
 

N

 

EUROPSYCHOPHARMACOLOGY

 

 

 

2002

 

–

 

VOL

 

. 

 

26

 

, 

 

NO

 

. 

 

2

 

© 2002 American College of Neuropsychopharmacology
Published by Elsevier Science Inc. 0893-133X/02/$–see front matter
655 Avenue of the Americas, New York, NY 10010  PII S0893-133X(01)00314-1

 

Fluoxetine and Sleep EEG: Effects of a Single 
Dose, Subchronic Treatment, and 
Discontinuation in Healthy Subjects

 

Bernd Feige, Ph.D., Ulrich Voderholzer, M.D., Dieter Riemann, Ph.D., Professor of Clinical
Psychophysiology, Ralf Dittmann, M.D., Ph.D., Fritz Hohagen, M.D., Professor of Psychiatry,

 

and Mathias Berger, M.D., Professor of Psychiatry

 

The goals of the current study were to evaluate whether a 
single dose of fluoxetine causes qualitatively different 
changes in sleep architecture and NREM sleep EEG than 
subchronic administration in healthy subjects and to 
determine degree and duration of such changes after the 
single dose and after discontinuation from subchronic 
administration. Our hypothesis was that subchronic intake 
should cause changes qualitatively different from the single 
dose and that such changes could be sufficiently long-lived 
to suggest the possibility of a dosing in intervals of several 
days. Ten healthy volunteers first took one single 60-mg 
dose of fluoxetine and a week later started to take a 40-mg 
dose every morning for three weeks. Sleep laboratory nights 
included two nights before and four nights after the single 
dose and every second night for two weeks after 
discontinuation from subchronic administration. The single 
dose caused only a slight increase in drug plasma 
concentrations but relatively clear changes in sleep 
structure. After discontinuation from subchronic 
administration, sleep quality indices normalized quickly 

(within 2–4 days), whereas REM latency and spectral 
power effects correlated with total SSRI plasma 
concentration and normalized more slowly, corresponding 
to the drug plasma half-life of about 10 days. The REM 
fraction of the sleep period showed a rebound, whereas the 
delta sleep ratio did not correlate with drug plasma levels 
and yet remained increased after the medication interval. 
Thus, the only qualitative difference seen between acute and 
subchronic medication was the initial sleep disturbance. 
REM latency and especially the delta sleep ratio remained 
increased for several days after discontinuation from 
subchronic administration, indicating the possibility of a 
less-than-daily maintenance medication after an initial 
daily interval. Finally, the pattern of change observed for 
the delta sleep ratio indicates that it may be due to 
secondary, adaptive effects possibly linked to the 
antidepressant effect of fluoxetine in depressed patients.
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In the last years, selective serotonin reuptake inhibitors
(SSRIs) have increasingly replaced tricyclics in antide-
pressive treatment due to their more benign side effect
profile. Still, compliance in long-term maintenance
therapy often enough is insufficient, since many pa-
tients are reluctant to accept daily dosing of antidepres-
sants and thus tend to omit medication sometimes. It is
well known for most antidepressants that a discontinu-
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ation for some days can lead to relapse into depression
(for a review, cf. Viguera et al. 1998).

The SSRIs currently available are mainly distin-
guished by their plasma halflife, which is particularly
long for fluoxetine (1–3 days after single and 4–6
days after chronic administration) and its active metab-
olite norfluoxetine (7–14 days) (Hyttel 1994). There-
fore, the question arises what the time course of cen-
tral nervous effects of a single and a subchronic dose
of fluoxetine is: If the effects should last for several
days after discontinuation, this would be an indication
of a higher level of security of this medication with re-
spect to compliance problems. It has already been sug-
gested that the long plasma half-life is the reason for
the negligible adverse effects reported upon fluoxetine
discontinuation (Zajecka et al. 1998; Lejoyeux and
Adés 1997; Haddad 1997; for a recent definition of a
SSRI discontinuation syndrome cf. Schatzberg et al.
1997).

Furthermore, there are several indications that im-
portant central nervous effects of antidepressant medi-
cation are of a secondary, adaptational nature, prompt-
ing a comparison of the time course of these effects with
plasma drug concentration. Especially the fact that sev-
eral clearly distinct pharmacological interventions all
result in an amelioration of depressive symptoms in re-
sponders, and do so only with a delay of some days to
weeks, indicates that the actual antidepressant effect
and change in symptomatology is an indirect conse-
quence of the drug action. A delay of about two weeks
has even been used to discriminate true drug effects
from spontaneous remissions in pattern analytical as-
sessments of antidepressive efficacy (Quitkin et al.
1984, 1987), although the delayed onset hypothesis has
been challenged in favor of a triggering or ‘kick-start-
ing’ concept (Stassen and Angst 1998). Shortened time
to remission using pulse loading schemes has also been
reported (down to about 72h by bolus injection of imi-
pramine; Malhotra and Santosh 1996). Finally, a previ-
ous study found a significant antidepressive effect of a
two-day treatment with the tricyclic antidepressant clo-
mipramine (plasma half-life of about 21 hours) 5 days
after either oral or intravenous dosing (Pollock et al.
1989; Kupfer et al. 1989). These findings indicate that a
relatively short-term plasma presence of antidepres-
sants might be sufficient in order to initiate the neces-
sary neurophysiological changes leading to an amelio-
ration of depressive symptoms.

