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INTRODUCTION

OCULAR EXPOSURE TO VISIBLE LIGHT HAS A RANGE 
OF NEUROBIOLOGICAL EFFECTS IN HUMANS, INCLUD-
ING RESETTING THE ENDOGENOUS CIRCADIAN pace-
maker,1 acute suppression of pineal melatonin production,2 eleva-
tion of core body temperature3 and heart rate,4,5 and stimulation 
of cortisol production in the early morning.6 Exposure to broad-
spectrum white light at night has also been shown to have acute, 
dose-dependent alerting effects, as measured by subjective sleepi-
ness ratings, improved psychomotor vigilance reaction times and 

reduced lapses, reduction of attentional failures as indicated by 
electrooculogram-derived slow rolling eye movements, and sup-
pression of theta-alpha (5-9 Hz) activity in the waking electro-
encephalogram (EEG).5,7-14 More recently, 5 hours of white-light 
exposure during the day (noon-5:00 PM) has also been shown to 
enhance alertness and performance and reduce the incidence of 
slow eye movements,15 in contrast to previous reports.8,16 
 The photoreceptor system or systems and neuroanatomic path-
ways mediating these responses are yet to be fully elucidated, 
although recent advances indicate that a novel nonrod, noncone 
photoreceptor system contributes significantly to these effects in 
nonhuman mammals.17,18 Complementary studies in humans have 
suggested that neither functional rods nor functional cones are 
required for positive melatonin-suppression responses in color-
blind subjects19 or melatonin suppression and circadian phase 
shifting in some totally blind individuals.20,21 Action spectra for 
melatonin suppression following short-duration (30- to 90-min-
ute) monochromatic light exposure22,23 or the latency of the cone-
driven electroretinogram b-wave response following light adap-
tation24 reveal a short-wavelength peak in wavelength-dependent 
sensitivity (λmax 446-483 nm) that does not match those of the 
3-cone photopic (λmax 555 nm) or rod scotopic (λmax 510 nm) vi-
sual systems, consistent with the hypothesis that a novel nonrod, 
noncone photoreceptor system mediates, at least in part, these re-
sponses, as in other mammals17,25 (λmax 472-482 nm). Similarly, 
wavelength sensitivity for photic resetting of the human circadian 
pacemaker is also blue shifted relative to the visual 3-cone phot-
opic system for both phase delay26 and phase advance27,28 shifts, 
and, recently, it has been shown that acute short-duration (2 hour) 
elevation of alertness, core body temperature, and heart rate are 
also short-wavelength sensitive.29 A novel opsin, melanopsin, is 
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present in the mammalian eye,30 including the human eye,31 and 
is present in intrinsically photosensitive retinal ganglion cells 
(ipRGC) that respond directly to light with a peak spectral sensi-
tivity in the short-wavelength range (~480 nm).32-34 Rods, cones, 
or melanopsin are not required to mediate these photic responses, 
and there are differences in the relative sensitivity to nonvisual 
effects of light in rodless/coneless animals versus melanopsin-
knockout strains, which suggest specific, nonredundant roles for 
the visual and nonvisual photoreceptor systems.17,18,35,36 Simulta-
neous removal of rods, cones, and melanopsin, however, abol-
ishes all visual and nonvisual photic responses.17,18 
 The aim of the current study was to test the wavelength-depen-
dent sensitivity of long-duration light exposure on subjective and 
objective correlates of arousal. Specifically, we aimed to test the 
hypotheses that nighttime exposure to 460-nm monochromatic 
light would preferentially reduce subjective sleepiness, decrease 
auditory reaction time, decrease auditory lapses, enhance EEG-
correlates of alertness, and increase plasma cortisol compared 
with an identical exposure to an equal photon density of 555-nm 
monochromatic light.

METHODS

Subjects and Prestudy Conditions

 We studied 16 healthy subjects (8 women; mean age ± SD = 
23.3 ± 2.4 years; range 19-27 years) in the Intensive Physiology 
Monitoring Unit of the Brigham and Women’s Hospital between 
October 2001 and June 2002. The study was approved by the Hu-
man Research Committees at Brigham and Women’s Hospital and 
Thomas Jefferson University, and subjects gave written informed 
consent prior to study. All had comprehensive physical, psycho-
logical and ophthalmologic exams, including an Ishihara color 
blindness test. For at least 3 weeks prior to entering the Intensive 
Physiology Monitoring Unit, subjects maintained a self-selected, 
constant 8-hour sleep/rest/dark schedule confirmed with calls to a 
time- and date-stamped voicemail at bedtime and wake time for 3 
weeks and with actigraphy (Actiwatch-L, Minimitter, Inc., Bend, 
OR) for at least 7 days prior to entering the unit. Subjects were 
asked to refrain from use of any prescription or nonprescription 
medications, supplements, recreational drugs, caffeine, alcohol, 
or nicotine. Compliance with these instructions was verified by 
urine and blood toxicology during screening and urine toxicology 
upon entry to the unit.

Study Protocol

 The study protocol and some study conditions have been de-
scribed elsewhere.26,37 Subjects were studied for 9 days in an 
environment free of time cues (no access to windows, clocks, 
watches, live TV, radio, internet, telephones, and newspapers and 
continually supervised by staff trained not to reveal information 
about the time of day). The schedule consisted of a 3-day baseline 
(8-hour:16-hour sleep-wake cycle based on average sleep times 
in the 7 days prior to study entry), an initial 50-hour 10-minute 
constant routine, a 16-hour light-exposure day, and a second 29-
hour 50-minute constant routine, each preceded and followed by 
an 8-hour sleep episode (Figure 1). During the constant-routine 
episodes, subjects were asked to remain awake while supervised 
in constant dim light in a semirecumbent posture, with daily nutri-
tional intake divided into hourly portions (150 mEq Na+/100 mEq 

