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Abstract
Partial sleep deprivation is increasingly common in modern society. This study examined for the
first time if partial sleep deprivation alters circadian phase shifts to bright light in humans.
Thirteen young healthy subjects participated in a repeated-measures counterbalanced design with
2 conditions. Each condition had baseline sleep, a dim-light circadian phase assessment, a 3-day
phase-advancing protocol with morning bright light, then another phase assessment. In one
condition (no sleep deprivation), subjects had an 8-h sleep opportunity per night during the
advancing protocol. In the other condition (partial sleep deprivation), subjects were kept awake for
4 h in near darkness (<0.25 lux), immediately followed by a 4-h sleep opportunity per night during
the advancing protocol. The morning bright light stimulus was four 30-min pulses of bright light
(~5000 lux), separated by 30-min intervals of room light. The light always began at the same
circadian phase, 8 h after the baseline dim-light melatonin onset (DLMO). The average phase
advance without sleep deprivation was 1.8 ± 0.6 (SD) h, which reduced to 1.4 ± 0.6 h with partial
sleep deprivation (p < 0.05). Ten of the 13 subjects showed reductions in phase advances with
partial sleep deprivation, ranging from 0.2 to 1.2 h. These results indicate that short-term partial
sleep deprivation can moderately reduce circadian phase shifts to bright light in humans. This may
have significant implications for the sleep-deprived general population and for the bright light
treatment of circadian rhythm sleep disorders such as delayed sleep phase disorder.
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There is increasing evidence that much of modern society is partially sleep deprived. The
results of the 2010 National Sleep Foundation poll suggest that up to 27% of Americans
regularly sleep 6 h or less each weeknight and up to 15% of Americans do the same on
weekends (National Sleep Foundation, 2010). This trend appears to be increasing over time,
as the number of full-time workers who reported sleeping less than 6 h per day in time
diaries significantly increased between 1975 and 2006 (Knutson et al., 2010). Potential
causes of this increasing trend of curtailing sleep include increased time spent working and
commuting and a reluctance to curtail social and leisure time for more sleep (Basner et al.,
2007; Knutson et al., 2010).

Previous research has examined the interaction of circadian phase with varying durations of
wakefulness on measures of mood and performance (Boivin et al., 1997). However, one
basic unresolved question is whether sleep deprivation can alter circadian phase shifts to
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light in humans. As bright light is used to treat a variety of circadian rhythm sleep disorders
(Reid and Burgess, 2005), it is important to learn if partial sleep deprivation alters phase
shifts to light. Studies in hamsters and mice suggest that sleep deprivation can reduce phase
shifts to light. One study in Syrian hamsters indicated that after as little as 6 h of sleep
deprivation, phase delays in response to 30 min of 50-lux light decreased to less than 15% of
the phase delays seen in non–sleep-deprived hamsters (Mistlberger et al., 1997). A second
study in mice found that after 8 h of sleep deprivation, phase delays in response to a 10-min
pulse of 100 lux were reduced by 30% when compared to non–sleep-deprived mice (Challet
et al., 2001).

Recently, our group reported that in humans, 2 weeks of sleeping 6.6 h per day significantly
attenuated both phase advances and phase delays to light when compared to 2 weeks of
sleeping 8.0 to 8.3 h per day (Burgess and Eastman, 2005, 2006). While these findings
suggested that curtailing one’s sleep would reduce phase shifts to light, these results could
have been due to several factors, including not only partial sleep deprivation but also
associated changes in the light/dark cycle. Whether sleep deprivation per se can alter phase
shifts to light in humans has not been previously investigated. Therefore, this study
examined the effect of partial sleep deprivation on phase shifts to light in humans, while
controlling for changes in the light-dark cycle.

