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Abstract

Environmental light exposure plays a role in the entrainment of the infant circadian rhythm, which is crucial for growth and
development. This scoping review aims to evaluate existing literature linking the role of light exposure in the development of
the infant circadian rhythm. This scoping review is conducted in accordance with the PRISMA-ScR guidelines. The search
strategy was conducted in a total of six databases (PubMed, Cochrane Database of Systematic Reviews, Science Direct,
Google Scholar, Taylor and Francis, and Wiley) as of August 2024. Reviews, narrative studies, observational studies, and
experimental studies published from 2012 to 2024 were extracted. These studies discussed the role of light exposure on the
development of infant circadian rhythm. A total of 25 studies were retrieved (3 observational studies, 6 experimental stud-
ies, and 16 reviews). Evidence showed that cycled lighting is beneficial for the entrainment of the infant circadian rhythm
according to the 24-h light—dark cycle. Cycled lighting improved nighttime sleep and daytime wakefulness, promoting
optimum growth and development. Limited experimental studies were conducted due to the ethical considerations of infants
as study participants.

Conclusions: Given the benefits of cycled lighting in the development of the circadian rhythm development, it should be
implemented in both healthcare and home settings to promote optimum growth and development of the infant.
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Introduction

The circadian clock dictates our body’s physiological activi-
ties by regulating a 24-h rhythm with respect to the environ-
ment variations. Behavioral factors that regulate circadian
rhythm include light exposure, food habits, shift work, and
seasonal variation [1]. Changes in the rhythmicity of the
circadian system occur when there is a misalignment of the
circadian clock with environmental cues, which alters the
sleep—wake cycle. Circadian disruption can lead to negative
health effects such as impaired glucose tolerance, cardio-
vascular disease, diabetes, and psychiatric disorders [2, 3]
and possible link to dysregulation of ocular growth [4, 5].
Light acts as a zeitgeber which entrains the circadian
rhythm to regulate rest-wake activity. Sunlight has always
played an important role in the determination of melatonin
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rhythm onset and sleep time [6]. However, the recent modern
lifestyle with the availability of artificial light has changed
the lighting environment, especially during the evening
and at night [7]. This could lead to the misalignment of the
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endogenous circadian rthythm with the external light—dark
cycle, leading to disruption of the circadian rhythm.

Circadian rhythm has been shown to be essential for opti-
mal health and well-being. Past literature has shown that
circadian rhythm development starts during the fetal phase
by the mother’s hormonal signalling via the placenta [1].
However, the infant’s circadian rhythm can be influenced
by environmental cues during the postnatal period from as
early as 7 days after birth by changing the lighting condi-
tions and feeding patterns [2, 3]. In fact, a study conducted
by Benavente et al. reported observation of a prominent P2
wave, which indicates the development of visual functions,
present in the flash visually evoked potentials in full-term
infants at 12 h to 5 days postnatal [4]. The P2 wave is linked
to the complex interaction of the intrinsic photosensitive ret-
inal ganglion cells (ipRGC) and cone-mediated visual pro-
cessing [5, 6]. The ipRGCs are light-sensitive at birth, and
their axons form the retinohypothalamic tract (RHT) which
projects to suprachiasmatic nuclei and finally the pineal
gland, a regulatory body responsible for rhythmic produc-
tion of melatonin hormone entrains to light [7]. The devel-
opment of infant circadian rhythm is important for growth,
sleep—wake rhythm development, cognitive development,
and long-term health outcomes [8, 9]. Hence, the periods
of infant circadian rhythm development should be explored
to determine the critical period for lighting interventions.

The importance of understanding the role of light expo-
sure on the development of infant circadian rhythm war-
rants the research to investigate this relationship. However,
the current literature was mainly focused on nutritional sta-
tus and feeding practices of infants in determining growth
and developmental outcome [10]. The complexity of infant
development involves multiple factors, and the exclusive
emphasis on infant nutrition can only explain a partial under-
standing of its role on infant development. Moreover, the
existing literatures have been focusing on light exposure in
neonatal intensive care units (NICU) which do not reflect
the normal infant light exposure at home settings [11-13].
Infants spend a significant portion of time at home, and the
lighting environment in home settings and NICU settings is
disparate which are significant contributors to infant growth
and development. Studies have shown that higher quality
home environment promotes cognitive development and is
associated with non-screen-based habits [14, 15].

