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Abstract 

Physiological effects of light exposure in humans are diverse. Among them, the circadian rhythm phase shift effect 
in order to maintain a 24-h cycle of the biological clock is referred to as non-visual effects of light collectively with 
melatonin suppression and pupillary light reflex. The non-visual effects of light may differ depending on age, and 
clarifying age-related differences in the non-visual effects of light is important for providing appropriate light environ-
ments for people of different ages. Therefore, in various research fields, including physiological anthropology, many 
studies on the effects of age on non-visual functions have been carried out in older people, children and adolescents 
by comparing the effects with young adults. However, whether the non-visual effects of light vary depending on age 
and, if so, what factors contribute to the differences have remained unclear. In this review, results of past and recent 
studies on age-related differences in the non-visual effects of light are presented and discussed in order to provide 
clues for answering the question of whether non-visual effects of light actually vary depending on age. Some studies, 
especially studies focusing on older people, have shown age-related differences in non-visual functions including dif-
ferences in melatonin suppression, circadian phase shift and pupillary light reflex, while other studies have shown no 
differences. Studies showing age-related differences in the non-visual effects of light have suspected senile constric-
tion and crystalline lens opacity as factors contributing to the differences, while studies showing no age-related differ-
ences have suspected the presence of a compensatory mechanism. Some studies in children and adolescents have 
shown that children’s non-visual functions may be highly sensitive to light, but the studies comparing with other age 
groups seem to have been limited. In order to study age-related differences in non-visual effects in detail, compara-
tive studies should be conducted using subjects having a wide range of ages and with as much control as possible for 
intensity, wavelength component, duration, circadian timing, illumination method of light exposure, and other factors 
(mydriasis or non-mydriasis, cataracts or not in the older adults, etc.).
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Background
Many living organisms, including humans, have evolved 
under sunlight, and information about the ambient envi-
ronments that humans obtain through light and the 
physiological responses induced by light in humans are 
diverse. The light that enters the eye, passes through the 
pupil and crystalline lens, and reaches the retina is pro-
cessed by two major pathways in the brain to induce 
physiological effects. The first is the visual effect that 
occurs when light information reaches the visual cortex, 
where it is processed to perceive brightness and color 
vision. Light information converted to neural signals by 
classical cones and rods is projected to the visual cor-
tex via the thalamic lateral geniculate nucleus (LGN) 
using the optic tract. The other is processed in the path-
way where the neural signals directly reach the supra-
chiasmatic nucleus (SCN) in the hypothalamus via the 
retinohypothalamic tract (RHT), which causes physiolog-
ical effects to synchronize the biological clock (circadian 
clock), such as sleep/wake rhythms with the 24-h light/
dark cycle associated with the earth’s rotation. These 
physiological effects of light are called non-visual (or 
non-image forming) effects, as distinguished from visual 
effects, and include light-induced melatonin suppression 
and pupillary light reflex in addition to the light entrain-
ment effects of circadian rhythms.

Light performs a role as the strongest entrainment 
factor for circadian rhythms. It has been shown that 
bright light at night, such as artificial lighting, causes a 
delay and disruption of circadian rhythms and sleep [1] 
in both rural areas [2–4] and urban areas [5, 6], and is 

associated with various health problems [7]. It has been 
found that circadian rhythm phases are advanced by 
camp life without or with less access to artificial light-
ing in adults [8] and children [9]. These results suggest 
that artificial lighting at night causes delay in circadian 
rhythms in humans in modern society. Various factors 
have been shown to influence the non-visual effects of 
light. For example, the non-visual effects of light have 
been found to vary with differences in intensity [10–
12], wavelength [13–15], exposure duration [16–18], 
and exposure circadian timing [19, 20]. The field of 
physiological anthropology, which focuses on environ-
mental adaptability, also has a long history of research 
on the non-visual effects in light environments [21]. 
Physiological anthropology has also focused on varia-
tions in physiological responses from the perspective of 
environmental adaptability [22].

The non-visual effects of light are modulated not only 
depending on light exposure conditions but also on fac-
tors on the human side. Recently, attention has been 
paid to individual differences in non-visual responses to 
light [23, 24]. While it has been reported that the non-
visual effects of light vary depending on genetics [25, 
26], season [27–29], ethnicity [30], and individual light 
exposure history [31–33], the most commonly studied 
factor is age [34]. In physiological anthropology, age-
related differences in the non-visual effects of light are 
an important topic in terms of development [35] and 
aging [34]. Figure 1 shows that a conceptual scheme of 
age-related differences in the non-visual effects of light. 
This paper is a review of past studies and recent studies 

Fig. 1  Conceptual scheme of age-related differences in non-visual effects of light (created with biorender.com)



Page 3 of 12Eto and Higuchi ﻿Journal of Physiological Anthropology           (2023) 42:11 	

on age-related differences in light-induced melatonin 
suppression, light entrainment of circadian rhythms, 
and pupil light reflex.

Age‑related differences in melatonin suppression
Melatonin is a hormone that is biosynthesized in the pin-
eal gland, and its production rhythm is regulated by the 
SCN, a central biological clock, via pathways of the para-
ventricular nucleus, pre-sympathetic ganglion neurons, 
superior cervical ganglion, and pineal gland [36]. Mela-
tonin secretion shows a distinct circadian rhythm, with 
little secretion during the day, beginning at night, peak-
ing at midnight and ending in the morning, making the 
secretory rhythm a quantitative indicator of the phase 
of the circadian rhythm. It is also known that melatonin 
secretion is acutely suppressed by light exposure [37]. 
Melatonin suppression is induced when incident light 
information from the eye reaches the SCN via retinal 
ganglion cells containing the photopigment melanopsin 
that contributes to non-visual effects (called mRGCs: 
melanopsin-containing retinal ganglion cells, or ipRGCs: 
intrinsically photosensitive retinal ganglion cells) and 
then the pineal gland. The degree of suppression of mela-
tonin secretion is often used as an indicator of non-visual 
photosensitivity [10], and many studies have been con-
ducted on age-related differences.

It is known that melatonin secretion itself also 
decreases with age [38, 39], and there are individual dif-
ferences in melatonin secretion even in the same age 
group [40]. In studies in which light-induced mela-
tonin suppression was examined, the rate of melatonin 
suppression was used with respect to an individual’s 
melatonin concentration measured in a dim-light envi-
ronment [37] or pre-exposure melatonin concentration 
[41] to exclude the effects of individual differences in 
melatonin secretion. Therefore, differences in melatonin 
secretion due to aging are expected to have little effect 
on differences in melatonin suppression rates. However, 
it may be necessary to examine how the light-induced 
melatonin suppression affects physical and mental condi-
tions not only in terms of the melatonin suppression but 
also in terms of differences in secretion [38, 39, 42].

