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Circadian Rhythm 

Daytime Sleep Propensity After Moderate Circadian 
Phase Shifts Induced With Bright Light Exposure 

Marie Dumont and Julie Carrier 

Laboratoire de chronobiologie, Hopital du Sacre-Coeur de Montreal, and Departement de psychiatrie, 
Universite de Montreal, Quebec, Canada 

Summary: Moderate circadian phase shifts were induced by 3 days of bright light exposure, without changing 
the habitual sleep schedule. Daytime sleep propensity was evaluated with multiple sleep latency tests (MSLT) 
conducted before and after the light treatment. Phase shifts were estimated using the core body temperature rhythm 
recorded during constant routines. The subjects were divided into three groups according to the timing of the bright 
light exposure. Morning bright light exposure (Morning group) advanced the circadian phase by about 1.2 hours, 
evening bright light (Evening group) delayed the circadian phase by 1.6 hours on average; whereas, bright light 
administered in the afternoon (Afternoon group) did not change the circadian phase. After the light treatment, 
daytime sleep latencies decreased in the Evening and Afternoon groups, but did not change in the Morning group. 
Reduced sleep latencies in the Afternoon group probably reflect an increase in the manifest sleep tendency induced 
by the protocol itself. It is suggested that, in the presence of a high physiological sleep tendency, a moderate 
circadian phase delay may increase further daytime sleep propensity, whereas a moderate circadian phase advance 
may help to maintain daytime sleep propensity at a lower level. Key Words: Daytime sleep propensity-MSLT­
Circadian rhythms-Phase shifts-Bright light. 

Current hypotheses on sleep-wake regulation in­
clude at least two interacting components to explain 
variations in sleep propensity (1-3). A circadian com­
ponent (process "C"), which depends on the output of 
the circadian pacemaker, actively or passively pro­
motes wakefulness during the day and increases sleep 
tendency during the habitual sleep period. A second 
component, the homeostatic component (process "S"), 
is responsible for the increase in sleep tendency as­
sociated with an increased duration of prior time 
awake. 

The 24-hour component of sleep propensity, defined 
as the ability to fall asleep at different times of the 
day, was studied under artificial days of very short 
duration (4-6). These experiments have shown a pro­
nounced circadian rhythm in sleep propensity, with a 
peak around 0600 hours and a minimum around 2100 
hours. Facilitated transitions from wake to sleep were 
also observed in late evening and in mid-afternoon, 
and zones where sleep is rarely initiated were identi-
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fied around 2000 to 2300 hours in the evening and 
1000 to 1100 hours in the morning. The same pattern 
in sleep propensity was also observed with a normal 
sleep schedule when, in addition to daytime sleep la­
tencies, nighttime sleep latencies were obtained fol­
lowing 15-minute awakenings every 2 hours during 
the night (7). 

These circadian variations in sleep propensity seem 
to maintain a stable phase relationship with the en­
dogenous rhythm of body temperature. When the 
sleep-wake cycle and the endogenous circadian tem­
perature rhythm are de synchronized, either spontane­
ously in free-running studies (8-10) or by a forced 
desynchrony protocol (3), subjects fall asleep more 
easily close to the time of their body temperature min­
imum, and sleep is rarely initiated (or sleep latencies 
are longer) when body temperature is at the maximum. 
The shortest sleep latencies are observed at the mini­
mum of the temperature rhythm. Then, sleep latencies 
increase steadily over two-thirds of the temperature 
rhythm and show a steep lengthening before the tem­
perature starts to decline. After this zone of long sleep 
latencies, sleep propensity increases abruptly on the 
falling limb of the temperature cycle (over one-third 
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of the cycle). Recently, Lack and Lushington (11) 
combined constant routines and ultra-short sleep-wake 
schedules to identify "sleep propensity phase times" 
that appear to be locked to the endogenous temperature 
rhythm. They were able to confirm the presence of the 
maximum sleep propensity close to the temperature 
minimum as well as the opening of the evening "sleep 
gate" about 5 hours earlier in all the subjects. In ad­
dition, they observed a significant 12-hour rhythm in 
sleep propensity in eight of 14 subjects and identified: 
a mid-afternoon peak in sleepiness about 14 hours be­
fore the temperature minimum, an early evening min­
imum in sleep propensity preceding the temperature 
minimum by about 8 hours, and a late morning drop 
in sleepiness that occurred about 6 hours after the tem­
perature minimum. 

