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Key points

• Misalignment between the internal circadian clock driving daily rhythms in physiology and
behaviour, such as sleepiness, performance and metabolism, and the sleep–wake schedule, as
occurs in jet lag and night shift work, can have profound, harmful consequences for health,
performance and safety.

• Light applied at specific times of day can be used to shift the timing of the clock and reduce
this circadian misalignment.

• We show for the first time that a small, commercially available, portable blue light device is
capable of shifting the clock when it is administered daily over a 2 h window (90 min blue light
as 30 min pulses with 15 min breaks).

• The direction and amount that the clock is shifted depends on the time of day that the light is
administered.

• The results of this work provide a practical, effective light treatment that can be used in the
real world.

Abstract Light shifts the timing of the circadian clock according to a phase response curve
(PRC). To date, all human light PRCs have been to long durations of bright white light. However,
melanopsin, the primary photopigment for the circadian system, is most sensitive to short
wavelength blue light. Therefore, to optimise light treatment it is important to generate a blue
light PRC. We used a small, commercially available blue LED light box, screen size 11.2 × 6.6 cm
at ∼50 cm, ∼200 μW cm−2, ∼185 lux. Subjects participated in two 5 day laboratory sessions
1 week apart. Each session consisted of circadian phase assessments to obtain melatonin profiles
before and after 3 days of free-running through an ultradian light–dark cycle (2.5 h wake in dim
light, 1.5 h sleep in the dark), forced desynchrony protocol. During one session subjects received
intermittent blue light (three 30 min pulses over 2 h) once a day for the 3 days of free-running,
and in the other session (control) they remained in dim room light, counterbalanced. The time
of blue light was varied among subjects to cover the entire 24 h day. For each individual, the
phase shift to blue light was corrected for the free-run determined during the control session. The
blue light PRC had a broad advance region starting in the morning and extending through the
afternoon. The delay region started a few hours before bedtime and extended through the night.
This is the first PRC to be constructed to blue light and to a stimulus that could be used in the
real world.
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Introduction

The ability of light to phase shift the circadian clock can
be exploited to treat situations of circadian misalignment
in which the clock is inappropriately aligned with the
desired sleep—wake schedule, such as jet lag, night and
early morning shift work, the delayed sleep propensity of
extreme night owls (evening types), and the delayed sleep
phase disorder (DSPD). Phase response curves (PRCs)
to light describe the relationship between the timing of
a light stimulus and the direction and size of the phase
shift induced. To date, several full and partial PRCs have
been generated to bright white, polychromatic light using
either a single pulse (Honma et al. 1987; Minors et al. 1991;
Dawson et al. 1993; Van Cauter et al. 1994; Khalsa et al.
2003) or multiple pulse (Czeisler et al. 1989; Minors et al.
1991; Khalsa et al. 2003; Revell & Eastman, 2005; Kripke
et al. 2007) protocols.

However, the primary photopigment for non-visual
responses to light has now been identified as blue light
sensitive melanopsin which is expressed in the intrinsically
photosensitive retinal ganglion cells (ipRGCs), rather
than the rods and cones (Gooley et al. 2001; Berson
et al. 2002). Rodent melanopsin appears to be maximally
sensitive to ∼480 nm light (Hattar et al. 2003; Panda
et al. 2005; Qiu et al. 2005). In humans, a number
of non-visual light responses exhibit short wavelength
sensitivity (Lockley et al. 2003; Cajochen et al. 2005;
Revell et al. 2005; Lockley et al. 2006; Revell et al. 2006a;
Ackermann et al. 2009; Sletten et al. 2009) with action
spectra for melatonin suppression exhibiting maximal
sensitivity ∼460 nm (Brainard et al. 2001; Thapan et al.
2001). Although blue light is highly efficacious, there
are now a number of lines of evidence indicating that
the rod and cone photopigments can also contribute
to non-visual responses under specific circumstances
(Dkhissi-Benyahya et al. 2007; Altimus et al. 2010; Lall
et al. 2010). More specifically, in humans a comparison
of 460 and 555 nm light over a range of irradiances for
melatonin suppression and phase shift responses suggested
that at lower irradiances the M-/L-cones may dominate
non-visual photoreception (Gooley et al. 2010). Being
able to identify the relative contribution of rods, cones
and melanopsin to non-visual light responses will be key
to being able to predict responses to specific lighting
scenarios.