Melatonin suppression in the older adults
Regarding age-related differences in melatonin suppres-
sion, Herljevic et al. first reported results of a comparison 
of melatonin suppression in young adults (mean age ± SD, 
24 ± 3 years) and older adults (57 ± 5 years) in 2005 [43]. 
While there was no statistically significant difference in 
melatonin suppression between the young and the older 
adults after 30 min of exposure to green light (548 nm) 
(although suppression tended to be smaller in the older 
adults), the older adults had significantly lower melatonin 

suppression than the young adults when exposed to blue 
light (456 nm) for 30 min. As for the reason for the sig-
nificant age-related difference only for exposure to blue 
light, Herljevic et al. mentioned the involvement of senile 
constriction of the pupil and age-related opacity of the 
crystalline lens. With aging, the pupil size diminishes [44, 
45] and the crystalline lens becomes opaque (decrease in 
light transmittance) [46]. The decrease in light transmit-
tance of the lens is particularly pronounced in the short-
wavelength (blue) light range [47–49]. Figure  2 shows 
that the crystalline lens transmittance spectra in  vivo 
measured by a Purkinje image-based system which was 
developed by authors [50] (depicted from data in Eto 
2020 [50] and Eto 2021 [51]). As mentioned above, it 
is known that ipRGCs are the main contributors to the 
non-visual effects of light, including the melatonin sup-
pression effects [52–54]. ipRGCs respond most strongly 
to blue light around 480 nm among visible light [52]. In 
other words, melatonin suppression effects in the older 
adults are thought to be weakened as a result of the 
attenuation of ipRGCs stimulation due to filtering of blue 
light caused by pupil diameter and lens transmittance 
reduction [55]. Attenuation of melatonin suppression 
in the older adults was also reported by Gabel et  al. in 
2017 [56]. In their study, young subjects (mean ± SE age: 
24.96 ± 0.58 years) and older subjects (63.58 ± 1.27 years) 
were exposed to fluorescent light with an illuminance of 
250  lx and color temperature of 2700 K (WL condition) 
and to fluorescent light with an illuminance of 250 lx and 
color temperature of 9000 K (BL condition) during sleep 
deprivation. The younger subjects showed significant 

Fig. 2  Crystalline lens transmittance spectra in vivo measured by 
Purkinje image-based system [50]. The lens transmittance spectrum 
in children is shown by a red line, that in young adults is shown by 
a blue line, that in middle-aged adults is shown by a green line, and 
that in the older adults is shown by an orange line. Depicted from 
data in Eto 2020 [50] and Eto 2021 [51]
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suppression of melatonin secretion in both lighting con-
ditions (pronounced in the high color temperature BL 
condition), whereas the older subjects showed no sig-
nificant suppression in either lighting condition. A recent 
study reported by Chellappa et  al. in 2021 also showed 
differences in melatonin suppression between older and 
younger subjects [41]. Chellappa et  al. compared mela-
tonin suppression in three lighting conditions differing 
only in color temperature (40 lx illuminance, 2500, 3000, 
and 6500  K color temperatures) in young subjects (22–
29 years old, average age: 25.2 years) and older subjects 
(58–70  years old, average age: 63.6  years). The results 
showed that melatonin suppression occurred in both age 
groups under all light conditions but that melatonin sup-
pression only in the young group was enhanced under 
the color temperature condition of 6500  K. The reason 
why the enhancement of melatonin suppression in high 
color temperature light (6500  K) observed in young 
subjects could not be confirmed in the older adult was 
thought to be because the blue light component in high 
color temperature light was attenuated in the older adults 
due to age-related lens opacity [41].

On the other hand, some studies have shown that mela-
tonin suppression response is maintained in the older 
adults. In 2014, Najjar et  al. obtained spectral sensitiv-
ity curves of melatonin suppression using nine different 
monochromatic lights and compared the curves in young 
subjects (mean ± SE age: 25.8 ± 0.73 years) and older sub-
jects (59.4 ± 0.99  years) [57]. Their results showed that 
the peak wavelength of the spectral sensitivity curve was 
significantly shifted toward longer wavelengths in the 
older subjects but that there was no attenuation of mela-
tonin suppression in the short-wavelength light region in 
the older subjects [57]. The shift of the peak wavelength 
toward longer wavelengths may be due to the effect of 
light transmittance of the crystalline lens, but the fact 
that there was no significant difference in melatonin sup-
pression in the short-wavelength light between the older 
and young subjects does not support the results of the 
previous study by Herljevic et  al. [43]. Najjar et  al. sug-
gested that differences in transmittance of the crystal-
line lens, exposure light intensity and exposure duration 
between those studies may have caused the discrepancy 
in results. As for the maintenance of the melatonin sup-
pression response in older adults, they speculated that 
there might have been a compensatory function that 
compensated for the reduced light input to the retina. 
The light sensitivity of non-visual functions has been 
shown to be affected by recent changes in light history 
[31–33]. It has been reported that reduced daytime light 
exposure in winter enhances melatonin suppression [27]. 
It has also been shown that wearing contact lenses that 
block short-wavelength light from 30  min before a 2-h 

nocturnal light pulse until the end of the pulse attenuates 
melatonin suppression, whereas after wearing the con-
tact lenses for 16 days, melatonin secretion is suppressed 
to the same degree as that in the control condition [58]. 
In other words, attenuation of retinal illuminance asso-
ciated with changes in crystalline lens transmittance 
and pupil size in older adults can be viewed as changes 
in long-term light history, which may have resulted in 
increased (apparently maintained) light sensitivity as 
a physiological adaptation.  On the other hand, Najjar 
et  al. [57] performed mydriatic procedures (pupil being 
dilated) on their subjects, whereas the other studies [41, 
56] on melatonin suppression in older adults did not, and 
this difference in methodology may also have led to dis-
crepancies with the results of other studies.

Melatonin suppression in pre‑school children, school 
children and adolescents
As mentioned above, there have been many studies on 
age-related differences in the light-induced melatonin 
suppression that were conducted using older subjects. 
On the other hand, if pupil and crystalline lens charac-
teristics affect age-related differences in the non-visual 
effects of light, the light-induced melatonin suppression 
would be expected to be stronger in populations with 
larger pupils and high crystalline lens transmittance 
(such as young, school-age and adolescent children) than 
in young adults.

