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Abstract

We compared the effects of bedroom-intensity light from a standard fluorescent and a blue- (i.e.,
short-wavelength) depleted LED source on melatonin suppression, alertness, and sleep. Sixteen
healthy participants (8 females) completed a 4-day inpatient study. Participants were exposed to
blue-depleted circadian-sensitive (C-LED) light and a standard fluorescent light (FL, 4100K) of
equal illuminance (50 lux) for 8 h prior to a fixed bedtime on two separate days in a within-
subject, randomized, cross-over design. Each light exposure day was preceded by a dim light (<3
lux) control at the same time 24 hours earlier. Compared to the FL condition, control-adjusted
melatonin suppression was significantly reduced. Although subjective sleepiness was not different
between the two light conditions, auditory reaction times were significantly slower under C-LED
conditions compared to FL 30 minutes prior to bedtime. EEG-based correlates of alertness
corroborated the reduced alertness under C-LED conditions as shown by significantly increased
EEG spectral power in the delta-theta (0.5-8.0 Hz) bands under C-LED as compared to FL
exposure. There was no significant difference in total sleep time (TST), sleep efficiency (SE%),
and slow-wave activity (SWA) between the two conditions. Unlike melatonin suppression and
alertness, a significant order effect was observed on all three sleep variables, however. Individuals
who received C-LED first and then FL had increased TST, SE% and SWA averaged across both
nights compared to individuals who received FL first and then C-LED. These data show that the
spectral characteristics of light can be fine-tuned to attenuate non-visual responses to light in
humans.
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1. INTRODUCTION

Light is a direct stimulant which increases brain activation and alertness (21) and impedes
the ability to fall asleep and reduces sleep quality (6). Evening light suppresses the pineal
hormone melatonin, the biochemical signal of darkness (31, 39). Ordinary room light (i.e.,
100 lux or less) can induce these effects (5, 12, 39). These ‘non-visual’ effects of light are
mediated primarily by the non-rod, non-cone melanopsin-containing photoreceptors located
in intrinsically photosensitive retinal ganglion cells (ipRGCs) and are maximally sensitive to
short-wavelength blue light (A max 480 nm) (1, 4, 16, 17, 33). We and others have shown that
filtering out short-wavelength light from high intensity (>1000 lux) broad-spectrum
fluorescent white light can prevent melatonin suppression (14, 23, 24, 28, 29, 34), but
whether this approach works under bedroom-light intensity [<100 lux (2, 30)] is not known.
The relative contribution of ipRGCs is less under dim lighting (13); therefore, targeted
reduction of short-wavelength light may be less effective under dim light conditions.

The effects of high CCT (blue-enriched lighting) and low CCT (blue-depleted) fluorescent
lighting at bedroom-light intensity (40 lux) on melatonin suppression and alertness has been
compared in one prior study (7). Since the light sources were fluorescent, they contained
several peaks in the short-wavelength region (380-500 nm), even when blue-depleted (7),
however. Using an LED source would enable more specific removal of these peaks in the
short-wavelength region of the visible spectrum, which may further enhance the attenuation
in melatonin suppression.

The effects of a custom-designed blue-depleted LED source on melatonin suppression,
alertness and sleep has been compared in a comprehensive study with various different light
sources varying in spectral composition and intensity (27), but light intensity for the blue-
depleted condition (~240 lux) was higher than typical bedroom or pre-bedtime intensities (2,
30). Therefore, in the current study, we compared the effects of bedroom-intensity (50 lux)
light from a standard fluorescent and a blue-depleted LED source on melatonin suppression,
alertness, and sleep. We hypothesized that an 8-h evening light exposure with short
wavelengths selectively reduced (C-LED; a novel proprietary circadian photobiology-
informed Light Emitting Diode) would cause less pre-sleep melatonin suppression than a
commercially available fluorescent (FL) source. Moreover, we explored the effects of C-
LED exposure on subjective and objective sleepiness prior to bedtime and nocturnal sleep.

