Ophthalmol Ther (2022) 11:939-957
https://doi.org/10.1007/s40123-022-00490-2

®

Check for
updates

REVIEW

Light Signaling and Myopia Development: A Review

Pengbo Zhang @ - Huang Zhu

Received: December 30, 2021/ Accepted: February 18, 2022 / Published online: March 11, 2022

© The Author(s) 2022

ABSTRACT

Introduction: The aim of this article was to
comprehensively review the relationship
between light exposure and myopia with a
focus on the effects of the light wavelength,
illuminance, and contrast on the occurrence
and progression of myopia.

Methods: This review was performed by
searching PubMed data sets including research
articles and reviews utilizing the terms “light”,
“myopia”, “refractive error”, and “illuminance”,
and the review was concluded in November
2021. Myopia onset and progression were clo-
sely linked with emmetropization and hyper-
opia. To better elucidate the mechanism of
myopia, some of the articles that focused on
this topic were included. This article is based on
previously conducted studies and does not
contain any new studies with human partici-
pants or animals performed by any of the
authors.

Results: The pathogenesis and prevention of
myopia are not completely clear. Studies have
provided evidence supporting the idea that
light could affect eye growth in three ways.
Changing the corresponding conditions will
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cause changes in the growth rate and mode of
the eyes, and preliminary results have shown
that FR/NIR (far red/near-infrared) light is
effective for myopia in juveniles.

Conclusion: This review discusses the results of
studies on the effects of light exposure on
myopia with the aims of providing clues and a
theoretical basis for the use of light to control
the development of myopia and offering new
ideas for subsequent studies.

Keywords: Illuminance;
Wavelength

Key Summary Points

Light; Myopia;

Myopia is a significant challenge for global
health because of its high prevalence.

Substantial progress in treatment options
and their effects has been made, but the
mechanism of myopia remains
incompletely understood.

Elucidating the relationship between light
exposure and myopia may contribute to
the development of new therapeutic
modalities for myopia.

The effect of red light on myopia has
become popular recently.

FR/NIR (far red/near-infrared) light has the
potential to control myopia.
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INTRODUCTION

Myopia is a common disorder that occurs in
childhood and early adulthood and has become
a major cause of blindness. Myopia is defined as
parallel light passing through the refractive
system of the eye and focusing in front of the
retina when the eye is in its relaxed state, which
leads to the formation of blurred images [1].
Myopia is mainly related to axial growth (axial
myopia), but a small proportion of myopia is
caused by excessive curvature of the cornea or
lens (refractive myopia), such as keratoconus
[2]. In general, spherical equivalent (SE) < — 0.5
diopters (D) is the standard for the diagnosis of
myopia, and an SE < — 5.0 D or — 6.0D or an
axial length of greater than 26 mm is considered
indicative of high myopia [3, 4]. Myopia is a
multifactorial disorder that is complex, and it is
difficult to explain its mechanism, which is
regulated by both environmental and genetic
factors [5-7]. Myopia is closely related to com-
plications such as cataracts, retinal detachment,
macular degeneration, and even vision loss
[8-11]. Some epidemiological and animal stud-
ies over the past few decades have investigated
the potential causes of myopia. According to
some researchers, near-work activity [12], little
time outdoors [13], and high educational pres-
sure [14] play important roles in the progression
of myopia. Despite extensive research, some
molecular mechanisms of myopia are still being
debated, which hinders the search for thera-
peutic targets. Thus, controlling the onset of
myopia and stopping or reversing its progres-
sion are the greatest challenges for researchers.
Fortunately, the identification of some effective
measures for controlling the progression of
myopia, such as increasing the time spent out-
doors [15, 16], and decreasing the duration of
near work [17], and a new finding involving
improving scleral hypoxia [18], indicate that
our understanding of myopia has progressed
substantially. In recent years, more attention
has been given to controlling myopia, particu-
larly the relationship between light exposure
and the progression of myopia. The main con-
clusion drawn by researchers is that both the
light wavelength and the light intensity can

affect myopia because retinal dopamine (DA)
secretion, which can affect the progression of
myopia, is affected by the light intensity and
the effect of different light wavelengths on
myopia is related to the longitudinal chromatic
aberration (LCA) theory. Understanding the
relationship between light exposure and myo-
pia allows refinement of the specific pathogen-
esis of myopia from a new dimension and
provides new ideas for the control of myopia.

