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Abstract

In modern society, delayed sleep patterns among schoolchildren present challenges
to academic attendance and performance. The impact of nighttime light exposure,
especially blue wavelength light, on sleep delay has long been acknowledged. We
investigated the effects of using partial blue light blocking glasses (JINS Screen
Lens Heavy [40% cut]) on salivary melatonin levels, sleep patterns, sleep circadian
phase, and daytime behavior in 39 male schoolchildren aged 10-12 who regularly
wear glasses for myopia. Participants alternated between blue light blocking and
standard clear lens glasses, both providing vision correction, for three hours before
their habitual bedtime. The study was conducted over five weeks using a crossover
design with two-week glasses-wearing sessions and a one-week washout interval
between conditions. While blue light blocking glasses did not influence salivary mela-
tonin levels, they significantly advanced the sleep phase (bedtime: 22.03+0.08h vs.
22.13+0.09h, p=0.040, sleep onset: 22.26+0.08h vs. 22.36 £0.10h, p=0.041). The
effects were more pronounced in the second week and accompanied by reduced irri-
tability and disruptive behavior during daytime. Our results suggest that wearing blue
light blocking glasses before bedtime may advance the sleep phase and improve
daytime behavior in schoolchildren under real-world living conditions, warranting
further mechanistic investigation.
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Introduction

People in the modern era, including young schoolchildren, are experiencing a con-
tinuous decrease in sleep duration each year [1—4]. For instance, based on a health
survey conducted by the Japan Broadcasting Corporation (NHK) [5], both adults and
children now sleep nearly one hour less compared to the 1960s. The same survey
reports that the average bedtime for elementary school students in grades 4—6 in the
1960s was 9:20 p.m., but in 2010, it was reported to be after 10:00 p.m. [5].

This trend towards sleep loss and delayed bedtimes, especially among schoolchil-
dren, has adverse consequences on academic attendance, performance, and social
interactions [1,4].

Multiple factors, such as the demands of a busy lifestyle (schoolwork and extracur-
ricular activities), stress and anxiety (e.g., academic pressures), and circadian/envi-
ronmental influences (nighttime light exposure), likely contribute to the deterioration
of sleep hygiene in schoolchildren [6]. Sleep loss and delayed circadian rhythms can
lead to daytime irritability, poor concentration, and even aggressive behavior in young
individuals, sometimes resulting in school absenteeism [7].

Among the factors that disrupt sleep and circadian rhythms, the increasing use
of digital screens, such as smartphones, tablets, computers, and TVs, particularly
during the evening, stands out [8,9]. The blue light emitted by these screens can
interfere with the body’s natural sleep-wake cycle, making it more challenging to fall
asleep and wake up in the morning, and disrupt daytime activities [8—10]. It is also
known that children and early adolescents are more sensitive to the sleep and circa-
dian effects of evening light exposure than older adolescents and adults [11,12].

Daytime exposure to sunlight is vital for overall human health and well-being. In
terms of sleep and circadian physiology, blue light in the short-wave spectrum is par-
ticularly impactful, although sunlight encompasses the entire wavelength spectrum
[13—16]. Melanopsin is a newly identified intrinsically photosensitive retinal ganglion
cell (ip-RGC) and influences various non-visual responses, such as regulating the
body’s circadian rhythm and mood by detecting the presence or absence of light. It
relays light input to the suprachiasmatic nucleus (SCN), the master biological clock
located in the hypothalamus and enhance vigilance and mood [17—19]. In mammals,
melanopsin in the retina responds to blue light (~ 480 nm) [20] and inhibits melatonin
secretion at night. The peak of melatonin suppression in humans is reported to be
around 460 nm [21,22]. Melatonin is a hormone produced by the pineal gland in the
brain and plays a crucial role in regulating sleep-wake cycles and circadian rhythm
[23]. It is also known that melanopsin signals transmitted through the SCN directly
activate various brain regions, enhancing both vigilance and mood [24]. Therefore,
minimizing exposure to light, particularly short-wave blue light, during the night is
advised to avoid disrupting sleep and circadian rhythms [23,25-28]. However, this
can be challenging in our modern society with abundant artificial light exposure at
night.

Numerous blue light-blocking glasses have been introduced. Previous studies
indicate that light exposure diminishes melatonin secretion and disrupts sleep and
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circadian rhythms in both adults and children [29], and blue light-blocking glasses can reverse these effects by preventing
melatonin inhibition and sleep impairments [10,30].

We therefore hypothesize that (1) wearing blue light-blocking glasses in the evening reduces nighttime stimulation of
melanopsin, leading to earlier sleep onset and improved sleep, either through increased melatonin secretion or decreased
direct brain stimulation (compared to wearing standard clear lenses). (2) Additionally, improved sleep is expected to posi-
tively influence and enhance daytime behavior under conditions of reduced blue light exposure in the evening.

In this study, we examined the impact of partial blue light-blocking glasses (JINS Screen Lens Heavy [40% cut]) on sal-
ivary melatonin levels, sleep patterns, sleep circadian phase, and daytime behavior (via actigraphs and questionnaires).
This study involved 39 male schoolchildren aged 10-12 who regularly wear glasses for myopia and aimed to evaluate the
effects of blue light-blocking glasses in various scenarios.

Materials and methods
Participant eligibility and recruitment

We recruited 40 healthy male schoolchildren aged 10—12 years old. The study was registered at UMIN-CTR
(UMINO00047256) on 03/23/2022. Female schoolchildren were not included, as it is known that fist menstruation and
menstruation significantly affect sleep and behavior [31]. One subject withdrew before the initiation of the data collec-
tion (Fig 1). The selection criteria included: (1i) Regular use of vision correction glasses for myopia in daily life and
(2i) According to reports from parents, exposure to blue light from LED displays (such as mobile phones, tablets, and
computers) for an average of one hour or more per day before bedtime. To improve compliance with wearing lenses,
we enrolled only students who regularly wear glasses for myopia. In addition, we used blue light filtering glasses and
regular prescription glasses, both providing vision correction, instead of overlay blue light-blocking glasses, to reduce
discomfort during trails.

Participants were excluded if they: (1e) Were taking medications or supplements that affect sleep, autonomic nerves,
or the central nervous system; (2e) Had irregular sleeping habits or a history of or were suffering from sleep disorders,
psychiatric diseases, immune/allergic diseases, metabolic disorders, corneal disorders, retinal disorders, dry eye, or eye
strain; (3e) Were taking medications or required drug treatment for hay fever; (4e) Had infectious diseases as stipulated
in the Infectious Diseases Control Law and blood-borne diseases (HBV, HCV, HIV, syphilis). We assessed the degree of
sleep disturbance in individual participants using the Elementary School Children’s Sleep Questionnaire by Kuwada et al
[32]. This questionnaire evaluates sleep status over the last month using nine categories (I. RLS; Restless legs syndrome,
[I. Excessive daytime sleepiness, lll. Obstructive sleep apnea syndrome, IV. Daytime behavior, V. Morning symptoms, VI.
Sleep duration, VII. Insomnia/rhythm, VIII. Sleep habits, IX. Sleep rhythms on holidays), with a total of 38 questions, each
with six scoring grades (1) Not at all applicable, (2) Not applicable, (3) Somewhat applicable, (4) Somewhat applicable, (5)
Applicable, (6) Very applicable.