K+ (± 20%) controlled nutrient, isocaloric [basal energy expendi-
ture x 1.3] diet, 2000 mL fluids/24 hours).
 During the first 2.5 baseline days, maximum ambient light 
during scheduled wake was 48 µW/cm2 or ~190 lux when mea-
sured vertically at a height of 187 cm and ~88 lux when measured 
horizontally (137 cm). Midway through day 3, maximum ambi-
ent light was decreased to < 2 lux (0.4 µW/cm2 or ~1.5 lux) when 
measured vertically and ~0.6 lux when measured horizontally 
and maintained at that level for the remainder of the study. Ambi-
ent light was switched off during monochromatic light exposure 
and scheduled bedrest episodes. Room 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., Coopers-
burg, PA) transmitted through a UV-stable filter (Lextran 9030 
with prismatic lens, GE Plastics, Pittsfield, MA). Routine illumi-
nance and irradiance measures were conducted using an IL1400 
radiometer/powermeter with an SEL-033/Y/W or SEL-033/F/W 
detector, respectively (International Light, Inc., Newburyport, 
MA). 
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Figure 1—Study protocol to assess the wavelength-dependent sen-
sitivity of the acute alerting effects of ocular light exposure. Study 
days are plotted on the ordinate axis and 24 hours of clock time on 
the abscissa (12:00 - 12:00 h). Following a 3-day baseline with sched-
uled sleep (black bars) timed at each subjects’ previous 7-day average 
(average bedtime ± SD = 0:07 ± 1:07 hours), subjects underwent a 
~50-hour constant routine (Days 5-6) and 8-hour recovery sleep be-
fore the light-exposure ‘day’ (Days 6-7). Subjects were exposed to 
monochromatic light for 6.5 hours, centered in the 16-hour waking 
episode between the constant routines (white bar on Days 6-7). Fol-
lowing the light-exposure ‘day,’ subjects slept for 8 hours prior to 
beginning a second constant routine (~30 h) (Days 7-8), followed by 
a further 8-hour sleep opportunity before discharge. Ambient room 
lighting during scheduled wake episodes on baseline days 1-3 was 
~190 lux maximum (white bars) until midway through the third base-
line day, when ambient lighting was maintained at < 2 lux until the 
end of the study (stippled bars). A performance battery including the 
Karolinska Sleepiness Scale (KSS), 10-minute auditory psychomo-
tor vigilance test (PVT-10A), and 3-minute (eyes open) Karolinksa 
Drowsiness Test (KDT) was completed every 60 minutes during the 
constant routines (not shown) and every 30 to 60 minutes during the 
light exposure ‘day’ ( KSS/PVT-10A/KDT;  PVT-10A only). Cor-
tisol was assayed from plasma samples taken every 20 to 30 minutes 
from 30 hours before until 12 hours after the monochromatic-light 
exposure (+).
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Monochromatic Light Exposure

 Monochromatic light exposure occurred on Day 6 (Figure 1), 
and the 6.5-hour exposure was timed to start 9.25 hours before 
respective wake time during each subjects’ baseline days, cor-
responding on average to approximately 6.75 hours before core 
body temperature minimum, a phase at which white-light expo-
sure induces robust melatonin suppression, phase-delay shifts, 
and acute alerting effects.13,37 Monochromatic light was generated 
using a 1300-W xenon arc lamp and grating monochromator and 
administered via a modified Ganzfeld source coated with 96% 
to 99% reflective paint [see reference 22 for further details]. The 
monochromatic-light wavelength was confirmed using a PR-650 
SpectraScan Colorimeter with a CR-650 cosine receptor (Photo 
Research Inc., Chatsworth, CA). Routine power measures were 
conducted using an IL1400 radiometer/powermeter with an SEL-
033/F/W detector (International Light, Inc.) and fixed at the front 
of the dome at approximate eye level using a clear plastic holder. 
 Subjects were randomly assigned to exposure to either 460-nm 
(n=8) or 555-nm (n=8) monochromatic light (±10 nm half-peak 
bandwidth). The target irradiance at the level of the eye was 10.0 
µW/cm2 and 12.1 µW/cm2 for 555 nm and 460 nm, respectively, 
generating an equal photon density of 2.8 x 1013 photons· cm-2· 
s-1 for both exposures. The measured values, averaged between 
the start and end of each 90-minute fixed-gaze episode, were 9.9 
µW/cm2 (555 nm) and 11.8 µW/cm2 (460 nm). Ninety minutes 
prior to and throughout the light exposure, subjects were seated, 
and, 15 minutes prior to exposure, a pupil dilator was adminis-
tered to each eye (ophthalmologic preparation of 0.5% cyclopen-
tolate hydrochloride, 1 drop per eye; Cyclogel, Alcon, TX), after 
which subjects wore black-out goggles until the start of the light 
exposure. During monochromatic-light exposure, subjects were 
supervised continually and asked to maintain a fixed gaze for 90 
minutes in the Ganzfeld dome before a free gaze for 10 minutes 
while remaining seated. This sequence was repeated throughout 
the exposure. During free gazes, eye level irradiance was approxi-
mately 1 µW/cm2. One individual had an extended free gaze last-
ing 40 minutes, starting 3 hours and 20 minutes into the 555-nm 
monochromatic light exposure.

Sleepiness and Performance Assessments

 Subjective sleepiness was rated using the Karolinksa Sleepiness 
Scales (KSS),38 a 9-point scale from 1—“very alert” to 9—“very 
sleepy, fighting sleep.” Subjects completed the KSS by pressing 
the appropriate number on a computer keyboard when prompted, 
except during monochromatic-light exposure when they respond-
ed verbally after having been read the identical instructions and 
options presented during the visual responses. During the light-
exposure day, the KSS was presented every 10 to 20 minutes for 
the first 90 minutes awake during a sleep-inertia test battery (data 
not included) and every 30 to 60 minutes through the 16-hour 
wake episode, including the start of the monochromatic-light ex-
posure, every subsequent hour, and immediately upon lights off. 
Performance was assessed every 30 to 90 minutes (Figure 1) using 
an auditory 10-minute psychomotor vigilance task (PVT-10A), in 
which an auditory signal was presented at random intervals (1-9 
seconds) and the subject was asked to press a button as soon as 
possible after hearing the sound. No simultaneous visual stimulus 
was presented.

