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Human responses to bright light of different durations
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Key points

e Light is the strongest time cue for entrainment and phase resetting of the circadian clock.

e In humans, exposure to long-duration light (6.5 h) in the late evening/early night causes phase
delays, suppresses melatonin and increases alertness.

e Here we studied the effects of different durations of exposure to a single high-intensity
(~10,000 lux) light pulse (0.2 h, 1 h, 2.5 hand 4.0 h) on phase shifting, suppression of melatonin
and self-reported sleepiness in young men and women.

e Phase-resetting and melatonin-suppression responses were dose dependent and non-linear;
shorter light exposures more efficiently phase-shift the clock, suppress melatonin and induce
alertness.

Abstract Light exposure in the early night induces phase delays of the circadian rhythm in
melatonin in humans. Previous studies have investigated the effect of timing, intensity, wavelength,
history and pattern of light stimuli on the human circadian timing system. We present results from
a study of the duration-response relationship to phase-delaying bright light. Thirty-nine young
healthy participants (16 female; 22.18 = 3.62 years) completed a 9-day inpatient study. Following
three baseline days, participants underwent an initial circadian phase assessment procedure in
dim light (<3 lux), and were then randomized for exposure to a bright light pulse (~10,000 lux)
of 0.2 h, 1.0 h, 2.5 h or 4.0 h duration during a 4.5 h controlled-posture episode centred in a 16 h
wake episode. After another 8 h sleep episode, participants completed a second circadian phase
assessment. Phase shifts were calculated from the difference in the clock time of the dim light
melatonin onset (DLMO) between the initial and final phase assessments. Exposure to varying
durations of bright light reset the circadian pacemaker in a dose-dependent, non-linear manner.
Per minute of exposure, the 0.2 h duration was over 5 times more effective at phase delaying the
circadian pacemaker (1.07 = 0.36 h) as compared with the 4.0 h duration (2.65 4= 0.24 h). Acute
melatonin suppression and subjective sleepiness also had a dose-dependent response to light
exposure duration. These results provide strong evidence for a non-linear resetting response of
the human circadian pacemaker to light duration.
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Introduction

Light is the strongest time cue for entrainment and
phase resetting of the circadian timing system. Previous
studies have investigated the effect of timing (Honma &
Honma, 1988; Minors et al. 1991; Dawson et al. 1993;
Van Cauter et al. 1994; Khalsa et al. 2003; Riiger ef al.
2003), intensity (Boivin et al. 1996; Zeitzer et al. 2000),
wavelength (Lockley et al. 2003; Revell et al. 2005; Gooley
et al. 2010), history (Chang et al. 2011) and pattern of
light stimuli (Rimmer et al. 2000; Weimerskirch & Ernst,
2001; Burgess et al. 2003; Gronfier et al. 2004) on the
phase-resetting response of the human circadian system.
The timing of light exposure greatly impacts the resulting
response of the circadian pacemaker. In humans, ocular
light exposure in the evening and early night prior to the
circadian phase of the core body temperature minimum
induces phase delays of circadian rhythms, as opposed to
light during the late night/early morning which results in
phase advances (Khalsa et al. 2003).

The majority of human studies exploring the effect
of light administered in the biological night have used
light exposure durations on the order of several hours
(Hastings & Sweeney, 1958). A single continuous 6.5h
light exposure administered in the biological night results
in ~3 h phase delay of the pacemaker (Zeitzer et al. 2000;
Khalsa et al. 2003; Gronfier et al. 2004). Phase—response
curves generated using single light exposure durations of
3—-4h (2,500-10,000 lux) have maximum delays of ~2h
(Beersma et al. 2009). Minors and colleagues (Minors
et al. 1991) studied in one participant the effect of a 1 h
pulse timed 0.5 h before core body temperature minimum
and obtained a phase delay of ~1 h. A 2 h, 4000 lux light
pulse administered in the biological night induced an
average phase delay of 1.3 h (Canton et al. 2009). A recent
study of increasing duration (1, 2 and 3 h) and increasing
intensity (2000, 4000 and 8000 lux) of light found that
longer duration exposures resulted in larger phase shifts
than shorter exposures at higher intensity light (Dewan
etal 2011).

