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SUMMARY The purpose of the study was to induce in two different ways, a phase-angle difference
between the circadian pacemaker and the imposed sleep–wake cycle in humans, we
intended to: (i) shift the circadian pacemaker by exposure to bright light and keep
the timing of the sleep–wake cycle fixed; and (ii) keep the timing of the circadian
pacemaker fixed by a constant light–dark cycle and displace sleep. We monitored dim
light melatonin onset (DLMO), core body temperature and sleep. DLMO was delayed
significantly after 3 days of a 3-h delayed sleep-phase when compared with 3 days of
sleep at a normal or 3-h advanced sleep-phase. The shifts in DLMO were not
accompanied by shifts in body temperature, changes in waking-up time or by a change
in the duration of the first rapid eye movement (REM) sleep episode. Three days of
light exposure in the morning or evening resulted in shifts in DLMO of similar
magnitude, but this was accompanied by shifts in the rhythm of body temperature,
changes in waking-up time and in the duration of the first REM sleep episode. We
conclude that the changes observed after light exposure reflect shifts in the circadian
pacemaker. In contrast, we propose that the changes observed in DLMO after sleep
displacement are not mediated by the circadian pacemaker. These results raise some
doubts about the reliability of DLMO as a marker of circadian phase in cases of
sleep disturbances. Finally, we initiate a search for changes in sleep that might be
responsible for the unexpected effects on DLMO.

 melatonin, sleep displacement, light exposure, circadian pacemaker, phase
shift

INTRODUCTION pacemaker, by exposing subjects to bright light, and keep the
timing of the sleep–wake cycle fixed. In the second study we

Theories of chronobiological disturbances underlying sleep
intended to keep the timing of the circadian pacemaker fixed,

disturbances or mood disorders have frequently been the topic
by imposing a constant light–dark cycle, and to displace sleep.of discussion (e.g. Van den Hoofdakker 1994; Terman 1995;

Some of the results of the first experiment, a cross-overWirz-Justice 1995). We conducted two experiments in an
study of bright-light exposure in the morning and evening inattempt to contribute to the discussion on the possible role of
depressed and healthy subjects, have been presented previouslychronobiological processes in mood regulation. The purpose
(Gordijn et al. 1998). Exposure to bright light did, in fact,of these experiments was to induce, in two different ways,
induce phase shifts of several variables that were thought tophase-angle differences between the circadian pacemaker and
be under circadian control, without clear effects on mood. Wethe imposed sleep–wake cycle, and to record their effects on
used dim light melatonin onset (DLMO), the rhythm of coremood. In the first study, our intention was to shift the circadian
body temperature and sleep termination as markers of circadian
phase.

Correspondence: Dr M. C. M. Gordijn, Zoological Laboratory,
The results of the second study, a cross-over study of anUniversity of Groningen, PO Box 14, 9750 AA, Haren, The

advanced and delayed sleep phase with a fixed light–dark cycleNetherlands. Tel.: +31 50 363 7658; fax: +31 50 363 2148; e-mail:
m.c.m.gordijn@biol.rug nl. in healthy subjects, have not been presented before. In this
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latter study, we also used DLMO as one of the markers of the (Borbély 1982; Daan et al. 1984). This model predicts that the
timing of sleep is determined by the interaction of a homeostaticphase of the circadian pacemaker. To our surprise, we found
‘sleep need’ and a circadian process, that controls an uppershifts in DLMO after a delay of the sleep phase – a condition
and lower threshold for this homeostatic process. If the priorthat we had not expected to affect the circadian pacemaker.
sleep–wake cycle is known, the model predicts sleep timingTherefore, we present the two experiments in this paper and
after manipulations of the circadian pacemaker. Dijk et al.compare the effects of exposure to light and sleep displacement
(1987) confirmed this. They reported earlier sleep terminationon DLMO, core body temperature and sleep. Finally, we
after morning light exposure.initiate a discussion on the possible mechanisms causing the

Other sleep parameters besides sleep timing are influencedphase shifting effect of sleep displacement on DLMO.
to different degrees by circadian processes. The occurrence ofDLMO, i.e. the time when the melatonin concentration starts
REM sleep, for instance, is thought to depend partly onrising in the evening, is one of the variables that was recorded
circadian phase and partly on the sleep process itself (Czeislerto assess the phase of the circadian pacemaker. The 24-h
et al. 1980; Dijk and Czeisler 1995). Changes in the durationrhythm of the secretion of melatonin by the pineal gland is
of the first REM sleep episode have been interpreted either asthought to be controlled directly by the circadian pacemaker
changes in the phase of the circadian pacemaker or as direct(for a review see Arendt 1988) and DLMO is thought to be a
results of phase shifts of core body temperature (Cajochenreliable phase marker (Lewy et al. 1985). So far, only a small
et al. 1997).number of factors that have an acute effect on the melatonin

concentrations in blood or saliva have been identified. The
most important factors we know of are retinal light exposure, METHODS
(e.g. Lewy et al. 1980; Trinder et al. 1996), nonionizing radiation

Design study 1, light exposurewith a frequency range under 60 Hz (Reiter and Richardson
1992), posture (Deacon and Arendt 1994) and activity (Carr The design of study 1 (Fig. 1a) has been described previously
et al. 1981; Monteleone et al. 1990). In addition, contamination in Gordijn et al. (1998). In the latter study, eight depressed
of saliva can affect the radioimmunoassay (RIA) in such a way patients and eight healthy controls participated in an
that the outcome becomes unreliable (Gordijn et al. 1991). experiment, the purpose of which was to induce phase shifts