Waking EEG Recordings

 Polysomnographic recordings were made continuously 
throughout the constant routine and light-exposure episodes us-
ing a portable, modular, battery-operated, ambulatory, digital 
polysomnographic recorder (Vitaport-3 digital recorder, TEMEC 
Instruments B.V., Kerkrade, The Netherlands). Recordings con-
sisted of EEG, electrooculogram, and a 2-lead electrocardiogram. 
Electrodes were positioned according to the International 10-20 
System, with linked mastoid references (Ax) used for wake re-
cordings from the z-line, Fz-Ax, Cz-Ax, Pz-Ax, and Oz-Ax. Only 
data from the Cz-Ax derivation (central position on the nasion-
inion midline) are presented in this report. All EEG signals were 
high-pass filtered (time constant: 0.33 seconds), low-pass filtered 
(-6 dB at 70 Hz, 24 dB/octave), and digitized (resolution: 12-bit, 
sampling rate: 256 Hz, storage rate: 128 Hz). The raw signals 
were stored on a Flash RAM Card (SanDisk, Sunnyvale, CA) and 
downloaded off-line. Electrode impedances were checked using 
a GRASS F-EZM4 impedance meter (Grass-Telefactor, Astro-
Med, Inc., West Warwick, RI) at the beginning and end of the 
light exposure and every 8 hours throughout the constant routine. 
Electrode impedances were documented, and electrode applica-
tions were repeated until the impedances were all < 10 kΩ. Sub-
jects were also asked to complete the Karolinska Drowsiness Test 
(KDT) hourly throughout the constant-routine and light-exposure 
episode, after completing the alertness and performance battery. 
During the KDT, subjects were instructed to relax and fixate on 
a 5-cm black dot 1-m away attached to a computer screen for 3 
minutes with their eyes open. During the monochromatic-light 
exposure, subjects were asked to focus on a 30-mm spot at the 
back of the modified Ganzfeld source approximately 20 cm from 
eye level.

Hormone Measurement

 Plasma was drawn through an indwelling cannula in a forearm 
vein and kept patent via a heparinized saline infusion (5 IU hepa-
rin/mL 0.45% NaCl, infused at 42 mL/h). Blood samples were 
transferred to ethylenediaminetetraacetic acid tubes and kept in 
ice before centrifugation (2200-2800 rpm, 2°C), pipetted into 
plastic tubes, and stored at -20°C. Plasma melatonin and cortisol 
was sampled every 30 minutes from Day 3 and every 20 minutes 
during monochromatic-light exposure. In the current analysis, 
only cortisol samples from a 48-hour episode were assayed be-
ginning 30 hours prior to onset of monochromatic light exposure, 
during light exposure, and for 12 hours after light offset (Figure 
1). Plasma was not drawn in 2 subjects during light exposure (460 
and 555 nm, respectively), and the data were therefore excluded 
from the cortisol analysis. Plasma cortisol was measured by direct 
radioimmunoassay using a technique adapted from Riad-Fahmy 
and colleagues 39 (Stockgrand, Ltd., University of Surrey, UK). 
The interassay coefficients of variation were 12.8%, 12.2%, and 
15.7% for 120.6, 622.0, and 981.8 nmol/L, respectively. Plasma or 
salivary melatonin was assayed using radioimmunoassay (ALP-
CO Diagnostics, Salem, NH). Plasma intraassay and interassay 
coefficients of variation were < 9% and < 11%, respectively, at 
1.94 and 16.59 pg/mL. Saliva intraassay and interassay coeffi-
cients of variation were < 15% and < 16%, respectively, at 1.65 
and 16.57 pg/mL.26 
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Data Analysis

 The waking EEG signals derived from Cz/Ax during the KDT 
were visually inspected, and 2-second epochs containing muscle 
artifact, eye blinks, and eye movements were discarded from fur-
ther analysis. Artifact-free 2-second epochs were subjected to 
off-line spectral analysis using a fast-Fourier transformation and 
a 10% cosine window. Data were reduced by discarding spectra 
above 20 Hz. Since absolute power density varies greatly among 
individuals, values were expressed for each subject and light con-
dition as a percentage of power density during dim light (< 2 lux) 
during an interval of equal clock time in the constant routine on 
the day prior to the light exposure. Log-transformed power densi-
ties were compared between the 460-nm and 555-nm monochro-
matic-light exposures with unpaired t-tests.
 Raw KSS ratings and performance parameters (mean and me-
dian reaction time, lapses [responses > 500-ms]) measured during 
monochromatic-light exposure (0-6.5 hours inclusive, Figure 1) 
were subjected to 2-way analysis of variance with time and wave-
length as factors (SAS Institute, Cary, NC).
 Cortisol enhancement was calculated from the percentage dif-
ference in the area under the curve (AUC), calculated using the 
trapezoidal method, between the cortisol profiles during the light 
exposure compared with the corresponding clock times during the 
previous cortisol cycle on the first constant routine, as described 
previously for analysis of melatonin suppression.26 For 1 subject 
in the 460-nm condition, cortisol AUC was expressed relative to 
the corresponding clock time 48 hours previously due to missing 
data. In addition, the 6.5-hour monochromatic-light exposure was 
divided into 4 quartiles (Q1-4): the first 3 were 100 minutes in 
duration (90 minutes fixed gaze plus 10 minutes free gaze), and 
the fourth was 90 minutes long (fixed gaze only). Cortisol AUCs 
during the quartiles of the light exposure were subjected to 2-way 
analysis of variance with time and wavelength as factors (SAS 
Institute). Due to insufficient data, 1 subject was excluded from 
the analysis of AUC for the 460-nm exposure, and 2 subjects, 1 
from each condition, were excluded from the quartile analysis. 

