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INTRODUCTION
The mammalian master circadian clock is located in the 

suprachiasmatic nucleus (SCN) of the hypothalamus.1,2 The 
SCN provides environmental and biological timing information 
to the rest of the body so that physiology and behavior are coor-
dinated for optimal functioning relative to the time of day.3,4 The 
SCN receives input about environmental time through photic 
pathways via rod, cone, and melanopsin photoreceptors in the 
retina.5,6 The SCN also receives input about behavioral and 
physiological states through non-photic pathways (e.g., seroto-
nergic input from the raphe nucleus).7-10 Misalignment between 
environmental time and internal biological timing (e.g., shift 
work, jet lag, circadian sleep-wakefulness disorders) can result 
in adverse psychological, neurobehavioral, and physiological 
consequences.11-16 Photic and non-photic stimuli have both been 
used to phase shift the human circadian clock; however, there is 
limited information about how combinations of phase-shifting 
stimuli influence the timing of the circadian clock in humans. 
Findings from research in non-humans suggest the combination 
of photic and non-photic stimuli interact to increase or attenuate 
the magnitude of circadian phase shifts17-21 and contribute to 
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circadian entrainment.22 In humans, Wirz-Justice et al.23 exam-
ined the combination of exogenous melatonin, timed to advance 
the circadian clock, and bright light exposure, timed to delay 
the circadian clock, and found an additive interaction such that 
the combination resulted in no phase shift relative to the control 
condition. These findings suggest that information from photic 
and non-photic stimuli may be combined by the human circa-
dian system. We hypothesized that combinations of properly 
timed photic and non-photic stimuli will induce a greater phase 
shift response than individual stimuli. Such potential combined 
effects of photic and non-photic stimuli by the human circa-
dian clock has important implications for entrainment of the 
human circadian clock to 24-hour and near-24-hour day lengths 
such as required by some orbital space flight missions or by a 
mission to the planet Mars,24-27 for the treatment of circadian 
sleep-wakefulness disorders,28 and for circadian adaptation to 
jet lag and shift work schedules.16,29

Although light is a strong synchronizer of the SCN to the 
external environment,30,31 non-photic stimuli, such as activity, 
exercise, restricted food availability, and exogenous melatonin 
have also been shown to shift the timing of the mammalian 
circadian system.32-37 Both light and melatonin have been 
found to phase shift the circadian system of humans; in the 
majority of studies conducted to date, subjects were exposed 
to multiple days of light exposure or melatonin administra-
tion.38-48 Fewer investigations have examined the influence of 
one session of light exposure or one dose of melatonin.23,49-55 
Nonetheless, findings in general are consistent in showing 
that bright light exposure in the evening produces the largest 
phase delays and bright light exposure in the early morning 
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produces the largest phase advances. Melatonin administration 
on the other hand produces the largest phase advances in the 
late afternoon/early evening, and melatonin administration in 
the early morning following habitual wake time produces the 
largest phase delays.38,44,47 Few studies have directly compared 
the phase resetting response to one day of light exposure and 
one day of melatonin administration.

Using a circadian protocol to evaluate the phase resetting 
response of the human circadian clock to photic and non-photic 
stimuli, we sought to examine the influence of one session of 
bright light exposure and one dose of exogenous melatonin, 
alone and in combination. This experiment was based upon 
previous research in humans showing that light and melatonin 
alone can phase shift circadian rhythms23,34,49,56-63 and findings 
from animal and human studies showing that melatonin can 
attenuate light induced phase shifts.23,33,50,64 This study tested 
the hypothesis that the circadian phase advance induced by 
the combination of morning bright light exposure and late 
afternoon exogenous melatonin administration would induce 
a greater phase shift than either stimulus alone. Four experi-
mental conditions were compared: dim light-placebo (DLP), 
dim light-melatonin (DLM), bright light-placebo (BLP), and 
bright light-melatonin (BLM). Timing of photic and non-
photic stimuli was based on existing light and melatonin phase 
response curves (PRCs) and was selected to induce large phase 
shifts. Specifically, to achieve a large phase advance, a single 
3-h light exposure with an intensity of ~3000 lux was applied 
in the early morning when longer light exposures show the 
largest phase advances,51,53 and a single 5 mg dose of melatonin 
was administered in the late afternoon/early evening when 
multiple consecutive days of exogenous melatonin administra-
tion shows the largest phase advances.38,44,47

