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Abstract
Arti�cial lighting is omnipresent in contemporary society with disruptive consequences for human sleep and circadian 

rhythms because of overexposure to light, particularly in the evening/night hours. Recent evidence shows large individual 

variations in circadian photosensitivity, such as melatonin suppression, due to arti�cial light exposure. Despite the emerging 

body of research indicating that the effects of light on sleep and circadian rhythms vary dramatically across individuals, 

recommendations for appropriate light exposure in real-life settings rarely consider such individual effects. This review 

addresses recently identi�ed links among individual traits, for example, age, sex, chronotype, genetic haplotypes, and the 

effects of evening/night light on sleep and circadian hallmarks, based on human laboratory and �eld studies. Target biological 

mechanisms for individual differences in light sensitivity include differences occurring within the retina and downstream, 

such as the central circadian clock. This review also highlights that there are wide gaps of uncertainty, despite the growing 

awareness that individual differences shape the effects of evening/night light on sleep and circadian physiology. These include 

(1) why do certain individual traits differentially affect the in�uence of light on sleep and circadian rhythms; (2) what is the 

translational value of individual differences in light sensitivity in populations typically exposed to light at night, such as 

night shift workers; and (3) what is the magnitude of individual differences in light sensitivity in population-based studies? 

Collectively, the current �ndings provide strong support for considering individual differences when de�ning optimal lighting 

speci�cations, thus allowing for personalized lighting solutions that promote quality of life and health.
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Statement of Signi�cance

This review integrates recent �ndings associating individual traits in humans, including age, sex, chronotype and  genetic 

haplotypes, and the effect of evening/night light on sleep–wake regulation and circadian rhythms. Potential biological 

 mechanisms for these individual differences in light sensitivity within the retina and downstream are discussed. Individuals 

in industrialized countries can spend up to ~90% per day indoors under arti�cial light, particularly in the evening/night 

hours, which negatively affects sleep and circadian physiology. Therefore, the current �ndings provide strong support for 

considering individual differences when designing optimal lighting speci�cations to bene�t sleep and circadian rhythms. 

This will ultimately allow for successful personalized lighting solutions that foster better quality of life.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/4
4
/2

/z
s
a
a
2
1
4
/5

9
2
2
6
5
7
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

mailto:sarah.chellappa@outlook.com?subject=


2 | SLEEPJ, 2021, Vol. 44, No. 2

Introduction

Light is critical for human functioning as it confers the ability 

to see and perform activities [1]. Equally important, light 

 in�uences human psychophysiology by inducing changes 

in neuroendocrine (e.g. melatonin suppression), sleep–wake 

quality, and psychological processes (e.g. subjective alert-

ness) [2, 3]. Its broad range of action translates to a wide �eld 

of  applications, ranging from optimizing work environments 

[4, 5] to behavioral treatments for patients with depression [6], 

 patients with neurodegenerative diseases [7], to name a few. The 

contemporary world has seen a drastic change in the lighting 

landscape, with the common use of arti�cial light sources 

 extending late into the night. Predictions based on data  collected 

over the past decade suggest that ~10% of the world’s land area 

shows arti�cial light at night [8], with numbers increasing to 

23% if skyglow is included [9]. The "light at night" trend  triggers 

profound effects on humans, as it sends mixed messages to 

the central circadian clock, which is evolutionarily tuned to the 

 naturally recurring 24-h light–dark cycle [10]. Therefore, unin-

tended overexposure to light in the evening/night hours can 

happen, which may result in decreased sleep quality. Emerging 

evidence indicates important individual differences in light 

 sensitivity, such that typical indoor lighting may have negligible 

effects on circadian photosensitivity in one individual, whereas 

for another they may be exquisitely stronger [11]. However, 

 recommendations for appropriate light exposure in real-life 

 settings seldom consider such individual effects.

The goal of this narrative review is to provide an overview 

of recently identi�ed individual variations in light sensitivity, 

including age, sex, chronotype and genetic haplotypes, and 

the effects of light exposure on sleep and circadian hallmarks. 

Studies described in this review come from human  laboratory 

and �eld studies. As most studies used evening/night light 

 exposure (therefore mimicking the effects of  arti�cial light at 

night), this review focuses on light exposure at that time of 

day. Animal preclinical studies focusing on potential  mechanisms 

for these light effects are not discussed at length, given this 

review’s focus on human studies. Lastly, the review highlights 

the  translational relevance of individual differences in light 

 sensitivity to real-life settings (e.g. night shift work,  adolescence) 

and in clinical populations typically exposed to arti�cial light 

at night (e.g. patients with delayed sleep–wake-phase disorder, 

 individuals on the autism  spectrum). Collectively, the reported 

�ndings reinforce the need to  consider individual differences 

when de�ning lighting speci�cations for sleep and circadian 

rhythms, thus ensuring optimal, personalized lighting solutions.