RESULTS

Subjective Sleepiness

 There was no significant difference in KSS ratings between the 
2 groups (460 nm, n = 8; 555 nm, n = 7) when assessed at the on-
set of light exposure (Time 0) (p > .05, unpaired t-test). As shown 
in Figure 2A, subjective sleepiness ratings remained constantly 
low throughout the 6.5-hour exposure to 460-nm monochromatic 
light and were significantly lower than during exposure to an equal 
photon density of 555-nm monochromatic light (p < .0001). There 
was no significant effect of time (p = .34) during the exposure, 
however, or between time and wavelength (p = .83). Sleepiness 
ratings were maintained at approximately the same level as during 
the light exposure for up to an 1 hour after the monochromatic ex-
posures ended, but both groups exhibited an increase in sleepiness 
after that time coincident with the circadian nadir in alertness. 

Auditory Psychomotor Vigilance Test

 There was no significant difference in the performance vari-
ables measured between the 2 groups (460 nm, n = 8; 555 nm, 
n = 7) during the first light-exposure test (Time 0) (p > .05, un-

paired t-test). As illustrated in Figure 2B, mean auditory reaction 
times were significantly faster consistently throughout during the 
6.5-hour exposure to 460-nm monochromatic light than during 
exposure to an equal photon density of 555-nm monochromatic 
light (p < .0001). There was no significant effect of time (p = .98) 
or between time and wavelength (p = .92). A similar effect was 
also observed for median auditory reaction time (data not shown) 
(wavelength, p < .001; time, p = .99; wavelength x time, p = .96). 
Auditory lapses, depicted in Figure 2C, were also significantly 
reduced during exposure to 460-nm as compared with 555-nm 
light (p < .0001) and remained at a low level (< 4 per 10-minute 

Wavelength-Dependent Effects of Light on Alertness—Lockley et al164

��
�

��
��

��
��

��
��

�
��

��
��

��
��

�
�

���
��

�
���

���
�

��
��

��
��

��
���

�
��

��
��

��
��

��
���

���
���

�
�

��
�

��
�

�
��

�
��

���
��

��
�

�
��

��
��

��
��

���
�

�
�

�
�

��
��

���
��

��
��

�
��

��
��

��
��

������������������������

Figure 2—Figure 2 shows the mean (± SEM) subjective sleepiness 
and auditory performance profiles before, during, and after exposure 
to monochromatic light for 6.5 hours. Exposure to 460-nm monochro-
matic light () significantly improved subjective sleepiness ratings 
(Figure 2A), mean auditory reaction time (Figure 2B), and auditory 
lapses of attention (Figure 2C) during the light exposure (0-6.5 h) as 
compared with subjects exposed to an equal photon density of 555-
nm monochromatic light () (p < .0001; analysis of variance).
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test) without changing through the exposure (time, p = .95; wave-
length x time, p = .85). As with subjective sleepiness ratings, the 
differences in psychomotor performance parameters persisted for 
up to an hour before converging and exhibiting a circadian-related 
deterioration.
 
Waking EEG

 Exposure to light at 460 nm resulted in frequency-specific 
changes in the waking EEG, as compared with exposure to 555 
nm (Figure 3). Specifically, during exposure to 460 nm, power 
densities in most bins in the frequency range of 0.5 to 5.5 Hz were 
reduced, and power densities in the 9.5- to 10.5-Hz range were 
increased (p < .05, unpaired t-tests) (Figure 3). 

Plasma Cortisol 

 All subjects had an elevated cortisol level in the 90 minutes 
prior to onset of light exposure compared with the correspond-
ing clock time on the previous day (range 134% to 520%, Figure 
4), which was statistically significant for both the 460-nm (mean 
percentage ± SD = 310 ± 1678%, n = 6, p < .01 paired t-test) and 
555-nm group (299 ± 95%, n = 7, p < .01).
 There was no significant difference in cortisol AUC, expressed 
as percentage of that during the first constant routine, between the 
two groups (460 nm, n = 6; 555 nm, n = 7) when assessed during 
the 90 min prior to lights on (p = .89, unpaired t-test) (Figure 4). 
There was a significant effect of time during monochromatic light 

exposure (p = .003), but no effect of wavelength (p = .58) and no 
interaction between time and wavelength for the cortisol AUC (p 
= .50; 460 nm, n = 6; 555 nm, n = 6) (Figure 4). 

Plasma Melatonin

 As we had hypothesized, exposure to 6.5 h of 460-nm mono-
chromatic light caused a significantly greater suppression of 
melatonin (87.7 ± 11.0%; n=7) compared with 555-nm mono-
chromatic light (39.1 ± 34.1%; n=8) (p = .002, one-tailed t-test).26 

Comparison of the respective AUC data showed that, across all 
subjects with complete data sets for the respective variables, a 
greater degree of melatonin suppression was positively correlated 
with lower mean (r2 = 0.36; p = .02) and median reaction time (r2 
= 0.32; p = .04), fewer lapses of attention (r2 = 0.49, p = .01)(n = 
14), and reduced subjective sleepiness ratings (r2 = 0.27, p = .06) 
(n = 14). Of the EEG frequency ranges that differed between the 
460-nm and 555-nm monochromatic exposures (0.5-5.5 Hz and 
9.5-10.5 Hz), there was a significant negative correlation between 
the percentage of melatonin suppression and the percentage in-
crease in delta-theta frequencies (0.5-5.5 Hz) during the light ex-
posure (r2 = 0.36, p < .05) but no relationship between melatonin 
suppression and high-alpha frequency (9.5-10.5 Hz) elevation (r2 
= 0.07, p = .34) (n = 15). There was also no correlation between 
the percentage of melatonin suppression and percentage of corti-
sol enhancement (r2 = 0.08, p = .34) (n = 14). 

