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Objective: Minimum therapeutic doses
of paroxetine and citalopram produce
80% occupancy for the serotonin (5-HT)
transporter (5-HTT). The authors used
[11C]DASB positron emission tomography
to measure occupancies of three other
selective serotonin reuptake inhibitors
(SSRIs) at minimum therapeutic doses.
The relationship between dose and occu-
pancy was also investigated.

Method: Striatal 5-HTT binding potential
was measured in 77 subjects before and
after 4 weeks of medication administra-
tion. Binding potential is proportional to
the density of receptors not blocked by
medication. Subjects received citalopram,
fluoxetine, sertraline, paroxetine, or ex-
tended-release venlafaxine. Healthy sub-
jects received subtherapeutic doses; sub-
jects with mood and anxiety disorders
received therapeutic doses. Percent re-
duction in 5-HTT binding potential for
each medication and dose was calcu-
lated. To obtain test-retest data, binding

potential was measured before and after
4 weeks in six additional healthy subjects.

Results: Substantial occupancy occurred
at subtherapeutic doses for all SSRIs. Com-
pared to test-retest data, each drug at the
minimum therapeutic dose had a signifi-
cant effect on striatal 5-HTT binding po-
tential. Mean occupancy at this dose was
76%–85%. At higher plasma SSRI concen-
trations, 5-HTT occupancy tended to in-
crease above 80%. For each drug, as the
dose (or plasma level) increased, occu-
pancy increased nonlinearly, with a pla-
teau for higher doses.

Conclusions: At tolerable doses, SSRIs
have increasing occupancy with increas-
ing plasma concentration or dose. Occu-
pancy of 80% across five SSRIs occurs at
minimum therapeutic doses. This sug-
gests that 80% 5-HTT blockade is impor-
tant for therapeutic effect. Occupancy
should be measured during development
of antidepressant compounds targeting
the 5-HTT.

(Am J Psychiatry 2004; 161:826–835)

Selective serotonin reuptake inhibitors (SSRIs) are the
most commonly prescribed antidepressant medications.
These medications are defined by their selective affinity
for the serotonin (5-HT) transporter (5-HTT). Despite the
widespread use of SSRIs, the proportion of 5-HTT sites
blocked at the minimum clinical dose has been investi-
gated for only a couple of SSRIs (1, 2). Furthermore, the re-
lationship between the proportion of 5-HTT sites blocked
and dose (or plasma level) is unclear. This question as to
the proportion of 5-HTT sites blocked at different doses of
SSRIs is important: traditional assessments of SSRI effect
in the clinical setting are based on treatment response,
and this approach has had limited ability to distinguish
differences between SSRIs or even different doses of SSRIs
(3, 4). Given that the affinities of SSRIs for the 5-HTT vary
by two orders of magnitude (5, 6), it may be that not all
SSRIs block the same proportion of 5-HTT sites within the
dosing range well tolerated by humans.

One barrier to assessing SSRI equivalency and dose-
response relationships is the measure of clinical response
itself. There is considerable variability in the likelihood of

clinical response among individual subjects, and there is
considerable variability in the likelihood of response
across different recruiting centers for clinical trials (3, 4).

Another factor that may contribute to difficulties in es-
tablishing a relationship between the plasma level (or
dose) of an SSRI and response is that most analyses are fo-
cused on testing for a linear correlation between plasma
level (or dose) and clinical response. Such a correlation is
unlikely because the relationship between the plasma
level of an SSRI and the proportion of 5-HTT sites blocked
by the drug in the brain should be nonlinear: positron
emission tomography (PET) imaging studies of other CNS
medications describe a nonlinear relationship between
plasma level and proportion of blockade. For example, as
plasma levels of dopamine 2 (D2) antagonist medications
increase, D2 blockade increases, and this effect also pla-
teaus as plasma levels increase (7, 8).

