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A B S T R A C T

Light is necessary for human health and well-being. As we spend more time indoors, we are being increasingly
exposed to artificial light. The development of artificial lighting has allowed us to control the brightness, colour,
and timing of our light exposure. Yet, the widespread use of artificial light has raised concerns about the impact of
altering our light environment on our health. The widespread adoption of personal digital devices over the past
decade has exposed us to yet another source of artificial light. We spend a significant amount of time using digital
devices with light-emitting screens, including smartphones and tablets, at close range. The light emitted from
these devices, while appearing white, has an emission spectrum with a peak in the blue range. Blue light is often
characterised as hazardous as its photon energy is higher than that of other wavelengths of visible light. Under
certain conditions, visible blue light can cause harm to the retina and other ocular structures. Blue light can also
influence the circadian rhythm and processes mediated by melanopsin-expressing intrinsically photosensitive
retinal ganglion cells. While the blue component of sunlight is necessary for various physiological processes,
whether the low-illuminance artificial blue light emitted from digital devices presents a risk to our health remains
an ongoing area of debate. As technological advancements continue, it is relevant to understand how new devices
may influence our well-being. This review examines the existing research on artificial blue light safety and the
eye, visual performance, and circadian functions.
1. Introduction

Artificial light is pervasive in modern society, illuminating the places
where we spend a large part of our time. We spend around 90% of our
day indoors, andmuch of our exposure to artificial light is from the lamps
we use to light these spaces [1, 2]. Compared to natural outdoor light,
artificial light is often much dimmer and has a different spectral distri-
bution than sunlight. The illuminance of outdoor light can reach values of
up to 130,000 lux depending on the location, weather, and elevation.
Even on a cloudy day (e.g., 15,000 lux [3]) the illuminance of outdoor
light is several orders of magnitude greater than that of indoor lighting,
which is typically less than 1,000 lux [4, 5]. By its nature, artificial
lighting also exposes us to light at times of day when we normally would
not receive light from the sun [6]. Over the course of human evolution
light has had an important influence on physiological processes, and light
is necessary for our overall health and well-being [7]. The widespread
adoption of electric lighting has significantly altered the brightness,
spectral distribution, and timing of our light exposure relative to that of
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our pre-modern societies. This has had a measurable effect on our
circadian system [8] and concerns about the effects of artificial light on
human health are not new.

The rapid uptake of personal digital devices over the past decade has
exposed us to a new source of artificial light: the illuminated screens of
our smartphones, tablets, and similar devices. Today we spend a signif-
icant portion of our waking hours in front of digital screens that are
illuminated using different types of light-emitting diodes (LEDs). For a
digital display to produce a visible image it must either have a backlight
or be self-luminous (such as organic LEDs [9]). As a result, the displays of
digital devices are necessarily light emitting. LEDs are often used to
backlight these displays due to their energy efficiency, durability, and
small size [10]. The specific light source used to backlight a display will
influence the characteristics of the light emitted from a given digital
device [11]. It is common to create polychromatic “white” LEDs by
combining a blue LED with a yellow phosphor. This has the effect of
producing a light that appears white, but which has a spectral distribu-
tion that peaks in the blue portion of the electromagnetic spectrum [12]
st 2022
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(Figure 1). The characteristics of the light emitted from digital devices
can vary considerably. For a comparison of the spectral peaks and
maximum luminance of a range of commercially available electronic
displays, please refer to Table 1 in Clark et al. [11]. Given the prolonged
periods of time we spend viewing digital devices, often at close range,
questions have been raised about the effects the artificial blue light
emitted from these devices might have on our health and, in particular,
our eyes [13].

There is no doubt that digital devices have become a fundamental
part of our day-to-day lives, and technological advancements are unlikely
to see them become less prevalent. Yet, there is no consensus in the
scientific community on the impact of artificial blue light emitted from
digital devices on human health and physiology. As we continue to
develop new technologies and light sources that increase our exposure to
artificial light, it is relevant to investigate the safety of low-illuminance
artificial blue light. This review presents an overview of the current
state of research on the blue light safety of digital devices. We begin by
describing the properties of blue light and how it is detected by the eye
before examining research on the influence of blue light on the eye, vi-
sual performance, circadian rhythm, and related processes.

2. Blue light and its detection

The eye responds to incoming blue light through its rods, short-
wavelength cones, and intrinsically photosensitive retinal ganglion
cells (ipRGCs). At the high photon energy end of the visible spectrum,
blue light presents a greater risk for harm than other wavelengths of
visible light [16]. This risk is what is commonly referred to as the blue
light hazard [17]. It is well-established that exposure to visible blue light
can cause photochemical damage to the retina and retinal pigment
epithelium under certain conditions (e.g., with prolonged exposure or at
high intensities) [18]. Photochemical damage is hypothesised to occur
when excess absorption of light energy by chromophores in the retina
Figure 1. The electromagnetic spectrum. The visible spectrum ranges in wavelength
and photon energy (eV; electronvolt) of light decrease (adapted from [14]). The funct
blue light hazard function (peak wavelength ¼ 440 nm; dashed line), an emission spe
6000 Kelvin [K] LED ¼ 455 nm [10]), and an emission spectrum of a warm LED (gr
[15]). UV ¼ ultraviolet.
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and retinal pigment epithelium causes an overproduction of reactive
oxygen species [18, 19, 20]. The exact mechanism behind photochemical
damage remains an ongoing area of research [21] and a detailed review
of ongoing research in this field is beyond the scope of this review (see
Ouyang et al. [21]).

Guidelines for measuring the blue light hazard of artificial light
sources, as well as safe viewing limits, have been published by interna-
tional associations, such as the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) [22, 23]. Assessments of the
blue light emitted from smartphones and tablets have found that the blue
light hazard of these, and similar, digital devices is well below safe
viewing limits, even with prolonged exposure [24]. While it is generally
agreed that blue light from digital devices does not cause acute (i.e.,
within a defined period of time after a specific, known exposure time-
point) harm to the retina [11, 24, 25], whether chronic exposure over the
lifespan may have a cumulative impact (i.e., a long-term degenerative
impact) remains an ongoing area of debate.

The risk blue light poses to the eye is among the chief concerns of the
increased use of digital devices that emit artificial blue light. However,
artificial blue light also has the potential to influence the circadian
rhythm and other processes mediated by the melanopsin system [13].
ipRGCs express the photopigment melanopsin, which preferentially ab-
sorbs light in the blue range of the visible spectrum [26]. ipRGCs play a
critical role in circadian regulation and participate in various
non-circadian processes in the eye and brain [27, 28]. Through the ac-
tivity of ipRGCs, blue light received by the eye can have far-reaching
influences.

3. Effects of artificial blue light on the eye

The eye mediates many of the physiological influences of light.
Directly exposed to electromagnetic radiation, the eye is uniquely posi-
tioned to receive and capture incoming light [29]; however, this also puts
from 400 - 700 nm (nm). As the wavelength increases, the frequency (Hz; Hertz)
ions shown on the visible spectrum are approximate visual representations of the
ctrum of a cold light emitting diode (LED; black line; e.g., peak wavelength for a
ey line; e.g., peak wavelength for a 3000 K LED ¼ 600 nm [10]) (adapted from
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ocular structures at a greater risk of light-induced damage. As new arti-
ficial light sources are developed, it is pertinent to understand how
different light characteristics impact the human eye. The blue component
of the emission spectra of LEDs has been of particular concern given the
high photon energy of blue light and the widespread application of LEDs
in digital device displays [13, 30, 31].

3.1. Inflammatory or degenerative effects on the eye surface and refractive
ocular adnexae

To date, much of the concern about the effect of blue light on the eye
has focussed on the retina, and scientific understanding of the potential
impact of blue light on the ocular surface and other anterior ocular
structures remains limited (Figure 2). In mice, overexposure to blue LEDs
has been associated with apoptosis and oxidative damage to the cornea
[33]. Reduced cell viability and increased production of reactive oxygen
species have similarly been observed after exposing human corneal [34]
and conjunctival [35] epithelial cells to different wavelengths and in-
tensities of blue light. Such responses can be associated with ocular
surface inflammation (see Marek et al. [36] for a discussion of the po-
tential pathways of blue-light-induced ocular surface inflammation),
leading some researchers to propose that blue light may provoke or
aggravate symptoms of dry eye disease [36]. Yet, the effects of filtering
blue light on tear production [37], critical flicker frequency (CFF), and
ocular discomfort [38, 39] associated with dry eye disease have been
mixed.

The ocular complaints which commonly accompany digital device
use have led some to implicate artificial blue light in digital eye strain.
However, other factors, such as altered blinking and eye movements,
must also be considered when determining the causes of digital eye
strain. The evidence for a protective effect of blue-filtering devices
against digital eye strain symptoms is also inconsistent [37, 38, 40, 41,
42]. For example, while Cheng et al. [37] found that blue-filtering gog-
gles had no impact on tear production in either control or dry eye par-
ticipants, filtering blue light did significantly increase perceived ocular
comfort among participants with dry eye [37]. In another study, blue
light filtering lenses had no significant influence on visual symptoms
reported by healthy participants after performing a reading task on a
tablet [40]. A blue-blocking screen filter similarly did not alter the
perceived visual discomfort of healthy participants performing a digital
Figure 2. Schematic of the human eye. Key anterior and pos
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near work task. The blue light screen filter also did not significantly
impact participants’ accommodative responses or pupil dynamics,
although it did improve reading speed [41]. Yet, when Lin et al. [38]
measured CFF, often used as an objective measure of visual fatigue, they
found that participants who wore high blue-filtering spectacles while
performing a computer task experienced significantly less eye fatigue (as
indicated by a less negative change in CFF) compared to participants in
the control and low blue-filtering groups. The high blue-filtering group
also reported less ocular discomfort [38]. Still, a further study reported
that filtering blue light during a computer task did not significantly alter
objective (CFF) or subjective measures of visual discomfort of partici-
pants with computer vision syndrome. These results were not influenced
by clinician advocacy (positive or negative) prior to the experimental
intervention [42]. There is a need for higher-quality research on the
potential benefits of filtering blue light for individuals suffering from dry
eye disease and digital eye strain, as well as its effect on overall ocular
surface health [43].

Over the long term, there is some concern about the potential impact
of blue light on the ocular surface of more vulnerable groups, including
those suffering from dry eye disease, contact lens wearers, and the elderly
[44]. Yet, the experimental setups of existing studies make it difficult to
extrapolate the findings to the light conditions experienced when using
digital devices. The inconclusive evidence regarding the efficacy of
blue-filtering devices on reducing objective and subjective indices of
ocular discomfort in both healthy and clinical groups [37, 38, 40] further
complicates our understanding of the potential impact, and its quantifi-
cation, of blue light on the ocular surface.