Some studies on light-induced melatonin suppression 
have also been conducted with children in childhood, 
early childhood, and adolescence. A study in young chil-
dren (mean age: 4.3 ± 1.1  years) showed that melatonin 
suppression also occurs robustly in young children, 
although it is not clear whether there is childhood-spe-
cific light responsiveness because melatonin suppression 
in young children was not compared with that in other 
age groups [59]. In 2014, Higuchi et  al. reported the 
results of a comparison of melatonin suppression rates 
in school children (8.6 ± 1.5 years old) and their parents 
(middle-aged: 41.2 ± 4.8 years old) [60]. The rate of mela-
tonin suppression at habitual bedtime was approximately 
1.9-times greater in the children than in the middle-aged 
subjects (children: 88.2%, middle-aged subjects: 46.3%) 
during exposure to white fluorescent light at an illumi-
nance of 580 lx. Lee et al. in 2018 reported the results of a 
comparison of melatonin suppression in school children 
(8.9 ± 2.2 years) and middle-aged adults (41.7 ± 4.4 years) 
exposed to two LED lighting conditions with illuminance 
fixed at approximately 300  lx and differing only in color 
temperature (3000 and 6200 K) [61]. Melatonin suppres-
sion was significantly greater for the 6200 K lighting con-
dition, which contains more blue components, than for 
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the 3000  K lighting condition in children, whereas no 
significant difference between the color temperature con-
ditions was observed in the middle-aged subjects (Fig. 3; 
Modified and adapted from Lee 2018 [61]). Enhanced 
melatonin suppression in response to high color tem-
perature lighting was also found in a study on adolescents 
[62].

The enhanced melatonin suppression response in 
children compared to that in middle-aged people [60] 
and the enhanced melatonin suppression in response to 
high color temperature light only in children [61] were 
also thought to be due to age-related differences in pupil 
diameter and lens light transmittance. However, it has 
been difficult to investigate the relationship between 
optical characteristics of the eye and melatonin suppres-
sion because there is no established methodology for 
measuring crystalline lens transmittance (especially spec-
tral transmittance), whereas measurement of pupil diam-
eter is relatively easy. Recently, the authors developed a 
system that can easily measure spectral transmittance 
of the crystalline lens in vivo [50] and used it to investi-
gate whether age-related differences in pupil size and lens 
transmittance are related to the difference between mela-
tonin suppression in school children and that in middle-
aged adults [51]. Melatonin suppression experiments 
were conducted in school children (9.6 ± 1.8  years old) 
and middle-aged adults (41.2 ± 2.5 years old) exposed to 
LED lighting with an illuminance of 300  lx and a color 
temperature of 6000  K, and pupil diameter during the 
light exposure and spectral transmission of the lens were 
also measured. The pupil diameter and spectral trans-
mittance of the lens were used to calculate non-visual 
photoreception, which is an index of the influence of age-
related ocular changes on the non-visual photopigment 
melanopsin, based on the method of Turner and Mainster 
[55], and the relationship between the age-related differ-
ence in non-visual photoreception and the age-related 

difference in melatonin suppression was evaluated. The 
results showed that relative values of non-visual photore-
ception and melatonin suppression in children to adults 
were 1.48 ± 0.08 (mean ± SE) and 1.52 ± 0.1, respectively, 
and both values were almost matched. This suggests that, 
at least between school children and middle-aged adults, 
age-related differences in pupil diameter and lens trans-
mittance may influence the age-related differences in 
melatonin suppression effects.

On the other hand, Crowley et al. reported that the less 
sexually mature group (Pre/Mid-pubertal group) among 
school-age children to adolescents (9–16  years old) had 
stronger melatonin suppression responses than that in 
the more sexually mature group (Late/Post-pubertal 
group) [63]. Although it is difficult to generalize due to 
the lack of information on pupil diameter and crystalline 
lens transmittance, it is expected that there is no signifi-
cant difference in pupil diameter or crystalline lens trans-
mittance between the two groups, suggesting that factors 
other than ocular optical characteristics may be respon-
sible for the age-related difference in melatonin suppres-
sion during the developmental period.

Age‑related differences in circadian phase shift
Circadian rhythm is the rhythm of an approximately 24-h 
cycle. Various circadian rhythms, such as sleep, body 
temperature and hormone secretion rhythms are regu-
lated by the SCN, a central clock [64]. The endogenous 
circadian rhythm of the human body is considered to be 
slightly longer than 24 h [65], and the circadian rhythm 
cycle is synchronized to 24 h by the approach of ambient 
light information, such as sunlight, on the SCN. Specifi-
cally, the phase of the circadian rhythm can be advanced 
(become morningness) or delayed (become eveningness) 
depending on the timing of light exposure in a day. The 
phase response curve (PRC) indicates in which direc-
tion (advance or delay) the phase of the circadian rhythm 

Fig. 3  Spectral irradiance distributions of 3000 K and 6000 K lighting conditions (A) and melatonin suppression in adults and children under each 
lighting condition (B). Modified and adapted from Lee 2018 [61]
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shifts and how much it shifts depending on the timing 
of light exposure in a day [19, 20]. However, it has been 
reported that the phase response of the circadian rhythm 
varies with age, even when exposed to light at the same 
timing in the PRC.

Circadian phase shift in the older adults
In 2007, Duffy et  al. investigated the dose–response 
relationship between the illuminance of white fluores-
cent light (correlated color temperature: 4100  K) and 
the amount of circadian rhythm phase delay (IRC: illu-
minance response curve [66]) in older subjects aged 
65  years or older (mean ± SD age: 68.3 ± 4.7  years) [67]. 
The rhythm of melatonin secretion, a marker of the cir-
cadian rhythm phase, was delayed by a maximum of 
about 3  h by light exposure during the biological night 
(a total of 6.5 h, from 30 min before habitual bedtime to 
2 h before waking time). Duffy et al. compared the IRC 
in older subjects with that already reported in younger 
subjects aged 18 to 44  years (27.8 ± 8.9  years old) and 
found that although there was no age-related difference 
in the minimum (at 0  lx) and maximum (at ~ 10,000  lx) 
of phase delay, the illuminance that induced 50% of the 
maximum phase delay was higher in the older subjects 
than in the younger subjects (263 lx in the older subjects 
and 119 lx in the younger subjects) [10]. The delay of cir-
cadian rhythm phases at extremely low and high levels of 
illuminance is maintained in the older adults, in agree-
ment with the results of previous studies [68, 69] and the 
results of a recent study [70]. Therefore, the light-induced 
shift effect of circadian rhythms is thought to be attenu-
ated in the older adults in response to low to moderate 
illuminance (approximately 50 to 1000  lx). Duffy et  al. 
suggested that senile constriction of the pupil and age-
related opacity of the lens may be responsible for attenu-
ation of the light-induced circadian rhythm shift in the 
older adults. As already mentioned, age-related reduc-
tions in pupil diameter and lens light transmittance in the 
blue light range are thought to attenuate the amount of 
ipRGCs stimulation in the older adults.

