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Background: Seasonal affective disorder (SAD) may Key Words: Circadian process, sleep—wake dependent
reflect a disturbance of circadian phase relationships or aprocess, melatonin, sleep deprivation, spectral analysis,
disturbance of sleep—wake dependent processes, both vbnlinear regression

which change daytime energy and sleepiness levels.

Methods: Under the unmasking conditions of a 40-hour he winter recurrence of depressive episodes in patients
constant routine protocol (CR), self-rated sleepiness and | suffering from seasonal affective disorder (SAD) has
waking electroencephalogram (EEG) power density wergyeen linked to abnormalities in the regulation of biological
assessed in women with SAD< 8) and in age-matched  yihms (for a review see Wirz-Justice 1995). Treatment
healthy control subjects(= 9). of SAD patients with light, the major synchronizer of

treatment in any of the measures. The time course Ofi¢ yheir depressive symptoms (for a review see Partonen

subjective sleepiness was characterized by a circadian, | ;qvist 1998). Recent studies confirm that the
modulation and an overall increase during extended '

wakefulness in both SAD patients and control subjects. /Qeneflmal effe<_:ts of light treatment in SAD pa}tlents are
prominent circadian rhythm of subjective sleepiness wagdréater than with placebo (Eastman et al 1998; Terman et
not different in SAD patients and control subjects; how-&! 1998b). In addition, whereas SAD patients improve
ever, the progressive buildup of sleepiness, as quantifieduring sleep deprivation (Graw et al 1998), as do patients
by nonlinear regression analysis, was significantly re-with other depressive syndromes, they show a more robust
duced in SAD patients, mainly because they were sleepiend stable improvement after light treatment (Wirz-Justice
than control subjects during the first 12 hours of the CR.et al 1995).

The time course of waking EEG theta-alpha activity The underlying mechanisms of these treatments (i.e.,
showed a more rapid increase during the first 10 hours ofjight exposure and sleep deprivation) and their relation to
the CR in SAD patients. In contrast to control subjects whqy, o pathophysiology of SAD are still unclear. It has been

30chour aplaote of éxiended wakefuiness, EEG thetgpPonesized that SAD may reflect a distrbance of

alpha activity in SAD patients did not further increase circadian phase relationships, such as a phase delay (Lewy
over the remainder of the CR. et al 1987), reduced amplitude (Czeisler et al 1987), or a

Conclusions: The data suggest that SAD patients maygls}t.u_rbangeBofba slet(ajpwv_vak\;a dspeq%%r;t procSeAs[s) (e, S
have a trait (rather than state) deficiency in the homeo- eficiency; Borbéy an wirz-Justice 2= ),_or may
static buildup of sleep pressure during extended wakeresult from a complex interaction of circadian and sleep—
fulness as indexed by subjective sleepiness and EEWake cycle-dependent processes (Koorengevel et al 2000;
theta-alpha activity. Biol Psychiatry 2000:47:610—617 for a review see Wirz-Justice 1995).
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major depression, nor did they report consistent or largdor the 10 days of the experiment and to reduce the consumption
effects on sleep duration (Anderson et al 1994; Brunner ef such beverages in the week prior to the study. Subjects were
al 1996; Palchikov et al 1997). One previous study hassked to keep their habitual bedtimes constant for the duration of
addressed the question of whether sleep regulatory meclifle entire study. They kept a detailed sleep diary and wore
anisms are altered in SAD patients (Brunner et al 1996)actometers on the nondominant wrist for 1 week before, during,

and after the experiment, to document compliance to the above

Sleep deprivation, which activates sleep regulatory meChi'nstructions.

anisms by extel_’ldllng Wakefulness from 16 to 40 hours The experiment lasted for 10 days and included two pairs of
reSIUI.ted 'n_ a similar 'ncrease of low frequency EEG nightly sleep recordings separated by 5 days of light treatment
activity during recovery sleep in both SAD patients and 19 am to 2 pm; 6000 lux) in summer and winter. Immediately
control subjects (Brunner et al 1996); however, detailedhefore and after the 5 days of light treatment, the subjects
time course analysis of EEG slow wave activity (SWA) underwent two identical 40-hour CRs in both winter and summer
during sleep has not yet been performed. (four CRs in total).

