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Abstract
Short sleep/dark durations, due to late bedtimes or early wake times or both, are common in
modern society. We have previously shown that a series of days with a late bedtime phase delays
the human dim light melatonin rhythm, as compared to a series of days with an early bedtime,
despite a fixed wake time. Here we compared the effect of an early versus late wake time with a
fixed bedtime on the human dim light melatonin rhythm. Fourteen healthy subjects experienced 2
weeks of short 6 h nights with an early wake time fixed at their habitual weekday wake time and 2
weeks of long 9 h nights with a wake time that occurred 3 h later than the early wake time, in
counterbalanced order. We found that after 2 weeks with the late wake time, the dim light
melatonin onset delayed by 2.4 h and the dim light melatonin offset delayed by 2.6 h (both p <
0.001), as compared to after 2 weeks with the early wake time. These results highlight the
substantial influence that wake time, likely via the associated morning light exposure, has on the
timing of the human circadian clock. Furthermore, the results suggest that when people truncate
their sleep by waking early their circadian clocks phase advance and when people wake late their
circadian clocks phase delay.
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People in modern society are chronically sleep deprived. In a recent National Sleep
Foundation poll of over 1000 Americans, 31% reported regularly sleeping 6 h or less per
weeknight, and 17% reported doing so on the weekend [21]. In contrast, experimental
subjects (with no work and social commitments), when free to choose their bed and wake
times, sleep for approximately 9 h per night (e.g. [8,29]). The shorter sleep durations in
modern society may be due to longer working hours [21].

Melatonin is synthesized and released from the pineal gland [19], but its secretion is
suppressed by light [15]. The circadian rhythm of melatonin in dim light is a reliable marker
of the phase of the circadian clock, and in animals the duration of the dim light melatonin
profile (onset to offset of secretion) signals photoperiodic and thus seasonal information to
the neuroendocrine-gonadal axis. Previous work has shown that the duration and phase of
the human dim light melatonin profile can be influenced by prior sleep/dark times. In one
study, subjects experienced 4 weeks with a very early bedtime (dark 18:00–8:00) and then 1
week with a normal bedtime (dark 24:00–8:00) [28]. The earlier bedtime, and thus longer
night length, led to a 1.6 h increase in the duration of the dim light melatonin profile, mainly
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due to an advance in the onset of melatonin secretion. In a similar but shorter study, nine
long nights with an even earlier bedtime (dark 16:00–8:00) also advanced the melatonin
rhythm by 2.4 h, but the duration of melatonin secretion did not change [23].

We recently investigated the effects of realistically short nights (6 h) and long nights (9 h)
on the dim light melatonin rhythm in normal length sleepers [2]. We found that 7–19 days
with a late bedtime (01:00) resulted in ~0.5 h delay in the dim light melatonin rhythm (both
onset and offset) versus 7–19 days with an early bedtime (22:00). In both conditions wake
time was fixed (07:00). This result suggested that the human circadian system is sensitive to
changes in bedtime, most likely because of the associated exposure to indoor evening light.
However, we did not find any significant changes in the duration of the melatonin profile in
response to these realistic changes in night length, as both the onset and offset phase delayed
by about the same amount. Interestingly, the duration of the dim light melatonin profile in
habitual short sleepers (<6 h/night) is significantly shorter than the duration in habitual long
sleepers (>9 h/night) [1]. However, it remains unclear if this difference is an intrinsic
characteristic of these groups or if the sleep/dark times they habitually adopt have produced
the difference in their melatonin profiles.

Many people truncate their sleep by delaying their bedtime, but maintain a set wake time,
because of daytime work commitments. However on recovery from a series of short nights
many people “sleep in” by delaying their wake time. To date all of the studies that have
investigated the effect of longer night lengths in humans who usually have normal sleep
lengths (as reviewed above), have extended the sleep/dark episode into the evening by
assigning earlier bedtimes. Here, for the first time, we investigated the effects of short versus
long nights on the phase and duration of the human dim light melatonin profile by having
subjects maintain a fixed bedtime and adhere to both early and late wake times. We also
asked subjects to record their subjective symptoms during both conditions.

