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Abstract: Disrupting sleepiness and fatigue during the post-lunch dip by environmental factors 
may result in a decrease in human errors and accidents, and enhance job performance. Recent 
studies have shown that both red white light as well as blue white light can have a positive effect 
on human alertness and mental functioning. In the present study, the light intervention was evalu-
ated for its effectiveness on alleviating the post-lunch dip. Twenty healthy volunteers experienced 
117 min of four light conditions preceded by a 13-min initial dim light while performing a continu-
ous performance test (CPT) and undergoing recording of the electroencephalogram (EEG): blue-
enriched white light (12,000 K, 500 lx, BWL), red saturated white light (2,700 K, 500 lx, RWL), 
normal white light (4,000 K, 500 lx, NWL), and dim light (<5 lx, DL) conditions. Other outcome 
measures were subjective sleepiness, mood, and performance tests (working memory, divided atten-
tion, and inhibitory capacity). We found that exposure to both BWL and RWL conditions decreased 
the lower alpha-band power compared to the NWL and DL conditions. No significant differences 
were observed in subjective sleepiness and mental performance during sustained attention, work-
ing memory, and inhibitory capacity tasks between NWL, RWL, and BWL conditions. The present 
findings suggest that both RWL and BWL, compared to NWL condition, can improve the physi-
ological correlates of alertness in EEG measurements. However, these changes did not translate to 
improvements in task performance and subjective alertness.
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Introduction

Most people experience a significant reduction in alert-
ness and concentration and an increase in sleepiness and 
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fatigue during the midafternoon hours (between 14:00 and 
16:00 pm) that is called a post-lunch dip1). The circadian 
rhythms for daytime alertness are not sufficiently strong 
to counteract the increased sleepiness during this spe-
cific time2, 3). A reduction in alertness during this period 
may lead to poor judgment and increased human error, 
resulting in an increase in the accident rate and reduced 
performance in the workplace4). Therefore, disrupting this 
decline in alertness by an environmental factor is expected 
to lead to improve safety and performance.

Light can have an acute effect on brain activity, as 
well as physiological, psychological and neurobehavioral 
responses and task performance5–7). Some studies have 
shown that exposure to short wavelength light (blue) has 
a potential for improving alertness and performance8–10). 
Recent studies indicated that long wavelength (red) or 
red saturated white light could improve subjective and 
objective measures of alertness during the night and day-
time11–13). Furthermore, red lights provide stronger stimuli 
for alertness compared with short wavelength blue light 
during the midafternoon hours14). It is important to note 
that the use of monochromatic light in everyday life and 
work settings is not applicable5). Also, an increased pro-
portion of blue wavelengths in polychromatic white light 
leads to an increase in the correlated color temperature 
(CCT), known as blue-enriched white light15). Also, an in-
creased proportion of red wavelengths leads to a decrease 
in CCT called low CCT, warm light, or red saturated white 
light13).

Sahin et al. reported that red saturated white light en-
hanced alertness during the middle of the afternoon com-
pared to dim lighting13). However, they did not compare 
blue-enriched white light with red saturated white light. 
Also, Baek and Min showed that exposure to blue-en-
riched white light significantly decreased alpha brainwave 
power and increased alertness and performance compared 
to white light during the post-lunch dip period5). However, 
the effect of red saturated white light was not investigated 
in their study.

The question is still open as to whether exposure to red 
saturated polychromatic white light and conforming to the 
commonly experienced illumination levels for the daytime 
work environment (500 lx on the desk) have a positive im-
pact on alertness and performance during the midafternoon 
(post-lunch) hours. Focusing on this question, a simulated 
workplace environment was designed and by imposing 
activities such as perception, attention, and memory on 
participants, their mental state became similar to the time 
when they were in the actual environment5). Importantly, 

the measured effects of light may depend on the type of 
output measures such as self-report questionnaires (subjec-
tive measures) and objective measures (electroencepha-
logram (EEG) and performance tests)16). Thus a multi-
measure approach was applied to investigate these potential 
effects of light in the current study. The main purpose of 
the present study was to investigate whether exposure to 
red saturated white light (RWL) compared to blue-enriched 
light (BWL), normal white light (NWL), and dim light (DL) 
conditions (control) could have any effect on alertness, 
mood, and performance during the post-lunch dip period. 
We hypothesized that exposure to RWL and BWL light 
conditions would enhance the alertness, mood, and mental 
performance and additionally decrease subjective sleepi-
ness compared to NWL and DL conditions.