Whereas changes in sleep regulation and sleep structure
haveT been difficult tp demonstr.ate in SAD pa_ti(_ants, alteredegg Recordings and Data Analysis
daytime energy, fatigue, sleepiness, and activity levels are

associated with depressive symptoms (Meesters et A'Ihro.ughout the CR, hglf-hourly self-ratings of slqeplness were
1993; Terman et al 1998a). Moreover, these changes m obtained on 100 mm visual analogue scales. During each of the
’ ) ’ af)gur CR protocols, the waking EEG signal was recorded after 3

be correlated with a deficiency in t,he homeo_stanc bg|lduphours (day 1 at 10:00 hours), 10 hours (day 1 at 17:00 hours), 27
of ProcessS as suggested by Boilyeand Wirz-Justice s (day 2 at 10:00 hours), 34 hours (day 2 at 17:00 hours) and
(1982) for depressive patients. Recent reports indicate thafiier 40 hours (day 2 at 22:30 hours) of wakefulness. The last
the increase in EEG power density in the theta-alphaecording took place immediately before the start of recovery
frequencies accumulating during extended wakefulnessleep. Since subjects were aroused by the ongoing preparations
may be associated with a homeostatic buildup of sleepifor the sleep recording and by the approaching end of sleep
ness (Cajochen et al 1995, 1999). Therefore, EEG redeprivation, the conditions during the last waking EEG recording
corded during extended wakefulness from the same SADlearly differed from the four recordings on the CR protocol.
patients as reported by Brunner et al (1996) were analyzeah?s last recording was the_refor_e exc_lu_ded from the analysis.
across the 40-hour constant routine (CR) and Compareah's_' n_umber of EEG recordlngs_ls sufficient to explore homeo-
with the time course of self-rated sleepiness. It wasStatic |_nf|uences on the E_EG durlng_extenqled Wakeful_ness. Each
hypothesized that the daytime increase of sleep propensitrecordlng lasted for 4 minutes, during which the subjects were

s diff t in SAD Hient d t ¢ IMstructed to relax, to watch a small picture on the wall, to keep
IS ditierent In patents as compared 1o control ;. eyes open and to avoid movement. These instructions were

subjects, and that this difference is reflected in an altereghianded to maximize signal quality. Throughout the CR proto-

time course of EEG activity and of subjective sleepiness|, subjects were sitting in bed in a propped-up body position

during extended wakefulness. (45° angle) under dim light conditions<80 lux). They were kept
awake by a technician, who was constantly with the subject and
enforced adherence to the stringently timed procedures of the CR

Methods and Materials protocol (for protocol details see Brunner et al 1996). In order to
. . ensure wakefulness the subjects were not allowed to close their
Subjects and Study Design eyes at any time during the CR protocol. During the entire 4-min

Eight women (48.8+ 13.1 years of age [SD], range 27—66) episode of an EEG recording, an experimenter was in the
diagnosed with SAD, with unipolar major depression (DSM- bedroom with the subject in order to control wakefulness and

lI-R; American Psychiatric Association 1987), were mildly proper execution of the task. At incipient behavioral signs of

depressed in winter (Hamilton Depression rating [Hamiltonsleep (lowering of eyelids, drowsiness, gazing, or rolling eyes)