So far, there has been a general agreement that the phase- of the circadian pacemaker by light exposure. The effects of
shifting effects of bright light on the rhythm of melatonin the light exposure on circadian rhythms, sleep and subjective
secretion, and on DLMO in particular, can be assessed in a mood ratings were analysed. In the present study, the effects
reliable way if all these factors are controlled (e.g. Lewy et al. on the circadian rhythms and sleep of seven of eight healthy
1985; Dijk et al. 1989). These shifts are interpreted as reflecting subjects from that study were included. Subject 8 was excluded
phase shifts of the circadian pacemaker. The use of DLMO because of one missing sleep EEG recording. Subsequently,
has therefore been recommended as a method of assessing the five new subjects were added to the group.
phase of the circadian pacemaker (‘phase typing’) in ‘patients The experimental period lasted 4 weeks. During the first,
suspected of having a chronobiologic component to their sleep second and fourth week (henceforth referred to as experimental
or mood disorder’ (Lewy and Sack 1987). It is claimed that weeks) all subjects stayed in the laboratory from 18.00 to 09.00
the abnormal timing of DLMO provides an indication for the the next morning, on three consecutive days. In the third week
optimal timing of treatment, i.e. exposure to light, in these no laboratory visits were scheduled. In the experimental weeks,
patients. subjects followed their normal daily routine between 09.00 and

In addition to DLMO, we recorded core body temperature 18.00. The intensive pursuit of sports, drinking of alcoholic
as an indicator of circadian phase and sleep parameters that beverages and sleeping in the daytime were not allowed. There
are known to be (partly) under circadian pacemaker control, were no restrictions during the daytime with respect to coffee
in this case ‘sleep timing’ and the occurrence of rapid eye intake. In the laboratory, the subjects stayed in dim light
movement (REM) sleep. (< 10 lux) in separate rooms. During the first three nights of

Core body temperature is the marker commonly used for each experimental week, time in bed was fixed from 22.00 to
circadian phase in humans. A phase–response curve has been 06.00 (0 lux). During the fourth evening, subjects arrived at
described for the effects of light exposure on the rhythm of the laboratory at 18.00 and stayed in dim light from that time
body temperature (Honma and Honma 1988; Minors et al. on until 00.00. At 00.00, they went to bed and were instructed
1991). not to get up until they felt refreshed.

Parameters of the sleep–wake cycle itself are used less During the first three evenings and mornings of the
frequently as phase markers in humans, although it has been experimental weeks, the levels of light exposure were varied.
shown that sleep duration is highly dependent on circadian The first week with dim light (< 10 lux) exposure in the morning
phase (Czeisler et al. 1980; Dijk and Czeisler 1995) and a and evening (DL) served as control. During the second week
phase–response curve for the sleep rhythm to bright light subjects were exposed to bright light (2500 lux) on three
has been derived (Honma and Honma 1988). The theoretical consecutive days, six of them in the morning from 06.00 to
background for the circadian control of sleep timing is 09.00 (ML) and six in the evening from 18.00 to 21.00 (EL).

In the fourth week the conditions were reversed.elaborated in the two-process model of sleep regulation
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instructed to sleep until they felt refreshed. The second week,
six subjects started with ES and six with LS. The conditions
were reversed in the fourth week.

Subject characteristics

Subjects were recruited by advertisement in a newspaper. They
were given information about the experiment and signed a
written informed consent form. The 12 subjects of study 2 were
matched for age and gender to the 12 subjects in study 1, with
each group consisting of six females and six males. Three
females and three males started in the second week with ML
(study 1) or ES (study 2), the other three females and males
started in the second week with EL (study 1) or LS (study 2).
All subjects were in good physical and mental health. In study
1, age ranged from 23.6 to 56.5 y (mean±SD: 39.3±12.1). In
study 2, age ranged from 21.5 to 56.7 y (mean±SD: 38.2±12.8).
These values are not significantly different. The maximum age
difference between matched subjects was 5.2 y. Subjects were
not matched for the season they participated in. In eight of
the 12 matched pairs, the experimental periods were at about
the same time of the year (with a maximum difference of
3 months), in two pairs there were 4 months, and in two pairs
5 months between the experimental periods. It was not possible
to avoid particular phases of the menstrual cycle in women,
because of the 4-week duration of the experiment. We did not
control the beginning of the experiment for menstrual phase.

Measurements

Three physiological measures were recorded to estimate the
phase of the circadian pacemaker and to analyse the effects on

Figure 1. Design of study 1 (A, light exposure) and study 2 (B, sleep
sleep: (i) melatonin concentration in saliva, (ii) core bodydisplacement)
temperature, and (iii) sleep EEG derived from C4-A1, C3-A2,
EOG and EMG. On the fourth evening of each experimental
week, the subjects were exposed to dim light between 18.00

Design study 2, sleep displacement and 00.00. During this time they remained seated, except for
short walks. The subjects wore dark goggles during theseThe design of study 2 (Fig. 1b) was similar in duration and
walks. Bedtime and lights-off were scheduled at 00.00. As aprocedure to that of study 1. The purpose of this second study
consequence, the direct influences of environmental light,was to shift the time when sleep was allowed without inducing
activity and time in bed or posture when assessing the circadiana change in the light–dark cycle.
phase of the various variables were considered to be the sameDuring the experimental weeks of a 4-week period (weeks
for all individuals in all conditions.1, 2 and 4), the subjects stayed in the laboratory on three

consecutive nights from 18.00 to 10.00 the next morning.
During the first week they were allowed to sleep on these three Melatonin
nights from 23.00 to 07.00 (NS, normal sleep, 0 lux). They