RELATIONSHIP BETWEEN LIGHT
LUMINANCE/ILLUMINANCE
AND MYOPIA

The pathogenesis of myopia is unclear; how-
ever, studies have demonstrated that both gen-
e-gene and gene-environment interactions are
involved in the pathogenesis of myopia, and
multifactorial involvement needs to be consid-
ered [6]. A reproducible and repeatedly reported
conclusion from a few cross-sectional studies
and longitudinal epidemiological studies con-
ducted over the past decade suggests that ade-
quate outdoor activity time among adolescents
is considered an effective factor for myopia
prevention [19, 20], and this conclusion is also
supported by several observational studies on
seasonal changes and myopia development.
The mechanism of myopia prevention through
outdoor activity is most likely related to out-
door light exposure because studies have found
that both axial growth and myopia progression
are slower during summer months [21]. This
phenomenon provides a theoretical basis for
the hypothesis that light exposure affects the
occurrence and development of myopia;
indeed, some investigators who performed a
series of experiments on the association of light
environment with myopia in the early years
found a correlation.

A potential link exists between light lumi-
nance and myopia. Two models of myopia are
used for research: form-deprived myopia (FDM),
which refers to myopia that can be induced by
depriving the eye of form vision during a period
of susceptibility, such as lid-suture [22]; and
defocus-induced myopia (DIM), which is also
called lens-induced myopia (LIM) and refers to
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myopia induced by concave (negative) lenses, as
observed in chickens with lenses in front of
their eyes [23]. Outdoor light illuminance is
typically 10-1000 times higher than indoor
light illuminance [24, 25]. Ashby and Schaeffel
[26] used a DIM model and found that chicks
exposed to high-intensity light (15,000 1x) had
stronger resistance to the development of
myopia and exhibited a slower progression of
myopia than chicks exposed to low-intensity
light (5001x). Similarly, an FDM model has
been extensively studied by Ashby et al. [27],
Stone et al. [28], and Karouta and Ashby [29],
who utilized chick models of FDM to demon-
strate that exposure to intense light can sup-
press myopia development. The relationship
between light exposure and the control of
myopia was subsequently validated in FDM
models in monkeys and mice by Smith et al.
[30] and Chen et al. [31]. An assessment of the
relationship between near work, outdoor activ-
ity, and myopia in school-aged children was
conducted by Rose et al. [15], who found that
outdoor activity can significantly reduce the
incidence of myopia despite high levels of near-
vision activity, which indicates that light in the
outdoor environment may play a key role.
Longitudinal studies and randomized con-
trolled trials have demonstrated that the risk of
myopia onset and its progression are decreased
in children and adolescents who spend more
time outdoors [32, 33]. A school-based cluster
randomized trial conducted by Wu et al. [34]
concluded that a longer duration of exposure to
moderate outdoor light intensities, such as
1000 Ix or more or 3000 1x or more, also exerted
myopia-prevention effects, and few side effects
were observed after exposure to intense light.
Artificially increases in light exposure may
also reduce the progression of myopia, as was
demonstrated in an experiment using light
therapy glasses for young adults, which revealed
that this therapy resulted in a slightly thickened
choroid [35]. A study conducted by Wang [36]
considered that exposure to natural light was
beneficial for reducing hyperopic defocus-in-
duced myopia and that exposure to sunlight
early in life would promote normal
emmetropization later in life. To further inter-
vene in myopia progression, Landis et al. [37]