These results strongly suggest that sleep propensity 
and body temperature rhythms are driven by the same 
circadian oscillator and that a phase shift of the en­
dogenous temperature rhythm will be accompanied 
with a phase shift of circadian sleep propensity. A ma­
jor difficulty in the study of circadian regulation of 
daytime sleep propensity is changing the phase rela­
tionship between the sleep-wake cycle and the circa­
dian pacemaker without affecting sleep duration and, 
thus, the homeostatic process. All the protocols cited 
above involved at least some sleep deprivation or ab­
normal sleep schedules to expose the circadian rhythm 
of sleep propensity. Bright light exposure has been 
used to change the phase of the circadian oscillator 
without changing the timing of sleep (12-15), but the 
resulting effects on daytime sleep propensity have nev­
er been reported. In the present study, the effects of 
phase shifts on daytime sleep propensity were mea­
sured by inducing moderate circadian phase shifts with 
timed bright-light exposure while maintaining normal 
sleep hours. 

METHODS 

Subjects 

Twenty-three subjects (18 men and 5 women, 18-
33 years old) completed the protocol. They were free 
of any drugs or medication, had no sleep or vigilance 
problem and provided lO-day sleep-wake logs show­
ing a regular sleep-wake schedule. Good physical and 
psychological health were confirmed by interviews, 
questionnaires [medical, Minnesota Multiphasic Per­
sonality Inventory (MMPI), Beck Depression Scale], 
blood and urine tests, optometric exam (16), and all­
night polysomnography recording. Volunteers with 
night work or transmeridian travel in the past 3 
months, with extreme morning or evening chronotypes 
(17), or with any history of psychiatric or neurological 
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FIG. 1. Research protocol. The horizontal axis identifies hours 
from midnight to midnight. The vertical axis identifies the 17 days 
of the protocol. Baseline sleep-latency tests were conducted on Day 
8, before the first constant routine, and post-treatment sleep latency 
tests on Day 14, following the last day of bright-light exposure. 
Group M received bright light in the morning, Group A in the af­
ternoon, and Group E in the evening. 

disorders were excluded. All the subjects were non­
smokers and were required to abstain from alcohol, 
caffeine, and all medication for the duration of the 
study. The women were not taking any oral contra­
ceptives and had regular menstrual cycles; they com­
pleted the laboratory part of the study during the fol­
licular phase of their cycle, as confirmed by urinary 
luteinizing hormone (LH) tests administered during the 
last 3 days in the laboratory. All the subjects signed 
an informed consent approved by the institutional eth­
ical committee and were paid for their participation. 

Procedures 

The experimental schedule is illustrated in Fig. 1. 
For each subject, the experiment lasted 17 consecutive 
days with 6 days at home and 11 days in the chron­
obiology laboratory. The research was conducted over 
a 3-year period, and all the experiments were per­
formed in the summer, between May and September. 
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Subjects of the three groups were studied in random 
order over the 3 years of experimentation. 

During the 6 days at home, each subject was re­
quired to maintain a strict sleep schedule with bedtime 
at midnight and waketime at 0800 hours (except for 
one subject: 2300-0700 hours). Naps were forbidden. 
Compliance was verified by 24-hour activity recording 
with an ambulatory monitor (Vitalog, Vilalog Moni­
toring Inc. or Mini-Logger, Mini-Mitter Co.). One sub­
ject did not respect his schedule and was excluded 
from the study. Night 7 was an adaptation night of 
polysomnography. During the evening of Day 7, the 
subjects were admitted to the chronobiology labora­
tory for the next 10 days. Night sleep was recorded 
by polysomnography and these results are reported 
elsewhere (18). 