In addition to phase-shifting circadian rhythms, light
exposure at night also suppresses plasma melatonin
concentrations, which are at peak levels during the
biological night. Suppression is both intensity- (McIntyre
et al. 1989; Zeitzer et al. 2000) and wavelength-dependent
(Brainard et al. 2001; Thapan et al. 2001; Gooley et al.
2010) and affected by prior light history (Hébert et al.
2002; Smith et al. 2004; Chang et al. 2011). Melatonin
suppression has been observed for short light exposure
durations, for example as short as 15 min (Gronfier et al.
2004; St Hilaire et al. 2007). Light at night also has direct
alerting effects on objective performance and subjective
alertness with demonstrated intensity- (Cajochen et al.
2000) and wavelength-dependent (Lockley et al. 2006)
responses.
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The aim of the current study was to construct a
duration—-response curve of circadian phase shifts to a
~10,000 lux light exposure administered in the biological
night at a time when maximal phase delays would
be expected (Khalsa et al. 2003). Our goal was to
systematically explore the effect of a single continuous
light exposure over a wide range of durations (12 min to
6.5 h) under conditions in which all other factors known
to affect circadian phase resetting (e.g. intensity, timing,
pattern) were held constant. We also explored the duration
responses of acute melatonin suppression and alerting
effects of light which have not previously been reported.

Methods
Ethical approval

Screening and study procedures were approved by the
Partners Human Research Committee and the study
protocol was conducted according to the Declaration of
Helsinki. Informed written consent was obtained from all
study participants prior to enrollment and they were paid
for their participation.

Subjects and study screening

A total of 39 healthy young adults (22.18 4 3.62 years;
16 female) participated in the 9-day study. Prior to
inpatient admission, study participants were screened
for medical and psychological health including medical
history and questionnaires, physical examination and
EKG, ophthalmological examination, laboratory tests,
psychological questionnaires and assessment by interview
with a clinical psychologist. Participants with chronic
medical or psychological conditions, sleep disorders, eye
or vision abnormalities or those taking prescription
medications were excluded from the study. Potential
participants were also excluded for night/shift work in
the past 3 years or travel across more than one time zone
in the previous 3 months.

Participants were required to refrain from use of
caffeine, nicotine, alcohol, medications, drugs or dietary
supplements during the pre-study screening period and
the inpatient study. This was verified by toxicological
testing at admission. Participants were also required
to maintain a regular, self-selected, 8 h sleep schedule
and to call in to a time-stamped voicemail system at
bedtime and wake time each day for 3 weeks prior to
admission. Maintenance of this schedule was verified by
wrist actigraphy (Actiwatch-L; Philips/Respironics, Bend,
OR, USA) for a minimum of 1 week prior to admission.

Study protocol

Participants were admitted to the Intensive Physiological
Monitoring Unit of the Center for Clinical Investigation of
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the Brigham and Women’s Hospital for the 9-day inpatient
protocol. During this time participants lived in a private
room in an environment free of time cues. The study
protocol (shown in Fig. 1) consisted of three baseline days
during which time participants were scheduled to sleep for
8 h per night at their habitual times. On day 4, participants
woke to a ~50 h constant routine (CR) circadian phase
estimation procedure, which was followed by an 8 h sleep
episode. The following day included a 4.5h controlled
posture session beginning 6 h after wake time. During this
session, participants were administered an experimental
bright light exposure (LE). Following the subsequent 8 h
sleep episode, participants completed a ~30 h CR followed
by the final 8h sleep episode, after which they were
discharged.

Constant routine conditions

CR procedures were used before and after the experimental
LE to determine the circadian phase of melatonin under
constant conditions while minimizing the masking effects
or influences of exogenous factors (Duffy & Dijk, 2002).
During CR participants were asked to remain awake
with minimal activity while sitting in a semi-recumbent
position in bed. Room temperature and dim light
remained constant and participants were given small
equicaloric snacks and fluids at hourly intervals. A study
staff member remained in the room with the participant
during CR to monitor wakefulness and adherence to study
procedures.