found that dim light exposure may be another
important strategy for preventing myopia by
rod pathways other than cone cells and that a
broad range of light levels are essential in
refractive development [38]. Thus, light inten-
sity could decrease the progression of myopia
and protect our eyes, but the underlying
mechanism is unclear. Among the mechanisms
linking myopia and light intensity, the most
widely considered hypothesis is that bright light
increases the synthesis and release of DA in the
retina [39], and thus potentially affects ocular
growth. DA is an important neurotransmitter in
the retina and mediates diverse functions,
including refractive development, visual signal
transduction, and Breceptor activation. Data
from several experiments among different spe-
cies indicate that DA acts as a “stop” signal in
refractive ocular development [40] and is
involved in myopia development by activating
its receptor. The DA receptors are G-protein-
coupled receptors that are present in almost all
neuronal classes within the retina. The retina
expresses four DA receptor subtypes: D1R, D2R,
D4R, and D3R [41]. A large number of studies
have been conducted, and the results showed
that D2-like receptors are more important in
controlling the progression of myopia than D1-
like receptors in chicks. Data from mouse
models support the homeostatic regulation of
myopia hypothesis, which states that the acti-
vation of D2-like receptors leads to myopia,
whereas the activation of D1-like receptors leads
to hyperopia [42]. The release of DA is amplified
in a linear manner by light stimulation over
four log units of intensity [39], and the DA of
the retina may induce choroidal thickening and
ocular growth inhibition via the release of NO
from the retina or choroid [43-45] and thus
slowing the development of myopia. According
to Wang et al. [46], red, blue, and UV light all
stimulated the release of retinal DA, but there
were wavelength-dependent differences in DA
release. For example, UV and blue light pro-
duced less deprivation myopia than red and
white light. Circadian rhythms may be another
mechanism of light exposure in myopia, which
overlaps with eye growth, and DA is an impor-
tant regulator of these rhythms [47, 48]; addi-
tionally, melatonin may play an important role
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in the link between light and circadian func-
tions [49]. The axial length of eyes and chor-
oidal thickness experience opposite and subtle
changes with circadian rhythms and can be
disrupted in DIM modes, and this result adds to
the evidence indicating that optical defocus
could play an important role in defining the
axial length and choroidal thickness [50-52]. In
general, light intensity, as a protective factor, is
negatively correlated with the development of
myopia.

RELATIONSHIP BETWEEN LIGHT
WAVELENGTH AND MYOPIA

In addition to the effects of light intensity on
myopia, the effects of different wavelengths of
light on myopia have recently attracted
increasing attention. Light waves are electro-
magnetic waves with a wide range of frequen-
cies and include radio waves, visible light,
infrared rays, ultraviolet rays, etc. Data from our
previous studies demonstrated that extremely
low frequency electromagnetic fields (ELF-
EMFs), a form of electromagnetic waves with a
long wavelength, could inhibit the expression
of type I collagen in human fetal scleral fibrob-
lasts (HESFs) and play an important role in
scleral remodeling, which may accelerate the
development of myopia [53]. Light, as an elec-
tromagnetic wave, also has an impact on the
progression of myopia. There are differences in
the wavelength of light sensed by different
people and thus the range of visible light
wavelengths is not entirely consistent [54].

In 2002, Seidemann and Schaeffel [55] found
that chickens reared under blue light had a
tendency toward hyperopia, whereas those
exposed to red light had a tendency toward
myopia, and these findings have attracted
extensive attention. A similar conclusion was
drawn by Rucker and Wallman [56] in 2009 on
the basis of the results from a study using
chickens as an experimental animal model: blue
light inhibited the development of myopia,
whereas red light promoted the progression of
myopia. Interestingly, Torii et al. [57] found
that violet light (360-400 nm) could suppress
the axial elongation in both chick models and