DISCUSSION

 Exposure to 460-nm monochromatic light for 6.5 hours during 
the biological night significantly decreased subjective sleepiness, 
improved auditory performance, decreased waking EEG power 
density in the delta-theta frequency range, and increased power 
density in the high-frequency alpha range, compared with expo-
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Figure 3—Electroencephalogram (EEG) power density mean (+ 
SEM) during exposure to an equal photon density of either 460-nm 
(, n=8) or 555-nm (, n=8) monochromatic light for 6.5 hours dur-
ing the biological night. EEG power densities were measured dur-
ing Karolinksa Drowsiness Test (KDT) episodes, completed every 60 
minutes during the monochromatic light exposure. Data are expressed 
as a percentage of the power density during exposure to continuous 
dim white light (< 2 lux) for corresponding clock times on the first 
day of the 50-hour constant routine (i.e., baseline, dotted line). Dif-
ferences between 460-nm and 555-nm exposures in individual 0.5-Hz 
frequency bins are indicated by filled triangles (p < .05; unpaired t-
test). Deviations from baseline (p < .05; paired t-tests) were found for 
the 460-nm condition at 5.5 Hz, 7.5 Hz, 9.5-11 Hz, and 12.5-13 Hz 
and for the 555-nm condition at 1.5-4.0 Hz, and 12.5-13.0 Hz.
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Figure 4—The mean (+ SEM) cortisol area under the curve (AUC), 
before and during exposure to monochromatic light for 6.5 hours, is 
shown. Data are expressed as a percentage of the AUC during expo-
sure to continuous dim white light (< 2 lux) for corresponding clock 
times on the previous day (dotted line). There was no difference in 
cortisol AUC between exposure to 460-nm monochromatic light (; 
n=6) and exposure to an equal photon density of 555-nm monochro-
matic light (; n=7). Both groups showed a 3-fold increase in corti-
sol in the 90 minutes prior to experimental light exposure, compared 
with the corresponding time on the previous day.
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sure to an equal photon density of 555-nm monochromatic light. 
Our findings indicate that the acute alerting effects of ocular light 
exposure are wavelength dependent and exhibit greater sensitivity 
to short wavelengths in the visible spectrum. We did not, how-
ever, detect a corresponding wavelength-dependent increase in 
plasma cortisol levels during light exposure under these experi-
mental conditions. 
 The previous studies that have assessed the acute alerting role 
of white light have not addressed the photobiological processes 
mediating this effect: One aim of this study was to establish the 
wavelength-dependent sensitivity of these photic responses as a 
first step in that process. Since a greater response was elicited fol-
lowing exposure to an equal number of photons of 460-nm light, 
as compared with 555-nm light, the current study demonstrates 
that the photoreceptor or photoreceptors mediating the acute ef-
fects of light on subjective and objective correlates of alertness 
are blue shifted relative to the visual photopic system. Although 
460-nm light was more effective at improving alertness and per-
formance, it appears that the long-duration 555-nm light expo-
sure may have had some effect but at a reduced magnitude, as 
indicated by the rapid deterioration in fatigue an hour after the 
monochromatic exposures ended (> 6.5 hours; Figure 2). This 
finding is not consistent with those of Cajochen and colleagues,29 
who were unable to detect a difference in subjective sleepiness 
between subjects exposed to 550-nm light for 2 hours versus a 
no-light control. If confirmed, our observation would suggest that 
the cones may contribute in some part to the acute alerting effects 
of light, as suggested for circadian-phase resetting and melatonin-
suppression responses.26 
 The neurophysiology that mediates the capacity of light to en-
hance alertness is not fully understood. It is known that intrinsi-
cally photosensitive retinal ganglion cells project to a range of 
targets, including the suprachiasmatic nuclei, subparaventricular 
zone, and the pretectal area that are implicated in mediating non-
image-forming responses, such as phase shifting and pupillary 
reflex response.40-42 Furthermore, these cells also project directly 
to the ventrolateral preoptic area,42 a hypothalamic nucleus lateral 
to the optic chiasm and rostral to the suprachiasmatic nuclei that 
also receives secondary afferents from the suprachiasmatic nu-
clei, subparaventricular zone, and dorsomedial hypothalamus.42,43 

Ventrolateral preoptic area efferents inhibit the ascending arousal 
system and may therefore mediate transitions between sleep and 
wake states.44 Direct photic input to this nucleus may therefore 
alter ventrolateral preoptic area activity and waking arousal lev-
els.42 
 An alternate hypothesis suggests that the acute alerting effects 
of light exposure reduces sleepiness indirectly through acute sup-
pression of melatonin, a hormone closely associated with endog-
enous sleep propensity and increases in sleepiness if taken exog-
enously.45-47 In the current study, increased melatonin suppression 
was associated with greater arousal, as indicated by reduced sleep-
iness, improved performance, and a reduction in EEG delta-theta 
power (0.5-5.5 Hz). The dose-dependent function for melatonin 
suppression and the acute alerting effects of light are also highly 
correlated for white-light exposure.13 This theory, however, can-
not explain the recent observation of light-induced performance 
improvements in the daytime,15 when circulating levels of mela-
tonin are undetectable. 
 Previous studies that have measured the acute effects of white-
light exposure on EEG power density analysis have shown the 