2. MATERIALS AND METHODS

2.1. Participants

Sixteen healthy participants [8 females; mean age (£ SD): 24.2 + 3.0 years)] were studied in
the Intensive Physiological Monitoring (IPM) Unit in the Center for Clinical Investigation at
Brigham and Women’s Hospital. The study was approved by the Partners Human Research
Committee, and participants provided written informed consent. Clinical Trial Registration
Number: NCT01586039. All had comprehensive but unremarkable physical, psychological
and ophthalmologic exams, including a negative Ishihara color blindness test. For at least 3
weeks prior to admission, participants maintained a self-selected, constant 8-h sleep/rest/
dark schedule confirmed via a time- and date-stamped voicemail at bedtime and wake time
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and with actigraphy for at least 1 week prior to admission. Participants were asked to refrain
from prescription and nonprescription medications, supplements, recreational drugs,
caffeine, alcohol, and nicotine. Compliance was verified by urine and blood toxicology
during screening and urine toxicology upon admission.

2.2. Protocol Design

Participants were studied in an environment free of time cues for 6 days, the first 4 of which
are described herein (Figure 1A). The last two days of the protocol constituted an additional
unrelated study. All data collection relevant to the current study was completed before the
start of the second study. After admission ~4 h after waketime on Day 1, dim light (<3 lux)
exposure began 8 h after wake time and an initial dim light melatonin onset (DLMO)
assessment performed. An 8-h sleep episode was scheduled based on the average 7 days
prior to admission. Participants were randomized shortly after admission to receive either FL
or blue-depleted C-LED light of equal illuminance for 8 h prior to bedtime on Day 2. On
Day 3, participants completed another pre-bedtime dim light exposure identical to Day 1,
followed by exposure to the alternative light on Day 4.

2.3. Study Lighting Conditions

During the first 8 h of each wake episode, maximum ambient light was ~190 lux (48 pW/
cm?) when measured in the horizontal plane at 187 cm and ~88 lux (23 pW/cm?) in the
vertical plane at 137 cm. From midway through days 1 and 3 until bedtime, maximum
ambient light was decreased to <3 lux (0.4 pW/cm?, ~1.5 lux) in the horizontal plane at 187
cm and <1 lux (0.1 uW/cm?) in the vertical plane at 137 cm). Ambient lighting was
generated using ceiling-mounted 4100K fluorescent lamps (F96T12/41U/HO/EW, 95W;
F32T8/ADV841/A, 32W; F25T8/TL841, 25W; Philips Lighting, The Netherlands) with
digital ballasts (Hi-Lume 1% and Eco-10 ballasts, Lutron Electronics Co., Inc.,
Coopersburg, PA, USA) transmitted through a UV-stable filter (Lexan 9030 with prismatic
lens, GE Plastics, Pittsfield, MA, USA).

For 8 hours from midway through days 2 and 4 until bedtime, participants were exposed to
light from the FL or C-LED sources in randomized balanced order. We chose an eight hour
light exposure duration to ensure that all individuals started their light exposure prior to dim
light melatonin onset. Ceiling lights were turned off. During the first 2 hours, participants
were ambulatory but restricted to a 5 m? (~50 sq. ft.) central area within the 21 m? (~225 ft2)
suite, which allowed a maximum corneal illuminance of 50 lux in the vertical plane from the
center of the wall-mounted lighting units. During the next 6 h, all participants remained in a
constant seated posture (CP) in the same location with continuous staff supervision.

The FL and C-LED lighting were emitted from identical light box units (24 x 24 x 12 in.)
The FL lamps were 4100K commercially-available U-bent lamps (FB32T8/TL741/6; Philips
Lighting, The Netherlands) with digital ballasts (GE232MAX90-V60 Ultra Max High
Efficiency Electronic Ballast, General Electric Corp., Fairfield, CT, USA). The C-LED units
were provided by Lighting Science Group Corporation (Satellite Beach, FL, USA). Four
units of each light type were placed in a north, south, east, and west orientation in the room,
and remained throughout the study.
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Neutral density filters (Rosco Laboratories Inc., Stamford, CT, USA) were used to achieve
an average room illuminance of 28.6 + 2.2 lux (FL) and 28.9 + 2.2 lux (C-LED) (average
from 64 readings at a height of 54 in. in the horizontal plane across the entire room), which
ensured a maximum corneal exposure of 50 lux in the horizontal plane (91 cm from the
lamp, 137 cm from the ground, oriented directly to the center of the lamp) while participants
were ambulatory but restricted to their ~5 m2 area. During the 6 h CP, participants were
seated ~91 cm from the light source, adjusted for each individual to receive a corneal
illumination of 50 lux in the vertical plane [FL: 48.4 + 0.6 lux (13.2 + 0.2 uW/cm?); C-LED:
48.9 + 0.5 lux (13.5 + 0.2 uW/cm?)]. Participants were not told which units were being used.
The lamps were turned on and off automatically at preset times (SmartLinc device-
automation module, Insteon Inc., Irvine, CA, USA) based on each individual’s inpatient
schedule. The lamps were turned on 2 minutes prior to the scheduled start time and before
the overhead lights were turned off to ensure that participants did not receive a dark pulse.