Effects of light on sleep–wake regulation 
and circadian rhythms

Circadian rhythms represent an evolutionary advantage, 

whereby the temporal organization of body functions har-

monizes with the cyclic alterations of environmental stimuli 

[12]. Circadian rhythms require entrainment to the 24 h light–

dark cycle, therefore rendering light as a critical modulator 

of sleep and circadian rhythms [13]. The effects of light occur 

during and/or immediately after exposure (acute effects) or 

after a given amount of time (long-term effects). Acute and 

long-term effects of light can bypass vision.  Therefore, they 

are typically termed non-image-forming (NIF) effects of light. 

These effects are predominantly mediated via intrinsically 

photosensitive retinal ganglion cells (ipRGCs) [14], by activa-

tion of the photopigment melanopsin [15]. Importantly, the 

system  mediating circadian photosensitivity (e.g. melatonin 

suppression) shows a spectral sensitivity consistent with that 

of melanopsin [16–18]. Melanopsin absorbs light in the short-

wavelength range of the visible spectrum of light, with max-

imum sensitivity around 490 nm [19], after it passes through 

the cornea, lens, and ocular media (pre-receptoral �ltering) 

[20]. While melanopsin is suf�cient to drive NIF responses to 

light [21–23], some studies suggest the contribution of cones 

[16, 24]. Melanopsin-containing ipRGCs directly project to the 

suprachiasmatic nucleus (SCN, the circadian central pace-

maker), through the retino-hypothalamic tract, and, directly 

or indirectly, to brain areas involved in sleep–wake regulation 

[25]. The SCN projects to the pineal gland, which regulates 

melatonin production [26]. This particular pathway accounts 

for the effects of light exposure on melatonin suppression 

and/or phase shifts of circadian melatonin rhythms.

Individuals exposed only to natural light–dark cycles, for 

 example, in preindustrial societies [27] or  in a naturalistic 

camping setup [28], show high daytime light levels, as they 

are mostly outdoors, and low evening light levels [27, 28]. In 

stark contrast, individuals living in industrialized societies are 

 exposed to a profoundly altered light environment, with low 

natural daytime light levels, inadequate indoor daytime light, 

and high evening arti�cial light exposure (e.g. arti�cial room 

lighting, smartphones, and visual display units) [29]. Exposure 

to arti�cial light at night is predicted to increase by 3%–6% per 

year [30], with ~2% annual growth in radiance and extent [31], 

potentially increasing the likelihood of circadian disruption [32].

Circadian disruption is a disturbance of biological timing that 

happens at and/or between different organizational levels, and 

ranges from temporal disruption of molecular rhythms to the 

misalignment of behavioral cycles (e.g. sleep–wake cycles) with 

environmental changes [33, 34]. Circadian disruption may result 

in phase shifts of the circadian system, displacement of sleep 

relative to the central circadian pacemaker, and/or  suppression 

of nocturnal melatonin production [2]. Evening/night exposure 

to light stimuli that provides greater melanopsin stimulation (for 

the same energy/photon �ux/photopic  illuminance)  results in 

more melatonin suppression (e.g. blue-enriched vs. “standard” 

polychromatic or 460  nm vs. 550  nm) [16, 17, 24, 35–38], and in 

phase shifts of circadian melatonin rhythms [39–42]. Furthermore, 

it also reduces slow-wave activity during the �rst NREM–REM sleep 

cycle following light exposure [43, 44], which might be attributable 

to phase shifts of circadian melatonin rhythms.

A critical question that arises from these �ndings is whether 

some individuals are more sensitive to the effects of light on 

sleep and circadian rhythms. Albeit limited, emerging evidence 

suggests that individual differences in light sensitivity are very 

likely to be expected.

One size does not �t all: individual 
differences in light sensitivity

Humans spend a substantial proportion of the day under 

 moderate light intensities (~30–300 lx), particularly in the 

evening hours [45]. Individuals differ considerably in the 
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sensitivity and responsivity to environmental stimuli, 

with some being more and others less sensitive to a given 

 environmental  condition [46]. Hence, putative individual 

 differences in light sensitivity to (for example) typical  moderate 

light intensities may  explain why some individuals show a 

heightened  vulnerability to sleep and circadian disruption by 

arti�cial lighting. Recently, a within-subject human laboratory 

protocol assessed the  impact of weekly evening polychromatic 

light  exposures from low-to-high intensities (10–2,000 lx; 

4.1–566 µW/cm2) on  melatonin suppression in young healthy 

men and women [11]. Approximately 50% of melatonin sup-

pression were at light levels as low as <30 lx. Remarkably, a 

50-fold range in light sensitivity occurred at the individual level, 

when comparing the least and most sensitive individuals. 