With receptor-ligand imaging, SSRI effects may now be
measured on the basis of the proportion of 5-HTT sites
blocked in the brain, rather than by extrapolations from
clinical response or plasma concentration. [11C]N,N-Dim-
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ethyl-2-(2-amino-4-cyanophenylthio) benzylamine
([11C]DASB) PET represents a significant advance in the
imaging of 5-HTT sites (2, 9–12). [11C]DASB is highly selec-
tive, showing nanomolar affinity for the 5-HTT and negli-
gible affinity for other receptors (9, 12). A commercial
screen (Novascreen Biosciences Corp., Hanover, Md.) for
DASB affinity at 41 receptor, enzyme, and ion-channel as-
says, using a concentration of 1000 nM, showed that DASB
was inactive at all sites except for the 5-HTT, where greater
than 95% inhibition of binding was found (10). The main
advantage of [11C]DASB over [11C](+)McN5652, another
PET radioligand, is that [11C]DASB has a much higher ratio
of specific binding to nonspecific binding in vivo. As a re-
sult, the binding potential values found with [11C]DASB
PET are approximately two- to threefold greater than
those found with [11C](+)McN5652 PET (9, 11–13). (Bind-
ing potential is proportional to receptor density.) Further-
more, the 5-HTT binding potential found with [11C]DASB
PET is reliably found in the test-retest condition for most
brain regions (2). With [11C]DASB PET, 5-HTT binding po-
tential values are detectable in the frontal cortex and are
reasonably high in the basal ganglia and thalamus, even
without arterial sampling (11, 12). With [11C](+)McN5652
PET, 5-HTT binding potential values are modestly detect-
able in the thalamus (14) and probably the basal ganglia,
although this may require concurrent arterial sampling of
the radiotracer (15). [123I]2-Beta-carbomethoxy-3-beta-(4-
iodophenyl)-tropane ([123I]β-CIT) is a radiotracer used in
single photon emission computed tomography (SPECT),
and it was the first radioligand available for imaging of 5-
HTT sites. [123I]β-CIT is much less selective for the 5-HTT
than is [11C]DASB (9, 10, 16, 17). To our knowledge, the
test-retest reliability for the 5-HTT binding potential
found with [123I]β-CIT SPECT or [11C](+)McN5652 PET has
not been published.

There have been a few investigations of 5-HTT occu-
pancy after treatment with SSRIs. Occupancy is the per-
cent reduction in binding potential after drug administra-
tion and may represent the proportion of receptor sites
blocked by medication. One study using [123I]β-CIT
SPECT showed that depressed subjects treated with 20–60
mg/day of citalopram had a 50% lower 5-HTT binding po-
tential in the combined thalamus and brainstem regions
than did healthy subjects (1). A case report of a single sub-
ject by the same group using [123I]β-CIT SPECT indicated
that after treatment with fluoxetine 5-HTT binding poten-
tial was 40% lower than that in a pool of healthy subjects
(18). These measures are thought to substantially under-
estimate 5-HTT occupancy because [123I]β-CIT also binds
with high affinity to dopamine transporter sites (16, 17).

We previously reported that there was an 80% reduction
in the 5-HTT binding potential after 4 weeks of treatment
with either citalopram or paroxetine at 20 mg/day (2). In
our study (2), 5-HTT binding potential was measured be-
fore and after treatment in a within-subject design by us-
ing [11C]DASB PET. To our knowledge, the occupancy for

other SSRIs at minimum treating doses (as determined
with a radiotracer selective for the 5-HTT) is unknown at
this time.

The first purpose of the present study was to determine
5-HTT occupancy at minimum therapeutic doses for three
additional SSRIs (fluoxetine, sertraline, venlafaxine). The
second purpose was to determine the 5-HTT occupancy
during treatment with five SSRIs at a wide range of doses
well tolerated by humans, by using [11C]DASB PET and a
within-subject design. SSRIs were defined as having affin-
ities for the 5-HTT at least two orders of magnitude greater
than that for other receptors. On this basis, the SSRIs cho-
sen were citalopram, fluoxetine, sertraline, paroxetine,
and venlafaxine (5, 6).

Method

Subjects

This study was approved by the University of Toronto Human
Subjects Review Committee. Eighty-four subjects were recruited,
and 77 subjects completed the entire protocol. Subjects who com-
pleted the protocol were 20 to 50 years old (33 female and 44 male;
mean age=35 years, SD=9). Twelve of these 77 subjects were de-
scribed in a previous report (2). The groupings were designed so as
to treat patients with therapeutic doses and to avoid giving healthy
subjects therapeutic doses for 4 weeks. (The antidepressants are
proven therapeutic agents, and it was unnecessary to administer
them to healthy subjects; see the following.) This led to three dos-
ing groups. The first group (N=37) were primarily healthy subjects,
and they received no more than half of the minimum typical daily
therapeutic dose of each SSRI (citalopram: 1–10 mg; fluoxetine:
1–10 mg; sertraline: 5–25 mg; paroxetine: 5–10 mg; extended-release
venlafaxine: 2.4–37.5 mg). The second group (N=29) had a major
depressive episode secondary to major depressive disorder, and
they received usual treating daily doses of SSRIs (citalopram: 20–40
mg; fluoxetine: 20 mg; sertraline: 50–100 mg; paroxetine: 20 mg;
extended-release venlafaxine: 75 mg). The third group (N=16) had
major depressive disorder and a current comorbid anxiety disor-
der, an anxiety disorder (obsessive-compulsive or panic disorder),
or treatment-resistant major depressive disorder. They received
daily doses of SSRIs typically used to treat such illness (citalopram:
40–60 mg; fluoxetine: 40–60 mg; sertraline: 150–200 mg; paroxe-
tine: 40–60 mg; extended-release venlafaxine: 150–225 mg). Two
subjects in the second group experienced significant side effects
after a few days, were moved into the first group, and received very
low doses of antidepressants for 4 weeks (thus, 35 of the 37 sub-
jects in the first group were healthy). Five subjects completed the
protocol in the second group, were poorly responsive to treat-
ment, and reenrolled in the protocol to join the third group; they
are therefore included in both the second and third groups. The
subjects did not take any other medications during SSRI treat-
ment. Overall, the combined ranges covered subtherapeutic dos-
ing as well as a full range of clinically relevant doses. Our previous
investigation (2) and preliminary findings showed that the base-
line values for striatal 5-HTT binding potential were similar across
these patient groups; hence, biases in occupancy from using both
healthy subjects and patient groups would be negligible.