MATERIALS AND METHODS
Subjects

Fourteen healthy subjects participated (9 men, 5 women; mean age ± SD, 28.0 ± 5.2 years;
body mass index, 25.2 ± 2.7 kg/m2). All subjects were nonsmokers, consumed moderate
caffeine (<300 mg/d) and alcohol doses (<2 drinks/day), and reported no medical,
psychiatric, or sleep disorders as assessed from in-person interviews and several screening
questionnaires (Minnesota Multiphasic Personality Inventory-2 [Butcher et al., 1989], Beck
Depression Inventory [Beck et al., 1961], Pittsburgh Sleep Quality Index [Buysse et al.,
1989], and part of a general health questionnaire [Tasto et al., 1978]). All subjects were
medication free except for one woman who used hormonal birth control. A urine drug screen
confirmed that all subjects were free of common drugs of abuse. No subject was color blind
as determined by the Ishihara test. No subject had worked night shifts or traveled across
more than 1 time zone in the month preceding the study. As part of the screening for the
study, subjects were required to record their bed and wake times for a week. Subjects with
an average sleep length of <6.5 h or >8.4 h were excluded. The self-reported mean (±SD)
sleep schedule in the week before the study was 0019 ± 1.1 h to 0812 ± 1.2 h. Morningness-
eveningness was assessed (Horne and Ostberg, 1976) prior to the start of the study, and there
was 1 moderate morning, 11 neither, and 2 moderate evening types. The protocol was
approved by the Rush University Medical Center Institutional Review Board. Subjects were
recruited via fliers and Internet postings. All subjects gave written informed consent prior to
participation and were compensated for their participation.

Protocol
The study was a within-subjects repeated-measures design consisting of 2 parts (Fig. 1).
Each part had 6 baseline nights at home, a baseline phase assessment in the laboratory, 7
more baseline nights at home, followed by a 3-day phase-advancing protocol and final phase
assessment in the laboratory. The 2 parts differed in the length of sleep opportunity subjects
had during the 3-day phase-advancing protocol. In one condition (“no sleep deprivation”),
subjects had an 8-h sleep opportunity per night in the phase-advancing protocol. In the other
condition (“partial sleep deprivation”), subjects were kept awake for 4 h in near darkness,
immediately followed by a 4-h sleep opportunity per night during the phase-advancing
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protocol. In this way, the light-dark cycle was very similar in both conditions, but the
duration of the sleep opportunity varied. There was a 9-day break between the 2 parts of the
study during which subjects returned to their baseline sleep times. The 2 parts of the study
were counterbalanced across subjects: 6 subjects completed the no sleep deprivation
condition first, and 8 subjects completed the partial sleep deprivation condition first.

Sleep at Home
All subjects slept at home except during the 3 days of the phase-advancing protocol when
they slept in the laboratory. Subjects were assigned a home sleep schedule that was within 1
h of their self-reported habitual sleep times. During their scheduled sleep/dark episodes,
subjects were instructed to lie in bed and try to sleep. Subjects were not permitted to read,
watch television, listen to music, or talk on the telephone at this time. To ensure compliance
to the study requirements, all subjects were required to call the laboratory voice mail (time
and date of call was recorded) before turning out their lights at night and at their wake time
each morning. Subjects completed daily sleep logs, noting bed time, estimated sleep-onset
time, any awakenings during the night, and time of final awakening. Subjects were also
required to go outside to receive a minimum of 10 min of morning light to mimic the
morning light that many people receive every day. The light exposure had to occur within a
1-h window, starting 30 min after their scheduled wake time. Each subject also wore a
waterproof actigraphy monitor with photosensor (Actiwatch-L, Respironics, Bend, OR) on
their nondominant wrist and a second monitor attached to a cord around their neck during
the entire study. This equipment recorded activity and light exposure every 30 sec. Subjects
came to the laboratory every 1 to 3 days to meet with research staff, and the sleep logs and
activity and light data from both monitors were inspected in their presence to ensure
compliance to the study requirements.

