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Context: Both light and melatonin can be used to phase shift the
human circadian clock, but the phase-advancing effect of the combi-
nation has not been extensively investigated.

Objective: The objective of the study was to determine whether
phase advances induced by morning intermittent bright light and a
gradually advancing sleep schedule could be increased with afternoon
melatonin.

Participants: Healthy adults (25 males, 19 females, between the
ages of 19 and 45 yr) participated in the study.

Design: There were 3 d of a gradually advancing sleep/dark period
(wake time 1 h earlier each morning), bright light on awakening [four
30-min bright-light pulses (~5000 lux) alternating with 30 min room
light < 60 lux] and afternoon melatonin, either 0.5 or 3.0 mg mela-
tonin timed to induce maximal phase advances, or matching placebo.

The dim light melatonin onset was measured before and after the
treatment to determine the phase advance.

Results: There were significantly larger phase advances with 0.5 mg
(2.5 h, n = 16) and 3.0 mg melatonin (2.6 h, n = 13), compared with
placebo (1.7 h, n = 15), but there was no difference between the two
melatonin doses. Subjects did not experience jet lag-type symptoms
during the 3-d treatment

Conclusions: Afternoon melatonin, morning intermittent bright
light, and a gradually advancing sleep schedule advanced circadian
rhythms almost 1 h/d and thus produced very little circadian mis-
alignment. This treatment could be used in any situation in which
people need to phase advance their circadian clock, such as before
eastward jet travel or for delayed sleep phase syndrome. (J Clin
Endocrinol Metab 91: 54-59, 2006)

OTH LIGHT AND exogenous melatonin can shift the
circadian clock according to phase-response curves
(PRCs) in which the magnitude and direction of the phase
shift varies with the stimulus administration time. In hu-
mans, bright light administered in the evening and begin-
ning of the sleep period results in phase delays, whereas
bright light administered at the end of the sleep period and
in the morning produces phase advances (1). In contrast, a
PRC for melatonin shows maximal phase advances in the late
afternoon/early evening and maximal phase delays during
the sleep period and in the morning (2) (see the superim-
posed light and melatonin PRCs in Ref. 3). Both bright light
and melatonin have successfully been used in laboratory and
field settings to phase shift circadian rhythms, accelerate
reentrainment, and thus promote adaptation to night shift
work or a new time zone after rapid transmeridian jet travel
(e.g. Refs. 3-11), whereas melatonin has been used to entrain
free-running blind individuals to the 24-h day (12-14). It is
harder to phase advance than phase delay human circadian
rhythms (1, 15), even with facilitating bright light (16), and
this is due, atleast in part, to the fact that the human circadian
clock has a period slightly longer than 24 h (17, 18).
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In a previous study, we showed that advancing the sleep/
dark schedule by 1 h/d, and administering bright light im-
mediately on awakening could phase advance the human
circadian clock by about 30 min/d (7). The current study
showed that the phase advance could be increased to about
50 min/d by adding afternoon melatonin. This is the first
study to show that a combination of morning bright light and
afternoon melatonin, both timed to phase advance, can pro-
duce a larger phase advance shift than bright light alone.

Subjects and Methods
Subjects

Healthy young adults (25 males, 19 females) between the ages of 19
and 45 yr (27.1 = 5.6, mean * sp) with normal body mass indices (<31
kg/m?) participated. They had an average morningness-eveningness
score (19) of 51.8 + 8.4. All subjects were nonsmokers; did not consume
large amounts of caffeine (>500 mg/d); and reported no medical, psy-
chiatric, or sleep disorders as assessed from interviews and question-
naires. Subjects were free from prescription medications, except for four
female subjects who were taking oral contraceptives. We excluded in-
dividuals who had traveled overseas in the previous month and/or
worked a night shift during the 2 months before the start of the study.
The protocol was approved by the Rush University Medical Center
Institutional Review Board. Subjects gave written informed consent
before the study and were paid for their participation.

Protocol

This was a between-subjects design with three groups (placebo or 0.5
or 3.0 mg melatonin) randomly assigned but with an attempt to balance
the groups for sex and morningness-eveningness score.