major effect to be a suppression of activity in the theta-alpha 
range (5-9 Hz).13 EEG power density in the delta and theta fre-
quency ranges is influenced by both circadian and homeostatic 
processes.48-51 In the present study, subjects had only one 8-hour 
sleep opportunity within the 48 hours prior to the experimental 
light exposure and, thus, were expected to be under higher ho-
meostatic sleep pressure, as compared with the dim-light condi-
tion during the corresponding clock time in the first half of the 
first constant routine that served as the reference and before 
which subjects had two 8-hour sleep opportunities in the prior 48 
hours. The anticipated difference in sleep pressure between these 
conditions can explain the increase of EEG power density in the 
delta-theta frequencies relative to baseline observed in the 555-
nm condition (Figure 3). Consequently, the suppression of power 
density in this frequency range by short-wavelength light appears 
to be mediated, at least in part, by an opposition of sleep homeo-
static mechanisms. High-frequency alpha activity (9.25-12.0 Hz), 
by contrast, does not exhibit a powerful sleep-wake-dependent 
(i.e., homeostatic) component.49 Furthermore, given that it has 
previously been shown to correlate negatively with the circadian 
changes in subjective sleepiness and circulating plasma mela-
tonin levels,49 high-frequency alpha activity has been proposed 
as a specific marker of the endogenous circadian drive for alert-
ness.49 Our current study showed that short-wavelength light se-
lectively enhanced high-frequency alpha activity, compared with 
555-nm light, suggesting that the effects of light might be me-
diated through inhibition of the circadian drive for sleep during 
the biological night. Whether this inhibition is achieved through 
suppression of melatonin and/or direct inhibition of the circa-
dian drive for sleep emanating from the suprachiasmatic nuclei 
remains to be determined. Our current data did not demonstrate 
a strong positive association between EEG high-alpha power and 
melatonin suppression but did show a correlation between low 
melatonin levels and low delta-theta power. This latter finding 
indicates that the effects of increased homeostatic sleep pressure 
are weakened by the degree of melatonin suppression and that 
sleep pressure and melatonin may use a final common pathway 
in influencing delta-theta activity in the waking EEG. As these 
data must be considered preliminary given the limited dynamic 
range of responses to the single photon density and 2 wavelengths 
employed in this experiment, further investigation is warranted 
to test whether melatonin has a direct role in mediating alertness 
during the biological night and whether additional and/or redun-
dant mechanisms exist that mediate the alerting effects of light 
during the biological day.
 The differentiation observed in the wavelength dependence of 
the direct effects of light on EEG power density may have a neu-
roanatomic basis. For example, a complex network may exist with 
specific wavelengths preferentially stimulating different photore-
ceptor systems that project primarily to separate arousal systems. 
Altered spectral sensitivity for different nonvisual responses to 
light has been observed29 and is indicated by the range of differ-
entiation in projections from melanopsin-containing retinal gan-
glion cells to brain regions mediating such nonvisual responses.42 
Taken together, however, the present results indicate that the ef-
fects of short-wavelength light on EEG markers of alertness and 
arousal are mediated through interactions with both homeostatic 
and circadian processes.
 The effects of light on the spectral composition of the wak-
ing EEG are of particular relevance for the understanding of how 
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light exposure affects neurobehavioral performance. Previously, 
it was shown that minute-by-minute fluctuations on an auditory 
detection performance task were correlated with concomitant 
changes in the waking EEG, with a reduction in auditory lapses 
associated with reduced power in the delta-theta range (4-5 Hz), 
and elevated power in the high-alpha (10-11 Hz) range in the Cz 
derivation.52 We also showed that increased arousal, including im-
proved auditory reaction time and reduced auditory lapses, was 
associated with reductions in delta-theta power and an increase 
in high-alpha power. Thus, the spontaneous minute-by-minute 
changes associated with improved auditory performance and the 
sustained changes induced by short-wavelength light both appear 
to arise from changes in brain mechanisms controlling central 
arousal, alertness, and performance. 
 We found no significant difference in cortisol levels during 
the 460-nm and 555-nm light exposures. The elevation of cor-
tisol prior to monochromatic light exposure may have been due 
to subjects’ anticipation of the extended novel experimental in-
tervention53 (Figure 4). This increase in general arousal of the 
hypothalamic-pituitary-adrenal axis, however, was not reflected 
in a parallel increase in performance. Light-induced elevation of 
cortisol has only been observed previously during morning light 
exposure and can vary with experimental conditions,54 and, there-
fore, the effect may be time-of-day and setting dependent.6,55,56 
Future protocols to assess the wavelength sensitivity for light-in-
duced elevation of cortisol will need to address such experimental 
confounds. 
 Our findings suggest that long-duration short-wavelength light 
exposure is an effective potential countermeasure for fatigue and 
performance decrements, particularly during the biological night. 
Routine tasks that require sustained vigilance are most likely to 
be enhanced by exposure to short-wavelength-enriched light, for 
example, prolonged driving or extended safety monitoring (e.g., 
air-traffic controllers, airport baggage inspectors). Given, how-
ever, that short-wavelength light is a highly effective wavelength 
for phase-shifting the circadian pacemaker, suppressing melato-
nin, and activating the autonomic nervous system,26,28,29 utilization 
or avoidance of such light exposure requires careful consideration 
and must be incorporated appropriately into schedules to ensure 
that the other effects of light do not result in undesirable side ef-
fects. The blue shift in spectral sensitivity of these responses rela-
tive to the visual photopic system also means that standard light-
measurement techniques and equipment that utilizee a photopic 
weighting for illuminance measures (lux) are inappropriate when 
calculating effective exposures for nonvisual effects of light. 
Architects and lighting engineers will need to evaluate both the 
visual and neurobiological impact of light exposure when design-
ing the interaction between natural and artificial light exposure in 
work and home environments.
 In summary, we have demonstrated that short-wavelength light 
is more effective at stimulating subjective and objective correlates 
of alertness and performance, similar to other effects of light such 
as circadian phase shifting and melatonin suppression. The results 
suggest that conventional visual photoreception is not the major 
mediator of these responses.

ACKNOWLEDGEMENTS

 The authors thank Shantha M.W. Rajaratnam, PhD, for his 
thoughtful comments on the manuscript; Joshua J. Gooley and 

Kurt A. Smith for assistance in conducting the studies; KC Malvey 
and Conor O’Brien for subject recruitment; Elizabeth B. Kler-
man, MD, PhD, for medical supervision; the technical, dietary 
and laboratory staff, nurses and physicians at the General Clini-
cal Research Center and Division of Sleep Medicine, Brigham 
and Women’s Hospital; Ralph Todesco (Brigham and Women’s 
Hospital), John P. Hanifin and William Coyle (Thomas Jefferson 
University), Ron Kovak and Jon Cooke (Photon Technology Inc., 
Lawrenceville, NJ) for technical support of the monochromatic 
light equipment; and Marina Tsaoussoglou and Benita Middle-
ton, PhD, Stockgrand Ltd., University of Surrey, UK, for cor-
tisol assays. This work was supported by the National Institute 
of Neurological Disorders and Stroke (R01 NS36590 Brainard), 
the National Institute of Mental Health (2R01 MH45130-11A1 
Czeisler), the National Center for Complimentary and Alterna-
tive Medicine (R01 AT002129 Czeisler) and NASA Co-opera-
tive Agreement NCC9-58 with the National Space Biomedical 
Research Institute (Brainard and Czeisler). The study was per-
formed in a General Clinical Research Center supported by the 
National Center for Research Resources (M01-RR02635 Wil-
liams). SWL was supported by a fellowship from The Wellcome 
Trust (060018/B/99/Z).