On the fourth evening, saliva samples were collected hourlyspent the remaining time (18.00–23.00 and 07.00–10.00) in dim
from 18.00 to 00.00. During this time, the subjects stayed inlight (< 10 lux) in separate rooms. During the first three nights
their rooms in dim light (< 10 lux). Subjects were sitting in aof the second and fourth week, the time they were allowed to
chair while producing the saliva to control for posture changes.sleep was either shifted 3 h in advance (ES, early sleep from
No coffee or tea was served during this evening. The samples20.00 to 04.00, 0 lux, and dim light from 18.00 to 20.00 and
were frozen (–20°C) immediately, for later RIA analysis. Thefrom 04.00 to 10.00), or 3 h in delay (LS, late sleep from 02.00
RIA procedure was essentially the same as that described byto 10.00, 0 lux, and dim light from 18.00 to 02.00). The fourth
Vakkuri et al. (1984) and Vakkuri (1985), and was performedevening and night of each experimental week, subjects came
with [3H]-melatonin (2.93 Tbq/mmol, obtained from Amershamto the laboratory at 18.00 and stayed in dim light from that

moment until 00.00. After that they went to bed and were International, UK). However, in our procedure, the labelled
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melatonin was added to the samples before the antiserum power densities per min for the 0.5 Hz frequency and the
0.75–1 Hz frequency bin, and per 1 Hz bin width between 1.25rather than simultaneously (antiserum obtained from Guildhay

Antisera, Guildford, UK). The intra-assay coefficient of and 30 Hz. Slow wave activity (SWA), defined as the total
power density in the 0.5–4 Hz frequency bins, was calculatedvariation was found to be 14.3% (n=12) at low concentrations

(21 p) and 6.8% (n=7) at medium concentrations (44 p). during non-REM sleep (stages 2, 3 and 4).
The interassay variation at low concentrations was 20.8% (n=
60).

Statistics
DLMO was defined as the time of interception of a sigmoid-

Comparisons between two conditions were made usingshaped curve (fitted through the hourly melatonin
Wilcoxon matched pairs signed rank tests (two tailed).concentrations) with a criterium-level (arbitrarily defined) of

30 pmol/L. For five subjects in study 1 and six subjects in study
2, it turned out to be necessary to adjust this level (10–40 pmol/ RESULTS
L) to obtain paired data (more details concerning saliva

Effects of light exposure and sleep displacement on circadiancollection, the melatonin assay and the calculation of DLMO
variablesin Gordijn et al. 1998). In five cases in study 1 and in two

cases in study 2, it was not possible to determine DLMO in
Melatonin

all three conditions.
In each study, the average increases in melatonin levels on the
fourth evening differed in the three conditions (Fig. 2a,d). In

Body temperature
study 1 (Fig. 2a), the melatonin concentrations at 20.00, 21.00,

Core body temperature was recorded on the third and fourth 22.00 and 23.00 were significantly higher after ML than after
nights and on the fourth day of each experimental week. EL. The melatonin concentrations after DL were higher at
An ambulatory recording device was used either a Vitalog 22.00 and 23.00 than after EL, and lower at 21.00 than after
(sampling rate 0.25 min) or a home-made three-channel ML. In study 2 (Fig. 2d), the melatonin concentrations at
recording system (JOBLOG, Bakker and Beersma 1991) set to 22.00, 23.00 and 00.00 were significantly higher after ES than
a 1-min sampling rate. Subsequently, the average of each set after LS. The melatonin concentration at 22.00 was significantly
of four 0.25-min samples of the Vitalog system was calculated, lower after NS than after ES, and at 23.00 it was signific-
which resulted in a 1-min data interval. In the present analysis antly higher after NS than after LS.
the body temperature curves in the fourth night (00.00–07.00) These differences can be interpreted as phase shifts of the
of weeks 1, 2 and 4 were expressed as deviations from the rising part of the melatonin curve. This is confirmed by the
mean body temperature between 00.00 and 07.00 in the fourth shifts in DLMO (Table 1). In study 1, DLMO in seven of
night of week 1. The time of the midpoint between the first nine subjects was earlier after ML than after EL (on average

+89 min, P< 0.05). The timing of DLMO after ML and afterinterception of decreasing body temperature with the mean
and the last interception of increasing body temperature with DL (four of seven cases showed an earlier DLMO after ML

than after DL) and after EL and DL (seven of eight casesthe mean was calculated (‘mid-crossing point’) to obtain an
estimate of the circadian phase of body temperature. showed a later DLMO after EL than after DL) was largely as

expected but the average shifts were not significant (Table 1).
In study 2, the timing of DLMO was phase advanced in nine

Sleep
of 10 subjects after ES compared with after LS (on average

Sleep EEG recordings were made throughout the third and +95 min, P< 0.01) and phase delayed in 10 of 11 subjects after
fourth nights of each experimental week. The digitized signals LS compared with after NS (on average –65 min, P< 0.01). In
(sampling rate EEG: 128 Hz; EOG and EMG: 64 Hz) were eight of 11 subjects the DLMO phase was advanced after ES
replayed on screen for visual inspection and scored according compared with after NS, but the average shift was not
to Rechtschaffen and Kales (1968). The following sleep significant (on average +28 min).
parameters were calculated: (i) sleep latency, i.e. the time
between lights off and sleep onset (the first 30 s of stage 2 or