In order to measure central nervous effects of fluox-
etine, we performed a spectral analysis of the sleep EEG
in healthy human volunteers. Specific spectral EEG ef-
fects of antidepressants have been reported by several
authors (Tarn et al. 1993; Saletu and Grünberger 1985;
Patat et al. 1998; Fischer et al. 1986; Yamadera et al.
1987; Saletu et al. 1991; Röschke et al. 1997); further-
more, there is evidence for a link between sleep regula-

tion and depression, with sleep homeostasis being rou-
tinely characterized by spectral EEG parameters
(Borbély et al. 1988; Achermann et al. 1993).

Evidence for a link between sleep structure and de-
pression comes from the fact that sleep deprivation
(which actually constitutes a manipulation of sleep ho-
meostasis) is an effective, albeit often short-lived, anti-
depressant treatment in about 70% of patients with ma-
jor depressive disorder (Riemann et al. 1999; Berger et
al. 1997; Vollmann and Berger 1993). Furthermore,
there are consistent findings of a REM sleep disinhibi-
tion (shortened REM latency, higher REM density; cf.
Vogel 1983; Kupfer et al. 1976; Berger and Riemann
1993) and a NREM delta power shift towards the sec-
ond NREM episode (decreased 

 

delta sleep ratio

 

; Kupfer
et al. 1990; Buysse et al. 1997) as correlates of depres-
sion. A decreased delta ratio has also been found to in-
crease the likelihood of further depressive episodes in
the absence of pharmacotherapy (Spanier et al. 1996).

Most antidepressants normalize both of these pa-
rameters in depressed patients, i.e., they increase REM
latency (Vogel 1983) and delta ratio (Kupfer et al. 1994).
The increase in delta ratio has been found to be associ-
ated with clinical response to clomipramine (Ehlers et
al. 1996). An increase in REM latency has been observed
in healthy subjects after administration of fluoxetine
(Vasar et al. 1994). This indicates that sleep EEG
changes in normals can be used as a model of the anti-
depressant effect of a substance.

It should be noted, however, that some clinically ef-
fective antidepressants do not suppress REM sleep, e.g.,
trimipramine (Vogel et al. 1990; Sonntag et al. 1996;
Wiegand and Berger 1989) and the postsynaptic seroto-
nin antagonist and presynaptic serotonin and norepi-
nephrine reuptake inhibitor nefazodone (Vogel et al.
1998; Armitage et al. 1997; Rush et al. 1998; Gillin et al.
1997). Thus, REM latency changes may be associated
with the mechanism of action of many antidepressants
as previously suggested (Vogel 1983; Vogel et al. 1975;
this includes many SSRIs and specifically fluoxetine; cf.
Buysse et al. 1999; Trivedi et al. 1999), but not of all anti-
depressants. Much less is known about delta ratio
changes due to various antidepressants, allowing the
speculation that the delta sleep ratio could be closer to a
general mechanism of antidepressant action than REM
latency.

In the current study we therefore examined sleep ar-
chitecture and NREM sleep EEG changes in the course
of a single dose and subsequent subchronic application
of fluoxetine for signs of secondary, adaptive changes
and the time course of normalization after discontinua-
tion for implications regarding clinical application
schemes. Our hypothesis was that subchronic intake
should cause qualitatively different changes than the
single dose in one of the parameters linked to depres-
sion, i.e., REM latency or delta sleep ratio. These
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changes could furthermore be sufficiently long-lived to
suggest the possibility of a fluoxetine dosing in inter-
vals of several days for antidepressive maintenance
therapy (e.g. once-weekly; cf. Schmidt et al. 2000). The
study was conducted with healthy male subjects in-
stead of depressed patients in order to reduce possible
confounding effects of an amelioration of the depres-
sive state.

 

MATERIALS AND METHODS

 

Ten healthy male volunteers aged between 20 and 34
years (27.8 

 

�

 

 4.1 years) with a body weight between 60
and 90 kg (71.9 

 

�

 

 7.5 kg) were enrolled. There were no
abnormal findings upon clinical and laboratory exami-
nations in any of the subjects. None of them had a per-
sonal or family history of psychiatric disorders, aller-
gies, adverse drug reactions, or major surgical
interventions involving the gastrointestinal tract. Par-
ticipants were drug free, had no history of drug or alco-
hol abuse, and none of then had participated in other
drug studies within a month preceding the start of this
trial. Written consent was obtained from each subject.
The experiments were performed in accordance to the
Helsinki Declaration of 1975. The protocol was ap-
proved by the Ethical Committee of the University of
Freiburg.