REFERENCES

1.  Czeisler CA, Allan JS, Strogatz SH et al. Bright light resets the hu-
man circadian pacemaker independent of the timing of the sleep-
wake cycle. Science 1986;233:667-71.

2.  Lewy AJ, Wehr TA, Goodwin FK, Newsome DA, Markey SP. Light 
suppresses melatonin secretion in humans. Science 1980;210:1267-
9.

3.  Dijk D-J, Cajochen C, Borbély AA. Effect of a single 3-hour expo-
sure to bright light on core body temperature and sleep in humans. 
Neurosci Lett 1991;121:59-62.

4.  Scheer FAJL, van Doornen LJP, Buijs RM. Light and diurnal cycle 
affect human heart rate: possible role for the circadian pacemaker. J 
Biol Rhythms 1999;14:202-12.

5.  Burgess HJ, Sletten T, Savic N, Gilbert SS, Dawson D. Effects of 
bright light and melatonin on sleep propensity, temperature, and 
cardiac activity at night. J Appl Physiol 2001;91:1214-22.

6.  Scheer FAJL, Buijs RM. Light affects morning salivary cortisol in 
humans. J Clin Endocrinol Metab 1999; 84:3395-8.

7.  Campbell SS, Dawson D. Enhancement of nighttime alertness 
and performance with bright ambient light. Physiol Behav 1990; 
48:317-20.

8.  Badia P, Myers B, Boecker M, Culpepper J, Harsch JR. Bright light 
effects on body temperature, alertness, EEG and behavior. Physiol 
Behav 1991; 50:583-8.

9.  Daurat A, Aguirre A, Foret J, Gonnet P, Keromes A, Benoit O. 
Bright light affects alertness and performance rhythms during a 24-
h constant routine. Physiol Behav 1993; 53:929-36.

10.  Myers BL, Badia P. Immediate effects of different light intensities 
on body temperature and alertness. Physiol Behav 1993; 54:199-
202.

11.  Campbell SS, Dijk D-J, Boulos Z, Eastman CI, Lewy AJ, Terman 
M. Light treatment for sleep disorders: Consensus Report. III. Alert-
ing and activating effects. J Biol Rhythms 1995; 10:129-32.

12.  Wright Jr. KP, Badia P, Myers BL, Plenzler SC. Combination of 
bright light and caffeine as a countermeasure for impaired alertness 
and performance during extended sleep deprivation. J Sleep Res 
1997; 6:26-35.

13.  Cajochen C, Zeitzer JM, Czeisler CA, Dijk D-J. Dose-response re-
lationship for light intensity and ocular and electroencephalographic 
correlates of human alertness. Behav Brain Res 2000;115:75-83.

Wavelength-Dependent Effects of Light on Alertness—Lockley et al167



SLEEP, Vol. 29, No. 2, 2006

14.  Lavoie S, Paquet J, Selmaoui B, Rufiange M, Dumont M. Vigilance 
levels during and after bright light exposure in the first half of the 
night. Chronobiol Int 2003;20:1019-38.

15.  Phipps-Nelson J, Redman JR, Dijk D-J, Rajaratnam SM. Day-
time exposure to bright light, as compared to dim light, decreases 
sleepiness and improves psychomotor vigilance performance. Sleep 
2003;26:695-700.

16.  Lafrance C, Dumont M, Lesperance P, Lambert C. Daytime vigi-
lance after morning bright light exposure in volunteers subjected to 
sleep restriction. Physiol Behav 1998;63:803-10.

17.  Hattar S, Lucas RJ, Mrosovsky N et al. Melanopsin and rod-cone 
photoreceptive systems account for all major accessory visual func-
tions in mice. Nature 2003; 424:75-81.

18.  Panda S, Provencio I, Tu DC et al. Melanopsin is required for non-im-
age-forming photic responses in blind mice. Science 2003;301:525-
7.

19.  Ruberg FL, Skene DJ, Hanifin JP et al. Melatonin regulation in 
humans with color vision deficiencies. J Clin Endocrinol Metab 
1996;81:2980-5.

20.  Czeisler CA, Shanahan TL, Klerman EB et al. Suppression of mela-
tonin secretion in some blind patients by exposure to bright light. N 
Engl J Med 1995;332:6-11.

21.  Klerman EB, Shanahan TL, Brotman DJ et al. Photic resetting of 
the human circadian pacemaker in the absence of conscious vision. 
J Biol Rhythms 2002;17:548-55.

22.  Brainard GC, Hanifin JP, Greeson JM et al. Action spectrum for 
melatonin regulation in humans: Evidence for a novel circadian 
photoreceptor. J Neurosci 2001; 21:6405-12.

23.  Thapan K, Arendt J, Skene DJ. An action spectrum for melatonin 
suppression: Evidence for a novel non-rod, non-cone photoreceptor 
system in humans. J Physiol Lond 2001; 535:261-7.

24.  Hankins MW, Lucas RJ. The primary visual pathway in humans is 
regulated according to long-term light exposure through the action 
of a nonclassical photopigment. Curr Biol 2002; 12:191-8.

25.  Lucas RJ, Douglas RH, Foster RG. Characterization of an ocular 
photopigment capable of driving pupillary constriction in mice. Na-
ture Neurosci 2001;4:621-6.

26.  Lockley SW, Brainard GC, Czeisler CA. High sensitivity of the hu-
man circadian melatonin rhythm to resetting by short wavelength 
light. J Clin Endocrinol Metab 2003;88:4502-5.

27.  Warman VL, Dijk D-J, Warman GR, Arendt J, Skene DJ. Phase 
advancing human circadian rhythms with short wavelength light. 
Neurosci Lett 2003;342:37-40.

28.  Revell VL, Arendt J, Terman M, Skene DJ. Short-wavelength sen-
sitivity of the human circadian system to phase-advancing light. J 
Biol Rhythms 2005;20:270-2.