Body temperature
REM sleep); (ii) waking-up time, i.e. the end of the last half-
min stage 2, 3, 4 or REM sleep; (iii) tendency for sleep Some recordings of body temperature were missing or

incomplete due to technical problems. In each of these studies,termination, i.e. the accumulation of sleep stages 0, 1 and
‘movement time’; (iv) REM sleep latency, i.e. the time between a group of seven subjects remained whose courses of body

temperature in the fourth night could be compared for all threesleep onset and the first 30 s of REM sleep; and (v) the duration
of the first REM sleep episode. conditions. The average courses of body temperature during

these nights are given in Figure. 2b,e. In study 1 (Fig. 2b),In addition, the EEG signals were subjected to spectral
analysis using fast Fourier transformation. Power densities body temperature after ML was significantly lower during the

first 3 h and higher during the last 2 h of the night whenbetween 0.5 and 30 Hz were calculated per 4-s periods, yielding
data per 0.25 Hz. Data reduction was achieved by adding compared with body temperature after EL. In the third hour,
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Figure 2. Results of three variables in study 1 (A–C) and study 2 (D–F). A/D, rise of melatonin concentration in saliva; B/E, course of body
temperature, presented as a difference with respect to the average body temperature between 00.00 and 07.00 on the fourth night of the first
week; and C/F, the accumulation of sleep stages 0, 1 and ‘movement time (M)’ on the fourth night

body temperature after ML was also lower than after DL and The timing of the mid-crossing of body temperature was
significantly earlier after ML than after DL (Table 1). Therein the last hour body temperature was higher than after DL.

There was no significant difference in the courses of body was a tendency for an earlier timing of body temperature after
ML than after EL (P=0.07). The timing of the mid-crossingtemperature between the EL and DL conditions.

The lower levels of body temperature after ML compared of body temperature after EL was not significantly different
from the timing after DL.with those after EL in the first half of the night, and the higher

levels of body temperature after ML compared with those after In study 2 (Fig. 2e), body temperature in the first hour of
the fourth night after LS was significantly higher than bodyDL and EL in the second half of the night can be interpreted

as a phase advance of the circadian rhythm of body temperature in the first hour of the fourth night after ES. Body
temperature in the fifth hour after LS was lower than bodytemperature. The differences in the timing of the mid-crossings

of body temperature with the mean support this interpretation. temperature in the fifth hour after NS. The timing of the
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Table 1 Phase shifts of DLMO, mid-crossing of body temperature and spontaneous sleep termination

Circadian variable Study 1; light exposure Study 2; sleep displacement

ML-DL EL-DL ML-EL ES-NS LS-NS ES-LS

DLMO +12 (23) −40 (32) +89 (31)∗ +28 (20) −65 (14)∗ +95 (27)∗
n=7 n=8 n=9 n=11 n=11 n=10

Body temperature +50 (24)∗ −19 (16) +68 (29) −19 (32) −29 (15) +15 (21)
n=9 n=8 n=8 n=9 n=8 n=8

Sleep termination +21 (23) −18 (25) +39 (12)∗ +12 (23) +15 (25) −3 (12)
n=12 n=12 n=12 n=12 n=12 n=12

The average shifts are expressed in minutes (SEM). A positive value represents a phase advance, a negative value a phase delay of the first
condition relative to the second. For the explanation of the conditions see text. ∗P< 0.05.

mid-crossings of body temperature (Table 1) was not condition. The duration of the first REM sleep episodes in the
significantly different when the three conditions were compared three conditions of study 2 did not differ significantly.
in pairs, although there was a tendency for a later mid-crossing The unexpected finding of shifts in DLMO after sleep
after LS compared with after NS (P=0.09). displacement justified further analyses. We looked for possible

accompanying changes that could explain our results.

Sleep

Effects of sleep displacement on sleep homeostasis and REMOn the fourth night, lights-off was scheduled at 00.00 in both
sleepstudies. The actual times of lights-off were not different in the

three conditions in either study (Table 2). Slow wave activity (SWA) in the fourth night after sleep
The ‘tendency for sleep termination’, represented by the displacement

accumulation of sleep stages 0, 1 and ‘movement time’ (Fig. 2c),
On the basis of the two-process model of sleep regulationspeeds up earlier after ML than after EL, with the DL condition
(Daan et al. 1984) we calculated the expected changes in thein between. At 6, 7, 8, 9 and 10 h after sleep onset the level
level of process S at 00.00 of the fourth night, as a result ofof accumulated sleep stages 0, 1 and ‘movement time’ was
the shifted sleep-phase and the accompanying changes in thesignificantly higher after EL than after ML. The results of
duration of prior wakefulness. After subjects had woken up atthe second study showed no significant differences in the
04.00 on the third night of the ES condition, the level of processaccumulation of sleep stages 0, 1 and ‘movement time’ after
S was expected to be increased by 8.4% at 00.00 on the fourthNS, ES or LS (Fig. 2f). Another way of analysing these
night compared with the level after the NS condition. Afterdata is to compare the absolute times of spontaneous sleep
subjects had woken up at 10.00 on the third night of the LStermination (see Table 1 for the magnitude of the shifts between
condition, the expected value of S was 9.9% lower at 00.00 ofconditions and Table 2 for absolute sleep termination times).
the fourth night compared with S at 00.00 after NS. TheThe average time of sleep termination after ML was
actual difference between the ES and the NS condition in thesignificantly earlier than sleep termination after EL. The
accumulated SWA in the first 180 min of non-REM sleep wasaverage time of sleep termination after DL lay in between, but
–0.2% (0.2% less SWA after ES than after NS). The level ofwas not significantly different from sleep termination after ML
accumulated SWA was 3.2% higher after LS than after NS.or after EL. In study 2, the absolute times of sleep termination
These small changes were significantly different from thosewere not significantly different in the three conditions.
predicted by the model (P< 0.05). The levels of accumulatedIn contrast to sleep termination, sleep latencies differed in
SWA in the first 180 min of non-REM sleep after ES, NS andthe three conditions of the second study, but not in those of
LS did not differ significantly.the first study (Table 2). Sleep latency after ES was shorter

than sleep latencies after NS and after LS. REM sleep latencies
were not different in the conditions in either study (Table 2). REM sleep in the third (displaced) and fourth nights