humans, and this suppression increases the
expression of the EGR1 gene known to prevent
myopia. In addition, a recent study by Jiang [58]
revealed that the violet light-neuropsin
(OPNS)-retinal pathway played an important
role in preventing myopia progression and
could regulate choroidal thickness in mouse
models. Using mouse models, Yang [59] found
that red light induced a hyperopic shift and that
emmetropization was not affected by blue light.
However, in the same year, the opposite result
was obtained by Ryan [60], who found that
short-wavelength light (400 £+ 20 nm) could
slow eye growth, produce a hyperopic shift, and
inhibit lens-induced myopia, which was con-
sistent with the results reported by Torii and
Jiang. Guinea pigs, as classical myopia animal
models, were evaluated by Liu et al. [61] in 2011
and reared under two monochromatic expo-
sures, green and blue light, and their refractive
and axial growth changes were examined. This
experiment revealed that exposure to blue light
exerted more hyperopic effects and suppressed
axial growth, whereas exposure to green light
was associated with tendency toward myopia
[61]. A positive lens enables light to focus on the
anterior part of the retina and thus induces
defocus-induced hyperopia, whereas a negative
lens causes DIM. Jiang et al. [62] found that blue
light suppressed axial myopia caused by nega-
tive lenses and slow axial growth, whereas red
light and positive lenses no longer caused
hyperopia in guinea pigs. These experiments
fully illustrate that light wavelengths play an
important role in refractive development.
Although the effects of light intensity and the
differential effects of different wavelengths on
the progression of myopia have been observed,
the specific mechanism has not been eluci-
dated. To further illustrate the relationship
between light wavelength and myopia, rhesus
monkeys, which are considered more advanced
animals, were used by Smith et al., who
obtained completely different results. These
researchers found no evidence that an envi-
ronment dominated by red light promoted the
development of myopia; conversely, red light
might promote hyperopia [63]. Moreover, using
the tree shrew as an experimental model,
Gawne et al. [64] found that stable red light
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inhibited the progression of myopia, whereas
blinking blue light promoted the progression of
myopia; this finding indirectly supports the
conclusion drawn by Smith. The results from
various experiments suggest that wavelength
differences among different lights can produce
refractive and axial changes, and this effect can
exist independently of the light intensity. These
different phenomena can be explained by
complex and diverse mechanisms.

Conflicting conclusions from numerous
experiments with different species demonstrate
that the relationship between light exposure
and myopia is extremely complex, and the
current findings indicated that during the per-
iod after birth in humans [65-67] and other
animals, such as tree shrews [68], guinea pigs
[69], rhesus monkeys [70], marmosets [71], and
chickens [72], marked refractive errors are usu-
ally hyperopic, whereas in Falco sparverius, these
refractive errors are usually myopic [73]. The eye
has an active emmetropization mechanism
using optics as a visual cue to dynamically reg-
ulate the elongation of the ocular axis to match
the retina and focal plane, and the
emmetropization state is maintained for a short
period after birth through micromodulation of
the refractive state [74-79]. At present, most
scholars believe that other mechanisms of
emmetropization in addition to optical defo-
cusing exist and that LCA may be the underly-
ing mechanism. LCA is a physical phenomenon
in which the lens edge has a larger refractive
index to light of shorter wavelengths and focus
occurs closer to the lens, whereas long-wave-
length light has a smaller refractive index and is
focused further away from the lens, which
could promote emmetropization (Fig. 1)
[S5, 56, 80-86]. LCA in myopia may act in two
ways: one possibility is that the LCA mecha-
nism is used as a target, matching the focal
plane of the dominant wavelength by increas-
ing the speed of growth when the dominant
wavelength is long and decreasing the speed of
growth when the dominant wavelength is
short; a result supported by some studies have
supported under monochromatic light expo-
sure [55, 81, 87]. The other possibility is that
LCA is used as a cue. If the long-wavelength
light focuses better than short-wavelength light,

the eye will stop growing in response to a signal.
The eye is sufficiently long; thus, it has to
decrease the speed of growth to achieve
emmetropization and vice versa, as has been
demonstrated by Smith et al. [63], who studied
infant monkeys that wore filters that transmit-
ted only long wavelengths. This condition is for
white and polychromatic light. In general, the
eye can derive signs of defocus by comparing
the relative cone contrast, which can reflect the
color contrast of the eyes to promote
emmetropization; changes in color contrast are
not essential because the eye can emmetropize
in monochromatic light [84].