Capsules containing 20 mg of fluoxetine and match-
ing placebo capsules were used. The single dose con-
sisted of three capsules (60 mg) and the daily dose in
the subchronic phase was two capsules (40 mg).

 

Study Design

 

On the first study day, inclusion/exclusion criteria
were evaluated, including demographic data and medi-
cal history. A full physical examination, including
blood pressure, pulse and weight measurements, EEG
(12 leads), neurological, and psychiatric examinations
were performed. Laboratory tests included a full blood
count (including platelets), clinical chemistry: sodium,

potassium, chloride, calcium, urea, serum creatinine,
glucose, total protein, albumin, total bilirubin, SGOT,
SGPT, AP, GGT, LDH, HbsAg and HIV, T3, T4, TSH,
and urine analysis (dip stick): urobilinogen, glucose,
pH, protein, nitrite and blood.

Study nights 2 through 4 and every second night
from night 28 to 42 (cf. the study design overview, Fig-
ure 1) included standard sleep recordings of horizontal
EOG, submental EMG and EEG (C3-A2; C4-A1). Time
in bed was held constant from 23:00 to 7:00 h; subjects
were required to adhere to this fixed sleep schedule and
to remain abstinent from alcohol during the whole
course of the study. The polysomnograms were scored
blindly in epochs of 30 s by two experienced raters ac-
cording to standardised criteria (Rechtschaffen and
Kales 1968). Blood samples drawn at 22:00 h before
each study night were centrifuged and frozen on site
and sent to an external laboratory (Simbec Research
Ltd., UK) for measurement of fluoxetine and norfluox-
etine plasma concentrations by gas chromatography.
For statistical analysis, values below the detection
threshold were set to the detection threshold (1.957 ng/
ml for fluoxetine and 2.239 ng/ml for norfluoxetine).
During the three-week medication interval, additional
blood samples were drawn on nights 14 and 21 and an-
alyzed for plasma concentrations to ensure compliance.

 

Conventional Sleep Measures

 

Polysomnographical parameters derived from visual
staging were total sleep time, the fraction of each sleep
(or wake) stage within the sleep period (SP) in percent,
REM latency, and the number of eye movements in
REM sleep. Sleep onset was defined as the first occur-
rence of stages 2, 3, 4, or REM sleep (one 30-s epoch was
sufficient). The sleep period ended correspondingly
with the first wake or stage 1 epoch not followed by
deeper sleep until the end of bedtime. Sleep latency is
the time between the start of bed time (

 

lights out

 

) and
sleep onset. Total sleep time is the time within the sleep
period not spent awake. Sleep efficiency is defined as
the percentage of total sleep time within bedtime. REM

Figure 1. Study design. Nights spent in the sleep lab are shown as boxes with solid lines, nights spent at home with broken
lines. In the morning prior to the baseline night (�1), subjects received placebo capsules; in the morning before night 1, they
received a single dose of 60mg (3 � 20 mg) fluoxetine, and in each morning preceding nights 8–28 they received a dose of
40mg (2 � 20 mg).
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latency is the time between sleep onset and the first oc-
currence of REM sleep.

For “REM latency-wake,” epochs scored as wake
that may have occurred between sleep onset and REM
sleep were excluded. REM density, finally, was calcu-
lated as the number of REM eye movements per 30-s
epoch multiplied by 10. This can be interpreted as a
percentage where a REM density of 100% is defined as
10 eye movements per 30 s (20 per minute).

 

Spectral Analysis

 

During the night, continuous EEG (C3 referenced to the
right ear) was amplified with a time constant of 0.3 s and
a lowpass at 70 Hz, digitized at 102.4 Hz and stored for
off-line analysis. Due to the sampling theorem, this led to
an aliasing of frequencies above 51.2Hz into the frequen-
cies between 32.4 and 51.2Hz, which therefore were ex-
cluded from the analysis of sleep spectral power changes
(but used in the artifact detection algorithm).

An all-night spectral analysis was performed on the
same 30-s epochs for which sleep stages had been deter-
mined. Within each 30-s epoch, spectral power was cal-
culated using the Fast Fourier Transform (FFT) algo-
rithm from forty-six 128-point windows overlapping by
half, resulting in a spectral resolution of 0.8 Hz. Within
each FFT window separately, the EEG was demeaned
and detrended by subtracting the linear least-squares
regression line before applying a Welch window and
calculating the FFT. The 46 spectral power estimates
were averaged in order to increase the stability of the
estimate. The estimates obtained for each frequency
and 30-s epoch were continuously stored on disk.