After passing through the ocular surface, incoming light reaches the
aqueous humour and crystalline lens. The crystalline lens absorbs most
ultraviolet (UV)-A and UV-B light, as well as some visible blue light [16].
Over the lifespan, as the lens naturally yellows, it absorbs an increasing
amount of short-wavelength light [45]. It is hypothesised that low doses
of UV light over the lifespan are a risk factor for cataract development.
Formation of reactive oxygen species in lens epithelial cells contributes to
the development of cataract [46]. It remains to be determined whether
visible blue light has a unique and meaningful impact on cataract
development beyond the hypothesised role of UV light [30]. Human lens
epithelial cells exposed to white LEDs have been found to have reduced
cell viability [47] and increased intracellular reactive oxygen species
production [48]. Yet, further research is required to understand the
terior ocular structures are depicted. Adapted from [32].
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significance of these results compared to cumulative exposure of the
crystalline lens to natural light over the lifespan, and any additional
impact artificial blue light may have on cataract development.

Blue light safety is often discussed in close relation to cataract due to
the ongoing debate over blue-filtering intraocular lenses [49, 50].
Traditionally, intraocular lenses inserted during cataract surgery filtered
only UV light. It was hypothesised that blue-filtering intraocular lenses
would return the eye to a more natural state (as the crystalline lens
naturally filters more blue light with age) and offer greater protection
against age-related macular degeneration [49]. Yet the benefits of
blue-light-filtering intraocular lenses for macular health remain unclear
and further research is needed to understand the potential consequences
of filtering blue light on other processes (e.g., circadian rhythm) over the
long-term [51]. Findings from blue-light-filtering intraocular lens
research are referenced at a high level throughout this review. For more
in-depth discussions on this topic, please refer to other recent reviews
(e.g., Vagge et al. [50]) and meta-analyses (e.g., Downie et al. [52]).

Moreover, melanopsin has also been identified in human crystalline
lens epithelial cells and may contribute to the regulation of melatonin
synthesis in the lens. Alkozi et al. [53] found that stimulating human
crystalline lens epithelial cells with blue light had a selective suppressive
effect on melatonin synthesis that was not observed after stimulation
with red or green light. This effect was eliminated following adminis-
tration of a melanopsin antagonist suggesting that melanopsin in the lens
is involved in local melatonin synthesis. It is hypothesised that, in
addition to that synthesised in the ciliary body, melatonin produced in
the lens also contributes to melatonin levels in the aqueous humour. This
in turn may influence intraocular pressure (IOP), as melatonin has hy-
potensive properties in the eye [53]. Initial evidence of this has been
reported by Lled�o et al. [54] who found that rabbits housed in cages with
yellow filters blocking blue light in the 465–480 nm range had lower IOP
by up to 43.8� 7.8% after three weeks compared to control animals. This
reduction in IOP was associated with a significant increase in melatonin
at three weeks relative to baseline (16.33 � 4.50 ng/ml vs. 39.04 � 5.56
ng/ml). Animals housed under white light conditions exhibited a com-
parable IOP decrease (32.7 � 15%) when administered a melanopsin
antagonist [54]. Thus, conversely, by stimulating melanopsin in the lens,
blue light may influence melatonin production and consequently IOP.

3.2. Degenerative effects on neurosensory cells

Beyond the crystalline lens, blue light travels through the vitreous
humour to the retina (Figure 2). The ability of visible light to cause
photochemical damage to the retina has been known since the 1960s
[20] and 1970s [18]. This potential for visible blue light exposure to
cause photochemical damage to the retina and retinal pigment epithe-
lium is a concern of the blue-emitting nature of some artificial light
sources, such as LEDs [55]. Measurements of the blue light emitted from
smartphones, tablets, and computers have consistently been found to be
far below the published blue light exposure limits set by ICNIRP. One
study found that the blue light spectral irradiance from tablets and
smartphones set at maximum brightness ranges from 0.08 to 0.38% of
the ICNIRP blue light exposure limit. In comparison, on a sunny day in
June, the blue light exposure from viewing the sky in the United
Kingdom is approximately 10.4% of ICNIRP's blue light exposure limit
[24, 56]. Another study reported that the proportion of blue light emitted
from LEDs is not different from that of fluorescent lamps after controlling
for the colour correlated temperature, and concluded that LEDs present
no special blue light hazard relative to other types of lamps [15]. Clearly,
the blue light emitted from digital devices such as smartphones and
tablets poses no acute risk to the retina. Whether there is a long-term
impact of repeated exposure to low-illuminance artificial blue light re-
mains controversial.

While there are researchers and associations [12, 22, 24, 25, 31, 57]
that are of the opinion that chronic exposure to blue light emitted from
digital displays is unlikely to have any long-term impact on the retina,
4

other research groups remain concerned. Blue LEDs have been found to
reduce cell viability and increase reactive oxygen species production in
photoreceptor and retinal pigment epithelium cells [58, 59, 60, 61, 62].
Most research implicating blue light in ocular photodamage has been
conducted in vitro and in animal models, making it difficult to extrapolate
these findings to the potential impact of blue light emitted from digital
devices on the human retina and retinal pigment epithelium. These
studies urge a more cautious approach to the implementation of LEDs to
illuminate our homes and digital devices given that existing standards for
safe viewing limits do not consider the cumulative impact of blue light
exposure [63].

These studies warn that repeated low-illuminance blue light expo-
sure, such as that from digital displays, may contribute to age-related
macular degeneration, which has been attributed to cumulative sun
exposure [64]. Yet, it remains unclear to what extent visible blue light
contributes to age-related macular degeneration [29, 64, 65]. A
meta-analysis found no conclusive evidence that blue-blocking intraoc-
ular lenses prevent the development or progression of age-related mac-
ular degeneration [52]. These findings suggest that filtering blue light
over the long term does not convey a significant retinal health benefit
and may be interpreted as blue light lacking a meaningful impact on
retinal viability. Overall, the blue light emitted from digital devices does
not appear to present a hazard to the retina with chronic exposure;
however, there is insufficient evidence to exclude any impact of artificial
blue light on the retina over the lifespan.

Finally, incoming light also illuminates the optic nerve head located
at the back of the eye (Figure 2). In the absence of light-absorbing
chromophores (except the melanopsin-expressing axons of ipRGCs
[66]) and cell bodies [67], the optic nerve headmay be less susceptible to
light-induced damage than the retina. Few studies have investigated the
impact of illuminating the optic nerve head with blue light, and while not
safety assessments, the paradigms of these experiments suggest that
short-term illumination of the optic nerve head with blue light does not
pose an immediate (within the duration of the experimental visit) risk of
damage [68, 69, 70, 71, 72].

Yet, the inverted design of the human retina positions the axons of
retinal ganglion cells in a way that may influence their susceptibility to
the damaging effects of light, being unprotected by myelin or macular
pigment [73]. The axons of retinal ganglion cells also contain a large
number of mitochondria [74], which are vital to cell health and may
mediate light-induced damage [75, 76]. To date, studies have found that
ipRGCs are less vulnerable to damage and pathologies than other retinal
ganglion cell types [77, 78, 79] and maintain their non-image-forming
functions after injury [80]. In practice, it is not likely that the interac-
tion of blue light with retinal ganglion cell axons would be damaging to
healthy mitochondria [73, 81], but any long-term impact of illuminating
the optic nerve head with blue light remains to be determined.

More broadly, blue light also has the potential to influence ocular
growth and has been found to inhibit myopia development in some
species [82]. In humans, 1 h of blue light exposure reduced the degree of
axial elongation associated with hyperopic defocus (defocused eye vs.
baseline ¼ -8 μm; non-defocused eye vs. baseline ¼ -6 μm) compared to
red and green light [83]. These findings suggest that the protective ef-
fects of blue light against myopia may also extend to humans. The
mechanism through which blue light influences ocular growth remains
unclear. There are some hypotheses that the inhibitory effect of blue light
on myopia development may be related to longitudinal chromatic aber-
ration [82], while others have shown an association with dopamine [84]
and there is growing evidence that the melanopsin-signalling pathway
may also play a role [85]. In children, time outdoors has a protective
effect against myopia [86], which is thought to be due to the higher
illuminance of outdoor light, but may also be influenced by the spectral
composition of sunlight, as it tends to be shifted toward the blue end of
the visible spectrum [87]. More research is needed to understand how
blue light may influence eye growth and myopia development, as well as
the pathways through which it acts.
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4. The influence of artificial blue light on visual performance

Beyond concerns of light-induced damage to the eye, consideration
should also be given to the potential influence of blue light on visual
performance. Commonly defined by the speed and accuracy with which
visual stimuli can be perceived, key measures of visual performance
include visual acuity (i.e., the ability to see small details; sharpness of
vision) and contrast sensitivity (i.e., the ability to detect subtle differ-
ences in light and dark), among others [88]. A part of the visible spec-
trum, blue light contributes to image-forming processes. By altering the
light environment, artificial light has the potential to impact visual per-
formance. Several older studies using incandescent lamps have measured
elevated contrast sensitivity [89] and vernier acuity [90, 91, 92]
thresholds under blue illumination versus green, red, yellow, and white
light. In addition, there are reports from the late 1980s and 1990s that
blue-green flashbacks from argon lasers increase the blue-yellow colour
contrast threshold of individuals in some occupations (e.g., ophthal-
mologists) [93, 94, 95]. Yet, it is unclear whether blue light emitted from
digital devices might influence visual performance.

Evidence from blue-light-filtering research suggests that blue light
does not contribute significantly to visual acuity or contrast sensitivity
[43, 52]. A meta-analysis comparing blue-blocking intraocular lenses to
non-blue-blocking intraocular lenses found no clinically meaningful
impact of filtering blue light on contrast sensitivity or best-corrected
visual acuity [52, 96]. Spectacles that filter blue light have similarly
been found not to affect contrast sensitivity [43]; however, there is some
evidence that the influence of filtering blue light on contrast sensitivity
might depend on an individual's initial contrast sensitivity [97].
Blue-blocking devices also do not appear to significantly affect overall
colour vision, although impairments have been reported under meso-
scopic conditions in the blue range of the visible spectrum [43, 52, 98,
99, 100]. While further research is required to establish the effect of
filtering blue light on visual performance over the long term [43, 49, 52],
the existing evidence suggests that blue light alone does not play a central
role in these visual processes.
Figure 3. Diagram of the circadian day. Above: A representation of how biologic
advanced) or later (phase delayed) by exposure to light [117]. Below: The circadian fl

depicted. Examples of the influences of blue light exposure during the day, and eve
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Finally, the blue light emitted from digital devices could influence
visual performance by stimulating melanopsin. Melanopsin contributes
to spatial pattern representation [101] and contrast sensitivity [102]
over a wide range of light intensities [103]. By activating ipRGCs, blue
light could also alter retinal dopamine [104], which participates in
various retinal processes [105], in particular, retinal light adaptation.
Dopamine acts on all major cell types in the retina to adapt retinal sig-
nalling over a wide range of light levels [106] with potential functional
implications for contrast sensitivity and visual acuity [107]. In the retina,
dopamine is also important for circadian entrainment, retinal develop-
ment, and eye growth [105]. There is a growing body of research
demonstrating the involvement of retinal dopamine processes in myopia
development [108, 109]. Thus, it remains to be seen how artificial blue
light from digital devices might impact visual performance over the long
term.