METHODS

Participants
Thirty-six young healthy subjects (18 females, 18 males) aged 

22.0 ± 3.8 y, body mass index (BMI) 22.3 ± 2.1 (mean ± SD) 
participated. Prior to the study, subjects underwent detailed 
health screening. Health of subjects was determined by medical 
evaluation at the Clinical and Translational Research Center 
(CTRC) and Sleep and Chronobiology Laboratory at the 
University of Colorado Boulder based on physical exam, blood 
chemistries, clinical electrocardiography, and medical, psychi-
atric, and sleep histories. Exclusion criteria included: known 
medical, psychiatric or sleep disorders, abnormal blood chem-
istries, illicit drug or nicotine use, habitual sleep duration < 7 h 
or > 9 h, medication use (exception for oral contraceptives), 
BMI outside the range of 18.5 to 27, shift work within one 
year prior, or travel across more than one time zone in the three 
weeks prior to in-laboratory procedures. Study procedures were 
approved by the Institutional Review Board at the University 
of Colorado Boulder and the Scientific Advisory and Review 
Committee of the Colorado Clinical and Translational Sciences 
Institute. Subjects gave written informed consent and were 
compensated for their participation.

Experimental Design

Pre-Study Control: Ambulatory Wakefulness-Sleep-Activity 
Recordings

Subjects maintained a regular ~8-h sleep-wakefulness 
schedule based on their habitual sleep and wake times for one 
week prior to the in-laboratory study. Regular sleep-wake-
fulness schedules were verified via sleep logs, time-stamped 
voice-recorder of bed and wake times, and wrist actigraphy 
recordings (Actiwatch-L, Philips Mini Mitter, Bend, OR). 
Subjects were instructed to refrain from over-the-counter medi-
cations, supplements, and caffeine for two weeks prior, naps one 
week prior, exercise three days prior, and alcohol two days prior 
to the in-laboratory protocol. Subjects self-reported compliance 
with the above requests. Additionally, upon admission to the 
in-laboratory protocol, urine toxicology and an alcohol breath 
test (Lifeloc Technologies Model FC10, Wheat Ridge, CO) 
were performed and female subjects were given a pregnancy 
test to verify absence of pregnancy. Five of the female subjects 
were taking oral contraceptives; two were randomized to the 
DLM, and one each to each of the other conditions.

In-Laboratory Protocol
Subjects were studied individually in specially designed sleep 

and circadian research suites that provided an environment free 
of external time cues for five calendar days. Following pre-study 
assessments (Days 1-7), subjects were scheduled to arrive at 
the Sleep and Chronobiology Laboratory ~4 h prior to habitual 
sleep time (Figure 1). All protocol events such as meal times, 
pill administration, light exposure, and sleep opportunities were 
scheduled relative to the subject’s habitual wake time. Ambient 
temperature was maintained in thermoneutral range (~22.2°C). 
Except for the bright light exposure conditions, lighting in the 
angle of gaze was maintained at dim levels equivalent to candle 
light (~1.9 lux; ~0.6 Watts/m2) during scheduled wakefulness 

Figure 1—12 daylong phase-shifting protocol. The first 7 days (D1-7) 
of study were ambulatory recording of subjects maintaining consistent 
sleep-wakefulness schedules. This was followed by 5 days living in the 
laboratory (D8-12). Example times for a subject with a habitual bedtime 
at midnight. Black bars represent scheduled sleep opportunities, open 
bars represent scheduled wakefulness not part of constant routines, 
and the hatched bars represent constant routines. The protocol 
consisted of 2 constant routines which were used to estimate circadian 
phase. Subjects received melatonin or rice powder-filled placebo (◊) 
5.75 h prior to habitual bedtime. Subjects were awakened from sleep 
early so that exposure to bright or dim light (☼) could begin 1 h prior to 
habitual wake time.
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and darkness during scheduled sleep opportunities. The first 
day of the in-laboratory protocol, Day 8, consisted of a habitu-
ation episode followed by an 8-h nighttime sleep opportu-
nity. Days 9-10 consisted of a 28-h modified constant routine 
(CR1).31 The constant routine protocol is used to estimate circa-
dian phase while controlling for the effects of environmental 
and behavioral influences. Subjects maintained wakefulness 
while being exposed to dim light under bedrest conditions with 
the head of the bed raised to ~35°. Brief bathroom breaks, using 
a commode ~1 m from the bed, were scheduled so that they did 
not occur within the 15 min before a saliva sample; bedpans and 
urinals were provided at unscheduled times, otherwise constant 
posture was maintained. Isocaloric, hourly snacks prepared by 
the CTRC nutritionist, were used to equally distribute food and 
fluid intake over the constant routine. Melatonin or placebo 
was administered on Day 10. Exposure to bright light occurred 
on Days 10-11. This was followed by a second 19-h constant 
routine (CR2) on Day 11 to reassess circadian melatonin phase.