Fourteen healthy young adults (10 males, 4 females, mean age ± S.D. = 28.8 ± 5.2 years;
BMI 23.1 ± 3.8 kg/m2) participated. They were nonsmokers, medication free, consumed
only moderate caffeine doses (<300 mg/day) and reported no medical, psychiatric or sleep
disorders. A urine drug screen confirmed that all subjects were free of common drugs of
abuse. The menstrual phase of the female subjects during the study was not controlled, as
menstrual phase does not affect the melatonin rhythm (e.g. [22]). No female subject was
taking oral contraceptives. No subject had worked night shifts or traveled across more than
two time zones in the previous month. No subject was color blind as determined from the
Ishihara test. Morningness–eveningness was assessed [13] and there were five moderate
morning, six neither, and three moderate evening types. The self-reported mean (±S.D.)
habitual weekday sleep schedule of the subjects was 0:30 ± 1.2 h to 7:57 ± 1.0 h. The
protocol was conducted in accordance with the Declaration of Helsinki and was approved by
the Rush University Medical Center Institutional Review Board. All subjects participated
with a thorough understanding of the study and gave written informed consent prior to their
participation.

As part of a within subjects counterbalanced design, subjects participated in 2 weeks of short
6 h nights with an early wake time (waking at their habitual weekday wake time and going
to bed 6 h earlier), and in 2 weeks of long 9 h nights with a late wake time (going to bed at
the same time as in the short nights but waking 3 h later). Seven subjects completed the
early wake time first and seven subjects completed the late wake time first. After each series
of nights, we measured each subject’s dim light melatonin rhythm. In between each series of
short and long nights, subjects experienced a 2–3 day phase shifting treatment and then
another phase assessment (results reported in [3,4]). Subjects then had a 6–7 day washout
period where they returned to their habitual sleep times before the next series of short or
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long nights. In order to avoid excessive sleep deprivation during the days with the early
wake time (short nights), napping was permitted during a 3 h interval, centered 12 h from
the midpoint of the short nights. Sleep/dark at this time should not alter circadian rhythms as
neither afternoon sleep/dark episodes [7] nor afternoon bright light episodes [11] phase shift
circadian rhythms.

All subjects slept at home and none had bed partners. During the study sunrise varied
between 04:18 and 07:11 and sunset between 16:21 and 19:18 (central standard time). We
covered each subject’s bedroom windows with black plastic to ensure light levels were <1
lx. During their scheduled sleep/dark times at home, subjects were instructed to lie in bed in
the dark and try to sleep. They were not permitted to read, watch TV, listen to music or talk
on the telephone at this time. To ensure compliance, subjects wore an actigraphy monitor
(Actiwatch-L, Mini-Mitter, Bend, Oregon, USA) on their nondominant wrist during the
entire study which recorded their activity every minute. Subjects called the lab voice mail
(time and date of call was recorded) before turning out their lights at night and just after they
turned on their lights each morning. They also completed a sleep log every day, noting lights
off time before sleep, estimated sleep onset, any awakenings during the night (>5 min), final
awakening, and lights on time in the morning.

To monitor light exposure, all subjects wore a photosensor around their neck as a medallion
(Actiwatch-L, Mini-Mitter, Bend, Oregon, USA), except when they were in bed, or during
showers and baths. The medallion recorded light intensity (lx) every minute. During sleep
periods the light medallion was placed on their nightstand and during showers and baths it
was placed on a bathroom surface. The subjects were required to receive a minimum of 10
min of outdoor light in the first 1.5 h after their scheduled wake time every morning, in
order to mimic the light exposure that many people receive every day. Subjects were asked
not to wear sunglasses during the morning light requirement (and were offered clear
sunglasses that filtered out UV light to wear at this time), but could wear sunglasses at any
other time if they so wished. Two subjects wore their own sunglasses during the study and
noted their use on light logs. We measured the transmission of their individual sunglasses
and corrected the light data for each minute that the sunglasses were worn.

Subjective symptoms were monitored by the “How Are You Feeling Right Now?”
questionnaire, which subjects completed in the 15 min before bedtime and 15 min after
scheduled wake time every day. This questionnaire consists of the Stanford Sleepiness Scale
[12], where one of seven descriptors is selected to best describe the subjective level of
sleepiness. There are six additional questions relating to physical fatigue, mental fatigue,
sadness, anxiety, irritability and gastrointestinal problems. Subjects scored each of these six
items by circling a number from 1 (very little) to 10 (very much). Subjects also completed
the Columbia Scale questionnaire [26] in the 15 min before bedtime. This questionnaire
assesses sleepiness, fatigue, daytime alertness, concentration, lethargy, light-headedness,
weakness, clumsiness and memory across the whole day and yields a score with possible
range of 0–36. Subjects also completed a daily event log which asked them to note the
amount and time of day of caffeine and alcohol consumption.