Routine illuminance/irradiance measures were conducted using an 1L1400 radiometer/
powermeter with an SEL-033/Y/W or SEL-033/F/W detector, respectively (International
Light, Inc., Newburyport, MA, USA). Spectrophotometry recordings were made using a
PR-650 SpectraScan Colorimeter (CR-650, PhotoResearch Inc., Chatsworth, CA, USA) 91
cm from the lamp at 137 cm from the ground oriented directly to the center of the lamp.

Spectral readings for all light sources and conditions were analyzed using the Toolbox for
calculating melanopic lux as provided by Lucas et al. (18). Table 1 shows the spectral
characteristics of the three light sources.

2.4. Farnworth-Munsell 100 hue chromatic discriminaition

The Farnsworth-Munsell 100-Hue test was administered as per the manufacturer’s
instructions (Richmond Products, Albuguerque, NM, USA). Briefly, subjects were presented
with colored caps in a random order and were instructed to sort the caps in order to
minimize the difference in hue between neighboring caps, starting from a fixed anchor cap
(11). Four trays of colored caps were administered binocularly under each light condition,
and standard scoring procedures were followed to compute the total error score (TES) (11,
15).

2.5. Sleepiness and Performance Assessments

Subjective sleepiness was assessed using an auditory version of the Karolinska Sleepiness
Scale (KSS), a 9-point scale from 1-“very alert” to 9-“very sleepy, fighting sleep.” Objective
performance was measured with an auditory 10-minute psychomotor vigilance task
(PVT-10A), during which the participant was instructed to respond via button press as soon
as possible to an auditory signal presented at random intervals (1-9 seconds). The KSS and
PVT-10A were administered every 60 min throughout the 16-h wake episode starting 2.5 h
after wake (21).

2.6. Sleep and Waking EEG Recordings

Polysomnography [electroencephalogram (EEG), electrooculogram (EOG), electromyogram
(EMG), and a 2-lead electrocardiogram (ECG)] was recorded continuously during scheduled
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sleep using a portable, modular, battery-operated, ambulatory, digital polysomnographic
recorder (Vitaport-3 digital recorder, TEMEC Instruments B.V., Kerkrade, The Netherlands)
using the International 10-20 System for electrode placement with linked mastoid references
(Mx). Wake EEG signals included the frontal (Fz,) central (Cz), parietal (Pz) and occipetal
(Oz) derivations. Sleep EEG signals included the central 3 (C3), and central 4 (C4)
derivations. All EEG signals were high-pass filtered (time constant: 1.0 seconds), low-pass
filtered (-6 dB at 30 Hz, 12 dB/octave), and digitized (resolution: 12-bit, sampling rate: 256
Hz, storage rate: 256 Hz). The raw signals were stored on a Flash RAM Card (SanDisk,
Sunnyvale, CA, USA) and downloaded off-line. Electrode impedances were checked using
an OhmMate impedance meter (TEMEC Instruments B.V., Kerkrade, The Netherlands) at
the beginning and end of each sleep episode. Electrode impedances were documented, and
applications repeated until the impedances were all <10 kQ. Participants were asked to
complete the Karolinska Drowsiness Test (KDT) hourly between the KSS and PVT-10A and
instructed to relax and fixate on a 2.0-in black dot at a distance of ~39 in for 3 minutes with
their eyes open. For KDTs during the light exposure, participants were asked to focus on the
center of the illuminated surface at a distance of ~36 in.

2.7. Melatonin Assays

Plasma melatonin was collected hourly starting 8 h before bedtime on Day 1 until study end.
Salivary melatonin was collected hourly for 8 h before bedtime on all days. Melatonin
concentration was determined by double-antibody radiocimmunoassay (Specialty Assay
Research Core Laboratory, Brigham and Women’s Hospital, Boston, MA, USA). The
plasma melatonin inter-assay coefficient of variation (%CV) was 16.2% at 2.3 pg/mL and
7.2% at 18.7 pg/mL, and the intra-assay %CV was 14.0% at 1.6 pg/mL and 4.5% at 19.5
pg/mL. The saliva melatonin inter-assay coefficient of variation (%CV) was 6.6% at 9.00
pg/mL and 8.4% at 25.6 pg/mL, and the intra-assay %CV was 4.1% at 3.6 pg/mL and 4.8%
at 24.4 pg/mL.