While some had more than 50% of acute melatonin suppres-

sion at ~10 lx (dim light), one required exposure to light at ~400 lx  

(bright light) for such response [11]. Similar �ndings were 

 observed in a separate study with young healthy men exposed 

to 2 h of evening bright polychromatic light (1,000 lx) [47]. The 

 degree of melatonin suppression by light was associated with 

(pharmacologically-dilated) pupil size during both pre-light 

exposure (dim light, 15 lx) and light exposure [47]. Therefore, 

baseline pupil size may be a predictor of individual differences 

in circadian photosensitivity. Moreover, sensitivity to light 

 depends on photic history, as shown in a randomized cross-

over study with healthy young men and women who underwent 

two illuminance histories (1 lx vs. 90 lx) before a 6.5  h 90 lx  

light stimulus at night [48]. Waking EEG activity in the delta/

theta range (2.0–5.5 Hz range) during the 6.5 h light exposure 

was lower when individuals were exposed to prior illumin-

ance of 1 lx than exposed to 90 lx [48]. The in�uence of photic 

history is shown in a functional magnetic resonance imaging 

(fMRI) study with healthy young men and women [49]. The 

 in�uence of a test light (515 nm) on executive brain  responses 

depended on the light wavelength to which  individuals were 

exposed to 1  h before. When they were exposed to long-

wavelength light (589 nm), but not short-wavelength (461 nm), 

widespread  activations in prefrontal areas and in the pulvinar 

occurred during a simple auditory detection task and a more 

dif�cult auditory working memory task [49]. While there are 

no reported studies on  individual differences in photic history, 

such  variability is likely to exist.

Differences in circadian photosensitivity occur when indi-

viduals are exposed to long-term evening arti�cial light [50]. 

Young healthy men and women exposed to 6–8 weeks of bright 

polychromatic evening light at home followed by a laboratory 

protocol showed large individual differences in melatonin sup-

pression by light [50]. These �ndings suggest that some individ-

uals are more vulnerable to long-term adverse effects of evening 

light exposure and, therefore, may be at higher risk of circadian 

disruption. This assumption is tentatively supported by an asso-

ciation of individual differences in melatonin suppression and 

the activation of a suprachiasmatic area in a human fMRI study 

[51]. Ten healthy young men and women underwent evening 

exposure to dim light (<10 lx) followed by moderate intensity 

polychromatic white light (100 lx, 2,800 K, irradiance: 42.73 μW/

cm2) [51]. Individuals with increased melatonin suppression also 

had an increased activation within a suprachiasmatic area in re-

sponse to the light exposure. Yet, it is unclear whether individual 

differences in photic input, SCN function, and/or nonretinal 

input to the SCN in response to light modulate individual 

variability in circadian photosensitivity. Evidence of differences 

in photic input builds from individual differences in sustained 

pupil responses to light (polychromatic white light at ~150 lx 

for 6.5  h) in patients with delayed sleep–wake-phase  disorder 

[52]. Evidence of differences in nonretinal input to the SCN 

comes from a within-subject study with healthy young men and 

women who had evening polychromatic light exposure (~100 

lx) combined with a single dose of citalopram 30 mg (selective 

 serotonin reuptake inhibitors, SSRIs) or placebo [53]. The large 

effect size for melatonin suppression by light with citalopram 

intake suggests that individual variability in raphe input to 

the  SCN (a target region for SSRIs action) might  contribute to 

differences in light sensitivity.