For each subject, written consent was obtained after the
procedures had been fully explained. The healthy subjects were
screened by using the Structured Clinical Interview for DSM-IV
(SCID), nonpatient version (19). For patients, the diagnosis was
confirmed by the patient version of the SCID (20), which was ad-
ministered by a trained research assistant (S.S.). Each patient also
received a psychiatric consultation (by J.H.M. or A. Cheok) to ver-
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ify the SCID diagnosis. Patients with psychotic symptoms or bi-
polar disorder (type I or II) were excluded, as were subjects with a
history of alcohol or drug abuse or dependence. In addition, all
past drug use was recorded. No subject had a history of exposure
to 3,4-methylenedioxymethamphetamine or other drugs sus-
pected to have neurotoxic effects on neurons expressing 5-HTT
(21). There were seven patients with a history of substance use
(six subjects had used marijuana, one subject had used an opiate)
that did not meet the criteria for the SCID diagnosis of substance
abuse. These seven patients had not used substances within the
previous 6 months. Each received a urine drug screen, the results
of which were negative. All healthy subjects received a urine drug
screen.

Thirty-one of the 40 patients had never completed an antide-
pressant trial. The remaining patients had not taken antidepres-
sant medication within the previous 1 month (plus five half-lives
of the medication) before the first scan. Each patient had routine
tests to rule out common medical causes of mood and anxiety
disorders (thyroid function tests, electrolyte measurements, com-
plete blood cell count).

[11C]DASB Positron Emission Tomography Imaging

Each enrolled subject received an [11C]DASB PET scan before
and after administration of an SSRI. The second scan occurred af-
ter 4 weeks of SSRI administration at the maximum dose allotted
for the subject.

Before treatment, the subjects were informed that their serum
SSRI levels would be sampled on the day of the second [11C]DASB
PET scan. The serum sampling and second [11C]DASB PET scan
took place 6 to 13 hours after the last dose. The blood samples
taken were frozen at –20°C and subsequently assayed by using
high-performance liquid chromatography with fluorescence de-
tection (Medical Toxicology Unit, Guy’s and St. Thomas’ Hospital
Trust, London) (22).

The synthesis of [11C]DASB has been described previously (9,
10). Just before the PET scan, an intravenous bolus of 370 MBq of
[11C]DASB was injected. The [11C]DASB was of high radiochemi-
cal purity (>95%) and high specific activity (mean=32 GBq/µmol,
SD=10, at the time of injection). PET images were obtained by us-
ing a GEMS 2048-15B camera (Scanditronix Medical, Uppsala,
Sweden) (intrinsic resolution full width at half maximum=5.5
mm). Images were obtained in 15 1-minute frames, followed by
15 5-minute frames. The images were corrected for attenuation
by using a 68Ge transmission scan and were reconstructed by fil-
tered back projection (ramp filter with a Hann window).

Data Analysis

To obtain a measure of the 5-HTT binding potential with
region-of-interest data, we used the noninvasive method of Lo-
gan et al. (23) implemented within a standard software package
(24). This model assumes that there is a region of interest that
contains specifically bound radioligand and that there is a refer-
ence region that does not contain specifically bound radioligand.
For [11C]DASB, the cerebellum is a suitable reference region be-
cause studies have shown either undetectable (25) or extremely
low (26, 27) 5-HTT density. More recently, it was found with the
Western blot method that the 5-HTT density in the cerebellum is
less than 3% of the striatal value (S. Kish et al., personal commu-
nication, 2003). The model also assumes that the concentration
of radiotracer in the cerebellum divided by the concentration of
radiotracer in the region of interest becomes constant. In addi-
tion, the radiotracer must be sufficiently reversible such that the
plot becomes linear. In our data sets, these assumptions are met
sufficiently early and the plots were linear between 15 and 65
minutes in all brain regions except the midbrain, for which the
plots were linear before 70 minutes. Another important assump-
tion is that the free and nonspecific uptake of [11C]DASB is rea-

sonably similar among subjects, and this was shown by fairly sim-
ilar cerebellum distribution volumes among the subjects in our
earlier data set (the coefficient of variation, i.e., standard devia-
tion/mean, for the distribution volume in the cerebellum was
13%).