Lighting conditions and experimental light exposure

Lighting was generated wusing ceiling-mounted
4100K  fluorescent lamps  (F96T12/41U/HO/EW,
95W; F32T8/ADV841/A, 32W; F25T8/TL841, 25W;
Philips Lighting, the Netherlands) with digital ballasts
(Lutron Electronics Co., Inc., PA, USA) transmitted
through a UV-stable filter (Lextran 9030 with prismatic
lens, GE Plastics, MA, USA). Ambient room lighting
during scheduled wake episodes on baseline days was
approximately 90lux at the cornea (~0.23Wm™? at
137cm from the floor in the vertical plane, with a
maximum of 0.48 Wm™2 (~150lux) at 187 cm from
the floor in the horizontal plane anywhere in the room)
(Fig. 1, white bars). From midway through the third
baseline day, ambient lighting was reduced to ~0.5 lux
(0.001 Wm™2) at 137 cm from the floor in the vertical
plane with a maximum <3lux (0.01 Wm™2) at 187 cm
from the floor in the horizontal plane anywhere in
the room (Fig. 1, grey bars). Subjects were in darkness
(<0.02 lux, <0.00006 W m~?2) during scheduled bed-rest
episodes.

During the experimental bright light exposure, all
ceiling lamps were lit and at full brightness. The target
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Table 1. Demographic data and light exposure illuminance
for the four duration groups

LE Age Sex LE illuminance
duration (h) (years + SD) (f/m) (lux £ SD)
0.2 21.78 £3.19 3/6 7669 + 1321
1.0 21.70 £ 2.79 4/6 9040 + 498
2.5 22.30 +£4.52 4/6 8927 + 666
4.0 22.90 +£4.12 5/5 8396 + 1604

Illuminance levels among the four groups were not
significantly different (P = 0.06).

corneal light illuminance during the experimental LE was
>6000 lux (>8 W m~2). The controlled posture and light
exposure session began 6 h after wake time on the LE day
(day 7, Fig. 1) for 4.5 h. This timing was chosen so that the
LE would occur 0.5—4.5 h after the melatonin onset, when
plasma melatonin levels are high and when maximal phase
delays of the endogenous circadian melatonin rhythm are
expected (Khalsa efal. 2003). Participants remained seated
in a specific location of the room for the entire 4.5h
constant posture. Participants wore Uvex glasses (Uvex
Winter Optical, Smithfield, RI, USA) and were asked to
maintain a ‘fixed gaze’ on a target on the wall directly
in front of them for 6 min alternating with a 6 min ‘free
gaze’ during which they were allowed to look elsewhere,
as long as they did not close their eyes or shield them
from the light. Light illuminance was measured using
a IL1400 radiometer/powermeter with an SEL-033/Y/W
detector (International Light, Inc., Peabody, MA, USA) at
every change of gaze with the sensor placed next to the
participant’s eye and pointed at the target during ‘fixed
gaze’ and in the angle of gaze during ‘free gaze’. A research
technician was present during the LE session to administer
the LE, measure and record light readings, and monitor
adherence to study procedures.

Thirty participants were randomized to receive 1.0 h,
2.5hor4.0 h LE (n= 10 in each group). Subsequently, an
additional group (n=9) completed the study and were
administered a 0.2 h LE. Demographic data and mean LE
illuminance achieved for each group are shown in Table 1.
The 4.0 h LE was scheduled to begin 0.5 h after the start
of the 4.5 h constant posture session and end at the same
time as the LE session. The 2.5 h and 1.0 h LEs were each
scheduled so that the midpoint of the LE occurred at the
same time of the midpoint for the 4.0 h LE (Fig. 1B). The
timing of the 0.2 h LE occurred slightly earlier, with the
midpoint 12 min earlier than the other groups.

Historical control and 6.5 h LE duration participants

Data from 13 participants (23.31 £ 4.11 years; 4 female)
who completed a previously published 10-day study
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(Gronfier et al. 2004) were included in the analysis
of melatonin phase shifts, suppression, and subjective
alertness in order to include a group that received
a longer LE (6.5h) and a control group (continuous
dim background). The 10-day study protocol, described
elsewhere (Gronfier et al. 2004 ), was conducted in the same
facility using near-identical procedures. Any differences
between protocols are specifically described here. Lighting
conditions for day 3 were maintained at ~90 lux in the
10-day study. The 10-day protocol included a 26.2 h CR1
and a 64 h CR2 and blood samples were collected every
10 min during the LE. The 13 participants completed
a 6.5h LE session which was centred 5.8 h before their
habitual wake time. Six participants were randomized to
a 6.5 h bright LE (~9500 lux) and seven were randomized
to a control condition (<3 lux).