Bright light exposure 

Timed bright light exposure was used to create mod­
erate phase shifts according to the phase-response 
curve reported by Czeisler et al. in 1989 (9). Bright 
light was administered on three consecutive days 
(Days 11-13, see Fig. 1). The subjects were divided 
into three groups depending on the timing of the bright 
light exposure: a Morning group (n = 8, 6 men and 2 
women), an Evening group (n = 8, 6 men and 2 wom­
en), and an Afternoon group (n = 7, 6 men and 1 
woman). The groups were matched for age. Bright 
light exposure was administered for 5 hours each day: 
from 0830 to 1330 hours in the Morning group to cre­
ate a circadian phase advance, from 1830 to 2330 
hours in the Evening group to create a phase delay, 
and from 1330 to 1830 hours in the Afternoon group. 
This last group was used as a control group since no 
phase shift was expected after bright light exposure in 
the afternoon. One subject of the Evening group 
(woman, 26 years old) was exposed to bright light 
from 1730 to 2230 hours. This subject was used to a 
sleep schedule from 2300 to 0700 hours, and the pro­
tocol was exactly the same for her as for the other 
subjects except that all procedures were advanced by 
1 hour. In the analyses, her results were averaged with 
those of the other subjects of her group as if they were 
obtained at the same clock hour. 

Bright light was delivered by three panels 2 X 2 ft 
(Medic-Light), one facing the subject and one on each 
side, while the subject was sitting at a white table. 
Luminance varied from 10.5 to 14.5 kcd/m2• Illumi­
nance, measured at the subject's eye level every 10 
minutes, ranged between 6 and 13 klux. The subjects 
were allowed to go outside, wearing sunglasses, for a 
maximum of 45 minutes at 1330 hours for the Morn­
ing group, 1725 hours for the Evening group, and 1225 

hours for the Afternoon group. At all other times, the 
subjects remained in indoor lighting « 100 lux). 

Core body temperature rhythm 

Core body temperature was recorded during two 
38-hour constant routines. The first constant routine 
occurred on Days 9-10, before the first bright light 
exposure, and the second constant routine on Days 15-
16, after the second day of evaluation of daytime sleep 
propensity (see Fig. 1). Each constant routine started 
at 0800 hours and terminated at 2200 hours on the next 
day. During that time, the subjects stayed in a semi­
recumbent posture, were not allowed to sleep, and 
were served 25 small snacks at regular intervals. The 
subjects stayed in bed all the time and used a urinal 
or a bedpan when necessary. Ambient lighting was 
~40 lux on average, with a maximum of 70 lux at eye 
level. Body temperature was measured by a disposable 
rectal thermistor (Yellowsprings Instruments Co.) and 
recorded every 40 seconds either via a DC amplifier 
of the polygraph (Grass, 78D) (13 subjects) or via a 
Mini-Logger monitor (Mini-Mitter Inc.) (10 subjects). 
Clock time of the minimum of the circadian temper­
ature rhythm was calculated by a two-harmonic re­
gression model (20) and was used to estimate the en­
dogenous circadian phase before and after the bright 
light treatment. 

Multiple sleep latency test (MSLT) 

Daytime sleep propensity was measured with the 
multiple sleep latency test (MSLT) conducted on Day 
8, 2 days before the light treatment, and on Day 14, 
the day after the last bright light exposure (see Fig. 1). 
Sleep latency tests were administered according to 
standard procedures (21) and given six times each day 
at 2-hour intervals from 1000 hours. Subjects were in 
bed in a darkened and quiet room and were instructed 
to keep their eyes closed and let themselves fall asleep. 
Sleep latency was defined as the time from lights off 
to the beginning of the first minute of stage 1 or as 20 
minutes if no sleep occurred. MSLTs were scored in 
20-second epochs according to standard criteria (22) 
by an experienced sleep technician unaware of the ex­
perimental conditions. 

