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Gerhard Garhöfer . Alfredo Garcia Layana . Angelo Maria Minnella .

Rufino Silva . Cécile Delcourt

Received: December 8, 2022 / Accepted: February 1, 2023 / Published online: February 18, 2023
� The Author(s) 2023

ABSTRACT

Introduction: Exposure to blue light has seri-
ously increased in our environment since the
arrival of light emitting diodes (LEDs) and, in
recent years, the proliferation of digital devices
rich in blue light. This raises some questions
about its potential deleterious effects on eye

health. The aim of this narrative review is to
provide an update on the ocular effects of blue
light and to discuss the efficiency of methods of
protection and prevention against potential
blue light-induced ocular injury.
Methods: The search of relevant English articles
was conducted in PubMed, Medline, and Goo-
gle Scholar databases until December 2022.
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Results: Blue light exposure provokes photo-
chemical reactions in most eye tissues, in par-
ticular the cornea, the lens, and the retina.
In vitro and in vivo studies have shown that
certain exposures to blue light (depending on
the wavelength or intensity) can cause tempo-
rary or permanent damage to some structures of
the eye, especially the retina. However, cur-
rently, there is no evidence that screen use and
LEDs in normal use are deleterious to the
human retina. Regarding protection, there is
currently no evidence of a beneficial effect of
blue blocking lenses for the prevention of eye
diseases, in particular age-related macular
degeneration (AMD). In humans, macular pig-
ments (composed of lutein and zeaxanthin)
represent a natural protection by filtering blue
light, and can be increased through increased
intake from foods or food supplements. These
nutrients are associated with lower risk for AMD
and cataract. Antioxidants such as vitamins C,
E, or zinc might also contribute to the preven-
tion of photochemical ocular damage by pre-
venting oxidative stress.
Conclusion: Currently, there is no evidence
that LEDs in normal use at domestic intensity
levels or in screen devices are retinotoxic to the
human eye. However, the potential toxicity of
long-term cumulative exposure and the dose-
response effect are currently unknown.

Keywords: Blue light; Light emitting diodes;
Digital devices; Ocular hazard; Prevention;
Ocular health, myopia, retina, macular pigment

Key Summary Points

Exposure to blue light raises questions
about its potential deleterious effects on
eye health.

There is no evidence that light emitting
diode (LED) light sources in normal use at
domestic intensity levels, or used as
backlights in screen devices, are
retinotoxic to the human eye.

However, questions remain about the
long-term cumulative exposure of blue
light (and particularly LEDs emitting cold
white light) and the potential deleterious
effects on their ocular health in late
adulthood, particularly for specific light-
sensitive populations (young children,
older pseudophakic individuals).

To prevent potential photochemical
damages and photoreceptor loss, it is
recommended to avoid LEDs emitting
cold white light with a high level of blue
component (lamp or luminous objects) in
areas where children could be exposed.
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While there is no evidence of a beneficial
effect of blue blocking lenses for the
prevention of eye diseases, a diet rich in
lutein and zeaxanthin (natural blue-light
filtering retinal pigments) and
antioxidants (vitamins C, E, zinc, etc.)
such as the Mediterranean diet, could
contribute to the prevention of ocular
photochemical damage.

INTRODUCTION

Blue light is everywhere in our environment
and is emitted mainly from the sun [1]. Expo-
sure to blue light during the day is crucial to
keep our biological needs in balance and affects
our body and mind, both visually and nonvi-
sually, mainly to regulate human behavior and
circadian rhythm [2]. However, inappropriate
lighting exposure (especially from artificial
sources of blue light in the evening or at night)
may lead to harmful effects on health [2]. Due
to its high energy, blue light can cause and
accelerate photochemical reactions and retinal
cell damage [3].

Since the nineties, in an economic and eco-
logical approach, incandescent bulbs have been
progressively replaced by light emitting diodes
(LED) lights, which have gradually replaced
most conventional light sources [1, 2, 4]. In
addition, in recent years, we have observed a
proliferation of numerous sources rich in blue
light, in particular digital devices (computer
monitors, smartphones, tablets) containing LED
backlighting technology [5]. As we spend more
than 90% of our lifetime in an indoor envi-
ronment [6], these two major technologies that
have recently emerged (LED lights and the last
generation of screens), have increased the
exposure to manufactured light sources, with
potential deleterious ocular effects [5]. There-
fore, we are under longer and more intense
exposures to artificial light (especially blue
light) and spend more and more hours in front
of screens emitting blue light [2]. In an Ameri-
can study, about 60% of the population self-
reported spending more than 5 h per day in

front of digital devices [7]. This high use of
high-luminance displays concerns all age
groups [7, 8]. Since the COVID-19 pandemic,
there is a tremendous increase in screen devices
usage, particularly due to the lockdowns and
remote working [9, 10]. Along with an explo-
sion of screen use and the extensive use of LED
lights, a large number of elderly people are
affected by age-related eye diseases. The baby
boom generation is the first historically to be
bathed in intense blue light, thus there is con-
cern that excessive exposure to blue light could
possibly lead to increased rates of eye diseases.
Younger generations will probably experience
longer periods of life with intense exposures.
Blue light exposure is thus emerging as a
potential serious health issue.

Therefore, some fears and a growing number
of questions have been raised about the tolera-
bility and safety of LED technology for human
health, especially the potential ocular risks, due
to the specific spectral and energy characteris-
tics of white LEDs compared with other
domestic light sources [11, 12].

In addition, to prevent possible deleterious
effects of blue light, especially artificial blue
light, different types of external (e.g., eyeglass
lenses, screen protectors, specific software) or
internal [e.g., intraocular lenses (IOL)] protec-
tion that (partially) filter blue light as well as
several types of supplementations have flooded
the market. However, is their effectiveness
confirmed?

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

The objective of this narrative review is to
provide an update on the ocular consequences
of blue light exposure and to discuss the effi-
ciency of methods of protection against poten-
tial blue light-induced injury on eyes.

METHODS

The search of relevant articles was conducted
using the following databases: PubMed, Med-
line, and Google Scholar until December 2022.
According to the different topics examined in
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the present narrative review, several keys words
have been used:

• (blue light) or (blue light) and effect* and
health*

• (blue light or blue light) and effect* and (eye*
or ophthalmo* or vision* or ocular* or visual
disorder or retina* or macula*)

• (blue light filtering) or (blue light blocking)
or (blue light-filtering) or (blue light-
blocking)

• (blue light or blue light or blue-blocking)
and (prevent* or protect* or advice* or
guideline* or blocking or filtering)

• (blue light or blue light) and (filter or eye or
retina or macula) and (antioxidant or car-
otenoid or lutein or zeaxanthin or nutrition
or vitamin)

Original articles, reviews, meta-analyses,
randomized controlled trials, and epidemiolog-
ical studies were included. Only articles in
English have been included. No selection was
done on the type of population studied (human
population, animal models, or in vitro trials
were included). Reference lists of original
research articles and reviews were also checked
to identify relevant articles.

RESULTS

Blue Light

Definition of Light
Light is an electromagnetic radiation composed
of electromagnetic particles (photons) that
move in waves emitting energy of varying range
and strength. The shorter the wavelength, the
greater the emitted energy. It can be categorized
in large bands: gamma rays (less than 0.01 nm),
X-rays (0.01 to 10 nm), ultraviolet (UV) rays
(100–380 nm), visible light (380–760 nm),
infrared light (760–10,000 nm), and radio waves
(microwave, TV, radio, greater than 10,000 nm).
Together, these wavelengths compose the elec-
tromagnetic spectrum [1, 4].

The human eye reacts only to the visible
light from violet (380 nm) to red light (780 nm)
[4, 13]. This part of the electromagnetic spec-
trum corresponds to the colors violet, indigo,

blue, green, yellow, orange, and red. Blue light
is the highest energy band of the visible spec-
trum (from 380 to 500 nm) and can be divided
into two main categories: blue–violet and
blue–turquoise. The blue–violet (380 to 450 nm)
portion of the spectrum is also known as high-
energy violet (HEV) [14]. It passes through the
cornea and lens of the eye and can reach the
retina. In laboratory settings on animal subjects
and tissues, blue–violet light causes cumulative
and lasting damage to retinal structures [15–17].
In particular, it causes oxidative stress that leads
to the destruction of photoreceptor cells, which
process light to create vision, and leads to
apoptosis in primary Müller cells [18]. Most of
the blue light research has studied varying
blue–violet wavelengths from 405 to 455 nm.
The blue–turquoise (450 to 500 nm) portion of
the spectrum passes through the cornea and
lens to reach the retina. Light in this range
reduces melatonin levels and, therefore, has a
strong influence on circadian rhythms. More-
over, light stimulates the release of dopamine
and serotonin, two neurotransmitters that
modulate, in part, mood [19].

Four fundamental photometric quantities
characterize the light and color sensations of
the human eye [4]:

– The luminous intensity (candela, cd), repre-
senting the light intensity of an optical
source, as perceived by the human eye.

– The luminous flux (lumen) is used to express
the luminous energy emitted per unit time
by a light source and represents the light
power of a source perceived by the human
eye.

– The illuminance (lux) is the amount of
luminous flux per unit area and is used to
characterize illumination condition.