Outcome measures of melatonin phase, suppression
and subjective sleepiness

Blood samples were collected every 30—60 min throughout
the protocol and assayed by radioimmunoassay for
melatonin concentration (Pharmasan, Osceola, WI, USA).
Sensitivity of the assay was 2.5 pgml™'; inter-assay and
intra-assay coefficients of variance were 9.2-13.2% and
9.8-12.1%, respectively. Dim light melatonin onset was
calculated as the time at which levels of melatonin
went above the 25% threshold (DLMO25%) of the first
3-harmonic fitted peak-to-trough amplitude of melatonin
during CR1 (Wright & Lack, 2001; Klerman et al. 2002).
Phase shifts were calculated as the difference in clock time
between CR1 and CR2 phases. Due to the length of CR1
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Figure 1. Raster plot of the 9-day study protocol
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(50 h) in the 9-day study, there were two DLMO25% phase
measures determined for each participant during this CR;
however, phase shifts were calculated using the second
phase which occurred temporally closer (~24 h prior) to
the LE.

Melatonin suppression was determined using the area
under the curve (AUC) during the 4.5h constant post-
ure compared with the AUC during the corresponding
4.5 h time window 24 h earlier, during CR1, for data from
the 9-day study. The AUC during the 6.5h LE session
and 6.5h during CR1 were used to calculate melatonin
suppression for data from the 10-day study. The resulting
percent melatonin suppression due to the bright light was
calculated using the formula:

Subjective ratings of sleepiness were collected using a
computerized Karolinska sleepiness scale (KSS), which
participants completed every 30—-60 min throughout the
protocol. The KSSis a 9-point Likert scale with all numbers
having point values but descriptors on odd numbers
only: 1 representing ‘extremely alert’, 3 representing ‘alert’,
5 representing ‘neither alert nor sleepy’, 7 representing
‘sleepy’ and 9 representing ‘extremely sleepy” (Akerstedt &
Gillberg, 1990). Subjective sleepiness was assessed during
the LE day beginning 2 h after waking.

Data management and statistical analysis

Data from 36 of 39 participants who participated in the
9-day protocol were included in the analysis of melatonin
phase shifts. Two participants were excluded from analysis

B
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A, the representative raster is for a participant with a habitual sleep schedule of 12 am-8 am. Sleep episodes
are denoted by the black bars. Open bars represent 90 lux levels, grey bars show <3 lux levels and striped bars
represent CR conditions in 1 lux. The box on day 7 shows the timing of the 4.5 h episode of constant posture. B,
light exposure was scheduled within the 4.5 h constant-posture procedure on day 7. The 4 h LE was scheduled to
start 0.5 h after the start of constant posture. The 1 h and 2.5 h LEs were aligned by midpoint to the 4 h LE. The
midpoint of the 0.2 h LE was shifted 12 min earlier compared with the 1 h and 2.5 h LE. The timing of the 6.5 h
LE was conducted under a separate set of experiments (Gronfier et al. 2004) and is included for comparison.
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because post hoc analysis showed that the LE occurred
outside the targeted range for inducing a phase delay
(Khalsa et al. 2003). One participant had too many missing
blood samples during CR2 which prevented an accurate
determination of DLMO25% and was therefore excluded
from phase analysis. Data from this participant were
included in the analysis of melatonin suppression because
there were no missing samples in the segments required for
that analysis. Melatonin phase-shift and suppression data
were compared among the six LE duration groups using a
one-way ANOVA (SAS 9.2, SAS Institute Inc., Cary, NC,
USA) with LE duration as the main factor.