We explained the study’s aim to the participants: to investigate the influences of different types of lenses worn before
bedtime on sleep and daily behaviors. However, the characteristics of each lens and the predictability of the results were
not addressed. We also asked parents to monitor and record whether participants wore the correct glasses for at least
three hours before their habitual bedtime. The trial period was scheduled from May through July to avoid the start of the
new school year in April (in Japan), summer holidays, and major events such as sports festivals and off-campus learning
activities in Fall. As the sunset during the trial period was between 6:40 and 6:50 pm and we anticipated that participants
would go to bed around 10:00 pm, we set the duration for 3 hours. Since the volunteers are elementary school students,
we aimed to avoid placing a burden on them. Additionally, we needed to steer clear of any major school events that could
interfere with the testing. We concluded that four to five weeks would be the maximum duration for the study. Since the
trial lasted a total of five weeks, there were no restrictions on eating, drinking, or posture.
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Fig 1. Survey design. The study design was a crossover design, with participants wearing respective glasses for 3 hours before their habitual bedtime
for two weeks, separated by a one-week washout period (using their own regular glasses) between sessions. Participants were instructed to use LED
display electronic devices with the blue light-cut mode (night mode, etc.) deactivated, taking into consideration its potential effect on the study results.

https://doi.org/10.1371/journal.pone.0332877.9001

This research was conducted in compliance with the research protocol and the “Ethical Guidelines for Life Sciences
and Medical Research Involving Human Subjects” (Ministry of Education, Culture, Sports, Science and Technology, Minis-
try of Health, Labor and Welfare, and Ministry of Economy, Trade and Industry Notification No. 1, 2021). Ethical approval
was obtained from the Ethical Review Committee of Ota Sleep Science (#20028), and all participants and their parents
provided written informed consent. The first participant was recruited on 5/17/2022 and the trial ended on 7/7/22 (Fig 1).

Study design and intervention

The study employed an exploratory design with a prospective, randomized, sham-controlled, single-blind crossover approach.
Participants were provided with custom-made regular glasses (JINS Standard Clean Lens) and blue light-blocking glasses (JINS
Screen Lens Heavy [40% cut]) with correcting vision based on the degree of myopia of each participant, both fitted into frames
matching their usual glasses (Fig 1). The transmittance spectrum of blue light cut and normal lenses are shown in S1 Fig.

The study assessed the effects of wearing partial blue light-blocking glasses for a duration of 3 hours before their habit-
ual bedtime. Participants alternated between the two types of glasses over two-week sessions, with a one-week washout
period (using their own regular glasses) between sessions. Random assignment of subjects ensured an equal ratio of par-
ticipants in the “Non-filter glasses pre-wear group: Group A” and the “ Blue light-blocking glasses pre-wear group: Group
B” at a 20:19 ratio.
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Participants were instructed to use LED display electronic devices with the blue light- blocking mode (night mode, etc.)
deactivated during the study, to avoid any potential influence on the study results.

Saliva samples were collected using Saliva Collection Straws (Saliva Collection Aid) and transferred to saliva collection
tubes (Cryovial, 2ml, SalivaBio) on the day before the start of wearing the spectacles, and on the 7th, 14th, 28th, and 35th
days of the study. Participants collected 0.5ml of saliva in Cryovial containers using the saliva collection straws at -3, -2,
-1, and 0 hours before their habitual bedtime (Fig 1). The collected specimens were stored in freezers in the participants’
homes and later transported to a laboratory, where they were stored at —80°C until the melatonin concentration in saliva
was measured using the Melatonin test kit (SALIMETRICS ASSAY, Salimetrix, LLC. Carlsbad, CA).

To monitor sleep patterns, a lightweight waist-worn actigraph MTN-221 (Acos, Co., Ltd. Nagano, Japan) was used.
Subjects wore the actigraph on their abdomen with a designated belt approximately 3 hours before bedtime, and they
continued their usual activities until bedtime (but removed the actigraph while taking a bath). The actigraph was worn
throughout the bedtime and removed upon waking the next day. The subjects also maintained a daily sleep diary to record
bedtime and wake-up time in conjunction with the actigraph recordings.

Sleep and wakefulness were analyzed using SleepSign®-Act Ver. 2.0 (Kissei Comtec Co., Ltd, Matsumoto, Japan),
which employs an algorithm based on activity and posture data collected by a small, lightweight actigraphy device and
performs a series of linked calculations [33—35]. This actigraph, positioned on the trunk, detects various postures (Stand-
ing, Inverted, Spine, Prone, Left lateral decubitus, Right lateral decubitus) (S2 Fig) and provides reliable evaluations of
Into-Bed Time, Out-of-Bed Time, which are characteristics that most wrist-worn actigraphs struggle to measure accu-
rately. In addition to Into-Bed Time and Out-of-Bed Time, the algorithm automatically calculates Sleep Onset Time, Total
Sleep Time, Sleep Latency, Wake after Sleep Onset, Sleep Efficiency, Final Wake up Time, Out-of-Bed Time, and Bed out
Latency. One of the authors further verified (blinded to session information) the Bedtime and Out-of-Bed Time for each
recording day with the assistance of the individual’'s daily sleep log (i.e., Sleep Onset and Wake up Time) recorded each
day. Data from weekdays (Monday to Friday) for each week were analyzed and used for comparisons.

In order to evaluate changes in sleep and daytime behavior during trial periods, 23 questions (each with six options)
selected from (JSQ-ES) [32], were administered on the 8th, 15th, 29th, and 36th days after the end of wearing the specta-
cles (Fig 1, S1 and S2 File). We asked the participants to record their condition over the past few days. These questions
cover various aspects of sleep and behavior, including excessive daytime sleepiness, daytime behavior, morning symp-
toms, insomnia/rhythm, holiday sleep rhythm, and chronotype on the day prior to completing the questionnaire.

Statistical analysis

Statistical analysis was conducted using JMP16 (Cary, NC, USA) for various parameters, including salivary melatonin
levels, actigraph data, and scores related to sleep and daytime behavior. Homogeneity of variance was assessed using
Levene’s test. When normality and homogeneity of variance were not recognized in the data, nonparametric analysis
was performed. Melatonin levels were analyzed using a two-way repeated measures ANOVA, while actigraph data and
sleep/daytime behavior scores were analyzed using the nonparametric Wilcoxson signed-rank test, as normality was not
confirmed in most of the dataset. The threshold for statistical significance was set at p<0.05 (two-sided). All data are pre-
sented as mean+SEM. A priori power analysis estimates the requirement of 27 cases for the Wilcoxon signed-rank test,
using an effect size (0.5), a power value of 0.8, and a two-tailed significance level of p<0.05.

Results
Sleep and lifestyle of participants

The mean scores (£SD and range) of the JSQ-ES for the 39 participants were as follows: |. Restless legs syndrome
(7.1+£1.8, 6-13), Il. Excessive daytime sleepiness (8.7 £4.0, 5-19), lll. Obstructive sleep apnea syndrome (7.8 +3.8,
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3—-16), IV. Daytime behavior (6.6+2.1, 5-11), V. Morning symptoms (3.8+ 1.4, 3-8), VI. Sleep duration (6.4+.0, 4-11),
VII. Insomnia/rhythm (9.9+4.6, 4-20), VIII. Sleep habits (4.1+3.1, 2-12), IX. Sleep rhythms on holidays (8.9+3.3, 4-15).
Based on these results, we confirmed that none of the participants exhibited significant sleep disorders.

Additional observations included: 12.8% of participants reported tooth grinding, 5.1% experienced nocturnal behaviors, 2.6%
fell asleep while watching TV, 5.1% went out after 8 p.m., and 100% reported eating breakfast daily. Furthermore, 64.1% spent
more than one hour using LED-emitting devices just before bedtime, and 10.3% occasionally consumed caffeine after 7 p.m.

Salivary melatonin levels

The salivary melatonin data for all individuals in weeks 1 and 2, both in the Non-Filter and Filter glasses wearing sessions,

are presented in Fig 2 (a-d). Additionally, Fig 2 (e, f) displays the comparison of average salivary melatonin levels between
the Non-Filter and Filter wearing sessions in weeks 1 and 2.