Materials and Methods

Participants
In this study, 20 healthy paid volunteers (male; mean ± 

SD age; 27.65 ± 3.65 yr) were recruited and followed the 
experimental protocol. All participants were nonsmokers 
and free from any health problems (physical, psychologi-
cal or sleep disorders) and were not taking any medica-
tion. No participants had a history of eye disease and color 
blindness based on the Ishihara test (Kanehara Shupman 
Co., Tokyo, Japan). Volunteers with a good sleep quality 
(PSQI score <5) according to Pittsburgh sleep quality in-
dex17) without extreme early or extreme late chronotype18) 
who had a regular sleep-wake state (bedtimes 22:00 and 
24:00 pm and wake up between 07:00 and 08:00 am) were 
included in the study. Besides, subjects filled out sleep/
wake log, beginning one week before the onset of the 
investigation and were asked to keep a regular sleep/wake 
state during the study. The estimated marginal means 
(EMM) and standard errors (SE) of the average sleep dura-
tion (hour) were 7.061 ± 0.04 for BWL, 7.096 ± 0.025 for 
NWL, 7.047 ± 0.04 for RWL, and 7.079 ± 0.026 for the 
DL condition. No significant difference was observed in 
the average sleep duration in the week before the experi-
ment between the light conditions (p>0.05). We excluded 
participants if they had traveled to a different time zone 
or experienced shift-work during the three months prior 
to the experiment session. The participants were asked 
to sleep between 22:00 and 23:00 pm at night before the 
experiment and not to wake up later than 07:30 am. Also, 
they were asked to avoid napping on the day of the ex-
periment to ensure that measurements were made during 
post-lunch dip period that usually occurs 16 to 18 h after 
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bedtime between 14:00 and 16:00 pm1). All participants 
had eaten 60 to 90 min before the experiment. Participants 
were asked to avoid drinking caffeine and alcohol 12 h 
before the experiment. The Ethics Committee at Hamadan 
University of Medical Sciences approved the current study 
and the participants signed an informed written consent.

Study design and procedures
This study used a repeated-measure design and the 

participants were exposed to four lighting conditions in 
a counterbalanced order, separated by one week. Each 
participant was first exposed to a 13-min period of dim 
light (<5 lx at eye level from a 3,520 K compacted fluo-
rescent lamp) followed by a different light condition each 
week: a dim light condition (DL, <5 lx at eye level from a 
3520 K compact fluorescent lamp), or 500 lx illumination 
level on the desk level from a blue-enriched white light 
(BWL, CCT=12,000 K,), a red saturated white light (RWL, 
CCT=2,700 K), or a normal white light condition (NWL, 
CCT=4,000 K). In each lighting condition, after the initial 
dim period (baseline), the light source was turned on and 
the experiment started. Each experiment lasted for approx-
imately 130 min. It should be noted that the light setting 
(500 lx) was selected in accordance with the norms for 
office environments19). Participants were asked to come 
to the laboratory about 13:00 pm to receive instructions 
and to be fitted with EEG electrodes. During this prepara-
tion period, they were kept seated in a dim room (<5 lx 
at eye level). The experiment started at 13:50 pm and 
the participants completed seven repeated sequences that 
included a continuous performance task (~8 min) followed 
by an EEG (3 min). After removing the EEG electrodes, 
the participants performed Go/No-Go, 2-back and divided 

attention tasks in a sequential order. The experimental set-
up is presented in Fig. 1.

Routine daily activities usually need constant alertness 
and a minimal mental effort to remain alert. Therefore, in 
the current study, by imposing a sustained attention task 
(continuous performance test)20) on the participants, their 
mental state became similar to that in the actual workplace 
environment5). Sustained attention means the capability 
to focus on a task for an extended period of time21). Given 
that the alpha wave activity is related to the sustained at-
tention task22), the focus of our analysis was on EEG alpha 
wave activity.

Lighting settings
The study was conducted in an air-conditioned simu-

lated office environment room with an area of 19 m2. 
No daylight entered the experimental environment. The 
subjects sat behind a desk most of the time, making their 
position almost fixed in the experimental setting. They 
were also asked to keep their eyes open during the experi-
ment.

The experiment room was lit with dimmable fluores-
cent light sources including seven ceiling tubes (Philips, 
MASTER TL-D Super 80 36W/840 and 36W/827, 
nominal CCT=4,000 K and 2,700 K), and 22 ceiling tubes 
(Philips, TL-D Snow White 18W, CCT=12,000 K). Each 
light group source had an independent circuit and control 
switch. Commercial lamps were intentionally applied to 
create a factual experimental lighting environment. Il-
luminance measures demonstrated illuminance uniformity 
(Emin/Eave) of at least 0.8 that reflected the homogeneity 
of illuminance in the experiment room.