Previous work at our center has demonstrated that the 5-HTT
binding potential found by using methods based on reference tis-
sue is highly correlated with the ratio of the kinetically deter-
mined distribution volumes in regions with specific binding to
the distribution volume in a reference region (12). In this data set
(12), we measured the distribution volumes in the thalamus, stri-
atum, frontal cortex, and cerebellum in a set of healthy subjects
by using an arterial input function and a single tissue compart-
ment model. For regions with specific binding, the ratio of the
distribution volume in each region to the distribution volume in
the cerebellum was found, and this ratio was highly correlated
with the binding potential found with the noninvasive method of
Logan et al. (23) (r=0.98, N=15, p<0.001).

The bilateral striatum was chosen as the primary region with
specific binding because [11C]DASB uptake is high and homoge-
neous in the striatum (11), absolute test-retest differences in 5-
HTT binding potential for this region in preliminary analyses
were low (approximately 10%) (2), and we know of no reports that
major depressive disorder itself influences 5-HTT receptor den-
sity or affinity in this region. The thalamus is another large brain
structure with high 5-HTT density (albeit somewhat less homoge-
neous) and similar test-retest differences in 5-HTT binding po-
tential with [11C]DASB PET. The binding potential is proportional
to Bmax/Kd (28). (For further explanation, see reference 29.) Bmax

represents receptor density. Kd is the dissociation constant and is
inversely proportional to affinity.

Each subject had a magnetic resonance imaging (MRI) scan
(GE Signa 1.5-T scanner, spin-echo sequence proton density
weighted image; x, y, z voxel dimensions 0.78, 0.78, and 3.00 mm,
respectively). For the primary analysis of regions of interest, the
whole striatum and cerebellum regions of interest were drawn on
summated [11C]DASB PET scans with reference to a coregistered
MRI (30) by a rater blinded to the identity of the scans (A. Carella).
Occupancy was also measured in secondary regions: prefrontal
cortex (Brodmann’s areas 8, 9, 10, and 46), anterior cingulate
(Brodmann’s areas 32 and 24), bilateral thalamus (two contiguous
planes), bilateral cuneus (three contiguous planes), and midbrain
(two contiguous planes). The method of determining regions of
interest in the striatum, thalamus, prefrontal cortex, anterior
cingulate, and cerebellum to measure occupancy has been de-
scribed previously (2, 7, 31, 32). For the midbrain region of in-
terest, the border of the midbrain was drawn in the two planes su-
perior to the pons. In two subjects, only one plane of the midbrain
was used, as the pons and midbrain structures were smaller in
these two subjects. The 5-HTT binding potential found in these
regions was reasonably reliable in the healthy subjects who had
undergone test-retest measurements, i.e., the mean absolute
difference in the repeated measures of 5-HTT binding potential
was less than 15% of regional 5-HTT binding potential with the
exception of the cuneus, for which the mean absolute difference
in test-retest measurements was less than 20% of the 5-HTT bind-
ing potential.

Occupancy in regions with specific binding was defined as the
between-scan difference in 5-HTT binding potential (scan 1 mi-
nus scan 2) divided by the 5-HTT binding potential at scan 1. Oc-
cupancy expressed as a percentage was calculated for each sub-
ject. For the five subjects who received a third [11C]DASB PET
scan at a higher dose of SSRI, the occupancy at the higher dose
was based on the 5-HTT binding potential at scan 1 (drug-free
state) and scan 3 rather than scan 1 and scan 2, i.e., occupancy
was defined as the difference in 5-HTT binding potential between
scans 1 and 3 divided by the 5-HTT binding potential at scan 1.
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Results

Baseline Striatal 5-HTT Binding Potential

The subjects were divided into the following diagnostic
categories in order to assess baseline differences within
this study group: healthy (N=35), major depressive epi-
sode secondary to major depressive disorder (N=37),
panic disorder (N=7), and obsessive-compulsive disorder
(N=7). Some subjects had more than one diagnosis and
were assigned to more than one group. The baseline stri-
atal binding potentials for these subgroups were 1.0 (SD=
0.2), 1.0 (SD=0.2), 1.0 (SD=0.2), and 1.0 (SD=0.2), respec-

tively. There were no significant differences between the
patient subgroups and healthy subjects according to
analysis of variance (ANOVA) (depressive episode: F=0.29,
df=1, 70, p=0.59; panic disorder: F=0.31, df=1, 40, p=0.58;
obsessive-compulsive disorder: F=0.13, df=1, 40, p=0.72).
A second analysis was done to compare subjects with ma-
jor depressive episodes and no comorbid diagnoses (N=
29) to healthy subjects, and no significant differences in
baseline striatal binding potential were found; the mean
baseline striatal binding potential of the depressed pa-
tients without comorbid illnesses was 1.0 (SD=0.2) (F=
0.14, df=1, 62, p=0.71).