The third sleep parameter to show a significant difference in
As mentioned earlier, REM sleep latencies and the durationone study, but not in the other, was the duration of the first
of the first REM sleep episodes did not differ for conditionsREM sleep episode (Table 2). After ML, the duration of the
in the fourth night after sleep displacement. It is hypothesized,first REM sleep episode was longer than after EL. The duration
however, that the total amount of REM sleep during the thirdof the first REM sleep episode after DL lay in between, but

this was not significantly different from either the ML or EL night of the three conditions, i.e. the last night with sleep at
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different circadian phases, would be different. Therefore, we advance (+50 min) of the mid-crossing of body temperature
in the ML condition relative to that in the DL condition wasanalysed it together with the total amount of REM sleep during

the fourth night. significant. Three days of EL exposure were obviously not
enough to induce a significant phase delay in body temperature.On the third night of the ES condition, with sleep from

20.00 to 04.00, the total amount of REM sleep (±SD) was The phase advance after ML and the phase delay after EL are
smaller than the shifts expected on the basis of the PRC, as84±22 min. This was significantly different from the total

amount of REM sleep on the third night of the NS condition assessed after applying three successive 5-h bright light pulses
(7000–12 000 lux; Jewett et al. 1994). This is obviously due to(sleep from 23.00 to 07.00), which was 94.5±14 min (P< 0.05),

and from REM sleep on the third night of the LS condition the differences in duration and intensity of light exposure
between the two studies. In our study, both the phase advance(sleep from 02.00 to 10.00), which was 102.5±21 min (P< 0.02).

There were no significant differences in the total amounts of after ML and the absence of a phase delay after EL are more
in line with the shifts predicted by the first published PRC,REM sleep on the fourth night of each experimental week:

ES, 111±30 min; NS, 108±34.5 min; LS, 101±23.5 min (NS). derived from experiments with a single 3-h bright-light pulse
of 5000–9000 lux (Minors et al. 1991). This is understandable
because of the nonlinear relationship between light intensity

DISCUSSION
and phase-shift effect (Kronauer 1990).

Effects of light exposure, study 1

SleepMelatonin

Our finding that sleep terminated earlier after ML than afterThe advanced timing of DLMO after 3 days of morning light
EL supports the hypothesis that sleep termination can be(ML) relative to DLMO after 3 days of evening light (EL) was
manipulated by light exposure. The shifts are in line with thehighly significant. The shifts of DLMO after ML and after EL
assumption of the two-process model that sleep timing is regulatedrelative to DLMO after DL were not significant. These shifts
by a circadian process (Borbély 1982; Daan et al. 1984). Theremay represent shifts of the circadian pacemaker. The direction
was, however, a discrepancy with the data of Dijk et al. (1989).and magnitude of the shifts corresponded to the expectations
The average 21-min difference between sleep termination afterbased on the phase response curve (PRC) for melatonin to
ML and after DL in our study was not significant, unlike thelight (Van Cauter and Sturis 1994). This PRC, however, is
54-min difference found by Dijk et al. (P< 0.05). In a directbased on a single 3-h 5000 lux pulse of bright light. In our
comparison the results of the two studies are not significantlystudy, subjects were exposed to three consecutive 3-h 2500 lux
different (Mann–Whitney U-test, Z=–1.16, P=0.25).light pulses. The similarity of the results suggests that one

In the two-process model of sleep regulation (Daan et al.single bright-light pulse has approximately the same phase-
1984), the upper threshold controlling sleep initiation isshifting potential as three bright-light pulses of moderate
assumed to be parallel to the lower threshold, controlling sleepintensity, applied one after the other.
termination. Hence, if the circadian pacemaker is shifted, notThe non-significant advance (+12 min) of DLMO after ML
only a shift in sleep termination would be expected, but alsorelative to DLMO after DL was obviously smaller, although
a shift in sleep initiation. We cannot test this prediction, as thenot significantly so (Mann–Whitney U-test, Z=−1.39, P=
time when sleep initiation was allowed was fixed at 00.00.0.16), than the significant advance of +54 min in the study of
Therefore, sleep initiation was not completely spontaneous.Dijk et al. (1989). Both age and sex differences between the
Nevertheless, sleep latency might have been shorter after MLgroups of the two studies and differences in times of year when
than after EL. The data are unclear with respect to this issue.they were performed might explain this difference. In Dijk
Sleep latency was, on average, rather short in all conditionset al.’s experiment, eight young males took part, whereas our
(between 11 and 14 min), and no differences between conditionsexperiment comprised six males and six females with ages
were found.ranging from 23 to 56 y. Moreover, Dijk et al.’s study took

REM sleep latency was not influenced by light exposure.place in February and March, while ours was performed
However, the duration of the first REM sleep episode did change.throughout the year.
It was longer after ML than after EL. This difference can be
interpreted as the result of a phase advance of the circadian

Body temperature
influence on REM sleep production. An alternative explanation
might be that the lengthening of the first REM sleep episode wasBecause of missing data, the information on body temperature

should be considered with caution. In addition, the fact that related to the differences between the courses of body temperature
after ML and EL (Czeisler et al. 1980; Dijk and Czeisler 1995).we did not control the start of the experiment according to

menstrual phase in the six women in either study could have In this context, it should be mentioned that Cajochen et al. (1997)
reported a longer first REM sleep episode after administeringcaused some noise over all conditions. Nevertheless, the close

resemblance between our temperature curves after ML and melatonin, a finding that was also accompanied by shifts in core
body temperature (Kräuchi et al. 1997) and in the accumulationDL and the curves presented in Dijk et al. (1987) would seem

to support the reliability of the results. In our study, the of sleep stages 0, 1 and ‘movement time’.
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Table 2 Average clock time (SEM. in min) of lights-off and waking-up time; sleep latency, REM sleep latency, and the duration of the first
REM sleep episode (last three variables in minutes) in the fourth night in study 1 and study 2