Non-Filter 1st Week Non-Filter 2nd Week

Melatonin (pg/ml)
8 8 8

]
Melatonin (pg/ml)

o

Time Before Go To Bed (hr) Time Before Go to Bed (hr)

Filter 1st Week

Filter 2nd Week
50 60—
c) = 40 d ) =
E E
2304 2 407
£ £
S 20+ $
3 § 207
= 10 g
0~ 0-
o - -3 -2 -1 0
Time Before Go To Bed (hr) Time Before Go to Bed (hr)
) 1st Week f) 2nd Week
e 30—
30 «®- Non-filter
’E‘ g Filter
g 20— E 20+
£ <
c 'c
]
% 10+ g 10
2 b
0 T T T 1 0 T T T 1
3 2 A 0 4 3 2 - 0
Time Before Go To Bed (hr) Time Before Go To Bed (hr)

Fig 2. Salivary melatonin data of all individuals in weeks 1 and 2 of both Non-Filter and Filter sessions (a-d), and a comparison of average
salivary melatonin levels between Non-Filter and Filter sessions in weeks 1 and 2 (d, e). Saliva measurements were conducted during the 1st
and 2nd weeks of each session, with saliva collected at -3, -2, -1, and 0 hours before the habitual bedtime (a-d). Time-dependent increases in salivary
melatonin levels were observed in most subjects in both sessions during weeks 1 and 2 (d, e). The time-dependent increases in melatonin levels were

significant (p<0.0001), but no significant differences were observed between the Sessions or in the Session x Time interaction (p>0.05, Two-way
Repeated Measures ANOVA).

https://doi.org/10.1371/journal.pone.0332877.9002
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A time-dependent increase in melatonin levels, approximately four times higher than the lowest time point, was
observed in most subjects from both sessions during week 1 and week 2 (Fig 2. a-d). Analysis of average salivary mela-
tonin levels for the Non-Filter and Filter sessions revealed a significant time-dependent increase in salivary melatonin lev-
els in both sessions during both weeks (Two-way repeated measures ANOVA, 1st week, Time effect: F=31.6, df=3, 74,
p<0.0001) and 2" week (Time effect: F=29.1, df=3, 74, p<0.0001) (Fig 2. e, f). However, no significant differences (1st
week: Time x Session: F=0.46, df=3, 74, p=0.71, 2nd week: Time x Session: F=0.12, df=3, 74, p=0.95) were observed
between the Sessions, and there was no significant Time x Session interaction (Fig 2. e, f). These results suggest that
light exposure during regular evening activities did not significantly reduce melatonin secretion, and that wearing 40%
partial blue light-blocking glasses for 3 hours before bedtime did not restore salivary melatonin secretion.

These results indicate that that wearing 40% partial blue light-blocking glasses for 3 hours before bedtime did not alter
melatonin secretion observed with Non-filter session.

Actigraph sleep measures

Since no statistical differences were observed in any sleep parameters between Group A and B during both Non-Filter
and Filter sessions (see Fig 1 for group identification), the data for Group A and B in each Non-Filter and Filter session
were combined and analyzed accordingly. We noticed that Japanese 10—12 year old school children in our study had very
short sleep duration and low sleep efficacy, such as 358.53 minutes 71.81% in Non-Filter and 356.03 minutes and 70.78%
in Filter sessions (Table 1). According to self/parental reports, sleep duration is much longer and estimated to be around
8.4 hours in Japanese children aged 10—12 years old [5], values roughly correspond to the Total Time in Bed in our study
(502.37 minutes in Non-Filter sessions and 504.69 minutes in Filter sessions), suggesting that the self-reported sleep
time may reflect the Total Time in Bed. It is also possible that the automatic sleep scoring used [33-35] was too sensitive
in detecting awakenings in school children, resulting in shorter total sleep time and lower sleep efficiency. However, our
actigraph has the advantage of accurately detecting sleep phases through posture data, and sleep phase advancement is
one of our hypotheses.
Analysis of the average two-week sleep actigraph data between the Non-Filter and Filter sessions revealed a signifi-
cant advancement in Into-Bed Time (22.13+0.09h, vs. 22.03+0.08h n=39, W=129.5, p=0.040) and Sleep-Onset Time

Table 1. Analysis of 2-week average of sleep actigraph data between Non-filter and Filter sessions.

Total Sleep Sleep Latency(SL) Wake After Sleep Number of Sleep Effi-
Time(TST) Onset(WASO) Awakenings(NOA) ciency(SE)
MeantSEM Non-Filter 358.53+7.67 14.11+£1.98 120.30+7.34 15.16+0.47 71.81+£1.43
Filter 356.03+6.70 13.65+£1.70 127.67+7.70 15.76 £0.56 70.78+1.51
p-value wilcoxon 0.68 0.48 0.13 0.26 0.26
Average Awakening | Awakenings Longer Number of Position Into-Bed Time Sleep-Onset
Duration Than 8 Minutes Changes Time
Meant*SEM Non-Filter 7.78+0.30 6.85+0.46 25.69+1.13 22.13+0.09 22.36+0.10
Filter 7.93+0.30 7.15+0.48 26.63+1.34 22.03+0.08 22.26+0.08
p-value wilcoxon 0.38 0.28 0.25 0.040% 0.041*
Final Wake Time Out-of-Bed Time Sleep Period Total Time in Bed(TIB) | Bed Out
Time(SPT) Latency(BOL)
Meant*SEM Non-Filter 6.35+0.11 6.47+0.11 478.83+5.09 500.40+5.69 7.46+0.54
Filter 6.32+0.09 6.45+0.10 483.69+3.87 505.05+5.17 7.70+£0.69
p-value wilcoxon 0.74 0.84 0.11 0.09 0.85

A significant advancement in Into-Bed Time and Sleep-Onset Time was observed between Non-Filter and Filter sessions in 2-week average.

https://doi.org/10.1371/journal.pone.0332877.t001
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(22.36+0.10h, vs. 22.26+0.08h, n=39, W=129.0, p=0.041) in the Filter session compared to the Non-Filter session (Table
1). The mean durations in advance are 6.0 minutes for Into-Bed Time and Sleep-Onset Time. Further analysis of the indi-
vidual week data within the Filter sessions (week 1 vs. week 2) indicated that the effects began to manifest in the second
week, with significant effects observed for Into-Bed Time and Sleep-Onset Time during the second week (Tables 2, 3).
Significant advancements in sleep phase ([a] Into-Bed Time, [b] Sleep-Onset Time, [c] Final Wake-up Time, and
[d] Out-of-Bed Time) were observed from the 1st week to the 2nd week in the Filter session, whereas no significant
changes were observed between the 1st and 2nd weeks in the Non-Filter session (Fig 3), suggesting that the use of blue
light-blocking glasses contributes to the advancement of the sleep phase.

Table 2. Analysis of Week 1 sleep actigraph data between Non-filter and Filter sessions.

