.6±3.4 25.2±3.3
Weight (mean±SD), kg 82±12.5 84±10.4
Injected activity scan 1 (MBq) 175±20 165±18
Injected activity scan 2 (MBq) 162±17 158±17
Injected activity scan 3 (MBq) 146±41 173±2
Time RTA-SPECT11 (min) 274±9 276±10
Time RTA-SPECT21 (min) 272±7 275±6
Time RTA-SPECT31 (min) 273±5 276±11
Acquisition time (min) 30 30

1 Time between radiotracer administration (RTA) and SPECT scan at
baseline, 6 and 54 h
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received 20 mg/day citalopram, and six subjects received
10 mg/day escitalopram for 10 days. There were no
significant demographic differences between the two
treatment groups at baseline (Table 1).

SERT occupancy at 6 and 54 h post last dose

At 6 h after last dose, the mean (±SD) SERT occupancy in
the midbrain was 81.5% (±5.4) for 10 mg/day escitalopram
and 64.0% (±12.7) for 20 mg/day citalopram (p=0.008),
despite similar plasma concentrations of S-citalopram. At
54 h after the last dose, the mean SERT occupancy was
63.3% (±12.1) for escitalopram and 49.0% (±11.7) for
citalopram (p=0.04). The mean occupancy values were
significantly higher for escitalopram compared to citalo-
pram (p=0.005; Fig. 1).

SERT occupancy relative to plasma levels of escitalopram

Figure 2 shows the individual midbrain SERT occupancy
values 6 and 54 h after last intake of study medication vs
S-citalopram plasma concentrations immediately before
the SPECT scans with the fitted Emax model overlaid.

The estimated mean (±SE) Emax values for 10 mg/day
escitalopram and 20 mg/day citalopram were 89.6%
(±5.7) and 71.8% (±4.8), respectively. The EC50 values
were estimated to be 5.3 nmol/l (±1.6) and 5.7 nmol/
l (±1.8) for escitalopram and citalopram, respectively. A
significantly higher (p=0.03) Emax value was estimated
after administration of escitalopram compared to citalo-
pram, whereas no significant difference was observed
between escitalopram and citalopram for the EC50

(p=0.84).

SERT occupancy and plasma level over time

Pairwise comparison revealed a statistically significant
decrease in SERT occupancy in midbrain between the
first SPECT scan (6 h after last dose) and the second
scan after the last dose (54 h after last dose) for
10 mg/day escitalopram (p<0.01) and 20 mg/day
citalopram (p<0.05). Figure 3 shows the mean SERT
occupancies for 10 mg escitalopram and 20 mg citalo-
pram together with the mean plasma concentration-time

Fig. 1 Mean (+SD) SERT occupancies 6 and 54 h after last doses of
10 mg/day of escitalopram (n=6) and 20 mg/day of citalopram (n=9),
which were administered for 10 days in two parallel groups of healthy
subjects

Fig. 2 Individual SERT occupancy values (%) vs S-citalopram serum
concentrations after administration of escitalopram (10 mg/day, n=6)
or citalopram (20 mg/day, n=9) for 10 days. Data are shown for day
10 (6 h after last medication) and day 12 (54 h after last medication)
together. Single data points as well as the corresponding fitted Emax

curves are shown for both 10 mg/day escitalopram (ESC) and 20 mg/
day citalopram (CIT). These data indicate a significantly higher
blockade of SERT by escitalopram compared to citalopram (p=0.03)

Fig. 3 Plots of mean serum concentration of the S-enantiomer (±SD)
vs time, and mean SERT occupancies versus time after administration
of 10 mg/day escitalopram (n=6) or 20 mg/day citalopram (n=9) for
10 days. Data are shown from 0 to 54 h after last intake of the study
medication
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profiles for S-citalopram. A decrease of approximately
50% in occupancy (based on the two time points from 6
to 54 h postdose) was estimated to be approximately
130 h after dose for both escitalopram and citalopram.

Pharmacokinetics

The pharmacokinetic results are summarized in Table 2.
Plots of time vs S-citalopram concentration in plasma for
10 mg escitalopram and 20 mg citalopram are shown in
Fig. 3. The mean (±SD) tmax of S-citalopram was 7.8 h
(±6.1) and 5.5 h (±0.0) for 20 mg citalopram and 10 mg
escitalopram, respectively. For S-citalopram, the mean Cmax

(±SD) was 51.7 nmol/l (±15.8) and 51.4 nmol/l (±12.9),
mean t1/2 (±SD) was 24.6 h (±8.0) and 24.2 h (±5.2), for
20 mg/day citalopram and 10 mg/day escitalopram,
respectively. In the 20 mg/day citalopram group, the
following parameters for R-citalopram were found: tmax=
7.8 h (±6.1), Cmax=85.4 nmol/l (±31.8) and t1/2=39.1 h
(±11.7). No significant difference for the pharmacokinetic
parameters tmax, Cmax and t1/2 of S-citalopram between the
citalopram and escitalopram groups were found.

The ratio of R-citalopram to S-citalopram in the 20 mg/
day citalopram group is shown in Table 2. The ratio was
lowest immediately before the SPECT scan 6 h postdose,
with a mean (±SD) value of 1.6 (±0.3). Immediately before
the SPECT scan 54 h postdose, the R/S ratio increased to a
mean value of 2.9 (±1.2).

Adverse events

Adverse events were reported by four out of six in the
escitalopram group and five out of nine subjects in the
citalopram group. All adverse events were rated as “mild”
according to the UKU scale (Lingjaerde et al. 1987).