– The luminance (cd/m2) of a surface source is
the luminous flux per unit solid angle and
unit projected area, representing the notion
of brightness [1].

Different Sources of Blue Light

Blue light is produced by both natural and
artificial sources. The sun is the first producer of
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natural blue light. The intensity of the solar
blue light spectrum fluctuates during the day,
with the maximum at noon and much less at
sunrise and sunset. The human body has
evolved to use these differences to keep our
circadian rhythm in time with our environ-
ment. Solar blue light also depends on the lati-
tude, altitude, meteorological conditions, and
season. Solar radiation of daylight consists of
24–30% blue light on average, according to the
standards ASTM G173-03 and D65 [1]. The
luminance of the sun at noon is 1.6 9 109 cd/
m2. The luminance of a clear blue sky is around
5000 cd/m2 (compared with 300 for a TV dis-
play and 150–250 cd/m2 for a computer screen).
The other sources of natural blue light are the
moon and flames.

Blue light is also produced by artificial sour-
ces that vary widely in their spectral distribu-
tion, mainly from LED technology. LEDs
generally produce a small wavelength spectrum
compared with the phosphor emission spec-
trum [4]. Its conversion effectiveness depends
on the emitting wavelength. Until the 1990s,
LEDs existed only in red, yellow, or green, and
were mainly used as indicator lights in elec-
tronic equipment such as remote controls or
alarm clocks. With the creation of the first blue
LED, it became possible, by covering it with a
layer of yellow phosphor, to create a white light
that is intense enough to be used in lighting.
Since then, technological research has been
constantly improving their performance,
focusing on materials or combinations of dif-
ferent types of LEDs [20].

Besides their emission of relatively high
levels of blue light, they can vary also in their
brightness and color composition. The corre-
lated color temperature (CCT) in Kelvin is also
used to describe the perceived color (LED
2700–6500 K). The CCT enabled the shade of
the color (cold or hot light) to be defined. Light
with short wavelength is named ‘‘cold white’’
ranging around 5500 K.

Three methods of combination can produce
white light from a LED [4]:

– The first method is a diode emitting at a
short wavelength coupled with a phosphor
emitting at a larger wavelength producing,

when arriving simultaneously on the human
eye, the white light sensation. Today, this is
the method the most frequently used to
produce high brightness white LEDs and for
domestic lighting.

– The second method is a diode emitting in
the near ultraviolet coupled with at least one
phosphor, intrinsically avoiding direct emis-
sion of blue light. This method produces
very high-quality white light with good
color rendering.

– The third method is at least three diodes
(one of each of the fundamental color: red,
green, and blue), producing white light
when they are combined themselves. This
method is used mainly for scenic and deco-
rative lighting.

The flux emitted by a LED may be moderate
but its luminance may be extremely high. For
instance, the luminance for a LED emitting a
luminous flux of 212 lm, has been estimated to
be of 6.2 9 107 cd/m2 by ANSES (the French
Agency for Food, Environmental, and Occupa-
tional Health & Safety), which is significantly
higher than other domestic light sources [4]. In
addition, future LEDs will have a higher lumi-
nance with the expected increase of LED lumi-
nance efficacy [4].

LED technology is used today in lighting
systems (home and public lighting, vehicle
lights, illuminated signs, domestic lighting,
architectural and street lighting, car head-
lights). Residential lighting has changed con-
siderably over the past two decades, from
traditional incandescent bulbs to LEDs [21, 22].
In Europe, since 2016, no more incandescent
lights are commercialized for domestic lighting.
Nowadays, the main sources of household
lighting are compact fluorescent lamps (CFL),
halogen, and LED lighting [22–24]. In 2019, it
was estimated that nearly half of all light sour-
ces in the world were LED. The projection for
2030 is that over 87% of all light sources will be
LED [25].

Besides the use of LED technology in lighting
systems, this broad-spectrum light is also used
in a large range of digital screen devices
(portable lighting, light-emitting screens such
as televisions, computers, tablets. and
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smartphone screens) [26]. A considerable
amount of time is spent using computers,
smartphones, and tablets, with peak use during
the day, and for younger individuals there is a
peak during the evening or at night [27]. Thus,
the use of digital display technologies during
the day and at evening or at night can expose
people to relatively high quantities of blue light
in addition to normal daylight hours [21].

Over the past decade, non-institutionalized
older American subjects aged 60 years and older
have spent more than 4 h a day on their TVs,
computers, tablets, or other electronic devices,
and this trend has increased about 30 min per
day [28]. The time spent per day on digital
devices was more than 8 h for American teen-
agers and almost 6 h for children ages 8–-
12 years old [7].. Among them, almost 67% used
at least three devices simultaneously. A study
from the UK reported that 83% of the teenagers
aged 12–15 years had their own smartphone
and 50% their own tablets, versus 35% and
47%, respectively of 8–11-year-old children and
5% and 42% of 5–7-year-old children [29].
Regarding online games, 36% of children aged
3–4 years and 63% of 5–7-year-old children
played online games for 6.5 h or more per week,
and 74% of 8–11-year-old children and 76% of
12–15-year-old teenagers played online for 10 h
or more per week. Among the teenagers with a
smartphone, 71% take it to bed [29]. This rise in
screen time coincides with significant growth in
the adoption of digital technology by older
Americans. In 2000, 14% of adults aged 65 years
and older were internet users compared with
73% today. Around the turn of the twenty-first
century, smartphone ownership was uncom-
mon in all age classes. Currently, 53% of people
65 years and older own a smartphone [28].

Artificial light sources with luminance above
10,000 cd/m2 are damaging when viewed by the
unprotected eye. Sunlight, arc welding, plasma
cutting, and discharge lamp arcs have extremely
high effective radiations for very short exposure
times (0.6–40 s) [4, 30]. These data suggest that
viewing these light sources is very hazardous to
the retina and that over time, exposure to blue
light can cause long-term damage to eyes
[4, 30].

EFFECTS OF BLUE LIGHT ON EYES

Visual and Nonvisual Reception by the Eye

The whole sunlight spectrum (including blue
light) or any artificial light source is received by
the eye, sending environment information to
the brain throughout visual and nonvisual
processes via the retina [31, 32]. The radiations
emitted by sunlight or artificial light are either
absorbed or transmitted by the different eye
tissues (the cornea and lens) and media before
reaching the retina [4, 33, 34] (Fig. 1) (Table 1).
Light entering the eye passes through these
different transparent media, which focus the
light on the retina where the photosensitive
proteins (rhodopsin in the rods, opsin in the
cones) are activated, initiating phototransduc-
tion and the triggering of a nerve impulse that
will reach the brain to construct an image.

Blue light plays also a major role in the
nonvisual functions and is responsible for the
regulation and synchronization of our biologi-
cal functions (e.g., circadian rhythm) [35].
These nonvisual functions are regulated by a
subset of retinal ganglion cells that express the
photopigment melanopsin, rendering them
intrinsically photosensitive (ipRGCs) [35]. Mel-
anopsin is a blue-light sensitive pigment with a
maximum sensitivity between 460 and 480 nm
[35]. The ipRGCs directly signal the hypothala-
mus, affecting the modulation of different pro-
cesses (especially the circadian rhythm) [35].
The blue–turquoise light (450–500 nm) is cru-
cial to synchronize our circadian rhythm and
essential to maintain good health and well-be-
ing. Lack of blue light or inappropriate exposure
to blue light results in desynchronization of the
circadian rhythm and thus can lead to distur-
bance of sleep and alertness, seasonal affective
disorder, as well as alterations of memory and
cognitive performance [35].

Despite several protective mechanisms of the
eye, under certain conditions, blue light can
cause damage to the eye and particularly to the
retina.
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Effects of Blue Light on the Ocular Surface

The ocular surface is the first barrier against
irradiant energy and is vulnerable to light haz-
ard, which can potentially harm the ocular
surface and intensify dry eye symptoms [4, 36].
Almost all the radiant energy below 295 nm (all
UVC and most UVB) is absorbed by the cornea
(Fig. 1) (Table 1).

Beyond the well-known effects of ultraviolet
light, long-term exposure to blue light with
short wavelengths may alter the ocular surface
by three main mechanisms: oxidative stress
damage, ocular surface inflammation, and cell
apoptosis [4, 5, 36–40] (Table 2). These can
increase the ocular phototoxicity of blue light
in subjects with dry eyes or contribute to the
development and pathogenesis of dry eyes [5].

Effects of Blue Light on the Lens

The short wavelengths in UVB (295–315 nm),
all UVA wavelengths (315–390 nm), and a part
of the near-infrared wavelengths are absorbed

by the human lens. With age, the absorption of
blue light by the lens changes, with shorter
wavelengths in the blue and violet regions of
the visible spectrum more prominently affected
(41–43) (Fig. 1) (Table 1).

Long-term UV exposure is a recognized risk
factor for cataract [44]. Blue light may induce
also photodynamic damages in aging lenses.
The absorption of blue light in the lens is pro-
duced by the structural proteins, protein
metabolites, and enzymes absorbing blue light-
producing yellow pigments, in particular
through the production of reactive oxygen
species (ROS) in the lens epithelial cells mito-
chondria [45–48]. This leads gradually to the
lens darkening and yellowing, leading to catar-
act [45, 49, 50] (Table 2).

