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dian system of most living organisms to the 24-h day. Previ-
ous studies have demonstrated robust melatonin suppression as 
well as phase shifting effects on the human circadian system 
with bright light exposure.2 In addition to being the primary 
synchronizing signal for the circadian pacemaker, light also has 
a direct alerting effect in humans.3 These findings have given 
rise to the use of timed light exposure as a treatment of CRSDs 
by both alerting (e.g., SWD) and changing the timing of the 
internal circadian clock when administered at the appropriate 
circadian phase.1

The appropriate timing of light exposure is determined by 
phase response curves (PRCs) to light, which are similar in both 
nocturnal and diurnal animals such as humans.4-6 PRCs have 
shown that exposure to light in the late afternoon through the 
first part of the night induces a delay in the time of the inter-
nal circadian pacemaker relative to external clock time, while 
light in the morning advances circadian rhythms to an earlier 
clock time. These changes in the internal circadian phase (phase 
shifts) can be measured by the physiological rhythms that the 
circadian pacemaker in the suprachiasmatic nucleus regu-
lates, most commonly using the core body temperature rhythm 
(CBT) and the timing of nocturnal melatonin synthesis.7 In hu-
mans, the transition point on the PRC to light (i.e., when the re-
sponse changes from delays to advances) occurs near the CBT 
minimum (CBTmin), which generally occurs around 05:00 in 
young, healthy adults.

Although the optimum timing of light exposure to induce 
phase advances or phase delays is well established, and some 
laboratory-based investigations of light intensity and duration 
have been performed, little is known about the intensity or du-

INTRODUCTION
Circadian rhythm sleep disorders (CRSDs), which include 

shift work disorder (SWD), jet lag disorder (JLD), advanced 
sleep phase disorder (ASPD), delayed sleep phase disorder 
(DSPD), irregular sleep-wake rhythm (ISWR), and the non–
24-hour sleep-wake syndrome (non-entrained type) or free-run-
ning disorder (FRD), involve a persistent or recurrent pattern of 
sleep disturbance due primarily to alterations in the circadian 
timekeeping system or a misalignment between endogenous 
circadian rhythms and exogenous factors that affect the timing 
or duration of sleep.1 Thus, either exogenous or endogenous fac-
tors, or often both, can contribute to the misalignment between 
timing of internal circadian rhythms and the desired or required 
time for sleep. Treatments for CRSDs focus on improving sleep 
and alertness when the internal and external schedules are mis-
aligned (e.g., hypnotics, stimulants, and alerting agents), or 
aligning the internal circadian phase with the external social/
work schedule (e.g., light and melatonin).

It is well established that the solar light-dark cycle is the 
primary environmental time cue for synchronizing the circa-
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than 21:00 or later than 24:00; (6) shift work; (7) daily caffeine 
intake > 200 mg; (8) use of tobacco; (9) travel across > 2 time 
zones within 90 days of the study; (10) pregnancy or the de-
sire to become pregnant during the study period. This research 
study was approved by the institutional review board, and the 
subjects provided informed consent and were compensated for 
their participation. Sixty-two subjects completed both the bright 
light and control studies. Six subjects were excluded from the 
final analysis because of artifacts in the data that prevented the 
calculation of phase shifts. Thus, results from 56 subjects are 
presented here. The study population was 59.6% female. The 
average age of the participants was 29 ± 5.6 years.

The experimental protocol included two 4-night/3-day ad-
missions in the General Clinical Research Center (GCRC). 
Bright light was administered on one of the 4-night/3-day ad-
missions, while the other admission controlled for the experi-
mental conditions. The 2 stays were spaced ≥ 3 weeks apart, 
and the order of the conditions was determined by a computer-
generated random sequence. Seven of the subjects participated 
in a third stay as part of another study examining the effect of 
a calcium channel antagonist on light-induced phase shifts (not 
reported here). For 3 weeks prior to each admission, subjects 
were required to maintain a regular sleep/wake schedule (± 30 
min of their habitual bedtime) and record their sleep and wake 
times with a sleep diary. An activity monitor (Actiwatch, Mini-
mitter Inc, Bend, OR) was worn on the non-dominant wrist dur-
ing the week prior to admission to verify compliance with the 
study protocol. The sleep and wake times over the pre-admis-
sion week were averaged from the actigraphic recordings with 
Actiware-Sleep software (Mini-Mitter, Inc.).