Discussion

In the present study, SERT occupancy was investigated in
the midbrain of healthy subjects after multiple dose

administration (10 days) of equivalent doses of escitalo-
pram and citalopram, with respect to the amount of
S-citalopram (i.e., 10 mg/day escitalopram or 20 mg/day
citalopram). The results indicate that 10 mg of escitalopram
has a higher SERT occupancy than 20 mg of citalopram
after multiple dose administration. Furthermore, the SERT
occupancy relative to plasma levels of escitalopram is lower
when subjects are treated with the racemate (citalopram).
For both medications, there is no difference in the SERT
occupancy decline rate after the last dose given.

The higher SERT occupancy for escitalopram vs citalo-
pram is in contrast to occupancy values obtained in a recent
single-dose comparison of equimolar doses of escitalopram
and citalopram using the same methodology (Klein et al.
2006). In that study, SERT occupancy values were similar
(60–75% for escitalopram and 65–70% for citalopram)
following single doses of escitalopram (5, 10, 20 mg) and
citalopram (10 and 20 mg). Our finding of a higher
occupancy for escitalopram in this study can be explained
by multiple dosing. There may either be an adaptive
process over time, or an attenuating effect of R-citalopram
on the degree of occupancy of SERT, which is more
apparent when the relative concentration of R-enantiomer is
high compared to the S-enantiomer, as it is the case after
multiple, but not single doses (Klein et al. 2006).

A higher occupancy after the administration of escitalo-
pram may result in a more complete inhibition of SERT and
thus lead to a potentiation of the serotonergic output, as
described in preclinical microdialysis experiments (Mork et
al. 2003). This mechanism may offer the promising
possibility for escitalopram vs citalopram to have therapeu-
tic advantages, as has recently been substantiated by the
findings of head-to-head short-term (Moore et al. 2005) and
long-term (Colonna et al. 2005) studies in depressed
patients.

Meyer et al. (2001, 2004) have previously investigated
the occupancy of SERT after different doses of citalopram
(20–60 mg) and several other SSRIs using the PET ligand
[11C]DASB and found mean occupancy values of approx-
imately 80% after 4 weeks of treatment at therapeutic
doses. An 80% occupancy is in accordance with the results

Table 2 Pharmacokinetic parameter values (±SD) for S-citalopram and R-citalopram after administration of 10 mg/day escitalopram and 20 mg/
day citalopram for 10 days

Group tmax (h) Cmax (nmol/l) C5.5 h (nmol/l) C53.5 h (nmol/l) AUCss (nmol/l h) t1/2 (h)

S-citalopram1

10 mg escitalopram 5.5±0.0 51.4±12.9 51.4±12.9 14.2±4.5 975±277 24.2±5.2
20 mg citalopram 7.8±6.1 51.7±15.8 48.8±16.4 14.8±8.1 938±335 24.6±8.0
R-citalopram
20 mg citalopram 7.8±6.1 85.4±31.8 76.8±23.7 37.9±14.4 1631±560 39.1±11.7
R/S-ratio 1.0±0.0 1.7±0.4 1.6±0.3 2.9±1.2 1.8±0.4 1.6±0.3

1 No significant difference for the pharmacokinetic parameters tmax, Cmax, AUCss and t1/2 between the citalopram and escitalopram groups was
found (p>0.05).
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from this study for escitalopram, whereas a lower mean
occupancy value was found at steady state for citalopram.
However, direct comparisons of the data with our study
must be made with caution. First, Meyer et al. (2004)
administered higher doses of citalopram (20 mg up to
60 mg) for a longer duration (10 vs 28 days) than we did.
Second, it has to be acknowledged that [11C-DASB]
represents the gold standard PET ligand for SERT-imaging
providing quantitative results compared to the semiquanti-
tative measurements with the [123I]ADAM SPECT meth-
odology. Third, there was no stereoselective analysis of the
different fractions of S- and R-enantiomers included in that
PET study but only the sum of both enantiomers quoted.

In our study, a difference between brain and plasma
kinetics of citalopram and escitalopram was observed.
Whereas the plasma elimination half-life was 25–40 h for
S- and R-citalopram, the SERT occupancy decline rate
(based on the two time points) was approximately 130 h for
both escitalopram and citalopram. A similar discrepancy
between decline in plasma concentrations and brain
occupancy for antipsychotics was previously shown by
Tauscher et al. (2002a), whereas Takano et al. (2006) could
demonstrate a reasonable relationship between plasma and
brain kinetics for the SSRI fluvoxamine. Based on
Takano’s results, the time course for fluvoxamine can be
estimated from plasma pharmacokinetics and median
effective dose (ED50) value, while this does not seem to
be the case for either escitalopram or citalopram.

The pharmacokinetics of escitalopram and citalopram
from our study, in terms of tmax, Cmax, AUCss and t1/2, are
comparable to the ones available in the literature (Baumann
and Larsen 1995; Larsen et al. 2001; Sogaard et al. 2005).
Given the different accumulation of S-citalopram and
R-citalopram due to the more rapid elimination of
S-citalopram (Voirol et al. 1999), the R/S-citalopram ratios
were higher at steady state than after administration of
single doses (Klein et al. 2006).

In summary, a higher SERT occupancy in midbrain was
found after multiple dose administration of 10 mg/day
escitalopram compared to 20 mg/day citalopram despite
similar plasma concentrations of the S-enantiomer. These
results can also be explained by an attenuating effect of
R-citalopram on the occupancy of S-citalopram at the
serotonin transporter.
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