The vertical illuminance (1.2 m from the floor) and 

Fig. 1.   The experimental setup. The protocol consisted of collecting Continuous performance test (CPT), Karolinska Sleepiness 
Scale (KSS), Visual Analog Mood Scales (VAMS), electroencephalogram (EEG), and mental performance task. EEG0 that present 
the data recorded during the initial dim period were used as a baseline. BWL: blue-enriched white light; RWL: red saturated white 
light; NWL: normal white light; DL: dim light.
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horizontal illuminance level (0.75 m above the floor at the 
work area) of each light condition was measured using an 
illuminance meter (Hagner, model E2, Solna, Sweden). 
Mean horizontal illuminance level at work area was 
516.5 lx (SD=13 lx). The mean luminance in the partici-
pants’ field of view (1.2 m from the floor) was also mea-
sured by a luminance meter (Hagner Screen Master, Solna, 
Sweden). The mean of luminance was 41 ± 2.36 Cd/m2 
and none of the light sources were in the direct view of 
the participants. Next, the actual CCT, Color Rendering 
Index, and chromaticity coordinates were measured at eye 
level using a spectrometer (C7000 SpectroMaster, Sekonic 
Corp., Tokyo, Japan). Technical details, photometric 
values, and spectral power distribution (at eye level) are 
shown in Table 1 and Fig. 2. The supplementary materials 

proposed by Lucas et al.23) were applied to calculate pho-
tometric values.

Continuous performance test
Continuous performance test (CPT) is a standardized 

computer test that is used for the assessment of sustained 
attention over the course of time20). The present test 
(~8 min) reflected a demonstration of a randomly varying 
single number stimuli (0–9) shown on a monitor screen 
for 500 milliseconds (ms), with a 1,000 ms time interval 
between consecutive stimuli. The study subjects were 
trained to react with their dominant hand immediately 
when a target stimulus (‘4’) appeared by pressing the 
spacebar button on a keyboard in front of them. A random-
ized stimulus demonstration was applied for each experi-

Table 1.   Technical details and photometric values for BWL, RWL, and NWL light conditions

Variable BWL RWL NWL

Nominal correlated color temperature (K) 12,000 2,700 4,000
Actual correlated color temperature (K) 9,733 2,564 3,730
Color Rendering Index (CRI Ra) 83 81.9 82.9
Chromaticity coordinates (x,y) 1931 CIE chromaticity coordinates 0.281, 0.2926 0.4831, 0.4327 0.395, 0.3899
Photopic illuminance (lx) 317 333 332
Cyanopic lx (α-opic lx) 469 73 180
Melanopic lx (α-opic lx) 388 115 195
Rhodopic lx (α-opic lx) 371 169 236
Chloropic lx (α-opic lx) 345 259 291
Erythropic lx (α-opic lx) 314 326 319
Photon flx (photons/cm2.s) 3.18 × 1014 2.7 × 1014 2.7 × 1014

Irradiance (µW/cm2) 121 92 96

BWL: blue-enriched white light; RWL: red saturated white light; NWL: normal white light.

Fig. 2.   Spectral power distribution measured at eye level in the BWL, NWL, and RWL conditions.
BWL: blue-enriched white light; NWL: normal white light; RWL: red saturated white light.



EFFECTS OF LIGHT ON ALERTNESS AND MENTAL PERFORMANCE 515

ment to prevent learning effects. The mean response time 
of correct responses and accuracy were used as dependent 
measures in all data analyses.

Electroencephalogram
A 3-minute sample of EEG data was recorded using 

an EEG analyzer, with Ag/Ag Cl electrodes (Encephalon 
131–03, Medicom MTD, Russia). The EEG was derived 
from the Z-line on the participants’ scalps at positions Oz, 
Pz, Cz, and Fz, in line with the International 10–20 sys-
tem24). Reference electrodes were located on the left and 
right earlobes (A1 and A2), and a ground electrode was 
placed on the forehead. Also, one electrode was located 
directly below the right eye for monitoring eye blinks. 
The participants were told to sit quietly, keep their eyes 
open, fix their gazes at an X printed on the opposite wall, 
and remain still without moving, blinking, or talking 
during EEG recording trials to minimize artifacts during 
EEG testing. EEG was recorded at 250 Hz (band-pass 
filter, 0.3–40 Hz) and impedance was kept below 5 KΩ. 
The values of the two reference channels were averaged 
together and subtracted from all other channels. Next, the 
obtained data were placed into 2-s epochs with one second 
overlapping from each epoch. Any epoch with an artifact 
of eye blinks, noise, and body movements was removed 
from the analysis. Subsequently, a 10% cosine window 
followed by a fast Fourier transform was applied to each 
epoch. This process yielded spectral power distributions 
from 0.3 to 40 Hz at 0.5 Hz intervals. Next, the power 
from each epoch was averaged together to gain average 
power for each trial. Power spectra from each of the four 
electrode sites were divided into two group frequency 
bins: lower alpha (8–10 Hz) and upper alpha (10–13 Hz). 
These frequency ranges were selected because both alpha 
band EEG activities are linked to cognitive function and 
attentional processing25). The MATLAB software package 
(ver. R2012a, Math-Works, USA) was applied to analyze 
EEG data.