During each stay, light levels, activity, posture, and food 
intake were controlled to minimize masking of the circadian 
measures.10-12 Isocaloric snacks (150-250 kcal, depending on 
normal food intake, with 50% carbohydrate, 20% protein, and 
30% fat) were provided every 2 h in place of regular meals. 
Caffeine intake during the stay was prohibited. Light levels 
were maintained at approximately 10 lux (equivalent to a small 
bedside lamp) during waking hours, with an 8-h enforced rest 
period in dark at their habitual bedtime. Throughout the 16-h 
wake period, the subjects remained seated or semi-reclined in 
bed, except for voiding and a daily shower. Subjects were al-
lowed to engage in a variety of activities that allowed them 
to remain quietly awake in the dim light, including reading, 
watching TV or videos, talking on the telephone, or using a 
laptop computer.

Each 4-night/3-day stay consisted of a habituation night, a 
24-h baseline phase assessment, a treatment night, and a 24-h 
post-treatment phase assessment (Figure 1). Core body tem-
perature was recorded with the use of a flexible rectal thermis-
tor, which was connected to a lightweight data recording unit 
(Minilogger, Mini-Mitter Inc., Bend, OR). At 14:00 on the day 
of the baseline phase assessment, an intravenous catheter was 
inserted into the forearm vein. Blood collection began 2 h later 
(16:00) and continued throughout the night at intervals of 20 
to 30 min (until 10:00 the following morning) to monitor both 
the rising and declining phases of the melatonin profile.7 Dur-
ing periods of wake, blood samples were taken via a stopcock 
attached directly to the intravenous catheter. During sleep peri-
ods, the blood samples were taken through tubing that extended 

ration of exposure needed for treatment of CRSDs in clinical 
practice. Recent practice parameters from the American Acad-
emy of Sleep Medicine (AASM) concluded that morning light 
exposure is indicated in the treatment of DSPD, but that optimal 
timing, duration, and dosing of morning light therapy for DSPD 
remain to be determined.1 The Practice Parameters provided a 
Guideline recommendation for timed light exposure in the work 
environment to decrease sleepiness and improve alertness dur-
ing night shift work for SWD, although in the studies reviewed, 
light intensities ranged from 2,350 to 12,000 lux, and the dura-
tion ranged from 20 minutes during breaks to at least 50% of 
the shift. Timed light exposure for other CRSDs received only 
a weak recommendation (Option) due to limited evidence for 
efficacy. The equivocal results may be due to a lack of informa-
tion on the intensities and durations of light exposure needed. 
In addition, due to limitations of artificial light, high intensity 
exposure (> 4,000 lux) usually requires remaining in close 
proximity of a specialized device for the entire exposure pe-
riod.8,9 Thus, timed light exposure is inconvenient, and as with 
any lifestyle change, compliance may be a significant problem. 
Therefore, determining the most effective combination of in-
tensity and duration of light exposure in humans may lead to 
improvements in the treatment of CRSDs. In the present study, 
we evaluated the effect of different intensities and durations of 
a single exposure to light on phase delays of the circadian clock 
in humans.

METHODS
Healthy young subjects, between 20 and 40 years of age, 

were recruited by advertisements and flyers posted at local 
universities. Volunteers were excluded from participation if 
any of the following were identified during an initial phone 
screening or the subsequent interview, including medical his-
tory and screening questionnaires: (1) cognitive, psychiatric, 
or other neurological disorders; (2) alcohol or substance abuse; 
(3) unstable or serious medical illness; (4) current use of psy-
choactive medications including antidepressants, anxiolytics, 
neuroleptics, anticonvulsants, hypnotics, or stimulant medica-
tions; (5) primary sleep disorder; (6) habitual sleep onset earlier 

Figure 1—Schematic diagram of the 4 night/3 day experimental protocol. 
Each admission consisted of (Night 1) a habituation night, (Night 2) 
baseline assessment of circadian temperature and melatonin rhythms, 
(Night 3) exposure to bright light (1, 2, or 3 hours at 2,000, 4,000, or 
8,000 lux) or control (awake in dim light for the same period of time) 
with a midpoint of 3 h before the core body temperature minimum 
(CBTmin) measured on the baseline night, and (Night 4) post-exposure 
measurements of the timing of the nocturnal circadian melatonin rhythm.
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values ≥ 10 pg/mL. All samples from the same subject were 
measured in the same assay.