On the other hand, in 2009, Sletten et  al. com-
pared the amounts of phase advance in young subjects 
(23.0 ± 2.9  years) and older subjects (65.8 ± 5.0  years) 
during exposure to blue light (456  nm) and green light 
(548  nm) for 2  h in the morning (the timing of phase 
advance in PRC [20]), respectively [71]. Their results 
showed that the amount of phase advance tended to be 
greater in the younger subjects than in the older subjects 
when exposed to either blue or green light, but the differ-
ence was not statistically significant. Although the results 
of their study showing that these was no significant dif-
ference in the phase response between the older and 
younger subjects do not support the results of the study 

by Duffy et al. study mentioned above, Sletten et al. sug-
gested that the differences in the type of light (white fluo-
rescent light or monochromatic light) and intensity may 
have caused the difference in the results of the studies 
[71]. In addition to this, Sletten et al. performed mydria-
sis procedures on their subjects and this methodological 
difference may also have contributed to the differences 
between the results of the studies. More recently, in 2019, 
Scheuermaier et al. in the research group of Duffy et al. 
reported the results of an investigation of the amount of 
circadian phase delay in older subjects (58.3 ± 4.2  years 
old) exposed to approximately 270  lx white light show-
ing a minimum of phase delay of 0.9 h and a maximum 
of 3.2 h among the older subjects, a large individual vari-
ation [66].

Circadian phase shift in children and adolescents
Although, as far as the authors know, there has been no 
study in which the light responses of circadian rhythm 
phase in populations even younger than young adults 
were compared with these in other age groups, a PRC 
of adolescents aged 14 to 17  years (16.2 ± 1.0  years old) 
was shown by Crowley et al. in 2017 [72]. Crowley et al. 
found that the maximum values of phase advance and 
phase delay were larger in the PRC of adolescents that in 
the PRC of young adults reported by St. Hilaire et al. in 
2012. However, they also noted that comparisons of the 
magnitude of phase shift between studies should be made 
with caution because of several methodological differ-
ences including differences in the intensity, duration and 
method of light exposure.

Few studies have experimentally evaluated light-
induced circadian phase shifts in children. However, a 
field study has shown that camping life with much sun-
light in the morning and little access to artificial lighting 
at night advances circadian phases in children (age range, 
9–14 years) [9]. The results of this study were similar to 
those of Wright et al.’s study of the circadian phase shifts 
in adults (30.3 ± 8.5  years old) during camping life [8]. 
However, it is not easy to discuss age-related differences 
in light induced circadian phase shifts because these 
studies are not strictly environmentally controlled like 
laboratory experiments.

Age‑related differences in pupillary light reflex
Light information from ipRGCs is also transmitted to 
the pretectal olivary nucleus (PON), which is involved 
in the pupillary light reflex [54, 73]. The pupillary light 
reflex (PLR) refers to the increase or decrease in pupil 
size between approximately 2 and 8  mm in diameter to 
regulate the amount of light incident on the retina, and it 
is considered that vision over a wide range of brightness 
can be maintained by controlling light intensity [74]. The 
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PLR is mediated not only by ipRGCs but also by rods and 
cones. The proportion of contribution among ipRGCs, 
rods and cones is known to depend on the intensity [75] 
and exposure time [76] of irradiated light. Specifically, 
the contribution of cones and rods is predominant for 
low-intensity incident light, whereas the contribution 
of ipRGCs is stronger for high-intensity incident light 
[75]. In addition, immediately after light exposure, the 
contribution of cones and rods is large, but the propor-
tion of their contribution decreases as the exposure time 
increases from tens to hundreds of seconds, and the con-
tribution of ipRGCs becomes dominant [76]. It is usually 
difficult to extract only the responsiveness of ipRGCs 
from PLR independently of the cone and rod responses, 
but the post-illumination pupil response (PIPR), in which 
the pupil remains contracted even after the end of light 
exposure (after the light stimulus is turned off), is known 
as a pupil response specific to ipRGCs [77]. PIPR has 
been used in various studies as an index to evaluate the 
light responsiveness of ipRGCs [78–81].

PLR in the older adults
In contrast to the attenuation of light-induced melatonin 
suppression and circadian phase shift in the older adults, 
it has been reported that PLR maintains its responsive-
ness to light in the older adults [78, 82–84], and that 
although PLR is attenuated in the older adults, there is 
no wavelength dependence in the attenuation despite 
the fact that the short-wavelength light component 
that reaches the retina is decreased [85]. According to 
a report by Daneault et al. in 2012, when older subjects 
(61 ± 4.4 years old) and younger subjects (22.8 ± 4.0 years 
old) were exposed to blue light (480  nm) and green 
light (550  nm), there was no significant age-related dif-
ference in the pupil contraction rate regardless of the 
wavelength of light stimuli [82]. The studies by Kankipati 
et al. [78] and Adhikari et al. [84] on age-related changes 
in PIPR showed that there was no significant effect of 
age on PIPR, suggesting that light responsiveness of the 
pupil may be maintained even in older individuals [78, 
84]. However, a study by Herbst et  al. in 2012 showed 
that PIPR to blue light was positively correlated with 
age, suggesting that aging may rather enhance pupillary 
response [83]. Adhikari et  al. discussed the discrepancy 
in their results as being related to the fact that cataract 
patients with lens opacity > grade 2 in LOCS III (lens 
opacities classification system III) [86] were excluded in 
their study [84]. The report by Herbst et al. did not men-
tion any exclusion criteria for subjects with lens opacities 
and their study may have included older subjects with 
grade 3 or higher in LOCS III [83]. They hypothesized 
that the clouding of the lens in cataract patients may 
have increased the scattering component and stimulated 

more ipRGCs, thereby enhancing PIPR [83]. On the other 
hand, some studies have shown that PLR is attenuated in 
the older adults [85, 87]. Rukmini et al. in 2017 compared 
dose–response curves of the pupil constriction rate and 
light intensity when exposed to blue light (469 nm) and 
red light (631 nm) with various light intensities between 
young (21–30  years old) and older (50 + years old) sub-
jects [85]. Their results showed that there was no wave-
length dependence in age-related differences in pupil 
constriction, such as a particular attenuation for blue 
light, but there were age-related differences in pupil con-
traction rate, especially for high intensity light. There-
fore, Rukmini et al. speculated that the decrease in pupil 
constriction, i.e., attenuation of the responsiveness of 
the PLR, in the older adults is due not to the effect of 
age-related changes in the crystalline lens but to aging 
changes in the autonomic nervous system [88] and ret-
ina [89]. Experimental parameters, such as light stimuli 
wavelength, intensity, and duration, in the studies men-
tioned in this section are summarized in Table 1.