Melatonin phase-shift and suppression data were fitted
by a 4-parameter logistic model to characterize the
relationship between phase shift or suppression and
increasing duration. The 4-parameter logistic model was
previously found to best fit the relationship between
phase-shift or suppression data with increasing stimulus
intensity (Zeitzer et al. 2000). The equation for the
4-parameter logistic model is

a—c

)’=ﬁ+c
1+ ()

where a is the estimated response of the system to
a light pulse of Oh duration, b is the duration at
which 50% of the maximal shift or suppression is
observed, ¢ is the asymptotic maximal responsiveness of
the system and d is a measure of the steepness of the
rising portion of the curve. Melatonin phase-shift and
suppression data fromthe 0.2 h, 1.0 h,2.5h,4.0hand 6.5 h
groups were fitted with a non-linear least-squares analysis
using the Levenberg—Marquardt method in OriginPro
8.5 (Northamptom, MA, USA). The goodness of fit
was assessed by computing the adjusted correlation
coefficient R*>. For melatonin phase shift, parameters
were fit unconstrained; for melatonin suppression, the
asymptotic maximal responsiveness was constrained to
values less than or equal to 100% suppression.

KSS scores were transformed (z-score) in order to mini-
mize inter-individual and inter-group baseline differences
in subjective sleepiness. We compared KSS scores across
the six LE duration groups during three intervals: (1)
the 4.5h constant posture, (2) the LE and (3) the 4.5h
following the end of the LE. For the 0.2h LE duration
group, no KSS was administered during the LE and for
the dim-light control group, there was no LE; therefore
these groups were excluded from analysis during LE (no.
2 above), but were included in other analyses. The first
45h of the 6.5h LE session for the 6.5h group was
used in analysis (no. 1 above). Since the midpoint of
the LE was centred for each group, the end of the LE
in each group occurred at a different phase and after
a different duration of time awake. Likewise, the 4.5h
analysis window following the LE (no. 3 above) occurred at

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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different times in each group. Given that light, time awake
and circadian phase have effects on alertness/sleepiness
(Cajochen et al. 1999, 2000), KSS scores were analysed
using a mixed model ANCOVA with LE duration and time
awake as main factors and circadian phase determined
from CR2 as a covariate.

Results
Melatonin phase delays

Bright light exposure induced phase delays of the
melatonin rhythm in all participants in all LE
duration groups (see Figs2 and 3, top panels).
Mean phase delays (£SD) induced by the control
(n=7), 02h (n=9), 1.0h (n=38), 2.5h (n=10),
4.0h (n=9) and 6.5h (n=6) LE were: 0.40 4+ 0.39 h,
1.07+£0.36 h, 1.55+0.38h, 2.29£0.28 h, 2.65£0.24h
and 3.05%+0.45h, respectively. The magnitude of
the phase delay differed significantly between groups
(P <0.0001). The 4-parameter logistic function had
a goodness of fit of R*=1.00 with a=0.97,
b=2.69, c=3.69 and d=1.28. This fit estimates the
half-maximum value at ~2.7 h light duration (see Fig.
3, top right panel). Melatonin profiles from CR1 and CR2
in representative subjects from the 0.2h, 1.0 h, 2.5h and
4.0 h groups are shown in Fig. 2.

Melatonin suppression

Individual and group mean levels of melatonin
suppression are shown in Fig. 3 (bottom panels).
Mean percent suppression of melatonin induced by
the control (n=7), 0.2h (n=9), 1.0h (n=38), 2.5h
(n=10), 40h (n=10) and 6.5h (n=6) LE were:
—22£25%, 14 £19%, 39+ 19%, 64+ 10%, 80 £ 9%
and 89 &£ 5% respectively. Some individuals had higher
levels of melatonin during the LE session than during the
same time window the day prior, resulting in a negative
per cent suppression of melatonin. The magnitude of
melatonin suppression increased as the duration of the
LE increased and was significantly different between
groups (P < 0.0001). As with the phase-shifting results,
suppression data were fitted by a 4-parameter logistic
function (R> = 0.99) witha = 12.44, b=1.92, c = 100 and
d=1.55. This fit estimates the half-maximum value at
~1.9 h light duration (Fig. 3, bottom right panel).

Subjective sleepiness

Mean KSS scores and mean melatonin profiles across
the LE day for the six groups are shown in Fig. 4.
Participants rated themselves as sleepier with longer time
awake (P < 0.0001). Comparison of KSS z-scores during
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the 4.5 h constant posture showed a significant main effect
of LE duration (P =0.007) and time awake (P < 0.0001);
and significant interaction of time awake and LE duration
(P < 0.0001) with the dim-light control group having the
most sleepy ratings and the 4.0 h group being the most
alert. There was no difference in KSS score among the
four LE duration groups (the control and 0.2 h groups
not included) during the bright light administration
(P=10.922). There was a significant main effect of time
awake (P < 0.0001) and interaction of time awake and LE
duration (P =0.004) during the 4.5h following the LE.
Ratings of sleepiness during this interval found the 0.2 h
group to be the least sleepy followed by the 1.0 h, 4.0 h,
2.5h, 6.5 h and control groups.