The identification of melanopsin led lighting
manufacturers to develop ‘blue light’ products or
‘blue-enriched’ white lights. At the high intensities
typically used in light treatment paradigms the
blue-enriched lights perform similarly to white light,
presumably because the system is saturated (Smith &
Eastman, 2009; Smith et al. 2009; Terman, 2009). However,
if melanopsin is being specifically targeted then it should
be possible to reduce the irradiance and duration of

the light whilst still inducing an effect. Previous studies
assessing the phase shifting capacity of blue light have
indeed demonstrated the efficacy of low irradiances but
this is primarily utilising long duration light pulses
administered via specialised spheres to dark adapted sub-
jects with pharmacologically dilated pupils (Lockley et al.
2003; Sletten et al. 2009). Such artificial scenarios have
limited direct application.

The goLITE is a commercially available, small blue
light device of LEDs. Its irradiance is much lower than
that currently recommended for light treatment, which
could improve compliance and tolerability. The size and
portability of the device mean that it can be easily trans-
ported and utilised in a variety of settings making this
device representative of the type that will likely be used
in real life. It was important to determine if such a small,
nearly monochromatic, blue light box could actually phase
shift the circadian rhythms of humans with freely moving
pupils whilst using a practical administration paradigm
and light intensity. We also wanted to identify the optimal
time to achieve phase advances and delays. The generation
of a PRC to a blue light device will be a crucial tool to
researchers and for those prescribing light treatments with
other blue light devices besides the goLITE.

Previously, we have generated PRCs to 0.5 and 3.0 mg
exogenous melatonin (Burgess et al. 2008, 2010) and a
partial PRC to bright white light (Revell & Eastman,
2005) using subjects that were free-running through an
ultradian light–dark (LD) cycle. In the current study we
have used the same protocol to generate a PRC to the blue
goLITE. These studies will allow the phase shifting effects
of blue light and melatonin to be directly compared within
the same protocol which will be crucial for establishing
the relative phase shifting efficacy of these two stimuli
which are both utilised in the treatment of circadian
misalignment.

Methods

Ethical approval

The study was approved by the Rush University Medical
Centre Institutional Review Board and conformed to
the standards set by the Declaration of Helsinki. Written
informed consent was obtained from all participants prior
to their participation. Participants were reimbursed for
their participation.

Subjects

This study took place in the Biological Rhythms Research
Laboratory in Chicago from 2008 to 2011. A total of
54 healthy young subjects were enrolled in the study,
42 completed the study, and 37 had sufficient data to
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be included in the final analysis (22 M, 15 F; mean
age ± SD = 25.8 ± 5.4 years; range 18–41; mean body
mass index ± SD = 24.2 ± 3.1 kg m−2). Eligibility for the
study was assessed via a telephone and in-person interview,
self-reported medical history, a series of self-completed
questionnaires as previously detailed (Burgess et al.
2008) and the Ishihara Colour Blindness test. There
were four moderate evening types, 25 neither types and
eight moderate morning types (Horne & Ostberg, 1976).
Habitual caffeine (≤300 mg per day) and alcohol (≤2
drinks per day) consumption did not exceed study criteria
and subjects were non-smokers and tested negative for
common drugs of abuse. Subjects were free from pre-
scription medication except for four females who reported
taking oral contraceptive pills. Subjects had not worked
night shifts or crossed more than two time zones in the
month preceding the study.

Protocol

The protocol (Fig. 1) has been described in detail pre-
viously (Burgess et al. 2008). Briefly, subjects were required
to maintain a fixed sleep schedule similar to their habitual
sleep times for 7 days prior to being admitted to a
5 day residential laboratory session which included three
24 h days of a 4 h ultradian LD cycle and pre-stimulus
(baseline) and post-stimulus (final) phase assessment
sessions. During the ultradian LD cycles, subjects slept
on cots arranged around the edges of a large room.
During wake episodes they sat on their cots or at a large
table near the centre of the room, and food and drink
were available ad libitum. The room was illuminated by
three fluorescent (4100 K) ceiling fixtures controlled by a
dimmer switch locked to the lowest position. During the
wake periods the light level experienced by the subjects
was 36.5 ± 13.0 lux (mean ± SD). The circadian phase
assessments took place in an adjoining room where sub-
jects sat in comfortable recliners in dim light <5 lux. The
subjects were continuously observed by research assistants
who ensured that the subjects remained awake throughout
the session, collected saliva samples from the subjects every
30 min using Salivettes (Sarstedt, Newton, NC, USA), and
provided the subjects with snacks and beverages. No food
or drink was permitted in the 10 min before each saliva
sample. Upon discharge, subjects maintained their fixed
sleep schedule for a further 9 days before being admitted
to the second 5 day laboratory session.