Each subject was assigned a strict 8-h baseline sleep schedule that was
similar to their typical sleep schedule. Scheduled bedtimes ranged from
2300 to 0200 h. Subjects had to remain in bed, in the dark, trying to sleep
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throughout the 8-h scheduled sleep/dark episodes. They were permit-
ted to nap during a 6-h period centered 12 h from the midpoint of sleep.
On d 7 they came to the lab for a baseline phase assessment beginning
7 h before and ending 3 h after their baseline bedtime and then slept in
the laboratory and were awakened at their baseline wake time. Subjects
continued their baseline sleep schedule on d 8—10. The three treatment
days began on d 11 (treatment d 1). On d 14 the subjects underwent their
final phase assessment beginning 10 h before and ending 2 h after their
baseline bedtime. During the 3 treatment days, wake time was succes-
sively advanced by 1 h each day (Fig. 1), and naps were not permitted.

Phase-advancing treatment

During the 3 treatment days, subjects slept at the lab in individual,
dark, temperature-controlled bedrooms. Each afternoon, subjects were
administered either 0.5 or 3.0 mg melatonin or matching placebo. The
melatonin was timed to induce the maximal possible phase advance for
each dose. The PRC for 0.5 mg melatonin shows a maximum phase
advance when melatonin is administered about 3 h before the dim light
melatonin onset (DLMO) (2, 3). Because the DLMO occurs about 2 h
before bedtime, we gave the 0.5-mg dose 5 h before baseline bedtime on
the first day of treatment. If we gave the 3.0-mg dose at the same time,
then, because it would remain in the body longer, it might spill over onto
the delay portion of the 0.5 mg melatonin PRC. Therefore, we generated
a partial PRC for 3.0 mg melatonin using an ultradian sleep/dark,
wake/light protocol that permitted free-running circadian rhythms (3).
We found that the maximal phase shift occurred about 5 h before the
DLMO (data not shown). Thus, we gave the 3.0-mg dose 7 h before
bedtime. The half-life of melatonin is about 40 min (20), and so both our
doses should overlap with the endogenous melatonin levels and reach
similar levels by bedtime.

To ensure the blind of the study, the subjects took two pills on each
treatment day (Fig. 1). For the placebo group, both pills were placebo.
For the 0.5-mg group, the first pill was placebo and the second pill was
0.5 mg melatonin. For the 3.0-mg group, the first pill was 3.0 mg mel-
atonin and the second pill was placebo. The timing of the pills was
advanced by 1 h each day to keep up with the expected phase advance
in the circadian clock, and its melatonin PRCs, and to ensure that they
continued to be administered near the optimal circadian phase. To
confirm that the pills were correctly administered, subjects gave three
saliva samples at hourly intervals for assessment of melatonin levels; the
first sample was taken 1 h 10 min after administration of the first pill.

On awakening on treatment days, the subjects were exposed to four
30-min bright-light pulses produced by a single light box (54 X 54 cm
diffuser screen size; Enviro-Med, Vancouver, WA) placed on a desk
about 40 cm in front of the subjects’ eyes. The light box contained four
54-cm-long 40-W cool white fluorescent horizontal lamps (PL-L 40
W/41/RS/IS, 4100 K; Philips, Eindhoven, The Netherlands). Light in-
tensity ranged from 3160 to 6880 lux, depending on the angle of gaze
with a mean of 4949 * 770 lux, as measured periodically during the
exposure with a 401025 light meter (Extech, Waltham, MA). The irra-
diance (400-1064 nm) at the typical distance in the typical angle of gaze
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was 2000 uW/cm? (measured with an IL 1400 radiometer and SEL-033/
F/W detector; International Light, Newburyport, MA). The irradiance in
the blue part of the spectrum (400—490 nm) was 470 uW /cm?, as measured
with a SC5490 sharp cut filter. The total photon density was 5.5 X 10'°
photons/cm?>sec and in the blue region was 1.1 X 10" photons/cm?>sec.
The 30 min of room light in between the bright-light pulses was less than
60 lux and was produced by a ceiling light fixture containing three cool-
white fluorescent lamps, controlled by a dimmer switch.

