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Objective: It has been reported that working and learning efficiency might be increased through artificially controlling the color
temperature and brightness of light, However, the neurological bases of these outcomes are not well established, Our study
was designed to observe whether electroencephalogram (EEG) alpha frequency, as a candidate biological marker, demonstrates
significant changes in response to alterations of specific light parameters,

Methods: Thirty—two healthy subjects performed cognitive tasks under four different polychromatic light conditions: a combination
of two different levels of color temperature (2766K vs, 5918K) and brightness (300 lux vs, 600 lux). Spectrum analyses were
performed on alpha frequency.

Results: Subjects reported that they felt more pleasant in bright conditions and more relaxed in warm color temperature
conditions, Our findings indicate that alpha power increases in warm, low—light and cool, high—light conditions, and there is
a significant interaction between color temperature and brightness,

Conclusion: EEGs might serve as a useful biological marker for further research related to the effects of polychromatic light

on cognitive function,
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INTRODUCTION

Light has been traditionally considered an important el-
ement related to the visual pathway. However, the discov-
ery of melanopsin, a photopigment in specialized, photo-
sensitive ganglion cells of the retina, has elicited great at-
tention to the effects of light through the non-visual path-
way, which is involved in the regulation of circadian
rhythm, light-dark cycle phase shifts, pupil constriction,
melatonin secretion, and homeostatic sleep drive con-
trol."”? Recently, it has been proposed that light may have
direct effects on cognitive function, such as attention, ex-
ecutive function, and memory.”

Most experimental studies investigating the effects of
light have primarily used monochromatic light, which is a
short-wavelength light representing only one color. How-
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ever, in everyday life, most indoor lights are poly-
chromatic light, which is the sum of various frequency
waves that express a diverse spectrum of brightness and
color temperature. The color of polychromatic light is
red-enriched white, usually referred to as ‘warm white,’
when the numerical value of color temperature is less than
3500K. However, it changes to blue-enriched white, usu-
ally referred as ‘cool white,” when the color temperature
increases and reaches 10000K. Low-color temperature
lighting can be found in light bulbs that emanate a serene
and stable mood. In contrast, high-color temperature
lighting, such as fluorescent lights, creates a more active
atmosphere.‘” The wellbeing and productivity of employ-
ees in workplaces are known to increase under light con-
ditions of high color temperature (17000K).5) In addition,
providing an environment of ample bright light (1000 lux)
was reported to delay the progression of cognitive deterio-
ration and functional limitation among elderly residents
and attenuate their symptoms of depression.é) Based on
these reports, it has been suggested that controlling color
temperature and brightness is critical to create an appro-
priate indoor working environment” and improve work
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8)
performance.

Although a number of studies investigated the direct ef-
fects of polychromatic light on cognitive function and
mood, most relied on self-reported questionnaires with lit-
tle information on the neural mechanisms of these effects.
In the 1990s, a few studies applied electroencephalogram
(EEG) analyses,g’lo) but it was difficult to investigate the
effects of polychromatic light, as controlling color tem-
perature and brightness was limited. Recently, the devel-
opment of light-emitting diodes (LEDs) has enabled more
standardized control of light conditions, including color
temperature and brightness.n) Therefore, using an LED as
a light source makes it more feasible to study the bio-
logical markers impacted by various levels of color tem-
perature and brightness.

Alpha oscillations of a normal human EEG has a fre-
quency range of 8 to 13 Hz. Alpha oscillations respond
very sensitively to external sensory input. For example,
closing one’s eyes (that is, decreasing visual sensory input
to the occipital areas) leads to an increase of the power of
occipital alpha oscillations." On the other hand, alpha os-
cillations are proposed to be associated with neuronal
mechanisms of complex cognitive processes, including
attention, memory, and mental imagery. " In addition, ac-
cording to studies of monochromatic light, alpha activity
is sensitive to blue and red monochromatic lights. " 1t was
also found that alpha power density increased in response
to short-wavelength light.3) Thus, the frequency of alpha
oscillations can be a feasible biological marker to observe
the effects of external light conditions on cognition.