Experimental Conditions
Subjects were randomly assigned to experimental condition: 

DLP, DLM, BLP, BLM. Pill administration of either placebo 
or 5 mg melatonin was double-blind and scheduled in the 
late afternoon 5.75 h prior to habitual bedtime. Implementa-
tion of pill allocation was performed by the CTRC pharmacist 
who provided pills identical in appearance. Pills consisted of 
5 opaque capsules of either 1 mg immediate release melatonin 
(5 mg total dose; Life Extension Foundation, Inc.), or iden-
tical looking capsules of rice flour placebo. The Clinical Trials.
gov ID of this study was NCT00387179 and we administered 
melatonin under FDA IND 76168. The allocation sequence 
was concealed until interventions were assigned and data were 
prepared for statistical analysis.

Subjects were awakened 1 h earlier than habitual wake time 
on Day 10-11 and exposed to either 3 h of continuous bright 
light or dim light. Commercially available ceiling mounted 
fluorescent lamps (Sylvania Octron 32W T8 bulb; Danvers, 
MA, USA) provided broad spectrum white light exposure, 
similar to natural, midday, daylight (6500-K color temperature). 
During the light exposure, subjects were under the direct super-
vision of research assistants who remained in the suite to ensure 
the intended intensity of illumination was achieved. Subjects 
wore clear Uvex glasses (Uvex Winter Optical, Smithfield, RI, 
USA) to further block any UV light and maintained constant 
posture while alternating between fixing their gaze on a target 
for 6 min or free gaze for 6 min.51,53 Average light intensities 
during the fixed gaze were 2984 ± 367 lux (~7 Watts/m2) for 
the bright light conditions and 1.9 ± 0.4 lux (~0.6 Watts/m2) for 
the dim light conditions. Illuminance in the angle of gaze at eye 
level was measured with a research photometer (International 
Light, Newburyport, MA, USA) and irradiance was measured 
with a HOBO Micro Station Data Logger with HOBO Silicon 
Pyranometer Smart Sensor (Onset, Pocasset, MA, USA).

Circadian Phase Assessment and Analysis
Salivary melatonin was collected every 30 min at night and 

every 60 min during the day (hours 3-10 of habitual wakeful-
ness) of each CR. Collected saliva was centrifuged and then 
frozen at -80°C until assayed. Salivary melatonin concentration 

was determined by ELISA assay according to manufacturer 
instructions (IBL International, Hamburg, Germany).

We first tested whether the phase angle of entrainment 
and thus the timing of the photic and non-photic stimuli was 
similar among conditions. We calculated the salivary dim-light 
melatonin onset (DLMO) to bedtime phase angle of entrain-
ment as the timing of the DLMO minus bedtime, and thus 
negative numbers indicate a DLMO prior to bedtime.25,27,65 
Circadian phase shifts were determined by the change in the 
timing of the salivary DLMO between CR1 and CR2. The 
salivary DLMO was defined as the linearly interpolated time 
point when melatonin levels exceeded and remained 2 standard 
deviations above the stable baseline mean.66-69 Circadian phase 
shifts were analyzed with a mixed model ANOVA assigning 
drug and light conditions as fixed factors. Planned one-tailed 
independent t-tests were used to determine significance for 
our directional hypotheses. Specifically we hypothesized: (1) 
that melatonin and bright light experimental conditions would 
induce significant phase advance shifts compared to the dim 
light-placebo control condition, which was expected to show 
a delay drift due to the on average longer than 24-h circadian 
period;25,70-72 (2) that bright light-placebo would induce a signif-
icant phase advance shift compared to dim-light melatonin; and 
(3) that bright light-melatonin would induce a significant phase 
advance shift compared to dim light-melatonin and bright light-
placebo. In addition to the above statistical tests, effect sizes 
(Cohen d) were calculated to determine the size of phase reset-
ting effects. Standard interpretations of effect size were used:73 
small, d = 0.2; moderate, d = 0.5; large, d = 0.8.