Circadian phase assessments

During phase-assessment sessions, subjects remained awake, sitting
in recliners in less than 5 lux. Saliva samples were collected using
Salivettes (Sarstedt, Newton, NC) at 30-min intervals, centrifuged im-
mediately after collection, and frozen. Melatonin was measured by RIA
(Pharmasan Labs, Osceola, WI). The intraassay and interassay variabil-
ity was 12.1 and 13.2%, respectively; the sensitivity of the assay was 0.7
pg/ml (for more details about the phase assessment session, see Ref. 21).

Measures of sleep, other procedures, and compliance

Subjects completed daily sleep logs with their bedtime, estimated
sleep onset, any nighttime wake awakenings longer than 5 min, their
final wake time, and the time they got out of bed. Subjects wore activity
monitors on their nondominant wrist and a photosensor around their
necks as a medallion (Actiwatch-L, MiniMitter Inc., Bend, OR). Every
2-3 d, the subjects visited the laboratory where the data from their wrist
actigraph, sleep logs, bed and wake time phone calls, and medallion
photosensor were examined and compared in their presence to verify
compliance.

Subjects were permitted to consume caffeine (up to 300 mg) during
the first 3 h of wake each day. Nonsteroidal antiinflammatory drugs
were not permitted after d 3, and alcohol was not permitted after d 4.

Symptom questionnaires

Subjects completed the Columbia Jet Lag Scale (22) each day at bed-
time and the How Are You Feeling Right Now? (HAYFRN) question-
naire, which includes the Stanford Sleepiness Scale (SSS) (23) five times
a day, as described in our previous study (21). On each treatment day,
subjects rated themselves on the SSS every 30 min, from 30 min before
the first pill was administered until bedtime.

Data analysis

Circadian Phase. A threshold was determined from each melatonin pro-
file as the average of the five lowest continuous daytime data points from
the beginning of the session plus 15% of the average of the five highest
continuous data points. The threshold mean * sp was 2.9 = 1.6 pg/ml.
Then the melatonin profiles were smoothed, using the high level of
smoothing, with the Prism software program (GraphPad, Inc., San Diego,
CA), which used locally weighted regression scatter plot smoothing
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Fic. 1. Protocol with all elements normalized to a 0800 h wake time. Rectangles represent sleep/dark episodes, and filled gray squares represent
the four bright light pulses. Ps, Times of pill administration. Arrows represent the times of the average DLMOs for the 0.5-mg melatonin group
determined from the baseline and final phase assessments. Triangles represent the estimated times of the temperature minima (7 h after the
DLMO) for the 0.5-mg melatonin group. The arrow and triangle from the baseline phase assessment (which was conducted a few days earlier)
are drawn on the last baseline day to illustrate the phase relationship between these circadian phase markers and sleep. There was no sleep/dark
episode during the phase assessments. See Fig. 1 in Burgess et al. (7) for an expanded, more detailed protocol diagram.
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(LOWESS). The DLMO was defined as the first minute of the smoothed
curve that exceeded and stayed above the threshold. We added 7 h to
each DLMO to estimate the temperature minimum (Tmin) because this
is the typical interval (e.g. Refs. 8 and 24-26).

Sleep parameters and symptom questionnaires

For sleep logs, total sleep time (TST) was the time from sleep onset
to final awakening minus any awakenings longer than 5 min, sleep onset
latency was the time between bedtime and sleep onset, and sleep effi-
ciency was TST divided by time in bed. Sleep from actigraphy was
calculated with the Actiware-Sleep 3.1 program (MiniMitter); TST, sleep
onset latency, and sleep efficiency were determined. The analysis pro-
gram was set to the highest sensitivity for detecting movement, which
will result in an underestimation of sleep time because any movement
that occurs during sleep is considered wake. For each subject and each
item, the five HAYFRN questionnaires per day were averaged.