Effects of Blue Light on the Retina

The wavelengths reaching the retina are
restricted to the visible part of the electromag-
netic spectrum (380–780 nm) and a part of near
infrared wavelengths (780–1400 nm). Three

Fig. 1 Solar radiation and filtration by the structures of
the eye (adapted from F. Behar Cohen [4]). Adapted from
Behar-Cohen F, Martinsons C, Viénot F, Zissis G, Barlier-
Salsi A, Cesarini JP, et al. Light-emitting diodes (LED) for

domestic lighting: Any risks for the eye? Prog Retin Eye
Res. 2011;30(4):239–57, Copyright (2023), with permis-
sion from Elsevier
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Table 1 Effects of blue light on eyes—Wavelengths absorption of different eye tissues and potential mechanisms of effects
of blue light

Eye tissue Wavelengths

absorption

Percentage of blue light passing

through the eye structure

Potential mechanisms References

Ocular surface

(tear film,

corneal

epithelial tissue,

conjunctival

tissue)

Ultraviolet B

(\ 295 nm)

Transmits all

wavelengths C 295 nm

Ocular surface inflammation

Oxidative stress damage

Cell apoptosis

[4, 5, 36–39]

Lens Ultraviolet A and B

(295 to –390 nm

and a part of the

near infrared

wavelengths

In young adults; peak

of absorption

around 365 nm

At 60 or 70 years old;

peak of absorption

around 400 nm

In young children, around 80–90%

of blue light at 450 nm passes

through the lens

At about 25 years old, 20% of the

light between 400 and 460 nm

and 50% of wavelengths between

400 and 500 nm are transmitted

to the retina;

In the elderly, the transmission of

blue light to the retina is notably

reduced due to the yellowing of

the lens absorbing most of the

blue light

Photobiological damage

Oxidative stress

Cell apoptosis

[4, 41–43, 48]

Retina Visible

(380–780 nm)

Near infra-red

(780–1400 nm)

Photomechanical damage, caused by

high irradiance and short

exposure independently of the

wavelength of light (e.g.,

therapeutic laser with YAG for

iridotomy and capsulotomy);

photothermal damage, caused by

long exposure (e.g., therapeutic

laser photocoagulation);

photochemical damage, caused by

incident radiation with

wavelength in the high-energy

portion of the visible spectrum,

mainly blue light;

Increase in ROS production (loss of

photoreceptors, lipid

peroxidation, and cell apoptosis);

Activation of inflammatory

reactions, DNA damage,

inhibition of mitochondria, and

lysosome function

[51]

[52]

[53–56]

DNA deoxyribonucleic acid, LED light emitting diodes, nm nanometer, ROS reactive oxygen species
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Table 2 Potential effect of blue light irradiation on ocular surface and lens

Reference,
year

Eye
tissue

Species (subject/
tissue/cells/
animals)

Light sources of irradiation,
exposure times

Effect of blue light irradiation

Marek

et al.,

2018

[36]

Ocular

surface

In vitro; human

conjunctival

and corneal

epithelial cells

Xenon-based device, 380–525 nm;

LED-based fiber device, 390, 420,

430, 480, and 630 nm;

Exposure time: 17 h

Alteration of the functioning of

mitochondrial membrane;

Inflammation;

Decrease of the functioning of the

cellular defense system (antioxidant

protection);

Alteration of cellular morphology;

Overproduction of ROS;

Decreases cellular viability;

Oxidative stress;

Conjunctival epithelial cells more

prone to blue light phototoxicity

than corneal epithelial cells

Hyperosmolar stress

Yamaguchi

et al.,

2018

[38]

Ocular

surface

Mice LED, 410 nm;

Exposure time: 10 days

Lipid oxidative stress;

Inflammation and tissue damage;

Inflammation of T cells;

Corneal opacity and

neovascularization;

Dry eye disease

Lee et al.,

2014

[39]

Ocular

surface

In vitro; human

conjunctival

and corneal

epithelial cells

LED, 410, 480, 525, 580, 595, 630,

and 850 nm;

Exposure time: 24 h

Decrease of corneal epithelial cell

viability; Overproduction of ROS;

Ocular surface damage

Niwano

et al.,

2014

[40]

Ocular

surface

In vitro; human

corneal

epithelial cells

LED, 405 nm;

Exposure time: 3 min

Decrease of corneal epithelium cell

viability (in a dose- and time-

dependent manner);

Oxidative stress
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mechanisms are involved in light-induced
damage on the retina: (1) photomechanical
damage [51]; (2) photothermal damage [52];
and (3) photochemical damage [53–56]
(Table 1). Because of its high energy, blue light
induces and accelerates photochemical reac-
tions and cellular damage via the production of
ROS, contributing to the loss of photoreceptors,
lipid peroxidation, and cell apoptosis [57, 58].

There are two types of retinal damage due to
phototoxicity depending on the total dose
received, including the irradiance and the
exposure duration [59], and the type of affected
cells.

– The first types of damage are due to long
periods of exposure (days to weeks) with low
irradiances and affect the photoreceptors
whose wavelengths are activated [60]

(particularly rhodopsin that affects photore-
ceptors [61, 62]).

– The second types of damage are due to short
exposure (minutes to hours) with high irra-
diances of white light, and the damage is at
level of the retinal pigment epithelium (RPE)
[63] (leading to structural changes [64]).

A blue light wavelength in the blue–violet
spectrum with long duration exposure produces
ROS in the retina, which react with specific
DNA components or the cell membranes, lead-
ing to cell dysfunction or cell apoptosis [57, 58].
A large number of studies on animal models or
human retinal cells have reported severe pho-
tochemical injury of the retina induced by
excessive exposure to blue light with wave-
lengths between 400 and 500 nm (blue light
hazard) [60, 65–71] (Table 3). Studies that have

Table 2 continued

Reference,
year

Eye
tissue

Species (subject/
tissue/cells/
animals)

Light sources of irradiation,
exposure times

Effect of blue light irradiation

Xie et al.,

2014

[47]

Lens Human lens

epithelial cells

LED, white light with CCTs of 2954,

5624, and 7378 K;

Exposure time: First group exposed to

three light–dark cycles of 16 h/8 h

versus second group (control) in

darkness

Overproduction of intracellular

ROS;

LED light with a CCT of 7378 K;

Decrease of cell viability;

Severe DNA damage;

Cell-cycle arrest;

Apoptosis

Haag et al.,

2021

[49]

Lens Ex vivo, porcine

lenses

UV lamp, 311 nm (UVB), 370 nm

(UVA), and LED, 460 nm (blue

light);

Exposure time: 24 h

Cataract development for radiation

with 311, 370, and 460 nm

(irradiation wavelength causing the

most cataract)

Zeller et al.,

2022

[50]

Lens Ex vivo, Porcine

lenses

LED, 407 nm (violet), 463 nm (blue),

635 nm (red)

Exposure times: 24 h

Irradiation with all three wavelengths

induce cataract

Irradiation with a wavelength of

407 nm (violet) exhibits the

strongest cataract formation

AL axial length, CCT correlated color temperatures, DNA deoxyribonucleic acid, K kelvin, LED light emitting diodes, nm
nanometer, UV ultraviolet, ROS reactive oxygen species
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Table 3 Potential effect of blue light irradiation on the retina

Reference,
year

Species
(subject/
tissue/cells/
animals)

Light sources of irradiation, exposure
times

Effect of blue light irradiation

Arnault

et al.,

2013

[16]

Porcine eye RPE

cells

LED and filter, 10 nm illumination bands

centered from 380 to 520 nm in 10 nm

increments;

The intensity of each band was calculated

according to the solar intensity received

by the retina after filtering by the optics

of the eye;

Exposure times: 18 h

Loss of cell viability (maximal for

wavelengths from 415 to 455 nm)

Noell et al.,

1966

[60]

Rat Fluorescent lamps

Monochromatic light of various

wavelengths: 1200 to 2500 lx or green

filter;

Variation of the temperature;

Exposures times: 1–2 days

Continuous exposure to visible light to

moderate levels of damaged

photoreceptor cells

Light damage classified into two types: class

I (damage induced by low-intensity light

exposure for long durations) and class II

(damage induced by relatively high-

intensity light exposure for short periods)

Van

Norren

et al.,

1990

[65]

Rat Xenon light, white, irradiant dose from 4 J/

cm2 at 379 nm to 2000 J/cm2 at 559 nm;

Narrow band spectral light;

Exposure times: 10 s to 1 h

Susceptibility for damage sharply increased

towards the ultraviolet

Susceptibility to photic injury in rat is

comparable to that in primates

Marie et al.,

2020

[66]

Porcine retina

cone receptors

LED, 10 nm wavelength bands between

390 and 510 nm, plus the 630 nm band;

Exposure times: 15 h

The near UV visible range (415 and

455 nm) is the most toxic wavelengths;

Toxicity occurred in the blue–violet light

(425–445 nm) for exposures at intensities

of sunlight received by the retina;

Macular degeneration;

Retinitis pigmentosa;

The toxicity originates from a porphyrin

Krigel et al.,

2016

[67]