The goal of the further analysis was to minimize the
effects of confounding variables on the spectra averaged
across epochs, such as the number of movements or
arousals and other sleep parameters that can be analyzed
separately (cf. Feige et al. 1999). This was done by ex-
cluding ‘deviant’ epochs from the average. Deviant ep-
ochs were those containing movements or arousals as
determined during staging; furthermore, the total (0.8–48
Hz) and gamma-band (32–48 Hz) log power of each ep-
och was related to the corresponding median-filtered
value (the median of values in the 5 min preceding and 5
min following the epoch), and an epoch was excluded if
the deviation was larger than the difference between the
median and the first quartile of all median-filtered values
across the night. In this way, artifacts mainly restricted to
low frequencies (such as EOG events) as well as those oc-
curring mainly in higher frequencies (such as EMG con-
tamination) were eliminated in a data-driven way.

 

Statistical Analysis

 

The logarithmic (base 

 

e

 

) spectra for artifact-free NREM
sleep epochs were averaged across each night and addi-

tionally (in order to calculate the delta sleep ratio)
within each NREM sleep episode. Logarithmic spectral
band power was calculated after adding the spectral
power values within the following frequency bands:
Delta 0.1–3.5 Hz, theta 3.5–8 Hz, alpha 8–12 Hz, sigma
12–16 Hz, beta1 16–24 Hz, and beta2 24–32 Hz. The
delta sleep ratio is the quotient of mean delta band
power values in the first NREM sleep episode to the
corresponding mean in the second NREM sleep episode
(Kupfer et al. 1990).

From the average log spectral power values, the cor-
responding average for the baseline night was sub-
tracted for each subject in order to derive baseline-rela-
tive spectra due to the properties of the logarithm.

The significance of baseline-relative sleep/spectral
parameter changes throughout the experiment was as-
sessed using a repeated measures ANOVA with the
within-subject factor NIGHT. Two-sided contrasts were
used within these ANOVAs to assess the statistical sig-
nificance of the baseline deviation for each night. Corre-
lations between plasma concentrations and sleep/spec-
tral parameters were evaluated by ANOVA with the
(individually baseline-subtracted) parameter entered as
variate and plasma level entered as covariate.

 

Pharmacodynamic Modeling of Spectral
Power Effects

 

It is not within the scope of the current study to derive
full pharmacokinetic / pharmacodynamic models for
all observed sleep and spectral parameters. We will fo-
cus upon the pharmacodynamic relationship between
drug plasma concentrations 

 

C

 

 and log spectral power
values 

 

E

 

, for which an established and simple model,
the 

 

E

 

max

 

 model, is available (cf. Bellissant et al. 1998):

where 

 

E

 

0

 

 (power at concentration 0), 

 

E

 

max

 

 (maximum
power change), 

 

CE

 

50

 

 (concentration at half the maxi-
mum effect), and 

 

�

 

 (Hill coefficient) are the model pa-
rameters. Sigma, beta1 and beta2 frequency bands were
analyzed in parallel; 

 

CE

 

50

 

 and 

 

�

 

 were modeled globally
across subjects and frequency bands, whereas 

 

E

 

0

 

 and

 

E

 

max

 

 were allowed to be different for each subject and
frequency band. Nonlinear least-squares optimization
was performed using the `nls’ package of S-PLUS
(MathSoft, Cambridge, MA).

 

RESULTS

 

The upper left panel of Figure 2 shows the plasma con-
centrations of fluoxetine and its active metabolite nor-
fluoxetine. After the single 60mg dose, plasma levels in-
creased to 31

 

�

 

 30 ng/ml (mean 

 

�

 

 SD) for fluoxetine

E E0 Emax
C

γ

CE50( )γ
C

γ+
--------------------------------⋅+=
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and 27 

 

�

 

 23 ng/ml for norfluoxetine, while reaching
153 

 

�

 

 56 ng/ml and 171 

 

�

 

 53 ng/ml on day 28, after
three weeks of the daily 40 mg dose. The large variabil-
ity is in line with previous reports of large interindivid-
ual differences in plasma concentration following oral
intake of a fixed dose (DeVane 1992).

REM latency and total sleep time (TST) were already
changed significantly after the single dose and normal-
ized within six and two days, respectively, after discon-
tinuation from subchronic intake. The REM fraction of
the sleep period showed a rebound four days after dis-
continuation.