5. Artificial blue light, circadian rhythms, and related processes

The non-visual influences of blue light on the circadian rhythm
(Figure 3) are another concern related to the growing use of digital de-
vices. A circadian rhythm is a biological cycle with a period that is
approximately 24 h long. Environmental cues entrain the circadian
rhythm to our light-dark cycle. Light is the most important environ-
mental cue, or zeitgeber, for circadian regulation, and short-wavelength
visible light has the strongest influence on circadian rhythms through
ipRGCs [6]. Indeed, melanopsin has been identified as the primary
mediator of the non-visual effects of light [110].

Among the non-visual influences of light is the regulation of mela-
tonin, a key circadian neurohormone. Often referred to as the darkness
hormone, melatonin is produced at night and suppressed in response to
light, and is closely involved in the sleep-wake cycle [6]. Compared to
polychromatic and other monochromatic light, blue light has a signifi-
cantly greater effect on melatonin suppression [111], subjective levels of
sleepiness [112], sleep onset [113] and quality [114], and ratio of deep
sleep [115]. Even when the photon density of light sources is equal, blue
al rhythms, which fluctuate throughout the day, can be shifted earlier (phase
uctuations in melanopsin protein expression [118] and melatonin production are
ning and night are provided [119]. Adapted from [120].
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light continues to evoke larger changes in melatonin suppression and
alertness [111, 116].

5.1. Circadian rhythm

Exposure to blue light during the day is necessary for circadian
entrainment and overall well-being [121]. Blue light during the day has
beneficial effects on alertness, mood, and productivity [122, 123]. As a
result, daytime exposure to blue light from digital devices is unlikely to
negatively impact the circadian rhythm. Yet, the effect of blue light on
the sleep-wake cycle and circadian entrainment depends on when
exposure occurs, according to the phase response curve. In general, early
morning exposure to light shifts the circadian rhythm earlier (phase
advances), whereas exposure to light in the evening and night shifts the
circadian rhythm later (phase delays) and midday exposure has a rela-
tively smaller impact on circadian timing [117]. Blue light is very
effective at phase-shifting the circadian rhythm [121, 124] and studies
agree that evening exposure to blue light can significantly affect in-
dividuals’ sleep-wake cycle [116] and sleep quality [113], especially if
the light exposure is chronic [119, 125]. In contrast to the debate sur-
rounding the impact of blue light on the eye, researchers generally agree
that repeated exposure to blue light at night has negative consequences
on circadian health [121].

There is growing evidence that the blue light emitted from digital
devices is sufficient to interfere with sleep when used at night [126].
Delayed sleep onset can occur after evening use of digital devices with
screen illuminances as low as 30 lux [113]. Digital device use before bed
can also change perceived sleep quality, perceived sleep quantity, and
measured sleep efficiency [127]. Other influences [128] may also
contribute to the effect of digital device use at night on sleep. It remains
to be determined to what extent blue light from digital device use at night
affects the sleep-wake cycle and other circadian processes [129], and the
best habits to reduce the negative impact of artificial blue light at night.
As new LEDs are developed and used to illuminate digital device screens,
further research will be needed to investigate their influence on sleep
[130].

The negative impact of evening blue light on sleep has led to the
development of various blue-filtering devices. Although healthy adults
generally do not appear to benefit from wearing blue-blocking spectacles
at night [131], there is good evidence that evening blue-blocking spec-
tacle wear reduces sleep onset latency in adults with sleep disorders, jet
lag, or who perform shift work [132]. Using blue-blocking devices at
night also appears to help manage sleep and circadian rhythm distur-
bances that accompany certain mood disorders [133]. In contrast to
research attributing the poor sleep experienced in older adulthood to the
natural filtering of blue light due to the yellowing of the crystalline lens
[134], prolonged blue light depletion from blue-blocking intraocular
lenses does not appear to impact the sleep-wake cycle [52, 135]; how-
ever, more research is necessary [50, 136, 137].

5.2. Other physiological and cognitive processes

Blue light has the potential to impact other circadian rhythms beyond
the sleep-wake cycle. The eye undergoes rhythmic changes to optimise
functioning in response to daily variations in ambient illumination [138,
139, 140]. Altered light rearing environments, including irregular timing
of light exposure and chromatic characteristics of light, can change the
ocular rhythms in animal models [141, 142] and have been implicated in
abnormal eye growth regulation [138, 143]. Blue light has been found to
inhibit myopia development and slow ocular growth in some animal
models [144] and may explain the protective effect of time outdoors
against myopia in children [145].

Exposure to blue light in the evening can also significantly elevate
heart rate compared to darkness [146] and equivalent green light
exposure [111]. This effect of blue light on heart rate is also observed
during the day but does not outlast the stimulus [147]. At night, blue and
6

green, but not red, light suppresses the drop in core body temperature
and delays the onset of the temperature decrease after removing the light
stimulus [148, 149]. Evening blue light also significantly elevates core
body temperature compared to green light [111]. Exposure to LEDs in the
evening negatively impacts metabolism by increasing the respiratory
quotient and decreasing fat oxidation. A different pattern of results
observed after organic LED exposure emphasises the importance of
investigating the impact of different light sources and various light
characteristics beyond spectral composition [150]. Through the
non-visual functions of ipRGCs and the circadian rhythm, blue light likely
influences all manner of physiological processes, and when delivered at
the appropriate time, is essential for physical and mental health.

Blue light influences mood and cognitive functioning directly, as well
as through the circadian rhythm [151]. By synchronising the circadian
rhythm to the solar day, blue light indirectly regulates the cognitive
states that support daytime functioning in diurnal species. Blue light is
also effective at driving transient changes in brain activity. ipRGCs are
now known to project to various circadian and non-circadian brain re-
gions [27] and exposure to blue light increases activity in subcortical and
cortical structures throughout the brain [152]. Compared to violet light,
50 s of blue light stimulation while performing an n-back task signifi-
cantly increased the functional magnetic resonance imaging response in
the left middle frontal gyrus, left thalamus, and bilateral brainstem of
healthy adults [153].

Exposures to blue light, on the scale of several tens of seconds [153]
to around 20 min [154] also directly influence cognitive functioning.
Blue-enriched light improves performance on tasks requiring sustained
attention (e.g., go/no go task) [112] and executive function (e.g., Eriksen
Flanker test) [155]. Such improvements may be due in part to the fact
that monochromatic blue light significantly increases alertness (reduces
sleepiness) compared to equivalent monochromatic green light exposure
[111]. In fact, both caffeine and blue light improved accuracy on a visual
go/no go task and had an additive effect on the maximum observed
decrease in reaction time for participants who received both caffeine and
blue light. Notably, when the Eriksen Flanker test was administered,
participants exposed to only blue light had significantly better reaction
times than those who also received caffeine suggesting that blue light and
caffeine have distinct effects on psychomotor responses [155]. Yet, not
all studies have measured an improvement in alertness following expo-
sure to blue-shifted light [156].

Light-mediated improvement on certain tasks may also be facilitated
by increased concentration, improved ability to think clearly, and
reduced mental effort. Office workers exposed to blue-enriched white
light had significantly lower mental effort scores (M ¼ 23.67; on a scale
from 0-150, 150 representing extreme effort) than their colleagues who
worked under white light (M ¼ 26.20) [122]. Students were similarly
found to benefit from a greater improvement in concentration when
taught and tested in classrooms with blue-enriched white light (pre-test:
181.9 vs. post-test: 216.3; measured using the d2 test) relative to those
students who remained in standard lighting conditions (pre-test: 190.5
vs. post-test: 207.8) [157].

Using a blue-light-emitting LED screen has been found to significantly
improve declarative memory compared to the use of a non-LED screen
with a lower blue emittance [158]. Additionally, daytime exposure to
monochromatic blue light has been found to engage brain regions
involved in working memory processes, including frontal and parietal
regions, to a greater extent than equivalent monochromatic green light
[154, 159]. Blue-enriched light has also been found to improve infor-
mation processing speed. In a classroom setting, children who were
taught and tested under blue-enriched light experienced a significant
improvement in their cognitive processing speed (pre-test: 2.69 vs.
post-test: 3.03), as measured using the German Zahlen-Verbindungs-Test
(arbitrary units), compared to their peers who were only tested under
blue-enriched light (pre-test: 3.04 vs. post-test: 3.14) or who remained
under standard lighting conditions (pre-test: 2.88 vs. post-test: 3.04)
[157].
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These and other influences of blue light ultimately have the effect of
enhancing performance in classrooms. Students taught and tested under
blue-enriched light conditions made fewer errors (pre-test: 24.93 vs.
post-test: 14.9) than their peers who remained in classrooms with stan-
dard lighting (pre-test: 24.1 vs. post-test: 18.30). These benefits extend to
workplaces [122, 160] in which blue-enriched lighting conditions lead to
more correct responses from night-shift workers on a 1-back task and
reduce the number of omission errors on a continuous performance task
[160]. In an office setting, blue-enriched light also improves self-reported
performance, and increases positive mood compared to standard white
light conditions [122]. Appropriately timed, blue-enriched light can also
be used therapeutically to improve cognition in some clinical pop-
ulations, such as Alzheimer's disease. One hour of morning blue light
therapy significantly improved participants' Mini-Mental State Exami-
nation score after four weeks [161].

On the other hand, prolonged blue light filtering using amber contact
lenses resulted in a significant worsening of sustained attention and
performance on visuospatial memory tasks in healthy adults [135]. A
study in older adults who had undergone cataract lens replacement
surgery found that those with UV-filtering intraocular lenses benefited
from greater improvements on a procedural learning task after
blue-enriched light exposure than age-matched controls and adults with
blue-filtering intraocular lenses [162]. Yet, a meta-analysis was unable to
conclude with any certainty if blue-blocking intraocular lenses impact
daytime alertness or reaction time [52]. Further investigation is required
to determine whether there is a significant impact of filtering blue light
over the long term on cognitive performance.

6. Future directions

As technological advancements continue to proceed at a rapid pace, it
is critical to understand how to safely interact with our increasingly
digitised world. While the blue light emitted from digital devices is but
one consideration when it comes to understanding the safety of new
technologies, it remains a contentious, unresolved topic in the scientific
community. This review aimed to synthesise and contextualise the
available artificial blue light safety research to provide a place from
which to begin unravelling the existing inconsistencies in the literature.