Data Analysis
The time that melatonin levels rose to 50% of maximum 

(DLMO 50%) and the time that melatonin levels fell to 50% 
(DLMOff 50%) on the declining phase were selected as the 
phase markers for this analysis.15 Briefly, melatonin levels (in 
pg/mL) were converted to a percentage of the maximum level 
of melatonin obtained during the night (average of the 3 highest 
values). The data were then smoothed with the Lowess (Cleve-
land) curve-fitting procedure and interpolated at 1-min intervals 
(Graphpad Software). DLMO 50% and DLMOff 50% were re-
corded for each night of blood sampling.

Phase shifts were measured by the difference in the time of 
the phase markers for the baseline and post-treatment nights. 
The phase shift on the control stay (the same sleep/wake peri-
ods in dim light) was then subtracted from the phase shift on the 
light exposure stay to determine the effect of light alone on the 
magnitude of phase shifts. Aside from one subject who partici-
pated in 2 different conditions, each subject participated in only 
one of the 9 bright light conditions (2000, 4000, or 8000 lux of 
1, 2, or 3 hours) along with a dim-light control stay. The magni-
tude of the phase changes due to light were compared for the 9 
groups using 2-way ANOVA (intensity of the light and duration 
of exposure as the 2 factors) (Statistica). Comparisons beyond 
the main effects of intensity and duration were limited by the 
small number of subjects in some conditions and variability in 
the magnitude of phase shifts in response to light.

RESULTS
Under the control experimental conditions, the mean delay 

drift for all subjects (n = 56) was 11 min (0.19 ± 0.8 h) for 
DLMO 50% and 19 min (0.31 ± 0.85 h) for DLMOff 50%. 
The addition of bright light (1 to 3 h during 1 night) increased 
the magnitude of the phase delay of the melatonin onset by 49 
min (0.82 ± 1.35 h) and the magnitude of the phase delay of the 
melatonin offset by 34 min (0.57 ± 1.07 h) over the dim light 

into an adjacent room. The intravenous line was kept patent 
with a slow drip of heparinized saline (750 IU heparin in 9.0 g 
NaCl/L). The blood samples were centrifuged, and the plasma 
frozen at −80°C for subsequent measurement of melatonin. 
CBTmin on the second (baseline) night was calculated using 
both the Cleveland regression procedure and simple Cosine 
analysis from a 24-h recording period, with software provided 
by C. Eastman13,14

On the third (treatment) night, the sleep period began earlier 
than normal, then subjects were awoken in the middle of the 
night for bright light exposure, or they remained awake for the 
same period of time under dim light conditions (10 lux). The 
bright light was provided by commercially available fluores-
cent light-boxes (Sunbox, Co. Gaithersburg, MD) at an inten-
sity of 2000, 4000, or 8000 lux as measured by a photographic 
light meter at the level of the subject’s eyes. The intervention 
consisted of 1, 2, or 3 hours of bright or dim light, with an ad-
ditional 15 min at the beginning and end of the exposure period 
to ramp up from dark to bright light and then gradually decrease 
back down to complete dark. Subjects were assigned to the 9 
different light conditions (3 intensities and 3 durations) by com-
puter-generated block randomization. Initially the experimental 
protocol focused on 4,000 lux at 1, 2, or 3 hours; this was subse-
quently expanded to complete the 9 treatment conditions.