Figure 2. Study time courses of fluoxetine (open circles) and norfluoxetine (closed circles) plasma concentrations (top left
panel) and of the baseline-subtracted sleep parameters: Total sleep time (TST), slow-wave sleep fraction of sleep period
(SWS % SP), REM latency, REM fraction of sleep period, and REM density. The baseline levels (mean � SE) are noted above
or below the dotted zero (baseline) axis within each graph. Note that TST is significantly decreased at the end of the sub-
chronic medication period but recovers quickly, while REM latency is significantly increased and takes longer to normalize.
While REM density is not changed significantly, the REM sleep fraction is acutely suppressed but increased after discontin-
uation. At most one missing value was allowed in any single average (9 � N � 10). Significance levels for 2-sided contrasts
against baseline are indicated.
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Figure 3 shows the averaged baseline-relative spec-
tral power for the nights after three weeks of medica-
tion (night 28) and subsequent discontinuation. The
baseline-relative drug effect is a clear spectral power in-
crease, starting at about 12 Hz, with a peak in the sigma
band (around 14 Hz) and, with rising tendency, up to
the highest observed frequency (32 Hz). After discon-
tinuation, the spectral increment generally decayed
with time after discontinuation but did not reach the
baseline level at the end of the observed time interval,
12 days after discontinuation. The beta-range increment
(16–32 Hz) did not decrease monotonically but peaked
around night 34, causing spectral power on this night to
be the second largest after night 28.

The time course of spectral changes of NREM sleep
EEG (slight suppression of delta wave activity, increase
in sigma- and beta-band activity; cf. Figure 4) was gen-
erally similar to that of fluoxetine and norfluoxetine
plasma concentrations (as shown in the upper left panel
of Figure 2): they were not significant after the single
dose but marked after the subchronic intake, remaining
significant between 8 and 12 days after discontinuation.

While the total delta power across nights was
changed only weakly by the drug (about 10% reduction
at the end of the subchronic phase; ANOVA 

 

p

 

 

 

�

 

 .031; cf.
Table 1), the delta ratio was increased, i.e., the distribu-
tion of delta power across NREM episodes was clearly
shifted towards the first episode (cf. Figure 4, upper
right panel). A single dose caused a slight but not sig-
nificant increase in delta ratio. In the last medication
night (night 28), a significant delta ratio increase could
be seen on the 5% level despite a large variability. Be-
tween two and four days after discontinuation (nights
30–32), the difference to baseline did not reach signifi-
cance but subsequently increased and remained signifi-

cant up to the last observed night (12 days after discon-
tinuation).

Table 1 summarizes the effects of fluoxetine on poly-
somnographic and spectral parameters. Changes are di-
vided into three categories: nights with significant ef-
fects after a single dose, duration of persistence after
discontinuation from subchronic medication, and delay
of rebound effects after this discontinuation, deter-
mined by 2-sided contrasts against baseline (

 

p

 

 

 

�

 

 .05).
Sleep quality-related parameters such as sleep effi-
ciency and fraction of stage 2 sleep showed a relatively
early response and low persistence; REM fraction and
REM total eye movements showed a rebound. Spectral
EEG parameters were only weakly influenced by the
single dose, but showed long persistence after discon-
tinuation from subchronic dosing and no rebound ef-
fects during the time of observation.

One well-known source of variance in clinical trials
with fluoxetine is due to the large interindividual dif-
ferences in the pharmacokinetics of this substance and
the correspondingly large differences in plasma levels
within a fixed intake scheme. For this reason, we also
examined the correlations between plasma concentra-
tions of fluoxetine, norfluoxetine, and their sum, which
approximately represents the amount of SSRI present in
the plasma since the two substances are nearly equipo-
tent as SSRIs. All three concentrations were examined
in order to increase the specificity of the analysis. Since,
for example, the norfluoxetine concentration decreased
about linearly after discontinuation, any effect which
also evolves in one direction in this time interval will
correlate with the norfluoxetine concentration, without
necessarily indicating a causal link. If, however, the
sum of the two concentrations with its initially more
rapid decrease (due to the fluoxetine component) corre-

Figure 3. Grand-average baseline-relative NREM EEG spectra for the study nights following the subchronic medication
interval, displayed as the spectral power difference in percent relative to the baseline night.
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lates more strongly than any single concentration, this
observation is a stronger indication towards a modifica-
tion of the observed parameter by the momentary SSRI
plasma level. Furthermore, the acute and discontinua-
tion phases were analyzed separately in order to dis-
criminate effects of brief and longer-term exposure.

Figure 5 shows scatterplots visualizing the correla-
tions with plasma concentration for two of the vari-
ables: REM latency (left two columns) and sigma-band
NREM EEG spectral power (right two columns). In or-
der to remind the reader how plasma concentrations
evolved in a particular phase of the experiments, `time
arrows’ have been inserted in the plots. After the single
intake, plasma levels first rose, then fell, whereas they
steadily decreased after discontinuation from sub-
chronic intake. For both REM latency and sigma-band
spectral power, a clear correlation with the (slowly de-
creasing) norfluoxetine and summed SSRI concentra-
tions can be observed for the time after subchronic
medication and discontinuation. These parameters also
scatter across large ranges in the acute dosing phase but
without clear correlation to the plasma concentrations.
This indicates that the initial dose of 60 mg causes rela-
tively strong, interindividually different sleep changes,
whereas the slow diminution of plasma concentration

after discontinuation leads to a correspondingly slow
normalization of these sleep parameters.