FIGURE 1. Relationship Between Striatal Serotonin Transporter (5-HTT) Occupancy and Dose or Plasma Concentration of
Citalopram in 18 Healthy and Depressed Subjectsa

a Healthy subjects received subtherapeutic doses; subjects with depression received therapeutic doses. The data were fit by using an equation
of the form f(x)=a(x/[b+x]). The relationship between dose and occupancy was highly significant: f(x)=92(x/[b+x]) (F=127.38, df=1, 16,
p<0.0001). The relationship between plasma level and occupancy was highly significant: f(x)=96(x/[b+x]) (F=102.93, df=1, 16, p<0.0001).

FIGURE 2. Relationship Between Striatal Serotonin Transporter (5-HTT) Occupancy and Dose or Plasma Concentration of
Fluoxetine in 18 Healthy and Depressed Subjectsa

a Healthy subjects received subtherapeutic doses; subjects with depression received therapeutic doses. The data were fit by using an equation
of the form f(x)=a(x/[b+x]). The relationship between dose and occupancy was highly significant: f(x)=86(x/[b+x]) (F=92.39, df=1, 16,
p<0.0001). The relationship between plasma level and occupancy was highly significant: f(x)=92(x/[b+x]) (F=16.93, df=1, 16, p=0.0008).
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Relation of Striatal 5-HTT Occupancy 
to SSRI Dose or Plasma Concentration

For each drug, substantial occupancy occurred at sub-
clinical doses (Figure 1, Figure 2, Figure 3, Figure 4, and
Figure 5). Occupancy increased as the dose or plasma level
increased, with plateauing at higher doses and plasma lev-
els. A standard function in the field of pharmacology was
used. The function was f(x)=a(x/[b+x]), where f(x) refers to
occupancy and x refers to dose or plasma level of the SSRI.
This function significantly fit the data.

For all drugs, approximately 80% occupancy occurred at
doses that are significantly better than placebo in the

treatment of depressive episodes (Figure 6) (4, 33–36). For
each SSRI the minimum recommended daily treating dose
for major depressive episode resulted in a decline in stri-
atal 5-HTT binding potential that was significantly differ-
ent from our test-retest measurements of striatal 5-HTT
binding potential previously reported for six healthy sub-
jects (2), according to repeated-measures ANOVA (citalo-
pram, 20–40 mg: F=84.68, df=1, 11, p<0.001; fluoxetine, 20
mg: F=73.03, df=1, 8, p<0.001; paroxetine, 20 mg: F=91.61,
df=1, 12, p<0.001; sertraline, 50 mg: F=116.20, df=1, 7,
p<0.001; extended-release venlafaxine, 75 mg: F=126.92,
df=1, 8, p<0.001).

FIGURE 3. Relationship Between Striatal Serotonin Transporter (5-HTT) Occupancy and Dose and Plasma Concentration of
Sertraline in 14 Healthy and Depressed Subjectsa

a Healthy subjects received subtherapeutic doses; subjects with depression received therapeutic doses. The data were fit by using an equation
of the form f(x)=a(x/[b+x]). The relationship between dose and occupancy was highly significant: f(x)=94(x/[b+x]) (F=51.61, df=1, 12,
p<0.0001). The relationship between plasma level and occupancy was highly significant: f(x)=88(x/[b+x]) (F=93.98, df=1, 12, p<0.0001).

FIGURE 4. Relationship Between Striatal Serotonin Transporter (5-HTT) Occupancy and Dose or Plasma Concentration of
Paroxetine in 14 Healthy and Depressed Subjectsa

a Healthy subjects received subtherapeutic doses; subjects with depression received therapeutic doses. The data was fit by using an equation
of the form f(x)=a(x/[b+x]). The relationship between dose and occupancy was highly significant: f(x)=102(x/[b+x]) (F=28.00, df=1, 12, p=
0.0002). The relationship between plasma level and occupancy was highly significant: f(x)=93(x/[b+x]) (F=350.27, df=1, 12, p<0.0001).
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The estimated dose and plasma concentration needed
to obtain a 5-HTT occupancy of 50% (ED50 and EC50, re-
spectively) were calculated for each SSRI (Table 1). To de-
termine whether these values could be predicted by SSRI
affinity alone, we compared these values to reported affin-
ities (Kd) for the cloned human 5-HTT (6). The Kd values
(in nanomoles) reported by Tatsumi et al. (6) were 1.16,
0.81, 0.29, 0.13, and 8.9 for citalopram, fluoxetine, sertra-
line, paroxetine, and venlafaxine, respectively. There was

no significant linear correlation between ED50 and affinity
(r=0.30, N=5, p=0.63). There was no significant linear cor-
relation between EC50 and reported affinity (r=–0.22, N=5,
p=0.73). There was also no correlation between log-trans-
formed values for affinity for the 5-HTT (pKd) and ED50 (r=
0.04, N=5, p=0.96) or EC50 (r=0.18, N=5, p=0.78).