Blue light was administered during one of the laboratory
sessions, counterbalanced; 16 subjects received blue light
in the first laboratory session and 21 received blue light in
the second session. Each study group (maximum n = 4)
had a pre-determined light stimulus administration time.
There were six possible clock times for the light stimulus,
because there were six wake episodes per 24 h. Sub-

jects were enrolled in the first available group. Thus,
the assignment of subjects to a particular time slot was
random. As the light exposure was administered at specific
clock times, this was not the same circadian phase in
each subject, but this just meant that the stimuli were
administered across a broader range of circadian phases.

Saliva samples from the circadian phase assessments
were immediately centrifuged and frozen for later analysis
by Pharmasan Laboratories (Osceola, WI, USA). Samples
from each subject were assayed together to minimize assay
variability. The sensitivity of the assay was 0.7 pg ml−1 and
the intra- and interassay variability were 12.1% and 13.2%,
respectively. The salivary melatonin profiles from the base-
line and final phase assessments sessions were compared
to derive the phase shift that had occurred during the
session.

Blue light stimulus

The light stimulus was provided by the goLITE BLU
(14 × 14 × 2.5 cm, Apollo Light Systems Inc, American
Fork, UT, USA; currently Philips CL, Drachten, the
Netherlands) which contains a small panel of 60 LEDs
(11.2 × 6.6 cm) with a spectral power output in the short
wavelength, blue region of the visible light spectrum. The
goLITE emits light between ∼450 and 500 nm with a λmax

∼467 nm and half-maximal bandwidth ∼22 nm. Philips
Lighting recommends that the light should be placed
approximately 20–30 inches (50–70 cm) from the eyes in
such a way that the light bathes the face from the side.

Subjects were required to sit round a table coated with
white reflective material in an appropriate position relative
to their individual goLITE. The goLITE (set to the 100%
level) was positioned according to the manufacturer’s
recommendations at a 20 deg angle and a distance of 51 cm
(20 inches). When the light was turned on, the subjects’
faces were bathed in blue light; the subjects were instructed
not to look directly at the light. During the light exposure
periods and the corresponding times in the control session,
the subjects read quietly.

An intermittent light stimulus was used as this
represented a practical paradigm that could be
incorporated into everyday life around specific tasks.
The overhead lights remained on during the blue light
administration as this is how such light boxes would be
used in the real world, i.e. with background lighting.
Within the assigned 2.5 h wake episode, the blue light
stimulus began 15 min after the subjects were woken up.
The subjects were exposed to a total of 90 min of blue
light administered as three 30 min pulses interspersed with
15 min of dim room light. Thus, the light train spanned
a total of 2 h. Individual light intensities at eye level
were measured at 1, 5, 15 and 25 min into each 30 min
light pulse with an IL-1400 Radiometer/Photometer
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(International Light Technologies, detector head SEL033,
Input Optic W no. 10878 and Filter F no. 25809). If the
irradiance was out of range (<200 or >230 μW cm−2),
subjects were asked to adjust their position accordingly.
The irradiance was 213.3 ± 10.0 μW cm−2 (mean ± SD)
which is equivalent to 5.0 × 1014 photons cm−2 s−1 and
184.8 ± 3.5 lux. In addition, melanopic lux (m-lux), which
describes melanopsin photoreception, was calculated
according to the methods of Enezi et al. (2011), as
7856 m-lux. During the corresponding clock times in
the control sessions the subjects sat at the same table
and remained in dim room lighting of 32.2 ± 8.9 lux
(mean ± SD).

Data analysis

The melatonin profiles were smoothed with a locally
weighted least squares (LOWESS) curve using the ‘fine’
setting in GraphPad Prism (GraphPad Software Inc., La
Jolla, CA, USA). Each profile was then normalized by
taking the maximum and minimum of the fitted curve and
assigning them the values of 100% and 0%, respectively.
A threshold of 25% was used to determine the time
that the ascending limb of the smoothed curve crossed
this threshold, and this was designated as the dim light
melatonin onset (DLMO).