2.8. Data Analysis and Statistics

All analyses and graphical presentations were performed using SAS Version 9.3 (SAS
Institute Inc., Cary, NC, USA) and SigmaPlot for Windows Version 11.0 (Systat Software
Inc., San Jose, CA, USA), respectively. Outcome measures as described below were
compared between C-LED and FL conditions using linear mixed model analysis with
duration, spectral condition or EEG frequency as fixed effects, as appropriate and subject as
the random effect. Two additional fixed effects, order and sequence were included in all
analyses to account for the (1) order in which the light conditions were presented (C-
LED/FL vs. FL/C-LED on the second and fourth nights, respectively) and the chronological
sequence of light condition (day in the study).

Melatonin secretion was compared between the C-LED and FL condition using three
different outcome measures, which included (1) the time course of melatonin secretion (2)
total secretion during the 6-h CP calculated as the area under the curve (AUC), and (3)
suppression, which was calculated as the difference in the AUC during the 6-h CP interval of
the light exposure adjusted to the corresponding dim-light control interval 24 h earlier.
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Alertness under the different lighting conditions was assessed using three different outcome
measures, which included (1) subjective sleepiness, (2) PVT reaction times, and (3) EEG
power density derived from Fz-, Cz-, Pz-, and Oz-Mx during the 6 hours of constant posture
under the C-LED and FL conditions and expressed relative (percentage) to the power density
assessed 30 minutes before bedtime under the first dim-light control condition (21).

The effects on sleep were assessed using three outcome measures, which included (1) total
sleep time (TST), (2) % sleep efficiency (TST relative to the total time in bed), and (3) slow
wave activity (power density in the 0.5-4.5 Hz band) derived from C3-, and C4-Mx during
non-rapid eye movement (NREM) sleep during the first 90 minutes of sleep.

Saliva was assayed for 2/16 participants (31A2V, 3407V) when no blood was available. The
same medium (plasma or saliva) was used for all analyses within an individual. Cognitive
test batteries were missed once during the C-LED and once during the dim-light control in
the same participant (31A2V) due to schedule interruption caused by IV failure (0.01% data
loss). One additional (3373V) participant had a late sleep onset due to a technical error after
the C-LED, and PSG data from that sleep episode was removed (1.56% data loss).

3. RESULTS

3.1. FM-100 Chromatic Discrimination

Binocular color discrimination was significantly worse under C-LED compared to FL
[Farnsworth Munsell D-100 (11) median (xSD) score, FL: 42 + 52.3; C-LED: 96 + 57.5
units; p<0.05 Mann-Whitney Test], although both median scores were within average range
for color discrimination ability (11, 25).

3.2. Melatonin Suppression

The mean melatonin profiles showed significant (p<0.01) increase in melatonin levels with
time under the dim-control, C-LED and FL condition. Levels were highest under dim light
conditions followed by C-LED and then FL (Figure 2A) (p<0.01). The mean melatonin
AUC was significantly (p<0.05) higher under C-LED (72.4 £+ 19.9 pg/ml) compared to FL
(41.4 £7.7 pg/ml) (Figure 2B). Moreover, melatonin suppression was significantly (p<0.01)
reduced under C-LED (C-LED: 24.6 + 10.3%) compared to FL (56.5 + 4.9%;) (Figure 2C).
Individual data on melatonin suppression are presented in Table 2. Post-hoc analyses showed
that the 6-h constant posture interval during light exposure started between —5.7 to =0.9 h
prior to DLMO [mean (+ SD) for FL: —2.8 + 1.0 h; C-LED: -3.0 £ 1.1 h]. There was no
significant effect of exposure order on any of these three outcome measures.

3.3. Sleepiness and Cognitive Performance

Subjective sleepiness was not different (p=0.96) between conditions (Figure 3A), whereas
reaction times on the auditory psychomaotor vigilance test was significantly (p<0.01) slower
under the C-LED compared to the FL condition (Figure 3B). EEG power density profiles for
all four derivations (Fz, Cz, Pz, Oz) were significantly (p<0.01) different between the two
lighting conditions (Figure 3C-F). Compared to C-LED, delta-theta (0.5-8.0 Hz) bands
were significantly increased under C-LED compared to FL conditions, consistently across
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all four EEG channels that were measured (Figure 3C—F). There was no significant effect of
exposure order on any of these three outcome measures.