1967] 13.4+ 3.0), improved after light therapy (38 2.0), and  the instructions were repeated or the subject was verbally
were asymptomatic in summer. None of the nine matchedentertained. During these 4-min episodes, one EEG signal
healthy women (52.7 12.9 years of age [SD], range 24-66) (C3-A2), two electro-oculogram signals, and one electromyo-

experienced seasonality or reported a history of depression. Bodyram and electrocardiogram signal were recorded on polygraph
mass index and demographic variables were not significantiypaper (Nihon Kohden; 10mm/sec paper speed). The EEG signal
different between the two groups. Premenopausal women enteredas high-pass filtered with a time constant of 1.0 seconds and
the study between the first and fourth day of their menstruallow-pass filtered at 35 Hz (12 dB/octave), on-line digitized at a

cycle in order to complete the entire experiment within the sampling rate of 128 Hz, and subjected to spectral analysis by a
follicular phase. All subjects were nonsmokers, free of medicafast Fourier routine. Power spectra were computed for consecu-
tion, including contraceptives, and underwent a medical examitive 4-sec epochs and 0.25 Hz frequency bins by applying a
nation prior to the study. A 3-month period free of shift work, Kaiser-Bessel window.

time zone travels, and antidepressant medication was required. By computing the mean values over adjacent frequencies, the
All subjects were requested to refrain from alcohol and caffeinedata were reduced to 0.5 Hz bin width for frequencies between 0.25
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and 5.0 Hz, and to 1 Hz bin width for frequencies between 5.25 and Time of Day
25.0 Hz. Bins are referred to and plotted by the highest frequency 8 12 16 20 24 4 8 12 16 20 24
included (e.g., the 2.5 Hz bin refers to the averaged values of 2.25 T ' — '

and 2.5 Hz; the 6 Hz bin refers to the averaged values of 5.25, 5.5,
5.75, and 6.0 Hz). In connection with the on-line calculation of the %
4-sec spectra, a time mark was written on the polygraph paper ing
4-sec intervals in order to allow synchronization of EEG spectra and G 70 1
paper recording. All records of waking EEG were visually inspected 8
on a 4-sec basis. Four-second epochs with eye blinks or artifacts due
to body movements, slow eye movements, and sweating were®

Sleepy

(Self Ratings)
)
o

>
excluded from subsequent analyses. -5- 50 1
2,
.. 2
Statistics S 5140 1
i i B < Controls
For statistical analyses the statistical package SAS (SAS Institute . v -
Inc., Cary, NC, Version 6.12) was used. Absolute EEG power PO T T 18 17 21 25 20 33 37 44

densities in the frequency range of 1.0-25 Hz were log-transformed
within each subject. Subjective sleepiness ratings (VAS) were
binned in 30-min, 1-hour or 2-hour intervals; averaged within theseFigure 1. Time course of subjective sleepiness ratings as as-

intervals per subject and then averaged over subjects (SAD patiensessed on a visual analogue scale (VAS) during extended
and control subjects separately). wakefulness in seasonal affective disorder (SAD) patiemts (

If no consistent significant effects etasor(winter vs. summer) 8 filled symbols) and control subjecta & 9, open symbols).
andlight therapy(before and after light therapy) were found, data _HOF"'V mean _values_t 1 SEM. Triangles near the abscissa
were averaged within subjects. Two-way analyses of variance foj’dicate significant differences between SAD and control sub-

. . Jects p < .05, least significant difference test). Higher numbers
repeated measures (rANOVA) with the repeated faattmpsed time indicate greater sleepiness.
awakeand the nominal factogroup (SAD vs. control subjects)
were performed for each variable separately. Allalues derived
from rANOVAs were based on Huynh-Feldt's (H-F) corrected s€asonlight treatment andelapsed time awaki®r SAD
degrees of freedom, but the original degrees of freedom arg@atients and control subjects separately. Surprisingly,
reported. The least significant difference (LSD) test for plannedunlike the VAS for mood (Wirz-Justice et al 1995), there
comparisons or the unpairetest was used for post-hoc comparisons. was no significant effect on sleepiness s#ason light

Changes in subjective sleepiness ratings during a 40-hour Cireatmenr interaction between these two factors in either
reflect circadian and homeostatic influences. The circadianne sap patients or control subjects £ .2, in all cases).
modulation can be modeled by applying a sinusoidal function-l-herefore data were averaged within subjects.