The current scoping review is necessary to assess the
existing research evidence to identify potential gaps in the
role of light exposure with infant circadian rhythm develop-
ment. Specifically, this scoping review focused on infants
below 1 year old and without any congenital diseases while
infants in NICU settings were discussed separately. Hence,
the aim of this scoping review is to discuss the existing
literature on the role of light exposure on infant circadian
rhythm development.

@ Springer

Methodology

This scoping review adheres to the Preferred Reporting
Items for Systematic reviews and Meta-Analyses extension
for Scoping Reviews (PRISMA-ScR) checklist, and, as such,
there was no protocol registered.

Eligibility criteria

The current scoping review included reviews, narrative
study, observational study, and experimental study that
meets our research objective, which is to assess literature
presenting the association of infant light exposure with cir-
cadian rhythm development (e.g., rest-wake activity, cor-
tisol rhythm, melatonin rhythm). The study population for
this scoping review are infants below 1 year old. Studies
published from 2012 to 2024 in the English language were
included. For this review, studies that reported infants with
congenital diseases, physical disabilities, or developed jaun-
dice and receiving phototherapy were excluded.

Search strategy

Six databases (PubMed, Google Scholar, Science Direct,
Cochrane Database of Systematic Reviews, Taylor and
Francis, and Wiley) were searched using predefined key-
words as shown in Table 1. A preliminary search was done
to identify articles on the topic and finalize the keywords.
A manual search of publications which meets the eligibil-
ity criteria and grey literature was also conducted to ensure
that no significant articles were missed. Whenever possible,
Boolean operators such as OR or AND, as well as phrasal-
level search, were used. The search process was conducted
between 12 April 2022 and 29 August 2024.

Study selection

Duplicates and non-peer reviewed papers were removed. The
remaining articles were selected based on title by EYK, JEFT,
and SK, while abstract screening was done by EYK, JEFT, and
NHMS based on the predetermined eligibility criteria. Full texts
were evaluated by EYK, JEFT, SK, MT, and NAR according
to the similar criteria. Any discrepancies for article selection
were discussed among all authors until a consensus reached.
The flow diagram of article selection was depicted in Fig. 1.

Data extraction

A data extraction tool was created as a joint effort and
reviewed continually by the research team. Data from the
article were retrieved and compiled in a systematic manner
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Table 1 Predefined keywords

. . Concept 1: Light
included in search strategy for

Concept 2: Infant

Concept 3: Circadian Rhythm Concept 4: Sleep

article identification Light
Lighting

Sunlight

Artificial light

Natural light

Fluorescent light

Incandescent light

Light exposure

Illumination

Daylight

Day light

Blue light

Light at night

Environmental integrative lighting
Circadian lighting

Illuminance

Infant Circadian Sleep

Newborn Circadian rhythm Slumber

Neonate Biological clock Sleep quality

Neonatal Periodicity Sleep duration

Early childhood  Activity cycles Sleep disorder

Infancy Sleep wake disorder Sleep time

Baby Body clock Sleep onset

Pediatrics Internal clock Wake time

Fetal Circadian system Polysomnography

Early life Circadian clock Sleep disturbance

Birth Sleep wake pattern Sleep hygiene

Premature Sleep wake disorder Sleep habit
Circadian preference Sleep phase
Circadian entrainment Wakefulness

Chronological alignment
Circadian misalignment
Circadian disruption
Circadian phase
Circadian shift
Circadian rhythmicity
Circadian timing

Rest activity cycle

Rest activity pattern
ipRGCs

using the adapted data collection instrument from JBI Sys-
tem for the Unified Management, Assessment and Review
of Information (JBI SUMARI, JBI, Adelaide, Australia) rel-
evant to the review’s objectives. The data included standard
article information (author, year of publication, country),
study design, settings, aims and objectives, study population,
sample size, methodology, and key findings of study. EYK,
SK, MT, NAR, and JEFT extracted the data independently
and charted the data based on thematic analysis. Thematic
analysis is an analysis technique used to identify, analyze,
organize, describe, and reporting themes recognized within
the extracted data [16]. Four themes were developed based
on similarities in key findings or methodology. The main
themes were evaluated among the reviewers, and any disa-
greements were resolved with agreement of all authors.