As noted above, there is no unified view on whether 
PLR is attenuated in the older adults compared to that 
in young individuals. This may be related to the fact that 
different light intensities, wavelengths, and measurement 
indexes were used in studies, and the results can there-
fore not be directly compared. The results also seem to 
vary depending on whether cataract patients are included 
in the study [84, 85]. Recently, findings on PLR [85] and 
PIPR [90] in cataract patients have been accumulating, 
and further studies are needed to determine whether PLR 
is attenuated in the older adults, including the effects of 
cataracts.

PLR in school children
Although there have been many studies in which PLR 
age-related differences were compared in the older and 
young adults, there have been few studies in children. 
We compared the spectral sensitivity of PLR between 
school children (9.9 ± 1.2  years old) and young adults 
(22.1 ± 1.8  years old) to determine whether the higher 
lens transmittance in children affects the age-related dif-
ferences in PLR [91]. The results showed that the peak 
wavelength of the PLR spectral sensitivity curve tended 
to differ between children and young adults and that the 
peak wavelength shifts toward shorter wavelengths in 
children compared with that in young adults [91]. PIPR, 
on ipRGC-derived pupillary response, was measured for 
the first time in children (9.0 ± 1.8  years old) by Ostrin 
in 2018 [92]. That study showed that the ipRGC-derived 
pupillary response can be measured in children as 
robustly as in adults [80], for whom PIPR has been pre-
viously measured. However, comparisons with other age 
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groups have not been made, and it is not known whether 
child-specific responsiveness exists in the PIPR.

Conclusions
In this review, among the non-visual effects of light 
in humans, studies on age-related differences in light-
induced melatonin suppression, circadian phase shift, 
and pupillary light reflex, including studies conducted 
by the authors, were reviewed. Whether or not there are 
age-related differences in any of the non-visual functions 
seems to be a matter of debate, since no unified view has 
been reached due to differences in experimental condi-
tions and methodologies. In addition, as factors contrib-
uting to age-related differences in non-visual functions, 
pupil diameter and crystalline lens transmittance were 
mainly discussed in this paper, but since various other 
age-related factors such as differences in the number 
of retinal ganglion cells [93], volume of the SCN [94], 
peptide expression (vasoactive intestinal polypeptide 
(VIP) [95, 96]; arginine vasopressin (AVP) [97]), density 
of GABAergic synapses [98] and clock gene expression 
in the SCN [99, 100] as well as differences in ophthal-
mologic characteristics are thought to be involved (see 
review articles for details [101–104]), and the effects of 
growth and aging on non-visual functions are expected 
to be complex [34]. In order to study age-related differ-
ences in non-visual effects in detail, comparative stud-
ies should be conducted using subjects having a wide 
range of ages with as much control as possible for inten-
sity, wavelength component, duration, circadian tim-
ing, illumination method of light exposure, and other 
factors (mydriasis or non-mydriasis, cataracts or not in 
the older adults, etc.). In addition to the cross-sectional 
studies described above, longitudinal studies (although 
not easy) are also necessary to better understand age-
related changes in the non-visual effects of light. Natu-
rally, individual differences exist in the aging process, 
and the results of longitudinal studies would contribute 
significantly to clarification of the development and aging 
process of non-visual functions.

It is important to note that even if there are age-related 
differences in one of the non-visual effects of light, it 
does not necessarily mean that there are age-related 
differences in other effects as well. For example, it has 
been suggested that the light-induced melatonin sup-
pression effects are functionally separate from the cir-
cadian rhythm phase shift effects [105]. Additionally, 
there are several subtypes of ipRGCs, each with different 
photosensitivity [106, 107] and projection brain regions 
(although some overlap) [108–110], and each mediates 
different non-visual functions [111–113]. The studies 
on the subtypes of ipRGCs have predominantly focused 
on animal models, such as mice and rats. However, 

several subtypes of ipRGCs have also been identified 
in the human retina [114], and each subtype exhibits 
distinct sensitivities and responses to light [115]. The 
density of ipRGCs decreases with age, and it has been 
reported that their decrease causes disturbances in body 
temperature and locomotor activity in rats [116], but a 
study on the ipRGCs in the human retina has shown that 
the degree of decrease in the number of ipRGCs in the 
human retina appears to vary by subtype [117]. As we 
have discussed, the effects of aging may differ depending 
on the non-visual functions, such as circadian entrain-
ment, melatonin suppression and PLR, and Daneault 
notes that since these non-visual responses are medi-
ated, at least in part, by different ipRGCs populations, it 
is plausible that the effects of aging differ [82]. Therefore, 
age-related differences in each of these non-visual effects 
would need to be assessed independently and with atten-
tion to the presence of ipRGCs subtypes.

Furthermore, if there are age-related differences in the 
non-visual effects of light, further studies are needed to 
determine the extents to which these age-related differ-
ences contribute to age-related differences in circadian 
clock function and sleep. In particular, from the view-
point of physiological anthropology, it is important to 
clarify the effects of artificial lighting at night on various 
aspects of human health such as sleep quality. In addi-
tion, individual differences [23, 24] as well as age-related 
differences in non-visual functions are an important 
topics as non-visual responses to light in individuals of 
the same age depending on genotype [25, 26], season 
[27–29], ethnicity [30], and individual light exposure his-
tory [31–33]. Therefore, accumulation of data regarding 
age-related and individual differences in the non-visual 
effects of light as well as factors contributing to the dif-
ferences in various age groups from children to the older 
adults is important for designing and providing appropri-
ate light environments, especially nighttime light envi-
ronments, for humans, and further research is needed.

List of abbreviations
LGN	� Lateral geniculate nucleus
SCN	� Suprachiasmatic nucleus
RHT	� Retinohypothalamic tract
mRGCs	� Melanopsin-containing retinal ganglion cells
ipRGCs	� Intrinsically photosensitive retinal ganglion cells
PRC	� Phase response curve
IRC	� Illuminance response curve
PON	� Pretectal olivary nucleus
PLR	� Pupillary light reflex
PIPR	� Post-illumination pupil response
LOCS III	� Lens opacities classification system III
VIP	� Vasoactive intestinal polypeptide
AVP	� Arginine vasopressin

Acknowledgements
Not applicable.