Total Sleep Sleep Latency(SL) Wake After Sleep Number of Sleep Effi-
Time(TST) Onset(WASO) Awakenings(NOA) ciency(SE)
Mean+SEM Non-Filter 354.00+£7.95 14.17+£1.74 122.64+7.96 15.23+0.55 71.25+1.57
Filter 356.55+7.52 14.19+£1.64 126.79+8.29 15.43+£0.62 70.91+1.66
p-value wilcoxon 0.59 0.65 0.27 0.56 0.64
Average Awakening | Awakenings Longer Number of Position Into-Bed Time Sleep-Onset
Duration Than 8 Minutes Changes Time
MeantSEM Non-Filter 7.85+£0.34 6.95+0.50 25.51+1.31 22.17+01 22.40+0.1
Filter 7.94+0.33 7.10+£0.50 26.93+1.46 22.10+0.1 22.34+0.1
p-value wilcoxon 0.74 0.49 0.10 0.1 0.3
Final Wake Time Out-of-Bed Time Sleep Period Total Time in Bed(TIB) | Bed Out
Time(SPT) Latency(BOL)
Meant*SEM Non-Filter 6.35+0.12 6.47+0.12 476.65+5.70 498.43+6.10 7.61+0.68
Filter 6.39+0.11 6.52+0.11 483.34+4.80 505.41+5.98 7.88+0.79
p-value wilcoxon 0.50 0.37 0.26 0.22 0.67
No significant differences were observed between the Non-Filter and Filter sessions in Week 1.
https://doi.org/10.1371/journal.pone.0332877.t002
Table 3. Analysis of Week 2 sleep actigraph data between Non-filter and Filter sessions.
Total Sleep Sleep Latency(SL) Wake After Sleep Number of Sleep Effi-
Time(TST) Onset(WASO) Awakenings(NOA) ciency(SE)
Mean+SEM Non-Filter 363.06+8.31 14.05+2.55 117.95+7.53 15.09+£0.54 72.36+1.46
Filter 355.50+7.31 13.12+£2.09 128.55+7.63 16.10+£0.60 70.65+1.48
p-value wilcoxon 0.29 0.69 0.1 0.16 0.24
Average Awakening | Awakenings Longer Number of Position Into-Bed Time Sleep-Onset
Duration Than 8 Minutes Changes Time
Mean+*SEM Non-Filter 7.71+£0.31 6.76+0.49 25.87+1.10 22.10+0.10 22.34+0.11
Filter 7.93+0.32 7.21+0.49 26.32+1.31 21.98+0.09 22.19+0.09
p-value wilcoxon 0.34 0.31 0.48 0.039* 0.043*
Final Wake Time Out-of-Bed Time Sleep Period Total Time in Bed(TIB) | Bed Out
Time(SPT) Latency(BOL)
Mean*SEM Non-Filter 6.35+0.10 6.47+0.10 481.01+5.45 502.37+5.97 7.30+£0.58
Filter 6.26+0.09 6.39+0.09 484.05+4.58 504.69+5.55 7.53+0.80
p-value wilcoxon 0.23 0.29 0.25 0.35 0.92
A significant advancement in Into-Bed Time and Sleep-Onset Time was observed between Non-Filter and Filter sessions in Week 2.
https://doi.org/10.1371/journal.pone.0332877.t003
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Fig 3. Comparisons between the 1st and 2nd weeks and between the Non-Filter and Filter sessions for Into-Bed Time, Sleep-Onset Time, Final
Wake-Up Time, and Out-of-Bed Time. A significant advancement in the sleep phase was also observed between the 1st and 2nd weeks of the Filter ses-
sion for Into-Bed Time (a), Sleep-Onset Time (b), Final Wake-Up Time (c), and Out-of-Bed Time (d), while no significant changes were observed between
the 1st and 2nd weeks of the Non-Filter session. (* paired comparison between Non-Filter and Filter sessions, * paired comparison between the 1st and 2nd
weeks.

https://doi.org/10.137 1/journal.pone.0332877.9003

Sleep and behavioral questionnaires

The analysis of the average sleep and behavioral questionnaire data over a two-week period (Table 4) for the
Non-Filter and Filter sessions revealed a significant decrease in Disruptive Behavior towards Siblings and Friends
(2.3£0.2vs. 2.1£0.2, n=39, W=124, p=0.041) and Daytime Irritability (2.4+0.2 vs. 2.2+0.2, n=39, W=150.5,
p=0.015) in the Filter session. Additionally, when analyzing the individual week data of the Filter sessions (week

1 vs. week 2), it became evident that behavioral effects, in conjunction with the sleep phase advancement, started
to manifest in the 2nd week (Tables 2, 3, 5, 6). These effects became significant for Disruptive Behavior towards
Siblings and Friends (2.4£0.2 vs. 2.1+£0.2, n=39, W=142.5, p=0.013), Daytime Irritability (2.5+£0.2 vs. 2.1+0.2,
n=39, W=142.5, p=0.017), and Poor Mood upon Waking (2.3+0.2 vs. 2.0+0.2, n=39, W=116.5, p=0.048) during
the 2nd week (Table 6). Furthermore, comparisons between the 1st and 2nd weeks showed that these parameters
tended to improve in the Filter session during the 2nd week, while they worsened slightly in the 2nd week of the
Non-Filter session (Fig 4).

PLOS One | https://doi.org/10.1371/journal.pone.0332877  October 30, 2025 9/16



https://doi.org/10.1371/journal.pone.0332877.g003

PLO\Sﬁ\\.- One

Table 4. Analysis of 2-week average of sleep questionnaire data between Non-filter and Filter sessions.

1-1 SLEEPINESS 1-2 FATIGUE 1- 3DOZING AT | 1-4DOZING AT | 1-5BEDTIME 1- 6WASO >2
HOME SCHOOL AFTER 11PM
Non-filter | Mean+SEM 1.7+0.1 1.9+0.2 1.3+0.1 1.1+£0.0 1.5+0.1 1.5+0.1
Filter 1.8+0.1 2.0+0.2 1.3+0.1 1.1+£0.0 1.5+0.1 1.6+£0.2
Wilcoxon | p-value 0.75 0.73 0.58 1.00 0.69 0.37
1- 7IRREGULAR 2 - 1DAYTIME 2 - 2LESS CON- |2 - 3DISRUPTIVE | 2 - 4DAYTIME |3 - 1TTROUBLE
SLEEP RESTLESSNESS| CENTRATION BEHAVIOR IRRITABILITY | AWAKENING
Non-filter | Mean+SEM 2.4+01 2.2+0.2 2.5+0.2 2.3+0.2 2.4+0.2 2.7+0.2
Filter 2.3+041 2.2+0.2 2.5+0.2 2.1+0.2 2.2+0.2 2.6+0.2
Wilcoxon | p-value 0.36 0.44 0.95 0.041* 0.015* 0.78
3 - 2TROUBLE GET- | 3 - 3POOR 4 - TUNABLE 4 - 2LATE FOR |4 - 3DAY 5-1>1 HR LATER
TING OUT OF BED MOOD UPON TO ATTEND SCHOOL AND NIGHT SLEEP TIME ON
AWAKENING SCHOOL REVERSAL WEEKENDS
Non-filter | Mean+SEM 2.6+0.2 2.2+0.2 1.2+0.1 1.2+0.1 1.0£0.0 3.4+0.2
Filter 2.5+0.2 2.1+0.2 1.1+£0.1 1.1+£0.0 1.1+£0.0 3.5+0.3
Wilcoxon | p-value 0.81 0.17 0.31 0.18 0.55 0.81
5-2>1HR LATER C-1DIFFICULTY C-2ALERTNESS C-3TIME C-4TIME
AROUSAL TIME ON | WAKING IN UPON WAKING  OF INITIAL UNTIL FULL
WEEKENDS MORNING DROWSINESS ALERTNESS
Non-filter | MeantSEM 2.9+0.2 1.9+0.2 2.0+0.2 41+0.1 2.6+0.2
Filter 2.9+0.2 1.8+0.2 2.0+0.2 4.3+0.1 2.7+0.2
Wilcoxon | p-value 0.54 0.45 0.58 0.22 0.69
Significant improvements in Violent Behavior and Daytime irritability were observed in the Filter sessions.
https://doi.org/10.1371/journal.pone.0332877.t004
Table 5. Analysis of Week 1 sleep questionnaire data between Non-filter and Filter sessions.
1-1SLEEPINESS 1-2 FATIGUE 1- 3DOZING AT 1 - 4DOZING AT 1 - 5BEDTIME 1- 6WASO >2
HOME SCHOOL AFTER 11PM
Non-filter MeanzSEM 1.6+£0.1 1.9+£0.2 1.3£0.1 1.2+£0.1 1.5+£0.1 1.6+0.1
Filter 1.8+0.2 2.0+0.2 1.3£0.1 1.2+0.1 1.5+£0.1 1.6+0.2
Wilcoxon p-value 0.28 0.89 0.66 1.00 0.61 0.91
1-7IRREGULAR SLEEP 2 - 1DAYTIME 2 - 2LESS 2 - 3DISRUPTIVE 2 - ADAYTIME 3 - 1TTROUBLE
RESTLESSNESS A CONCENTRATION| BEHAVIOR IRRITABILITY AWAKENING
Non-filter | MeantSEM 2.5+0.2 2.2+0.2 2.4+0.2 2.3+0.2 2.3+0.2 27+0.2
Filter 2.3+0.2 2.2+0.2 2.6+0.2 2.2+0.2 2.3+0.2 2.6+0.2
Wilcoxon p-value 0.56 0.89 0.51 0.77 0.42 0.59
3 - 2TROUBLE GETTING OUT 3 - 3POOR 4 - 1UNABLETO 4 - 2LATE FOR 4 - 3DAY 5-1>1HR LATER
OF BED MOOD UPON ATTEND SCHOOL | SCHOOL AND NIGHT SLEEP TIME ON
AWAKENING REVERSAL WEEKENDS
Non-filter | Mean+SEM 25102 22102 1.2+0.1 1.2+0.1 1.0£0.0 34+0.2
Filter 2.5+0.2 2.1+0.2 1.1£0.1 1.1£0.0 1.1£0.0 3.6+0.3
Wilcoxon p-value 1.00 0.77 0.08 0.16 0.57 0.47
=2 C-1 C-2 C-3 C-4
> 1 HR LATER AROUSAL TIME | DIFFICULTY ALERTNESS TIME OF INITIAL TIME UNTIL
ON WEEKENDS WAKING IN UPON WAKING DROWSINESS FULL
MORNING ALERTNESS
Non-filter | MeantSEM 3.0+£0.2 1.9£0.2 2.1+0.2 4.2+0.1 2.5+0.2
Filter 3.0+0.2 1.8+0.2 2.0+0.1 4.3+0.1 2.7+0.2
Wilcoxon p-value 0.99 0.23 0.91 0.35 0.57
No significant differences were observed between the Non-Filter and Filter sessions in Week 1.
https://doi.org/10.1371/journal.pone.0332877.t005
PLOS One | https://doi.org/10.1371/journal.pone.0332877  October 30, 2025 10/16
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Table 6. Analysis of Week 2 sleep questionnaire data between Non-filter and Filter sessions.