RESULTS

Average DLMO Threshold and Phase Angle of Entrainment
Using the current DLMO definition, an average DLMO 

threshold level of 10.4 pg/mL was observed. This level is 
consistent with prior findings of an average 10.2 pg/mL salivary 
melatonin threshold using the same DLMO definition.66

The phase angle of entrainment between DLMO and 
bedtime was not statistically different among conditions prior 
to treatment (P = 0.19): DLP -2.36 ± 0.75 h (mean ± SD; 
95%CI: -2.94 to -1.79 h); DLM -2.68 ± 0.41 h (95%CI: -3.00 to 
-2.37 h); BLP -2.79 ± 1.04 h (95%CI: -3.59 to -1.99 h); BLM 
-2.02 ± 0.89 h (95%CI: -2.70 to -1.34 h). The average phase 
angle was -2.46 h (± 0.83 h SD) with a maximum phase angle 
of -4.96 h and a minimum phase angle of -0.65 h. Post hoc 
analyses did not find association between initial phase angle 
and the resulting phase shift reported below when testing all 
three treatments combined in one analysis or when testing each 
treatment individually (all P > 0.25).

Phase Resetting Response
Figure 2 shows circadian phase shifts for individual subjects 

and the condition means for the melatonin and light conditions. 
Significant main effects for bright light (F1,32 = 14.04, P < 0.001) 
and for melatonin (F1,32 = 10.58, P < 0.01) were observed for 
circadian phase shifts. The interaction effect between light 
exposure and pill condition was not significant (F1,32 = 0.29, 
P = 0.60). We found a mean phase delay in the DLP condition of 
~26 min. Significant circadian phase advances were found for 
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DLM, BLP, and BLM conditions compared to DLP (P < 0.05) 
with large effect sizes, d = 1.40, 1.53, and 2.81, respectively. 
There were no statistical differences found between DLM and 
BLP (P = 0.37) conditions with a less than small effect size, 
d = 0.16. The largest phase advance shift was found for the 
BLM condition, which induced a phase shift significantly 
larger than DLM and BLP (P < 0.05) with large effect sizes, 
d = 1.12 and 0.93, respectively.

DISCUSSION
We found that photic and non-photic time cues are combined 

by the internal circadian clock in humans, furthering our knowl-
edge about basic circadian principles as applied to humans and 
providing evidence for the effectiveness of combined treatments 
to induce desired phase shifts of circadian timing. Uniquely, 
and consistent with our hypotheses, the current findings indi-
cate that a single exposure to 3 h of ~3000 lux bright light in 
the morning combined with a single 5 mg dose of exogenous 
melatonin in the late afternoon/early evening can be combined 
to induce a greater circadian phase advance of the human circa-
dian clock than either treatment alone. Our findings also reveal 
that under controlled dim light conditions, a single administra-
tion of 5 mg melatonin in the early evening is able to induce 
a comparable phase advance to that induced by a single 3-h 
exposure to ~3000 lux bright light in the morning, inconsistent 
with our hypothesis that light exposure would induce a greater 
shift than melatonin. These findings have important implica-
tions for understanding fundamental physiological principles 
of the human circadian timing system, for adapting the human 
circadian clock to 24-hour and near-24-hour day lengths,24-27 
and for the treatment of circadian sleep-wakefulness disorders 
(e.g., adapting to eastward travel and treatment of delayed sleep 

phase disorder).28,43 The combination of properly timed light 
exposure and melatonin administration may provide an effec-
tive means of advancing the human circadian clock such that 
the combination can produce a phase shift that is greater than 
that of either given alone.