To ensure compliance to the study protocol, subjects came to the lab every 1–3 days so that
the data from the wrist actigraph, photosensor, and sleep logs could be examined in their
presence. Subjects could consume up to 300 mg of caffeine in the first 3 h after their
scheduled wake time but could not consume caffeine at any other time. Two standard drinks
of alcohol per day were allowed except on the last 2 days of each condition. Subjects chose
their own meal times. Non-steriodal anti-inflammatory drugs were not permitted, as they
suppress melatonin [20].
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On the final day in each condition, each subject participated in a 20–22 h long phase
assessment which began between 16:00 and 18:00. During the phase assessments, subjects
remained awake and seated in dim light (<5 lx, at the level of the subjects’ eyes, in the
direction of gaze, Minolta TL-1 light meter, Ramsey, NJ). Subjects gave a saliva sample
every 30 min using Salivettes (Sarstedt, Newton, North Carolina, USA). The samples were
later radioimmunoassayed for melatonin by Pharmasan Labs (Osceola, Wisconsin, USA).
The sensitivity of the assay was 0.7 pg/ml, and intra- and interassay coefficients of variance
were 12.1 and 13.2% respectively (based on standards 0.6, 3.5, 8, 14 and 105 pg/ml).

Two phase markers were derived from each melatonin profile, the dim light melatonin onset
(DLMO) and dim light melatonin offset (DLMOff). For each subject’s melatonin profile, a
threshold was calculated as the mean of three consecutive low daytime values plus twice the
standard deviation [27]. Each subject’s DLMO was the point in time (as determined with
linear interpolation) when the melatonin concentration exceeded the threshold. The DLMOff
was the point in time when melatonin levels fell below the threshold. The mean (±S.D.)
threshold was 1.6 ± 0.7 pg/ml. We also calculated area under the curve of each melatonin
profile [25].

Fig. 1 and Table 1 show a phase delay in the melatonin rhythm following the late wake time,
long nights, as compared to after the early wake time, short nights. A 2 × 2 MANOVA with
within subjects factor wake time/night length and between subjects factor order of condition
on the DLMO, DLMOff, DLMO-DLMOff duration and area under the curve was significant
(p < 0.001). Subsequent univariate ANOVAs revealed a significant main effect of wake
time/night length for the DLMO and DLMOff, but there were no significant main effects of
order of condition nor any significant interactions (see Table 1). On average the DLMO
occurred 2.4 ± 0.7 h later after the late wake time days compared to after the early wake
time days (the delay in individuals ranged from 1.5 to 4.2 h). On average the DLMOff
occurred 2.6 ± 1.0 h later after the late wake time compared to the early wake time days
(delay ranged from 1.3 to 5.4 h). Although not significant for the entire group, four subjects
had at least a 0.5 h increase in their DLMO-DLMOff duration during the long nights. There
was no significant correlation between morningness–eveningness and the shift in the DLMO
and DLMOff (both Pearson correlations p > 0.20), suggesting the results were not affected
by circadian type.

Total sleep time was determined from the actigraphy verified sleep logs as time from
estimated sleep onset to final awakening minus any awakenings, plus any daytime naps.
During early wake time, short night condition subjects slept on average 5.7 ± 0.2 h/day at
night and 0.8 ± 0.4 h/day in naps. Thus in total, subjects slept an average of 6.5 ± 0.4 h/day
during the early wake time, short night condition which was significantly less than the 8.1 ±
0.6 h/day during the late wake time, long night condition (paired t-test, p < 0.001).