1-1 SLEEPINESS 1-2 1-3 DOZING AT 1-4 DOZING JsaQ1 - 1-6 WASO >2
FATIGUE HOME AT SCHOOL 5C1_5BEDTIME
AFTER 11PM
Non- Mean+SEM 1.8+0.2 1.9+0.2 1.2+0.1 1.1+0.0 1.6+0.1 1.4%0.1
Filter
Filter 1.7£0.1 1.9%0.1 1.310.1 1.1+0.0 1.5+0.2 1.5+0.1
wilcoxon p-value 0.71 0.78 0.15 1.00 0.27 0.15
1-7 IRREGULAR 2-1 DAYTIME | 2-2 LESS CON- 2-3 DIS- 2-4 DAYTIME 3-1 TROUBLE
SLEEP RESTLESS- CENTRATION RUPTIVE IRRITABILITY AWAKENING
NESS BEHAVIOR
Non- Mean+SEM 24+0.2 22+0.2 25+0.2 24+0.2 25+0.2 2.6+0.3
Filter
Filter 2.3+0.2 2.2+0.2 24+0.2 2.1+£0.2 2.1+0.2 2.6+0.2
wilcoxon p-value 0.72 0.42 0.27 0.013* 0.017* 0.79
3-2 TROUBLE 3-3 POOR 4-1 UNABLE 4-2 LATE 4-3 DAY 5-1>1 HR LATER
GETTING OUT MOOD UPON | TO ATTEND FOR SCHOOL AND NIGHT SLEEP TIME ON
OF BED AWAKENING | SCHOOL REVERSAL WEEKENDS
Non- Mean+SEM 2.6+0.3 2.3+0.2 1.2+0.1 1.2+0.1 1.1+0.0 2.9+0.3
Filter
Filter 25+0.2 2.0+£0.2 1.1+£0.1 1.1+0.0 1.1+0.0 2.9+0.2
wilcoxon p-value 0.36 0.048* 0.56 0.18 0.16 0.74
5-2>1 HR LATER C-1DIFFICULTY C-2ALERTNESS C-3TIME C-4TIME
AROUSAL TIME WAKING IN UPON WAKING OF INITIAL UNTIL FULL
ON WEEKENDS MORNING DROWSINESS ALERTNESS
Non- Mean+SEM 2.9+0.3 1.9+0.2 2.0+£0.2 4.1+0.2 2.6+0.2
Filter
Filter 2.9+0.2 1.8+0.2 1.9+0.2 4.2+0.2 2712
wilcoxon p-value 0.88 0.66 0.51 0.16 0.95

Significant improvements in Violent Behavior and Daytime Irritability, Poor Mood Upon Awakening were observed in the Filter sessions.

https://doi.org/10.1371/journal.pone.0332877.t006
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Fig 4. Comparisons between 1st and 2nd weeks and between the Non-Filter and Filter sessions for Daytime Irritability, Disruptive Behavior
towards Siblings and Friends, and Poor Mood upon Waking. Alongside the advancement in sleep phase (Fig 3), improvements in Daytime Irritability,
Disruptive Behavior towards Siblings and Friends, and Poor Mood upon Waking appeared in the 2nd week, and become significant. (* paired compari-
son between the 1st and 2nd weeks.

https://doi.org/10.1371/journal.pone.0332877.9004
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Discussion

Our results indicate that wearing partial blue light-blocking glasses advances sleep onset and enhances daytime
behavior in schoolchildren. These effects were notable during the second week. Paired comparisons between the
first and second weeks revealed significant advancements in Into-Bed Time (-7.2min), Sleep Onset Time (-9.0 min),
Final Wake-up Time (-7.8 min), and Out-of-Bed Time (-7.8 min), compared to the first week. No significant changes
between the first and second weeks were observed in the Non-Filter session (Fig 3). Additionally, the Filter session
showed significant improvements in disruptive behavior towards siblings and friends, daytime irritability, and mood
upon waking compared to the Non-Filter session. Although the sleep phase shifts were modest, they correlated with
better daytime behavior. The more pronounced effects during the second week suggest that extending the study may
yield larger benefits.

We initially anticipated a significant melatonin suppression in the Non-Filter session, as previous studies have demon-
strated that the use of self-luminous devices starting 2 hours before normal bedtimes in adolescents (age 15-17 years)
significantly reduces (~38%) salivary melatonin secretion, while wearing orange tinted glasses (SAF-T-CURE O Orange
UV Filter Glasses) which filter all optical radiation below approximately 525nm, reverses the melatonin suppression [36].

To our surprise, wearing partial blue light-blocking glasses advanced the sleep phase and improved daytime behavior
in schoolchildren, but these effects were not mediated by changes in melatonin secretion. We used a melatonin ELISA
kit (SALIMETRICS ASSAY) optimized for salivary melatonin measurements. The melatonin levels exceeded the kit’s
detection limit (1.37 pg/ml), and a time-dependent increase in melatonin levels was observed during both the 1st and 2nd
weeks in the Non-Filter sessions. This time-dependent increase in melatonin in the Non-Filter sessions was comparable to
the changes reported previously with the non-filter control sessions for 100% blue light-blocking glass sessions [36] or in
papers of the dim light melatonin onset measures, where melatonin levels were 3—4 times higher at bedtime compared to
2-3 hours before [37,38].