Discussion

Our results demonstrate that the magnitude of the
response of the circadian timing system to bright light
increases with increasing duration of exposure. The pre-
sent analysis included five different durations of light
stimulus ranging from 0.2 to 6.5h, and the resulting
duration—-response curves (DRC) for both phase shifts and

A.-M. Chang and others
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melatonin suppression were described by a non-linear,
4-parameter logistic model. These results demonstrate
that brief exposure (0.2h) to bright light in humans
can induce a substantial phase shift of the human
circadian pacemaker, resetting circadian rhythms much
more efficiently per minute of light exposure than
longer durations of light. In the present analysis, a
12 min light exposure reset the pacemaker at a rate
of 54 min per minute of light, while the 4h light
exposure resulted in <1 min phase shift per minute of
exposure.

The 4-parameter logistic model used in the present
study also best described the intensity—response curve
(IRC) data to white light (Zeitzer et al. 2000). In that
previous study, the relationship of the magnitude of phase
shift and light intensity was approximately linear between
~50 and 500lux and asymptotic at light levels above
~550 lux. In comparison, our results showed that the
relationship of the magnitude of phase shift and light
duration is approximatelylinear between 0.2 and 4 hwitha
rate of 0.41 h shift per 1 h of saturating light exposure. Our
results suggest that the saturating duration of continuous
light exposure is between 4 and 6.5 h, as has been suggested
by previous studies (Beersma et al. 2009).
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Figure 2. Representative CR1 and CR2 melatonin profiles
The 24 h melatonin profiles on CR1 (filled symbols) and CR2 (open symbols) from one representative individual in
each of the 4 LE groups demonstrate the dose effect of light duration on the phase-resetting response.
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Dewan and colleagues (Dewan et al. 2011) recently
investigated light exposure durations of 1, 2 and 3 h and
found that longer durations, within this range, were more
effective in phase-shifting the melatonin rhythm than
increases in light intensity (2000, 4000 and 8000 lux). All
light intensities were of sufficient intensity (>1000 lux)
to saturate the circadian phase-resetting response (Zeitzer
et al. 2000) and therefore it would be expected that longer
durations of light exposure would induce larger phase
shifts than shorter exposures to a lower intensity but still
saturating light. The 1-3 h duration corresponds to the
linear portion of our DRC which would predict larger
phase delays with increasing stimulus duration. Analysis
of ‘phase progression curves’ using phase—response curves
constructed from light pulses ranging from 3 to 6.7h
duration demonstrated that the majority of a phase shift
occurs at the beginning of a light exposure (Beersma et al.
2009). Our results, therefore, add to those findings and
provide strong evidence that the duration response of the
human circadian pacemaker is non-linear. Based on these
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findings, it could be argued that increasing the duration
of light exposure is not comparable to increasing the total
photons per unit of time to induce larger phase shifts.
Longer durations oflight exposure (>3 h) may also have
differential effects on resetting circadian phase whereby
light in the fourth, fifth or later hours may not elicit
the same phase shift that light in the first or second
hour would, particularly if the phase has already been
shifted to a later time (delay) when smaller phase delays
or possibly even phase advances would be predicted by the
light PRC (Khalsa et al. 2003). Animal studies have shown
that resetting of the pacemaker occurs rapidly, within 1
to 2h (Best ef al. 1999), and that the response of the
circadian system to phase delaying light pulses saturates
at ~6h (Comas et al. 2006). In mice, PRCs constructed
using single pulse LEs of different durations (Comas et al.
2006) and a double skeleton pulse 1 h LE with differing
durations of the intervening dark period (Comas et al.
2007) showed a change in the amplitude and shape of
the PRC at longer durations, including the disappearance
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Figure 3. Duration-response curves of melatonin phase shifts and suppression