To be able to accurately determine the phase shifts to the
blue light stimulus, it was essential to be able to eliminate
the impact of the ultradian protocol (the free run). As such,
the phase shift to the stimulus was corrected for the shift
due to the free run on an individual basis. The phase shift
in each session was the change in phase of the DLMO from
the baseline to the final phase assessment. Subsequently,
the phase shift in the room light (control) session was
subtracted from the phase shift in the blue light session to
provide the net phase shift due to blue light alone. This net
phase shift was plotted on the y-axis and the start of the

light stimulus relative to the baseline DLMO was plotted
on the x-axis.

Results

Figures 2 and 3 show example melatonin profiles from
two different subjects to demonstrate how the net phase
shift was calculated, and the necessity for the control
session in determining the magnitude and direction of
the phase shift. Figure 2 shows the raw data from a sub-
ject who delayed during both lab sessions. The large phase
delay observed during the blue light session (bottom) was
corrected by subtracting out the smaller phase delay due
to free-running during the control session (top) in order
to plot the net phase delay on the PRC. Figure 3 shows
the normalized, fitted curves from a subject whose net
phase shift was an advance. The DLMO delayed less during
the blue light session (bottom) than during the free-run
session (top). Thus, the blue light reduced the magnitude
of the delay due to the free-run; hence, the circadian clock
was advanced by the blue light stimulus.

Figure 4 shows the net phase shifts of all the subjects.
The data were then binned and double plotted (Fig. 5)
and the familiar light PRC shape is seen. Delays pre-
dominate in the evening from around the time of the
DLMO through the time when subjects would ordinarily
be asleep. Advances predominate during the rest of the day,
especially during the time corresponding to usual wake up
time in the morning through the afternoon. There is no
pronounced dead zone. This binned PRC shows slightly
larger advances than delays. The individual phase shifts
(Fig. 4) show maximum phase shifts of ∼2 h, but when
binned the average phase shifts are less than 1 h.

The mean ± SD free-running period during the control
session was 24.38 ± 0.25 h and ranged from 23.8 to 24.8 h.

Figure 1. Protocol diagram of the five day laboratory session
During the circadian phase assessments (days 1 and 5), subjects provided saliva samples every 30 min in dim
light (<5 lux). There were 3 days (days 2 to 4) of ultradian light–dark cycles. Subjects had a sleep opportunity
during each 1.5 h dark episode (black bars), and were required to remain awake for each 2.5 h dim light episode
(∼35 lux). The blue light stimulus (three 30 min pulses) was administered once a day for 3 days at the same clock
time during one of the six wake, dim light episodes. Subjects were run in groups of two to four people. The timing
of the light stimulus varied between groups in order to span the entire 24 h day. There were two 5 day laboratory
sessions separated by about a week. The light stimulus was only administered during one of these labaratory
sessions; during the other control laboratory session subjects remained in dim room lighting throughout each
wake episode (counterbalanced). Figure reproduced from Burgess et al. 2008.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Discussion

The PRC generated during the current study is the first
light PRC to be constructed using blue light and an
administration paradigm that could be practically used in
real-world settings, i.e. an intermittent pattern containing
1.5 h of light from a single light box. Thus, our blue light
PRC could be a key tool in the treatment of circadian
misalignment. Our binned blue light PRC (Fig. 5) shows
that the optimal time to achieve a phase delay is before
bedtime and during the time that people are usually asleep.
Since this small blue light box produced delays at these
times, the high nocturnal usage of light emitting devices
including laptops, tablets and televisions could potentially

Figure 2. Raw melatonin profiles from one subject in the
control and ‘blue light’ laboratory sessions
The profiles with the dashed lines and open circles are from the
baseline phase assessments and the profiles with the continuous
lines and filled circles are from the final phase assessments. A,
control lab session without blue light. The profile delayed ∼2 h due
to the free-run through the ultradian LD cycle. B, lab session in which
intermittent blue light was applied once a day during the 3 days of
ultradian LD cycles. The shaded rectangle over the x-axis shows the
time of the blue light stimulus, from the start of the first 30 min
pulse to the end of the third 30 min pulse. The profile delayed ∼3 h.
Thus, the net phase shift due to the blue light alone, after
subtracting out the delay from the free-run, was a delay of ∼1 h.

influence circadian phase as well as sleep quality and
timing. Our blue light PRC also shows that the optimal
time to achieve phase advances occurs when light starts in
the morning or afternoon. The most important difference
from previous white light PRCs is that the advance region
extends much later in the day, suggesting that blue light
can have a phase advancing effect even when used in the
afternoon. This difference between our blue light PRC and
previous white light PRCs could conceivably be due to the
different methodologies used to generate the PRCs, rather
than to the wavelength of the light sources. To be absolutely
sure we would need to generate a white light PRC using
our ultradian LD cycle, forced desynchrony method.