Phase Assessments
Each subject experienced 4 dim-light phase assessments to determine their endogenous
melatonin profiles (Fig. 1). Melatonin is a hormone synthesized and released from the pineal
gland (Moore, 1978) and in dim light is a reliable marker of the circadian clock (Klerman et
al., 2002;Lewy et al., 1999). The phase assessments were 21 to 24 h long and began between
1200 and 1900 h. During the phase assessments, subjects remained awake and seated in dim
light (<5 lux, 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, NC). Subjects were not permitted to consume any alcohol or caffeine after the third
baseline day of the study and were breathalyzed at the start of each laboratory stay.
Nonsteroidal anti-inflammatory drugs were not permitted during the entire study as these
drugs can suppress melatonin (Murphy et al., 1996). Toothpaste or mouthwash was not
allowed during the phase assessments. Small snacks and fluids were permitted, except in the
10 min before each sample, and subjects were required to rinse and brush their teeth with
water while remaining seated 10 min before each sample if they had consumed food or
drink. The samples were centrifuged immediately upon collection and frozen. These samples
were shipped on dry ice to Pharmasan Laboratories (Osceola, WI) and radioimmunoassayed
for melatonin. The sensitivity of the assay was 0.7 pg/mL, and intra-assay and interassay
coefficients of variability were 12.1% and 13.2%, respectively. After each phase assessment,
subjects traveled home either via a ride with friends/family or a reimbursed taxi ride.
Subjects were only permitted to nap on the day a phase assessment ended, during a 3-h
window centered 12 h from the center of their baseline sleep schedule.

Phase-Advancing Protocol
The timing of each phase-advancing protocol was dependent on the timing of each subject’s
dim light melatonin onset (DLMO), as determined from the previous baseline phase
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assessment (Fig. 1). Subjects arrived at the laboratory 3 h before their baseline DLMO on
day 15 and remained in the laboratory until the end of the final phase assessment. In the no
sleep deprivation condition, subjects were put to bed in an individual temperature-controlled
dark bedroom at the time of their DLMO. In the partial sleep deprivation condition, starting
at the time of the baseline DLMO, subjects reclined in dim light (<5 lux, at the level of the
subjects’ eyes, in the direction of gaze) (Minolta TL-1 light meter) and put on welder’s
goggles (Flex Seal with Infra Dura 5.0 lens, Uvex, Fuerth, Germany). These goggles have a
flexible silicone inner shield that provides a continuous seal to the face. The goggles were
adjusted to fit each individual subject prior to the laboratory stay to ensure the goggles were
“light tight.” As the lens in the goggles transmits only 0% to 5% of visible light, subjects
received less than 0.25 lux at the level of the eye. Subjects wore the goggles continuously
for the next 4 h and were kept awake by staff through conversation and word games.
Subjects then had a 4-h sleep opportunity. Subjects only removed the goggles after the dim
ambient light was extinguished and the room was dark.

Subjects were awakened at the end of each 8-h dark episode in both conditions and exposed
to bright intermittent light spanning 3.5 h (mean intensity ± SD, 5068 ± 866 lux), 30 min
alternating with 30 min of ordinary, dim room light of <120 lux (measured periodically at
angle of gaze with Minolta TL-1 light meter). The bright light was produced by a single
light box (61 × 61 × 10 cm, Enviro-Med, Vancouver, WA) placed on a desk about 40 cm in
front of the subject’s eyes. Each light box had a diffuser screen and contained four 54-cm-
long 40-W fluorescent horizontal tubes (Philips PL-L40W/41/RS/IS, 4100K, Amsterdam,
the Netherlands). At this distance, subjects received 5.1 × 1015 photons/cm2/sec, and
specifically 1.1 × 1015 photons/cm2/sec in the blue range (400–490 nm), with an irradiance
of 1741 μW/cm2 (400–750 nm). The room light was produced by a ceiling fixture
containing 3 fluorescent tubes. The timing of the sleep/dark episode and bright light
exposure was advanced by 1 h per day over the next 2 days of the phase-advancing protocol.
Following each 3-day phase-advancing protocol, subjects had a final phase assessment.