Karolinska Sleepiness Scale (KSS)
The subjective sleepiness of participants was measured 

with Karolinska’s self-reporting Sleepiness Scale (KSS)26). 
The ranking response of this scale varied between 1 and 9, 
where 1=“extremely alert”, 3=“alert”, 5=“neither alert nor 
sleepy”, 7=“sleepy”, and 9=“very sleepy.

Visual Analog Mood Scales (VAMS)
The subjective mood was evaluated using an 11-point 

visual analog scale, varying from 0 for ‘very bad mood,’ 

to 100, for ‘very good mood.’ Both VAMS and KSS scores 
were normalized to the sample score obtained at initial 
adaptation time.

Mental performance tests
A three-minute visual Go/No-Go task was used for 

measuring inhibitory capacity27). During this test, a 
total of 120 pairs (yellow and white or white and blue) 
squares were presented randomly on a computer screen 
with a black background. Each character was presented 
for 200 milliseconds (ms) with an interval of 1,000 ms. 
The participants were asked to compare the pair squares 
appearing on the screen: if the white and blue squares 
and the blue square were presented on the right, the par-
ticipants would immediately press the ‘?’ button and if 
the blue square was presented on the left, the participants 
pressed the ‘Z’ button on the keyboard. Also, if the yellow 
and white pair of squares appeared, the participants did 
not react. The previous study indicated that this test elicits 
reliable results in assessing motor activity28).

A four-minute two-Back task was used for measuring 
the working memory and executive functioning. This test 
is a popular test for assessing working memory perfor-
mance29) and had acceptable reliability and validity30). In 
general, 120 numbers were presented with an interval of 
1,500 ms on a black monitor screen after each other during 
the test. The participants were asked to compare the last 
number appearing on the screen with two numbers that 
were shown previously; if the numbers were the same (i.e., 
the same number as the previous one), the participants 
pressed the ‘?’ button immediately and if the numbers 
were different, the participants pressed the ‘Z’ button on 
the keyboard.

Also, in this study, a 4-min divided attention task was 
used31, 32). A total of 168 pairs of images were consecu-
tively presented in random order on a black monitor 
screen. Each character was presented for 200 ms with an 
interval of 1,000 ms. If a candle image was presented on 
the right side of the screen, the participants pressed the 
‘?’ button and if a circle appeared on the left side, the par-
ticipants pressed the ‘Z’ button instantly on the keyboard. 
Also, if these two images appeared at the same time and 
in the correct order, the participants pressed the ‘?’ and ‘Z’ 
buttons together. To minimize unwanted impacts of indi-
vidual differences on the results of the Go/No-Go, 2-Back, 
and, divided attention task, the ratio of the average of raw 
data of each participant to the average of all participants 
was used to transform the participant’s raw data12, 13). 
Therefore, the transformed value was applied to data 
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analysis. The mean response time of correct responses and 
accuracy for all mental performance tasks were used as the 
dependent variables in the data analyses.

Statistical analysis
Linear mixed model (LMM) analyses were applied 

to assess the effect of the light conditions and trials on 
the EEG upper and lower-band alpha wave activities, 
the subjective measures of mood, sleepiness, and mental 
performance. Separate LMM analyses were run for each 
dependent variable. In the model, the light condition and 
trial were fixed and the participant was added as a random 
effect to the model. We controlled potential confounding 
variables such as general health status, sleep quality, sleep 
duration, chronotype, traveling time, and caffeine and 
alcohol consumption. The baseline dependent measure-
ment for each participant (i.e., the first trial during the 
initial dim period) was added as covariate to the model for 
analyzing the CPT, KSS, mood, and EEG measures, ex-
cept for the LMM models for the Go/No-Go, 2-Back and, 
divided attention task as these variables were only mea-
sured at the end of the experiment. The lower and upper 
alpha-band power, subjective sleepiness, and continuous 
performance task data were transformed by using Box-
Cox transformation to correct non-normal data distribution 
and skewness33). The Bonferroni correction was applied to 
the pairwise comparisons. A p-value ≤0.05 was considered 
statistically as significant.