Data analysis 

The results were analyzed with ANOV A Group X 

Day for temperature and daily means of daytime sleep 
latencies and by an ANOV A Group X Day X Hour 
on individual sleep latency tests. The Group factor had 
three levels, Morning, Afternoon, and Evening groups; 
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TABLE 1. Decimal hour (mean:!: SEM) of the estimated minimum of the temperature rhythm recorded during a constant 
routine before and after bright light treatment. ANOVA results show the Group X Day interaction 

Groups Before After Phase shift ANOYA Tukey 

Morning 
Evening 
Afternoon 

5.63 (0.42) 4.40 (0.42) Advance: 1.23 (0.52)" F2,'9 = 7.71 M vs. E: p < 0.005 
5.22 (0.46) 6.85 (0.61) Delay: 1.62 (0.68)" p < 0.004 M vs. A: ns 
5.82 (0.39) 5.35 (0.44) Advance: 0.48 (0.31) E vs. A: p < 0.05 

" p < 0.05, post-hoc paired t tests. 

the Day factor had two levels, before and after the light 
treatment; and the Hour factor had six levels for the 
six sleep latency tests conducted each day. The Green­
house-Geisser correction was applied for repeated 
measures. Since the direction of the expected circadian 
phase shifts were in the opposite direction for the 
Morning and the Evening groups, and since no effect 
was expected for the Afternoon group, a significant 
Group X Day interaction was predicted. Significant 
interactions were followed by pairwise between-group 
comparisons with Tukey tests conducted on difference 
scores (post- minus pre-treatment). Within-group 
changes were assessed by two-tailed post-hoc t-tests. 
For the analyses, daytime sleep latencies were log 
transformed to normalize the distributions. 

RESULTS 

Endogenous circadian temperature rhythm 

Table 1 shows the circadian phase shifts observed 
in the temperature minima of the three groups of sub­
jects, estimated during the constant routines before and 
after bright light treatment. Due to technical difficul­
ties, temperature data from the second constant routine 
of one subject of the Morning group could not be an­
alyzed, leaving the results of seven subjects for tem­
perature phase shifts in this group. The significant 
Group X Day interaction shows that the light treatment 
did not produce the same effect in the three groups: 
the phase of the temperature minimum advanced in the 
Morning group and delayed in the Evening group. As 
expected, no significant phase shift was observed in 
the Afternoon group. 

Daytime sleep latencies 

Daily means 

Analyses conducted on averaged daytime sleep la­
tencies showed that the bright light treatment had a 
different effect according to the timing of bright light 
administration (FGROUPXDAY = 12.31; df = 2,20; P < 
0.001). Figure 2 illustrates group averages for sleep 
latencies before and after treatment. Tukey tests 
showed that the subjects who received bright light in 
the morning reacted differently from those who re-
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ceived the treatment in the afternoon (p < 0.05) or in 
the evening (p < 0.01), whereas the effects in the latter 
two groups were similar. An ANOV A conducted on 
pre-treatment scores showed that mean daytime sleep 
latencies in the three groups were not statistically dif­
ferent (p = 0.08) before the administration of bright 
light treatment. 

Diurnal variations 

Figure 3 illustrates for the three groups the mean 
sleep latencies before and after treatment for each set 
of six tests. The results of the ANOV A Group X Day 
X Hour (with Greenhouse-Geisser correction) not only 
confirmed that bright light had a different effect on 
sleep propensity in the three groups but also showed 
that this interaction varied according to the time of day 
(FGROUPXDAYXHOUR = 2.22, df = 7.02,70.23, P < 0.05). 

MEAN DAYTIME SLEEP LATENCIES 

15 

14 ~ BEFORE UGHT 

• AFTER LIGHT 
13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 
Morning Group Afternoon Group Evening Group 

FIG. 2. Mean daytime sleep latencies in minutes (and SEM) av­
eraged over the six tests administered on the day before (Before 
Light) and on the day after (After Light) bright light treatment (*p 
< 0.05, **p < 0.01, post-hoc paired t tests). 
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FIG. 3. Mean sleep latencies in minutes (and SEM) for each sleep­
latency test, before and after bright light treatment, for each group 
of subjects. Mean sleep latencies at midnight (bedtime) are also 
shown. Untransformed data are represented on a log scale (*p < 
0.05, post-hoc paired t tests). 