Measures of Mood and Performance
Subjects completed a “How Are You Feeling Right Now?” (HAYFRN) questionnaire 4
times per day throughout the study on a portable handheld device: within 15 min after their
assigned wake time, in the 15 min before bed time, and at 2 additional times evenly spaced
across the day. This questionnaire contains the Stanford Sleepiness Scale (SSS) (Hoddes et
al., 1973) and 6 additional items relating to physical fatigue, mental fatigue, sadness,
anxiety, irritability, and gastrointestinal distress, each rated on a 10-point scale (1 = “very
little” to 10 = “very much”). After the questionnaire, subjects also completed a 5-min
Psychomotor Vigilance Test (PVT) on the same device (Lamond et al., 2008). The PVT is a
simple reaction time test designed to evaluate the ability to sustain attention and respond in a
timely manner to salient signals (Dinges and Powell, 1985). In the PVT task, a bull’s-eye
target appears on the screen at various intervals ranging between 2000 to 10,000 msec.
When the response button is pressed (adjusted for left or right handedness), the reaction time
appears in the center of the bull’s eye, providing feedback to the subject.

Data Analysis
Sleep, performance, and mood parameters—Total sleep time was derived from the
wrist actigraphy recordings with the Actiware 5 program (medium sensitivity, Respironics).
Total sleep time was also calculated from the sleep logs as the time between estimated sleep
onset to final awakening minus any awakenings during the night. The results of each PVT
test were analyzed to yield mean reaction time and mean number of lapses (reaction time
>500 msec) (Lamond et al., 2008). The PVT variables and HAYFRN questionnaires
completed 4 times per day were averaged to produce one value per day and then averaged
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again to produce one value per condition (days 15–17). Due to the high interindividual
variability in response to sleep deprivation, total sleep time and all PVT and HAYFRN
variables were expressed as relative to the preceding baseline (days 1–6 and 8–14).

Circadian phase and area under the curve—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 5 low consecutive day-time values plus twice the standard deviation of these points
(Voultsios et al., 1997). This method yields low thresholds that are typically close to the
physiological onset of melatonin secretion. 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 phase shift during each condition was calculated as the baseline DLMO (or
DLMOff) minus the final DLMO (or DLMOff). The area under the curve (AUC) was also
calculated using the trapezoidal method (Salas and Hille, 1982). To ensure AUC
calculations were not confounded by differences in the number of saliva samples, all
melatonin profiles were truncated to 37 samples by removing extra low day-time points as
needed.

Statistical analysis—To confirm that subjects were significantly sleep deprived in the
partial sleep deprivation condition, total sleep time from the sleep logs and actigraphy
analysis were analyzed in a 1-way MANOVA with within-subject factor “condition” (no
sleep deprivation, partial sleep deprivation). Similarly, the HAYFRN and PVT variables
were each analyzed in 1-way MANOVAs with within-subject factor “condition” (no sleep
deprivation, partial sleep deprivation). As the MANOVAs were significant, each variable
was separately analyzed with a paired t test.

The phase shifts in the DLMO and DLMOff were analyzed with a 3-way repeated-measures
MANOVA with a within-subjects factor “condition” (no sleep deprivation v. partial sleep
deprivation), within-subjects factor “time” (circadian phase before and after phase-
advancing protocol), and a between-subjects factor “order” (no sleep deprivation first v. no
sleep deprivation second). The MANOVA was significant, but the factor “order” was not, so
the DLMO and DLMOff were then separately analyzed with a 2-way repeated-measures
ANOVA with within-subjects factors “condition” and “time.” The condition × time
interaction was of most interest as it would indicate if the magnitude of phase advances
differed between conditions. The AUC was similarly analyzed. Statistical significance for all
analyses was determined with 2-tailed tests at p < 0.05.

RESULTS
Sleep, Mood, and Performance

The analysis of the actigraphy, sleep logs, and HAYFRN and PVT variables confirmed that
subjects were significantly more sleep deprived in the partial sleep deprivation condition
than in the no sleep deprivation condition (Fig. 2 and Table 1). Subjects had a significantly
shorter total sleep time in the partial sleep condition (actigraphy t13 = 28.63, p < 0.001; sleep
logs t13 = 14.56, p < 0.001). Subjects reported significantly higher levels of sleepiness on the
Stanford Sleepiness Scale (t13 = 4.62, p < 0.001) and significantly higher levels of physical
fatigue (t13 = 2.33, p < 0.04) and mental fatigue (t13 = 2.60, p < 0.03) in the partial sleep
deprivation condition. Subjects’ ratings of sadness, anxiety, irritability, and gastrointestinal
distress did not significantly differ between conditions (p > 0.05). Subjects also had
significantly longer mean reaction times (t13 = 2.95, p < 0.02) and more lapses (t13 = 2.37, p
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< 0.04) on the PVT in the partial sleep deprivation condition than in the no sleep deprivation
condition.