Results

EEG
Lower alpha-band activity

Significant main effects of the light conditions (F3, 

33.13=17.688, p<0.001), trials (F5, 107.688=16.003, p<0.001), 
and an interaction between the light conditions and trial 
(F15, 75.452=4.514, p<0.001) were found in the transformed 
lower alpha-band power. The estimated marginal means 
(EMM) and standard errors (SE) of the transformed lower 
alpha power were 2.33 ± 0.028 for BWL, 2.531 ± 0.031 
for NWL, 2.368 ± 0.026 for RWL, and 2.583 ± 0.033 for 
the DL condition. The pairwise comparisons indicated a 
significantly lower power under BWL (p<0.001) and RWL 
(p<0.001) compared to the DL condition. In addition, a 
significant difference was observed between the BWL 
(p<0.001) and RWL (p=0.001) conditions compared to the 
NWL condition. The other comparisons did not indicate 
any significant differences. In general, the participants 
experienced reduced levels of alertness over the duration 

of the experiment.

Upper alpha-band activity
Significant main effects of the light conditions (F3, 

29.998=23.979, p<0.001), trials (F5, 102.225=7.241, p<0.001) 
and an interaction between the light conditions × trial (F15, 
80.875=3.148, p<0.001) were observed in the transformed 
upper alpha-band power. The transformed EMM ± SE of 
the upper alpha power were 2.41 ± 0.03 for BWL, 2.566 
± 0.046 for RWL, 2.608 ± 0.027 for NWL, and 2.753 ± 
0.031 for the DL condition. The pairwise comparisons 
showed significant differences between BWL (p<0.001), 
NWL (p=0.003), and RWL (p=0.016) compared to the DL 
condition. Moreover, a significant difference was observed 
for the BWL condition compared to NWL (p<0.001) and 
RWL (p=0.023) conditions. The other comparisons did 
not reveal any significant differences. Figure 3 shows the 
transformed EMM ± SE of the lower and upper alpha-band 
powers in each trial. Furthermore, pairwise comparisons 
(post-hoc) for the interaction between light conditions and 
trial for lower and upper alpha-band are shown in Table 2.

Subjective Sleepiness (KSS)
Significant main effects of the light conditions (F3, 

84.516=21.818, p<0.001), trials (F2, 154.023=30.547, p<0.001) 
and the light conditions × trial (F6, 187.78=6.144, p<0.001) 
were observed in the transformed subjective sleepiness 
scores. The EMM ± SE of transformed sleepiness scores 
were 1.911 ± 0.039 for BWL, 1.926 ± 0.039 for RWL, 2.027 
± 0.038 for NWL, and 2.254 ± 0.039 for the DL condi-
tion. The pairwise comparisons indicated that participants 
felt lower sleepiness under the BWL (p<0.001), RWL 
(p<0.001), and NWL (p<0.001) conditions as compared 
with the DL condition. The other comparisons did not in-
dicate significant differences. The participants felt sleepier 
during trial 2 compared to trial 1 and in trial 3 compared 
to trials 1 and 2. This indicates that they generally expe-
rienced more sleepiness over the experiment. Figure 4 
shows the transformed EMM ± SE of subjective sleepi-
ness scores in each trial. The pairwise comparisons (post-
hoc) for the interaction between the light conditions and 
trials showed that the BWL, RWL, and NWL conditions 
(p<0.001) decreased significantly subjective sleepiness 
compared to the DL condition in all trials except trial 1.

Subjective mood
Significant main effects of the light conditions (F3, 

42.453=46.525, p<0.001), trials (F2, 70.351=8.461, p=0.001) 
and light conditions × trial (F6, 41.875=5.094, p=0.001) 
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Fig. 3.   The estimated marginal means (EMM) and standard errors (SE) of the transformed EEG lower alpha (a) 
and upper alpha (b) powers during each trial for the BWL, NWL, RWL, and DL conditions.
DL: dim light;  NWL: normal white light; BWL: blue-enriched white light; RWL: red saturated white light.

Table 2.   Pairwise comparisons (post-hoc) for the light conditions × trials interaction for lower and upper alpha-
band powers

Variable Trial Pairs Sig. Variable Trial Pairs Sig.

Lower alpha 2 BWL-DL 0.004 Upper alpha 1 BWL-DL 0.007
RWL-DL 0.003 2 BWL-DL <0.001
RWL-NWL 0.001 BWL-NWL 0.003
BWL-NWL 0.002 3 BWL-DL <0.001