There are several challenges to conducting research in the field of
artificial blue light safety, not least of which is the inconsistent and varied
use of different light measures and terms. In the blue light literature,
illuminance (e.g., lux), luminance (e.g., cd/m2), irradiance (e.g., W/m2),
radiance (e.g., W/m2-sr), and other units are all used to characterise light
sources. This makes it difficult to compare experimental conditions
across studies, particularly when other details of the light source are not
published and the units cannot be converted. Ultimately, this complicates
the synthesis of and expansion on existing research related to the safety
of blue light, which may encompass investigations of monochromatic
blue, blue-enriched, or cold polychromatic (high colour correlated tem-
perature) light. Moreover, it is also necessary to take into consideration
variations between species and ocular structures when extrapolating
research findings to the low illuminance artificial blue light exposure
humans normally receive. To date, modelling studies have provided in-
sights into the potential long-term effects of repeated artificial blue light
exposure and further experimental research will be important to inform
future work in this area.

Going forward, it is our opinion that it would be valuable for re-
searchers in this area to establish a more standardised approach to
measuring and reporting the characteristics of light sources. To better
understand the potential long-term effects of artificial blue light expo-
sure, it may be valuable to conduct longitudinal observational studies
that quantify light exposure and measure key indices of ocular health,
circadian function, and other metrics of interest. It may be most practical
to do so within the scope of an interventional design, for example a study
investigating light exposure and myopia inhibition in children. In this
way, we would advocate for a multidisciplinary approach to advancing
7

research into the safety of artificial blue light and digital devices given
the far-reaching implications of blue light and the rapid pace of tech-
nological developments.

A better understanding of how prolonged, repeated exposure to low-
illuminance artificial blue light may impact various physiological pro-
cesses has numerous implications beyond digital device safety. First, it
would facilitate the development of new artificial light sources optimally
suited to human health and inform how to modify existing light sources,
if necessary. It would also support recommendations for good light hy-
giene practices and healthy device use. Research advancements into the
impacts of blue light would contribute to the ongoing debate over the use
of blue-blocking intraocular lenses [49, 50] and the contribution of
visible light to the pathogenesis of age-related macular degeneration [29,
163].

Further blue light research may help us understand how to leverage
artificial light to benefit our health. This may require differentiating
between very short visible blue light and “circadian” or “melanopic” blue
light. Light therapy is already being used to effectively treat a variety of
conditions, in particular, seasonal affective disorder (SAD) [164, 165].
The benefits of light therapy for treating symptoms of SAD are
well-established and known to be mediated by the eye [166]. Light
therapy for SAD is usually administered for longer periods of time at
lower illuminances (e.g., 1–2 h at 1,500–2000 lux) or shorter periods of
time at higher illuminances (e.g., 30 min at 10,000 lux) [164]. As the
contribution of wavelength to the non-visual influences of light becomes
clearer, it is also important to understand how altering the spectral
composition of light may impact its therapeutic effects. One study found
that narrowband blue light therapy and broadband white light therapy
had SAD recovery rates of 77.8% and 85.7%, respectively, over three
weeks. This difference was not statistically significant. Importantly, the
blue light was administered at 98 lux (λpeak ¼ 464 nm; photon
density424–532 nm¼ 3.35� 1014 photons/cm2/s; photon density380–780 nm

¼ 3.38 � 1014 photons/cm2/s) whereas the white light was delivered at
711 lux (photon density424–532 nm ¼ 3.46 � 1014 photons/cm2/s; photon
density380–780 nm ¼ 7.00 � 1014 photons/cm2/s), yet both light sources
had approximately equal photon densities in the blue range [164]. This
finding demonstrates not only that blue light has therapeutic effects (as
has been shown previously [165]) but also that these effects are com-
parable to those associated with white light even at considerably lower
illuminances [164]. Blue light therapy is also being used to manage
circadian disturbances associated with other conditions, such as Par-
kinson's disease. One study found that at-home use of blue LED goggles
was associated with sleep improvements in 70% of Parkinson's disease
participants who reported an effect of the blue light therapy [167]. New
insights into artificial blue light could support more effective light
therapy practices, including the potential to deliver light therapy using
light-emitting digital devices. In the effort to understand the safety of
artificial blue light, its potential benefits should not be overlooked.

7. Conclusions

In our artificially lit modern lives, our light-emitting smartphones and
tablets are among the only light sources we look at directly. As we spend
increasing amounts of time engaged with these digital devices, it is
relevant to understand how the blue light they emit may impact our
health and well-being. While it is generally accepted that the low-
illuminance artificial blue light from digital devices has no acute
impact on the eye, there remains insufficient high-quality research
employing relevant light parameters and exposure conditions to truly
understand how the blue light from these devices might impact our eyes
over the long term. Findings from blue-light-filtering research suggest
that blue light does not significantly impact ocular health, in so far as
filtering blue light does not protect against digital eye strain or age-
related macular degeneration, however, further research is required
[43, 52]. A better understanding of the influences of artificial blue light
on human health is crucial to inform how to safely integrate new
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technological developments into our daily lives. As research continues to
investigate the influences of artificial blue light, it will be important to
consider not only the potential consequences of ever-evolving techno-
logical developments on human health, but also how technology may be
used to our benefit.

Declarations

Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Funding statement

This work was supported by the Federal Ministry of Education and
Research, Industrie-in-Klinik-Plattform Program BMBF, Germany
(13GW0256).

Data availability statement

No data was used for the research described in the article.

Declaration of interest's statement

The authors declare the following conflict of interests: Nikita A Wong
is supported by Dopavision GmbH. Hamed Bahmani is supported by and
has financial interest in Dopavision GmbH.

Additional information

No additional information is available for this paper.

Acknowledgements

We would like to thank Imane Wild and Ida Zündorf for an earlier
review of the manuscript, and Gabriela Burian for her feedback on the
current manuscript. We would also like to thank Andreas Balser, Yes-
hwanth Seshadri, and Tim Schilling for their valuable input and content
discussions.

References

[1] C. Schweizer, R.D. Edwards, L. Bayer-Oglesby, W.J. Gauderman, V. Ilacqua,
M. Juhani Jantunen, H.K. Lai, M. Nieuwenhuijsen, N. Künzli, Indoor time-
microenvironment-activity patterns in seven regions of Europe, J. Expo. Sci.
Environ. Epidemiol. 17 (2007) 170–181.

[2] T. Hussein, P. Paasonen, M. Kulmala, Activity pattern of a selected group of school
occupants and their family members in Helsinki - Finland, Sci. Total Environ. 425
(2012) 289–292.

[3] T.T. Norton, J.T. Siegwart, Light levels, refractive development, and myopia - a
speculative review, Exp. Eye Res. 114 (2013) 48–57.

[4] S. Daugaard, J. Markvart, J.P. Bonde, J. Christoffersen, A.H. Garde, Å.M. Hansen,
V. Schlünssen, J.M. Vestergaard, H.T. Vistisen, H.A. Kolstad, Light exposure
during days with night, outdoor, and indoor work, Ann. Work Expo. Heal. 63
(2019) 651–665.

[5] P.C. Wu, C.T. Chen, K.K. Lin, C.C. Sun, C.N. Kuo, H.M. Huang, Y.C. Poon,
M.L. Yang, C.Y. Chen, J.C. Huang, P.C. Wu, I.H. Yang, H.J. Yu, P.C. Fang, C.L. Tsai,
S.T. Chiou, Y.H. Yang, Myopia prevention and outdoor light intensity in a school-
based cluster randomized trial, Ophthalmology 125 (2018) 1239–1250.

[6] C. Blume, C. Garbazza, M. Spitschan, Effects of light on human circadian rhythms,
sleep and mood, Somnologie 23 (2019) 147–156.

[7] W. Gehring, M. Rosbash, The coevolution of blue-light photoreception and
circadian rhythms, J. Mol. Evol. 57 (2003) 286–289.

[8] A.J.K. Phillips, P. Vidafar, A.C. Burns, E.M. McGlashan, C. Anderson,
S.M.W. Rajaratnam, S.W. Lockley, S.W. Cain, High sensitivity and interindividual
variability in the response of the human circadian system to evening light, Proc.
Natl. Acad. Sci. U.S.A. 116 (2019) 12019–12024.

[9] B.N. Patel, M.M. Prajapati, OLED: a modern display technology, Int. J. Sci. Res.
Publ. 4 (2014) 2250–3153.

[10] K. Jeykishan Kumar, G. Bharath Kumar, R. Sudhir Kumar, Photometric assessment
of warm and cool white LED bulbs, J. Opt. 49 (2020) 476–484.
8

[11] A.J. Clark, P. Yang, K.R. Khaderi, A.A. Moshfeghi, Ocular tolerance of
contemporary electronic display devices, Ophthalmic Surg. Lasers Imaging Retin.
49 (2018) 346–354.

[12] F. Behar-Cohen, C. Martinsons, F. Vi�enot, G. Zissis, A. Barlier-Salsi, J.P. Cesarini,
O. Enouf, M. Garcia, S. Picaud, D. Attia, Light-emitting diodes (LED) for domestic
lighting: any risks for the eye? Prog. Retin. Eye Res. 30 (2011) 239–257.

[13] Y. Touitou, S. Point, Effects and mechanisms of action of light-emitting diodes on
the human retina and internal clock, Environ. Res. 190 (2020), 109942.

[14] S. Baier, What is full spectrum lighting? Lumenistics (2012). http://lumenist
ics.com/what-is-full-spectrum-lighting/.

[15] S.J. Dain, The blue light dose from white light emitting diodes (LEDs) and other
white light sources, Ophthalmic Physiol. Opt. 40 (2020) 692–699.

[16] P.V. Algvere, J. Marshall, S. Seregard, Age-related maculopathy and the impact of
blue light hazard, Acta Ophthalmol. Scand. 84 (2006) 4–15.

[17] J.D. Bullough, The blue-light hazard: a review, J. Illum. Eng. Soc. 29 (2000) 6–14.
[18] W.T. Ham, H.A. Mueller, D.H. Sliney, Retinal sensitivity to damage from short

wavelength light, Nature 260 (1976) 153–155.
[19] J. Wu, S. Seregard, P.V. Algvere, Photochemical damage of the retina, Surv.

Ophthalmol. 51 (2006) 461–481.
[20] W.K. Noell, V.S. Walker, B.S. Kang, S. Berman, Retinal damage by light in rats,

Invest. Ophthalmol. 5 (1966) 450–473.
[21] X. Ouyang, J. Yang, Z. Hong, Y. Wu, Y. Xie, G. Wang, Mechanisms of blue light-

induced eye hazard and protective measures: a review, Biomed. Pharmacother.
130 (2020), 110577.

[22] International Commission on Non-Ionizing Radiation Protection, Light-emitting
diodes (LEDs): implications for safety, Health Phys. 118 (2020) 549–561.