Changes in mean sleep latencies were more pro­
nounced at the beginning and at the end of the day, 
and ANOV As conducted separately for each test in­
dicated a significant Group X Day interaction for the 
1000 hours (p < 0.001), 1200 hours (p < 0.05), and 
2000 hours (p < 0.05) tests. As predicted by the Group 
X Day X Hour interaction, group differences were not 
the same at each of these times of day. Tukey tests 
revealed large differences (p < 0.01) between the 
Morning group and the two other groups at 1000 
hours. At 1200 hours, the difference was only between 

the Evening and Afternoon groups (p < 0.05), whereas 
at 2000 hours it was between Morning and Evening 
groups (p < 0.05). ANOV As conducted for each test 
on pre-treatment scores showed no difference between 
the three groups before bright-light administration ex­
cept for the 1000 hours test (p = 0.04) when the mean 
sleep latency of the Morning group (6.33 minutes) was 
significantly shorter than the one of the Afternoon 
group (15.86 minutes, p < 0.05). Significant results of 
the post-hoc paired t tests within each group are shown 
in Fig. 3. 

Sleep latency at midnight 

The last daytime sleep latency test was performed 
at 2000 hours. There is no measure of sleep propensity 
available at 2200 hours, but since bedtime was fixed 
at midnight, the night-sleep latency can be used to give 
a measure of sleep propensity 4 hours after the last 
MSLT. This night-sleep latency is illustrated at 2400 
hours in Fig. 3, along with daytime sleep latencies. 

The ANOV A showed a significant Group X Day 
interaction [F(2,20) = 5.4, P < 0.01] with a different 
effect of treatment between the Evening group and the 
two other groups (Tukey tests, p < 0.05). Contrary to 
daytime sleep latencies, bedtime sleep latency tended 
to decrease in the Morning group (from 8.8 to 5.8 
minutes, p < 0.08) and increased in the Evening group 
(from l3.4 to 40.4 minutes, p < 0.05); mean sleep 
latency remained the same in the Afternoon group 
(11.0 minutes). 

DISCUSSION 

Timed bright light exposure was used to change the 
phase of the circadian oscillator while the timing of 
the sleep episode was kept constant. Since the most 
sensitive part of the phase-response curve is located 
during the habitual sleep episode (19), only moderate 
phase shifts were expected. The circadian rhythm of 
core body temperature recorded during constant rou­
tines confirmed that significant phase advance and 
phase delay were achieved after bright light treatment 
in the Morning and Evening groups, respectively. As 
predicted by the phase-response curve, the circadian 
phase remained unchanged after bright light exposure 
in the afternoon. 

Bright light exposure had a different effect on day­
time sleep propensity according to the timing of bright 
light administration, and this interaction varied accord­
ing to the time of day. After bright light treatment, 
mean sleep latencies decreased in the Afternoon and 
Evening groups and did not change significantly in the 
Morning group. The differences between the three 
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16 M. DUMONT AND 1. CARRIER 

groups were more pronounced at the beginning and at 
the end of the day. 

Since the afternoon bright light exposure was de­
signed to act as a control condition, the decrease in 
mean sleep latency in this group suggests that the pro­
tocol itself increased the physiological sleep tendency. 
However, the sleep patterns during the nights preced­
ing the daytime sleep-latency tests were similar, and 
total sleep time remained almost identical before and 
after the light treatment in all three groups. Alterna­
tively, since the subjects had relatively low values on 
the pre-treatment MSLTs, it is possible that the re­
quirement of a high sleep efficiency on the screening 
night in the inclusion criteria has caused a selection 
bias toward chronically sleep-deprived people (23). 
After 7 days in the laboratory, habituation and bore­
dom may have contributed to unmasking a high phys­
iological sleep tendency (24). 

Since the three groups were not significantly differ­
ent before the light treatment (except for the timing of 
bright light, they were subjected to the same protocol) 
this high physiological tendency must have affected 
the three groups equally. However, the results show 
that its effects on daytime sleep propensity may have 
combined differently with the circadian phase shifts 
produced with morning and evening bright light ex­
posure. First, except for the 1200 hours test, sleep la­
tencies did not decrease in the Morning group. Second, 
it is noteworthy that the sleep latencies in the Evening 
group were very short after the light treatment (Fig. 
2). 