Figure 3. Fitted and normalized curves to the melatonin
profiles of one subject
The profiles with the dashed lines are from the baseline phase
assessments and the profiles with the continuous lines are from the
final phase assessments. The horizontal lines at 25% are the
thresholds for determining the dim light melatonin onset (DLMO) of
each curve. A, lab session without blue light. The DLMO delayed
3.0 h due to the free-run through the ultradian LD cycle. B, lab
session in which intermittent blue light was applied once a day
during the 3 days of ultradian LD cycles. The shaded rectangle over
the x-axis shows the time of the blue light stimulus. The DLMO
delayed 1.5 h. Thus, the net phase shift due to the blue light alone,
after subtracting out the delay from the free-run, was an advance of
1.5 h.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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In previous PRCs to white light the light stimulus has
frequently been provided by multiple light boxes, and
even entire ceilings or walls covered with light fixtures
(Czeisler et al. 1989; Kripke et al. 2007). Whilst this will
likely ensure uniform retinal illumination and receipt of
sufficient bright light to generate a response, this is not
a practical scenario. We chose the goLITE for our PRC
because it is a commercially available device that is popular
due to its low cost, its small size, and the fact it is easy to
transport and fit into a home or work environment. One
potential disadvantage of using any small light box is that
there is the possibility for the light box or the individual
to move such that the full irradiance of light is no
longer completely illuminating the eyes. In our laboratory
sessions subjects were continually supervised and the light
intensity was monitored frequently. If the light intensity
was insufficient, then the subjects were requested to move
back into the correct position to ensure that the required
irradiance of light was delivered to the eyes. To avoid this
problem larger light boxes are often recommended for
home use (Eastman, 2011). Nevertheless, this small blue
LED device is popular with consumers and patients due
to its convenience and portability; thus it was important
to assess its phase shifting capacity.

Ours is the first light PRC to utilise a practical duration,
pattern and irradiance of light. Previous PRCs have utilised
long duration light pulses of from 3 to 6.7 h (Honma
et al. 1987; Czeisler et al. 1989; Minors et al. 1991;
Dawson et al. 1993; Van Cauter et al. 1994; Khalsa et al.
2003; Kripke et al. 2007); whilst such stimuli are useful
for answering theoretical questions they could not be
practically implemented in the majority of real-world

Figure 4. Individual net phase shifts of the dim light
melatonin onset (DLMO) in response to an intermittent blue
light stimulus, on a background of dim white light from
ceiling fluorescent fixtures, administered daily at a fixed clock
time for 3 days
The net phase shifts were calculated as the phase shifts to blue light
corrected for the individual’s free-run which was determined during
the 5 day control session during which no blue light stimuli were
applied. The x-axis indicates the time that the intermittent blue light
train started relative to the baseline DLMO.

scenarios. Our blue light stimulus was a total of 1.5 h
administered over 2 h as an intermittent light pattern on
a background of room lighting similar to the way it would
be used out of the laboratory.

How does our blue light PRC compare to the white light
PRCs? We previously generated a partial PRC to white light
with a similar ultradian protocol, but with only seven sub-
jects (seven data points) (Revell & Eastman, 2005). In our
blue light PRC the advance and delay regions are much
broader, the maximum advances are later in the day, and
the phase delays start much earlier (compare Fig. 1 in
Revell & Eastman, 2005 with the current Fig. 5). These
difference could be attributable to wavelength (primarily
blue vs. white), or other differences between the light
stimuli (continuous vs. intermittent), or because we had
so few points in our white light PRC. The light box set-up
was very different for these two PRCs. For white light
there were four large fluorescent light boxes (screen size
56 × 32 cm, 5095 K, SunRay, Sun Box Co., Gaithersburg,
MD, USA) set up on stands around a large round table
pointing inwards so that each subject was illuminated by all
four light boxes. The intensity ranged from about 3000 to
6000 lux depending on the direction of gaze, and averaged
∼1200 μW cm−2 and ∼3.1 × 1015 photons cm−2 s−1. In