[23] IEC 62471, Photobiological Safety of Lamps and Lamp Systems, 2006.
[24] J.B. O’Hagan, M. Khazova, L.L.A. Price, Low-energy light bulbs, computers, tablets

and the blue light hazard, Eye 30 (2016) 230–233.
[25] Scientific Committee on Health Environmental and Emerging Risks, Opinion on

Potential Risks to Human Health of Light Emitting Diodes (LEDs), 2018.
[26] I. Provencio, I.R. Rodriguez, G. Jiang, W.P. Hayes, E.F. Moreira, M.D. Rollag,

A novel human opsin in the inner retina, J. Neurosci. 20 (2000) 600–605.
[27] K.B. Sondereker, M.E. Stabio, J.M. Renna, Crosstalk: the diversity of melanopsin

ganglion cell types has begun to challenge the canonical divide between image-
forming and non-image-forming vision, J. Comp. Neurol. 528 (2020) 2044–2067.

[28] M.L. Aranda, T.M. Schmidt, Diversity of intrinsically photosensitive retinal
ganglion cells: circuits and functions, Cell. Mol. Life Sci. 78 (2021) 889–907.

[29] J.J. Hunter, J.I. Morgan, W.H. Merigcan, D.H. Sliney, J.R. Sparrow, D.R. Williams,
The susceptibility of the retina to photochemical damange from visible light, Prog.
Retin. Eye Res. 31 (2012) 28–42.

[30] Z.C. Zhao, Y. Zhou, G. Tan, J. Li, Research progress about the effect and
prevention of blue light on eyes, Int. J. Ophthalmol. 11 (2018) 1999–2003.

[31] J.D. Bullough, S. Peana, Investigating blue-light exposure from lighting and
displays, Inf. Disp. 36 (2020) (1975) 17–20.

[32] G. Wistow, Molecular Biology and Evolution of Crystallins: Gene Recruitment and
Multifunctional Proteins in the Eye Lens, Springer-Verlag, Heidelberg, 1995.

[33] H.S. Lee, L. Cui, Y. Li, J.S.J.H. Choi, J.S.J.H. Choi, Z. Li, G.E. Kim, W. Choi,
K.C. Yoon, Influence of light emitting diode-derived blue light overexposure on
mouse ocular surface, PLoS One 11 (2016), e0161041.

[34] J.B. Lee, S.H. Kim, S.C. Lee, H.G. Kim, H.G. Ahn, Z. Li, K.C. Yoon, Blue light-
induced oxidative stress in human corneal epithelial cells: protective effects of
ethanol extracts of various medicinal plant mixtures, Investig. Ophthalmol. Vis.
Sci. 55 (2014) 4119–4127.

[35] V. Marek, S. M�elik-Parsadaniantz, T. Villette, F. Montoya, C. Baudouin,
F. Brignole-Baudouin, A. Denoyer, Blue light phototoxicity toward human corneal
and conjunctival epithelial cells in basal and hyperosmolar conditions, Free Radic.
Biol. Med. 126 (2018) 27–40.

[36] V. Marek, E. Reboussin, J. D�egardin-Chicaud, A. Charbonnier, A. Domínguez-
L�opez, T. Villette, A. Denoyer, C. Baudouin, A.R. Le Goazigo, S.M. Parsadaniantz,
Implication of melanopsin and trigeminal neural pathways in blue light
photosensitivity in vivo, Front. Neurosci. 13 (2019) 1–20.

[37] H.M. Cheng, S.T. Chen, H.J. Liu, C.Y. Cheng, Does blue light filter improve
computer vision syndrome in patients with dry eye? Life Sci. J. 11 (2014)
612–615.

[38] J.B. Lin, B.W. Gerratt, C.J. Bassi, R.S. Apte, Short-wavelength light-blocking
eyeglasses attenuate symptoms of eye fatigue, Investig. Ophthalmol. Vis. Sci. 58
(2017) 442–447.

[39] T. Ide, I. Toda, E. Miki, K. Tsubota, Effect of blue light-reducing eye glasses on
critical flicker frequency, Asia-Pacific, J. Ophthalmol. 4 (2015) 80–85.

[40] M. Rosenfield, R.T. Li, N.T. Kirsch, A double-blind test of blue-blocking filters on
symptoms of digital eye strain, Work 65 (2020) 343–348.

[41] B. Redondo, J. Vera, A. Ortega-S�anchez, R. Molina, R. Jim�enez, Effects of a blue-
blocking screen filter on accommodative accuracy and visual discomfort,
Ophthalmic Physiol. Opt. 40 (2020) 790–800.

[42] S. Singh, L.E. Downie, A.J. Anderson, Do blue-blocking lenses reduce eye strain
from extended screen time? A double-masked randomized controlled trial, Am. J.
Ophthalmol. 226 (2021) 243–251.

[43] J.G. Lawrenson, C.C. Hull, L.E. Downie, The effect of blue-light blocking spectacle
lenses on visual performance, macular health and the sleep-wake cycle: a
systematic review of the literature, Ophthalmic Physiol. Opt. 37 (2017) 644–654.

[44] Y. Niwano, A. Iwasawa, K. Tsubota, M. Ayaki, K. Negishi, Protective effects of blue
light-blocking shades on phototoxicity in human ocular surface cells, BMJ Open
Ophthalmol 4 (2019) 1–6.

[45] S. Lerman, An experimental and clinical evaluation of lens transparency and
aging, J. Gerontol. 38 (1983) 293–301.

http://refhub.elsevier.com/S2405-8440(22)01570-5/sref1
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref1
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref1
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref1
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref1
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref2
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref2
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref2
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref2
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref3
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref3
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref3
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref4
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref4
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref4
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref4
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref4
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref5
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref5
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref5
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref5
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref5
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref6
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref6
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref6
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref7
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref7
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref7
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref8
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref8
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref8
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref8
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref8
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref9
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref9
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref9
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref10
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref10
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref10
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref11
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref11
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref11
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref11
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref12
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref12
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref12
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref12
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref12
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref13
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref13
http://lumenistics.com/what-is-full-spectrum-lighting/
http://lumenistics.com/what-is-full-spectrum-lighting/
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref15
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref15
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref15
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref16
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref16
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref16
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref17
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref17
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref18
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref18
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref18
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref19
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref19
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref19
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref20
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref20
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref20
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref21
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref21
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref21
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref22
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref22
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref22
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref23
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref24
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref24
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref24
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref25
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref25
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref26
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref26
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref26
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref27
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref27
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref27
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref27
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref28
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref28
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref28
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref29
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref29
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref29
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref29
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref30
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref30
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref30
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref31
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref31
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref31
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref32
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref32
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref33
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref33
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref33
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref34
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref34
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref34
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref34
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref34
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref35
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref35
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref35
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref35
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref35
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref35
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref36
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref37
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref37
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref37
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref37
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref38
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref38
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref38
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref38
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref39
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref39
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref39
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref40
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref40
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref40
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref41
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref41
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref41
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref41
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref41
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref41
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref42
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref42
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref42
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref42
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref43
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref43
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref43
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref43
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref44
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref44
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref44
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref44
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref45
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref45
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref45


N.A. Wong, H. Bahmani Heliyon 8 (2022) e10282
[46] I.V. Ivanov, T. Mappes, P. Schaupp, C. Lappe, S. Wahl, Ultraviolet radiation
oxidative stress affects eye health, J. Biophot. 11 (2018) 1–13.

[47] V.E. Lled�o, H.A. Alkozi, J. S�anchez-Naves, M.A. Fernandez-Torres, A. Guzman-
Aranguez, Modulation of aqueous humor melatonin levels by yellow-filter and its
protective effect on lens, J. Photochem. Photobiol. B Biol. 221 (2021).

[48] C. Xie, X. Li, J. Tong, Y. Gu, Y. Shen, Effects of white light-emitting diode (LED)
light exposure with different Correlated Color Temperatures (CCTs) on human
lens epithelial cells in culture, Photochem. Photobiol. 90 (2014) 853–859.

[49] B.R. Hammond, V. Sreenivasan, R. Suryakumar, The effects of blue light–filtering
intraocular lenses on the protection and function of the visual system, Clin.
Ophthalmol. 13 (2019) 2427–2438.

[50] A. Vagge, L. Ferro Desideri, C. Del Noce, I. Di Mola, D. Sindaco, C.E. Traverso, Blue
light filtering ophthalmic lenses: a systematic review, Semin. Ophthalmol. 36
(2021) 541–548.

[51] F.M. Cuthbertson, S.N. Peirson, K. Wulff, R.G. Foster, S.M. Downes, Blue light-
filtering intraocular lenses: review of potential benefits and side effects, J. Cataract
Refract. Surg. 35 (2009) 1281–1297.

[52] L.E. Downie, L. Busija, P.R. Keller, Blue-light filtering intraocular lenses (IOLs) for
protecting macular health, Cochrane Database Syst. Rev. (2018).

[53] H.A. Alkozi, X. Wang, M.J. Perez de Lara, J. Pintor, Presence of melanopsin in
human crystalline lens epithelial cells and its role in melatonin synthesis, Exp. Eye
Res. 154 (2017) 168–176.

[54] V.E. Lled�o, H.A. Alkozi, J. Pintor, Yellow filter effect on melatonin secretion in the
eye: role in IOP regulation, Curr. Eye Res. 44 (2019) 614–618.

[55] M. Hatori, C. Gronfier, R.N. Van Gelder, P.S. Bernstein, J. Carreras, S. Panda,
F. Marks, D. Sliney, C.E. Hunt, T. Hirota, T. Furukawa, K. Tsubota, Global rise of
potential health hazards caused by blue light-induced circadian disruption in
modern aging societies, Npj Aging Mech. Dis. 3 (2017) 5–7.

[56] D.B. Moyano, Y. Sola, R.A. Gonz�alez-Lezcano, Blue-Light levels emitted from
portable electronic devices compared to sunlight, Energies 13 (2020) 1–9.

[57] SCENIHR, Health Effects of Artificial Light, 2012.
[58] Y. Kuse, K. Ogawa, K. Tsuruma, M. Shimazawa, H. Hara, Damage of

photoreceptor-derived cells in culture induced by light emitting diode-derived
blue light, Sci. Rep. 4 (2014) 1–12.

[59] J. Moon, J. Yun, Y.D. Yoon, S. Il Park, Y.J. Seo, W.S. Park, H.Y. Chu, K.H. Park,
M.Y. Lee, C.W. Lee, S.J. Oh, Y.S. Kwak, Y.P. Jang, J.S. Kang, Blue light effect on
retinal pigment epithelial cells by display devices, Integr. Biol. (United Kingdom).
9 (2017) 436–443.