Page 10 of 12Eto and Higuchi ﻿Journal of Physiological Anthropology           (2023) 42:11 

Author’s contributions
TE and SH had the original idea for the review study. TE contributed to the 
research, writing, and editing of this manuscript. SH contributed to the cor-
rection and editing of this manuscript. TE and SH read and approved the final 
manuscript.

Funding
This work was supported by JSPS KAKENHI Grant Numbers JP20H01659, 
JP23H02569 and JP23K14278.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare no competing interests.

Consent for publication
Not applicable.

Author details
1 Research Fellow of the Japan Society for the Promotion of Science, Kodaira, 
Japan. 2 Department of Sleep‑Wake Disorders, National Center of Neurology 
and Psychiatry, National Institute of Mental Health, Kodaira, Japan. 3 Depart-
ment of Human Life Design and Science, Faculty of Design, Kyushu University, 
Fukuoka, Japan. 

Received: 6 January 2023   Accepted: 15 June 2023

References
	 1.	 Stevens RG, Zhu Y. Electric light, particularly at night, disrupts human 

circadian rhythmicity: is that a problem? Philos Trans R Soc B Biol Sci. 
2015;370:20140120.

	 2.	 Moreno CRC, Vasconcelos S, Marqueze EC, Lowden A, Middleton B, 
Fischer FM, et al. Sleep patterns in Amazon rubber tappers with and 
without electric light at home. Sci Rep. 2015;5:1–11.

	 3.	 De La Iglesia HO, Fernández-Duque E, Golombek DA, Lanza N, Duffy JF, 
Czeisler CA, et al. Access to electric light is associated with shorter sleep 
duration in a traditionally hunter-gatherer community. J Biol Rhythms. 
2015;30:342–50.

	 4.	 Smit AN, Broesch T, Siegel JM, Mistlberger RE. Sleep timing and dura-
tion in indigenous villages with and without electric lighting on Tanna 
Island. Vanuatu Sci Rep. 2019;9:1–16.

	 5.	 Burgess HJ, Molina TA. Home lighting before usual bedtime impacts 
circadian timing: A field study. Photochem Photobiol. 2014;90:723–6.

	 6.	 Higuchi S, Lin Y, Qiu J, Zhang Y, Ohashi M, Lee S-I, et al. Is the use of high 
correlated color temperature light at night related to delay of sleep tim-
ing in university students? A cross-country study in Japan and China. J 
Physiol Anthropol. 2021;40:7.

	 7.	 Fishbein AB, Knutson KL, Zee PC. Circadian disruption and human 
health. J Clin Invest. 2021;131:e148286.

	 8.	 Wright KP, McHill AW, Birks BR, Griffin BR, Rusterholz T, Chinoy ED. 
Entrainment of the Human Circadian Clock to the Natural Light-Dark 
Cycle. Curr Biol. 2013;23:1554–8.

	 9.	 Eto T, Kitamura S, Nishimura K, Takeoka K, Nishimura Y, Lee S, et al. 
Circadian phase advances in children during camping life according to 
the natural light - dark cycle. J Physiol Anthropol. 2022;41:42.

	 10.	 Zeitzer JM, Dijk DJ, Kronauer RE, Brown EN, Czeisler CA. Sensitivity of the 
human circadian pacemaker to nocturnal light: Melatonin phase reset-
ting and suppression. J Physiol. 2000;526:695–702.

	 11.	 Prayag AS, Najjar RP, Gronfier C. Melatonin suppression is exquisitely 
sensitive to light and primarily driven by melanopsin in humans. J 
Pineal Res. 2019;66: e12562.

	 12.	 Brown TM. Melanopic illuminance defines the magnitude of human 
circadian light responses under a wide range of conditions. J Pineal Res. 
2020;69:1–14.

	 13.	 Brainard GC, Hanifin JR, Greeson JM, Byrne B, Glickman G, Gerner E, 
et al. Action spectrum for melatonin regulation in humans: Evidence for 
a novel circadian photoreceptor. J Neurosci. 2001;21:6405–12.

	 14.	 Thapan K, Arendt J, Skene DJ. An action spectrum for melatonin 
suppression: Evidence for a novel non-rod, non-cone photoreceptor 
system in humans. J Physiol. 2001;535:261–7.

	 15.	 Lockley SW, Brainard GC, Czeisler CA. High sensitivity of the human 
circadian melatonin rhythm to resetting by short wavelength light. J 
Clin Endocrinol Metab. 2003;88:4502–5.

	 16.	 Aoki H, Yamada N, Ozeki Y, Yamane H, Kato N. Minimum light intensity 
required to suppress nocturnal melatonin concentration in human 
saliva. Neurosci Lett. 1998;252:91–4.

	 17.	 Gooley JJ, Rajaratnam SMW, Brainard GC, Kronauer RE, Czeisler CA, 
Lockley SW. Spectral Responses of the Human Circadian System 
Depend on the Irradiance and Duration of Exposure to Light. Sci Transl 
Med. 2010;2:31ra33.

	 18.	 Chang AM, Santhi N, St Hilaire M, Gronfier C, Bradstreet DS, Duffy JF, 
et al. Human responses to bright light of different durations. J Physiol. 
2012;590:3103–12.

	 19.	 Khalsa SBS, Jewett ME, Cajochen C, Czeisler CA. A phase response 
curve to single bright light pulses in human subjects. J Physiol. 
2003;549:945–52.

	 20.	 St Hilaire MA, Gooley JJ, Khalsa SBS, Kronauer RE, Czeisler CA, Lockley 
SW. Human phase response curve to a 1 h pulse of bright white light. J 
Physiol. 2012;590:3035–45.

	 21.	 Katsuura T, Lee S. A review of the studies on nonvisual lighting 
effects in the field of physiological anthropology. J Physiol Anthropol. 
2019;38:1–18.

	 22.	 Higuchi S. Human adaptation to natural and artificial light: Variation in 
circadian photosensitivity. In: From the Laboratory to the Field Human 
Variation. 2010. p. 69–83.

	 23.	 Chellappa SL. Individual differences in light sensitivity affect sleep and 
circadian rhythms. Sleep. 2021;44:1–10.

	 24.	 Spitschan M, Santhi N. Individual differences and diversity in human 
physiological responses to light. eBioMedicine. 2022;75:e103640.

	 25.	 Akiyama T, Katsumura T, Nakagome S, Lee S Il, Joh K, Soejima H, et al. 
An ancestral haplotype of the human PERIOD2 gene associates with 
reduced sensitivity to light-induced melatonin suppression. Oster H, 
editor. PLoS One. 2017;12:e0178373.