This study investigated the direct effects of polychro-
matic light on EEG activity. We hypothesized that alpha
band activity would reflect the differences in environ-
mental light conditions during cognitive tasks. To confirm
this hypothesis, a cognitive task was executed that meas-
ured the alpha activity under four different light con-
ditions: a combination of different levels of color temper-
ature (2766K vs. 5918K) and brightness (300 lux vs. 600
lux), ranges that are commonly used in indoor environ-
ments.

METHODS

Thirty-two subjects participated in this study (16 fe-
males; age, 26.81+4.17 years; education, 15.56+1.44
years). All participants were screened for past or present
history of medical, neurological, and psychiatric illnesses.
Persons who worked the nightshift or who usually went to
bed after 1:00 A.M. were excluded from the study. Sub-

jects taking any kind of prescribed medication were also
excluded from the study, and we excluded those who had
color blindness, color weakness, and other ophthalmic
disorders. The subjects, on average, consumed alcohol
0.39 times (standard deviation [SD] 0.42) per week, 2.95
glasses (SD 3.69) each time. Only five participants were
smokers, and they smoked 0.5-1.5 packs/year. The partic-
ipants were instructed to sleep regularly and to abstain
from alcohol for at least 3 days. The participants were pro-
hibited from caffeine or nicotine for at least 2 hours pro-
ceeding the session. After a complete description of the
study was provided to the participants, written informed
consent was obtained. Out of 32 subjects in total, 16 began
the test at 10:00 A.M. and 16 began the test at 3:00 P.M.
Our study was carried out under the guidelines for the use
of human subjects established by the Institutional Review
Board at Severance Mental Health Hospital, Yonsei
University.

Experiments were conducted under four different con-
ditions according to color temperature and brightness:
warm, low-light (WL, 2766K 300 lux); cool, low-light
(CL, 5918K 300 lux); warm, high-light (WH, 2766K 600
lux); and cool, high-light (CH, 5918K 600 lux). The pho-
ton density of each condition was as follows: WL was
1.61x10" (photons/cmz/s); CL was 9.92x10" (photons/
cmz/s); WH was 3.48x10" (photons/cmz/s); and CH was
3.07x10" (photons/cmz/s). Sources of light (54x54 cm;
LG Electronics, Seoul, Korea) were suspended from the
ceiling (207 cm from the ground), whereas color temper-
ature and illuminance were measured from a desk with a
height that measured 70 cm from ground level.

Each light condition consisted of three blocks. Subjects
were first seated comfortably in a dark condition (0 lux)
for 5 minutes (prepare block). Subjects were asked to per-
form a cognitive task in one of the light conditions for 5
minutes (concentration block). After the cognitive task,
the participants were asked to be seated in a relaxed state
for 5 minutes (relaxation block; Fig. 1). Each light con-
dition required 15 minutes, and the order of the four differ-
ent light conditions was counter-balanced. During the
concentration block, questions from Raven’s Standard
Progressive Matrices and Raven’s Advanced Progressive
Matrices were randomly presented to the subjects through
an e-book (Iriver, Seoul, Korea), which itself had no lumi-
nous source to control for any light bias. Subjects were
asked to solve questions quickly and accurately. During
the relaxation block, subjects were asked to open their
eyes and sit comfortably without performing any task. At
the end of each light condition, the participants reported
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their subjective feelings on valence and arousal using a
11-point Likert scale.'”” The endpoints for the valence
scale were anchored at very unhappy and very happy,
whereas the endpoints for the arousal scale were anchored
at agitated and relaxed.

During the experiment, EEG measurements were taken
from the scalp using a SynAmps2 DC amplifier and a
10/20-layout, 64-channel, Quik-cap electrode placement
system (Neuroscan Inc., Charlotte, NC, USA). We re-
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corded EEG data with a 0.15-200-Hz band-pass filter at a
sampling rate of 1,000 Hz. The ground electrode was
placed on the forehead. We used the linked mastoid for
reference and two bipolar electrodes to measure the hori-
zontal and vertical eye movements. The impedance of
each electrode was maintained below 10 k2. We used
Matlab 7.0.1 (MathWorks, Natick, MA, USA) with the
EEGLAB toolbox'® to preprocess and analyze the data.
First, the data were detrended and the means subtracted.