The suppression of melatonin by light exposure before bedtime has been reported by several research groups [30,39]
and it has been suggested that younger subjects may be more sensitive to light-induced melatonin suppression [40].
Considering our negative results, it's possible that previous studies used stronger light exposures than the light exposure
in everyday life in the subjects of our study. It is also possible that the melatonin-reversing effects with blue light-
blocking glasses were masked because we used partial blue light-blocking glasses, and/or melatonin supersession was
only modest with Non-Filter glasses. In any case, under the daily living conditions of Japanese elementary schoolchildren,
we did not observe a significant reduction in salivary melatonin levels (compared to the previous studies [30,37,38]), nor
did we detect any effects of 40% partial blue light-blocking glasses on salivary melatonin secretion, even though the par-
ents reported that the subjects used tablets for more than 1 hour at home daily. Nevertheless, we observed a significant
advancement of the sleep phase and an improvement in daytime behavior, particularly during the 2nd week. In contrast, a
tendency towards worsening was observed during the 2nd week of the Non-Filter sessions (Fig 3, 4). Therefore, it is likely
that the advancement of the sleep phase and the improvement in daytime behavior were functionally related to the short-
term use of partial blue light-blocking but were not primarily mediated by significant changes in melatonin secretion.

The discovery of melanopsin (i.e., ipRGC) and its role in non-visual light perception has significantly advanced our
understanding of how light affects various physiological processes beyond simple vision [17—-19]. This knowledge has
important implications for areas such as sleep regulation, mood disorders, and the impact of artificial light exposure on
health. While one of the major mechanisms involved is thought to be mediated by melatonin secretion, there are other
direct effects of blue light on the brain and body. Light signal inputs are relayed to the suprachiasmatic nucleus (SCN),
which then mediates the effect on the pineal gland through the superior cervical ganglions, ultimately controlling melatonin
synthesis and secretion [17-19] (see, Fig 5). Therefore, it is advisable to minimize blue light exposure at night to reduce
melatonin suppression, thus avoiding circadian phase delays and sleep impairments. However, it's important to note that
daytime exposure to sunlight, including the blue light spectrum, is essential for overall human health and well-being [41].
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In addition to the melatonin-mediated mechanisms, blue light itself, during daytime, has direct effects on various brain
regions, including the hypothalamus, leading to circadian phase shifting and entrainment through the stimulation of clock
gene expressions [19] (Fig 5). It also influences cortical activity, subjective experiences, EEG patterns, and neurobehav-
ioral performance [42,43]. Furthermore, blue light plays a role in light-induced papillary reflex, cardiovascular regulation,
and thermoregulation, all of which are mediated by ipRGC [44] (Fig 5). While melatonin-mediated effects certainly play

a role in these physiological responses and the regulation of sleep and circadian rhythms, it's possible that melatonin
non-mediated effects of blue light on the brain and body may be equally important in understanding how light impacts our
overall health and well-being.

Several limitations of the studies were noted. A major limitation is the inability to adjust for multiple comparisons,
primarily due to the small sample size in the five-week survey of elementary school children, which resulted in low sta-
tistical power. In sleep and behavior assessments, it is common to analyze many independent variables simultaneously,
and some findings may be significant by chance. To address this, we aimed for consistency in key evaluation parameters
by conducting relevant assessments concurrently or by rephrasing questions. For example, advances in bed time, sleep
onset time, final wake-up time, and out-of-bed time all indicate a sleep phase shift. Similarly, consistent responses regard-
ing disruptive behaviors, daytime irritability, and poor mood upon awakening led us to believe that the results were unlikely
to be due to chance.

Regarding the experimental design, we could not include dim light control sessions, as the study aimed to assess
real-life effects in home settings where parents supervise procedures. It was also impractical to control and measure light
exposure, as the subjects lived in, stayed in and move to various rooms in the house. Similarly, we could not control and
record the light exposure history before and during the study. These limitations limit the interpretations of the melatonin
results and we could not evaluate exactly and conclude if daily living evening light exposure at home reduces melatonin
secretion. Secondly, the study’s blue light blocking manipulation and monitoring were conducted for only 2 weeks, with
the positive effects becoming prominent in the 2nd week. It is therefore advisable to consider longer monitoring periods,
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as extended manipulation may reveal more significant effects, potentially including impacts on sleep duration and quality.
Thirdly, the study was conducted exclusively on male children and only during early summer, limiting the generalizability of
the findings to broader populations or different seasonal contexts. Finally, although our results suggest the involvement of
non-melatonin pathways in sleep phase advancement and improvements in daytime behavior, the underlying mechanisms
of ipPRGC-mediated sleep and mood regulation remain largely unknown [19], (see also, Fig 5). More extended studies,
incorporating detailed neurobehavioral monitoring of blue light blocking under daily living conditions, are warranted to gain
a deeper understanding of these mechanisms.

In summary, our preliminary and exploratory study found that partial blue light-blocking glasses advanced sleep timing
and reduced daytime irritability without altering salivary melatonin levels in Japanese schoolchildren. Future efforts should
focus on verifying the reproducibility of these findings and conducting additional investigations that incorporate enhanced
management protocols, extended monitoring periods, and detailed elucidation of the underlying mechanisms.

While it is important to emphasize that the gold standard of sleep management is teaching children to develop a proper
sleep-wake cycle from infancy, our findings also suggest potential applications of blue light filters beyond children, includ-
ing travelers, athletes, and shift workers experiencing circadian disruptions.

Supporting information
S1 Fig. Transmittance spectrum: comparison of blue light cut and normal lenses.
(TIFF)

S2 Fig. Sleep assessment report.
(TIFF)

S1 File. Supplement questionnaire Q1.
(TIFF)

S2 File. Supplement questionnaire Q2.
(TIFF)

S3 File. Inclusivity-in-global-research-questionnaire clean.
(DOCX)

S4 File. IRB research plan (COMMSMED-23-0788-T) plos one.
(DOCX)

Author contributions

Conceptualization: Seiji Nishino, Taisuke Ono, Shintaro Chiba.

Data curation: Seiji Nishino, Naoya J Maeda-Nishino, Ryohei Yoshimoto, Shintaro Chiba.
Formal analysis: Seiji Nishino, Naoya J Maeda-Nishino, Ryohei Yoshimoto.

Funding acquisition: Seiji Nishino.

Investigation: Seiji Nishino, Shintaro Chiba.

Methodology: Seiji Nishino, Taisuke Ono, Shintaro Chiba.

Project administration: Seiji Nishino.

Supervision: Seiji Nishino, Shintaro Chiba.

Validation: Seiji Nishino.

PLOS One | https://doi.org/10.1371/journal.pone.0332877  October 30, 2025 14/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332877.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332877.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332877.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332877.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332877.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332877.s006

PLO\Sﬁ\\.- One

Writing — original draft: Seiji Nishino, Naoya J Maeda-Nishino.

Writing — review & editing: Seiji Nishino, Naoya J Maeda-Nishino, Shintaro Chiba.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Astill RG, Van der Heijden KB, Van ljzendoorn MH, Van Someren EJW. Sleep, cognition, and behavioral problems in school-age children: a century
of research meta-analyzed. Psychol Bull. 2012;138(6):1109-38. https://doi.org/10.1037/a0028204 PMID: 22545685

Clara MI, Allen Gomes A. An epidemiological study of sleep-wake timings in school children from 4 to 11 years old: insights on the sleep phase shift
and implications for the school starting times’ debate. Sleep Med. 2020;66:51-60. https://doi.org/10.1016/j.sleep.2019.06.024 PMID: 31791001

Gruber R, Somerville G, Wells S, Keskinel D, Santisteban JA. An actigraphic study of the sleep patterns of younger and older school-age children.
Sleep Med. 2018;47:117-25. https://doi.org/10.1016/j.sleep.2018.03.023 PMID: 29793184

Matricciani L, Olds T, Petkov J. In search of lost sleep: secular trends in the sleep time of school-aged children and adolescents. Sleep Med Rev.
2012;16(3):203-11. https://doi.org/10.1016/j.smrv.2011.03.005 PMID: 21612957

NHK. National Living Time Survey. Available from: https://www.nhk.or.jp/bunken/yoron-jikan/