Figure 5. Phase response curve to an intermittent blue light
stimulus
The stimulus consisted of 90 min of narrow bandwidth blue light
(λmax 467 nm) administered as three 30 min pulses (∼185 lux)
separated by 15 min of dim room light (∼30 lux). The x-axis shows
the time of the start of the first light pulse relative to the baseline
DLMO. The arrow at zero on the x-axis represents the DLMO. The
vertical lines enclose the average baseline sleep schedule prior to the
laboratory sessions. This PRC was generated from the individual data
points in Fig. 4 which were averaged into 3 h bins and double
plotted. The points are plotted according to the midpoint of the bin,
e.g. the bin at 3 h after the DLMO contains data from 1.5 h to 4.5 h
after the DLMO. The average clock time axis shows clock time for
the average subject whose DLMO was at ∼22.00 h and whose
typical sleep time was from about 00.00 to 08.00 h. To apply this
PRC to individuals with earlier sleep schedules, move the clock time
axis to the right, for later schedules move the axis to the left.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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comparison, for the blue light PRC each subject was
only exposed to light from one small goLITE (screen
size 11.2 × 6.6 cm) and with background white ceiling
lighting they were exposed to ∼185 lux, ∼200 μW cm−2

and 5 × 1014 photons cm−2 s−1. The white light boxes were
on for two continuous hours, whereas the goLITE was on
for a total of 1.5 h spread over 2 h. Despite these differences
(a greater intensity, duration and size of the white light
boxes), the goLITE produced a few individual phase shifts
as large as the maximum phase shifts from the white light
set-up. For a rigorous comparison we would need a white
light PRC that was generated with more than seven sub-
jects. It would be even more useful to compare the goLITE
PRC to a PRC generated with a single large white light box,
i.e. the way it would be used in the real world.

Another relevant three-pulse white light PRC was
generated by Kripke et al. (2007) with subjects
free-running through a 90 min ultradian LD cycle for
about 5 days. Bright white light (3000 lux for 3 continuous
hours) was applied for 3 days. One of the phase markers,
the onset of urinary 6-sulphatoxymelatonin (aMT6s, a
melatonin metabolite), can be compared to the DLMO,
and showed the phase change from before to after the
3 days with bright light. The binned PRC for their young
subjects (18–31 years, similar in age to the blue light
PRC subjects) shows maximum advances when the 3 h
light exposure was centred at 08.00 h, 10.00 h and noon,
and maximum delays with the light centred at midnight,
02.00, 04.00 and 06.00 h (see their Fig. 5, bottom). In
comparison, our blue light PRC has a slightly broader
and slightly later phase advance region.

To compare these two PRCs exactly, the duration of the
light pulses and the size of the bins have to be taken into
account mathematically. This exercise reveals that their
three highest points in the advance region (at 08.00, 10.00
and 12.00 h) include pulses that started as early as 05.30 h
and ended as late as 14.30 h, whereas our three highest
points in the advance region (at about 10.30, 13.30 and
16.30 h) include light pulses that started as early as 09.00
and ended as late as 20.00. On the other hand, the two
delay portions are more similar. The slight difference in
timing between the advance portions of these two PRCs
could be because of the spectral composition of the light
stimulus (blue vs. white), but it could also be due to the
numerous methodological differences between the studies
including sampling frequency (30 min saliva samples vs.
90 min urine sampling) and sample size. The increased
amplitude in this white light PRC compared to our blue
light PRC could be due to their increased duration and
intensity light stimulus. The amplitude of their advance
and delay regions looks similar, because their horizontal
‘zero’ line (at about –1 on the y-axis) is the average of
all the points. Whether this average represents the average
free-run can be debated. If the line is drawn higher, then the
magnitude of the advances decreases while the magnitude

of the delays increases; if lower, then the opposite changes
occur. Our zero line actually represents no shift from the
blue light, no difference from the free-run, because we
obtained the free-running period of each individual sub-
ject. Therefore, we can better compare our advance and
delay portions, and we see a slightly higher amplitude
advance portion.

The Kripke et al. PRC to white light appears to have
a ‘dead zone’ from 14.00 to 22.00 h, but a glance at the
individual points in the panel above (their Fig. 5A) shows
that this is a time when there are both advances and delays
which average out rather than a time of no phase shifts.
This is a time when advances predominate in our blue light
PRC. In summary, our blue light PRC has an advance
portion that is delayed by a few hours compared to the
white light PRC of Kripke et al.