Study 1; light exposure (n=12) Study 2; sleep displacement (n=12)

ML DL EL ES NS LS

Lights-off 00.05 (2) 00.05 (1) 00.07 (1) 00.02 (1) 00.04 (1) 00.04 (1)
Sleep termination 07.28 (19.5)1 07.49 (21) 08.07 (19)2 07.55 (17) 08.07 (24.5) 07.52 (14.5)
Sleep latency 13.5 (1.5) 11 (1.5) 13 (2) 10 (1.5)3,4 15.5 (2)5 20.5 (3)5

REM sleep latency 63 (6.5) 62 (6.5) 61 (6.5) 61 (8) 68 (7) 63 (3)
Duration of first REM episode 27 (4)1 21 (4) 17.5 (3)2 18.5 (3) 12 (2.5) 16 (2.5)

For the explanation of the abbreviations see text.
Study 1: 1Significantly different (P< 0.05) from EL.

2Significantly different (P< 0.05) from ML.
Study 2: 3Significantly different (P< 0.05) from NS.

4Significantly different (P< 0.05) from LS.
5Significantly different (P< 0.05) from ES.

Conclusion from study 1 shifts in the acrophase and the offset of the melatonin rhythm
is unknown. However, the changes in DLMO were large, and

In summary, the effects of the different light conditions on
even of a similar magnitude to those observed in study 1. It is

DLMO, core body temperature, spontaneous sleep termination
interesting to compare our results with those of Hoban et al.

and duration of first REM sleep episode can be interpreted
(1991). On average they did not find a significant shift in

convincingly as the consequences of phase shifts of the circadian
DLMO after a 2-h phase advance of sleep in six subjects,

pacemaker. A simplified diagram of the pathways that are
although the individual data showed some minor changes.

supposedly involved is presented in Figure 3. They are indicated
Similarly, a 3-h phase advance of sleep in our 12 subjects did

by the arrows with the mark ‘1’.
not result in a significant phase advance of DLMO. A 3-h
phase delay of sleep did, however, cause a significant phase

Effects of sleep displacement, study 2 delay of DLMO. In addition, the difference in DLMO between
the ES and LS condition (these conditions represent a 6-hMelatonin
difference in sleep phase) was also significant. Obviously, a 2-

Sleep displacement resulted in phase shifts of DLMO. Whether or 3-h phase advance of the sleep period is not enough to shift
the observed shifts in DLMO were accompanied by comparable DLMO, whereas a 3-h delay and a 6-h difference in sleep-

phase result in significant phase differences.

Body temperature

Neither advances in sleep-phase (ES) nor delays (LS) resulted
in distinct changes in the courses of body temperature on the
fourth night. The body temperature curves showed significant
changes at two time points, but these changes cannot easily be
explained by shifts in the entire curve of the body temperature
rhythm. The average temperature curve after LS may suggest
a somewhat slower rise than the curves after NS and ES,
but the differences in the mid-crossing values did not reach
significance.

Sleep

The curves of the accumulation of sleep stages 0, 1 and
‘movement time’ after the three instances of sleep displacement
were not different either. This parallels the data on the times
of spontaneous sleep termination: waking-up times after ES,

Figure 3. Simplified, schematic presentation of the known and
NS and LS were not significantly different. Only the sleeppresumed interactions between the light–dark cycle, the circadian
latencies differed. This does not necessarily imply shifts of thepacemaker and some overt rhythms in humans (for further

explanation, see text). upper threshold of process C. A more plausible explanation
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for the small overall differences in sleep latency presents itself pacemaker is affected by much lower light intensities than was
previously thought (Boivin et al. 1996; Boivin and Czeislerin the differences in the duration of prior wakefulness and the
1998; Waterhouse et al. 1998). Light exposure of 180 lux duringresulting sleep pressure between conditions. Finally, REM sleep
5 h around the time of the body temperature minimumlatency and duration of the first REM sleep episode turned
produced phase-advance shifts in both the body temperatureout to be unaffected by sleep displacement.
and the melatonin rhythm of about 70 min (Boivin et al. 1996;
Boivin and Czeisler 1998). Exposure to light with an intensity

General discussion
of 10–15 lux at the same phase resulted in phase delays of a
similar magnitude as exposure to 0.03 lux light in both theBelow we explore three possible explanations for the unexpected
body temperature (about –40 to –50 min, respectively) andshifts in DLMO after sleep displacement. The pathways which
the melatonin rhythm (about –45 to –90 min, respectively).might be involved are shown in Fig. 3 (arrows with mark 2).
Although from these data it has been concluded that the
pacemaker can be shifted by ordinary room light, these resultsThe observed shifts in DLMO after sleep displacement reflect

shifts of the circadian pacemaker do not explain the phase shifts observed in our experiment
where light exposure around the time of the body temperatureThis explanation seems unlikely for the following reasons. In
minimum never exceeded 10 lux.study 1, the shifts in DLMO after bright-light exposure were

In our study, however, a contrast in light-intensity exposureaccompanied by shifts in the course of body temperature and
(< 10 lux during waking, darkness during sleep) occurred inin the timing of sleep termination, as well as by a change in
the night, whereas in the study of Boivin and Czeisler (1998)the duration of the first REM sleep episode. The consistency
the background light intensity in the night was 10–15 lux andof these shifts provides a strong argument in favour of the
the sleep phase was scheduled during the subjective day. Onlyinterpretation of these shifts as being the result of light-induced
if the system is capable of detecting the difference of 10 luxshifts in the circadian pacemaker. In the same line, in study 2,
light intensity during the night in our study, can it be supposed

the absence of clear shifts in body temperature and spontaneous
that the shift of the dark period within the dim light period

sleep termination, together with the unaffected duration of the
caused the phase shifts observed in DLMO.