Whether light luminance and LCA are
interrelated and whether greater protection
could be gained through a combination of
intense and chromatically adjusted light are
issues that need to be addressed [88]. Early
research suggested that the myopia sign origi-
nated from light intensity guidance, which
could be associated with the magnitude of the
blurring of retinal images [89], but the blur
hypothesis did not explain some unusual cases:
the eye could still achieve emmetropization in
the models of positive and negative lens
induction when the amount of blur is similar
but the sign of defocus is different compared
with increasing blur [90, 91]. The eye could use
the light intensity only as guidance for
emmetropization, as has been demonstrated
with monochromatic light. However, the eye
could use color cues by reducing the proportion
of effectiveness of luminance by using astig-
matism or reducing the light intensity
[86, 92-94]. For example, in dim light (0.67 1x),
the compensation of eye growth for equal
amounts of defocus was reduced in blue and red
light compared with white light, and compen-
sation was impaired in monochromatic light
with loss of the choroidal response in white
light [93].

COLOR AND LUMINANCE
CONTRAST OF SPACE-TIME
AND MYOPIA

The normal color vision of individuals needs
three different types of color vision: long-
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EMMETROPIZATION

Fig. 1 Relationship between light wavelength and the
refraction of light on both sides of the retina. As a result of

the LCA effect, short-wavelength light, such as blue light,

wavelength-sensitive  cones,  middle-wave-
length-sensitive cones, and short-wavelength-
sensitive cones, which correspond to three color
perception channels. Accurate information on
light dark, color, and saturation is required for
at least two contrast of cone (cone con-
trast)/color vision channels [95], and these sig-
nals will enter different pathways, including a
brightness pathway and two color vision align-
ment pathways [96-98]. According to LCA the-
ory, long wavelengths are focused farther back
in the eye than shorter wavelengths; however,
short-wavelength-sensitive (SWS “blue”) cones
are only sparsely distributed on the retina
[99, 100], which makes the assessment of degree
of short wavelengths focusing on the retina
difficult. How is emmetropization achieved by
using LCA as a cue? Previous studies have
demonstrated that flickering light can reduce
myopia produced by form deprivation [101],
and DA metabolism affected by flickering light
can be restored [102]. Rucker and Wallman
[103] found that chicks that were exposed for
3days to 2-Hz sinusoidal-flickering illumina-
tion in response to temporal changes in color
and luminance contrast exhibit
notable changes and concluded that the
emmetropization mechanism is sensitive to
2-Hz temporal changes in color and luminance
contrast. Moreover, temporal changes in color
contrast are recognized as hyperopic defocus,
whereas temporal changes in luminance con-
trast are distinguished as myopic defocus in the
absence of color change. Many studies have
examined the effects of modulated ambient
light on emmetropization [94, 102, 104-114];

MYOPIC
DEFOCUS

HYPEROPIC
DEFOCUS

tends to focus in front of the retina, and long-wavelength
light, such as red light, tends to focus behind the retina

however, as a result of species variability or
differences in experimental conditions, differ-
ent experiments have yielded diverse results.
For example, Di et al. found that chronic
exposure to 0.5 and 5 Hz temporally modulated
illumination promoted myopia progression in
guinea pigs [111] instead of hyperopia, whereas
Gawne et al. [64] found that steady and flick-
ering red light both produced strong hyperopia,
flickering blue light produced myopia, and
steady blue light had no effect. Gawne et al. [64]
argued that although the number of blue cones
is small, the visual system can utilize the sensi-
tivity of longer-wavelength cones to blue light
to optimize focus; therefore, blue light can
induce emmetropization, and the absolute
amount of flicker detected in the SWS channel
will be greater than that in the long-wave-
length-sensitive (LWS) channel. Spatial contrast
also plays an important role in myopia. Rucker
et al. [94, 96] argued that the eye can use a
single sample of retinal images and compare the
contrast of two different cone types, which can
determine the state of hyperopia or myopia,
rather than contrasting the images in two dif-
ferent planes. These researchers also found that
in addition to the contrast of a single retinal
image, the eye could acquire the information
from a comparison of the change in luminance
and color contrast with the eye’s defocus
change [103], which means that as a result of
LCA, cone contrast of the L- and M-cone
decreases quite similarly when the eye is in a
myopic or hyperopic defocus state, whereas
cone contrast of the S-cone decreases differ-
ently. S-cone contrast shows asymmetric
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mmmm L- cone contrast
mm— M- cone contrast
S-cone contrast