Relation of Striatal 5-HTT Occupancy 
to Clinical Response

While the number of subjects who completed the proto-
col was large for a PET imaging study, it was small from the
perspective of a clinical trial. Even so, we also examined
the relationship between clinical response, measured with
the 17-item Hamilton Depression Rating Scale (37), and
the striatal occupancy. In 36 subjects who had a diagnosis
of major depressive episode, there was no relationship
between striatal occupancy and percent change in Hamil-
ton depression scale score from scan 1 to scan 2 (r=0.20,
N=36, p=0.24). There was also no relationship between
striatal occupancy and the presence at scan 2 of a Hamil-
ton depression scale score reflecting clinical response (less
than 8) (independent samples t test comparing 17 nonre-
sponders or partial responders and 19 responders: t=0.08,
df=34, p=0.94).

FIGURE 5. Relationship Between Striatal Serotonin Transporter (5-HTT) Occupancy and Dose or Plasma Concentration of
Extended-Release Venlafaxine in 18 Healthy and Depressed Subjectsa

a Healthy subjects received subtherapeutic doses; subjects with depression received therapeutic doses. The data were fit by using an equation
of the form f(x)=a(x/[b+x]). The relationship between dose and occupancy was highly significant: f(x)=90(x/[b+x]) (F=250.00, df=1, 16,
p<0.0001). The relationship between plasma level and occupancy was highly significant: f(x)=92(x/[b+x]) (F=113.37, df=1, 16, p<0.0001).
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FIGURE 6. Striatal Serotonin Transporter (5-HTT) Occupancy
in Depressed Subjects After 4 Weeks of Treatment at Mini-
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SSRI and Minimum Therapeutic Dose 

Citalopram
20–40 mg

(N=7)

Fluoxetine
20 mg
(N=4)

Sertraline
50 mg
(N=3)

Paroxetine
20 mg
(N=7)

Extended-
Release

Venlafaxine
75 mg
(N=4)

TABLE 1. Estimated Dose (ED50) and Plasma Concentration
(EC50) Needed to Obtain 50% Serotonin Transporter Striatal
Occupancy for Five SSRIs Administered to 77 Healthy and
Depressed Subjects for 4 Weeks

SSRI ED50 (mg/day) EC50 (µg/liter)
Citalopram 3.4 11.7
Fluoxetine 2.7 14.8
Sertraline 9.1 1.1
Paroxetine 5.0 2.7
Extended-release venlafaxine 5.8 3.4
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5-HTT Occupancy in Other Regions

While our primary region of interest for 5-HTT occu-
pancy was the striatum, we also measured it in other re-
gions of subjects who had received the minimum recom-
mended treating dose for major depressive episode. The
occupancies in these other regions are listed in Table 2.
These occupancies tended to be correlated with the striatal
occupancy (N=25, r=0.36 to r=0.73, p=0.08 to p<0.001). Post
hoc analyses showed that in comparison to the striatal 5-
HTT occupancy, the 5-HTT occupancy in the thalamus
was significantly lower (8% lower) (paired t test: t=–4.35,
df=24, p<0.001) and that the 5-HTT occupancy was signifi-
cantly higher in the midbrain (8% higher) (paired t test: t=
6.53, df=24, p<0.001). The average 5-HTT occupancies in
the other regions (prefrontal cortex, anterior cingulate, cu-
neus) were similar to the average striatal 5-HTT occupancy.
The mean 5-HTT occupancies in these other regions were
within 3% of the mean striatal 5-HTT occupancy.

Discussion

In this study we found that in our primary region of in-
terest, the striatum, the 5-HTT occupancy at minimum
therapeutic doses of five different SSRIs was approxi-
mately 80%. It was also observed that 5-HTT occupancy
increased as plasma level and dose increased and that 5-
HTT occupancy plateaued at high plasma levels or doses.

It is interesting that the daily doses of SSRIs that are
convincingly distinguishable from placebo in the clinical
setting—20 to 40 mg for citalopram, 20 mg for fluoxetine,
50 mg for sertraline, 20 mg for paroxetine, and 75 mg for ex-
tended-release venlafaxine (4, 33–36)—were also the doses
that obtained an 80% occupancy in the striatum. The occu-
pancy data indicate that with these doses, the blockade at
the 5-HTT is fairly equivalent across SSRIs. It also suggests
that an 80% occupancy of the 5-HTT is a necessary mini-
mum for SSRI treatment of depressive episodes.