Which individual traits underlie the effects of light on sleep 

and circadian rhythms? Developmental age, sex, chronotype, 

and genetic haplotypes are traits that may explain the 

heightened vulnerability experienced by some individuals (see 

Figure  1 for a conceptual scheme). Healthy aging (individuals 

above 55 years) is perhaps the most studied individual trait for 

light sensitivity  to date, with evidence of reduced  sensitivity 

to short-wavelength light on circadian photosensitivity [40, 

54]. Older individuals can exhibit attenuated melatonin 

 suppression by light at  short-wavelength (~480 nm) rather than 

at  long-wavelength (~550 nm), as compared to young  individuals 

[54]. Moreover, older individuals may show a shift of NIF light 

sensitivity (λ
max

  =   494  nm), as compared to young  individuals 

(λ
max

 =  484 nm) [55]. However, melatonin suppression in  response 

to short-wavelength light (<500 nm) was similar in young and 

older individuals in that same study [55]. Healthy aging may not 

necessarily affect the phase-shifting response to polychromatic 

light exposure, with similar phase shifts in  circadian mela-

tonin rhythms between young and older individuals [40, 56, 

57]. Therefore, some aspects of circadian photosensitivity can 

be preserved with advancing age. In young individuals,  robust 

carryover alerting responses of short-wavelength light can 

 in�uence sleep physiology (e.g. longer sleep latency, altered 

slow-wave activity dynamics) [35, 43, 44]. Conversely, �ndings on 

the effects of light on sleep in older individuals are limited [58, 

59]. A 40-h sleep deprivation paradigm with exposure to  either 

polychromatic light at 250 lx (2,800  K), polychromatic light at 

250 lx (9,000 K) or dim light at 8 lx (2,800 K) showed increased 

 slow-wave activity in both young and older individuals during 

sleep recovery [58]. Therefore, under challenging  conditions, 

the sleep homeostatic response to light exposure maybe 

 conserved with advancing age. Another study  investigated the 

effects of evening light exposure in older individuals with sleep 

 complaints [59]. After 3 baseline days, participants underwent 

2 h of acute polychromatic white �uorescent light (4,100 K) or 

blue-enriched polychromatic white �uorescent light of equal 

photon density (1.E+15 photons/cm2/s) [59]. REM sleep latency 

increased following exposure to both light settings, probably 

due to a phase delay of 1  h in circadian melatonin rhythms 

(although there was no signi�cant association between these 

outcomes).

Healthy aging is associated with a progressive decrease in light 

transmission due to the clouding and yellowing of the  natural 

crystalline lens [60], especially for short-wavelength light [61]. 

Importantly, these age-related effects within the eye may ad-

versely in�uence sleep quality [62]. Older  individuals may also 

have reduced pupil size [63] and lens transmittance [55], and 

increased ocular lens absorption [64]. Thus, older individuals 
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may experience reduced photic input, with  downstream sleep 

and circadian disruption. Age-related  cataracts further worsen 

these ocular processes and are associated with  disrupted sleep 

and circadian rhythms [65]. However, when patients with  cataract 

undergo intraocular lens replacement (ultraviolet-only blocking or 

blue-blocking [BB] lens), they show increased melatonin  sensitivity 

to 2 h of acute evening  polychromatic light (~40 lx, 2,500 K, and 

6,000 K) by ~27%, as compared to healthy older  individuals [66]. 

Patients with ultraviolet-only blocking lens replacement show 

improved sleep (e.g. longer slow-wave sleep duration by ~8% [66]), 

as compared to healthy controls. Moreover, the same patients 

with ultraviolet-only blocking lens replacement show better 

 cognitive performance (e.g. sustained attention [66] and proced-

ural learning [67]), as compared the patients with BB lens. These 

�ndings suggest that optimizing the spectral lens transmission 

in patients with cataract may improve circadian photosensitivity, 

sleep, and cognitive function.

Individual differences in light sensitivity also occur at earlier 

developmental stages. Two studies have  hypothesized that 

 melatonin suppression by light is larger in children, as  compared 

to adults, since they have large pupils and pure crystal lenses 

[68, 69]. In the �rst study, healthy young  primary school chil-

dren and healthy adults underwent two light  experiments [68]. 

In one protocol, they had low (dim) light (<30 lx) and  moderately 

bright polychromatic white light (580 lx). In the other protocol, 

they  had a similar dim light  condition and light exposure at 

moderate indoor levels (~140 lx). In both  laboratory proto-

cols, children had almost twice the percentage of melatonin 

 suppression by light as compared to adults, indicating increased 

circadian photosensitivity. In the second study, healthy  children 

and adults underwent two sets of ~4  h evening light experi-

ments with dim light followed by  polychromatic light at 3,000 K 

or at 6,200  K (melanopic illuminance: 149.2 and 292.9 m-lx, 

 respectively, with matched photon density [14.4 log photons/

cm2/s]) [69]. Melatonin suppression in children was greater 

as compared to adults, particularly for light at 6,200 K (higher 

melanopic illuminance). Similarly, the effects of 1  h evening 

acute light exposure at different  intensities (0.1, 15, 150, and 

500 lx) on melatonin levels differed between the  developmental 

groups [70]. Pre- to mid-pubertal individuals (9–14  years) had 

greater melatonin suppression by light, as compared to late- 

to postpubertal adolescents (11.5–16  years) [70]. Therefore, 

Figure 1. Conceptual scheme of individual differences in light sensitivity effects on sleep and circadian rhythms. Photic input, through, for example, light bulbs and 