3 BWL-DL <0.001 RWL-DL 0.003
RWL-DL <0.001 BWL-NWL 0.001
RWL-NWL 0.013 BWL-RWL 0.013
BWL-NWL 0.002 4 BWL-DL <0.001

4 BWL-DL <0.001 RWL-DL 0.007
RWL-DL <0.001 BWL-NWL <0.001
RWL-NWL <0.001 BWL-RWL 0.008
BWL-NWL <0.001 5 NWL-DL 0.019

5 BWL-DL <0.001 BWL-DL <0.001
RWL-DL 0.001 RWL-DL 0.014

6 BWL-DL <0.001 BWL-NWL 0.004
RWL-DL 0.006 6 NWL-DL 0.008
BWL-NWL 0.007 BWL-DL <0.001

RWL-DL 0.036

Only comparisons that were statistically significant are shown. p<0.05 was considered statistically significant.
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were observed in the subjective mood scores. The pairwise 
comparisons showed a significantly better mood under 
the BWL (8.185 ± 0.175; p<0.001), NWL (7.858 ± 0.125; 
p<0.001), and RWL (8.576 ± 0.125; p<0.001) conditions 
compared to the DL (6.998 ± 0.077) condition. In addi-
tion, the mood was significantly improved under the RWL 
compared to the NWL (p=0.001) condition. The other 
comparisons did not show any significant differences. 
Figure 4 indicates the EMM ± SE of subjective mood 
scores in each trial. The pairwise comparisons for the 
interaction between light conditions and trials revealed 
better emotional status (mood) under the BWL, RWL, and 
NWL conditions compared to the DL condition in trials 2 
and 3. Furthermore, there were significant differences be-
tween the RWL compared to the NWL condition in trials 2 
(p=0.001) and 3 (p=0.025).

Continuous performance test
Significant main effects of the light conditions (F3, 

38.694=17.414, p<0.001), trials (F5, 112.341=2.721, p=0.023) 
and interactions between the light conditions and trial (F15, 

82.773=1.926, p=0.032) were observed in the transformed 
mean response time of CPT task. The pairwise compari-
sons revealed significant lower transformed response 
times under BWL (5.979 ± 0.011; p<0.001), RWL (5.984 
± 0.014; p<0.001) and NWL (6.032 ± 0.016; p=0.006) 
compared to the DL (6.115 ± 0.017) condition. The other 
comparisons did not indicate any significant differences. 
No significant main effect of light and the light condi-
tions × trial was observed in the accuracy of the CPT test. 
Generally, the accuracy was reduced over the experiment. 
Figure 5 indicates the EMM ± SE of mean response times 
and accuracies of CPT task in each trial. Furthermore, 
pairwise comparisons (post-hoc) for interaction between 
the light conditions and trials for the mean response time 

Fig. 4.   The estimated marginal means (EMM) and standard errors (SE) of transformed subjective sleepiness (a) 
and mood scores (b) from each trial for the BWL, NWL, RWL, and DL conditions.
DL: dim light;  NWL: normal white light; BWL: blue-enriched white light; RWL: red saturated white light.
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Fig. 5.   The estimated marginal means (EMM) and standard errors (SE) of the transformed mean response time 
(a) and the accuracy (b) of the continuous performance test during each trial for the BWL, NWL, RWL, and DL 
conditions.
DL: dim light;  NWL: normal white light; BWL: blue-enriched white light; RWL: red saturated white light.

Table 3. Pairwise comparisons (post-hoc) for the light conditions × trials in-
teraction for the transformed mean response time of continuous performance 
test

Trial Pairs Sig. Trial Pairs Sig.

1 NWL-DL <0.001 3 BWL-DL 0.021
RWL-DL <0.001 4 RWL-DL 0.002
BWL-DL <0.001 BWL-DL 0.001
BWL-NWL <0.001 5 NWL-DL 0.032
RWL-NWL <0.001 RWL-DL <0.001
BWL-RWL 0.011 BWL-DL <0.001

2 NWL-DL 0.03 6 NWL-DL 0.002
RWL-DL <0.001 RWL-DL <0.001
BWL-DL <0.001 BWL-DL <0.001

Only comparisons that were statistically significant are shown. p<0.05 was consid-
ered statistically significant.
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of continuous performance test are shown in Table 3.

Two-Back
Significant main effects of the light conditions (F3, 

12.851=7.67, p=0.003) were observed in the mean response 
time of the two-Back test. The EMM ± SE of mean 
response time were 388.77 ± 27.747 for BWL, 389.49 ± 
27.797 for RWL, 396.79 ± 28.214 for NWL, and 408.22 
± 28.162 for DL condition. The pairwise comparisons re-
vealed significant differences under BWL (p=0.003), RWL 
(p=0.001) compared to the DL condition. The remaining 
comparisons did not show any significant differences.

Go/No-Go
Significant main effects of the light conditions (F3, 

21.304=6.896, p=0.002) were observed in the mean response 
time of the Go/No-Go test. The EMM ± SE of mean 
response times were 311.12 ± 12.724 for NWL, 303.94 
± 12.313 for BWL, 333.66 ± 14.467 for DL, and 304.58 
± 12.279 for RWL condition. The pairwise comparisons 
revealed a significantly lower response time under BWL 
(p=0.006) and RWL (p=0.008) than the DL condition. The 
other comparisons revealed no significant differences.