29.  Cajochen C, Munch M, Kobialka S, et al. High sensitivity of human 
melatonin, alertness, thermoregulation, and heart rate to short wave-
length light. J Clin Endocrinol Metab 2005;90:1311-6.

30.  Provencio I, Jiang G, De Grip WJ, Hayes WP, Rollag MD. Mela-
nopsin: an opsin in melanophores, brain and eye. Proc Natl Acad Sci 
USA 1998;95:340-5. 

31.  Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, Rol-
lag MD. A novel human opsin in the inner retina. J Neurosci 
2000;20:600-5.

32.  Berson DM, Dunn FA, Takao M. Phototransduction by retinal gan-
glion cells that set the circadian clock. Science 2002;295:1070-3.

33.  Dacey DM, Liao HW, Peterson BB et al. Melanopsin-expressing 
ganglion cells in primate retina signal colour and irradiance and 
project to the LGN. Nature 2005;433:749-54.

34.  Sekaran S, Foster RG, Lucas RJ, Hankins MW. Calcium imaging re-
veals a network of intrinsically light-sensitive inner-retinal neurons. 
Curr Biol 2003;13:1290-8.

35.  Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, Yau K-W. 
Diminished pupillary light reflex at high irradiance in melanopsin-
knockout mice. Science 2003;299:245-7.

36.  Mrosovsky N, Hattar S. Impaired masking responses to light in 

melanopsin-knockout mice. Chronobiol Int 2003;20:989-99.
37.  Zeitzer JM, Dijk D-J, Kronauer RE, Brown EN, Czeisler CA. Sensi-

tivity of the human circadian pacemaker to nocturnal light: Melato-
nin phase resetting and suppression. J Physiol Lond 2000;526:695-
702.

38.  Akerstedt T, Gillberg M. Subjective and objective sleepiness in the 
active individual. Int J Neurosci 1990;52:29-37.

39.  Riad-Fahmy D, Read GF, Gaskell SJ, Dyas J, Hindawi R. A sim-
ple, direct radioimmunoassay for plasma cortisol, featuring a 125I 
radioligand and a solid-phase separation technique. Clin Chem 
1979;25:665-8.

40.  Gooley JJ, Lu J, Chou TC, Scammell TE, Saper CB. Melanopsin 
in cells of origin of the retinohypothalamic tract. Nature Neurosci 
2001;4:1165. 

41.  Hattar S, Liao H-W, Takao M, Berson DM, Yau K-W. Melanop-
sin-containing retinal ganglion cells: architecture, projections, and 
intrinsic photosensitivity. Science 2002;295:1065-70.

42.  Gooley JJ, Lu J, Fischer D, Saper CB. A broad role for melanopsin 
in nonvisual photoreception. J Neurosci 2003;23:7093-106.

43. Chou TC, Bjorkum AA, Gaus SE, Lu J, Scammell TE, Saper 
CB. Afferents to the ventrolateral preoptic nucleus. J Neurosci 
2002;22:977-90.

44.  Saper CB, Chou TC, Scammell T. The sleep switch: hypothalamic 
control of sleep and wakefulness. Trends Neurosci 2001;24:726-
31.

45.  Dollins AB, Zhdanova IV, Wurtman RJ, Lynch HJ, Deng MH. Ef-
fect of inducing nocturnal serum melatonin concentrations in day-
time on sleep, mood, body temperature, and performance. Proc Natl 
Acad Sci USA 1994;9:1824-8.

46.  Hughes RJ, Badia P. Sleep-promoting and hypothermic effects of 
daytime melatonin administration in humans. Sleep 1997;20:124-
31.

47.  Cajochen C, Kräuchi K, Wirz-Justice A. Role of melatonin in the 
regulation of human circadian rhythms and sleep. J Neuroendocri-
nol 2003;15:432-7.

48.  Aeschbach D, Matthews JR, Postolache TT, Jackson MA, Giesen 
HA, Wehr TA. Dynamics of the human EEG during prolonged 
wakefulness: evidence for frequency-specific circadian and homeo-
static influences. Neurosci Lett 1997;239:121-4.

49.  Aeschbach D, Matthews JR, Postolache TT, Jackson MA, Giesen 
HA, Wehr TA. Two circadian rhythms in the human electroencepha-
logram during wakefulness. Am J Physiol 1999;277:R1771-9.

50.  Aeschbach D, Postolache TT, Sher L, Matthews JR, Jackson MA, 
Wehr TA. Evidence from the waking electroencephalogram that 
short sleepers live under higher homeostatic sleep pressure than 
long sleepers. Neurosci 2001;102:493-502.

51.  Cajochen C, Wyatt JK, Czeisler CA, Dijk D-J. Separation of circa-
dian and wake duration-dependent modulation of EEG activation 
during wakefulness. Neurosci 2002; 114:1047-60.

52.  Makeig S, Jung TP. Changes in alertness are a principal component 
of variance in the EEG spectrum. Neuroreport 1995;7:213-6.

53.  Czeisler CA, Moore-Ede MC, Regestein QR, Kisch ES, Fang VS, 
Ehrlich EN. Episodic 24-hour cortisol secretory patterns in pa-
tients awaiting elective cardiac surgery. J Clin Endocrinol Metab 
1976;42:273-83.

54.  Scheer FAJL, Van Paassen B, Van Montfrans GA et al. Human basal 
cortisol levels are increased in hospital compared to home setting. 
Neurosci Lett 2002;333:79-82.

55.  Weitzman ED, Nogeire C, Perlow M et al. Effects of a prolonged 
3-hour sleep-wake cycle on sleep stages, plasma cortisol, growth 
hormone, and body temperature in man. J Clin Endocrinol Metab 
1974;38:1018-30.

56.  Leproult R, Colecchia EF, L‘Hermite-Baleriaux M, Van Cauter 
E. Transition from dim to bright light in the morning induces an 
immediate elevation of cortisol levels. J Clin Endocrinol Metab 
2001;86:151-7.

Wavelength-Dependent Effects of Light on Alertness—Lockley et al168