The light exposure period was centered 3 h before each sub-
ject’s baseline CBTmin (Figure 2); a time known to induce 
phase delays. After awakening the subjects, staff elevated the 
head of the bed so that the subjects were semi-recumbent. The 
light-boxes (2 light-boxes for 2,000 or 4,000 lux, 4 light-boxes 
for 8,000 lux) were located adjacent to the side of the bed. One 
pair of lights was placed adjacent to the bed at the level of the 
elbow to knee, angled towards the subject (about 2 feet from 
the eyes). The second pair of lights, if needed, were angled to-
wards the subject and placed adjacent to the bed at the level of 
the knee to foot at a distance of about 3 feet from the subject’s 
eyes. The lights were increased over a period of 15 min with a 
3-way switch until 2 or 3 (depending on the intensity) of the 
3 fluorescent light bulbs in each light-box were illuminated. 
Adjustments were made in the proximity of the lights to the 
subject so that the light reached the target intensity as measured 
by a photographic light meter placed at the subject’s forehead. 
A movie of the subject’s choosing was shown on a video moni-
tor at the foot of the bed to facilitate a stable direction of gaze 
during light exposure. Subjects were allowed to sleep for two 
4-h periods before and after the light treatment. The timing of 
the sleep and wake periods were the same for each subject on 
their bright and dim light GCRC admissions (based on the first 
admission).

Treatment-induced changes in the timing of the melatonin 
profile were assessed from blood samples collected on the 
fourth (post-treatment) night from 16:00 until 10:00 the fol-
lowing morning. Melatonin levels per milliliter of plasma were 
measured with a double-antibody radioimmunoassay using 
commercially available reagents (Stockgrand, Guilford, Sur-
rey, UK).11 The lower limit of sensitivity of the assay was 2.5 
pg/mL. The intra-assay coefficient of variation averaged 17.5% 
for values < 10 pg/mL, 8.6% in the range of 10 to 30 pg/mL, 
and 5.2% for values > 30 pg/mL. The inter-assay coefficient of 
variation averaged 20% for values < 10 pg/mL and 13.5% for 

Figure 2—Timing of light exposure, sleep and wake when the midpoint 
of light exposure (1, 2, or 3 h) was targeted to be 3 h before the core 
body temperature minimum (CBTmin). The CBTmin is at 05:30 for this 
example. Fifteen minutes of intermediate illumination and 4 h of sleep 
were scheduled before and after the bright light exposure.
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of light exposure had no observable effect on the magnitude of 
light-induced phase delays of the melatonin offset.

In order to verify that the midpoint of light exposure was 
similar in the different conditions, we calculated the beginning, 
middle, and end of the light exposure periods relative to the 
midpoint of the melatonin profile. The midpoint of the melato-
nin profile occurred about 2 h 15 minutes before the CBTmin. 
As shown in Table 3, the timing of the light exposure occurred 
at approximately the same circadian time for the 3 durations. 
The end of the light exposure ranged from 6 min before the 
melatonin midpoint in the 1-h group to 38 min after the melato-
nin midpoint in the 3-h group.

conditions. An example of a subject’s baseline and post light-
treatment melatonin profiles is shown in Figure 3.

Figure 4A illustrates the magnitude of light-induced phase 
delays of DLMO 50% for the 9 treatment conditions. Two-way 
ANOVA revealed that increasing the duration of the light expo-
sure from 1 to 3 h increased the magnitude of phase delays of 
DLMO 50% (F2,48 = 4.37, P = 0.01), but increasing the intensity 
of the light exposure did not (F2,48 = 0.88, P = 0.42). There was 
no interaction between the 2 factors (intensity and duration) in 
the overall analysis. As shown in Table 1, one hour of bright light 
exposure (minus the delay under control conditions) resulted in 
a mean phase delay of 10 min, 2 h of light exposure resulted 
in a phase delay of 53 min, while 3 h of light during the night 
delayed the melatonin onset by about 1.5 h (averaged across dif-
ferent intensities). There was a trend toward larger phase delays 
of the DLMOff 50% with 3 h of bright light (Figure 4B), but the 
overall 2-way ANOVA did not show statistical significance for 
either intensity (F2,48 = 0.08, P = 0.92) or duration of exposure 
(F2,48 = 1.73, P = 0.19) on shifts of the melatonin offset.