Results

A total of 1618 articles were identified through the search
strategy as depicted in Fig. 1. After removing the duplicates
and screened for title and abstracts, 35 full text articles were
screened for eligibility. The excluded articles did not meet
the eligibility criteria, such as did not meet the study objec-
tives, study participants of infants with congenital diseases
or jaundice, or the paper was not peer-reviewed. The final
number of articles selected for this scoping review was 25.

Among the 25 articles included, there were 16 review arti-
cles, consisting of 12 narrative reviews, one scoping review,

and three systematic reviews. There were six experimental
studies retrieved, of which one was a nested intervention study,
and four randomized controlled trials. Additionally, there were
three observational studies retrieved, with two cross-sectional
studies and one with longitudinal design. The studies were
conducted in different regions, namely Europe (n=11), North
America (n=7), Asia (n="6), and South America (n=1).

Observational studies

In terms of observational studies as seen in Table 2, a cross-
sectional study with 22 infants was conducted to determine
the association of light exposure and circadian rest-wake
activity [17]. Light exposure and rest-wake activity were
determined using a light-activity actigraphic monitor and
a sleep-activity record. Another cohort study involved 72
healthy 8-month-old infants which assessed the sleep archi-
tecture during different seasons of birth (spring, summer,
autumn, and winter) [18]. Infants were divided into four
subgroups representing the four birth seasons with different
levels of light exposure and underwent ambulatory overnight
polysomnography. Another recent cross-sectional study was
conducted among 43 infants to determine the role of light
exposure and co-sleeping with sleep consolidation into
nighttime [19]. Infant sleep parameters were recorded using
actigraphy for four consecutive days, while light stimulation
and co-sleeping behavior data was obtained from a sleep
events diary and questionnaire respectively.

@ Springer
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Fig. 1 Flow diagram of article
identification and selection in

C
scoping review o Database screening
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i:—j Recorc;is identified through Google Scholar (n= 322)
S atabase search Science Direct (n= 1020)
GC) (n=1618) Cochrane (n=42)
o Taylor and Francis (n= 142)
- Wiley (n=18)
Manual search (n=2)
Records after duplicates
o0 removed
£ (n= 1454)
QC_, Records excluded by title and
&’ abstract (n=483)
J)) Does not include infant circadian
rhythm (n=474)
Records screened Infants with congenital diseases/
(n=518) phototherapy (n=5)
Not peer-reviewed paper (n=4)
2
% Full text articles excluded with
‘oo Full text articles screened for reason (n= 14)
- eligibility Does not include infant (n= 6)
(n=35) No relevant outcome (n=7)
Not peer-review paper (n=1)
e
(]
'g Studies included in scoping
= review
= (n=25)

Experimental studies

Experimental studies were focused among preterm infants
in hospital environment, whereby the common aim was to
determine the outcomes of preterm infants in different light
environments [Table 3]. Guyer et al. (2015) had an experi-
mental group with 34 preterm infants, while 14 term infants
were selected as control [12]. Another randomized interven-
tional study compared 38 preterm infants in NICU grouped
into light—dark cycle group and continuous light group
[20]. Intervention groups from both studies were exposed
to cycled lighting by allowing light exposure from 7 a.m.
to 7 p.m. and off during other timing. Lighting to imitate