Large effect sizes of all conditions relative to dim light-
placebo suggest the strong ability of light and melatonin stimuli 
for shifting the human circadian clock. Relative to dim light-
placebo, the magnitude of the response for exogenous mela-
tonin (5 mg) and bright light exposure (~3000 lux) were similar. 
This result suggests that under controlled environmental condi-
tions at the specific times of the circadian and sleep-wakefulness 
cycle, and at the dose of melatonin and intensity and duration 
of light studied, melatonin may be as effective as bright light 
exposure to shift the human circadian clock. The finding that 
photic and non-photic stimuli are combined by the human circa-
dian time keeping system also highlights the need to consider 
light exposure when using melatonin to shift the circadian 
clock. For example, uncontrolled evening light exposure in the 
work/home environment would likely reduce the effectiveness 
of evening melatonin administration when using melatonin to 
phase advance the clock.23 Knowledge of light and melatonin 
PRCs and the respective crossover times for phase advances 
and delays is important for optimal timing of treatments, since 
at most circadian phases light and melatonin induce phase shifts 
in the opposite direction; although there are narrow circadian 
phase windows where both appear to induce phase shifts in the 
same direction.29,38

Circadian phase angles of entrainment were on average 
more than two hours prior to habitual bedtime. The average 
and range of phase angles observed in the current study are 
generally consistent with prior findings when circadian phase 
is assessed using other DLMO thresholds and tested upon 
entry into the laboratory following at least one week of main-
taining habitual ~8-h sleep schedules.65 The finding that the 
dim light-placebo condition showed an average phase delay is 
consistent with previous findings of an average delay drift in 
phase of the human circadian clock in an environment absent of 
time cues,31,52,54 which is likely due to the longer than average 
circadian period in humans.25,70-72 Individual differences in the 
observed circadian phase resetting responses to melatonin and 
bright light stimuli are also likely driven by individual differ-
ences in circadian period.52 Assessment of circadian period 
and factoring it out statistically, or exposure of all individuals 
to each experimental condition would be necessary to control 
for effects of individual differences in circadian period on the 
phase resetting response.

Findings from studies of non-humans indicate that non-
photic time cues can facilitate entrainment to shifted light-dark 
cycles74 such as those induced by jet lag and shift work. Find-
ings from the current study indicate that combined treatments 
may also facilitate circadian adaptation in humans to such 
schedules. Findings from two previous studies that examined 
the combination of photic and non-photic time cues indicate: 
(1) that during simulated night shift work, five days of exposure 
to intermittent bright light (5000 lux) in a gradually delaying 
light-dark cycle induced large and significant phase delay shifts 
and that the addition of 1.8 mg sustained release melatonin 
prior to a daytime sleep opportunity did not facilitate the phase 

Figure 2—Phase resetting response to bright light and melatonin. On 
the y-axis, phase advances are plotted as positive values and phase 
delays are plotted as negative values with a value of zero representing 
no phase shift. Plotted are phase shifts for individual subjects within each 
condition as well as the condition mean ± SEM. DLP, dim light-placebo; 
DLM, dim light-melatonin; BLP, bright light-placebo; BLM, bright light-
melatonin. Thicker lines above plot represent significant effects between 
conditions at either end of the line (P < 0.05). On average, DLM, BLP, and 
BLM induced ~37 min, ~42 min, and ~68 min phase advances relative 
to DLP, respectively.
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resetting response40; and (2) that three days of exposure to inter-
mittent bright light (5000 lux) in a gradually advancing light-
dark cycle combined with either 0.5 mg or 3.0 mg melatonin 
5 h or 7 h prior to bedtime, respectively, induced relatively large 
and significant phase advance shifts as compared to a dim light-
placebo condition.75 The latter study by Revell et al., however, 
did not include dim light-melatonin alone conditions, thus it 
is unknown whether the combination of the treatments tested 
would be more effective than either alone. Given the number 
of treatment days, exposure to light alone may be sufficient to 
induce large phase shifts reducing the ability to detect differ-
ences among conditions due to ceiling effects. In the combined 
melatonin and light condition of the current study, it is likely 
that the evening melatonin dose, administered 12.75 hours 
prior to the beginning of the morning light exposure session, 
induced a phase advance shift of the circadian clock prior to 
light exposure and contributes to the current findings. Findings 
from a study by Paul et al.76 show that afternoon administra-
tion of sustained release 3 mg melatonin and morning exposure 
to moderate levels of green light (500 nm), combined with an 
advanced 13.5-h sleep opportunity, induced a significant phase 
advance shift relative to green light alone and to a dim light-
placebo control. Green light alone did not induce a significant 
phase shift relative to dim light-placebo, whereas melatonin 
alone induced a significant phase advance relative to dim light-
placebo, but not green light alone. Green light exposure was 
timed 1 h earlier in the combined condition than in the green 
light alone condition and could have contributed to their find-
ings. Nonetheless, these findings are generally consistent with 
our findings of the effectiveness of combined treatments of 
photic and non-photic time cues for phase shifting the human 
circadian clock. Findings from Crowley et al.40 also show that 
multiple days of exposure to bright light are more effective than 
multiple days of administration of melatonin. Thus, the addition 
of melatonin when using multiple days of light exposure may 
not provide additional benefit, assuming that light exposure is 
properly timed.