first REM sleep episode might be considered as evidence against
Our data are qualitatively consistent with the data of Van

involvement of the pacemaker underlying the shifts in DLMO.
Cauter et al. (1998). They reported an acute 2-h phase advance

Normally, the rhythm of body temperature, sleep timing and
of the onset and an almost 1-h advance of the offset of the

the duration of the first REM sleep episode are more variable
melatonin rhythm after an 8-h advance of the sleep–wake cycle.

than the highly stable pattern of the melatonin rhythm. As a
Light intensity in their study changed from darkness during

consequence the group size might have been too small to
sleep to 200 lux during waking. They concluded that exposure

conclude that the variables were not significantly shifted (type to darkness in the afternoon affects human circadian phase.
II error). Since the magnitudes of the shifts in DLMO and the The shifts are reported only in the rhythm of melatonin levels.
groups sizes were similar for the two experiments it remains In the context of our results, it would be very interesting to
remarkable that none of the three other variables in the second know whether other circadian variables were shifted as well.
study were affected, while they were all affected in the first Finally, the subjects’ exposure to light in the daytime
study. (between 10.00 and 18.00) was not controlled in our experiment.

In theory, there are two factors by which DLMO as an Until recently it was thought that light exposure during the
output variable of the circadian pacemaker could have been daytime would not affect the circadian pacemaker, but light
affected: (i) by a change in the light–dark cycle, or (ii) by a exposure shortly prior to and after the minimum of body
nonphotic effect of the shifted sleep–wake cycle. However, both temperature would. Therefore, we conducted our experiment
possibilities seem unlikely as explained below. in such a way that we carefully controlled light exposure from

(i) The shifted sleep–wake cycle caused changes in the 18.00 to 10.00. Jewett et al. (1997) recently concluded that ‘the
perception of the light–dark cycle and this affected the circadian human circadian pacemaker is sensitive to light throughout the
pacemaker (Fig. 3, arrow with mark ‘1’). subjective day’. They reported phase shifts to 5 h of 10 000 lux

In all conditions we kept the subjects in dim light (< 10 lux) bright-light exposure. Small phase advances were observed in
between 18.00 and 10.00. Therefore, it seems unlikely that the response to light exposure in the morning, which seem to
sleep displacement changed the LD cycles to such an extent reduce linearly as a function of time of day to become phase
that these changes could influence the circadian pacemaker. delays in the evening. Therefore, they concluded that there is
Obviously, there were very small differences between conditions no ‘dead zone’ as is the case in a conventional phase–response
in the exposure to light. Subjects were exposed to light with a curve. It is reasonable to suppose that our subjects were exposed
maximum level of 10 lux from 04.00 to 07.00 in the ES to bright light during daytime, but not to 5 h of 10 000 lux. In
condition, and to darkness (0 lux) in the LS condition. addition, it seems unlikely that a sufficient number of subjects
Conversely, subjects were exposed to a maximum level of 10 lux changed their habits of going outdoors in such a way that this
from 20.00 to 02.00 in the LS condition, but to darkness in could account for the observed differences in phase position

of DLMO between conditions.the ES condition. Recent papers conclude that the circadian
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(ii) The shifted sleep–wake cycle acted as a nonphotic Samková et al. (1997). In this study, where subjects stayed in
low-intensity light for 4 days, the phase advanced position ofzeitgeber and caused direct phase shifts of the circadian

pacemaker (Fig. 3, mark ‘2’). the melatonin rhythm, achieved by one bright-light pulse in
the morning, was maintained by having the subjects wake upAt present, light is considered to be the main zeitgeber in

humans. Although phase delays have been reported in circadian at a fixed time early in the morning. Apart from melatonin
secretion, no other circadian variables were measured.rhythms upon activity pulses (Van Reeth et al. 1994; Buxton

et al. 1997), the issue of whether activity can act as a zeitgeber Therefore, it is unclear whether the melatonin rhythm is the
only variable affected. In view of our data, an alternativefor the pacemaker in humans has not yet been settled (Redlin

and Mrosovsky 1997). Some evidence for nonphotic explanation of Samková et al.’s data might be that the changed
sleep phase directly caused the earlier timing of the melatoninentrainment has been reported recently in a blind individual

(Klerman et al. 1998). In this study both body temperature rhythm, rather than affecting the pacemaker.
If we accept the conclusion that, in our study, the involvementand the melatonin rhythm seem to respond with a phase

advance to a forced 23.8 h sleep–wake cycle. The authors of the circadian pacemaker in the phase-shifting effects of sleep
displacement on DLMO is highly improbable, the questionconcluded that ‘slow, gradual, and relatively small phase shifts

may be all that nonphotic stimuli can elicit’ and probably only arises: what other factor could be responsible? Various
uncontrolled differences could have occurred during the shifted‘in some individuals lacking ocular circadian photoreception’.