electronic devices, impinge onto the human SCN (central circadian clock) [12], resulting in a multitude of NIF responses to light (output) [2, 13]. Recent evidence shows 

individual differences in circadian photosensitivity [11]. High sensitivity leads to increased melatonin suppression by evening/night light exposure (red line), as com-

pared to the group average (dashed black line). In contrast, low sensitivity leads to minimal (if any) melatonin suppression by evening/night light exposure (blue line), 

as compared to the group average (dashed black line). Although not fully established, similar individual differences in light sensitivity are expected to occur for sleep 

quality (here, indexed as e.g. slow-wave activity, 0.75–4.5 Hz). Accordingly, high sensitivity may result in less slow-wave activity, particularly at the beginning of the 

sleep episode, subsequent to evening/night light exposure (red line), as compared to the group average (dashed black line). In contrast, low sensitivity may result in 

minimal (if any) effects of evening/night light exposure on slow-wave activity (blue line), as compared to the group average (dashed black line). Such individual differ-

ences in light sensitivity may be ascribed to a constellation of traits, including age, sex, chronotype, and genetic haplotypes (e.g. [42, 55, 56, 68, 69, 79, 89, 90, 96]). Albeit 

race/ethnicity in�uences sleep/circadian rhythms, there are currently no studies on this trait as mediating the effects of light exposure. Individual traits may in�uence 

the effects of light on sleep and circadian rhythms at the level of the eye (input) and/or downstream (circadian clock and beyond). Dashed lines to input, circadian clock 

and to output indicate that potential mechanisms are known for some individual traits, but not all (e.g. [3, 52, 53]).
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exposure to evening light can be very disruptive for children, 

which is problematic as they increasingly use arti�cial lighting 

(e.g. TV screens, computer games, and smartphones) [71], and 

can experience adverse effects on their sleep patterns [72].

Sleep and circadian rhythms display race/ethnicity 

 differences [73]. African-Americans as compared to European-

Americans show a shorter circadian period by 0.2 h [74], are less 

likely to show phase delays as a response to a 9-h phase-shifting 

circadian protocol [75], and show more sleep disruption because 

of circadian misalignment [76]. However, individual differences 

in light sensitivity may confound these circadian period and 

phase assessments, as participants remained under ~35 lx, and 

recent evidence indicates individual differences unless light 

levels are very dim (<10 lx) [11]. Furthermore, in the UK Biobank 

dataset (439,933 individuals), black participants had twice the 

prevalence of short sleep duration (5–6  h) and were 1.4-fold 

more likely to be morning types [77]. Despite these  differences, 

there is very limited research on race/ethnicity as an individual 

trait for light sensitivity, with a single study on the in�uence 

of  eye colors between Caucasians and Asians on melatonin 

 suppression by light [78].

There is some indication for sex-dependent effects of light 

in humans [79]. Exposure to 2 h of evening polychromatic light 

(~40 lx) at 6,500 K or at 2,500 K may affect brightness perception, 

 vigilant attention, and sleep in a sex-dependent manner. While 

no sex differences occurred for melatonin suppression by light, 

men had increased subjective perception of brightness and 

all-night frontal slow-wave activity at the beginning of the sleep 

episode following exposure to light at 6,500 K [79]. Importantly, 

because the young men also had better sustained attention 

performance during the acute light exposure, the subsequent 

increased slow-wave activity might re�ect a use-dependent 

phenomenon [79]. The sex-dependent sensitivity to light could 

be due to differences in visual system function [80]: primary 

visual cortex responses to stepped intensities of red and blue 

light show twofold higher stimulus-response curves for men, 

as compared to women. However, further studies with larger 

sample sizes are required to establish an association of sex and 

light sensitivity.

A key individual trait of light sensitivity is chronotype, 

which is the propensity for an individual to sleep and wake-up 

at speci�c times within a 24-h day, resulting in earlier, inter-

mediate, and later chronotypes with temporal niches separ-

ated by as much as 10 h [81]. Currently, there are no controlled 

laboratory studies that have compared the effects of arti�cial 

light on sleep and circadian rhythms among earlier, inter-

mediate, and later chronotypes. Field studies show increased 

light exposure during the day is associated with an earlier 

chronotype in the general population [82–84]. Therefore, 

chronotype may mediate the effects of light on sleep and 

 circadian rhythms. Genetic haplotypes are likely candidates for 

individual  differences in light sensitivity. Variations in  circadian 

clock genes (e.g. PERIOD2, CLOCK, and casein kinase 1 epsilon) are 

associated with human sleep and circadian disorders [85, 86], 

including familial advanced sleep phase syndrome [85]. PERIOD 

(PER) genes are essential factors contributing to  circadian clock 

gene regulation [87] and therefore potential candidates for 

the effects of light exposure on sleep and circadian rhythms. 