Retina of albinos

and pigmented

rats

LEDs (cold white, blue, and green),

fluorocompact bulbs, fluorescent;

Exposure times: 24 h;

Exposure at high luminance was compared

with a cyclic (dark/light) exposure at

domestic levels for 1 week and 1 month

Phototoxicity;

Blue light component emitted by white

LEDs at usual domestic luminance

induced more retinal degeneration and

the development of necrosis than other

light sources
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Table 3 continued

Reference,
year

Species
(subject/
tissue/cells/
animals)

Light sources of irradiation, exposure
times

Effect of blue light irradiation

Chamorro

et al.,

2013

[68]

Human retinal

pigment

epithelial cells

LED: 468 nm (blue), 525 nm (green),

616 nm (red), and white light;

Exposure times: three cycles of

light–darkness (12 h/12 h)

LED radiations:

Decrease in cellular viability;

Increase in cellular apoptosis;

Increase in ROS production;

Increase in DNA damage;

Apoptosis more important in cells exposed

to white and blue

Three light–darkness (12 h/12 h) cycles of

exposure to LED lighting affect in vitro

human retinal pigment epithelial cells

Kuse et al.,

2014

[69]

Murine

photoreceptor-

derived cells

(661 W)

LEDs: 464 nm (blue), 456–553 nm

(white), 522 nm (green);

Exposure times: 24 h

Blue LED light

Increase of ROS production;

Alteration of the protein expression level;

Blue and white LED

Aggregation of short-wavelength opsins (S-

opsin), leading to severe cell damage;

Damage of retinal cone photoreceptor cells;

N-Acetylcysteine (antioxidant) protected

against the cellular damage induced by

blue LED light

Abdhou

et al.,

2022

[70]

Human RPE

cells

Solar simulator and blue light filtering IOL

Cells were exposed or not to BL, with the

absence or presence of either a

CIOL\ 400 nm, or a YIOL

Exposure time: 30 minn

Blue light is deleterious to RPE cells due to

increased oxidative stress and cell death

Blue light increased cellular and

mitochondrial total ROS levels

These effects were attenuated by filtering

this radiation. YIOL decreased cellular

and mitochondrial ROS levels

The increase in ROS production was

coupled with an increase in cell death,

which decreased when cells were

protected with YIOL

Pretreatment of cells with N-acetylcysteine

abolished the increase in cell death
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investigated this topic, as well as proposals for
pathways and signaling mechanisms triggered
by blue light in the retina, are detailed in recent
reviews [5, 72]. As yet, the exact mechanism is
not elucidated and remains an area of ongoing
research.

Briefly, in rod photoreceptors, absorption of
a photon by rhodopsin induces isomerization
and release of 11-cis-retinal to all-trans-retinal.
Free all-trans-retinal is not only toxic as a reac-
tive aldehyde, but also exhibits high sensitivity
to blue light [73]. Under moderate light expo-
sure conditions, all-trans-retinal is continuously
recycled to 11-cis-retinal by RPE cells and is not
hazardous for cells. When light exposure is
longer or more intense, all-trans-retinal

accumulates and its activation by blue light can
cause oxidative stress that damages the cellular
components of the outer segment of the pho-
toreceptors. This oxidative stress is usually
neutralized by the presence of various antioxi-
dants in the retina. However, with age, and
certain genetic and environmental factors such
as smoking or a diet low in antioxidants, the
antioxidant defenses are reduced and are no
longer able to counteract the stress induced by
prolonged or intense exposure to blue light [74].
RPE cells have the function of renewing the
outer segment of the photoreceptors. They
remove the distal portion by ingestion or
‘‘phagocytosis,’’ while the growth of these outer
segments is continuous [75]. Photoreceptor

Table 3 continued

Reference,
year

Species
(subject/
tissue/cells/
animals)

Light sources of irradiation, exposure
times

Effect of blue light irradiation

Wu et al.,

1999

[71]

Rat retina Fluorescent lamp, Blue light 400–480 nm

of 0.64 W/m3;

Exposure times: 3–6 h

Photoreceptor cell apoptosis

Shang et al.,

2017

[93]

Sprague–Dawley

rat

LEDs: 460 nm (blue), 530 nm (green),

620 nm (red);

Exposure times: from 3–9 to 28 days under

a 12 h dark/12 h light cycle

Blue LED group induced more:

functional damage

photochemical injury (apoptosis and

necrosis of photoreceptors and RPE)

oxidative stress than that of green or red

LED groups

Jaardane

et al.,

2015

[94]

Wistar Rats LEDs (blue region), and 449 nm, 467 nm,

473 nm, 507 nm;

Exposure times: 6, 12, 18, 24, 48, and 72 h

Oxidative damage and retinal injury;

Retinal degeneration;

Loss of photoreceptors: Activation of

caspase-independent apoptosis, necrosis,

necroptosis;

Wavelength dependence of the effects

AMD age-related macular degeneration, CCTs correlated color temperatures, CIOL clear UV-filtering IOL, DNA
deoxyribonucleic acid, IOL intraocular filtering, K kelvin, LED light emitting diodes, nm nanometer, RCT randomized
clinical trial, RPE retinal pigment epithelium, ROS reactive oxygen species, UV ultraviolet, VEGF vascular endothelial
growth factor, YIOL yellow UV- and BL-filtering IOL
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outer segment phagocytosis by RPE cells is
essential to maintain the normal function and
physiological structure of the retina. When the
outer segments are excessively damaged by
oxidative stress, their membrane components
are difficult to degrade by RPE cells. Intracellular
digestion is then incomplete and generates an
accumulation of lipofuscin granules, which
have a high content of polyunsaturated lipids,
which are targets of oxidation. Moreover, lipo-
fuscin contains A2E, an autofluorescent pig-
ment, with an absorption maximum in the blue
range at 440 nm [76, 77]. Photoactivation of
lipofuscin granules by blue light generates ROS
(superoxide, hydrogen peroxide, lipid hyperox-
ides, and malondialdehyde) [78, 79]. Once the
number of these species exceeds the capacity of
the cellular defenses, RPE cells die by apoptosis.
Deprived of these support cells, photoreceptors
may degenerate. These processes are similar to
those observed in age-related macular degener-
ation (AMD), in which the cones degenerate,
while the RPE, located in contact with the
cones, accumulates phototoxic components
[80] (Fig. 2).

The long-term effects of light exposure are
difficult to assess, mainly because of the diffi-
culty of accurately measuring such exposure. In

particular, the link between sun exposure and
the development of AMD has been widely
debated [81–83]. Some epidemiological studies
have reported that light exposure is a potential
risk factor for the development of AMD [81] and
that blue light has a potential contributing
effect higher than any other wavelength in the
electromagnetic spectrum [5, 84].

However, studies investigating associations
of light exposure in human populations have
reported conflicting results [85–91], which has
led to controversy on this issue [81, 83]. The
different studies have been detailed in two
reviews in this field [81, 83]. Exposure to sun-
light is not limited to blue light but also
includes UV radiation, and it is difficult to dis-
entangle the effects of the different wavelengths
in epidemiological studies.

To better assess the sensitivity of the retina to
precise wavelengths, research was performed on
RPE cells in pig eyes [16, 66] (Table 3). They
reported that the most damaging wavelengths
were between 415 and 455 nm (blue–violet
wavelengths) [16], for a given exposure inten-
sity, the most toxic wavelengths for cone pho-
toreceptors, were in the near UV visible range
and, for exposures at intensities comparable to
sunlight, toxicity appeared in the blue–violet

Fig. 2 Photochemical damage of the retina
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Table 4 Potential effect of blue light irradiation on refractive development, human studies

Reference,
year

Species (subject) Light sources of irradiation, exposure
times

Effect of blue light irradiation

He et al.,

2015

[98]

Asian school-aged

children, RCT

Additional 40 min class of outdoor

activities for intervention group

The cumulative incidence of myopia

was lower in the intervention group

(with the addition of outdoor school

activities)

Wu et al.,

2020

[99]

Asian school-aged

children

Outdoors for 120 min every day Continuous decrease of the prevalence

of reduced visual acuity after

intervention implementation in

school children

Jin et al.,

2015

[100]

Chinese school-aged

children

Additional 20 min class outside

classroom

Incidence of myopia, changes in

refractive error towards myopia,

change in axial length were lower in

the intervention group

French

et al.,

2013

[101]

Australian cohort of

school-aged children

and adolescents,

prospective study

Time spent outdoor/daylight/sun

exposure

Less time spent outdoor and greater

levels of near work significantly

associated with incident myopia

Wand

et al.,

2021

[102]

Chinese school-aged

children, prospective

cross-sectional study

Effect of restriction of time spent in

outdoor activities due to COVID-19

confinement and time and increased

screen time

Prevalence of myopia was higher after

the confinement than the years before

Hu et al.,

2021

[103]

Chinese school-aged

children, prospective

study

Effect of restriction of time spent in

outdoor activities due to COVID-19

confinement and increased digital

learning

Incidence of myopia and axial length

elongation increased after the

COVID-19 confinement period

Enthoven

et al.,

2020

[104]

Dutch school-aged

teenagers, prospective

study

Computer use, outdoor exposure,

reading distance

Computer use was moderately

associated with myopia development

The effect of combined near work was

decreased by outdoor exposure

Enthoven

et al.,

2021

[105]

Dutch school-aged

children, cross-

sectional study

Smartphone use, outdoor exposure Myopic refractive errors were higher in

teenagers with episodes of 20 min of

continuous use of smartphone,

particularly in those with low

outdoor exposure

AL axial length, CCT correlated color temperatures, DNA deoxyribonucleic acid, K kelvin, LED light emitting diodes, nm
nanometer, UV ultraviolet, ROS reactive oxygen species
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(425–445 nm) [66]. Cone photoreceptors are
most likely the main target of light-induced
AMD. This study reinforces the importance of
very precise blue–violet light filtering to prevent
cone pathologies such as AMD. However, in
these studies, the cells were exposed to
blue–violet light for 15–18 consecutive hours at
one time. Thus, exposure for 1 day to these
intense lights should not induce toxicity, but
the daily accumulation of this exposure could
trigger these neurodegenerative processes.