Table 2 summarizes the plasma concentration correla-
tions found for all observed parameters. REM latency
and spectral power effects correlated best with total SSRI
concentration, but only in the time interval after discon-
tinuation. On the other hand, the correlations with the
sleep stage 2 decrease and wake increase were largest af-
ter the single dose and with the fluoxetine concentration,
indicating an initial perturbation with quick recovery.

The spectral power correlations were similar across
all frequency bands above 10 Hz and strongest in the
sigma and beta1 bands, indicating a single functional
origin of these spectral changes. The sigma band
showed a negative correlation with fluoxetine and a
tendential (

 

p

 

 

 

�

 

 .07) positive correlation with norfluox-
etine after the single dose, indicating an onset of sigma
band changes together with norfluoxetine buildup (i.e.,
with a time delay of about one day) after the single
dose. Finally, while the delta ratio was clearly changed
by the medication (cf. Figure 4), this change did not cor-
relate with any drug plasma concentration.

Since spectral power values correlated most strongly
with the sum of fluoxetine and norfluoxetine concentra-
tions and showed no signs indicating the development

 

Table 1.

 

Influence of Fluoxetine/Norfluoxetine on sleep: Changes Relative to Baseline; ANOVA and Baseline
Contrast Results

 

Significance of 
Factor NIGHT, 

ANOVA

Study Nights
with Significant

Effects after Single
Dose (

 

p

 

 

 

�

 

 .05)

Persistence of
Significant Effects

(Duration in Days after
Discontinuation; 

 

p

 

 

 

�

 

 .05)

Presence of Significant
Rebound Effects (Single

Nights after
Discontinuation; 

 

p

 

 

 

�

 

 .05)

 

Sleep latency 0,349 — — —
Total sleep time 0,002 2 (

 

↓

 

) 0 (

 

↓

 

) —
Sleep efficiency 0,002 2 (

 

↓

 

) 0 (

 

↓

 

) —
Wake % SP 0,000 — 2 (

 

↑

 

) —
Stage 1 % SP 0,276 — — —
Stage 2 % SP 0,032 3 (

 

↑

 

) — —
SWS % SP 0,071 — — —
REM % SP 0,005 — — 6, 10 (

 

↑

 

)
REM latency 0,000 1, 3 (

 

↑

 

) 4 (

 

↑

 

) —
REM lat.–wake 0,000 3 (

 

↑

 

) 4 (

 

↑

 

) —
REM tot.eye mts. 0,001 2 (

 

↓

 

) — 4–8, 12 (↑ )
REM density 0,220 — — —
Delta 0,031 — — —
Theta 0,580 — — —
Alpha 0,858 — — —
Sigma 0,000 — 12 (↑ ) —
Beta1 0,000 — 8 (↑ ) —
Beta2 0,000 — 8 (↑ ) —
Delta ratio 0,000 — 12 (↑ ) —

Direction of change relative to baseline: ↑  increase, ↓  decrease.
Significance and characteristics of changes for sleep parameters and NREM sleep EEG spectral values. Parameters with significant NIGHT effect

appear in bold print. The three columns following the ANOVA significance characterize the changes by listing the nights at which a significant
change occurred after the single dose, the duration of persistence after discontinuation (`0’ meaning that there only was a significant effect in the
night following the last dose, night 28), and by listing the nights after discontinuation at which rebound effects occurred. The arrow after each num-
ber indicates the direction of change relative to baseline. Significance of a change for a given night was evaluated using 2-sided contrasts against base-
line, p � 0.05.
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of tolerance, it can be assumed that a simple Emax model
is applicable for these effects. Furthermore, sigma, beta1,
and beta2 bands showed similar and strong correlations
with total SSRI plasma concentration and were therefore
analyzed within a single joint optimization model (see
Methods). The global parameters were modeled as (esti-
mate � SE) CE50 � 204 � 57 ng/ml and � � 1.3 � 0.6. The
parameters modeled individually for each subject and
frequency band, E0 and Emax, were (mean � SD) 2.1 � 0.3
and 0.4 � 0.3 for sigma, 0.6 � 0.2 and 0.7 � 0.5 for beta1,
and �0.3 � 0.2 and 1.0 � 0.9 for beta2.