The association of circadian photosensitivity and genetic 

haplotypes is highlighted in a study, whereby young men and 

women were exposed to 4 h of dim light (<15 lx) followed by 

bright polychromatic light (1,000 lx, 5,000 K) [88]. PER2 haplo-

type homozygosity accounted for a low sensitivity to light, as 

indexed by lower percentage of acute melatonin suppression 

by 3 h of evening polychromatic bright light (1,000 lx measured 

at participant eye level). Furthermore, individual differences 

in NIF  responses to light on sleep phenotypes may depend on 

speci�c  genetic traits (PER3 variable-number tandem repeat 

[VNTR]  polymorphism) also involved in sleep–wake regulation. 

When young men homozygous to the longer variant of the PER3 

VNTR polymorphism had 2 h of evening polychromatic light at 

6,500  K or at 2,500  K (~40 lx), they had more melatonin sup-

pression by light at 6,500  K, as compared to individuals with 

the shorter PER3 variant [89], and more slow-wave activity in 

the occipital cortex [90]. Similar heightened light sensitivity (to 

427 nm vs. 527 nm wavelength light exposure) is observed for 

cognitive brain function  following ~25 h of sleep deprivation in 

individuals with the longer PER3 variant [91]. Genetic variants 

of the human melanopsin gene (OPN4) associate with sleep–

wake timings [92], such that individuals with CC genotype of 

the OPN4*Ile394Thr variant show later timings than those with 

the TT or TC genotype. Furthermore, the human missense 

OPN4 gene can mediate the risk of seasonal affective disorder 

[93]. The naturally occurring missense variants in the human 

OPN4 gene may result in melanopsin proteins with a signi�cant 

 loss-of-function phenotype, potentially increasing the  likelihood 

of visual de�cits, sleep, and circadian disruption [94].

Role of individual traits on sleep and 
circadian rhythms

Likely candidates for individual differences in light sensi-

tivity include individual differences in sleep and circadian 

rhythms, such as age, sex, chronotype, race/ethnicity, and 

genetic haplotypes. Sleep and circadian rhythms change over 

lifespan, such that already at adolescence, there is a delay in 

sleep timing, and a gradual reduction in slow-wave sleep [95, 

96]. With advancing age, sleep timing advances, and sleep con-

solidation, sleep duration and slow-wave sleep decrease, irre-

spective of circadian phase [95–97]. These age-related changes 

presumably involve alterations in sleep architecture and 

sleep propensity, and in circadian rhythms, such as decreased 

 amplitude of the circadian wake-propensity rhythm and 

melatonin secretion at night [97]. Sex-dependent differences 

also occur in sleep, with women exhibiting more slow-wave 

activity at dim light  melatonin onset (DLMO; i.e. typically close 

to habitual bedtime), particularly in centro-parietal brain 

 regions [98]. Moreover, women may have shorter average 

 intrinsic  circadian period [99], higher amplitude of melatonin 

rhythms and lower amplitude of core body temperature (CBT) 

rhythms, and earlier timing of melatonin and CBT rhythms 

relative to sleep time [100].

With respect to chronotype, earlier as compared to later 

chronotypes show advanced circadian phase (e.g. earlier 

DLMO), and higher initial levels and decay rate of slow-wave 

activity [101, 102]. Furthermore, chronotype depends on sex and 

age: men are later chronotypes as compared to women before 

40 years, reversing to earlier chronotypes afterwards; and latest 

sleep timings occur in adolescents, whereas the earliest occur 

in older individuals [103]. Genetic variants also play a crucial 

role in individual differences in sleep and circadian rhythms, 
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with reported associations of candidate circadian gene variants 

(i.e. PER2 and PER3 polymorphisms) and homeostatic sleep EEG 

hallmarks [104, 105]. Furthermore, genome-wide association 

studies in adults of European ancestry identi�ed 78 loci for self-

reported habitual sleep duration [106], accelerometer-derived 

sleep duration, sleep ef�ciency and number of sleep bouts [106], 

and that the chronotype loci associates with sleep timing [107]. 

Collectively, individual traits of speci�c sleep and circadian 

phenotypes may partly explain the individual variability in light 

sensitivity.

Translational relevance of individual 
differences in light sensitivity

Adapting arti�cial evening/night light exposure to individual 

 vulnerabilities may minimize the increased likelihood of 

sleep and circadian disruption experienced by some individ-

uals, such as night shift workers. Shift work is a risk factor for 

cardiometabolic diseases, and key players involved in these 

 adverse health effects include arti�cial light at night, circa-

dian  misalignment, and sleep restriction or deprivation [108]. 