The consistency of an 80% striatal occupancy at mini-
mum therapeutic doses may appear surprising because
the SSRIs chosen had a wide spectrum of affinity for the 5-
HTT, covering two orders of magnitude (Ki ranging from
about 0.1 nM for paroxetine to 10 nM for venlafaxine) (5,
6). Therefore, 5-HTT occupancy is influenced by factors

besides affinity. The amount of drug given and its plasma
level have an obvious role, demonstrated by the nonlinear
correlations between plasma concentration (or dose) and
occupancy. The low, nonsignificant correlations of re-
ported affinity to ED50 and EC50 suggest that affinity can-
not predict the dose (or plasma level) that will achieve a
50% occupancy among high-affinity medications. This
suggests that an important pharmacological property be-
sides affinity is the ability of the SSRI to penetrate the
brain and accumulate near the synapse and axons, where
5-HTT are found (38).

Given that there are pharmacological properties besides
affinity that influence occupancy, it may be presumptuous
to assume substantial occupancy on the basis of affinity
alone. Many of the SSRIs included in this study have some
affinity for other monoamine transporter sites. For exam-
ple, venlafaxine and paroxetine have an affinity for the
norepinephrine transporter site that is two orders of mag-
nitude less than their affinity for the 5-HTT (5, 6). Sertra-
line has an affinity for the dopamine transporter site that
is two orders of magnitude less than its affinity for the 5-
HTT (6). Without direct occupancy measures, it is unclear
whether these medications have substantial occupancy at
other monoamine sites.

The ED50 occurred at very low doses, and the dose-occu-
pancy curves reveal substantial striatal 5-HTT occupancy
at low doses of SSRIs. This information may be useful for
the clinician faced with a patient who does not tolerate the
minimum therapeutic dose. The 80% occupancy need not
be obtained with a single SSRI. For rare patients who can-
not tolerate the minimum doses that distinguish SSRIs
from placebo, the clinician could consider combinations of
two SSRIs at doses that individually achieve 60%–70% stri-
atal occupancy in order to achieve 80% occupancy during
the initial therapeutic trial. Ideally, clinical trials of low-
dose SSRI combinations should be done in order to vali-
date this approach; however, we believe that such data are
not currently available. The data of this study do not pro-
vide an argument for subtherapeutic dosing of SSRIs even
though substantial occupancy may be obtained in this
manner. It is conceivable that some of the proposed anti-
depressant mechanisms, such as increasing synaptic 5-HT
concentrations (39, 40), increasing 5-HT neurotransmis-

TABLE 2. Serotonin Transporter (5-HTT) Occupancy in Six Brain Regions of Depressed Subjects After 4 Weeks of Minimum
Therapeutic Doses of Five SSRIs

5-HTT Occupancy (%)

Citalopram, 
20–40 mg/day 

(N=7)

Fluoxetine, 
20 mg/day 

(N=4)

Sertraline, 
50–100 mg/day 

(N=7)

Paroxetine, 
20 mg/day 

(N=7)

Extended-Release
Venlafaxine, 

75 mg/day (N=4)

Region Mean SD Mean SD Mean SD Mean SD Mean SD
Striatum 81.4 7.2 76.2 7.5 85.0 7.0 84.5 6.0 83.7 2.4
Bilateral thalamus 72.3 7.6 69.1 9.4 76.8 4.3 74.7 15.7 71.3 10.2
Anterior cingulate 83.2 18.0 79.9 14.6 94.5 18.9 76.0 14.7 84.6 13.0
Prefrontal cortex (Brodmann’s areas 

8, 9, 10, and 46) 79.9 24.2 85.0 8.7 90.9 15.8 80.2 18.3 91.3 11.4
Midbrain 87.5 7.7 82.3 9.3 91.8 4.0 93.4 7.7 91.0 7.7
Bilateral cuneus 69.0 25.1 81.1 5.9 87.4 18.9 66.9 28.6 91.9 5.1
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sion (41), or creating neurotrophic effects (42, 43), may oc-
cur only at 80% occupancy.

Our post hoc comparisons showed that the 5-HTT occu-
pancy in the striatum tended to correlate with the 5-HTT
occupancy in the prefrontal cortex, anterior cingulate, and
cuneus and that the overall mean 5-HTT occupancies of
these three regions were within 3% of the overall mean 5-
HTT occupancy in the striatum. This suggests that the
concentrations of SSRIs in these regions are similar. Our
other post hoc comparisons of regional occupancy indi-
cated that 5-HTT occupancy in the midbrain was signifi-
cantly higher than occupancy in the striatum and that 5-
HTT occupancy in the thalamus was significantly lower.
This suggests that SSRI concentrations may be higher in
the midbrain and lower in the thalamus. It may be that in
brain regions with very high 5-HTT density (such as the
raphe nuclei in the midbrain), there are higher concentra-
tions of SSRIs. For radiotracers, it is well known that re-
gions with higher concentrations of specific binding sites
have greater concentrations of radiotracer. It may be that
an analogous situation occurs with some drugs such that
regions with very high densities of specific binding sites
also have higher concentrations of drug that bind to these
sites. It is possible that there are differences between the
thalamus and striatum that result in different SSRI con-
centrations; for example, one may speculate that the de-
gree of lipophilicity of the SSRI drugs results in a lower ab-
sorption of SSRIs in the thalamus. Even though the 5-HTT
occupancy in two other regions was different from that in
the striatum, we chose the striatum a priori as the princi-
pal region of interest: the striatum is an ideal structure for
occupancy measurement because it is large, it has a ho-
mogeneous uptake of [11C]DASB, and the consistency of
test-retest measurements is excellent. The actual mean
absolute difference in test-retest measurements expressed
as a percentage of the striatal 5-HTT binding potential for
the six subjects scanned twice with [11C]DASB PET in the
present study was 8%.