3.4. Sleep Structure

A statistically significant effect of lighting condition was not observed on any of the three
sleep related outcome measures (Figure 3G-J). The order of the light exposure i.e., C-
LED/FL vs. FL/C-LED did significantly affect all three outcome measures, however (Figure
3K-N). Compared to the two-night average of the FL/C-LED order of presentation there
was a significant increase in TST (p<0.05) by ~20 min (Figure 3K), a significant increase in
sleep efficiency (p<0.05) by ~5% (Figure 3L), and a significant increase in SWA (0<0.05)
by ~5% (Figure 3M and N) in the two-night average under the C-LED/FL order of
presentation, after adjusting for inter-individual differences in phase angle of sleep and
melatonin levels.

4. DISCUSSION

Our results support our hypothesis that exposure to a 50-lux C-LED white light source
spectrally tuned to reduce melanopic lux specifically will attenuate melatonin suppression
between DLMO and bedtime compared to a 50-lux standard FL white light source. These
results are consistent with previous studies from ours and other laboratories that have
reduced melatonin suppression as well as disruption in other circadian phase markers by
either entirely or almost entirely filtering short wavelengths between 420-530 nm from
white light (22, 23, 29, 35) or changing the color temperature of the light source (7, 9, 19) or
designing LED lights with reduced blue light content (27). The current study is the first
demonstration that a more selective approach by reducing a narrower range of short-
wavelength light (~470-500 nm), which corresponds to the peak response range of
melanopsin, effectively attenuates evening melatonin suppression in humans at typical
indoor bedroom intensities. Additionally, the results support using selective blocking instead
of entirely removing the blue portion of the visual spectrum, which can sustain normal
visual function. This is critical for designing light systems that incorporate such technology
because the color distortion caused by completely filtering all short wavelengths may render
the technology impractical. We did find that color discrimination was significantly impaired
under C-LED compared to the FL exposure, but within normal ranges under both conditions.

Our exploratory aims also showed differential effects of C-LED light, as compared to
standard fluorescent light on alertness and sleep. Light has a strong short-wavelength
sensitive alerting effect, improving cognitive performance (21, 26), enhancing EEG-based
correlates of alertness (5, 21), and activating brain areas involved in arousal, executive
function and mood [thalamus, hippocampus, amygdala (37)], during both the day and night.
We did not observe differences in subjective sleepiness between the C-LED and FL
conditions, despite differences in melatonin suppression. We did, however, find significantly
slower RTs under the C-LED immediately before bedtime compared to the FL. Discrepancy
between subjective and objective ratings of alertness have been reported previously (21, 36).
Overall, the neurocognitive data suggest only a modest reduction in the alerting effects of
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the C-LED prior to bedtime in these well-rested individuals compared to the illuminance-
matched FL.

We did not detect a statistically significant effect of light condition on sleep-related outcome
measures, although receiving C-LED prior to FL condition was associated with significant
improvements in TST, sleep efficiency and SWA averaged across both nights as compared to
receiving FL before C-LED. This finding suggests that any potential disruptive effects of
pre-bedtime fluorescent light exposure on sleep can carry over to subsequent nights. While
the possible order effect observed on sleep related outcome measures may theoretically be
due to differential phase delay shifts between the C-LED and FL condition, we did not
observe an order effect on any of the melatonin-suppression related outcomes, suggesting a
lack of differential phase shifts. It is also possible that sleep homeostasis was altered
progressively throughout the study, independent of the experimental lighting intervention,
which masked differences in sleep architecture that could be attributed solely to the
experimental lighting interventions. Therefore, future studies with appropriate statistical
power will need to explore this relationship further. Additional studies are required to
characterize the effects of these two light conditions on sleep and to examine the time course
of sleep disruption caused by pre-bedtime fluorescent light exposure across successive
nights. Previous studies have reported either no difference in sleep architecture after
receiving blue-enriched or blue-depleted light in the evening (20, 35) or reduced SWA up to
several hours after the light offset (8, 20). Compared to dim light (~6 lux), bright light
exposure (~2500 lux) prior to bed increases sleep latency but induces a modest reduction in
SWA and no change in slow-wave sleep during subsequent sleep (3, 10), which may explain
the lack of robust changes in sleep architecture following only a 50-lux exposure in the
current study.