Circadian Phase Shifts
Figure 3 shows the phase shifts in the 2 conditions. One male subject showed a negligible
phase advance (0.1 h) during the no sleep deprivation (8-h sleep opportunity) condition. This
lack of response to the morning white bright light is unusual and is the smallest phase
advance observed in subjects run in 3-day phase-advancing protocols with 8-h sleep
opportunities (Burgess et al., 2003;Revell et al., 2006). This subject was also identified as a
statistical outlier according to the Tukey test (Tukey, 1977) and was therefore removed from
further statistical analysis (Santhi et al., 2008).

The DLMO phase advanced significantly less in the partial sleep deprivation condition than
in the no sleep deprivation condition (1.4 ± 0.6 h v. 1.8 ± 0.6 h; condition × time interaction:
F1,12 = 7.68, p < 0.02). Ten of the remaining 13 subjects showed reduced phase advances in
the DLMO in the partial sleep deprivation condition as compared to the no sleep deprivation
condition (Fig. 3). In these 10 subjects, the average reduction in phase advance was 0.6 h,
ranging from 0.2 to 1.2 h. The DLMOff also phase advanced, but there was no difference
between conditions (condition × time interaction: F1,12 = 0.73, p > 0.40). There was no
difference in the DLMO thresholds between the no sleep deprivation and partial sleep
deprivation conditions (t27 = 0.09, p = 0.93). The average baseline DLMOs in the no sleep
deprivation and partial sleep deprivation conditions were at 2114 h and 2058 h, respectively.
The average advances in sleep/dark in the no sleep deprivation and partial sleep deprivation
conditions (day 15) were 2.8 h and 2.9 h, respectively, and they did not correlate with the
phase shifts observed (both p > 0.30). There was also nothing unusually different about the
phase shifts observed in the 2 moderate evening type subjects. The AUC was significantly
reduced after the phase-advancing protocol in both conditions (time: F1,12 = 25.17, p <
0.001; condition × time interaction: F1,12 = 0.87, p = 0.37).

DISCUSSION
This study is the first to show that partial sleep deprivation can lead to moderate reductions
in phase shifts to light in humans. Thus, partial sleep deprivation per se (and not just the
associated changes in the light-dark cycle) can reduce circadian responsiveness to light in
humans. Importantly, these results cannot be due to differences in the timing of the bright
light stimulus between the partial sleep deprivation and no sleep deprivation conditions
because the subjects were exposed to the bright light stimulus at the same circadian phase,
starting 8 h after the baseline DLMO, at a time that produces large phase advances (Burgess
and Eastman, 2005). The lack of change in the phase advance in the DLMOff between
conditions is probably because the DLMOff is influenced by individual differences in the
metabolism and clearance of melatonin from the circulation and thus can be a less reliable
marker of the circadian clock.

While sleep was not directly measured with poly-somnography, several measures confirmed
that subjects were significantly sleep deprived in the partial sleep deprivation condition. As
expected, the actigraphy recordings and sleep logs indicated significantly less sleep was
obtained. While the magnitude of the changes was moderate, subjects did report
significantly higher levels of sleepiness and fatigue and performed significantly worse when
they phase advanced with a 4-h sleep opportunity versus 8-h sleep opportunity per night.
While the actigraphy results suggest that no sleep deprivation occurred when the subjects’ 8-
h sleep opportunity was advanced during the phase-advancing protocol, the sleep logs reveal
an average sleep loss of 30 min per night relative to baseline (Table 1). This may reflect
actigraphy failing to distinguish between quiet wakefulness and sleep during the required
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time in bed. However, subjects’ subjective sleepiness, fatigue, mood, and PVT performance
did not worsen during the 3 days of phase advancing in the no sleep deprivation condition
relative to baseline.