pr ——

Fig. 2 As a result of LCA, for myopic defocus, the ratio of
S-cone contrast to L-or M-cone contrast is relatively
constant with the increase in myopic defocus, creating a
dominant change in luminance contrast and slow growth
of the eye. For hyperopic defocus, the ratio of S-cone

changes on two sides of the in-focus plane, and
the ratio of S-cone contrast to L- or M-cone
contrast produces a chromatic change with the
degree of defocus when in the state of hyperopic
defocus; the ratio is relatively constant with
myopic defocus, which mainly causes a change
in luminance contrast (Fig.2). In general,
although both myopic defocus and hyperopic
defocus could cause changes in luminance
contrast, studies have revealed predominant
changes in color with hyperopia and in lumi-
nance with myopia.

CONTROVERSIES
AND CONSIDERATIONS

The effects of light on myopia appear contra-
dictory. Interestingly, red light, which is a type
of long-wavelength light, should induce
hyperopia defocus [62, 115, 116] and cause
myopia but this is not the case. Even in different
species, the effect of red light on myopia is
different; however, the main effect of red light
on myopia is to cause hyperopia rather than
myopia [63, 64]. Notably, Liu’s experiment
revealed little difference in refractive error per-
formance in rhesus monkeys raised in quasi-
monochromatic red light [114], whereas Smith
found that rhesus monkeys wearing long-
wavelength-pass (red) filters exhibited apparent

- cone contrast
- cone contrast
- cone contrast

P

contrast to L- or M-cone contrast is nonlinear with the
increase in hyperopic defocus, creating a change in the
chroma and promoting the growth of the eye, which leads
to myopia (Modified from Rucker et al. [103] with
permission from ARVO)

hyperopia [63], and this difference was multi-
factorial. First, chromatic cues are not essential,
as demonstrated by Liu’s experiment. Second,
decreases in the luminance contrast results in
chromatic  contrast  predominating in
emmetropization [86, 94], which may cause an
imbalance between the strengths of long- and
short-wavelength signals according to Smith’s
research [63]. Third, we considered not only
that the spectral wavelength would affect the
development of myopia but also that the
specific wavelength ranges would be equally
important. The 630 nm light used by Hung
et al. [117] and the 624 + 10 nm light used by
Gawne et al. [118] showed significant effects on
myopia control in rhesus monkeys and tree
shrews. Recently, He et al. found that repeated
low-level red light (RLRL) therapy (650 nm,
1600 Ix) could effectively improve the progres-
sion of myopia in children aged 8-13 years
[119], and low-intensity, long-wavelength red
light therapy (LLRT, 635 nm) inhibited myopia
progression in children in an Eastern China-
based cohort [120]. The effect of red light on
myopia has recently gained more attention
(Table 1).