Divided attention
No significant main effect of the light was found on 

the mean response time of divided attention test (F3, 

45.168=2.337, p=0.086). The EMM ± SE of mean reaction 
times were 326.46 ± 11.024 for RWL, 330.9 ± 11.024 for 
DL, 325.18 ± 11.024 for BWL, and 327.58 ± 11.024 for 
the NWL condition. No significant effect of the light con-
ditions was observed in the accuracy of all performance 
tasks.

Discussion

In the present study, both BWL and RWL conditions 
significantly decreased lower alpha-band power compared 
to the NWL and DL conditions. Notably, the alpha power 
was negatively correlated with light-induced alertness. 
On the other hand, reductions in alpha power indicate 
an enhancement in objective alertness5, 25, 34, 35). These 
findings are consistent with previous studies that showed 
the alerting effect of both blue and red lights (40 lx at eye 
level) compared to a DL condition11, 36). In this regard, 
Baek and Min reported that exposure to BWL condition 
(40 lx at eye level) significantly decreased lower alpha-
band power compared to NWL condition during the post-
lunch dip period5). However, unlike our study, they did 

not compare the EEG alpha activity between BWL and 
RWL conditions. Furthermore, Sahin et al. indicated that 
RWL condition (2568 K, 361 lx at eye level) decreased 
EEG alpha power compared to a DL condition during the 
middle of the afternoon13). But the effects of BWL and 
NWL conditions were not assessed in their study.

The results showed that the BWL condition reduced 
upper alpha-band power more than the NWL, RWL, and 
DL conditions. In line with these results, Baek and Min 
reported that BWL condition (40 lx at eye level) signifi-
cantly decreased upper alpha-band power compared to 
NWL condition during the post-lunch dip period5). How-
ever, they did not examine the resultant objective alertness 
between the RWL and BWL conditions. Importantly, we 
evaluated the effect of light at a higher illumination level 
(i.e., 500 lx on the desk) to provide realistic levels for 
daytime office environments.

Neurophysiological evidence supports our findings of 
the relative effectiveness of RWL and BWL conditions 
in improving objective alertness compared to the NWL 
and DL condition. Besides cones and rods, intrinsically 
photosensitive retinal ganglion cells (ipRGCs) are a new 
type of retinal photoreceptors that transmit light into 
neural signals for the circadian system37, 38). These cells 
are particularly sensitive to blue light, expressing the non-
imaging effect of light such as melatonin suppression, 
regulation of circadian system, as well as neuroendocrine 
and neurobehavioral functions such as improvement in 
alertness and performance39–41). It is well accepted that 
melatonin suppression is required to influence the light 
on alertness at night10, 42). Recent studies have shown that 
melatonin level is low during the daytime and that light-
induced alertness is not always mediated by suppression 
of melatonin14, 43, 44).

Vandewalle et al. reported that blue light mediated the 
enhancement of brain activity and may cause an improve-
ment in alertness and performance45). Also, another study 
has shown that light enhances the activity of the brain that 
is related to executive control and working memory46). 
Rautkylä et al. suggested that light can use the amygdala 
in the limbic system to send signals to the cerebral cortex, 
and that light can modulate emotions that induce alerting 
responses47). In addition, some studies suggested that the 
red light-induced alerting response may be expressed from 
other types of photoreceptors (i.e., ipRGCs, cones and 
rods)13, 14). Finally, it can be concluded that there may be 
different mechanisms beyond physiological and neuropsy-
chological effects of light.

In the present study, the participants had significantly 
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better moods under the RWL condition compared to the 
NWL and DL conditions. These findings are consistent 
with those by Smolders and de Kort, who reported the 
beneficial effects of the RWL condition on the vitality and 
emotional status during the afternoon hours16). Some stud-
ies have suggested that warm colors such as red, yellow, 
and orange increase feelings of arousal and excitation that 
affect emotional brain activity and motor responses. These 
factors can explain the better mood of the participants dur-
ing the RWL condition48, 49).

As shown in Fig. 4, the participants felt sleepier during 
the DL condition compared to the BWL, RWL and, NWL 
conditions. These are consistent with earlier studies that 
showed RWL and BWL light conditions reduced subjec-
tive sleepiness compared to the DL condition36). In the 
present study, the participants felt sleepier during trial 2 
compared to trial 1, and in trial 3 compared to trials 1 and 
2. These findings are consistent with our expectations and 
with earlier studies that participants would get sleepier in 
the afternoon and that participants would get sleepier as 
time passed13, 14).