@ Springer

“dark” hours were done by installation of bed curtains,
usage of quilts on incubators, or using a specially designed
acrylic helmet. Assessment of circadian rhythm was found
to be done using actigraphy recording or salivary melatonin
rhythm. On the other hand, a randomized controlled trial had
a group of 42 preterm infants randomly assigned to either
experimental group with red LED light, or control group
with white LED light exposure at night, both groups having
approximately the same level of daytime lighting exposure
[13]. Actigraphy data was obtained to assess the activity dur-
ing daytime and nighttime. The study conducted by Wata-
nabe et al. reported infants in the experimental group were
placed under a light filter which cuts the wavelength that
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could be detected by melanopsin and rhodopsin in the eye,
while the control group infants were placed in normal clear
covers. The light filter mimics an artificial night in a continu-
ous bright light environment in the NICU, which provides
a light—dark cycle environment to the infant [21]. Similarly,
using an incubator cover, Varvara and colleagues reported
that there was increased duration of deep sleep as the inten-
sity of light at night mimics near darkness to consolidate
sleeping patterns among preterm infants [22]. On the other

than in autumn. Infants’ sleep is affected by the

efficient sleep at night and daytime waking.
Co-sleeping consolidated nighttime sleep

No significant impact observed for sleep archi-
tecture of infants based on season of birth.
However, less N3 sleep and more N2 sleep
was detected among infant’s PSG in spring
season or light environment which is the same

Increased duration of daily exposure to> 100 Ix
of illumination and increased amplitude of
circadian rhythm of light were associated with
stronger circadian patterns of infant activity.

Light exposure during daytime promoted

g hand, Valizadeh et al. conducted a randomized controlled
< . . . . .
& = v trial which both groups were placed into incubators with
9 &0 g thick cover, while the intervention group had face covers to
= =] 5] .
2 £ 2 reduce light exposure [23]. It was observed that sleep dura-
M tion was significantly longer among the intervention group,
.S 02 % o g‘ kS while the control group had decreased sleep periods instead.
v 3§ . zg2< 5258
E€S, §5,58% gZ8bg . .
SELSE ¥PB5ED 2T o3 &2z Review studies
S0 ¢ == 3 2 15 o s 8
SETEEEEZZE cyBE
@ = s = Q > Q = . . . .
SEEE 320 %;’ § £% 4 of The findings of the review articles from Table 4 were
XeZ 2 >N T oW = O = = . . . .
S5 2 £ EEL @E g 528 =0 explored in a few themes, such as the periods of infant circa-
= 15 15 > = - . . . .
= R =R é -5 g 'c% =] § o s dian rhythm development, consequences of infant circadian
5] = = 2 < = 558 . . . . . . .
5 T3~ 525228 o PETE rhythm disruption, cycled lighting vs continuous lighting,
2 mgdgogé‘“‘sﬁa :ggm% . C e
§ £ g _5‘ S 58 EEE =) §_ = SE § and other recommended lighting conditions.
= s 2,8 8 E &8 Z 28 &8 205
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s S3285585% BE2ZT The phases of infant circadian rhythm development
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£ as2d as5 8 88 Z 0% 8§ &
B $ES28EFSES E353538%E . L . N
s AT ° T g7 FEC° g == == The infant circadian rhythm development involving light

exposure occurs in four phases. Firstly, the main oscillator
of the circadian rhythm, the SCN, starts developing dur-
ing the fetal phase; however, it is only coordinated during
the postnatal period [8]. The entrainment of infant circadian
rhythm is guided via environmental cues and breastmilk con-
sumption, which was influenced by content of melatonin
and cortisol during the postnatal period [24]. Next, the
infant cortisol rhythm responsible for wakefulness develops
as early as 8 weeks, followed by melatonin rhythm estab-
lishment at approximately 9 weeks for sleep onset [2]. The
maturation of visual pathways is the last phase which occurs
around 39 to 40 weeks after birth with proper exposure of
rhythmic ambient lights to entrain the circadian rhythm [25].
During the neonatal period, the VIP-expressing neurons of
the SCN continues to develop and reaches full maturation
by the first 2 years of life [24]. Hence, the entrainment of
infant circadian rhythm occurs in separate stages before the
full maturation of the SCN, indicating the need for optimum
environmental cues such as avoiding artificial light at night
and maternal breastfeeding, to ensure the development of
SCN pathway.