DISCUSSION

In this study, fluoxetine induced four different types of
dynamic changes in the sleep EEG:

• Sleep quality measures (sleep efficiency, total sleep
time) showed a clear worsening upon the initial dose
but quick recovery (within one or two days) after
both the single dose and discontinuation from sub-
chronic administration despite the long plasma half-
life of 1–2 weeks;

Figure 4. Study time courses of the changes in NREM EEG spectral power, measured as the difference in percent relative
to the baseline night, for different frequency bands. In addition, the top right graph shows the change in delta ratio relative
to the baseline.
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• REM latency and spectral power increases across
the alpha- to higher beta bands took longer to nor-
malize after discontinuation and correlated with the
sum of fluoxetine and norfluoxetine concentrations
(total SSRI plasma concentration);

• The relative amount of REM sleep and the total rapid
eye movement count showed a rebound effect, i.e., al-
though there was a (tendential) reduction after both
the single dose and subchronic dosing, they were sig-
nificantly increased relative to baseline as soon as the
drug plasma concentration was sufficiently decreased
after discontinuation;

• The delta ratio remained elevated up to the end of the
observation period (12 days after discontinuation) and
showed no correlation with drug plasma levels.

General Effect of Fluoxetine on the All-Night NREM 
Sleep EEG Spectrum

At the end of the three-week medication interval, fluox-
etine increased NREM sleep EEG spectral power in fre-
quencies above 12 Hz relative to baseline, with a peak
around 14 Hz and an increasing tendency towards the
highest observed frequency (32 Hz). A slight decrease
was observed in the delta band. This pattern is in line
with previous reports of general activating effects of
fluoxetine on the human sleep EEG (Saletu et al. 1991),

including an increase in high- and a relative decrease in
low-frequency activity, and a general alerting effect as
reported by Blom et al. (1991). Despite the peak in the
sigma band, no qualitative differences in drug response
were observed between sigma and beta bands.

This spectral pattern is different from the SSRI effects
consistently described in rats, namely a reduction of
NREM sleep EEG spectral power in the 5–20 Hz range
(Neckelmann et al. 1996 for citalopram; Bjorvatn et al.
1995 for zimelidine). Also, in awake depressed patients
after four weeks of treatment with fluoxetine, Tarn et al.
(1993) found a decrease in beta activity relative to base-
line. Finally, Schlösser et al. (1998) reported a lack of sig-
nificant NREM EEG spectral changes after four weeks of
the SSRI paroxetine (30 mg) in eight healthy subjects.

Effects on Sleep Continuity Measures

Similar to Kupfer et al. (1991) with the SSRI fluvoxamine,
we found that sleep-disturbing effects of fluoxetine oc-
curred in the initial medication phase, i.e., after the single
dose of 60 mg, despite the fact that fluoxetine and norflu-
oxetine plasma levels were only slightly elevated by this
dose. This means that sleep continuity could be described
as sensitive to the change in plasma levels rather than to
the absolute levels. The fact that sleep continuity was also
significantly reduced after subchronic intake but recov-

Table 2. Correlations with Fluoxetine/Norfluoxetine Plasma Concentrations

Correlation after Single Dose 
(Nights 1-4)

Correlation after Subchronic
Administration (Nights 28-40)

Flu NFlu Flu	NFlu Flu NFlu Flu	NFlu

Sleep latency — — — — — —
Total sleep time — — — — — —
Sleep efficiency — — — — — —
Wake % SP  ↑↑ — — — — —
Stage 1 % SP — — — —  ↑ —
Stage 2 % SP  ↓↓↓ —  ↓↓ ↓ — —
SWS % SP — — — ↑ — —
REM % SP — — — — — —
REM latency — — —  ↑↑↑↑↑ ↑↑↑↑↑ ↑↑↑↑↑↑↑↑
REM lat.–wake — — — ↑↑↑↑ ↑↑↑↑ ↑↑↑↑↑↑↑
REM tot. eye mts. — — — — — —
REM density — — — — — —
Delta — — — — — —
Theta — — — — — —
Alpha — — — — ↑ ↑
Sigma  ↓ — — ↑↑ ↑↑↑ ↑↑↑
Beta1 — — — ↑↑ ↑↑↑ ↑↑↑↑
Beta2 — — — ↑↑ ↑↑ ↑↑↑
Delta ratio — — — — — —

↑  positive, ↓  negative correlation; p � .05; ↑↑  p � .01; ↑↑↑  p � .001; ↑↑↑↑  p � 10�4; ↑↑↑↑↑  p � 10�5 . . .
Correlations of the (baseline-relative) sleep and NREM EEG spectral parameters with the fluoxetine (Flu)

and norfluoxetine (NFlu) plasma concentrations and with their sum, which corresponds to the total amount
of SSRI. Correlations were determined independently for the time interval after the single dose of 60mg
(nights 1–4) and for the time interval after 3-week administration of a daily 20mg dose (nights 28–40, cf. Fig.
5). Direction and number of the arrows indicate the direction and significance of each correlation.
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ered within 2–4 days indicates an additional influence of
absolute plasma levels upon sleep continuity. The quick
recovery may be explained by the effect of an increased
homeostatic sleep pressure accumulated during the medi-
cation interval in which sleep continuity was reduced.