While further work is required to understand the precise spectral, dose and temporal
relationships between melanopic lux and functional impact, exposure to bedroom-intensity
white light increases alertness, likely disrupts sleep following the light exposure and shifts
circadian rhythms. Therefore, the goal of the customized lighting intervention was to reduce
melatonin suppression and reduce pre-sleep alertness to create a more appropriate
environmental and physiological environment for sleep night after night. The ultimate
reduction in pre-sleep light, i.e., darkness, can have a dramatic impact on sleep, circadian
phase and circadian phase angle of entrainment in a relatively short time (32, 38). While the
LED lighting used here was not the biological equivalent of darkness, melanopic lux was
67.7% higher for the FL (FL: 31.2 melanopic lux, C-LED 18.6 melanopic lux; Table 1), and
therefore closer than the fluorescent source, as indicated in reduced melatonin suppression,
whilst maintaining the same visual photopic lux (50 lux) and therefore practical for modern
living when darkness is not convenient. It is important to note that the increasingly popular
standard energy-efficient white LED lamps that have not been designed to reduce melanopic
lux, are even more blue enriched than the fluorescent sources used in the current study and
therefore would likely induce stronger responses. Pre-bedtime exposure to ~30 lux blue-
enriched LED light from a personal electronic device for 5 consecutive nights induces
significant melatonin suppression, ~1.5 h of circadian phase delay and significantly
increases the time required to fall asleep, as compared to being exposed to dim light. We
propose therefore that melanopic lux is taken into account when designing and comparing
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different light sources. Biologically-sensitive lighting may reduce the downside of
industrialization on sleep and health.
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Highlight
. Pre-bedtime light exposure disrupts sleep and circadian rhythms.
. We tested whether these disruptions are attenuated under dim blue-depleted
light.
. Blue-depleted ambient light reduced melatonin suppression and alertness.
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Figure 1. Study protocol, spectral characteristics of experimental lighting and representative
melatonin profiles

Representative study raster of a participant maintaining a sleep schedule from midnight to
0800 h (A). White bars represent awake under ambient ~90 lux fluorescent light; gray bars
represent awake under ambient dim (<3 lux) light; black bars represent sleep in darkness;
white hashed bars represent experimental light exposure. Spectral irradiance profile of the
FL (gray line) and C-LED (black line) sources (B). Data were collected in 4 nm bins and are
expressed as averages in 24 nm bins for the C-LED. Representative 14 h melatonin profiles
are shown from participants 3205V (C) and 3408V (D) across the four consecutive study
days. Shaded areas show the area under the curve. For each condition, the time (EST) at
which the melatonin profile crossed the DLMO threshold is reported (hh:mm) and marked
as X.
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Figure 2. Effects of spectral tuning on pre-bed melatonin suppression
Melatonin secretion related outcome measures included the time course of melatonin

secretion profiles during the 6-h constant posture interval under C-LED (black line), FL
(gray line) and dim light (gray dashed line) (A), melatonin area under the curve (AUC)
secretion during the 6-h CP under C-LED and FL conditions (B), and melatonin suppression
calculated as the difference in the AUC during the 6-h CP interval of the light exposure
adjusted to the corresponding dim-light control interval 24 h earlier (C). Data are expressed
as group means = SEM. * p<0.05; between lighting conditions.
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Figure 3. Effects of spectral tuning on pre-bed alertness and sleep
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Pre-bedtime alertness was assessed using subjective sleepiness (A), reaction time on a 10-
min psychomotor vigilance task (B), and EEG spectral profiles from Fz- (C), Cz- (D), Pz-
(E) and Oz- (F) derivations. Sleep related outcome measures were assessed based on the
lighting condition (C-LED vs. FL; G, H, I, J) and based on the order of presentation of the
lighting condition (C-LED/FL vs. FL/C-LED; K, L, M, N). Sleep related outcome measures
included total sleep time (G, K), % sleep efficiency [(TST/TIB)*100] (H, L), and slow wave
activity during the first 90-min of non-rapid eye movement sleep calculated from the C3- (I,
M) and C4- (J, N) derivations. Data are expressed as group means + SEM. * and @ p<0.05

between lighting conditions.
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