Fig. 1. Experimental design. The order of the four different light conditions was counter-balanced.
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Fig. 2. (A) The scores of subjective impression. (B) The power spectra of alpha rhythms in the Fz and Oz electrodes (error bars indicate

the standard error).
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Independent component decomposition and visual in-
spection of the data were performed to eliminate artifacts.
The average power of alpha (8-13 Hz) was calculated at
both the Fz and Oz electrodes during the concentration
condition. We selected the most representative Z-line
channel, considering that the occipital area is most sensi-
tive to visual stimulation and that the frontal area is crucial
for cognitive processing. When the light was turned on,
we analyzed EEG data acquired between 120 and 180
seconds. There was a possibility that the EEGs before and
after the light changes were affected by external factors;
according to a preliminary analysis of this experiment, it
was possible to obtain stable EEG power when the signal
lasted for 60 seconds. For this reason, the time range be-
tween 120 and 180 seconds was chosen. Alpha power for
each electrode was analyzed by a repeated-measures anal-
ysis of variance (ANOVA), comprising color temperature
and brightness as within-subject factors. Significant p val-
ues were defined as less than 0.05.

RESULTS

Subjects reported that they felt happier in brighter con-
ditions and more relaxed in warmer color temperature
conditions. Repeated-measures ANOVA indicated that
there was a significant effect of brightness on the valence
scores [F(1,31)=6.183, p=0.018]. However, there was nei-
ther a significant effect of color temperature on valence
scores [F(1,31)=0.395, p=0.534] nor a significant inter-
action between brightness and color temperature [F(1,31)
=1.601, p=0.215]. Arousal scores varied significantly by
color temperature [F(1,31)=17.566, p<0.001] but not by
brightness [F(1,31)=0.000, p=1.000]. Significant inter-
actions between brightness and color temperature were
not found in arousal scores [F(1,31)=1.251, p=0.272]
(Fig. 2A).

Alpha activities were sensitive to light conditions. Re-

Table 1. Repeated-measures ANOVA on alpha power during the
cognitive fask

Variable F p value
Fz CT 0.902 0.350
B 0.855 0.362
CTxB 9.141 0.005*
Oz CT 0.033 0.857
B 4.437 0.045"
CTxB 8.375 0.007*

*p<0.01, Tp<0.05.
ANOVA, analysis of variance; CT, color temperature; B,
brightness.

peated-measures ANOVA showed significant interactions
between color temperature and brightness at both the Fz
and Oz electrodes (Table 1, Fig. 2B) [Fz: F(1,31)=9.141,
p=0.005; Oz: F(1,31)=8.375, p=0.007]. As shown in Fig.
2B, alpha powers under WL and CH conditions were high-
er than those under WH and CL conditions. Additionally,
at the Oz electrode, alpha power was lower in high-light
conditions than in low-light conditions [F(1,31)=4,437,
p=0.045].

DISCUSSION

The main finding of our research is that the interaction
between color temperature and brightness affected alpha
activity in the frontal and occipital areas. Based on the
Kruithof curve,'” it has been consistently suggested that
both color temperature and brightness should be consid-
ered to find optimal light conditions for working and liv-
ing environments.'” It is worth noting that higher alpha
powers were found in WL and CH conditions compared to
the other two light conditions. WL and CH lights are wide-
ly used in everyday life in the form of light bulbs and fluo-
rescent lamps. According to Kruithof,'” the general expe-
rience of light as pleasant or unpleasant is determined by
the relationship between color temperature and bright-
ness. In general, light with a lower color temperature (e.g.,
3000K) provides pleasing illumination between 100 to
300 lux or higher, whereas sources that are rated cooler
should be used at a proportionately higher illuminance.
The WL and CH conditions were empirically assessed as
being pleasing, whereas WH and CL conditions were con-
sidered displeasing.'” Our results on alpha activity may
reflect this interactive effect between color temperature
and brightness.

The increased alpha activity in the WL and CH con-
ditions compared to the WH and CL conditions suggests
the inhibition of non-task-relevant processes. Alpha oscil-
lations are thought to be associated with neuronal mecha-
nisms of complex cognitive processes, such as attention,
memory, and mental imagery.m Alpha synchronization
appears to be related to active inhibition, whereas alpha
desynchronization is corrleated with release from inhi-
bition."” Alpha oscillations are strengthened by internal
tasks,zo) which reflect the inhibition of the non-task-rele-
vant process. Standard Progressive Matrices”” measure
the function of formal reasoning,zz) and this cognitive
process requires the integration of relationships, the abil-
ity to infer rules and form high-level abstractions, and the
inhibition of salient distracters.” Taken together, in-
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hibitory processing might occur more strongly in WL and
CH conditions during problem-solving, when the alpha
powers are likely to be increased.