Statistical analysis

The phase advance in the DLMO (from baseline to final phase as-
sessment) for the three groups was analyzed with a one-way ANOVA,
followed by Tukey’s honestly significant difference post hoc test. The
30-min SSS ratings during the evenings of the treatment days were
analyzed with a two-way repeated-measures ANOVA (time X group).
The sleep parameters (from wrist actigraphy and sleep logs) were an-
alyzed with a two-way multivariate analysis of variance (MANOVA)
with one within-subjects factor day with four levels (baseline mean of
d 2-6, treatment d 1-3) and one between-subjects factor group (placebo
and 0.5 and 3.0 mg). When significant, Greenhouse-Geisser corrected
degrees of freedom were used for univariate analyses. The Columbia Jet
Lag score and SSS from the HAYRFEN questionnaires were each analyzed
with a two-way ANOVA (days X group). The remaining items on the
HAYFRN questionnaires were analyzed with a two-way MANOVA
(days X group). Significant univariate analyses were followed by pair-
wise comparisons. Data are presented as mean * sp, unless otherwise
stated.

Results

The three groups did not differ significantly in age, sex, or
morningness-eveningness score. Table 1 (baseline rows)
shows that they did not differ in DLMO, sleep schedules, or
the interval between the Tmin and wake time and thus the
circadian time of light exposure. On the first treatment day,
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the 0.5-mg dose was administered 2.4 = 1.2 h before the
baseline DLMO and the 3.0-mg dose 4.8 = 0.7 h before, both
close to our targets of 3 and 5 h. Melatonin levels for 1 h 10
min, 2 h 10 min, and 3 h 10 min after the first pill was
administered were 260 * 47, 216 = 89, and 94 = 97 pg/ml,
respectively, for the 3.0-mg group and 2 * 2, 79 + 58, and
59 * 44 pg/ml, respectively, for the 0.5-mg group.

Circadian phase advances

Figure 2 shows that larger phase shifts were observed with
melatonin, compared with placebo, and Fig. 3 shows that,
overall, the largest advance occurred in the 3.0-mg group.
The mean phase advances (Table 1) were significantly dif-
ferent among the groups [F (2, 41) = 9.5, P < 0.001]. Post hoc
analysis showed significantly larger phase shifts in the
0.5-mg (P = 0.003) and 3.0-mg (P = 0.001) conditions, com-
pared with placebo, but there was no difference between the
two melatonin groups (P = 0.79). Figure 1 shows the time of
the mean DLMOs for the 0.5-mg group.

Sleep

All of our subjects slept quite well (Fig. 4). The decrease in
TST on the first treatment day was because subjects were put
to bed at their usual time but were awakened 1 h earlier (Fig.
1). On the other days, subjects slept almost all of the allotted
8 h (Fig. 4). The 3.0-mg group had slightly longer sleep
latencies during the treatment days and correspondingly
poorer sleep efficiencies. However, there were no significant
group differences in any of the sleep measures. The sleep
MANOVA indicated a nonsignificant main effect of group,
a nonsignificant group by days interaction, but a significant
main effect of days [F (18, 23) = 570, P < 0.001]. Univariate
analysis indicated that this was due to the reduction in TST
on treatment d 1.

TABLE 1. Circadian phase marked by the DLMO, the estimated Tmin,* and scheduled sleep times

Placebo 0.5 mg melatonin 3.0 mg melatonin
Mean sp (h) Mean sp (h) Mean sp (h)

Phase advance of DLMO (h) 1.7 0.7 2.5° 0.7 2.6° 0.3
Shift/day (min)° 34 50 52
Baseline