It is even more difficult to compare our blue light
PRC to the white light PRCs of Czeisler et al. (1989) and
Khalsa et al. (2003), because these PRCs were generated
in re-entrainment protocols rather than the classic PRC
generating protocol in which a stimulus is applied to
free-running animals. In their PRCs, the 8 h sleep/dark
episodes were either advanced or delayed by various
amounts while bright white light was applied in the
centre of the waking episode. In the PRC by Czeisler and
colleagues (1989) there were 5 h episodes of very intense
light (∼10,000 lux) for 3 days plus 4 days in which the 8 h
sleep/dark episode was shifted. For the PRC by Khalsa and
colleagues (2003) sleep/dark was shifted for 2 days while
a single light ‘pulse’ (6.7 h, ∼10,000 lux) was applied. In
these protocols, even if bright light was not applied the
circadian rhythms would gradually phase advance or phase
delay to re-entrain to the shifted sleep/dark episodes, to the
new 24 h LD cycle. Thus, bright light was used to hasten
re-entrainment to the shifted LD cycle, and the PRC really
describes how far the rhythms shifted after a few days of
re-entrainment. There were larger phase shifts in the ‘3
pulse’ PRC (Czeisler et al. 1989) than the ‘1 pulse’ PRC
(Khalsa et al. 2003) as expected, because the final phase
was measured much later in the re-entrainment process.
For more discussion see Beersma & Daan (1993).

The shape of our blue light PRC (Fig. 5) is similar to
the white light PRC of Khalsa et al. (2003) (Fig. 4A) in
that there are broad advance and delay zones and no
extended dead zone. But it is clear that our blue light PRC
is delayed by several hours compared to the white light
PRC. To visualize this, draw vertical lines for typical sleep
times on Fig. 4A of Khalsa et al. at 19 and 3 (equivalent
to the 8 h baseline sleep episode starting 5 h before the
temperature minimum, which is at 0, and ending 3 h
after the temperature minimum) and compare it to our
Fig. 5.

For an even more precise comparison note that we
plotted the time of the beginning of the 2 h light train on
the x-axis in order to compare to the pill administration

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



4866 V. L. Revell and others J Physiol 590.19

times of our melatonin PRCs, whereas Khalsa et al.
plotted the midpoint of the 6.7 h light exposure. Therefore,
imagine our PRC shifted to the right by 1 h (but leave
the sleep lines in place) which would occur if we plotted
our PRC according to the middle of the 2 h light train.
Or imagine the Khalsa et al. PRC shifted to the left
by 3.35 h, which would occur if they plotted their PRC
according to the start of the 6.7 h light pulse. Either way,
our PRC is phase delayed by several hours compared
to theirs.

Also note that the Khalsa et al. PRC has a horizontal
dotted line to represent no phase shift which is below
0 on the y-axis (at −0.54 h). This is calculated from the
mean free-running period of 24.18 h derived from another
study (Czeisler et al. 1999), and thus the phase shifts in this
PRC are automatically corrected for an average free-run
(0.18 × 3 = 0.54). Just like for the PRC of Kripke et al.
the placement of this horizontal line affects the amplitude
of the advance and delay portions, but does not affect
their timing. Using their horizontal ‘zero’ lines we see that
the white light Kripke et al. and Khalsa et al. PRCs have
a slightly larger amplitude delay portion than advance
portion, whereas our blue light PRC has a slightly larger
amplitude advance portion compared to the delay portion.

The placement of this horizontal ‘zero’ line also affects
the PRC crossover point between delays and advances. If
the line is placed higher, then the crossover point becomes
later; if it’s lower the crossover point becomes earlier.
Nevertheless, using the published zero lines we see that
the white light PRCs of Kripke et al. and Khalsa et al. and
our blue light PRC have crossover points falling within the
second half of the usual sleep period. The crossover point
of the human light PRC has been of interest to clinicians
and researchers alike because they usually do not want to
give light on the ‘wrong side’ of the PRC. The temperature
minimum is widely used as an estimate for the crossover
point, and this is still a useful estimate. Obviously, the
later the crossover point within sleep, then the more likely
that light slightly before the usual time of waking, which is
usually intended to help circadian rhythms advance, could
possibly cause unintended delays. According to our PRC
a good time to give blue light to produce a phase advance
is to start it soon after usual wake up time. However, our
blue light PRC suggests that blue light later in the day can
also be effective.