Humans are currently over-exposed to arti-
ficial light rich in blue light such as LEDS, in
particular at night. In vitro [68, 92] and animal
studies [93] show increased photoreceptor
mortality following exposure to commercially
available white LEDs (Table 3). The effects of
LED exposure on the retina together with those
of other lighting sources, such as compact flu-
orescent bulbs and fluorescent tubes, have been
tested in several studies. However, intense acute
exposures to high luminance lighting systems
have often been used in various models of light-
induced retinal degeneration. Limited studies
have estimated the effects of different light
sources in conditions close to domestic use
[67, 94] and suggested that the blue component
of the white LED may cause retinal toxicity at
usual domestic illuminance, and not only in
extreme experimental conditions (Table 3).
However, these studies were carried out in the
short term (1 month maximum). In addition,
extrapolations of in vitro to in vivo in animal
experiments are challenging, making it difficult
to extrapolate these results to real conditions of
exposure. Most of these experiments do not
mimic what happens in living eyes [95]. Find-
ings from animal experiments are difficult to
extrapolate to human retina, especially those
on mice and rats as these animals do not have a
macula and therefore do not mimic human
retina characteristics.

The European Scientific Committee on
Health, Environmental and Emerging Risks
(SCHEER, providing opinion on risks that may
negatively impact health and the environment
to the European Commission) stated in a June
2018 report that there was no evidence of risk
under normal conditions of use (below the
international recognized ICNIRP exposure

limits, LEDs form GRP 0 and GRP 1) [96]. It is
the dose that would be dangerous. The bright-
ness of the screens are 100 times lower than the
doses that could be dangerous. On the other
hand, the cumulative effect of this exposure
could lead to potential sequelae in the long
term. The consecutive time spent in front of the
screens would be the main determinant. The
current regulations and standards have been
established on the basis of acute light exposure
and do not consider the effects of repeated
exposure [4]. The question is whether these very
low doses during very long daily exposure times
and throughout life can be harmful. Future
studies are needed to better understand the
mechanisms of photochemical injury and to
determine the presence of potential long-term
effects of blue light. However, to date there is no
evidence that LEDs, in normal use at domestic
intensity levels, or used as backlighting for
computer screens, are retinotoxic to human
eyes. Furthermore, there is not enough scien-
tific data on the potentially deleterious effects
of exposure beyond normal conditions of use.
Studies investigating the dose-response rela-
tionships of LED exposure are also needed.

Effects of Blue Light on Refractive
Development

Extensive research has reported that outdoor
activities can prevent the occurrence and pro-
gression of myopia [97–101]. Higher time spent
indoors can increase myopia, which has been
reported after COVID-19 confinement
[102, 103], due to lack of exposure to daylight
(Table 4). Other factors mentioned were the
major increase in screen use during confine-
ment. In children of the birth cohort study
(Generation R study), increased computer use
was associated with myopia development [104].
In teenagers of the same cohort, continuous
smartphone use was associated with greater
refractive error, particularly in those with low
outdoor exposure [105] (Table 4).

Sunlight is essential for the correct func-
tioning of the retina as it allows for greater
production of dopamine, a neurotransmitter
that directly affects the retina. Dopamine
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Table 5 Potential effect of blue light irradiation on refractive development, animal studies

Reference,

year

Species

(subject/

tissue/cells/

animals)

Light sources of irradiation, exposure times Effect of blue light irradiation

Ashby

et al.,

2010

[106]

Chickens Experiment 1: 500 lx (normal illuminance) or 15,000 lx

(high ambient illuminance)

Monocular lenses: -7 or ?7 D

Exposure times: 5 days;

Experiment 2:

500 lx or 15,000 lx;

Diffusers;

Exposure time: 4 days

Exposure to high illuminances (15,000 lx) for 5 h per

day significantly slowed compensation for negative

lenses, compared with that seen under 500 lx;

Compensation for positive lenses was accelerated by

exposure to high illuminances;

High illuminance reduced deprivation myopia of about

60%, compared with normal illuminance

Karouta

et al.,

2014

[107]

Chicks Experiment 1:

One of five light intensities 500, 10,000, 20,000, 30,000, and

40,000 lx;

Translucent diffusers monocularly;

Exposure times: 7 days;

Experiment 2:

three groups: 500 lx, 40,000 lx, 500 lx for the first 4 days

and 40,000 lx for the remaining 7 days;

Translucent diffusers monocularly;

Exposure times: 11 days

The level of protection from the development of form-

deprivation myopia increases with increasing light

intensity

Daily exposure to 40,000 lx prevents the onset of form-

deprivation myopia and halts further progression, once

myopia is established

Torii et al.,

2017

[108]

Chick

Children

Chicks with goggles:

Fluorescent light, 365 nm (violet), 470 nm (blue), and UVB

light;

Exposure times: were illuminated for 7 days in 12-h on and

off cycles

Children: non-violet

light-transmitting eyeglasses, partially violet light-blocking

contact lenses, and violet light-transmitting contact lenses

Exposure times: retrospective, 1 year

In chicks: violet light (360–400 nm) suppresses myopia

progression and suppressed the axial length

elongation: this suppression increases the expression

of the EGR1 gene known to prevent myopia

In children:

myopia progressed less rapidly in a group of myopic

children fitted with corrective contact lenses that are

transparent to violet light (some lenses are transparent

to violet, while others, filter out about 50%)

Violet light, suppressed myopia progression for

individuals under 20 years of age

Smith

et al.,

2012

[110]

Monkeys Normal lighting levels (15–630 lx) to high light (25,000 lx)

Exposure times: 6 h, during 23 ± 2 days to 132 ± 8 days.

Monocular form deprivation

High ambient lighting retards the development of form-

deprivation myopia;

The treated eyes to high light were more hyperopic than

the form-deprived eyes to the normal light

Eyes to the high light were more hyperopic than those of

normal light
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Table 5 continued

Reference,

year

Species

(subject/

tissue/cells/

animals)

Light sources of irradiation, exposure times Effect of blue light irradiation

Nickla

et al.,

2022

[113]

Chicks Narrow band blue light (460 nm) or white light (588 lx)

Illuminances, for evening: 0.15 lx, 200 lx, 600 lx, or 1000 lx

For morning: 200 lx, 600 lx, and 1000 lx

Exposure times: evening or morning, 4 h for 9 days

Exposure to 4 h of blue light at lower illuminances (less

than 1000 lx) at transition times of lights on and

lights off stimulates ocular growth rates and affects

ocular rhythms in chicks;

Exposure to monochromatic blue light in the evening

increases ocular growth except for bright illuminance,

whereas morning exposure would have no effect on eye

growth;

Evening exposures caused circadian disruptions in the

choroidal thickness rhythms, and morning exposures

disrupted both axial and choroidal rhythms

Najar et al.,

2021

[114]

Chicken model

of form-

deprivation

myopia

LED: ambient standard white (233.1 lx, 3900 K), blue-

enriched white (223.8 lx, 9700 K)

Exposure times: 29 days on a 12 h/12 h light–dark cycle

At moderate light levels, blue-enriched white light

(223.8 lx, 9700 K) decreased aberrant axial

elongation and accelerated recovery from form

deprivation, compared with ambient standard white

light (233.1 lx, 3900 K)

Foulds

et al.,

2013

[115]

Chicks LED, 33.37 cd/m2

red light or blue light with a 12 h on/off cycle for

14–42 days

Blue light induced progressive hyperopia;

Red light induced progressive myopia;

Light-induced myopia or hyperopia was reversed to

hyperopia or myopia by changing the chromaticity of

the ambient light

Turnbull

et al.,

2015

[116]

Squid Blue filter: 447 nm

Orange filter: 557 nm

Exposure times: 30 days

A switch in other light environments (blue, orange, or

white, period variable)

Blue light induced shorter eyes than orange light and less

myopic refractions;

Switch between wavelengths, conducted changes in eye

size and refractive status changed appropriately within

a few days

Wand

et al.,

2018

[117]

Chicks Experiment 1: white room light, 430–630 nm or in the

dark;

Or unilateral exposure to 470 nm (blue), 620 nm (red), or

375 nm (UV) lighting, fellow eyes covered with black

occluders

Exposure times: 30 min

Experiment 2: deprivation myopia in one eye;

Exposure times: 5 days

Blue, red, and UV lighting increased the release of retinal

dopamine but there were wavelength-dependent

differences in retinal dopamine release and

metabolism;

Less deprivation myopia and shorter eyes developed in

blue and UV lighting, compared with white and red

light

Seideman

et al.,

2002

[118]

Experiment 1: Chickens were refracted in quasi-

monochromatic ambient illumination

Experiment 2: monochromatic light for 2 days and

subsequently refracted both in complete darkness, in

monochromatic light, and in white light, both without

and with cycloplegia

Blue light inhibited the growth of the eye axis had a

tendency toward myopia;

Red light was associated with a longer focal length, made

eyes grow longer
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secretion in the retina is stimulated by light,
and has an inhibitory effect on eye growth
[106].