[60] C.W. Lin, C.M. Yang, C.H. Yang, Effects of the emitted light spectrum of liquid
crystal displays on light-induced retinal photoreceptor cell damage, Int. J. Mol.
Sci. 20 (2019) 2318.

[61] Y.M. Shang, G.S. Wang, D.H. Sliney, C.H. Yang, L.L. Lee, White light-emitting
diodes (LEDs) at domestic lighting levels and retinal injury in a rat model,
Environ. Health Perspect. 122 (2014) 269–276.

[62] I. Jaadane, P. Boulenguez, S. Chahory, S. Carr�e, M. Savoldelli, L. Jonet, F. Behar-
Cohen, C. Martinsons, A. Torriglia, Retinal damage induced by commercial light
emitting diodes (LEDs), Free Radic. Biol. Med. 84 (2015) 373–384.

[63] A. Krigel, M. Berdugo, E. Picard, R. Levy-Boukris, I. Jaadane, L. Jonet,
M. Dernigoghossian, C. Andrieu-Soler, A. Torriglia, F. Behar-Cohen, Light-induced
retinal damage using different light sources, protocols and rat strains reveals LED
phototoxicity, Neuroscience 339 (2016) 296–307.

[64] H.R. Taylor, S. West, B. Mu~noz, F.S. Rosenthal, S.B. Bressler, N.M. Bressler, The
long-term effects of visible light on the eye, Arch. Ophthalmol. 110 (1992)
99–104.

[65] E. Arnault, C. Barrau, C. Nanteau, P. Gondouin, K. Bigot, F. Vi�enot, E. Gutman,
V. Fontaine, T. Villette, D. Cohen-Tannoudji, J.A. Sahel, S. Picaud, Phototoxic
action spectrum on a retinal pigment epithelium model of age-related macular
degeneration exposed to sunlight normalized conditions, PLoS One 8 (2013).

[66] S. Hattar, H.W. Liao, M. Takao, D.M. Berson, K.W. Yau, Melanopsin-containing
retinal ganglion cells: architecture, projections, and intrinsic photosensitivity,
Science 80 (295) (2002) 1065–1070.

[67] A. Chaudhuri, Fundamentals of Sensory Perception, Oxford University Press,
Oxford, 2011.

[68] M. Saito, K. Miyamoto, Y. Uchiyama, I. Murakami, Invisible light inside the
natural blind spot alters brightness at a remote location, Sci. Rep. 8 (2018) 1–9.

[69] K. Miyamoto, I. Murakami, Pupillary light reflex to light inside the natural blind
spot, Sci. Rep. 5 (2015).

[70] A. Amorim-de-Sousa, T. Schilling, P. Fernandes, Y. Seshadri, H. Bahmani,
J.M. Gonz�alez-M�eijome, Blue light blind-spot stimulation upregulates b-wave and
pattern ERG activity in myopes, Sci. Rep. 11 (2021) 1–10.

[71] T. Schilling, M. Soltanlou, Y. Seshadri, H.C. Nuerk, H. Bahmani, Blue light and
melanopsin contribution to the pupil constriction in the blind-spot, parafovea and
periphery, Proc. 13th Int. Jt. Conf. Biomed. Eng. Syst. Technol. (BIOSTEC 2020)
(2020) 482–489.

[72] A. Neumann, K. Breher, S. Wahl, Effects of screen-based retinal light stimulation
measured with a novel contrast sensitivity test, PLoS One 16 (2021) 1–15.

[73] N.N. Osborne, C. Nú~nez-�Alvarez, S. del Olmo-Aguado, The effect of visual blue
light on mitochondrial function associated with retinal ganglions cells, Exp. Eye
Res. 128 (2014) 8–14.

[74] E.A. Bristow, P.G. Griffiths, R.M. Andrews, M.A. Johnson, D.M. Turnbull, The
distribution of mitochondrial activity in relation to optic nerve structure, Arch.
Ophthalmol. 120 (2002) 791–796.

[75] N.N. Osborne, G. Lascaratos, A.J. Bron, G. Chidlow, J.P.M. Wood, A hypothesis to
suggest that light is a risk factor in glaucoma and the mitochondrial optic
neuropathies, Br. J. Ophthalmol. 90 (2006) 237–241.
9

[76] J.X. Tao, W.C. Zhou, X.G. Zhu, Mitochondria as potential targets and initiators of
the blue light hazard to the retina, Oxid. Med. Cell. Longev. (2019).

[77] Q. Cui, C. Ren, P.J. Sollars, G.E. Pickard, K.F. So, The injury resistant ability of
melanopsin-expressing intrinsically photosensitive retinal ganglion cells,
Neuroscience 284 (2015) 845–853.

[78] S. Wang, D. Gu, P. Zhang, J. Chen, Y. Li, H. Xiao, G. Zhou, Melanopsin-expressing
retinal ganglion cells are relatively resistant to excitotoxicity induced by N-
methyl-D-aspartate, Neurosci. Lett. 662 (2018) 368–373.

[79] L.P. De Sevilla Müller, A. Sargoy, A.R. Rodriguez, N.C. Brecha, Melanopsin
ganglion cells are the most resistant retinal ganglion cell type to axonal injury in
the rat retina, PLoS One 9 (2014) 1–7.

[80] G.M. Fogo, D.D. Shuboni-Mulligan, A.J. Gall, Melanopsin-containing ipRGCs are
resistant to excitotoxic injury and maintain functional non-image forming
behaviors after insult in a diurnal rodent model, Neuroscience 412 (2019)
105–115.

[81] C. Nú~nez-�Alvarez, N.N. Osborne, Blue light exacerbates and red light counteracts
negative insults to retinal ganglion cells in situ and R28 cells in vitro, Neurochem.
Int. 125 (2019) 187–196.

[82] F.J. Rucker, The role of luminance and chromatic cues in emmetropisation,
Ophthalmic Physiol. Opt. 33 (2013) 196–214.

[83] S. Thakur, R. Dhakal, P.K. Verkicharla, Short-term exposure to blue light shows an
inhibitory effect on axial elongation in human eyes independent of defocus,
Investig. Ophthalmol. Vis. Sci. 62 (2021).

[84] M. Wang, F. Schaeffel, B. Jiang, M. Feldkaemper, Effects of light of different
spectral composition on refractive development and retinal dopamine in chicks,
Investig. Ophthalmol. Vis. Sci. 59 (2018) 4413–4424.

[85] R. Chakraborty, E.G. Landis, R. Mazade, V. Yang, R. Strickland, S. Hattar,
R.A. Stone, P.M. Iuvone, M.T. Pardue, Melanopsin modulates refractive
development and myopia, Exp. Eye Res. 214 (2022), 108866.

[86] A.N. French, R. Ashby, I.G. Morgan, K.A. Rose, Time outdoors and the prevention
of myopia, Exp. Eye Res. 114 (2013) 58–68.

[87] G. Lingham, D.A. MacKey, R. Lucas, S. Yazar, How does spending time outdoors
protect against myopia? A review, Br. J. Ophthalmol. 104 (2020) 593–599.

[88] B. Hammond, L.M. Renzi-Hammond, J. Buch, D. Nankivil, Measuring total visual
experience, Contact Lens Spectr. (2018) 32–38.

[89] M. Zulauf, J. Flammer, C. Signer, Spatial brightness contrast sensitivity measured
with white, green, red and blue light, Ophthalmologica 196 (1988) 43–48.

[90] K.E. Baker, Some variables influencing vernier acuity, J. Opt. Soc. Am. 39 (1949)
567–575.

[91] J.A. Foley-Fisher, The effect of target line length on vernier acuity in white and
blue light, Vis. Res. 13 (1973) 1447–1454.

[92] J.A. Foley-Fisher, Measurements of vernier acuity in white and coloured light, Vis.
Res. 8 (1968) 1055–1065.

[93] G.B. Arden, M.J. Hall, Does occupational exposure to argon laser radiation
decrease colour contrast sensitivity in UK ophthalmologists? Eye 9 (1995)
686–696.

[94] T.A. Berninger, C.R. Canning, G.B. Arden, N. Strong, K. Gündüz, Using argon laser
blue light reduces ophthalmologists’ color contrast sensitivity: argon blue and
surgeons’ vision, Arch. Ophthalmol. 107 (1989) 1453–1458.

[95] K. Gunduz, G.B. Arden, Changes in colour constrast sensitivity associated with
operating argon lasers, Br. J. Ophthalmol. 73 (1989) 241–246.

[96] I. Popov, D. Jurenova, J. Valaskova, D. Sanchez-Chicharro, J. Stefanickova,
I. Waczulikova, V. Krasnik, Effect of blue light filtering intraocular lenses on visual
perception, Medicina 57 (2021) 1–8.

[97] S. Tavazzi, F. Cozza, G. Nigrotti, C. Braga, N. Vlasak, S. Larcher, F. Zeri,
Improvement or worsening of human contrast sensitivity due to blue light
attenuation at 450 nm, Clin. Optom. 12 (2020) 57–66.

[98] X. feng Zhu, H. dong Zou, Y. fu Yu, Q. Sun, N. qing Zhao, Comparison of blue light-
filtering IOLs and UV light-filtering IOLs for cataract surgery: a meta-analysis,
PLoS One 7 (2012) 1–10.

[99] H.S. Alzahran, M. Roy, V. Honson, S.K. Khuu, Effect of blue-blocking lenses on
colour contrast sensitivity, Clin. Exp. Optom. 104 (2021) 207–214.

[100] M. Baldasso, M. Roy, M. Boon, S.J. Dain, Effect of blue–blocking lenses on colour
discrimination, Clin. Exp. Optom. 104 (2021) 56–61.

[101] A.E. Allen, R. Storchi, F.P. Martial, R.A. Bedford, R.J. Lucas, Melanopsin
contributions to the representation of images in the early visual system, Curr. Biol.
27 (2017) 1623–1632.

[102] A.E. Allen, F.P. Martial, R.J. Lucas, Form vision from melanopsin in humans, Nat.
Commun. 10 (2019) 1–10.

[103] T. Sonoda, S.K. Lee, L. Birnbaumer, T.M. Schmidt, Melanopsin phototransduction
is repurposed by ipRGC subtypes to shape the function of distinct visual circuits,
Neuron 99 (2018) 754–767.

[104] D.-Q. Zhang, K.Y. Wong, P.J. Sollars, D.M. Berson, G.E. Pickard, D.G. McMahon,
Intraretinal signaling by ganglion cell photoreceptors to dopaminergic amacrine
neurons, Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 14181–14186.

[105] P. Witkovsky, Dopamine and retinal function, Doc. Ophthalmol. 108 (2004)
17–39.

[106] S. Roy, G.D. Field, Dopaminergic modulation of retinal processing from starlight to
sunlight, J. Pharmacol. Sci. 140 (2019) 86–93.