Consistent with the present findings of combined light and 
melatonin stimuli, further evidence for combination of informa-
tion by the human circadian clock comes from findings that the 
circadian system is capable of temporal integration of multiple 
pulses of light in the same session.54,55

Phase Resetting with Exogenous Melatonin
In the present study, melatonin administration was timed to 

induce a maximal phase advance shift based on multiple pulse 
phase response curves for melatonin.38,44 More recently, a three-
pulse phase response curve has been published comparing a 
3 mg dosage of melatonin to 0.5 mg of melatonin,47 suggesting 
that a lower dosage of melatonin is as effective at inducing 
phase shifts of the human circadian clock as the higher dose if 
timed appropriately. Specifically, Burgess et al. reported 0.5 mg 
of melatonin had a similar phase shift magnitude as compared 
to that induced by 3 mg of melatonin; however, the maximal 
phase shift occurred ~2 h later in the smaller dose relative to 
DLMO.47 The latter finding suggests that the 5 mg melatonin 
dose may have induced a larger phase advance if it were 
administered earlier relative to DLMO in the current study. 
Revell et al.75 found that when the various doses were timed 

differently relative to DLMO, with the smaller dose closer to 
DLMO, no dose-relationship was found.

There have been several studies aimed at exploring the 
ability of a single administration of exogenous melatonin to 
induce a circadian phase advance. For example, findings from 
a study by Deacon and Arendt63 indicate that the phase shift 
response to a single administration of immediate release mela-
tonin is dose dependent with mean phase advances of plasma 
melatonin onset of 22, 42, and 86 min, relative to placebo for 
0.05, 0.5, and 5 mg doses, respectively. In recent studies by 
Paul et al.,69,76 a single administration of either 3 mg imme-
diate release, 3 mg sustained release, or a combined 1 mg 
immediate release with 2 mg sustained release melatonin 
preparations induced phase advances between ~29-50 min as 
compared to placebo. Single administration of 5 mg imme-
diate release melatonin has previously been found to produce 
an average phase advance of ~44 min relative to a pooled 
placebo.34 Our finding of an average ~37 min phase advance 
relative to placebo following the single administration of 
5 mg immediate release melatonin in the later afternoon/early 
evening is consistent with previous findings.

We did not assess the influence of exogenous melatonin 
on sleepiness and performance in the current study. Given 
that properly timed administration of lower doses of mela-
tonin induce phase advances of a similar phase shift magni-
tude induced by higher doses in sighted47 and blind humans,77 
and that melatonin may induce dose-dependent impairments in 
performance and increases in sleepiness,78 it is important to use 
the lowest effective dose possible to reduce the risk of acci-
dent. If melatonin is taken during the daytime, patients should 
be warned about potential safety risks (e.g., drowsy driving, 
occupational accidents).