DLMO 21:41 1.0 21:25 1.2 21:51 0.8

Bedtime 24:04 0.8 24:04 0.7 24:05 0.6

Wake time 8:04 0.8 8:04 0.7 8:05 0.6

Estimated Tmin 4:41 1.0 4:25 1.2 4:51 0.8

Tmin to wake interval (h) 3.4 0.9 3.6 1.2 3.2 0.7
Treatment d 1

Tmin to wake interval (h) 2.4 0.9 2.6 1.2 2.2 0.6
Treatment d 3

Bedtime 21:04 0.8 21:04 0.7 21:05 0.6

Wake time 5:04 0.8 5:04 0.7 5:05 0.6

Estimated Tmin“ 3:34 1.3 2:47 1.0 3:06 0.9

Tmin to wake interval (h) 1.5 1.0 2.3 0.9 2.0 0.7
Final

DLMO 20:01 14 18:58 1.0 19:14 0.9

Estimated Tmin® 3:01 14 1:58 1.0 2:14 0.9

¢ Calculated by adding 7 h to the DLMO.
® Significantly different from placebo (P < 0.01).

¢ Calculated by dividing cumulative phase advance of DLMO after 3 treatment days by 3.
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Fic. 2. Melatonin profiles for the three treatment groups: placebo
(n = 15),0.5 mg (n = 16), and 3.0 mg (n = 13). Error bars, SE. In each
graph, the thinner line shows the mean profile during the baseline
phase assessment, and the bold line shows the profile during the final
phase assessment. Horizontal lines indicate the average DLMO
threshold for each group. The mean melatonin profiles were con-
structed referencing each subject’s data to the time of his/her DLMO
from the baseline phase assessment.

Symptom questionnaires

The SSS ratings (Fig. 5, top) showed a slight increase on the
first day of treatment relative to baseline that then decreased
on treatment d 2 and 3. There was a significant main effect
of days [F (3, 113) = 5.60, P = 0.002] with treatment d 1 and
2 being significantly higher than both baseline (P < 0.01) and
treatment d 3 (P < 0.02). There was no significant main effect
of group or days by group interaction.
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Fic. 3. Phase advances in the DLMO for all subjects. Horizontal lines
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The Columbia Jet Lag scores changed very little during the
study (Fig. 5). There were no significant main effects of group
or days and no significant group by days interaction.

The ratings for the six symptoms on the HAYFRN ques-
tionnaire were mild and evenly distributed across study
groups and days. The MANOVA indicated no significant
main effects of group or days and no significant days by
group interaction.

There was a significant increase in sleepiness in the hours
before bedtime during the treatment days for all groups (Fig.
6) [significant main effect of time, F (4, 175) = 92.5, P < 0.001].
However, there was no significant main effect of group or
time by group interaction.

Discussion

We demonstrated that the phase advances produced with
a gradually advancing sleep/dark schedule and morning
intermittent bright light can be significantly increased by
afternoon melatonin. In addition, this treatment produced
relatively little misalignment between circadian rhythms and
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Values are means + or — SE.

the sleep schedule and thus did not produce side effects or
jet lag-type symptoms.

Although slightly larger phase shifts were obtained with the
3.0-mg dose, compared with 0.5 mg, this difference was not
statistically significant. In addition, the higher melatonin dose
made subjects slightly, although not significantly, more sleepy
in the evenings after taking the pill. Therefore, we recommend
using the 0.5-mg dose in combination with morning intermit-
tent bright light and an advancing sleep schedule in any situ-
ation in which people need to advance their circadian rhythms,
such as for people with delayed sleep phase syndrome (27) or
before eastward jet travel. Most people would be able to take
the 3.0-mg dose without decrements in alertness, especially if

5
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Fic. 6. SSS on treatment days from 30 min before administration of
the first pill until bedtime. Values are means + or — SE.
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they were active after taking the pill because the soporific effects
are posture dependent (28). We advanced wake time by 1 h but
not bedtime on the first day of treatment, cutting sleep short by
1 h, which was probably responsible for the slight increase in
sleepiness on treatment d 1. Therefore, we advise also advanc-
ing bedtime and keeping the sleep opportunity the same on all
treatment days.