Effects on REM Latency and NREM Sleep EEG 
Spectral Power

Both REM latency and NREM sleep EEG spectral
power effects covaried most clearly with the sum of flu-
oxetine and norfluoxetine plasma concentrations, both
with regard to the mean time courses across the study
(Figures 2 and 4) and with regard to the actual correla-
tions between these parameters. This indicates that
these effects are determined by the total plasma concen-
tration of active SSRI rather than by fluoxetine or nor-
fluoxetine alone, and do not show habituation within
the sensitivity of the current study. Changes in REM la-
tency excluding intervening wake periods were nearly
equal to and only slightly less significant than those in-
cluding wake periods, indicating that the observed
changes in REM latency are not due to the overall de-
crease of sleep continuity (increase in wake % SP).

Due to the apparent dependence of spectral power
effects upon total SSRI plasma concentration, an Emax

pharmacodynamic model could be applied. In all exam-
ined spectral bands (sigma, beta1, and beta2), the stan-
dard deviation of the Emax parameter across subjects,
which measures the actual influence of plasma concen-
tration on spectral power, was nearly as large as the av-
erage Emax. This indicates that a large interindividual
variability is not only present in the pharmacokinetics
of fluoxetine but also in the effect of a given plasma
concentration on NREM sleep EEG spectral power.

An unexpected finding was a slight increase in spec-
tral power in the beta frequency ranges at night 34, i.e.
six days after discontinuation, despite the continuous
decline of plasma drug levels. It is tempting to propose
a link between this high-frequency increase, the REM
rebound observed at night 32 and the delta ratio in-
crease observed at night 34. However, further studies
are needed to validate this observation.

Habituation and Rebound Effects on REM Sleep

Both the REM fraction of the sleep period and the total
number of rapid eye movements (total REM activity)
showed a habituation and rebound pattern of changes.
Since REM density only showed a slight, not significant
increase on day 28, the change in total REM eye move-
ments appears to be mostly governed by the increase in
REM percentage, i.e., by an aspect of REM generation.
REM latency but not REM density also clearly covaried
with the total SSRI plasma level. This suggests that
tonic and phasic REM activity are modified in different

ways by fluoxetine treatment, at least in healthy con-
trols.

It is tempting to assume a correspondence between
the observed rebound effects and possible SSRI discon-
tinuation symptoms. However, there are no studies
characterizing the time course of such symptoms for
fluoxetine; in fact, some studies have failed to find a
significant increase of complaints after discontinuation
at all (Zajecka et al. 1998; Rosenbaum et al. 1998). Black
et al. (2000) concluded in a review of reports for
shorter-halflife SSRIs that discontinuation symptoms
begin 1–3 days after discontinuation and last for more
than a week in half of the cases, which could corre-
spond to the significant rebound effects we observed
between four and 12 days after discontinuation.

Prolonged Increase in Delta Ratio

Kupfer et al. (1989) observed no change in whole-night
delta wave count in depressives after clomipramine,
but a rearrangement of delta activity towards the first
NREM episode, as indicated by an increased delta sleep
ratio. In the current study, delta ratio was slightly ele-
vated by the initial dose and clearly elevated after the
three-week medication interval. At the same time, it
showed no correlation with drug plasma concentra-
tions. This indicates that the delta ratio change is
caused by secondary, adaptive processes and probably
does not occur consistently across subjects. A low delta
ratio has been described as a predictor for recurrence of
depression (Kupfer et al. 1990), and in longitudinal
studies an increase in delta ratio has been found to be
associated with remission (Buysse et al. 1997), thus
pointing at both `state’ and `trait’ relevance of this pa-
rameter. Since variations in depressive vulnerability
and mood are continuous and certainly present in
healthy subjects, one could hypothesize that the ob-
served elevation in delta ratio in healthy controls could
be due to such variations within our subjects.

Implications for Clinical Application

A daily intake of 40 mg of fluoxetine for three weeks re-
sulted in clear effects in sleep and NREM EEG spectral
power variables, including REM latency and delta ratio,
which have previously been linked to the effect of anti-
depressants. Whether a maintenance treatment could
use other than daily application schemes, e.g. once ev-
ery few days, depends upon which of these variables
will represent a valid correlate of the antidepressant ef-
fect. The correlation of REM latency and spectral power
effects with SSRI plasma concentration suggests that
the plasma concentration would have to remain high
during maintenance therapy. The REM fraction of the
sleep period habituated, thereby suggesting that REM
fraction is probably not indicative of the antidepressant
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effect. Finally, the delta sleep ratio did not correlate
with drug plasma concentrations but remained ele-
vated after treatment. Thus, if delta ratio increase was a
correlate of the antidepressive effect, fluoxetine doses
separated by some days might be effective in mainte-
nance therapy after an initial daily phase.
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