When subjects were sleep deprived in this experiment, they were kept awake in near
darkness (<0.25 lux) that resulted from a combination of dim ambient light (<5 lux) and the
use of very dark tight-fitting goggles that transmitted 5% or less of visible light. The dim
ambient light was needed so that research staff could navigate the laboratory space and
ensure that the subjects remained awake. Recent work demonstrates that rod photoreceptors
may transmit low irradiance light signals to the circadian pacemaker (Lall et al., 2010).
However, other available data suggest that the central circadian clock in humans is not
significantly influenced by extremely dim light (<0.25 lux) and is unlikely to have
influenced the phase advances observed in the sleep deprivation condition. For example,
logistic model fits to experimental data suggest that such extremely dim light will not
significantly phase shift the human circadian clock (Zeitzer et al., 2005). Furthermore, when
subjects lived for 9 days in <0.2 lux with fixed sleep times, their melatonin rhythms
appeared to free run (Danilenko et al., 2003), again suggesting that the human circadian
system is not significantly influenced by such extremely dim light. Finally, while it is
possible that the social interaction (and associated increased arousal) during the sleep
deprivation condition may have contributed toward the observed results, social interactions
per se in humans are currently thought to have little if any effect on the human circadian
pacemaker (Mistlberger and Skene, 2004).

This finding that sleep deprivation can reduce phase shifts to light is consistent with
previous reports of sleep deprivation reducing phase shifts to light in non-human animals.
As described above, 2 reports have examined the effects of sleep deprivation on phase shifts
to light in hamsters (Mistlberger et al., 1997) and mice (Challet et al., 2001), and both found
phase delays to light were reduced in size when the animals were sleep deprived. The
mechanism of action may be that sleep deprivation increases serotonergic activity in the
suprachiasmatic nuclei (SCN), the site of the central circadian pacemaker in mammals, and
that this reduces the photic sensitivity of the circadian system (Challet et al., 2001;
Mistlberger et al., 1997). More recently, it has been shown that sleep deprivation reduces
electrical activity in the rat SCN and that this effect continues into recovery sleep (Deboer et
al., 2007). Consistent with this, it has very recently been reported that slow wave activity (a
marker of sleep homeostatic pressure) in humans is inversely proportional to SCN activity
(as indexed by functional magnetic resonance imaging) (Schmidt et al., 2009). Thus, our
finding adds to a growing body of research that suggests that sleep deprivation may directly
alter circadian functioning in mammals and that the interactions between the sleep and
circadian systems may be more complex than originally thought (Deboer et al., 2007; Dijk
and Archer, 2010). Future work should examine if partial sleep deprivation reduces phase
delays to bright light and also phase shifts to exogenous melatonin, independent of the light-
dark cycle.

It is reasonable to question whether the small reduction in phase advance due to partial sleep
deprivation observed here is clinically relevant. There is some evidence to suggest that it is.
An earlier study reported results from a within-subjects, double-blind, placebo-controlled
design with 2 conditions (Yang et al., 2001). In both conditions, subjects delayed their
habitual sleep schedule by 2 h to simulate a delayed weekend sleep pattern on Friday and
Saturday nights. When they took a placebo pill on the Sunday afternoon, the average DLMO
delayed by 31.6 min. When they took 6 mg of exogenous melatonin on the Sunday
afternoon, the DLMO did not shift, presumably because the exogenous melatonin phase
advanced the circadian clock, which counteracted the phase delay due to the later sleep
schedule. Importantly, the young healthy subjects slept the same amount on the Sunday
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night, regardless of whether they had taken a placebo or melatonin pill. Of interest here is
that the 30-min delay in circadian phase was enough to cause the subjects to rate themselves
as significantly more “sleepy” and “overall feeling worse” on the Monday morning. Thus,
while more research is required to investigate human sensitivity to such small degrees of
circadian misalignment, it may well be that a phase difference as small as 0.5 h can
significantly affect subjective mood and overall feelings of well-being.