Circadian rhythms of shift workers undergo, at least to some 

 extent, phase adjustments after a change in work schedule 

[109]. Light exposure at the latter part of the circadian night 

(as in backward [night-to-day] rotating shift work schedule) 

may phase advance circadian rhythms [109]. Conversely, light 

exposure at the early part of the night (as in forward [day-to-

evening/night] rotating shift work schedule) may phase delay 

circadian rhythms [109]. Importantly, factors determining resili-

ence or vulnerability to shift work schedules include direction of 

the circadian phase shift, type of work schedule, and individual 

susceptibility to arti�cial light exposure [110, 111]. Recently, a 

�eld study identi�ed the 24 h light-dark pro�les measured with 

ambient light data loggers in day or night shifts of 100 women, 

and showed differences in light exposure among shift work 

schedules [112]. Night work reduced the duration of darkness 

per day by almost 4 h (particularly during the winter), and later 

chronotypes had higher light exposure in the morning and 

evening, as compared to intermediate chronotype. These results 

are in contrast to a previous study that did not report signi�cant 

differences in light exposure among chronotypes and shift work 

schedules of 39 police of�cers [113]. Discrepancies between 

these studies may include differences in sample size, sex dis-

tribution, and analyses of hourly light intensities versus overall 

24 h light pro�les. Thus, individual traits as sex and chronotype, 

may partly explain why some individuals who perform shift 

work have an increased risk of sleep and circadian disruption.

One particular chapter in developmental age that is  receiving 

growing interest in the light �eld is adolescence. A  recent 

population-based, cross-sectional study of US adolescents 

showed higher arti�cial light at night levels (highest  quartile of 

outdoor levels) were associated with later weeknight bedtime 

(~30 min difference), shorter sleep duration (~10 min  difference), 

and increased risk of mood and anxiety disorders [114]. 

Adolescents often expose themselves to more indoor lighting 

(e.g. computers, tablets, and smartphones) before  bedtime 

[115]. Data from a �eld study suggest an association of  frequent 

 electronic device usage and increased sleep problems in 

 adolescents [116]. Laboratory data also show differences in light 

sensitivity between adolescents and adults [117]. Accordingly, 

adolescents (but not adults) show more melatonin suppression 

after 4 h of evening exposure to polychromatic light at 5,600 K 

(209 lx) than at 2,700  K (295 lx), despite equal photon density 

[117]. Furthermore, when male adolescents wore BB glasses in 

front of a light-emitting diode (LED) computer screen in the 

evening, they had reduced melatonin suppression and subjective 

alertness, but no changes in sleep stages, as compared to when 

they wore control glasses [118]. Despite the limited sample size 

and the inclusion of only male adolescents, this study suggests 

that BB glasses might aid adolescents against the adverse ef-

fects of light exposure on circadian photosensitivity during the 

evening/night hours.

The translational relevance of individual differences in 

light sensitivity extends to clinical populations who are at a 

higher risk of exposure to arti�cial light at night. Patients with 

delayed sleep–wake phase disorder (DSWPD) show height-

ened circadian photosensitivity, as compared to healthy young 

 individuals [52]. When exposed to 6.5  h of nocturnal poly-

chromatic light (150 lx, irradiance: 44.83  μW cm−2), patients 

with  DSWPD showed 31.5% greater phase delay shifts, as 

compared to healthy young individuals. Therefore,  individual 

light  sensitivity recommendations for behavioral inter-

ventions are  needed for this population. Recent evidence 

 indicates that individuals on the autism spectrum frequently 

experience  altered light sensitivity [119]. Autism spectrum 

is an early onset neurodevelopmental condition often asso-

ciated with sensory processing disorders. Bright lighting, in 

addition to a sensory overloaded environment, may provoke 

strong or painful responses to light, hindering the ability to 

adequately process light stimuli in individuals with autism 

spectrum [120]. Importantly, they often report sleep dif�-

culties, including reduced total sleep time, delayed sleep 

onset, and increased nocturnal awakenings [121], which 

may  improve following 3  months of daily  exogenous mela-

tonin (5 mg) intake [122]. The sleep and circadian disruption 

often experienced by individuals on the autism spectrum can 

 partially worsen because of the excessive use of electronic 

devices at night, to which they are particularly drawn [123]. 

Children on the autism spectrum show stronger sensitivity to 

evening light exposure on the sleep (e.g. greater sleep onset 

delay, shorter sleep duration), as compared to children with 

typical neurodevelopment [123]. Thus, optimal adaptation of 

the  timing and type of light exposure in the evening/night 

hours is necessary for these individuals.