Some animal models have suggested that
blue light, and in particular blue–violet light
(360–400 nm), had a suppressive effect against
myopia progression and is the most ideal light
for myopia control for efficiency and safety
[107–122] (Table 5). In addition, the time (i.e.,
morning versus evening) of blue–violet light
exposure may have a different impact on ocular
growth. Exposure to monochromatic blue light
in the evening may increase ocular growth rel-
ative to white light controls for all illuminance

conditions (0.15, 200, 600 lx) except bright
condition (1000 lx), whereas morning exposure
would have no effect on eye growth [113]
(Table 5).Myopia progressed less rapidly in a
group of myopic children fitted with corrective
contact lenses that are transparent to violet
light (some lenses are transparent to violet,
while others filter out about 50%) [108]. If these
findings are confirmed in future epidemiologi-
cal studies, the usefulness of anti-blue light
optical lenses, particularly for myopic children,
will be questionable.

Table 5 continued

Reference,

year

Species

(subject/

tissue/cells/

animals)

Light sources of irradiation, exposure times Effect of blue light irradiation

Lieu et al.,

2011

[119]

Guinea pigs LED: Different monochromatic light; 430 nm, 530 nm, or

broad-band light, equal luminance

Exposure times: 12 weeks

Exposure to blue light (430 nm) exerted more hyperopic

effects with suppressed axial elongation;

Exposure to green light (530 nm) exerted more myopia

Zou et al.,

2018

[120]

Guinea Pigs Short-wavelength light, middle-wavelength light, or white

light;

Exposure times: 10 weeks

In the short-wavelength light, the guinea pigs developed

relative hyperopia;

In the middle-wavelength light, the guinea pigs

developed relative myopia

Rucker

et al.,

2015

[121]

Chicks LEDs, sinusoidal luminance modulation of white light (with

blue) or yellow light (without blue), at 80% contrast, at

one of six temporal frequencies: 0, 0.2, 1, 2, 5, 10 Hz.

Mean illumination was 680 lx

Time exposure: 3 days

With blue light: refraction did not change across

frequencies and little difference in eye growth across

frequencies;

Without blue light: a hyperopic shift at high frequencies,

and a myopic shift at low frequencies and eyes grew

more at low temporal frequencies and less at high

temporal frequencies;

Rucker

et al.,

2018

[122]

Chicks LEDs, sinusoidal color modulation of blue/yellow or

red/green at 80% contrast, at one of six temporal

frequencies: 0, 0.2, 1, 2, 5, 10 Hz

Time exposure: 3 days

Eyes grew less when exposed to high temporal

frequencies and more at low temporal frequencies

Blue/yellow modulation, small temporal variation,

16.4% growth reduction

Red/green modulation, 35% growth reduction

Red/green modulation produced maximal growth, at

low temporal frequencies

AL axial length, CCT correlated color temperatures, DNA deoxyribonucleic acid, Hz Hertz, K kelvin, LED light emitting diodes, nm nanometer, UV

ultraviolet, ROS reactive oxygen species
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PREVENTION OF BLUE LIGHT-
INDUCED OCULAR DAMAGE

Exposure Limit, Advice,
and Recommendations

International Exposure Limit Values
and European Standard
To prevent light-induced retinal photochemical
damage (blue light hazard), exposure limit val-
ues (ELV) have been proposed by the ICNIRP
[123]. These ELV are the internationally rec-
ommended values for the evaluation of the
toxicity of optical radiation [124–127].

There are four risk groups for optical radia-
tion sources related to the maximum accept-
able exposure time of the eye to light [127]:

– GR0, risk group 0 (zero): no risk below an
observation time (at 20 cm from the source)
of 10,000 s;

– GR1, risk group 1 (low risk): maximum
exposure time at 20 cm of 100 s;

– GR2, risk group 2 (moderate risk): maximum
exposure time at 20 cm of 0.25 s (duration of
onset of the palpebral reflex);

– GR3, risk group 3 (high risk): potential
lesions appearing during observation (at
20 cm from the source) of less than 0.25 s
duration.

Commercialized artificial light sources must
respond to certain requirements, including the
assessment of the potential risk to the retina for
sources that contain a significant proportion of
blue light wavelengths. Thus, when introducing
lamps or luminaires to the European market,
manufacturers are required to assess their
products according to the standards in force,
and to classify them in one of the existing risk
groups. The European standard EN 62560 [128],
which sets out the design requirements for LED
lamps, only allows the marketing of lamps in
risk groups 0 or 1 (no risk or low risk). For
luminaires for professional use (floodlights,
emergency lighting, etc.), the regulations also
authorize the moderate risk group (for which
the protection is constituted by the palpebral
reflex) but require specific marking and

installation beyond a safety distance reducing
the risk to a low level.

It is important to note that the current reg-
ulations and standards have been established
based on acute light exposure and do not con-
sider the effects of repeated exposure [67]. The
ICNIRP specifies in its recommendations that
the exposure limit values defined for the general
population, and included in standard NF EN
62471, do not apply to chronic and repeated
exposure to blue light [123]. Remarkably, these
values do not consider the repeated exposures
known as ‘‘subcritical,’’ below the ELVs, accu-
mulated over very long periods of time. Nor
does the standard NF EN 62471 take into
account the increased sensitivity to optical
radiation for specific sensitive populations
(children, pseudophakic elderly individuals
with eye disease, etc.).

Advice and Recommendations from Health
Authorities
In October 2010, an initial report by ANSES
alerted to the risks associated with LED expo-
sure [129]. They stated that ‘‘the risks identified
as the most worrying, both in terms of the
seriousness of the associated hazards and the
probability of occurrence in the context of
widespread use of LEDs are linked to the pho-
tochemical effects of blue light on the eye and
to glare.’’ These risks would be due to the pho-
tochemical effects of blue light and to glare.
They mentioned that particular populations
would be more at risk than others, such as
children, people with specific eye diseases, or
certain professional populations exposed to
high-intensity lighting, as they would be more
sensitive to photochemical risk or more exposed
to blue light.

In June 2018, the SCHEER related that ‘‘there
is no evidence of direct adverse health effects
from LEDs emission in normal use (lamps and
displays) by the general healthy population’’
[96]. However, they did not exclude a potential
risk for vulnerable and susceptible population
such as children, adolescents, and older indi-
viduals. Although the scientific literature has
not yet provided reliable evidence on potential
long-term adverse effects of LED emissions on
the health of the general healthy population,
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the SCHEER stressed the need of monitoring
these potential health risks linked to long-term
use.

The French National Research and Safety
Institute for the Prevention of Occupational
Accidents and Diseases (INRS) considers that
‘‘for lighting devices for indoor use belonging to
groups GR0 and GR1, there is no a priori risk to
the eyes under normal conditions of use. Visual
hazards seem to be present when using LEDs
with a risk group higher than 1, under particular
conditions of use, especially in direct vision’’
[130]. As underlined by the SCHEER, specific
populations may show increased sensitivity to
blue light, such as aphakic or pseudophakic
individuals or subjects with AMD. Regarding
screen devices, they related that ‘‘LEDs used in
backlighting, in computer, tablet or telephone
screens, according to current scientific data, do
not represent a risk to the retina.’’ The retinal
risk in blue light is in fact considered to be zero
when the light source has a luminance of less
than 10,000 candelas per m2, which is 10–100
times higher than the luminance typical of a
LED LCD screen. However, the Institute points
out that ‘‘the blue light emitted by LEDs can
have a significant effect on the biological clock,
which regulates many of the body’s functions
such as appetite, alertness and body
temperature.’’

In May 2019, ANSES published a new report
on the effects of LEDs on human health and the
environment. To limit exposure to blue-rich
light, ANSES issued several recommendations
[20]. The agency recalls the importance of
favoring ‘‘warm white’’ domestic lighting (color
temperature below 3000 kJ) and to avoid the use
of light sources emitting cold white light (with a
strong blue component) in places frequented by
children (maternity wards, nurseries, schools,
leisure centers, etc.) or in the items they use
(toys, electronic display panels, game consoles
and joysticks, night lights, etc.). In addition,
ANSES recommends to limit the exposure of the
population, and in particular children, to blue
light from LED screens (mobile phones, laptops,
computers, etc.), before bedtime and during the
night to prevent disturbing biological rhythms.