FAR RED/NEAR-INFRARED LIGHT

We hypothesized that this phenomenon may
be associated with photobiomodulation (PBM)
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Table 1 Effects of red light on myopia

Study/year  Subjects

Light source;
illuminance/luminance

Wavelength

Findings

Liu et al. Infant
[114] rhesus
monkeys

Smith et al. Infant
[63] rhesus

monkeys

Gawne et al. Infant tree
[118] shrews

Hung et al.  Rhesus
[117] monkeys

Gawne et al. Infant tree

[64] shrews

Rucker and  White
Wallman Leghorn
(86] chicks

Jiang et al.  Children
[119] aged
8-13 years

Lin et al. White
[143] Leghorn
chicks

Wang et al.  Guinea pigs
[144]

LED tubes; determined
by the spectral
sensitivity function

assay

Long-wavelength-pass
filters; 580 £ 235 Ix

LED tubes; 527-749 Ix

LED; 274 + 64 Ix

LED; 527 Ix (steady);
329 Ix (flickering)

Interference filters;

0.67 Ix

Semiconductor laser

diodes; 1600 Ix

LED; 424 Ix

Red diode; 800 Ix

610 nm (half bandwidth of

S nm)

At least 50% of the light
transmitted at
wavelengths longer than

approximately 660 nm
624 £+ 10 nm

630 nm; 20 nm half-max
bandwidth

628 &= 10 nm

620 nm; 10 nm bandwidth

650 &= 10 nm

628 £+ 10 nm

Red flashing light

Two of nine monkeys in the RL
group developed myopia at
week 16

Eyes of the subjects belonging to both
the BRL and MRL groups
developed relative hyperopia after

wearing the red filters

Three RL groups were hyperopic
compared with the normal groups;
the choroidal thickness appeared to
be strongly increased by the RL

treatment

Monkeys in four RL treatment
groups were significantly more
hyperopic than normal monkeys;
an increased choroidal thickness

was observed after RL treatment

Both steady and flickering red light
produced strong hyperopia with a

deeper vitreous chamber

Degree of choroidal thickening to
positive lenses was greater under
red than blue light and hyperopia

was induced

A 69.4% reduction in myopia
progression as detected; adjusted
mean change in the choroidal
thickness of the RLRL group over
12 months was 12.1 um

Choroidal thickness increased under
red light compared with blue light,
and the refractions were more

hyperopia under blue than red light

Eyes became more myopic after the

red flashing light
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Table 1 continued

Study/year  Subjects Light source; Wavelength Findings
illuminance/luminance
Wang et al.  White LED; 453 Ix 620 nm Chicks reared under RL developed
[116] Leghorn relative myopia
chicks
Foulds et al. Chicks LED; 33.37 cd/m” 600-680 nm Axial myopia can be induced in
[145] chicks by rearing in RL and it can
be reversed
Thakur Young LED; 37 cd/m” 623 nm; half maximum Significant increase in the axial length
et al. adults width: 35 nm and significant thinning of the
[146] choroid were observed
Ward et al.  Tree shrews LED; 527-749 Ix 624 £+ 10 nm Average hyperopic shift from normal
[147] rose exponentially with increases in
the duration
Jiang et al.  Guinea pigs LED; 300 Ix 600 & S nm RL induced early thinning of the
[62] choroid and relative myopia
compared with the findings
observed with white light
Gisbert Chicken Red filter spectacles; Red cutoff filters with Hyperopia shift
et al. 514 + 35Ix transmission above
[148] 580 nm
Yang et al.  C57BL/6] LED; 275 £ 30 Ix 629 nm Hyperopic shift induced by RL was
[59] mice highly significant

LED light-emitting diode, MRL one eye with red light, BRL both eyes with red light, RLRL repeated low-level red light

therapy, RL red light

of far red/near-infrared light (FR/NIR), which
includes the wavelength range of 630-1000 nm.
FR/NIR light is produced from a laser or a light-
emitting diode (LED), and its therapeutic qual-
ities have been confirmed [121]. FR/NIR light
therapy has been widely used over the years,
including for increasing cerebral blood flow
(CBF) [122, 123], augmenting brain energy
metabolism [124, 125], improving the antioxi-
dant capacity [126], promoting cell growth
[127], and improving the reparative ability of
cells [128]. In the ophthalmic field, FR/NIR also
had uneventful grades. Studies have demon-
strated that NIR/FR has a protective effect on
optical nerves, promotes their functional