Models of sleep-wake regulation suggest that the 
interaction between the circadian and homeostatic 
components is necessary to maintain a stable level of 
wakefulness in the daytime since the increase of the 
circadian drive to wakefulness counteracts the increase 
of the homeostatic sleep tendency (2,25). Circadian 
contribution to wakefulness is usually very low upon 
awakening in the morning, and wake propensity de­
pends mostly on the quality of recuperation (the ho­
meostatic component) (25). Given a high physiological 
sleep tendency, an optimal level of wakefulness can 
be very difficult to maintain in the morning, and high 
sleep propensity will be easily unmasked in an unstim­
ulating environment. In the present study, evening 
bright light caused a delay in the circadian increase in 
wake propensity that, combined with the unmasking 
of a high physiological sleep tendency, may have con­
tributed to the increased sleep propensity in the first 
two tests. On the other hand, the advance of the cir­
cadian increase in wake propensity may have helped 
the Morning group's subjects to maintain the same lev­
el of wakefulness in the morning. 

Two important phase times of daytime sleep pro­
pensity are located in the evening: first, the early eve-
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ning minimum in sleep propensity (SPMIN), located 
about 8 hours before the temperature minimum and, 
second, the "sleep gate", when circadian sleep pro­
pensity starts to increase, located about 3 hours after 
SPMIN (6,11,25,26). According to the phase of the 
temperature minimum estimated during the constant 
routines, SPMIN was expected to move from about 
2138 hours before the light treatment to about 2024 
hours after the treatment in the Morning group and to 
go from around 2113 hours to around 2251 hours in 
the Evening group. Similarily, the sleep gate was ex­
pected to advance to before midnight in the Morning 
group but to be delayed until after 1 :00 a.m. in the 
Evening group. After the light treatment, no early eve­
ning minimum in sleep propensity was observed in the 
daytime sleep latencies of the Evening group. The last 
sleep latency test, conducted at 2000 hours, was prob­
ably too early to measure this zone, and the significant 
decrease in mean sleep latencies in the last test is con­
sistent with a delay of the zone of low sleep propen­
sity. Moreover, the increase of 27 minutes in mean 
sleep latency at midnight strongly suggests that bed­
time occurred before the zone of low sleep propensity 
was over. Conversely, the trends to longer sleep laten­
cies at 2000 hours and to shorter latencies at midnight 
in the Morning group are consistent with an earlier 
phase of both SPMIN and the sleep gate after the 
morning bright light treatment. 

To our knowledge, there is n0 other study on the 
effects of an altered circadian phase in a stable sleep­
wake cycle on daytime sleep propensity. However, the 
interpretation that these effects would be more easily 
observed in the presence of high sleep propensity is 
indirectly corroborated by a study comparing sleep 
propensity in subjects with morning or evening chron­
otypes, who were following similar sleep-wake sched­
ules (27). According to their chronotype, it can be as­
sumed that morning subjects had an advanced circa­
dian phase compared to the evening subjects. In the 
first part of the study, sleep propensity was measured 
without sleep deprivation and there was no difference 
between the two groups of subjects. However, when 
the measures were repeated after a night of sleep dep­
rivation, the results were completely different: com­
pared to evening-type subjects, subjects with an early 
chronotype slept much less during the day, suggesting 
that an early circadian phase may attenuate the in­
creased sleep propensity caused by sleep deprivation. 

In conclusion, modest circadian phase shifts induced 
with bright light exposure have an effect on daytime 
sleep propensity, as measured by the MSLT. When the 
timing of the sleep-wake cycle is constant, a circadian 
phase shift alters the interaction between the homeo­
static and circadian components of sleep propensity. 
The consequences of this change will be more appar-
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ent when the physiological sleep tendency is high. In 
that case, as suggested by the present results, a phase 
delay will increase daytime sleep propensity, particu­
larly in the morning and in the early evening, while a 
circadian phase advance may help to maintain a nor­
mal level of wakefulness. The positive effects of mod­
est phase advances caused by morning bright light may 
have useful clinical applications in patients suffering 
from a low recuperative sleep. 
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