On the other hand, preterm infants had different phases in
circadian rhythm development. From Escobar et al. (2021),
the circadian rhythm of preterm infants is not apparent until
6 weeks after birth [9]. Preterm infants were also found to
have prematurely lost the circadian connection from the

Location of
study con-
ducted
Home
Home

72 healthy 8-month old infants Home

Participants and sample size

3)

Cross-sectional study 22 infants aged 1 to 2 months

Study design
Cohort study

Yoshida et al. (2023) Cross-sectional study 43 infants aged 3 to 5 months

Table 2 Observational studies (n
Karki et al. (2020)

Tsai et al. (2012)

Author

@ Springer
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pregnant mother, and their circadian rhythm was replaced
with environmental cues following the light—dark cycle. This
can be noted from the distinct sleep—wake rhythm devel-
opment of preterm infants when placed under cycled light
compared to term infants who were placed under the same
conditions, indicating the role of external time cues may
mask the influence of the maternal rhythm [24].

Difference in seasonal effects will also determine the cir-
cadian rhythm development due to the different photoperi-
ods. Shorter photoperiods during autumn and winter were
related to more “early-morning” types born, and more “night
owls” born during spring and summer with longer photo-
periods, and this effect is most prominent among population
from higher latitudes where the variation of photoperiod is
greatest [26]. Seasonal variation of birth time had an impact
on infant’s sleep at 8 months, notably infants born in spring
had less slow wave sleep (N3) and longer stage two non-
rapid eye movement (N2) sleep compared to those born in
autumn [18]. This finding was consistent with another large
cohort study with 1302 pairs of mother-infant dyads, report-
ing that although infant sleep patterns are similar to their
mothers, their nighttime sleep duration was longer during
spring compared to autumn [27].

Consequences of infant circadian rhythm disruption

The infant’s lighting environment can disrupt the circadian
rhythm development by affecting their sleep—wake cycle.
The disruption of circadian rhythm during early life impli-
cates the etiology of mood disorders such as schizophrenia
[28]. Circadian dysfunction at the developmental stage of
life was also associated with brain disorders such as autism,
depression, and Parkinson’s disease [29].

Cycled lighting vs continuous lighting

Cycled lighting was deployed to simulate the daytime and
nighttime environment, and was reported to influence hor-
monal production which is essential in the healing processes
[30]. It has been a favorable method to entrain the infant
circadian rhythm, as observed from reduced fussiness and
improved sleep [11]. A regulated behavioral state after birth
can be assessed by reduced daytime crying patterns and
consolidated sleep [31]. From the study, the cycled light
group showed a day and night period of 23.99 +0.04 h,
while the dim light group was longer than the 24-h period
with 24.77 +0.3 h as measured using an actigraphy watch.
This shows that cycled lighting can entrain the sleep—wake
rhythm to adapt to the 24-h light dark cycle. Studies also
found that infant circadian rhythm was entrained with a low
intensity (200 Ix) cycled light environment rather than con-
stant dim light [24].

Among preterm infants, sleep—wake cycle synchro-
nized with the 24-h light dark cycle was found to shorten
the period of hospitalization and promoted the adaptive
responses such as heart rate, food responsiveness, and
body weight when exposed to more than 2 weeks of cycled
lighting [24, 26, 32, 33]. Light reduction was also shown
to improve infant stability, including their respiratory rate
and heart rate [34]. It was also reported that cycled-lighting
was beneficial and showed no detrimental effects compared
to continuous lighting or darkness [35]. Regardless, the
lighting conditions should be personalized according to the
infants condition, healthcare providers’ visibility to conduct
nursing care, and tools used for lighting protection [36].