The present study showed that the BWL and RWL 
conditions were effective in reducing the response times 
during inhibitory capacity, working memory and sustained 
attention tasks compared to the DL condition. Consistent 
with this finding, Baek and Min reported that exposure to 
BWL condition (40 lx at eye level) during the post-lunch 
dip period significantly decreased the response time in 
a sustained attention task compared to a DL condition5). 
Despite the effect of BWL and RWL on enhancing perfor-
mance compared to the DL condition, these light condi-
tions did not improve performance on any of the tasks 
examined in this study compared to the NWL condition. 
These findings are in line with those of Smolders and de 
Kort16) who indicated no significant difference in perfor-
mances under 2,700 compared to 6,000 K light conditions 
(500 lx on the desk) during the daytime. Furthermore, an-
other study showed that blue-enriched white light (40 lx at 
eye level) did not lead to an improvement in performance 
compared to a white light condition that was defined 
according to the 1931 CIE chromaticity coordinates (x: 
0.3303, y: 0.331, 40.2 lx at eye level) during afternoon 
hours5).

Contrary to the present study, Keis et al. reported that 
long-term exposure to blue-enriched classroom lighting 
(e.g., several weeks) during the daytime leads to improve-
ments in the students’ performance, processing speed, and 
the ability to concentrate50). However, that study used a 
higher level of blue-enriched light (17,000 K vs. 4,000 K) 

than the current study. Furthermore, field studies have 
shown that exposure to blue-enriched light could improve 
performance during the daytime15, 51, 52). However, in these 
studies, a higher level of blue-enriched light (17000 K vs. 
4000 K) was used than the present study and only subjec-
tive measures were employed.

In the present study, no significant effect of the light 
conditions on the mean response time of the divided atten-
tion task was observed. These unexpected findings might 
originate from the limitations of the current study, i.e., we 
did not measure the mean response time during the initial 
dim period as a baseline measurement. In addition, no 
significant main effect of the light conditions was found 
on the accuracy of all mental performance tasks. These 
findings are consistent with previous studies that showed 
the accuracy of mental performance is less affected by 
light conditions compared to the response time5, 6, 42, 53, 54). 
Generally, the results of other studies that tested the effect 
of light on performance have yielded mixed results. The 
following parameters may explain these heterogeneous re-
sults: circadian phase and homeostatic conditions45, 55), the 
difficulty of the task, the time of day, illuminance level56), 
and previous emotional level of the participants57). Thus, 
further studies are needed to investigate the relationship 
between the alertness level and task performance.

It should be noted that post-lunch dip might depend on 
the composition of lunch58). The fatigue and sleepiness 
at this period could be worsened by eating a high-carbo-
hydrate lunch; however, this effect still exists even with 
a light meal59). Also, the post-lunch dip can occur even 
when people have had no lunch60). Monk reported that 
the post-lunch dip is rooted in human biology and may be 
linked to the harmony of human circadian rhythms1). In 
the current study, we did not measure participants’ lunch 
composition, so, this factor may have affected the results.

Another limitation of the present study was that the 
participants were relatively young. Therefore, due to 
potential changes in the retina and neural structure of the 
eye due to aging, our observations cannot directly be gen-
eralized to older groups of people. Given that the majority 
of activities carried out in the daytime office environment 
is of a kind of visual task, we employed only a limited 
set of visual performance tasks during the current study. 
Because in addition to non-image forming effects of light, 
subjective evaluation (visual comfort) of participants 
about the light conditions had a potential impact on their 
performance during visual mental performance task16); 
hence, it is not possible to specify the mechanisms that 
induced improvement in the participants’ performance in 
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the present study. Additionally, the application of the dim 
adaptation period before the actual light manipulation 
might decrease the generalizability of the present results to 
a real-life setting. Future studies are recommended to use 
different types of task performance, other age groups, and 
actual workplace setting.

Conclusion

The findings of the present study indicated that both 
blue-enriched and red-saturated white lights (500 lx on the 
desk) had a more efficient stimulating effect on modulat-
ing the brain activities associated with daytime alertness 
than the dim and normal light conditions during the 
post-lunch dip hours. However, no significant improve-
ments were observed in subjective sleepiness and mental 
performance during sustained attention, working memory, 
and inhibitory capacity tasks compared to the normal 
light condition. Thus, it can be concluded that both blue-
enriched (BWL) and red-saturated white (RWL) lights can 
improve physiological correlates of alertness compared to 
the normal light condition (NWL) that is generally used in 
workplaces such as office environments. But these changes 
did not translate to improvements in task performance and 
subjective alertness. Further studies are required to decide 
on the optimal light intervention characteristics such as 
light spectrum and illumination level to improve alertness 
and mental performance during the daytime hours.
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