The phase shifts of DLMO after our sleep displacements in sleep–wake cycles during daytime hours, for instance the timing
of coffee consumption, eating snacks, daily pursuits, etc. Inour sighted individuals were as large as the shifts observed

after light exposure and were observed immediately after the the present experiment we are not able to analyse the effects
of these variables. We limited our search for an explanationthree manipulated nights. The nonphotic effects of the size

demonstrated by Klerman et al. (1998) are insufficient to explain to some variables that we can analyse.
these observations. Beersma and Hiddinga (1998) subjected two
age-matched groups of young males to high and low motor

The observed shifts in DLMO after sleep displacement are due
activity with a periodicity of 20 h. No effects on the circadian

to changes in body temperature
pacemaker were observed. Therefore, it seems unlikely that the

We are not aware of any study reporting direct effects of body6-h difference in sleep phase in our experiment could have
temperature on DLMO. All studies on the interaction betweencaused shifts of the circadian pacemaker by, for instance, the
melatonin levels and body temperature describe a diminishingdifference in the motor activity cycle.
effect of melatonin on body temperature and do not suggest aThe possibility of a nonphotic effect of sleep-timing on the
feedback mechanism in which body temperature affectscircadian pacemaker in humans was discussed in two other
melatonin secretion (e.g. Kräuchi et al. 1997). In addition, inpapers. In the first (Japanese) paper, Nakamura (1996)
the present study, only small effects on body temperature werepublished the results of three experiments. The author
found, whereas the DLMO shifts are relatively large. Therefore,concluded that a forced 24-h sleep–wake schedule under
it seems unlikely that the sleep displacement shifted DLMOcircumstances of temporal isolation entrained the circadian
via the effects on body temperature (Fig. 3, mark ‘3’).rhythms of melatonin secretion (peak phase) and body

temperature in three of eight subjects. However, the forced
sleep–wake rhythm in this design closely resembles the
endogenous period of the pacemaker. With this method it is The observed shifts in DLMO after sleep displacement are
very difficult to distinguish ‘entrainment’ from the individual’s

related to a factor in sleep itself
endogenous period. Even if these findings could be replicated

In our opinion, the possibility exists that a factor related toin a study with a forced sleep–wake schedule different from
sleep itself affected the start of melatonin secretion (Fig. 3, mark24 h, the involvement of the circadian pacemaker would not
‘2?’). This effect is not achieved by the circadian pacemaker orbe proven. The observation of a shifted melatonin rhythm
by changes in body temperature. For this reason we searchedmight as well be explained by the shifted forced waking-up
for changes in sleep that might correlate with the shifts. Wetime itself, as observed in our study. This conclusion would
discuss the possible involvement of process S or REM sleepcontrast with the author’s interpretation of a fixed sleep–wake
below.schedule acting as a nonphotic zeitgeber for the circadian

First, we hypothesized that the increase in sleep pressurepacemaker. Our reasoning is corroborated by Shanahan and
resulting from the increase in the duration of wakefulness priorCzeisler (1991) in a forced desynchrony protocol. They reported
to the assessment of DLMO would affect the rising part of thethat in a subject living in temporal isolation, the rhythms of

melatonin secretion and body temperature maintained a fixed melatonin rhythm. The subjects’ forced awakenings at 04.00
(ES), 07.00 (NS) and 10.00 (LS) at the end of the third displacedphase relationship despite a 28-h sleep–wake schedule. This is

an argument against the dependence of the melatonin rhythm sleep period were expected to result in changes in the level of
process S at 00.00. According to the two-process model ofon sleep phase.

The second paper concluding that there is a nonphotic effect sleep regulation (Borbély 1982; Daan et al. 1984), S is reflected
in the power density of the low-frequency bands (SWA) in theof sleep timing on the circadian pacemaker was published by
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sleep EEG. For this reason we assessed SWA in the fourth or REM sleep deprivation in relation to melatonin secretion
will be assessed may help to clarify our puzzling results.night, during the first 180 min of non-REM sleep. This method

has been shown to be rather insensitive to (experimentally
induced) changes in REM sleep (Beersma and Achermann ACKNOWLEDGEMENTS
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Borbély, A. A. A two process model of sleep regulation. HumanThe difference between the amounts in the ES and NS
Neurobiol., 1982, 1: 195–204.conditions is, however, only 10.5 min, and between those in
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Samková, L., Vondrasová, D., Hájek, I. and Illnerova, H. A fixedGordijn, M. C. M., Jansen, J. H. C., Medema, H. M., Flentge, F. and
morning awakening coupled with a low intensity light maintains aBeersma, D. G. M. Melatonin in saliva, effect of toothpaste, coffee,
phase advance of the human circadian system. Neurosci. Lett., 1997,smoking and lipstick. Sleep Res., 1991, 20A: 493.
224: 21–24.Hoban, T. M., Lewy, A. J., Sack, R. L. and Singer, C. M. The effects

Shanahan, T. L. and Czeisler, C. A. Intrinsic period of the endogenousof shifting sleep two hours within a fixed photoperiod. J. Neural
circadian rhythm of plasma melatonin is consistent with that of coreTransm. Gen. Sect., 1991, 85: 61–68.
body temperature during forced desynchrony in a 21-year-old man.Honma, K. and Honma, S. A human phase response curve for bright
Sleep Res., 1991, 20A: 557.light pulses. Jpn. J. Psychiatry Neurol., 1988, 42: 167–168.

Terman, M. Task force report on light treatment for sleep disorders.Jewett, M. E., Kronauer, R. E. and Czeisler, C. A. Phase-amplitude
J. Biol. Rhythms, 1995, 10.resetting of the human circadian pacemaker via bright light: a further

Trinder, J., Armstrong, S. M., O’Brien, C., Luke, D. and Martin,analysis. J. Biol. Rhythms, 1994, 9: 295–314.
M. J.. Inhibition of melatonin secretion onset by low levels ofJewett, M. E., Rimmer, D. W., Duffy, J. F., Klerman, E. B., Kronauer,
illumination. J. Sleep Res., 1996, 5: 77–82.

R. E. and Czeisler, C. A. Human circadian pacemaker is sensitive
Vakkuri, O. Diurnal rhythm of melatonin in human saliva. Acta

to light throughout subjective day without evidence of transients.
Physiol. Scand., 1985, 124: 409–412.

Am. J. Physiol., 1997, 273: R1800–R1809.
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