(24-hour component) with its first harmonic, whereas the homeo- Subjecti’ve sleepiness ratings for SAD patients and

static component is usually fitted by an exponential or linear I b duri he 40-h CR |
function (Jewett 1997). In the present report, we used asinusonc-:Ontro subjects during the -hour protocol are

dal function comprising the fundamental oscillation and its first lustrated in Figure 1. A two-way rANOVA with the
harmonic for the circadian component and a linear function forfactorsgroup (SAD vs. control subjects) arelapsed time
the homeostatic component. Nonlinear regression analysis wegwakerevealed a significant effect for the factelapsed
performed onztransformed sleepiness ratings for each subjectime awakeF,5 1995= 18.3;p < .001, on 30-min binned
separately using the function: f( A + B X t + C X sin(tX  values) and the interactiogroup X elapsed time awake
2miltyy — $oa) + D X SIN (EX 20/2 X thy = b12). (F., ...= 2.2;p<.04). SAD patients rated their sleepiness
The time course of EEG theta-alpha activity during extendedsjgnificantly higher than control subjects during the first
wakefulness was fitted with a nonlinear regression analysis using o hours of the CR (see line above the abscissa in Figure
the exponential function: f(tF Siax — (Smax— f(0)) x &2 *for 1). In addition, on the second day of the CR, SAD had a
; : ,

each subject separately. This was based on the assumption that Unificantly higher value at hour 23 and significantly

buildup of theta/alpha power in the waking EEG across wakefulnes .
follows an exponential function analogous to that of sleep propranfb\’w"}r values during the hours 37 to 38 .05, post-hoc

sity, which is conceptualized in the two-process model of sleeffOMmparisons; LSD test). . .
regulation as Process S (Daan et al 1994). Parameter estimates werdBY applying nonlinear regression analysis, the underly-

Elapsed Time Awake

performed according to the Gauss-Newton method. ing rhythmic and linear components in the time course of
subjective sleepiness were quantified (Figure 2). Sleepi-
Results ness was quantified for each subject separately by fitting a

. ) sinusoidal function comprising a linear component, a
Subjective Sleepiness (VAS) fundamental oscillation and its first harmonic (see meth-
Subjective sleepiness ratings as assessed on the VAS werds section). The mean time course of the fitted sleepiness
analyzed with a three-way rANOVA with the factors curves are shown for SAD patients and control subjects in



Sleepiness and Waking EEG in SAD BIOL PSYCHIATRY 613
2000;47:610-617

Time of Day (h)
8 12 16 20 24 4 8 12 16 20 24

-
o

e
o

e
o

Figure 2. Top panel: Time course of
fitted z-transformed sleepiness ratings in
seasonal affective disorders (SAD) pa-
tients f = 8, filled symbols) and control
—o— Controls subjects 1t = 9, open symbols; mean
—e— SAD hourly values= 1 SEM). For nonlinear
1' 5 s') 13 1'7 2'1 25 2’9 23 3’7 " regression analysis see methods section.
. Bottom panel, left: Time course of the
Elapsed Time Awake (h) extracted rhythmic component in SAD
and control subjects. The interaction

group (SAD vs control subjects) X
elapsed time awakaas not significant
(see text; mean 2-hourly values 1

SEM). Bottom panel, right: Time course
of the extracted linear component in SAD
Rhythmic Component Linear Component and control subjects. The interaction

group (SAD vs control subjects) X

Subjective Sleepiness
o
wn

(non-linear regression, z-scores)

D
-
o

elapsed time awakwas significant (see
1.0 1 1.0 1 text; mean 2-hourly values- 1 SEM).
Higher numbers indicate greater sleepiness.
0.5 1 0.5 1
0
4
3 o0 0.0 {
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Group x Time: n.s. F=4.3;p<0.05
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Figure 2 (first panel). For statistical analysis the fitted EEG during Wakefulness

rhythmic component (Figure 2, bottom left panel) and theeeg power density in each frequency bin was analyzed
fitted linear component (Figure 2, bottom right panel) yith a three-way rANOVA with the factoseason light
were subjected to a two-way rANOVA with the factors treatmentand elapsed time awakéor SAD patients and
group andelapsed time awaké-or the rhythmic compo-  control subjects separately. Again, there was no consistent
nent no significant differences were found between SADsjgnificant effect ofseasonlight treatment or interaction
and control subjects (factogroup p > .2, group X  petween these two factors in either the SAD patients or
elapsed time awake > .5), whereas the fact@lapsed control subjectsy{> .2, in all cases). Therefore, data were
time awakeyielded significanceK; g ,7,0= 11.3;p <.001,  averaged within subjects.