	 26.	 Lee S-I, Hida A, Kitamura S, Mishima K, Higuchi S. Association between 
the melanopsin gene polymorphism OPN4*Ile394Thr and sleep/wake 
timing in Japanese university students. J Physiol Anthropol. 2014;33:9.

	 27.	 Higuchi S, Motohashi Y, Ishibashi K, Maeda T. Less exposure to daily 
ambient light in winter increases sensitivity of melatonin to light sup-
pression. Chronobiol Int. 2007;24:31–43.

	 28.	 Münch M, Kourti P, Brouzas D, Kawasaki A. Variation in the pupil 
light reflex between winter and summer seasons. Acta Ophthalmol. 
2016;94:e244–6.

	 29.	 Münch M, Ladaique M, Roemer S, Hashemi K, Kawasaki A. Melanopsin-
Mediated Acute Light Responses Measured in Winter and in Summer: 
Seasonal Variations in Adults with and without Cataracts. Front Neurol. 
2017;8:464.

	 30.	 Higuchi S, Motohashi Y, Ishibashi K, Maeda T. Influence of eye colors of 
Caucasians and Asians on suppression of melatonin secretion by light. 
Am J Physiol Integr Comp Physiol. 2007;292:R2352–6.

	 31.	 Hébert M, Martin SK, Lee C, Eastman CI. The effects of prior light his-
tory on the suppression of melatonin by light in humans. J Pineal Res. 
2002;33:198–203.

	 32.	 Smith KA, Schoen MW, Czeisler CA. Adaptation of human pineal mela-
tonin suppression by recent photic history. J Clin Endocrinol Metab. 
2004;89:3610–4.

	 33.	 Chang AM, Scheer FAJL, Czeisler CA. The human circadian system 
adapts to prior photic history. J Physiol. 2011;589:1095–102.

	 34.	 Daneault V, Dumont M, Massé É, Vandewalle G, Carrier J. Light-sensitive 
brain pathways and aging. J Physiol Anthropol. 2016;35:1–12.

	 35.	 Wong SD, Wright KP, Spencer RL, Vetter C, Hicks LM, Jenni OG, et al. 
Development of the circadian system in early life: maternal and envi-
ronmental factors. J Physiol Anthropol. 2022;41:1–13.

	 36.	 Altun A, Ugur-Altun B. Melatonin: Therapeutic and clinical utilization. Int 
J Clin Pract. 2007;61:835–45.



Page 11 of 12Eto and Higuchi ﻿Journal of Physiological Anthropology           (2023) 42:11 	

	 37.	 Lewy AJ, Wehr TA, Goodwin FK, Newsome DA, Markey SP. Light 
suppresses melatonin secretion in humans. Science (80- ). 
1980;210:1267–9.

	 38.	 Waldhauser F, Kovács J, Reiter E. Age-related changes in melatonin 
levels in humans and its potential consequences for sleep disorders. In: 
Experimental Gerontology. 1998. p. 759–72.

	 39.	 Scholtens RM, van Munster BC, van Kempen MF, de Rooij SEJA. Physi-
ological melatonin levels in healthy older people: A systematic review. J 
Psychosom Res. 2016;86:20–7.

	 40.	 Burgess HJ, Fogg LF. Individual differences in the amount and timing of 
salivary melatonin secretion. PLoS One. 2008;3:e3055.

	 41.	 Chellappa SL, Bromundt V, Frey S, Cajochen C. Age-related neuroendo-
crine and alerting responses to light. GeroScience. 2021;43:1767–81.

	 42.	 Biggio G, Biggio F, Talani G, Mostallino MC, Aguglia A, Aguglia E, et al. 
Melatonin: From neurobiology to treatment. Brain Sci. 2021;11:1–12.

	 43.	 Herljevic M, Middleton B, Thapan K, Skene DJ. Light-induced melatonin 
suppression: Age-related reduction in response to short wavelength 
light. Exp Gerontol. 2005;40:237–42.

	 44.	 Winn B, Whitaker D, Elliott DB, Phillips NJ. Factors affecting light-
adapted pupil size in normal human subjects. Investig Ophthalmol Vis 
Sci. 1994;35:1132–7.

	 45.	 Yang Y, Thompson K, Burns SA. Pupil location under mesopic, photopic, 
and pharmacologically dilated conditions. Investig Ophthalmol Vis Sci. 
2002;43:2508–12.

	 46.	 Said FS, Weale RA. The Variation with Age of the Spectral Transmissivity 
of the Living Human Crystalline Lens. Gerontology. 1959;3:213–31.

	 47.	 Pokorny J, Smith VC, Lutze M. Aging of the human lens. Appl Opt. 
1987;26:1437–40.

	 48.	 Artigas JM, Felipe A, Navea A, Fandiño A, Artigas C. Spectral transmis-
sion of the human crystalline lens in adult and elderly persons: Color 
and total transmission of visible light. Investig Ophthalmol Vis Sci. 
2012;53:4076–84.

	 49.	 Chaopu Y, Wenqing F, Jiancheng T, Fan Y, Yanfeng L, Chun L. Change of 
blue light hazard and circadian effect of LED backlight displayer with 
color temperature and age. Opt Express. 2018;26:27021–32.

	 50.	 Eto T, Teikari P, Najjar RP, Nishimura Y, Motomura Y, Kuze M, et al. A 
Purkinje image-based system for an assessment of the density and 
transmittance spectra of the human crystalline lens in vivo. Sci Rep. 
2020;10:16445.

	 51.	 Eto T, Ohashi M, Nagata K, Shin N, Motomura Y, Higuchi S. Crystalline 
lens transmittance spectra and pupil sizes as factors affecting light-
induced melatonin suppression in children and adults. Ophthalmic 
Physiol Opt. 2021;41:900–10.

	 52.	 Berson DM, Dunn FA, Takao M. Phototransduction by retinal ganglion 
cells that set the circadian clock. Science (80- ). 2002;295:1070–3.

	 53.	 Gooley JJ, Lu J, Chou TC, Scammell TE, Saper CB. Melanopsin in cells of 
origin of the retinohypothalamic tract. Nat Neurosci. 2001;4:1165–1165.

	 54.	 Hattar S, Liao HW, Takao M, Berson DM, Yau KW. Melanopsin-Containing 
Retinal Ganglion Cells: Architecture, Projections, and Intrinsic Photosen-
sitivity. Science (80- ). 2002;295:1065–70.

	 55.	 Turner PL, Mainster MA. Circadian photoreception: Ageing and the eye’s 
important role in systemic health. Br J Ophthalmol. 2008;92:1439–44.