Individual and mean phase shifts and melatonin suppression for each of the 4 LE duration groups studied under
the current set of experiments (black symbols) and the 6.5 h LE and dim background controls studied previously
(grey symbols) (Gronfier et al. 2004). The panels on the left show the phase delay (top) and melatonin suppression
(bottom) for the individual participants (open symbols) and mean =+ SD (filled symbols) for the groups. The panels
on the right again show the mean phase shift (top) and suppression (bottom). Data on the right are fitted using
a 4-parameter logistic model and the predicted half-maximum values are shown. The dim background controls

were excluded from the fit.
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of the dead zone; however, longer duration LEs did not
change the PRC from Type 1 to Type 0 resetting (Comas
et al. 2006).

Photic adaptation may be driving the differential
response of photoreceptors to short versus long durations
of light exposure. Saturation by longer durations of light
stimuli has been shown (Nelson & Takahashi, 1999),
as has a reduction in sensitivity (Kronauer et al. 1999;
Vidal & Morin, 2007). We have previously shown photic
adaptation of the human phase-resetting response to a
non-saturating light stimulus (6.5h 90lux LE) (Chang
et al. 2011) but more studies are needed. Examination of
this adaptation response to shorter-duration light stimuli
and PRCs of different LE durations in humans would
greatly increase our understanding of phase-shifting
responses to photic stimuli and the mechanisms under-
lying them.

To our knowledge, this is the first study to demonstrate
significant responses of the human circadian pacemaker
to a single, continuous light exposure duration of <1 h.
Previous studies in humans have examined the effects of
light durations as short as 5, 15 and 45 min (Rimmer
et al. 2000; Gronfier et al. 2004, 2007), and a recent
study tested the effect of millisecond flashes of light
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(Zeitzer et al. 2011) on the phase-resetting response, but
in both the former and latter studies the short-duration
light exposures were administered in a series over a
total duration of 6.5h, 2.5h or 1h, respectively. The
4-parameter logistic model fit to the five different LE
durations in our present study predicts an intercept of
~1h for a 0h duration light exposure. Although data
from the dim background control suggest that exposure
to continuous dim light in the biological night can achieve
only ~0.4h phase delay, the fit nevertheless raises the
possibility that light durations between 0 and 12 min may
yield significant phase responses. Further experiments are
necessary to characterize the response of the circadian
pacemaker within this duration range.

Results from ratings of subjective sleepiness in the
present study also indicate that short durations of light
exposure are more efficient at inducing alertness for at least
several hours after removal of the stimulus. The significant
difference in subjective sleepiness among the groups
during the 4.5h constant posture session demonstrates
the acute alerting effects of bright light, with the longer
duration groups (4h and 6.5h), which received more
light during this interval, self-reporting less sleepiness.
Furthermore, when comparing the groups only during

Plasma Melatonin Concentration (pmol/L)

Figure 4. Subjective sleepiness and melatonin
concentrations during LE day

Mean KSS z-scores (symbols with line) and plasma
melatonin levels (continuous line) are shown for the control,
0.2h,1.0h,2.5h,4.0h and 6.5 h duration groups (top to
bottom). The grey area represents the 1 lux level. The white
boxes (continuous lines) represent the ~10,000 lux LE. The
dotted lines show the timing of the constant posture (0-4.5
in the current study; 0-6.5 in the groups studied previously
(Gronfier et al. 2004).
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the portion of the session when the lights were switched
on, we saw no difference in sleepiness scores. Inter-
estingly, for 4.5 h following the end of the LE there were
significant differences in subjective sleepiness but with the
shorter-duration groups rating themselves as less sleepy.
These findings suggest that shorter light exposures may
be sufficient to induce not only acute but also sustained
alerting effects.

Taken together, the present findings show that
brief exposures to bright light are more efficient
for phase-shifting, suppressing melatonin and inducing
alertness than longer exposures. This has important
clinical implications for the use of light in the treatment
of circadian rhythm/sleep and mood disorders. A
shorter-duration light exposure is likely to improve
compliance and, based on evidence provided here,
also likely to yield improved outcomes. Although our
results demonstrate a non-linear duration response of
the circadian system, further investigation is needed to
better understand how this response changes at shorter
durations. It would also be important to examine the
duration response of the circadian system at different light
intensities, spectra and times of day.
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