Although appropriately timed bright light and melatonin
may be able to hasten reentrainment after an abruptly advanced
sleep schedule, as occurs with early morning shifts or after
eastward jet travel, people will suffer several days of circadian
misalignment and the associated jet lag-type symptoms until
reentrainment is complete. Arendt ef al. (4, 29) recommended
taking 5.0 mg melatonin in the afternoon for 1-3 d before de-
parture for a little preflight advance and then at bedtime at the
destination to maximize both the phase-advancing and sleep-
inducing effects. This regimen is ideal with the doses we tested
when bedtime is advanced 5-7 h, but there will still be several
days of circadian misalignment. With our treatment, a gradu-
ally advancing sleep schedule, gradually advancing morning
bright light, and gradually advancing afternoon melatonin are
used preflight and so more of the phase shifting is done ahead
of time. However, it is not necessary to follow the treatment for
a number of days equivalent to the number of time zones
crossed. Partially advancing rhythms preflight will reduce the
severity and duration of misalignment and will also reduce the
risk of antidromic reentrainment because light is less likely to
fall on the phase-delay portion of the light PRC (for further
explanation, see Refs. 3 and 21).

Ideally, a treatment that produces even larger phase ad-
vances would be even better as long as the circadian rhythms
remained aligned with the sleep schedule, as they did in the
current study. One way to increase the phase advance would
be to use light that is enriched with blue wavelengths to
which the circadian system is most sensitive (e.g. Refs. 30—
33). It is also possible that a different timing of melatonin
administration could produce larger phase advances because
when it comes to producing phase shifts, the timing is as
critical as the dose. In the current study, the two melatonin
doses were administered at different circadian phases to
coincide with the maximum phase-advance regions of their
respective PRCs. However, the timing of the 0.5-mg dose was
based on a PRC generated from subjects living at home in
relatively uncontrolled conditions, and there was a large
degree of scatter in the data points contributing to the PRC
(2). In addition, these subjects were entrained to 24-h zeit-
gebers and thus the magnitude of the phase shifts was lim-
ited. The timing of the 3.0-mg dose was based on our own
only preliminary partial PRC in a study in which subjects
free-ran through an ultradian light-wake/dark-sleep sched-
ule. PRCs to different doses of melatonin using identical
protocols need to be generated to pinpoint the optimal cir-
cadian times for the administration of different doses.

Two previous studies comparing different doses of melato-
nin for producing phase shifts showed a dose-dependent re-
sponse (8, 34). In a study from our laboratory (8), the sleep/dark
schedule was abruptly advanced 7 h, and 0.5 or 3.0 mg mela-
tonin was administered 7.5 h before baseline bedtime on four
consecutive days. Larger phase shifts were observed with the
3.0-mg dose, compared with the 0.5-mg dose (3.9 vs. 3.0 h).
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Another group (34) observed larger phase advances with a
5.0-mg dose (1.4 h), compared with 0.5-mg (0.7 h) and 0.05-mg
(0.4 h) doses, all administered approximately 7 h before bed-
time. In both studies, the different doses were administered at
the same time, and so the greater phase shifts with the larger
doses may have been, at least in part, due to a more ideal timing
for these doses rather than the increased amount of melatonin
present.

When the individual phase shifts are considered (Fig. 3),
there appears to be a ceiling for maximum phase shift of about
3 h, but the minimum shift increased from placebo to 0.5 to 3.0
mg. This implies that there is a limit in the magnitude of phase
shift that can be attained and that melatonin increases the
chances of attaining this limit. In another study from our lab-
oratory (8), a similar pattern was observed with a maximum
advance of approximately 4-5 h and the minimum increasing
from placebo to the 0.5- to 3.0-mg dose (see Fig. 3 in Ref. 8).
There is probably an upper limit to the size of phase shift that
can be induced in 1 d; dose-dependent curves for phase shifting
with light exhibit a plateau (35), and in studies with large abrupt
advances of sleep/dark, the maximum phase advances
achieved were never more than 2 h/d (for a detailed review, see
Ref. 21). We can speculate that if with light alone the daily
maximum shift is not achieved, then coadministration of mel-
atonin may push the system to the upper limit. Alternatively,
daily limits with melatonin alone and light alone may exist such
that the combination can produce larger cumulative phase
shifts than either can individually.
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