on 2-hour binned values); however, the same statistical Figure 3 illustrates waking EEG power spectra recorded
analysis for the linear component (Figure 2, bottom rightafter 3, 10, 27, and 34 hours of elapsed time awake. A
panel) revealed a significant interactigroup X elapsed two-way rANOVA revealed a significant factgroupand
time awake(F.g »70 = 4.3; p < .05). In addition, the elapsed time awakéor EEG power density (log trans-
slopes of the lines were significantly different betweenformed) in the following frequency bins: 6.25-7, 7.25-8,
SAD and control subjectp(< .03, unpaired test). 8.25-9 Hz p at least < .03). Post-hoc comparisons



614 BIOL PSYCHIATRY C. Cajochen et al
2000;47:610-617

0.4 1 \ Controls

0.0 -
(2]
(2]
(9]
£
=
D=
> 0.4
X
2
o S A A L L L S AL L A L Figure 3. Electroencephalogram power
g 0 2 4 6 8 10 12 14 16 18 20 density (LV?/Hz, log transformed) in single
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e 0.4 1 A SAD were present.
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revealed significantly lower values in SAD patients asseparately revealed a significant time effect (factor:
compared to control subjectp € .05, LSD test). elapsed time awaké&AD: F5 ;5= 4.7;p < .03; control

EEG theta-alpha activity (EEG power density in the subjectsf; ,,= 5.0;p < .02). The progressive increase
6.25-9 Hz range) exhibited a progressive increasén EEG theta-alpha activity in control subjects was
during extended wakefulness in control subjects (Figurevalidated by post-hoc analyses, which showed signifi-
4, first panel). This time course could be closely fitted cantly higher theta-alpha activity in the EEG after 27
by an exponential curve (see methods section). In SADhours and 34 hours versus the EEG after 3 hours (Figure
patients the temporal evolution of EEG theta-alpha4, bottom left panel). In addition, theta-alpha activity in
activity during extended wakefulness was different thanthe EEG after 34 hours was also significantly higher
in control subjects and the values were lower at allwhen compared with the EEG after 10 houps<( .03 at
times. The same exponential fitting procedure as usetkast, for all comparisons, LSD test). In contrast, in
for the control subjects resulted in a poorer fit for the SAD patients only the theta-alpha activity after 3 hours
SAD patients (Figure 4, first panel). For statistical was significantly lower when compared to the EEG
analysis, theta-alpha activity was expressed as a pegfter 10, 27, and 34 hours (Figure 4, bottom right
centage of the EEG recorded after 5 hours of elapsedanel). After 10 hours of elapsed time awake no
time awake for each subject in each group (Figure 4significant further increase in EEG theta-alpha activity
bottom panels). A one-way rANOVA for each group could be observed in SAD patientp & .2).
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exponential function for SAD and control
subjects (for details see text). Bottom
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tended wakefulness expressed as a per-
Controls SAD centage of EEG activity (6.25-9.0 Hz)
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Discussion cycle results from the opponent interaction of suprachias-

- matic nuclei (SCN)-dependent alerting and homeostatic
The present d?‘t?‘ |nd|gate that .the overall level 9f EEGsleep drive. As SCN-dependent alerting increases to high
theta-alpha activity during sustained wakefulness is lowe

levels late in the day, forbidden zone for sleepr wake
in SAD patients in comparison with control subjects, but . Y, . ) iy
T : : : .“maintenance zoneccurs (Lavie 1986; Strogatz et al
the relative increase is more rapid. Paradoxically, this

suggests that their arousal level is higher than in controF987)' In the present data, the interaction of these two

subiects. in spite of beina sleepier and attaining maxima ypothetical processes is clearly reflected in the time
) ' P g b 9 course of subjective sleepiness. Although SAD patients