[107] R. Brandies, S. Yehuda, The possible role of retinal dopaminergic system in visual
performance, Neurosci. Biobehav. Rev. 32 (2008) 611–656.

[108] M. Feldkaemper, F. Schaeffel, An updated view on the role of dopamine in myopia,
Exp. Eye Res. 114 (2013) 106–119.

[109] X. Zhou, M.T. Pardue, P.M. Iuvone, J. Qu, Dopamine signaling and myopia
development: what are the key challenges, Prog. Retin. Eye Res. 61 (2017) 60–71.

http://refhub.elsevier.com/S2405-8440(22)01570-5/sref46
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref46
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref46
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref47
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref47
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref47
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref47
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref47
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref48
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref48
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref48
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref48
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref49
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref49
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref49
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref49
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref49
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref50
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref50
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref50
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref50
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref51
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref51
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref51
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref51
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref52
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref52
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref53
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref53
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref53
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref53
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref54
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref54
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref54
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref54
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref55
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref55
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref55
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref55
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref55
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref56
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref56
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref56
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref56
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref57
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref58
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref58
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref58
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref58
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref59
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref59
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref59
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref59
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref59
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref60
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref60
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref60
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref61
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref61
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref61
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref61
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref62
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref62
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref62
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref62
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref62
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref63
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref63
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref63
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref63
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref63
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref64
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref64
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref64
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref64
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref64
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref65
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref65
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref65
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref65
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref65
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref66
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref66
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref66
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref66
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref67
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref67
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref68
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref68
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref68
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref69
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref69
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref70
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref70
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref70
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref70
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref70
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref70
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref71
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref71
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref71
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref71
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref71
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref72
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref72
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref72
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref73
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref73
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref73
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref73
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref73
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref73
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref74
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref74
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref74
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref74
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref75
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref75
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref75
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref75
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref76
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref76
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref77
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref77
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref77
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref77
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref78
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref78
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref78
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref78
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref79
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref79
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref79
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref79
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref80
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref80
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref80
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref80
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref80
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref81
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref81
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref81
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref81
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref81
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref81
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref82
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref82
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref82
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref83
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref83
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref83
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref84
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref84
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref84
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref84
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref85
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref85
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref85
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref86
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref86
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref86
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref87
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref87
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref87
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref88
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref88
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref88
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref89
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref89
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref89
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref90
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref90
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref90
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref91
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref91
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref91
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref92
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref92
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref92
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref93
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref93
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref93
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref93
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref94
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref94
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref94
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref94
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref95
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref95
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref95
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref96
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref96
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref96
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref96
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref97
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref97
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref97
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref97
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref98
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref98
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref98
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref98
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref99
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref99
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref99
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref100
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref100
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref100
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref100
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref101
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref101
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref101
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref101
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref102
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref102
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref102
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref103
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref103
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref103
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref103
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref104
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref104
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref104
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref104
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref105
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref105
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref105
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref106
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref106
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref106
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref107
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref107
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref107
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref108
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref108
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref108
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref109
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref109
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref109


N.A. Wong, H. Bahmani Heliyon 8 (2022) e10282
[110] T.M. Brown, Melanopic illuminance defines the magnitude of human circadian
light responses under a wide range of conditions, J. Pineal Res. 69 (2020) 1–14.

[111] C. Cajochen, M. Münch, S. Kobialka, K. Kr€auchi, R. Steiner, P. Oelhafen, S. Orgül,
A. Wirz-Justice, High sensitivity of human melatonin, alertness, thermoregulation,
and heart rate to short wavelength light, J. Clin. Endocrinol. Metab. 90 (2005)
1311–1316.

[112] S.L. Chellappa, R. Steiner, P. Blattner, P. Oelhafen, T. G€otz, C. Cajochen, Non-
visual effects of light on melatonin, alertness and cognitive performance: can blue-
enriched light keep us alert? PLoS One 6 (2011), e16429.

[113] A.M. Chang, D. Aeschbach, J.F. Duffy, C.A. Czeisler, Evening use of light-emitting
eReaders negatively affects sleep, circadian timing, and next-morning alertness,
Proc. Natl. Acad. Sci. U.S.A. 112 (2015) 1232–1237.

[114] M. Münch, S. Kobialka, R. Steiner, P. Oelhafen, A. Wirz-Justice, C. Cajochen,
Wavelength-dependent effects of evening light exposure on sleep architecture and
sleep EEG power density in men, Am. J. Physiol. Regul. Integr. Comp. Physiol. 290
(2006) 1421–1428.

[115] M. Ishizawa, T. Uchiumi, M. Takahata, M. Yamaki, T. Sato, Effects of pre-bedtime
blue-light exposure on ratio of deep sleep in healthy young men, Sleep Med. 84
(2021) 303–307.

[116] S.W. Lockley, G.C. Brainard, C.A. Czeisler, High sensitivity of the human circadian
melatonin rhythm to resetting by short wavelength light, J. Clin. Endocrinol.
Metab. 88 (2003) 4502–4505.

[117] M. Rüger, M.A. St Hilaire, G.C. Brainard, S.B.S. Khalsa, R.E. Kronauer,
C.A. Czeisler, S.W. Lockley, Human phase response curve to a single 6.5 h pulse of
short-wavelength light, J. Physiol. 591 (2013) 353–363.

[118] J. Hannibal, B. Georg, J. Fahrenkrug, Differential expression of melanopsin mRNA
and protein in Brown Norwegian rats, Exp. Eye Res. 106 (2013) 55–63.

[119] S. Wahl, M. Engelhardt, P. Schaupp, C. Lappe, I.V. Ivanov, The inner clock – blue
light sets the human rhythm, J. Biophot. 12 (2019) 1–14.

[120] How do circadian rhythms work?, Sci. Focus. (n.d.). https://www.sciencefocus.c
om/the-human-body/how-do-circadian-rhythms-work/.

[121] S. Wahl, M. Engelhardt, P. Schaupp, C. Lappe, I.V. Ivanov, The inner clock—blue
light sets the human rhythm, J. Biophot. 12 (2019) 1–14.

[122] A.U. Viola, L.M. James, L.J.M. Schlangen, D.J. Dijk, Blue-enriched white light in
the workplace improves self-reported alertness, performance and sleep quality,
Scand. J. Work. Environ. Health 34 (2008) 297–306.

[123] M.G. Figueiro, B. Steverson, J. Heerwagen, K. Kampschroer, C.M. Hunter,
K. Gonzales, B. Plitnick, M.S. Rea, The impact of daytime light exposures on sleep
and mood in office workers, Sleep Heal 3 (2017) 204–215.

[124] L. T€ahk€am€o, T. Partonen, A.K. Pesonen, Systematic review of light exposure
impact on human circadian rhythm, Chronobiol. Int. 36 (2019) 151–170.

[125] C.A. Czeisler, M.P. Johnson, J.F. Duffy, E.N. Brown, J.M. Ronda, R.E. Kronauer,
Exposure to bright light and darkness to treat physiological maladaptation to night
work, New English J. Med. 323 (1990) 1120–1123.

[126] C. H€ohn, S.R. Schmid, C.P. Plamberger, K. Bothe, M. Angerer, G. Gruber,
B. Pletzer, K. Hoedlmoser, Preliminary results: the impact of smartphone use and
short-wavelength light during the evening on circadian rhythm, sleep and
alertness, Clocks & Sleep 3 (2021) 66–86.

[127] M. Driller, L. Uiga, The influence of night-time electronic device use on subsequent
sleep and propensity to be physically active the following day, Chronobiol. Int. 36
(2019) 717–724.

[128] S. Higuchi, Y. Lin, J. Qiu, Y. Zhang, M. Ohashi, S. il Lee, S. Kitamura,
A. Yasukouchi, Is the use of high correlated color temperature light at night
related to delay of sleep timing in university students? A cross-country study in
Japan and China, J. Physiol. Anthropol. 40 (2021) 1–8.

[129] A.M. Smidt, M.J. Blake, M.D. Latham, N.B. Allen, Effects of automated diurnal
variation in electronic screen temperature on sleep quality in young adults: a
randomized controlled trial, Behav. Sleep Med. (2021) 1–17.

[130] H. Jo, H.R. Park, S.J. Choi, S.Y. Lee, S.J. Kim, E.Y. Joo, Effects of organic light-
emitting diodes on circadian rhythm and sleep, Psychiatry Investig 18 (2021)
471–477.

[131] J.A. Bigalke, I.M. Greenlund, J.R. Nicevski, J.R. Carter, Effect of evening blue light
blocking glasses on subjective and objective sleep in healthy adults: a randomized
control trial, Sleep Heal 7 (2021) 485–490.

[132] L. Hester, D. Dang, C.J. Barker, M. Heath, S. Mesiya, T. Tienabeso, K. Watson,
Evening wear of blue-blocking glasses for sleep and mood disorders: a systematic
review, Chronobiol. Int. 38 (2021) 1375–1383.

[133] Y. Esaki, I. Takeuchi, S. Tsuboi, F. Kiyoshi, N. Iwata, T. Kitajima, A double-blind,
randomized, placebo-controlled trial of adjunctive blue-blocking glasses for the
treatment of sleep and circadian rhythm in patients with bipolar disorder, Bipolar
Disord. 22 (2020) 739–748.

[134] S.L. Chellappa, V. Bromundt, S. Frey, C. Cajochen, Age-related neuroendocrine
and alerting responses to light, GeroScience (2021).

[135] A. Domagalik, H. Oginska, E. Beldzik, M. Fafrowicz, M. Pokrywka, P. Chaniecki,
M. Rekas, T. Marek, Long-term reduction of short-wavelength light affects
sustained attention and visuospatial working memory with No evidence for a
change in circadian rhythmicity, Front. Neurosci. 14 (2020) 1–13.

[136] B.A. Henderson, K.J. Grimes, Blue-blocking IOLs: a completereview of the
literature, Surv. Ophthalmol. 55 (2010) 284–289.

[137] T.M. Lee, E.W. Loh, T.C. Kuo, K.W. Tam, H.C. Lee, D. Wu, Effects of ultraviolet and
blue-light filtering on sleep: a meta-analysis of controlled trials and studies on
cataract patients, Eye 35 (2021) 1629–1636.