For some SSRIs at higher doses, striatal occupancies of
greater than 80% may occur. Whether it is better to treat
with SSRIs in order to achieve 5-HTT occupancies greater
than 80% is currently unknown, to our knowledge. The in-
formation from this study would allow for clinical trials
with SSRIs at higher occupancies so as to investigate this
question. The occupancy data may also be used to make
informed post hoc analyses of existing clinical trial data:
doses or plasma levels corresponding to striatal occu-
pancy values of 85% to 90% may be compared to doses or
plasma levels corresponding to 80% occupancy. An 80%
occupancy occurs with SSRI doses that are superior to pla-
cebo, but an 80% occupancy may not necessarily be the
most therapeutic occupancy.

Occupancy measurement with [11C]DASB PET should
be incorporated into antidepressant development for
compounds that target the 5-HTT. New antidepressants
may be selected from candidates on the basis of having an

80% or greater striatal occupancy for the 5-HTT. Dosing in
humans could be optimized on the basis of occupancy
data before clinical trials are conducted. For example, for
antidepressants with high affinity for multiple sites, the
therapeutic effect of 5-HTT blockade could be optimized
by dosing to achieve 80% or greater occupancy.

Metabolites of some SSRIs have been considered to
make substantial contributions to overall occupancy. The
differential contribution of metabolites to overall occu-
pancy cannot be assessed in this type of study because the
concentration of the parent compound is associated with
the concentration of metabolites. It is conceivable that a
major metabolite may contribute substantially to occu-
pancy and that the effect is masked by the strong associa-
tion between plasma levels of the parent SSRI and major
metabolites. To investigate the specific contribution of
metabolites, future investigations should measure occu-
pancy after administration of the metabolite alone.

We did not find a 100% occupancy in humans with
[11C]DASB PET. We think the reason for this is that the cur-
rently available SSRIs do not achieve 100% occupancy
within typical dosing ranges at the times chosen for mea-
suring the 5-HTT occupancy. Using [11C]DASB methods, we
have observed 92% striatal occupancy after a single dose of
fluoxetine at 5 mg/kg in cats (44) and 95% striatal occu-
pancy after a single dose of 2 mg/kg of [11C](+)McN5652 in
rats (9). The occupancies found in the midbrain (44) and
thalamus (9, 44) were virtually identical to those for the stri-
atum in these studies.

There are several limitations to this study. 5-HTT bind-
ing potential was measured 6 to 13 hours after the last
SSRI dose; hence, the occupancy represents this time pe-
riod. It is theoretically possible that occupancy could be
lower after 13 hours, but this is unlikely because the occu-
pancy was found after 4 weeks at the dose administered
and there was no systematic change in occupancy within
the 6 to 13 hours after the last dose for any SSRI. Strictly
speaking, the occupancy measure represents the change
in binding potential. Given that the binding potential is
proportional to receptor density and affinity, occupancy
may also include processes such as down-regulation (45).
Nevertheless, most 5-HTT are located perisynaptically
and along axons (38), and the 5-HTT to which [11C]DASB
can bind probably reflect the 5-HTT available for clear-
ance of extracellular serotonin. We chose to measure oc-
cupancy in three groups of subjects, two of which had psy-
chiatric illnesses. Since the 5-HTT occupancy is high at
clinical doses and the observable difference in baseline 5-
HTT binding potential between diagnostic categories is
minimal in the bilateral striatum, the effect of illness on 5-
HTT occupancy is negligible.

We believe that this is the first study to investigate 5-
HTT occupancy of multiple SSRIs at multiple doses by us-
ing a highly reliable imaging method. We have demon-
strated that SSRIs have increasing striatal occupancy with
increasing plasma level or dose and that a reasonably con-
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sistent striatal occupancy of 80% occurs at doses that are
superior to placebo. These results would not be predicted
by affinity of the individual SSRIs for the 5-HTT alone. The
finding of an 80% striatal occupancy across five SSRIs at
doses that are clinically distinguishable from placebo also
argues strongly for incorporating these 5-HTT occupancy
measures into future antidepressant development. The
other interesting finding was that some SSRIs can actually
achieve 5-HTT occupancies greater than 80% in the clini-
cal dosing range. Clinical studies of high 5-HTT occu-
pancy treatments may provide an important therapeutic
opportunity for both existing and future antidepressant
medications.
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