A 2 × 2 MANOVA with within subjects factors wake time/night length and time of day
(morning versus evening) on the seven items from the “How Are You Feeling Right Now?”
was significant (p = 0.01). Subsequent univariate ANOVAs revealed significant results for
the Stanford Sleepiness Scale and for the physical fatigue and mental fatigue items (see
Table 2). These results indicate that subjects had greater levels of sleepiness, physical and
mental fatigue during the early wake time, short nights versus late wake time, long nights
and they also had greater levels in the evening versus in the morning (see Table 2).
Furthermore, the increase in sleepiness and physical fatigue from morning to evening was
less during the short nights than long nights. The Columbia score, which reflected symptoms
throughout the day, was also significantly higher during the short nights (Table 2).
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Our results indicate that when wake time is shifted, the human circadian clock phase shifts
closely in response. The later timing of the melatonin phase markers after the late wake time
was likely because of the additional 3 h of darkness that subjects received every morning.
Similarly, the earlier timing of the melatonin phase markers after the early wake time was
probably because of the extra 3 h of morning light, some of it bright outdoor light, that
subjects received every morning. Analysis of the light data from the medallion photosensor,
corrected for sunglasses use, supports this (Fig. 2). During the early wake time condition
subjects received significantly more light exposure in the first 3 h after the scheduled wake
time (mean ± S.D., 32.2 ± 13.4 min of bright light >1000 lx), than during the late wake time
condition.

It is also possible that changes in the timing of nonphotic zeitgebers between conditions,
such as activity, posture, food intake and the timing of sleep per se, may have led to the
phase change in the melatonin rhythm. However, as such nonphotic zeitgebers are typically
much less powerful than light (e.g. [10,18]), we believe that the difference in the timing of
morning light exposure associated with the different wake times is the most likely cause of
the phase shift. Indeed, even ordinary indoor light can suppress melatonin and can phase
shift the circadian clock [31].

Our results highlight the substantial influence that wake time, likely via the associated
morning light exposure, has on determining human circadian phase. In our previous study
[2], when wake time was fixed, a 3 h delay in bedtime led to ~0.5 h phase delay in the
melatonin rhythm. Here, when bedtime was fixed a 3 h delay in wake time led to ~2.5 h
phase delay in the melatonin rhythm. Thus, the effect of altering wake time on the melatonin
rhythm was about five times greater than the effect of altering bedtime. This finding
supports the findings of many studies that have reported that the DLMO is more highly
correlated with wake time than bedtime [5,6,9,16,30]. This is again probably due to the
associated light exposure. Morning light, associated with wake time, is typically brighter
than evening light, and may occur closer to the most sensitive portions of the human light
phase response curve [14,17,24], at a time that produces phase advances.

As we found in our previous study which also changed night length by 3 h [2], we observed
no change in the duration of the melatonin profile nor any change in the area under the
curve. As changes in duration have been observed following 4 weeks of long 14 h nights
compared to 1 week of 8 h nights [28], it may be that a 3 h difference in night length or only
2 weeks of each photoperiod (as in our study) is not great enough to induce a significant
change in melatonin duration in many humans. Differences in melatonin duration have been
observed in habitual short (<6 h/night) versus long sleepers (>9 h/night) [1], which supports
the idea that 2 weeks is not a sufficient time period to observe a change in duration. Future
studies are required to further explore human photoperiodic responses to various realistic
night lengths.
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Fig. 1.
Mean dim light salivary melatonin profiles following 2 weeks with an early wake time (light
line) and 2 weeks with a late wake time (dark line) with the same bedtime in both
conditions. Error bars represent S.E.s. The horizontal line indicates the average threshold.
The mean melatonin profiles were constructed by referencing each individual subject’s data
to the time of their DLMO following the days with the early wake time.
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Fig. 2.
Mean light levels from medallion photosensor during the 2 weeks of short nights with the
early wake time (filled squares) and 2 weeks of long nights with the late wake time (open
circles), averaged into 30 min bins. Data are averaged according to time from bedtime and
are corrected for sunglasses use. Error bars represent S.E.s. Asterisks indicate times when
the light intensity was significantly different between the conditions (data log transformed,
repeated measures ANOVA followed by simple main effect analysis, p < 0.001).
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Table 1

The mean of the scheduled sleep times and dim light melatonin rhythm parameters (S.D. in parentheses) after
the early wake time and late wake time days

Early wake time (short nights) Late wake time (long nights)

Scheduled bed time 1:56 (0.7) 1:56 (0.7)

Scheduled wake time 7:56 (0.7) 10:56 (0.7)

DLMO 21:27 (1.2) 23:49* (1.2)

DLMOff 8:29 (1.3) 11:04* (1.6)

DLMO-DLMOff duration 11.0 (0.9) 11.3 (1.1)

Area under the curve 172.1 (63.3) 190.2 (77.0)

Mean times are in hour:minute format, S.D.s are in hours.

*
Significantly different from early wake time condition (ANOVA, p < 0.001).
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