Sivakumar CT, Rajan M, Pasupathy U, Chidambaram S, Baskar N. Effect of sleep habits on academic performance in schoolchildren age 6 to 12
years: a cross-sectional observation study. J Clin Sleep Med. 2022;18(1):145-9. https://doi.org/10.5664/jcsm.9520 PMID: 34241592

Gottfried MA, Kirksey JJ. Going to sleep and going to school: Linking bedtime to student absenteeism. J Sleep Res. 2021;30(6):e13396. https://doi.
org/10.1111/jsr.13396 PMID: 34121247

LeBourgeois MK, Hale L, Chang A-M, Akacem LD, Montgomery-Downs HE, Buxton OM. Digital Media and Sleep in Childhood and Adolescence.
Pediatrics. 2017;140(Suppl 2):S92—6. https://doi.org/10.1542/peds.2016-1758J PMID: 29093040

Dresp-Langley B, Hutt A. Digital Addiction and Sleep. Int J Environ Res Public Health. 2022;19(11):6910. https://doi.org/10.3390/ijerph19116910
PMID: 35682491

Lee S-I, Matsumori K, Nishimura K, Nishimura Y, Ikeda Y, Eto T, et al. Melatonin suppression and sleepiness in children exposed to blue-enriched
white LED lighting at night. Physiol Rep. 2018;6(24):e13942. https://doi.org/10.14814/phy2.13942 PMID: 30556352

Higuchi S, Nagafuchi Y, Lee S, Harada T. Influence of light at night on melatonin suppression in children. J Clin Endocrinol Metab.
2014;99(9):3298-303. https://doi.org/10.1210/jc.2014-1629 PMID: 24840814

Crowley SJ, Cain SW, Burns AC, Acebo C, Carskadon MA. Increased Sensitivity of the Circadian System to Light in Early/Mid-Puberty. J Clin
Endocrinol Metab. 2015;100(11):4067—73. https://doi.org/10.1210/jc.2015-2775 PMID: 26301944

Munch M, Nowozin C, Regente J, Bes F, De Zeeuw J, Hadel S, et al. Blue-Enriched Morning Light as a Countermeasure to Light at the Wrong
Time: Effects on Cognition, Sleepiness, Sleep, and Circadian Phase. Neuropsychobiology. 2016;74(4):207—-18. https://doi.org/10.1159/000477093
PMID: 28637029

Wahnschaffe A, Haedel S, Rodenbeck A, Stoll C, Rudolph H, Kozakov R, et al. Out of the lab and into the bathroom: evening short-term expo-
sure to conventional light suppresses melatonin and increases alertness perception. Int J Mol Sci. 2013;14(2):2573-89. https://doi.org/10.3390/
ijims14022573 PMID: 23358248

Cajochen C, Frey S, Anders D, Spati J, Bues M, Pross A, et al. Evening exposure to a light-emitting diodes (LED)-backlit computer screen affects
circadian physiology and cognitive performance. J Appl Physiol (1985). 2011;110(5):1432-8. https://doi.org/10.1152/japplphysiol.00165.2011 PMID:
21415172

Leger D, Bayon V, Elbaz M, Philip P, Choudat D. Underexposure to light at work and its association to insomnia and sleepiness: a cross-sectional
study of 13,296 workers of one transportation company. J Psychosom Res. 2011;70(1):29-36. https://doi.org/10.1016/j.jpsychores.2010.09.006
PMID: 21193098

Hattar S, Lucas RJ, Mrosovsky N, Thompson S, Douglas RH, Hankins MW, et al. Melanopsin and rod-cone photoreceptive systems account for all
major accessory visual functions in mice. Nature. 2003;424(6944):76—81. https://doi.org/10.1038/nature01761 PMID: 12808468

Gooley JJ, Lu J, Fischer D, Saper CB. A broad role for melanopsin in nonvisual photoreception. J Neurosci. 2003;23(18):7093-106. https://doi.
org/10.1523/JNEUROSCI.23-18-07093.2003 PMID: 12904470

Aranda ML, Schmidt TM. Diversity of intrinsically photosensitive retinal ganglion cells: circuits and functions. Cell Mol Life Sci. 2021;78(3):889-907.
https://doi.org/10.1007/s00018-020-03641-5 PMID: 32965515

Dacey DM, Liao H-W, Peterson BB, Robinson FR, Smith VC, Pokorny J, et al. Melanopsin-expressing ganglion cells in primate retina signal colour
and irradiance and project to the LGN. Nature. 2005;433(7027):749-54. https://doi.org/10.1038/nature03387 PMID: 15716953

Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner E, et al. Action spectrum for melatonin regulation in humans: evidence for a
novel circadian photoreceptor. J Neurosci. 2001;21(16):6405—12. https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001 PMID: 11487664

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. 2001;535(Pt 1):261-7. https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x PMID: 11507175

PLOS One | https://doi.org/10.1371/journal.pone.0332877  October 30, 2025 15/16



https://doi.org/10.1037/a0028204
http://www.ncbi.nlm.nih.gov/pubmed/22545685
https://doi.org/10.1016/j.sleep.2019.06.024
http://www.ncbi.nlm.nih.gov/pubmed/31791001
https://doi.org/10.1016/j.sleep.2018.03.023
http://www.ncbi.nlm.nih.gov/pubmed/29793184
https://doi.org/10.1016/j.smrv.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21612957
https://www.nhk.or.jp/bunken/yoron-jikan/
https://doi.org/10.5664/jcsm.9520
http://www.ncbi.nlm.nih.gov/pubmed/34241592
https://doi.org/10.1111/jsr.13396
https://doi.org/10.1111/jsr.13396
http://www.ncbi.nlm.nih.gov/pubmed/34121247
https://doi.org/10.1542/peds.2016-1758J
http://www.ncbi.nlm.nih.gov/pubmed/29093040
https://doi.org/10.3390/ijerph19116910
http://www.ncbi.nlm.nih.gov/pubmed/35682491
https://doi.org/10.14814/phy2.13942
http://www.ncbi.nlm.nih.gov/pubmed/30556352
https://doi.org/10.1210/jc.2014-1629
http://www.ncbi.nlm.nih.gov/pubmed/24840814
https://doi.org/10.1210/jc.2015-2775
http://www.ncbi.nlm.nih.gov/pubmed/26301944
https://doi.org/10.1159/000477093
http://www.ncbi.nlm.nih.gov/pubmed/28637029
https://doi.org/10.3390/ijms14022573
https://doi.org/10.3390/ijms14022573
http://www.ncbi.nlm.nih.gov/pubmed/23358248
https://doi.org/10.1152/japplphysiol.00165.2011
http://www.ncbi.nlm.nih.gov/pubmed/21415172
https://doi.org/10.1016/j.jpsychores.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21193098
https://doi.org/10.1038/nature01761
http://www.ncbi.nlm.nih.gov/pubmed/12808468
https://doi.org/10.1523/JNEUROSCI.23-18-07093.2003
https://doi.org/10.1523/JNEUROSCI.23-18-07093.2003
http://www.ncbi.nlm.nih.gov/pubmed/12904470
https://doi.org/10.1007/s00018-020-03641-5
http://www.ncbi.nlm.nih.gov/pubmed/32965515
https://doi.org/10.1038/nature03387
http://www.ncbi.nlm.nih.gov/pubmed/15716953
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
http://www.ncbi.nlm.nih.gov/pubmed/11487664
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
http://www.ncbi.nlm.nih.gov/pubmed/11507175

PLO\S\% One

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zisapel N. New perspectives on the role of melatonin in human sleep, circadian rhythms and their regulation. Br J Pharmacol. 2018;175(16):3190—
9. https://doi.org/10.1111/bph.14116 PMID: 29318587

Vandewalle G, Maquet P, Dijk D-J. Light as a modulator of cognitive brain function. Trends Cogn Sci. 2009;13(10):429-38. https://doi.org/10.1016/].
tics.2009.07.004 PMID: 19748817

Vasey C, McBride J, Penta K. Circadian Rhythm Dysregulation and Restoration: The Role of Melatonin. Nutrients. 2021;13(10):3480. https://doi.
0rg/10.3390/nu13103480 PMID: 34684482

Burkhart K, Phelps JR. Amber lenses to block blue light and improve sleep: a randomized trial. Chronobiol Int. 2009;26(8):1602—12. https://doi.
0rg/10.3109/07420520903523719 PMID: 20030543

Zhang Z, Beier C, Weil T, Hattar S. The retinal ipRGC-preoptic circuit mediates the acute effect of light on sleep. Nat Commun. 2021;12(1):5115.
https://doi.org/10.1038/s41467-021-25378-w PMID: 34433830

Ostrin LA, Abbott KS, Queener HM. Attenuation of short wavelengths alters sleep and the ipRGC pupil response. Ophthalmic Physiol Opt.
2017;37(4):440-50. https://doi.org/10.1111/0p0.12385 PMID: 28656675

WO_2004/033418_A3, inventor2004.