Regarding manufacturers and professionals
designing lighting systems using LEDs, ANSES

requests that they apply all standards concern-
ing the quality of lighting (control of quality of
LEDs and qualification of these products
according to the different risk groups). In addi-
tion, ANSES recommends that manufacturers
set up a clear, easy-to-understand labeling sys-
tem for consumers, with a mandatory indica-
tion of the photobiological safety risk group on
the packaging for all types of lighting. They ask
that these standards should be adapted to
specific light-sensitive populations (children
and aphakic or pseudophakic individuals).

Also, ANSES recommends to change the
regulatory framework for all LED systems and to
limit the sale of LEDs for domestic use or for the
general public, which are in risk groups equal to
or higher than 1 (when assessed at an observa-
tion distance of 200 mm); to limit the light
intensity of vehicle headlights, while ensuring
road safety; and to minimize the level of tem-
poral modulation of light emitted by all light
sources (lighting, displays, LED devices).

Methods of Protection and Prevention

Various methods have been developed to
reduce eye fatigue and discomfort, to improve
sleep quality, and potentially to prevent or
reduce the damage caused by blue light on the
various eye tissues, particularly retinal photo-
toxicity. Concerning protection against blue
light, traditional blue light protection measures
are external, such as eyeglass lenses blocking
blue light, contact lenses, screen protections,
and blue light emission control software. They
can filter high-energy short-wave blue light to
improve vision and may protect against blue
light damage. Also, for elderly people with cat-
aract surgery, IOL’s are used to replace the nat-
ural lens and some have been designed to filter
blue and violet light in addition to UV light.
Regarding prevention of ocular damage, specific
diets and some nutrients with antioxidant
effects seem to play a key role in the prevention
of the development of age-related eye diseases
such as AMD. Is there evidence that these dif-
ferent protective or preventive methods are
effective in reducing light toxicity and ocular
damage?
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Protection against Blue Light
Blue Light Filtering Eyeglasses At the present
time, the potential digital eye strain (eye fati-
gue, strain, blurred vision, irritated or burning
eyes, dry eyes, headache, discomfort, etc.)
induced by prolonged exposure to blue light
emitted by digital screens and their potential
damaging effect on eyes [84, 131, 132] are the
target of particular interest from eyewear man-
ufacturers. Most of the available standard spec-
tacle lenses on the market protect against UV
(up to wavelengths of 380 nm). The addition of
a yellow chromophore reduces or eliminates
blue light transmission [133]. A coating on both
the anterior and posterior spectacle lens sur-
faces can selectively attenuate parts of the
blue–violet light spectrum (415–455 nm corre-
sponding to the hazard parts of the blue–violet),
whereas the spectacle lens transmits all other
wavelengths of visible light. Thus, an increasing
number of blue-blocking filters are proposed by
optical lens manufacturers that claim to reduce
the symptoms of digital eye strain and poten-
tially reduce phototoxic retinal damage, with
variable degrees of short-wavelength light pro-
tection (from 10% to 100%) [12, 134]. However,
as highlighted in two recent reviews, few studies
have been conducted to assess their clinical
efficacy in reducing eye fatigue and symptoms
of eye strain, or on sleep quality, while no study
evaluated their preventive effect in blue light-
related ocular disorders (such as AMD progres-
sion) [12, 132, 133]. These studies were gener-
ally small (often less than 50 people) and short
term. Moreover, one bias raised by Lawrenson
et al. [133] is that all of these studies have used
yellow-tinted blue-blocking lenses, limiting the
adequate masking of the participants [133].
Most of these studies did not find significant
differences between blue-blocking lenses and
non-blue-blocking lenses.

Thus, to date, there is no consistent evidence
to support the use of blue-blocking filters in
spectacle lenses, or their introduction in the
clinical practice as a treatment for eyestrain or
eye fatigue [12, 132, 135]. Rosenfield et al. sug-
gested that patients presenting with these
symptoms have a complete ocular examination
(including refractive error, binocular vision,
oculomotor and ocular surface assessments) to

determine their eye health [132]. In addition,
currently no studies have reported a protective
effect of blue light filtering lenses on myopia
progression (refractive power or axial length
progression) in schoolchildren compared with
those with single vision lenses with conven-
tional coating [136].

Finally, there are no published studies eval-
uating the benefit of such blue-blocking pro-
tections for the prevention of eye diseases, in
particular AMD. Large medium- to long-term (at
least 2–3 years) randomized trials are required to
demonstrate this potential preventive effect of
blue-blocking spectacle lenses.

In addition, although there is no evidence of
retinal toxicity from exposure to screens (com-
puters, tablets, smartphones), regarding myo-
pia, the World Health Organization (WHO)
[137] and the Erasmus Myopia Research Group
[138], recommend no close-up screen use at all
for children up to 2 years of age. Moreover, the
Erasmus Myopia Research Group recommends
no more than 1 h per day for children up to
5 years of age, and 2 h maximum per day for
children aged 5–12 years [138].

Blue Light-Filtering Intraocular Lens (IOL)
Cataract surgery with IOL implantation is the
most common ocular surgery [139, 140]. While
all IOLs include UV filters, blue light filtering
(BLF) IOLs have been commercialized since the
early 2000s, putatively to protect against retinal
phototoxicity and prevent AMD.

Since their introduction, more than a hun-
dred articles have compared UV filtering IOLs
and BLF IOLs [141]. The main concerns of BLF
IOL are the potential alterations of color per-
ception, color vision, scotopic visual function,
and contrast sensitivity in mesopic and scotopic
conditions. There are also concerns regarding
disruption of circadian rhythm [141, 142], since
BFL IOL were produced almost a decade before
the discovery of photosensitive retinal ganglion
cells and their essential role in maintaining
good health and quality of life [143, 144]. Sen-
sitivity spectra show that for vision in dim
environments and circadian photoreception,
the best IOL should transmit all possible blue
light [143, 144].
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A meta-analysis of 15 randomized clinical
trials (RCT) reported that the postoperative
visual performance (including best corrected
visual acuity (BCVA), contrast sensitivity, and
overall color vision) of patients with implanta-
tion of BLF IOLs was comparable to those with
implantation of non-BLF IOL, except for color
vision in blue light spectrum under mesopic
conditions, in favor of the non-BLF IOL group
[142]. Similarly, in a Cochrane review based on
51 randomized clinical trials (more than 5000
eyes), no difference was found in short-term
BCVA and contrast sensitivity between the two
types of IOLs [145]. Regarding longer-term
effects on AMD, only two small-sized short-term
RCT’s were available for review, preventing any
reliable conclusion. Regarding potential effects
on macular pigment density, contrast sensitiv-
ity, color discrimination, daytime alertness,
reaction time, or patient satisfaction, the
authors were unable to draw reliable conclu-
sions, mainly because of heterogeneity in the
measurements and low design quality. Recently,
in a large prospective cohort study of patients
who underwent cataract surgery and were fol-
lowed for 4 years, incidence of neovascular
AMD was similar in the 5425 eyes that received
BLF IOLs and the 5972 that received non-BLF
IOLs (HR 1.07, 95% confidence interval
0.79–1.47) [146]. Another large prospective
cohort study, with a 10-year follow-up included
186,591 patients with cataract surgery. The
authors reported no statistical difference
between the two groups of patients (21,126
with BLF IOLs and 165,465 with non-BFL IOLs)
in the incidence rate of AMD (non-exudative
AMD HR 0.95, 95% CI 0.88–1.03; exudative
AMD HR 0.96, 95% CI 0.77–1.18) [147].

Thus, although the rationale for BLF IOL is
scientifically grounded, the academic debate on
the merit of these devices to protect macular
health and function continues [145, 148–152].
Currently, it is unclear whether BLF IOLs confer
any potential clinical benefits over non-BLF
IOLs, with respect to aspects such as distance
BCVA, contrast sensitivity, and the develop-
ment or progression of AMD. Regarding the
choice of the optimal lenses for the surgeon,
Downes et al. highlighted the importance to
implant an IOL of which photoreception and

photoprotection are as close as possible to the
young adult healthy crystalline lens [141].

External Protection Mode—Blue Light Filtering
for Screen Devices Regarding computers,
recent digital screens have ‘‘Night Shift’’ soft-
ware to reduce high-energy visible light trans-
mission. Various apps are also available online
to adjust the color temperature of the screen
according to the time of day (F.lux, Eye-
Defender, etc.). The function of this software is
to reduce the blue content [153], orientating
the light towards the orange or red end of the
spectrum. Use of the Night Shift function at any
or all times of the day and turning down the
overall brightness may reduce potential eye
strain and eye fatigue due to blue light [134].

Also, advice should be given about adequate
ergonomics and environmental issues when
subjects spend a prolonged period of time
viewing electronic devices. Regarding ‘‘eye
ergonomic tips,’’ the American Academy of
Ophthalmologists (AAO), gives several simple
recommendations to reduce symptoms of
computer vision syndrome, digital eye strain,
and occupational fatigue [154, 155]. There is the
‘‘20–20–20’’ rule. Once every 20 min, people
have to take a break for at least 20 s and to focus
their eyes on an object further than 20 feet away
(about 6 m). In addition, people have to sit
about 20–26 inches away (about 63 cm) from
their computer screen (which should be tilted
slightly down). They have to reduce screen glare
as much as possible, and to keep the digital
screen not much brighter than the surrounding
light [155]. To our knowledge, no scientific
study has examined the effect of a blue light
computer filter on eye damage as well as the
effect of a combination of blue filters in glasses
and on the computer.