Our group previously reported that a series of short (6-h) nights produces dramatic
reductions in phase shifts to bright light as compared to a series of long (9-h) nights
(Burgess and Eastman, 2005, 2006). These studies consisted of 2 weeks of short or long
nights prior to and also during phase-shifting protocols. As detailed in these papers, potential
causes of the significant attenuation in phase shifts to light with short nights include 1) the
previous 2-week history of short nights (“photoperiodic history”), 2) the increased exposure
to ambient evening light during the short nights, and 3) partial sleep deprivation. The results
of the current study add 2 additional insights into this data set. First, the magnitude of the
phase advances observed here in the no sleep deprivation condition (1.8 h, with 8-h nights)
lies between the phase advances observed previously with 6- and 9-h nights (1.4 h and 2.9 h,
respectively). Therefore, the results suggest that phase advances to bright light progressively
decrease when the sleep/dark episode decreases from 9- to 8- to 6-h nights. Second, partial
sleep deprivation likely contributed to the reduced phase advances observed with 6-h nights
but cannot fully account for all of the reduction in phase advance. Thus, future studies
should also explore the importance of avoiding ambient evening light exposure to secure
larger phase advances to bright morning light.

Finally, these findings help reveal how the human circadian system is influenced by and
responds to relatively recent trends in voluntary human behavior. These results suggest
serious implications for the significant and growing proportion of society that report
truncating their sleep (Knutson et al., 2010; National Sleep Foundation, 2010). For sleep-
deprived individuals, one would expect that jet lag after eastward jet travel will be worse
(Eastman and Burgess, 2009), and adjusting to early morning shift work will be more
difficult. The efficacy of morning bright light treatment for patients with delayed sleep
phase disorder may also be reduced, especially as many of these patients, often adolescents,
are regularly sleep deprived due to socially mandated early work or school start times
(Wyatt, 2004).
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Figure 1.
A sample protocol for a subject who typically slept from midnight to 0800 h. There were 6
days of baseline sleep at home (days 1–6), a baseline phase assessment in the laboratory
(day 7), a further week of baseline sleep at home (days 8–14), followed by a 3-day phase-
advancing protocol in the laboratory (days 15–17) and then a final phase assessment (day
18). After a 9-day break, this sequence was repeated. In the no sleep deprivation condition
(top), there was an 8-h sleep opportunity per night in the phase-advancing protocol. In the
partial sleep deprivation condition (bottom), there was 4 h of enforced wakefulness in near
darkness, followed by a 4-h sleep opportunity per night in the phase-advancing protocol.
Thus, the light-dark cycle was similar in both conditions, but the duration of the sleep
opportunity varied. The 2 conditions were counterbalanced across subjects. Black shading =
sleep/dark episodes at night. * = at least 10 min of morning outdoor light. ↑= time of dim
light melatonin onset. L = advancing bright light stimulus: four 30-min bright light pulses
alternating with room light, starting 8 h after the baseline dim light melatonin onset, and
advancing by 1 h on the second and third mornings. For clarity, the phase assessments are
shown as starting and ending at 1200 h.
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Figure 2.
The average difference from baseline in ratings of sleepiness on the Stanford Sleepiness
Scale and number of lapses and mean reaction time on the Psychomotor Vigilance Test
when subjects had an 8-h sleep opportunity (no sleep deprivation condition) and a 4-h sleep
opportunity per night (partial sleep deprivation condition). Subjects reported higher levels of
sleepiness and had more lapses and slower reaction times in the partial sleep deprivation
condition (*p < 0.02 on all paired t tests). Error bars represent SEMs.
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Figure 3.
The phase advances observed in each individual subject who underwent a 3-day phase-
advancing protocol with either an 8-h (no sleep deprivation condition) or 4-h (partial sleep
deprivation condition) sleep opportunity per night. The phase shifts for an individual subject
are connected by a line. The subject identified as an outlier is represented with the open
circles. Ten of the remaining 13 subjects showed reduced phase advances when sleep
deprived.
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