Eﬁﬁ;?&%ﬁggic’?ﬁv&% ?Af&dﬁf?ﬁg‘fetzﬁ;:zgzmhgﬁhad higher slegpiness values during the' first 12 hours of
patients reflect a disturbance of circadian rhythms or a{thinfsr;ailc?:gl(?r?;sredae;:;?tehde 2;;?;:\2'68 Zfs tsheeer\:vakfr;e
disturbance of sleep-wake dependent processes? control subjects. This indicates that the circadian SCN-
. i dependent alerting effect was intact in our SAD patients.
Circadian Component In addition, the circadian component of subjective sleep-
Extending the widely supported concept that two pro-iness was similar in SAD patients and control subjects.
cesses govern the mammalian sleep—wake cycle (Daan €his is in accordance with other variables, such as the

al 1984), Edgar et al (1993) proposed that the sleep—wakeircadian rhythms of core body temperature and salivary



616 BIOL PSYCHIATRY C. Cajochen et al
2000;47:610-617

melatonin measured during the same CR that did not showatients with SAD and control subjects: the progressive
any significant difference between control subjects andantidepressant effect of sleep deprivation in the former and
SAD patients (Wirz-Justice et al 1995). Taken together, itmood deterioration in the latter (Graw et al 1998; Wirz-
seems that there were no significant changes in eithelustice 1995; Wirz-Justice et al 1995). One could argue
phase or amplitude of the circadian rhythm in the SADthat this mood amelioration counteracted the increase in
patients. sleepiness. Yet both SAD patients and control subjects
showed identical changes in sleepiness on the second day
of the CR, quite different from their mood ratings. This
provides further validation for the assumption that indi-
It is widely accepted that the output of the humanyiguals can indeed well differentiate when rating their
circadian pacemaker can be measured under the Unmaﬁlﬁood or S|eepiness' It is now known that many such
ing conditions of a constant routine protocol, which self-ratings are dependent on nonadditive circadian and
represents the gold standard. In contrast, such a standagtbep—wake dependent processes, but that the time course
for the assessment of the homeostatic drive for sleepf each component and their relative importance differs
pressure during wakefulness does not exist. Howeveror each item (Boivin et al 1997; Dijk et al 1992;
computerized analysis of the EEG during sleep havekoorengevel et al 2000).

demonstrated that the power of low frequency (0.75-7.0

_Hz) compor_1ents declin_es across the sleep epi_sode ar@onclusions

increases with the duration of wakefulness preceding slee o ) )

(Borbdy et al 1981; Dijk et al 1987). More recent data [N Summary, our data indicate that in comparison to
indicate that low-frequency activity in the EEG during control subjects, patients with SAD manifest a state-
extended wakefulness, particularly in frontal areas, idndependent deficiency in the homeostatic buildup of
primarily determined by a homeostatic process (Cajochef1€t@-alpha frequencies during extended wakefulness that
et al 1999). This exponential rise in EEG theta-alpha'S not reflected_mthelr ho_meqstatlp sleep regulatlon._They
activity with time awake, as clearly seen in the control d0 not show differences in circadian phase or amplitude.

women, may therefore represent the waking EEG correlat¥/Nen analyzed as relative values, SAD patients show a
of a validated measure of the homeostatic drive for sleepi@Ster buildup of theta-alpha activity in the EEG during the
SAD patients showed lower theta-alpha activity thanETSL 12 Ihou_rs of the wake episode, concomitant with
control subjects in the waking EEG throughout the CR. In Igher SIeepiness.

addition, the relative increase in theta-alpha activity after

34 hours of wakefulness was lower in SAD patients (33%)

than in control subjects (52%). The latter could imply thatresearch supported by grants from the Swiss National Foundation
the increase in SWA and slow wave sleep (SWS) during32-28741.90, 32-32300.91, 823A-046640) to CC, and the Roche Re-
the subsequent recovery sleep episode might be smaller #§arch Foundation. _
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