Observational studies have shown that cycled lighting
plays an important role in establishing the infant circadian
rhythm, particularly in aligning the sleep—wake schedule
according to the 24-h light dark cycle. Cycled lighting
was found to contribute to longer nighttime sleep dura-
tion between midnight and 6 a.m. among preterm infants
compared to term infants, while dim light exposure resulted
in less active preterm infants [12]. It also promoted rapid
weight gain and significantly decreased the duration of hos-
pital stay for preterm infants, as well as reducing nosocomial
infection [20]. When investigating the role of different colors
of LED light on preterm infants’ rest-wake activity patterns,
there were no significant differences between control (white
LED light) and experimental groups (red LED light) [13].
Preterm infants were not able to detect the red LED light
with a wavelength of > 675 nm as the retinal photoreceptors
were premature. On the other hand, the white LED light
consists of a wider range of wavelengths which the preterm
infant was able to receive. However, the brief white light
exposure was overwhelmed by the effects of cycled lighting.
Hence, the development of infant circadian rhythm mainly
depends on the light exposure according to the 24-h light
dark cycle instead of the color of light source. A summary
of cycled lighting timing, intensity, and its outcomes from
the reported studies was depicted in Fig. 2.

Other recommended lighting conditions

When the lux levels remained constant at 249 + 11 1x, mel-
atonin level was not stimulated and remained low, while
cycled lighting of 249 + 11 Ix during the day and 27 +0.8 1x
at night exhibited a daily rhythmicity of salivary melatonin
among preterm infants [9], while Morag et al. suggested that
cycled lighting conditions can be defined as less than 20 1x
for 12 h at night, greater than 200 Ix for 12 h during the day
[33]. Rodriguez et al. stated that cycled light with 100 to
200 Ix during the day and artificial light lower than 50 1x
should be implemented in NICU settings [34]. There were
also studies reported that standard levels of hospital lighting

@ Springer
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Light phase (30-200 lux)

« Longer nighttime
sleep 17: 38
« Promote optimum
“0)- weight gain 26 29, 38, 42 Q
= « Increased daytime
activity 26

06:00 20:00

Dark phase (<50 lux)

Fig.2 Timing, intensity, and outcomes of cycled lighting exposure.
This figure is based on the findings of this review which excludes nat-
ural light exposure

was 400 to 1000 1x, while the recommended levels should
be 10 to 600 Ix [26, 37].

There is a need to balance the preservation of nighttime
darkness with lighting conditions to perform medical pro-
cedures safely in the NICU as even a short period of 5 min
of bright light exposure can delay the melatonin phase by
3 h [26]. Hence, protective accessories to avoid bright light
exposure such as infant goggles or helmets, and installing
a light filter in incubators could be implemented to retain
the dark condition [21, 26]. Other strategies such as health
promotion programs to increase awareness of the impor-
tance of sleep and circadian health should be executed, as
well as providing sufficient human resource and technical
support [38]. From observational studies, results showed
that duration of light exposure with intensity of more than
500 Ix was a significant predictor of infant circadian rhythm
development measured by greater amplitudes in acrophases
of rest-wake activity (#=0.50, p=0.01), indicating stronger
circadian activity [17]. Recent studies looking into light-
ing environments in home settings have reported that more
daytime light exposure was associated with improve day-
time wakefulness of infants and improves sleep efficiency at
night, indicating less nighttime waking and prolonged night
sleep for the infant [39].

Discussion
To the best of our knowledge, this is the first scoping review

that attempted to distinguish the role of light exposure on
infant circadian rhythm development including preterm

@ Springer

and term infants from NICU and natural environments. To
date, many studies have focused on determining the role of
light exposure on sleep rhythm development among preterm
infants rather than infants born full term. This is because
preterm infants were considered a highly vulnerable popu-
lation to neurodevelopmental issues due to environmental
exposures in the NICU [37]. Traditional lighting—continu-
ous bright light in the NICU has posed negative impacts
in the preterm infant development in terms of emotional
and physical [40]. Cycled lighting was also found to have
increased body weight and reduction in length of hospital
stay [41]. Hence, the emergence of experimental studies had
resulted in formal recommendations for NICU lighting con-
ditions from reducing light intensity, to suggesting cycled
lighting to improve preterm infant health outcomes [34].
These findings are not only significant within the healthcare
community, but also warrant for collaborative work from
other industries such as architecture and engineering to build
a healthy and optimal environment for the infant.