Phase Resetting with Bright Light Exposure
Light exposure for the current study was timed according 

to the single pulse 6.7-h light PRC to induce a maximal 
phase advance shift.53 Light intensity was selected to be 
on the asymptotic portion of the luminance intensity curve 
based on a single 6.5-h light pulse.51 Thus, had we selected 
a dimmer light intensity or shorter duration,79 it is possible 
that differences in the magnitude of the circadian phase reset-
ting response would have been found when comparing the 
light and melatonin stimuli. Our light exposure duration was 
less than half that used in the studies noted, and we did not 
invert the sleep-wakefulness cycle to have light exposure 
be in the middle of each day. Instead, subjects maintained 
their habitual sleep-wakefulness schedule and were awak-
ened 1 h earlier than habitual wake time for light exposure. 
We avoided starting light exposure earlier so that we reduced 
the risk of exposing subjects to light on the crossover point 
between phase delays and advances.53 Findings from a recent 
study examining phase delays of the human circadian system 
varying the intensity (2000, 4000, and 8000 lux) and duration 
(1, 2, and 3 h) of light exposure showed an effect of duration 
with larger phase shifts observed with longer exposures, but 
no significant influence of intensity of light exposure.80 The 
latter is consistent with findings that ~1230 lux and ~5700 lux 
light intensities produced similar phase delays.81 These studies 
are consistent with prior findings that light exposures of the 
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intensities tested, including the light intensity used in the 
current study, are above the saturating response for inducing 
phase shifts.51

There have also been prior studies in which the ability of a 
single exposure to light to induce a circadian phase advance 
has been explored.49,51,53,61,76 Our finding of an average ~42 min 
phase advance following a single 3-h morning exposure to 
~3000 lux broad spectrum white light relative to placebo is 
smaller than that reported for 4-6.7-h morning exposures to 
3000-12000 lux broad spectrum white light49,51,53,61,76 and larger 
than that reported for a 1-h exposure to 350 lux green light.76 As 
the circadian phase resetting response to light in humans is also 
dependent on the spectral characteristics of the light exposure,82 
further research is needed to examine combinations of various 
lighting regimens and non-photic time cues.

Implications for Use of Photic and Non-Photic Stimuli to Reset 
Circadian Phase

The phase shifts induced by the photic and non-photic 
stimuli tested in the current study are physiologically and clini-
cally meaningful. For example, the average sighted human 
requires a daily phase advance shift of ~9 minutes every day 
to entrain or synchronize to the 24-h day.25,31,70-72 Estimates of 
circadian period that were derived from forced desynchrony 
protocols25-27,70-72 and validated by demonstration of the near-
24-h entrainment limits of the human circadian clock in dim 
light,25 indicate that upper range of circadian periods observed 
in healthy, sighted humans is near 24.6 h.72 Thus, the current 
light and melatonin treatments tested would be sufficient to 
entrain most sighted, and many blind, humans who show a 
longer than 24-h circadian period, to the 24-h day.28,83,84

As outlined in reviews by the American Academy of Sleep 
Medicine,28,43 and in recommended practice parameters,85 
evidence exists showing that light and melatonin treatments 
are effective and are considered as standard treatment, guide-
line, or optional treatment for a variety of circadian sleep-
wake disorders including jet lag disorder, shift work disorder, 
delayed and advanced sleep phase disorders, and blind and 
sighted patients with non-24-hour sleep-wake rhythm disorder. 
Much of the evidence for light and melatonin treatments are 
based on basic circadian science, and thus these treatments 
are also likely to be useful in helping to adapt individuals who 
do not meet the criteria for a clinical diagnosis to jet lag and 
shift work. It is important to note, however, that large trials 
are needed to assess the effectiveness of combined light and 
melatonin treatments, as much as possible, during real world 
conditions outside of the controlled laboratory. Such evidence 
exists for timed daily melatonin administration, which is indi-
cated for the therapy of non-24-hour sleep-wake disorder in 
blind individuals.28,85-87 In addition, light and melatonin treat-
ments have been used to treat winter depression, which is 
thought to have a circadian component to its pathophysiology 
and treatment.88 When advancing the human circadian clock 
is desired, such as when adapting to early morning shift work 
and eastward jet travel, or when treating delayed sleep phase 
disorder, our findings indicate that the combination of bright 
light exposure in the early morning and exogenous mela-
tonin in the evening would provide the greatest phase shift 
treatment response.
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