Figueiro M, Overington D. Self-luminous devices and melatonin suppression in adolescents. Lighting Research & Technology. 2016;48(8):966—75.
https://doi.org/10.1177/1477153515584979

Liu X, Chen H, Liu Z-Z, Fan F, Jia C-X. Early Menarche and Menstrual Problems Are Associated with Sleep Disturbance in a Large Sample of
Chinese Adolescent Girls. Sleep. 2017;40(9):10.1093/sleep/zsx107. https://doi.org/10.1093/sleep/zsx107 PMID: 28645184

Kuwada A, Mohri |, Asano R, Matsuzawa S, Kato-Nishimura K, Hirata |, et al. Japanese Sleep Questionnaire for Elementary Schoolers (JSQ-ES):
validation and population-based score distribution. Sleep Med. 2018;41:69-77. https://doi.org/10.1016/j.sleep.2017.07.025 PMID: 29425580

Enomoto M, Enod T, Suenaga K, Miura N, Nakano Y, Kohtoh S. Newly developed waist actigraphy and its sleep/wake scoring algorithm. Sleep Biol
Rhythms. 2009;7(1):17-22.

Nakazaki K, Kitamura S, Motomura Y, Hida A, Kamei Y, Miura N, et al. Validity of an algorithm for determining sleep/wake states using a new acti-
graph. J Physiol Anthropol. 2014;33(1):31. https://doi.org/10.1186/1880-6805-33-31 PMID: 25282356

Ushikoshi-Nakayama R, Yamazaki T, Omagari D, Matsumoto N, Inoue H, Nukuzuma C, et al. Evaluation of the benefits of neutral bicarbonate
ionized water baths in an open-label, randomized, crossover trial. Sci Rep. 2024;14(1):1261. https://doi.org/10.1038/s41598-024-51851-9 PMID:
38218992

Figueiro M, Overington D. Self-luminous devices and melatonin suppression in adolescents. Lighting Research & Technology. 2016;48(8):966—75.
https://doi.org/10.1177/1477153515584979

Burgess HJ, Park M, Wyatt JK, Fogg LF. Home dim light melatonin onsets with measures of compliance in delayed sleep phase disorder. J Sleep
Res. 2016;25(3):314—7. https://doi.org/10.1111/jsr.12384 PMID: 26847016

Keijzer H, Smits MG, Duffy JF, Curfs LMG. Why the dim light melatonin onset (DLMO) should be measured before treatment of patients with circa-
dian rhythm sleep disorders. Sleep Med Rev. 2014;18(4):333-9. https://doi.org/10.1016/j.smrv.2013.12.001 PMID: 24388969

Gooley JJ, Chamberlain K, Smith KA, Khalsa SBS, Rajaratnam SMW, Van Reen E, et al. Exposure to room light before bedtime suppresses mela-
tonin onset and shortens melatonin duration in humans. J Clin Endocrinol Metab. 2011;96(3):E463-72. https://doi.org/10.1210/jc.2010-2098 PMID:
21193540

Akacem LD, Wright KP Jr, LeBourgeois MK. Sensitivity of the circadian system to evening bright light in preschool-age children. Physiol Rep.
2018;6(5):e13617. https://doi.org/10.14814/phy2.13617 PMID: 29504270

Mead MN. Benefits of sunlight: a bright spot for human health. Environ Health Perspect. 2008;116(4):A160-7. https://doi.org/10.1289/ehp.116-a160
PMID: 18414615

Lockley SW, Evans EE, Scheer FAJL, Brainard GC, Czeisler CA, Aeschbach D. Short-wavelength sensitivity for the direct effects of light on
alertness, vigilance, and the waking electroencephalogram in humans. Sleep. 2006;29(2):161-8. https://doi.org/10.1093/sleep/29.2.161 PMID:
16494083

Rahman SA, Flynn-Evans EE, Aeschbach D, Brainard GC, Czeisler CA, Lockley SW. Diurnal spectral sensitivity of the acute alerting effects of
light. Sleep. 2014;37(2):271-81. https://doi.org/10.5665/sleep.3396 PMID: 24501435

Vandewalle G, Balteau E, Phillips C, Degueldre C, Moreau V, Sterpenich V, et al. Daytime light exposure dynamically enhances brain responses.
Curr Biol. 2006;16(16):1616—21. https://doi.org/10.1016/j.cub.2006.06.031 PMID: 16920622

PLOS One | https://doi.org/10.1371/journal.pone.0332877  October 30, 2025 16/16



https://doi.org/10.1111/bph.14116
http://www.ncbi.nlm.nih.gov/pubmed/29318587
https://doi.org/10.1016/j.tics.2009.07.004
https://doi.org/10.1016/j.tics.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19748817
https://doi.org/10.3390/nu13103480
https://doi.org/10.3390/nu13103480
http://www.ncbi.nlm.nih.gov/pubmed/34684482
https://doi.org/10.3109/07420520903523719
https://doi.org/10.3109/07420520903523719
http://www.ncbi.nlm.nih.gov/pubmed/20030543
https://doi.org/10.1038/s41467-021-25378-w
http://www.ncbi.nlm.nih.gov/pubmed/34433830
https://doi.org/10.1111/opo.12385
http://www.ncbi.nlm.nih.gov/pubmed/28656675
https://doi.org/10.1177/1477153515584979
https://doi.org/10.1093/sleep/zsx107
http://www.ncbi.nlm.nih.gov/pubmed/28645184
https://doi.org/10.1016/j.sleep.2017.07.025
http://www.ncbi.nlm.nih.gov/pubmed/29425580
https://doi.org/10.1186/1880-6805-33-31
http://www.ncbi.nlm.nih.gov/pubmed/25282356
https://doi.org/10.1038/s41598-024-51851-9
http://www.ncbi.nlm.nih.gov/pubmed/38218992
https://doi.org/10.1177/1477153515584979
https://doi.org/10.1111/jsr.12384
http://www.ncbi.nlm.nih.gov/pubmed/26847016
https://doi.org/10.1016/j.smrv.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24388969
https://doi.org/10.1210/jc.2010-2098
http://www.ncbi.nlm.nih.gov/pubmed/21193540
https://doi.org/10.14814/phy2.13617
http://www.ncbi.nlm.nih.gov/pubmed/29504270
https://doi.org/10.1289/ehp.116-a160
http://www.ncbi.nlm.nih.gov/pubmed/18414615
https://doi.org/10.1093/sleep/29.2.161
http://www.ncbi.nlm.nih.gov/pubmed/16494083
https://doi.org/10.5665/sleep.3396
http://www.ncbi.nlm.nih.gov/pubmed/24501435
https://doi.org/10.1016/j.cub.2006.06.031
http://www.ncbi.nlm.nih.gov/pubmed/16920622