Although findings from the current literature search sug-
gest that infant circadian rhythm was established from as
early as 8 weeks postnatal for term infants, and 6 weeks post-
natal for preterm infants, studies should also explore the role
of in-utero circadian rhythm development. As mentioned
previously, circadian rhythms are entrained via environmen-
tal cues, especially among preterm infants as they are sepa-
rated from the maternal environmental prematurely, reduc-
ing the opportunity for in-utero circadian entrainment [8].
In the NICU, there are many factors disrupting the circadian
rhythm such as continuous light exposure or darkness, noise
exposure, erratic feeding schedules, and stressful clinical
procedures [42]. Studies have shown that the in-utero circa-
dian rhythm could influence the postnatal cortisol rhythm,
with higher infant cortisol levels reported during the evening
at 8 weeks after birth which is unsynchronized with the 24-h
light dark cycle [43]. As circadian rhythm is affected by sea-
sonal variation due to the amount of sunlight exposure and
changes in melatonin rhythms, we also observed seasonal
variations in circadian rhythm development of the infants
[44]. The production of melatonin among infants born in
summer was reported to be the highest, while the difference
was unobserved by 16 weeks of age [45]. This states that
the maternal influence on the melatonin rhythm during the
prenatal period may play a role in determining the postna-
tal rhythm as well. Maternal melatonin reprogramming has
been found to have significant effects to entrain the infant
circadian rhythm during the postnatal period via breastmilk
feeding [46]. Hence, the factors influencing infant circadian
rhythm development should also be noted if the pregnancy
period occurs during different seasons of the year.

The establishment of infant circadian rhythm involves
the role of light environment according to the light—dark
cycle. Generally, it was found that cycled lighting played a
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significant role in determining the preterm infants’ circadian
rhythms compared to those with continuous lighting. One
of the studies included in this review revealed that the mela-
tonin rhythmicity was established among preterm infants
in NICU settings when exposed to cycled lighting [9]. The
authors identified the positive results were due to temporal
signalling of light exposure, and the experimental design
was not specified in detail. Nevertheless, existing literature
concluded that postnatal development of melatonin rhyth-
micity starts around 8—12 weeks among full-term infants,
and even later among preterm infants [47]. Hence, more
experimental studies with vigorous study design should be
conducted to determine the role of light exposure in circa-
dian rhythm development of preterm infants. Not only that,
but the comparison with full-term infants cannot also be
concluded as previous literatures did not explore the effects
of light exposure in home settings on infant development.
The lack of experimental studies conducted among full-
term infants may be due to ethical considerations as full-
term infants are usually raised in regular light—dark cycles
[48]. However, it is worth noting that external factors such
as erratic family schedules (e.g., shift workers) or artificial
lighting conditions at home (e.g., darkened room during day-
time naps) may influence the light—dark cycle of the infant
at home as well [24, 49]. Therefore, rather than altering the
lighting conditions of full-term infants, it would be more
meaningful to report the real-time light exposure of infants
in home settings and its effects on circadian rhythm develop-
ment from now on.

Light intensity measured in terms of lux levels was
reported to be controlled in cycled lighting conditions for
NICU settings. Lux levels ranging from 100 to 250 1x for
daytime, and 20-50 Ix to imitate nighttime lighting in the
hospital [24, 33, 34]. Interestingly, the difference in the
range of light intensity to imitate day and night for the
controlled environment is comparable to infants staying at
their own homes with natural lighting. Lux levels of indoor
natural light was 200 1x, while artificial lighting ranges
from 20 to 100 1x [50], which is in agreement with the
cycled lighting in controlled environment. However, the
notable difference would be on the darkness lux levels with
0.2 Ix only in home settings, which cannot be implemented
in hospital settings due to safety and medical procedure
needs [51]. The lighting environment between home set-
tings and a controlled environment in healthcare facilities
is remarkably different, and the study outcomes could not
be compared within the same context due to complexities
of infant growth in terms of gaps in milestones for pre-
term and full-term birth infants. Furthermore, the duration
and timing of cycled light should be in accordance with
the 24-h light dark cycle for circadian rhythm develop-
ment. From our current findings, cycled lighting was set
at various durations of 12 h, 14.5 h, and 15 h, with time