recovery [129, 130], and benefits retinal dis-
eases. According to previous studies, DA stimu-
lates the synthesis and release of NO (nitric
oxide) and NO works with NOS (nitric oxide
synthase) to regulate eye growth. Atropine and
NO inhibit form-deprived myopia in a dose-
dependent manner, and NOS inhibitors block
inhibition of myopia mediated by atropine
[131, 132]. Significantly, Wu et al. found
upregulation activity of NOS and increased
concentrations of cGMP in form-deprivation
myopia in guinea pigs [133]. One of the mech-
anisms of PBM was promoting the release of NO
from intracellular stores [134, 135] and this
process may be not dependent of NOS
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activation [136]. Kosaka considered that NO
suppresses oxidative agents and improves oxy-
gen transport, and hemoglobin (Hb) combined
with oxygen would release oxygen by NO
competition [137]. Zhang et al. [138] found
protection against hypoxia and reoxygenation
injury in cardiomyocytes by 670nm light,
which is dependent on NO derived from NOS
and non-NOS sources. Quirk [139] considered
that PBM may increase production of NO by
reducing nitrite to NO by cytochrome c oxidase
(CCO) or myoglobin (Mb)/Hb. Recent studies
have also found that PBM had an effect on the
activation of the TGFB/Smad pathway in the
process of wound healing, which was one of the
key pathways in myopia progression [140, 141].
At a wavelength of 670 nm, the levels of colla-
genl and vascular endothelial growth factor
(VEGF) increased during the wound healing

FR/NIR
TGF-B

Sclera fibroblast

| ‘—/choroidal perfusion 1

Protomyofibroblast

process [142]. In addition, studies have
demonstrated that collagen type I alpha 1 chain
(COL1A1) was decreased and a-SMA was
increased in myopia models and may be asso-
ciated with sclera hypoxia [18], which is a major
factor in myopia control. Thus, we supposed
that FR/NIR treatment could thicken the chor-
oid and increase blood flow by releasing NO,
which acts as a vasodilator, leading to relative
displacement of the retina to improve myopia.
Then NO may have various downstream anti-
hypoxia effects and cause amelioration of scle-
ral hypoxia. The effect of activating the TGFp/
Smad pathway could improve scleral remodel-
ing by increasing production of COL1A1 and,
together with NO, the transdifferentiation of
sclera fibroblasts could be reversed (Fig. 3);
however, the specific mechanism remains to be
further investigated.

]
Amelioration of scleral hypoxia

Myofibroblast

Fig. 3 FR/NIR may contribute to increase choroidal perfusion and activation of the TGFB/Smad pathway to improve

sclera hypoxia, inhibiting fibroblast transdifferentiation
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Light and myopia
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Fig. 4 Relationship between light and myopia

I\ Adis



950

Ophthalmol Ther (2022) 11:939-957

CONCLUSION AND FUTURE
PERSPECTIVES

Myopia has recently become increasingly
widespread, particularly in East Asia. Close
relationships exist between light and myopia.
Light, including its luminance and wavelength,
directs the direction of eye growth, and light
exposure is a practical strategy for preventing
myopia until ideal pharmacological targets have
been found. The available research evidence
suggests that increasing the time spent outdoors
is an effective measure for preventing myopia
because bright light could increase the synthesis
and release of DA in the retina. Similarly, the
wavelength of light can guide the
emmetropization of eyes, which could become
a new powerful potential measure of myopia
prevention (Fig. 4).

In recent years, blue and violet light expo-
sure has been considered as a means of con-
trolling myopia, and red light appears to have
the potential to improve choroidal blood per-
tusion and could be a new tool for controlling
myopia in the future. In conclusion, the appli-
cation of light for myopia control offers a
promising avenue for the development of
improved public health strategies for the pre-
vention of myopia and the development of
more effective therapeutic interventions to slow
and prevent myopia progression. Light, as a
useful tool, may have high potential for myopia
control in the future.
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