We were able to find differences in alpha power, de-
pending on the lighting level only in the occipital area, but
not in the frontal area. Closing the eyes, and therefore de-
creasing sensory input to the occipital-parietal areas, leads
to the increase of the power of alpha oscillations, whereas
opening the eyes attenuates it”* In general, this suggests
that alpha powers are lower in high-light conditions than
in low-light conditions, perhaps reflecting that alpha pow-
ers are enhanced when brightness is decreased. To con-
firm this hypothesis, we calculated the alpha powers dur-
ing the relaxing conditions. If decreasing sensory input in
a low luminance condition correlates with an increase in
alpha power during the concentration condition, relaxing
conditions would have the same effect. However, we did
not find any significant effect of alpha power in the relax-
ing conditions (Supplementary Table 1). This study was a
preliminary experiment, and future research is necessary
to clarify this issue.

The subjective impression scales from this study
showed high valence scores in brighter light conditions
and low arousal scores in low-color temperature
conditions. It was found that bright light ameliorates de-
pressive symptoms among elderly subjects and improves
subjective ratings of mood, energy, and productivity
among people who have seasonal affective symptoms in
the workplace.” In addition, lights with lower color tem-
perature were found convey serenity and stability during
the biologically relaxing period.lg) The results from this
study were consistent with findings from previous stud-
ies'®* in that the subjects” happiness increased in brighter
light conditions and became more relaxed under lights
with lower color temperature.

It has been suggested that valence and arousal affect
EEGs and that these two affective elements are reflected
in different components. For example, P3a showed en-
hanced amplitudes in response to unpleasant stimuli and
P3b was sensitive to the arousal value of the stimulation.””
Additionally, both valence and arousal are known to affect
cognitive processes.zg) Previous studies have applied ex-
treme values of color temperature and brightness that are
rarely used in practice, such as 1000 lux® or 17000K.”
However, the color temperature and brightness of our
lighting conditions were within the ranges that are com-
monly used in indoor working and living environments.
This difference might explain the low statistical power of
our findings.

Alpha rhythmic oscillations are generated in the inter-
actions between thalamocortical neurons and 7 -amino-
butyric acid (GABA)ergic cells in the thalamic reticular
nucleus.'” Recent neuroimaging studies showed that the
thalamus is activated in response to consistent light ex-
posure during cognitive tasks and involved in the inter-
action between alertness and cognition during executive
tasks.”” The thalamus is called “the gateway to the cor-
tex,” because of its critical role in controlling the flow of
information from receptors to the sensory areas of the
cortex. Almost all sensory information enters the cortex
through the thalamus. In addition to sensory-related func-
tions, the thalamus also plays an important role in modu-
lating the flow of information in the cognitive, motor, and
affective cortical areas.'” In this study, in which subjects
were asked to perform cognitive tasks under different light
conditions, results showed that the alpha power of the sub-
jects significantly differed according to the specific light
conditions. This suggest that the difference in light stimuli
was reflected in the thalamus, which controls the process-
ing of sensory-related stimuli and cognitive performance,
resulting in differentially generated alpha oscillations
from thalamocortical interactions.

In this study, we found that alpha activity reacts to con-
ditional differences in polychromatic light when perform-
ing cognitive tasks. As mentioned earlier, many re-
searchers have tried to improve quality of life by control-
ling the color temperature and brightness of light in work,
school, and home environments. However, little is known
about the processes that mediate the effects of these pa-
rameters of light.

This study identified that alpha power is an EEG signal
that is sensitive to alterations in polychromatic light. This
result somewhat suggests that alpha power is a candidate
biological marker. Based on this study, we expect to eluci-
date the effects of light on humans in greater detail by fur-
ther varying the conditions of color temperature and
brightness, and assessing the performance of various cog-
nitive tasks under resting conditions.
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