As illustrated in Figure 4, a higher intensity of exposure tend-
ed to increase the magnitude of light-induced phase delays of 
DLMO 50%, particularly for the 3-h duration, but this did not 
achieve statistical significance. Table 2 shows results for the in-
tensity of light exposure when averaged across the 3 durations in 
the 2-way ANOVA, with average phase delays of 41 min at 2000 
lux, 55 min at 4,000 lux, and 50 min at 8,000 lux. The intensity 

Figure 3—Baseline and post-treatment melatonin profiles from one 
subject showing a light-induced phase delay of the circadian melatonin 
rhythm. Blood samples were collected for 18 h on the night before and 
the night following light exposure (2000 lux light for 1 h). Note the rapid 
rise in melatonin levels between 21:00-23:00 (9:00-11:00 pm) and the 
rapid decline in melatonin between 06:00-08:00 (6:00-8:00 am). These 
periods of abrupt change, e.g., the time that melatonin levels rose to 50% 
of maximum (DLMO 50%), and the time when melatonin levels declined 
(DLMOff 50%), were used to mark the phase of the melatonin rhythm. 
Comparison of the time of these phase markers on the baseline and post-
treatment nights showed a 101-min delay of the melatonin onset and a 
59-min delay of the melatonin offset. The change during the subject’s 
control GCRC stay (40 min and 20 min, respectively) was then subtracted 
to determine the phase delay attributable to the light (61 min for the DLMO 
and 39 min for the DLMOff). The midpoint of the melatonin rhythm on the 
baseline night is at the intersection of the horizontal and vertical lines.
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Figure 4—Magnitude of light-induced phase delays of the (A) dim light 
melatonin onset (DLMO 50%) and (B) dim light melatonin offset (DLMOff 
50%) following exposure to various intensities (2,000, 4,000, or 8,000 
lux) and durations (1, 2, or 3 hours) of light exposure (± SD). Phase 
shifts were calculated as the change in the time of the phase markers 
on the baseline and post-treatment nights. In order to determine the 
magnitude of the phase delay attributed to light, the phase change on 
each subject’s control admission (awake for the same periods in dim light) 
was subtracted from the phase change following light exposure. Analysis 
by 2-way ANOVA revealed a significant effect of duration (P = 0.01) but 
not intensity for the magnitude of phase delays of the DLMO 50%; there 
was no interaction between the 2 factors. The number at the base of the 
bar denotes the number of subjects for that condition.
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amined whether the different light durations may have fallen at 
different times in the PRC. Maximal phase delays have been 
shown to be induced with light exposure about 2-4 hours prior 
to the core body temperature minimum or 1-3 hours before the 
midpoint of the melatonin profile in humans, with the crossover 
point between light-induced phase delays and advances typi-
cally observed after the melatonin midpoint or at the time of 
the CBTmin.11,16,20 In the present study, the middle of the light 
exposure was about 45 minutes prior to the midpoint of the mel-
atonin profile. Although we cannot exclude the possibility that 
the 3-hour light pulse, beginning more than 1 hour earlier than 
the shorter light exposures, may have fallen at a more effective 
point on the PRC to light (i.e., maximum delay region vs. the 
transition zone), it is more likely that the circadian system of 
diurnal animals such as humans utilizes temporal integration, 
such that the longer the period of light exposure in the delay 
zone, the greater the response. Although only one portion of 
the phase delay region was studied here, and the light exposure 
was administered in the middle of the usual sleep period, we 
believe that the results obtained in the present study represent a 
general property of the human circadian system, and would also 
be observed in other regions of the PRC.

The ability of the photic entrainment pathway to integrate 
light input over time has previously been demonstrated in 
nocturnal rodents, although a seminal study by Nelson and 
Takahashi suggested that temporal integration was reduced for 
stimulus durations greater than 300 seconds in hamsters.21 A 
1999 study by Nelson and Takahashi found temporal integra-
tion of light input even when the light pulses were separated in 
time by up to 1 hour, but no additional response was observed 
if the initial light exposure was of a saturating intensity (3 × 
1015 photons cm/2).22 More recently, Comas et al. examined re-
sponses to single light pulses (about 100 lux) ranging from 1 
to 18 hours in duration in mice.23 They found that 9-hour light 
pulses yielded the maximal amplitude PRC, but that the effect 
of light after the first hour was reduced. Calculation of phase 
progression curves from the data by Comas et al. also indicated 
that phase changes induced by light are larger at the beginning 
of a light pulse in mice, and that the magnitude of the phase 