Nutritional Prevention of Blue Light Ocular
Damage
The vision system has an effective antioxidant
network that protects it from the action of light.
The different structures of the eye (the lens, the
pupil, the aqueous and vitreous humors, and
the retina) contain natural antioxidants: car-
otenoids lutein and zeaxanthin, which repre-
sent a natural blue light filter in the retina (and,
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to a lesser extent, in the lens), and work in
synergy with vitamins C and E, and minerals
such as zinc, to fight against photochemical
damage, by preventing oxidative stress.

Lutein and Zeaxanthin The central part of
the human retina is named ‘‘macula lutea’’
(yellow spot), because of the characteristic
presence of a yellow pigment by two car-
otenoids, lutein and zeaxanthin, present at high
concentrations (30–10,000 times higher than in
other tissues) [156, 157] in the macular pig-
ment. Lutein and zeaxanthin are also the only
carotenoids present in the lens, albeit at lower
concentrations [158]. These two yellow car-
otenoids are not synthesized de novo and must
be obtained from the diet (mainly from veg-
etables and fruits, especially green leafy veg-
etables). They are abundant in the macula of
children but decrease with aging [159].

These carotenoids are known for their ability
to absorb energetic blue light radiation (with
absorption between 400 and 500 nm and a peak
absorption at 460 nm), thus reducing photo-
chemical damage [160]. They also prevent the
development and promote the scavenging of
ROS [156, 157]. These compounds also act to
slow the inflammatory reactions that aggravate
light-induced damage, and they may prevent
the development of blood vessel proliferation
typical of neovascular AMD [156, 157].

Numerous publications on the preventive
and therapeutic effects of lutein and zeaxanthin
have shown encouraging results on AMD and
cataract. Regarding AMD, observational studies
have shown that higher dietary intake
[161–164], as well as serum measurements
[165–167] of lutein and zeaxanthin are associ-
ated with lower risk for both incident and
prevalent AMD. In cataract, high dietary intakes
of lutein and zeaxanthin are also associated
with a lower risk for incident cataract in
numerous epidemiological cohorts, with a 19%
reduction in risk [168]. Meta-analyses of RCTs
found improvements in visual acuity [169–171]
and significant increases in macular pigment
ocular density (MPOD) [172] in response to
lutein and zeaxanthin supplementation in
people with AMD in comparison with the pla-
cebo group.

To date, studies show significant and con-
sistent benefits of lutein, zeaxanthin, and meso-
zeaxanthin on retinal health and the preven-
tion of AMD development [171, 173], as well as
possible effects on cataract [174] in restoring the
eye’s natural blue light shield.

Other Nutritional Compounds and Diets
Several experimental studies have reported that
blue light damages the retinal pigment epithe-
lium and choriocapillaris through generation of
ROS, and may be a factor in the pathogenesis of
AMD and cataract [175]. The retinal antioxidant
defense system provides protection against
oxidative stress (an imbalance of ROS and
antioxidants) due to the potential harmful
effects of blue light. This includes vitamins C
[176–179] and E, carotenoids (including beta-
carotene, lutein, and zeaxanthin) as well as zinc
and other minerals, which act as cofactors for
antioxidant enzymes [180–183].

Vitamins E and C have important roles in
preventing oxidative stress and protecting cell
membranes [184, 185]. The retina cell mem-
branes (RPE and outer segments of the pho-
toreceptor cells) are particularly rich in vitamin
E, and vitamin C can be found in different eye
tissues (the aqueous and vitreous humor, the
lens). Zinc is well known for its antioxidative
properties [186], and the eye, especially the
retina–choroid complex, has an unusually high
concentration of zinc compared with other tis-
sues [187]. With lutein and zeaxanthin, these
three components are key nutrients in protec-
tion against blue light damage.

The AREDS study [180], evaluated the effect
of high-dose vitamins C and E, beta-carotene,
and zinc supplements on AMD progression and
visual acuity. The AREDS formulation con-
tained 500 mg vitamin C, 400 UI vitamin E,
15 mg beta-carotene, 80 mg zinc (as zinc oxide),
and 2 mg copper (as cupric oxide). This study
reported a 25% decreased risk of progression to
advanced AMD among participant taking the
AREDS formulation. They also reported a
reduction in rates of at least moderate visual
acuity loss in participants taking the AREDS
formulation.

The Mediterranean diet (MeDi) is character-
ized by the high consumption of plant foods
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and fish, low consumption of meat and dairy
products, olive oil as the primary fat source, and
a moderate consumption of wine, traditionally
consumed by people living in countries bor-
dering the Mediterranean Sea [188]. This diet is
associated with a high intake of lutein; zeax-
anthin; and vitamins including A, C, and E.
Dietary patterns take into account the syner-
gistic effect of many nutrients and their poten-
tial interactions.

Recently a high adherence to the MeDi has
been associated with a lower risk of age-related
eye diseases such as AMD [189–194], diabetic
retinopathy [195], and visual impairment [196].

In summary, a diet rich in lutein and zeax-
anthin (to increase natural filters of the eyes;
the macular pigment) and antioxidants (as
vitamins C, E, or zinc, to fight the oxidative
stress responsible for the loss of photorecep-
tors), such as the Mediterranean diet, may be a
preventive measure to reduce risk associated
with cumulative blue-light exposure [183].

CONCLUSIONS

Because they can be powerful and potentially
blue-rich, LEDs need to be systematically asses-
sed for photobiological safety. Standards exist
(in France, only for lamps and not for luminous
objects) and should be applied, but there are
currently no standards for limiting values for
chronic exposure. There is no evidence to date
that LEDs, in normal use at domestic intensity
levels, or used as backlights in screen devices,
are retinotoxic to humans or can led to cataract,
with respect to short-term exposure for the use
of LEDs with warm white (yellow) light [45].
Regarding young children, there is some con-
cern about the effect of blue light, since they
have an immature optical system allowing blue
light to reach the retina [4]. Conversely, expo-
sure to blue–violet light has been shown to
reduce the risk for myopia in children, making
it difficult to draw conclusions regarding the
safety of blue light exposure in children
[108, 197–199].

Despite the wide diversity of blue light fil-
tering ophthalmic devices (BFL lenses or BFL
IOL), there is no evidence-based research

demonstrating the beneficial effect of blue light
filter eyeglasses, blue blocking lenses, or BFL-
IOL to decrease digital eye strain, improve
visual performance or contrast sensitivity, or to
prevent the progression of eye-related diseases
such as AMD [12, 133, 149]. In humans, macu-
lar pigment (composed of lutein and zeaxan-
thin) represents a natural protection against
blue light, which can be improved through
increased dietary intake and/or supplementa-
tion of lutein, zeaxanthin, and meso-zeaxan-
thin. High dietary intake and plasma
concentrations of lutein and zeaxanthin have
been consistently associated with lower risk for
AMD and cataract in numerous epidemiological
studies. Other antioxidants (in particular vita-
mins C, E, and zinc) and their combination in
the Mediterranean diet might also contribute to
the prevention of photochemical ocular
damage.

Regarding future perspectives, the ocular
effect of exposure over decades needs to be
evaluated in future epidemiological studies as
we have insufficient data on the dose-response
effect of blue light and on the spectral imbal-
ance exposure especially in children, adoles-
cents, and sensitive populations. Further studies
are needed to better understand the mecha-
nisms of photochemical injury related to blue
light exposure, and to determine whether long-
term, low-level exposure to artificial blue light is
a risk factor for AMD or other eye conditions
[4, 21, 57]. In the meantime, to prevent poten-
tial ocular hazards of blue light, it may be
advised to limit time of exposure to blue light
(in particular by LED lights) and have adequate
nutritional intake of carotenoids present in the
macular pigment and other antioxidants, in
particular in sensitive populations such as chil-
dren and older adults.
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Chahory S, Carré S, Savoldelli M, et al. Effects of
white light-emitting diode (LED) exposure on reti-
nal pigment epithelium in vivo. J Cell Mol Med.
2017;21(12):3453–66.

125. Ham WT, Mueller HA. The photopathology and
nature of the blue light and near-UV retinal lesions
produced by lasers and other optical sources. Laser
applications in medicine and biology. New York:
Springer; 1989. p. 191–246.

126. Sliney D, Aron-Rosa D, DeLori F, Fankhauser F,
Landry R, Mainster M, et al. Adjustment of guide-
lines for exposure of the eye to optical radiation
from ocular instruments: statement from a task
group of the International Commission on Non-
Ionizing Radiation Protection (ICNIRP). Appl Opt.
2005;44(11):2162–76.

127. International Commission on Non-Ionizing Radia-
tion Protection (ICNIRP). Guidelines on Limits of
Exposure to Laser Radiation of Wavelengths
between 180 nm and 1,000 lm. International
Commission on Non-Ionizing Radiation Protection.
Health Phys. 2013;105(3):271–95.

128. Rusnati F. Standardization of led for lighting. Light
Eng. 2010;18(4).

129. ANSES. (French National Agency for Food, Envi-
ronmental and Occupational Health Safety). « Effets
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