Concluding remarks and future perspectives

Light is essential for human productivity, safety, and health. 

More often than not, we rely on artificial light. However, 

the current overexposure to artificial light, particularly at 

night, can adversely affect human health with unintended 

 disruption of sleep and circadian rhythms [124]. While there is 

growing awareness of reducing evening/night light  exposure, 

recommendations for appropriate light exposure are based on 

group-level effects. This review discussed a shifting paradigm 

in the human light field: the acknowledgment that people 

do not respond the same way to the same light exposure. 

The assessment of individual differences in photosensitivity 

builds from human laboratory and field studies (Figure 2). The 

former allows identifying individual photosensitivity based 
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on well-established hallmarks of sleep and circadian rhythmicity. 

These include light-induced  melatonin suppression and phase 

shifts of circadian  melatonin rhythms, pupillometry meas-

urements (associated with the acute melatonin  suppression 

by light), and objective sleep quality (e.g. slow-wave activity). 

Field studies help identifying individual photosensitivity 

through screening questionnaires assessing individual traits 

linked to light sensitivity, such as age, sex, chronotype, race/

ethnicity, genetic haplotypes and other  factors (e.g. season 

when studies occurred). Wrist-worn actigraphy measure-

ments combined with sleep diaries and light sensors allow 

determining real-life sleep quality measurements, circa-

dian/sleep stability, and daily light patterns [125]. Given the 

 identification of individuals with low or high light sensitivity, 

specific recommendations for a “light diet” might be possible. 

For instance, individuals with high light sensitivity could be 

prescribed more daytime (natural) light and low evening/

night melanopic lx light exposure. Conversely, individuals 

with low sensitivity could be prescribed similar—albeit less 

stringent—light recommendations. Recent human labora-

tory evidence also shows that dynamically changing daylight 

LED light exposure may benefit circadian photosensitivity 

and sleep quality [126]. In that laboratory protocol, healthy 

men and women underwent either static daylight LED (100 lx, 

4,000 K) or dynamic daylight LED that changed color (0–100 lx, 

2,700–5,000 K) across 16 h of scheduled wakefulness. Evening 

melatonin levels were less suppressed ~1.5 h before habitual 

bedtime and sleep latency was shorter under dynamic light 

as compared to static light. Although results are shown at 

the group level, it is possible that individual adaptation of 

dynamic lighting solutions will benefit sleep and circadian 

rhythms for individuals with high light sensitivity.

While promising and exciting, further research is required 

to determine the individual variability to light sensitivity. For 

instance, most human studies have used laboratory protocols 

in the evening/night hours. However, we know little about 

individual differences in daytime light exposure, as certain 

aspects of daytime (natural) light cannot be effortlessly mim-

icked by arti�cial light, including seasonal changes in day 

length or  twilight conditions (for a comprehensive review, see 

[127]). This is important, as appropriate light recommendations 

for day/night shift workers with altered light pro�les  require 

 considering light within and outside their workplace. Another 

important question is the magnitude of individual differences 

in light sensitivity effects, that is, the effect size of different 

individual traits mediating the effects of light on sleep and 

 circadian rhythms. The human laboratory and �eld studies 

that have helped to establish a role of these individual traits 

have limited sample sizes, due to their inherent study  design 

 complexity and the stringent inclusion/exclusion study 

 participant criteria. Therefore, population-based studies may 

help to capture relevant light exposure differences across 

 individuals, as well as potential collinearities among these 

individual traits. The challenge for population-based studies, 

however, includes a lack of consensus on practical assess-

ments for monitoring real-life day and night light exposure 

over months and years. The use of wearable, validated sleep 

and circadian technologies that involve multisystem data 

collection with multisensory and/or accelerometer-based gen-

eration devices [128] may provide some alternatives. Lastly, 

as arti�cial light exposure is an everyday occurrence in con-

temporary lives, it is pivotal to identify individual differences 

in long-term effects of light on sleep and circadian rhythms. 

Ultimately, this will allow for personalized light solutions in 

real-life, which will require a trade-off between feasible costs 

and realistic strategies that can account for individual differences 

in light sensitivity moving forward.
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Figure 2. Assessing individual photosensitivity for potential personalized lighting recommendations. Assessment of individual photosensitivity in humans has come 

from human laboratory and �eld studies, which use different outcome measures to index sleep and circadian rhythms. By identifying individuals with high or low 

sensitivity to light, a potential “light diet” tailored to individual needs might become feasible (see text for detailed discussion).
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