[138] D.L. Nickla, Ocular diurnal rhythms and eye growth regulation: where we are 50
years after Lauber, Exp. Eye Res. 114 (2013) 25–34.
10
[139] R.A. Stone, G.E. Quinn, E.L. Francis, G.S. Ying, D.I. Flitcroft, P. Parekh, J. Brown,
J. Orlow, G. Schmid, Diurnal axial length fluctuations in human eyes, Investig.
Ophthalmol. Vis. Sci. 45 (2004) 63–70.

[140] Y. Feng, J. Varikooty, T.L. Simpson, Diurnal variation of corneal and corneal
epithelial thickness measured using optical coherence tomography, Cornea 20
(2001) 480–483.

[141] D.L. Nickla, C.F. Wildsoet, J. Wallman, Visual influences on diurnal rhythms in
ocular length and choroidal thickness in chick eyes, Exp. Eye Res. 66 (1998)
163–181.

[142] D.L. Nickla, K. Totonelly, Brief light exposure at night disrupts the circadian
rhythms in eye growth and choroidal thickness in chicks, Exp. Eye Res. 146 (2016)
189–195.

[143] R. Chakraborty, L.A. Ostrin, D.L. Nickla, P.M. Iuvone, T. Machelle, R.A. Stone,
Circadian rhythms, refractive development, and myopia, Ophthalmic Physiol. Opt.
38 (2018) 217–245.

[144] W.S. Foulds, V.A. Barathi, C.D. Luu, Progressive myopia or hyperopia can be
induced in chicks and reversed by manipulation of the chromaticity of ambient
light, Investig. Ophthalmol. Vis. Sci. 54 (2013) 8004–8012.

[145] S. Xiong, P. Sankaridurg, T. Naduvilath, J. Zang, H. Zou, J. Zhu, M. Lv, X. He,
X. Xu, Time spent in outdoor activities in relation to myopia prevention and
control: a meta-analysis and systematic review, Acta Ophthalmol. 95 (2017)
551–566.

[146] M.G. Figueiro, A. Bierman, B. Plitnick, M.S. Rea, Preliminary evidence that both
blue and red light can induce alertness at night, BMC Neurosci. 10 (2009) 1–11.

[147] E. Yuda, H. Ogasawara, Y. Yoshida, J. Hayano, Exposure to blue light during lunch
break: effects on autonomic arousal and behavioral alertness, J. Physiol.
Anthropol. 36 (2017) 4–7.

[148] T. Morita, Y. Teramoto, H. Tokura, Inhibitory effect of light of different
wavelengths on the fall of core temperature during the nighttime, Jpn. J. Physiol.
45 (1995) 667–671.

[149] T. Morita, H. Tokura, Effects of lights of different color temperature on the
nocturnal changes in core temperature and melatonin in humans, J. Physiol.
Anthropol. 15 (1996) 243–246.

[150] A. Ishihara, I. Park, Y. Suzuki, K. Yajima, H. Cui, M. Yanagisawa, T. Sano, J. Kido,
K. Tokuyama, Metabolic responses to polychromatic LED and OLED light at night,
Sci. Rep. 11 (2021) 1–11.

[151] G. Gaggioni, P. Maquet, C. Schmidt, D.J. Dijk, G. Vandewalle, Neuroimaging,
cognition, light and circadian rhythms, Front. Syst. Neurosci. 8 (2014) 1–12.

[152] G. Vandewalle, P. Maquet, D.J. Dijk, Light as a modulator of cognitive brain
function, Trends Cognit. Sci. 13 (2009) 429–438.

[153] G. Vandewalle, C. Schmidt, G. Albouy, V. Sterpenich, A. Darsaud, G. Rauchs,
P.Y. Berken, E. Balteau, C. Dagueldre, A. Luxen, P. Maquet, D.J. Dijk, Brain
responses to violet, blue, and green monochromatic light exposures in humans:
prominent role of blue light and the brainstem, PLoS One 2 (2007) 1–10.

[154] G. Vandewalle, S. Gais, M. Schabus, E. Balteau, J. Carrier, A. Darsaud,
V. Sterpenich, G. Albouy, D.J. Dijk, P. Maquet, Wavelength-dependent modulation
of brain responses to a working memory task by daytime light exposure, Cerebr.
Cortex 17 (2007) 2788–2795.

[155] C.M. Beaven, J. Ekstr€om, A comparison of blue light and caffeine effects on
cognitive function and alertness in humans, PLoS One 8 (2013) 1–7.

[156] J.L. Souman, A.M. Tinga, S.F. te Pas, R. van Ee, B.N.S. Vlaskamp, Acute alerting
effects of light: a systematic literature review, Behav. Brain Res. 337 (2018)
228–239.

[157] O. Keis, H. Helbig, J. Streb, K. Hille, Influence of blue-enriched classroom lighting
on students’ cognitive performance, Trends Neurosci. Educ. 3 (2014) 86–92.

[158] C. Cajochen, S. Frey, D. Anders, J. Sp€ati, M. Bues, A. Pross, R. Mager, A. Wirz-
Justice, O. Stefani, Evening exposure to a light-emitting diodes (LED)-backlit
computer screen affects circadian physiology and cognitive performance, J. Appl.
Physiol. 110 (2011) 1432–1438.

[159] G. Vandewalle, P. Maquet, D.J. Dijk, Light as a modulator of cognitive brain
function, Trends Cognit. Sci. 13 (2009) 429–438.

[160] M. Motamedzadeh, R. Golmohammadi, R. Kazemi, R. Heidarimoghadam, The
effect of blue-enriched white light on cognitive performances and sleepiness of
night-shift workers: a field study, Physiol. Behav. 177 (2017) 208–214.

[161] S.J. Kim, S.H. Lee, I.B. Suh, J.W. Jang, J.H. Jhoo, J.H. Lee, Positive effect of timed
blue-enriched white light on sleep and cognition in patients with mild and
moderate Alzheimer’s disease, Sci. Rep. 11 (2021) 1–12.

[162] S.L. Chellappa, V. Bromundt, S. Frey, T. Schlote, D. Goldblum, C. Cajochen,
C.F. Reichert, Intraocular cataract lens replacement and light exposure potentially
impact procedural learning in older adults, J. Sleep Res. 30 (2021) 1–8.

[163] H. Yang, N.A. Afshari, The yellow intraocular lens and the natural ageing lens,
Curr. Opin. Ophthalmol. 25 (2014) 40–43.

[164] J.L. Anderson, C.A. Glod, J. Dai, Y. Cao, S.W. Lockley, Lux vs. wavelength in light
treatment of seasonal affective disorder, Acta Psychiatr. Scand. 120 (2009)
203–212.

[165] G. Glickman, B. Byrne, C. Pineda, W.W. Hauck, G.C. Brainard, Light therapy for
seasonal affective disorder with blue narrow-band light-emitting diodes (LEDs),
Biol. Psychiatr. 59 (2006) 502–507.

[166] T.A. Wehr, R.G. Skwerer, F.M. Jacobsen, D.A. Sack, N.E. Rosenthal, Eye versus
skin phototherapy of seasonal affective disorder, Am. J. Psychiatr. 144 (1987)
753–757.

[167] K. Smilowska, D.J. Van Wamelen, A.M.C. Schoutens, M.J. Meinders, B.R. Bloem,
Blue light therapy glasses in Parkinson’s disease: patients’ experience, Parkinsons.
Dis. 2019 (2019).

http://refhub.elsevier.com/S2405-8440(22)01570-5/sref110
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref110
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref110
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref111
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref111
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref111
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref111
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref111
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref111
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref112
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref112
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref112
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref112
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref113
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref113
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref113
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref113
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref114
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref114
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref114
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref114
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref114
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref115
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref115
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref115
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref115
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref116
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref116
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref116
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref116
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref117
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref117
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref117
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref117
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref118
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref118
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref118
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref119
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref119
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref119
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref119
https://www.sciencefocus.com/the-human-body/how-do-circadian-rhythms-work/
https://www.sciencefocus.com/the-human-body/how-do-circadian-rhythms-work/
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref121
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref121
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref121
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref121
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref122
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref122
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref122
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref122
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref123
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref123
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref123
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref123
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref124
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref124
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref124
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref124
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref124
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref124
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref125
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref125
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref125
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref125
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref126
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref127
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref127
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref127
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref127
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref128
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref128
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref128
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref128
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref128
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref129
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref129
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref129
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref129
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref130
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref130
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref130
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref130
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref131
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref131
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref131
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref131
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref132
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref132
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref132
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref132
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref133
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref133
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref133
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref133
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref133
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref134
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref134
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref135
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref135
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref135
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref135
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref135
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref136
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref136
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref136
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref137
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref137
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref137
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref137
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref138
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref138
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref138
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref139
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref139
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref139
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref139
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref140
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref140
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref140
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref140
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref141
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref141
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref141
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref141
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref142
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref142
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref142
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref142
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref143
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref143
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref143
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref143
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref144
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref144
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref144
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref144
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref145
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref145
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref145
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref145
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref145
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref146
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref146
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref146
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref147
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref147
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref147
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref147
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref148
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref148
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref148
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref148
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref149
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref149
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref149
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref149
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref150
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref150
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref150
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref150
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref151
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref151
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref151
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref152
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref152
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref152
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref153
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref153
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref153
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref153
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref153
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref154
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref154
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref154
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref154
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref154
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref155
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref155
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref155
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref155
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref156
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref156
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref156
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref156
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref157
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref157
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref157
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref158
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref158
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref158
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref158
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref158
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref158
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref159
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref159
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref159
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref160
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref160
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref160
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref160
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref161
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref161
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref161
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref161
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref162
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref162
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref162
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref162
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref163
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref163
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref163
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref164
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref164
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref164
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref164
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref165
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref165
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref165
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref165
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref166
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref166
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref166
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref166
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref167
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref167
http://refhub.elsevier.com/S2405-8440(22)01570-5/sref167

	A review of the current state of research on artificial blue light safety as it applies to digital devices
	1. Introduction
	2. Blue light and its detection
	3. Effects of artificial blue light on the eye
	3.1. Inflammatory or degenerative effects on the eye surface and refractive ocular adnexae
	3.2. Degenerative effects on neurosensory cells

	4. The influence of artificial blue light on visual performance
	5. Artificial blue light, circadian rhythms, and related processes
	5.1. Circadian rhythm
	5.2. Other physiological and cognitive processes

	6. Future directions
	7. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest's statement
	Additional information

	Acknowledgements
	References