An earlier model of the goLITE (P2 or M2) was pre-
viously tested in a few phase shifting protocols. This
model differs from the BLU model used in our current
study with a slightly different spectral distribution and
higher available intensities. We tested this earlier model
goLITE in our phase advancing protocol for reducing jet
lag when flying east, for early morning work shifts or to
help night owls and patients with the DSPD to get on
an earlier schedule. In this protocol, sleep is advanced by
1 h per day for 3 days and an intermittent light stimulus

covering 3.5 h (four 30 min light pulses each separated by
30 min room lighting) is administered upon awakening
(Burgess et al. 2003; Revell et al. 2006b). Two subjects
completed this protocol in the Chicago lab with the
goLITE P2 set at 100% intensity and placed directly in
front of them on a desk about 41–51 cm from their eyes
on a background of dim ceiling lighting which resulted
in 90–120 lux, dependent upon angle of gaze. In both
cases, phase advances ∼2 h were obtained (unpublished
observations) which is slightly more than the mean phase
shift when we used a bright white light stimulus ∼5000 lux
from a large light box (screen size 54 × 54 cm) in the same
protocol (1.7 h, Revell et al. 2006b; 1.5 h, Burgess et al.
2003). This suggests that the tiny goLITE is at least as
powerful as a large white light box, at least when both are
combined with an advancing sleep/dark schedule.

In two studies, the goLITE P2 was administered upon
awakening to try and phase advance adolescents (Crowley
& Carskadon, 2010) and young adult ‘struggling night
owls’ (Sharkey et al. 2011). Both studies failed to show
a phase shifting effect of the goLITE. In the adolescent
group, morning goLITE exposure for 1 h on a weekend
(Saturday and Sunday) was combined with a large, but
typical, delay of the sleep schedule (bedtime was delayed
1.5 h and wake time was delayed 3 h). Regardless of
whether the goLITE was used, the DLMO delayed over
the weekend, and the magnitude of the delays was not
significantly different (38 vs. 46 min). In the night owls,
1 h morning light treatment was combined with a sleep
schedule that was advanced 1–2.5 h, depending on the
individual. The light box was either aimed towards the
face (treatment group) or away from the face (control
group). After 6 days, both groups exhibited significant
phase advances that did not significantly differ between
groups (1.4 vs. 1.5 h). In both studies it appears that the
shift of the sleep/dark episodes had a more powerful effect
on the circadian clock than the 1 h of goLITE exposure.
Furthermore, in both studies, the light treatment was done
at home and the small size of the goLITE would have made
it easy for the subject to move out of range or for the light
box to be knocked such that the light was aimed in the
wrong direction. Preliminary results of a goLITE study
on ‘relatively late chronotypes’ showed phase advances of
about 50 min after three mornings of 30 min or 60 min
blue light exposure (Geerdink et al. 2011). Details about
the sleep schedule were not provided.

We have previously constructed three pulse PRCs to 0.5
and 3.0 mg doses of melatonin; these doses induced similar
magnitude phase advances and delays to each other, but
the optimal timing of the dose differed (Burgess et al. 2008,
2010). This is one of the few situations where the phase
shifting abilities of melatonin and light have been directly
compared within the same protocol. For the melatonin
doses used, some individual phase shifts observed with
exogenous melatonin were as large as those produced by
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the blue light. These data indicate that for the 0.5 and
3.0 mg doses melatonin is as efficient as our blue light
stimulus at inducing phase shifts. It should be noted that
the optimal light stimulus in terms of irradiance and
pattern may not have been used such that the phase
shifting ability of blue light was underestimated. In
addition, the efficacy relationship between exogenous
melatonin and light may vary depending on the dose and
various lighting parameters. In both cases (melatonin pills,
light boxes) the timing of sleep/dark and whether it is
shifted, and the 24 h pattern of light exposure, especially
more intense outdoor light, will have a major impact on
the resultant phase shift.

Melatonin and light have both advantages and
disadvantages for being used in the real world. Taking
a melatonin pill is simple and less time-consuming but
has the potential disadvantage of being a soporific. Light
therapy can be time-consuming and inconvenient but will
actually have beneficial mood and alertness boosting side
effects. An intermittent light stimulus can be fitted around
everyday tasks, and other activities such as eating, reading
and working on a computer can be done during light
exposure

In conclusion, our first PRC to a blue light stimulus
will be a powerful tool in the practical application
of light therapy to real-world scenarios of circadian
misalignment.
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