DISCUSSION
This study examined the magnitude of phase delays with dif-

ferent intensities (2,000-8,000 lux) and different durations (1-3 
h) of light exposure in humans entrained to a regular light/dark 
cycle. In order to evaluate the effects of the light itself (eliminat-
ing the effect of the experimental protocol), the change in phase 
observed during each subject’s control GCRC stay (mean delay 
drift of 11-19 min) was subtracted from the change in phase 
following exposure to light. Under these conditions, exposure 
to bright light targeted to have the midpoint of light exposure 3 
hours before the CBTmin resulted in a mean 49-minute delay of 
the melatonin onset. Unexpectedly, we found that varying the 
duration of light exposure from 1 to 3 hours increased the mag-
nitude of phase delays of the melatonin onset, while varying the 
intensity of the light exposure between 2000 and 8000 lux had 
little impact on the timing of the circadian melatonin rhythm. 
A similar trend was observed for the melatonin offset, although 
this did not achieve statistical significance.

The mean phase delay observed in the present protocol (1.5 
h following 3 h of light exposure) is similar to that reported 
by Van Cauter et al. following a 4-h light pulse (5000 lux) ad-
ministered during a brief 38-h constant routine.11 In contrast, 
Khalsa et al. found phase delays of nearly 3 hours in subjects 
studied during a constant routine and exposed to 6.7 hours of 
bright light (4,000 to 10,000 lux) prior to T-min.16 The greater 
magnitude of phase delays observed by Khalsa and colleagues 
might be due to the higher intensity and longer duration of light 
exposure, and/or to differences in the experimental protocol. 
For example, the study by Khalsa et al. included 2 days with 
a very large delay of the sleep period which may have aug-
mented the phase delays to light. Both the number of days of 
dim light prior to light exposure and the sleep/wake schedule 
during the study have been shown to influence the response of 
the circadian clock to light.17,18 In addition, the phase change 
was measured the 2nd day after the light pulse, rather than the 
first day. Transient changes in phase after light pulses are well 
established in rodents. If transient changes also occur in hu-
mans, the effects on the 2nd day could be larger than on the 
1st day. In another study from the Czeisler laboratory, 100 lux 
light exposure for 6.5 hours (with 3 days of habituation to dim 
light and a change in sleep timing) was found to result in phase 
shifts approximately half of the magnitude of those following 
exposure to 10,000 lux.19 Together, these results suggest that 
moderate light exposure over a long duration may lead to clini-
cally significant changes in the timing of the circadian clock.

Since the time of light exposure is also a critical factor in 
the magnitude of phase changes of the circadian clock, we ex-

Table 3—Beginning, middle, and end of the light exposure period relative 
to the midpoint of the melatonin profile

Duration 
(hours) Beginning ± SD Middle ± SD End ± SD

1 −1.1 ± 1.3 −0.60 ± 1.3 −0.10 ± 1.3
2 −1.97 ± 1.0 −0.97 ± 1.0 0.03 ± 1.0
3 −2.37 ± 1.4 −0.87 ± 1.4 0.63 ± 1.4

Table 1—Delay in the melatonin rhythm following 1, 2, or 3 hours of light 
exposure

Duration of 
Light (hours) N

DLMO 50% 
(hours ± SD)**

DLMOff 50% 
(hours ± SD)

1 18 −0.17 ± 1.06 −0.37 ± 0.92
2 22 −0.88 ± 1.05 −0.45 ± 0.85
3 16 −1.46 ± 1.67 −0.94 ± 1.41

**P = 0.01

Table 2—Delay in the melatonin rhythm following moderate to high 
intensity light exposure

Intensity of 
Light (lux) N

DLMO 50% 
(hours ± SD)

DLMOff 50% 
(hours ± SD)

2000 16 −0.68 ± 0.97 −0.61 ± 1.24
4000 20 −0.91 ± 1.30 −0.54 ± 0.99
8000 20 −0.84 ± 1.67 −0.56 ± 1.05
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