of light exposure starting at 05:30 h, 06:00 h, and 07:00 h
respectively. The difference in 24-h light dark cycled
should be addressed according to time zones of respective
regions. Hence, the difference between circadian rhythm
establishment of infants in different settings has yet to be
determined, and it should be done to further validate the
recommended light intensity for the optimum growth of
the infant. Nevertheless, these findings have demonstrated
the beneficial outcomes of cycled lighting for both preterm
and term infants in terms of their circadian rhythm devel-
opment, sleep architecture, and growth.

While previous studies have revealed the role of light
exposure in infant sleep, it has been presented that disrupted
sleep—wake cycle during the developmental stage is associ-
ated with mood and developmental disorders [28, 29]. By
6 months, infant sleep gradually transitions from active sleep
into REM (rapid eye movement) sleep, while quiet sleep
transitions into NREM (non-rapid eye movement) sleep
[52]. NREM sleep aids in the consolidation of declarative
memories, while REM sleep is involved in processing non-
declarative and procedural memories, as well as mood regu-
lation [53, 54]. However, infants with intense bursts of REM
sleep (REM sleep storms) after 6 months were found to have
poorer development at 1 year old [55]. The increase in REM
sleep can be attributed to the exposure of dim artificial light
at night during sleep, which was observed in a study con-
ducted among healthy adults [56]. Hence, dim artificial light
exposure during sleep can disrupt the proportion of sleep
states and lead to adverse developmental outcomes. How-
ever, the effect of dim artificial lighting was only studied
among the adult population, which bodily functions have
fully matured. More studies on the role of artificial light and
infant sleep states should be done to confirm this finding.
It has been evident that disrupted sleep—wake cycle may
lead to poor cognitive and mood function, hence interven-
tions focusing on improving infant sleep environment such
as controlling light exposure and temperature to ensure sleep
quality should be proposed.

From this scoping review, it can be observed that most
of the studies reporting on the influence of light exposure
on the circadian rhythm development of infants are from
narrative reviews. The limited number of clinical trials for
humans, especially infants, have been challenging yet most
warranted. As infant circadian rhythm had been determined
using actigraphy, which is a non-invasive method and pro-
motes compliance as it does not interrupt daily activities
of the infant [17-19], future studies could incorporate the
light exposure component by using a dosimeter, which is a
device that is worn at the wrist or ankle to detect ultraviolet
light [57]. Besides, only one paper reporting on the seasonal
effects of infant circadian rhythm development was included,
which warrants more studies to replicate the study design in
other regions to strengthen this finding.
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Despite the efforts made to enhance the search strategy
for a comprehensive extraction of studies, there were a
few limitations from this scoping review. Firstly, only pub-
lished full articles were selected from the stated six data-
bases only; hence, there might be publication bias. Besides
that, only peer-reviewed articles published in English were
selected; hence, there may be findings published in other
languages that were not discussed in this scoping review.

Conclusion

This scoping review has shown that the field of infant cir-
cadian rhythm research is a highly warranted field to be
explored. The current review suggests that infant circa-
dian rhythm can be entrained by cycled lighting of ~20
to~250 Ix to simulate night and daytime respectively,
while usage of protective measures such as goggles and
light filter can be recommended in NICU settings. Light
exposure of infants plays a role from as early as 6 weeks
after birth, and seasonal variation may influence the circa-
dian rhythm development due to difference in photoperi-
ods, which should be further studied due to the limited
number of studies conducted among infants. Hence, future
studies should consider longitudinal designs to investigate
the role of seasonal variations and photoperiods, home
lighting environment, and usage of objective measure-
ments to assess infant circadian rhythm development.
As many more reviews related to this topic have been
published with strong evidence-based recommendations
established, more clinical trials and cohort studies should
be conducted to further concrete the findings for health
policies to be implemented in home settings.
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