	 56.	 Gabel V, Reichert CF, Maire M, Schmidt C, Schlangen LJM, Kolodyazhniy 
V, et al. Differential impact in young and older individuals of blue-
enriched white light on circadian physiology and alertness during 
sustained wakefulness. Sci Rep. 2017;7:1–13.

	 57.	 Najjar RP, Chiquet C, Teikari P, Cornut PL, Claustrat B, Denis P, et al. Aging 
of non-visual spectral sensitivity to light in humans: Compensatory 
mechanisms? Cermakian N, editor. PLoS One. 2014;9:e85837.

	 58.	 Giménez MC, Beersma DGM, Bollen P, Van Der Linden ML, Gordijn 
MCM. Effects of a chronic reduction of short-wavelength light input 
on melatonin and sleep patterns in humans: Evidence for adaptation. 
Chronobiol Int. 2014;31:690–7.

	 59.	 Akacem LD, Wright KP, LeBourgeois MK. Sensitivity of the circadian 
system to evening bright light in preschool-age children. Physiol Rep. 
2018;6:e13617.

	 60.	 Higuchi S, Nagafuchi Y, Lee S-I, Harada T. Influence of light at night 
on melatonin suppression in children. J Clin Endocrinol Metab. 
2014;99:3298–303.

	 61.	 Lee S, Matsumori K, Nishimura K, Nishimura Y, Ikeda Y, Eto T, et al. Mela-
tonin suppression and sleepiness in children exposed to blue-enriched 
white LED lighting at night. Physiol Rep. 2018;6:e13942.

	 62.	 Nagare R, Plitnick B, Figueiro MG. Effect of exposure duration and light 
spectra on nighttime melatonin suppression in adolescents and adults. 
Light Res Technol. 2019;51:530–43.

	 63.	 Crowley SJ, Cain SW, Burns AC, Acebo C, Carskadon MA. Increased 
sensitivity of the circadian system to light in early/mid-puberty. J Clin 
Endocrinol Metab. 2015;100:4067–73.

	 64.	 Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone rhythm 
following suprachiasmatic lesions in the rat. Brain Res. 1972;42:201–6.

	 65.	 Czeisler CA, Duffy JF, Shanahan TL, Brown EN, Mitchell JF, Rimmer DW, 
et al. Stability, precision, and near-24-hour period of the human circa-
dian pacemaker. Science (80- ). 1999;284:2177–81.

	 66.	 Scheuermaier KD, Lee JH, Duffy JF. Phase Shifts to a Moderate Intensity 
Light Exposure in Older Adults: A Preliminary Report. J Biol Rhythms. 
2019;34:98–104.

	 67.	 Duffy JF, Zeitzer JM, Czeisler CA. Decreased sensitivity to phase-
delaying effects of moderate intensity light in older subjects. Neurobiol 
Aging. 2007;28:799–807.

	 68.	 Klerman EB, Duffy JF, Dijk DJ, Czeisler CA. Circadian phase reset-
ting in older people by ocular bright light exposure. J Investig Med. 
2001;49:30–40.

	 69.	 Benloucif S, Green K, L’Hermite-Balériaux M, Weintraub S, Wolfe LF, Zee 
PC. Responsiveness of the aging circadian clock to light. Neurobiol 
Aging. 2006;27:1870–9.

	 70.	 Kim SJ, Benloucif S, Reid KJ, Weintraub S, Kennedy N, Wolfe LF, 
et al. Phase-shifting response to light in older adults. J Physiol. 
2014;592:189–202.

	 71.	 Sletten TL, Revell VL, Middleton B, Lederle KA, Skene DJ. Age-related 
changes in acute and phase-advancing responses to monochromatic 
light. J Biol Rhythms. 2009;24:73–84.

	 72.	 Crowley SJ, Eastman CI. Human Adolescent Phase Response Curves to 
Bright White Light. J Biol Rhythms. 2017;32:334–44.

	 73.	 Gooley JJ, Lu J, Fischer D, Saper CB. A broad role for melanopsin in 
nonvisual photoreception. J Neurosci. 2003;23:7093–106.

	 74.	 Campbell FW, Gregory AH. Effect of Size of Pupil on Visual Acuity. 
Nature. 1960;187:1121–3.

	 75.	 Gooley JJ, Mien IH, St.Hilaire MA, Yeo SC, Chua ECP, van Reen E, et al. 
Melanopsin and Rod-cone photoreceptors play different roles in medi-
ating pupillary light responses during exposure to continuous light in 
humans. J Neurosci. 2012;32:14242–53.

	 76.	 McDougal DH, Gamlin PD. The influence of intrinsically-photosensitive 
retinal ganglion cells on the spectral sensitivity and response dynamics 
of the human pupillary light reflex. Vision Res. 2010;50:72–87.

	 77.	 Gamlin PDR, McDougal DH, Pokorny J, Smith VC, Yau KW, Dacey DM. 
Human and macaque pupil responses driven by melanopsin-contain-
ing retinal ganglion cells. Vision Res. 2007;47:946–54.

	 78.	 Kankipati L, Girkin CA, Gamlin PD. Post-illumination pupil response 
in subjects without ocular disease. Investig Ophthalmol Vis Sci. 
2010;51:2764–9.

	 79.	 Kankipati L, Girkin CA, Gamlin PD. The post-illumination pupil 
response is reduced in glaucoma patients. Investig Ophthalmol Vis Sci. 
2011;52:2287–92.

	 80.	 Adhikari P, Zele AJ, Feigl B. The post-illumination pupil response (PIPR). 
Investig Ophthalmol Vis Sci. 2015;56:3838–49.

	 81.	 van der Meijden WP, te Lindert BHW, Bijlenga D, Coppens JE, Gómez-
Herrero G, Bruijel J, et al. Post-illumination pupil response after blue 
light: Reliability of optimized melanopsin-based phototransduction 
assessment. Exp Eye Res. 2015;139:73–80.

	 82.	 Daneault V, Vandewalle G, Hébert M, Teikari P, Mure LS, Doyon J, et al. 
Does pupil constriction under blue and green monochromatic light 
exposure change with age? J Biol Rhythms. 2012;27:257–64.

	 83.	 Herbst K, Sander B, Lund-Andersen H, Broendsted AE, Kessel L, Hansen 
MS, et al. Intrinsically photosensitive retinal ganglion cell function in 
relation to age: A pupillometric study in humans with special reference 
to the age-related optic properties of the lens. BMC Ophthalmol. 
2012;12:4.

	 84.	 Adhikari P, Pearson CA, Anderson AM, Zele AJ, Feigl B. Effect of Age and 
Refractive Error on the Melanopsin Mediated Post-Illumination Pupil 
Response (PIPR). Sci Rep. 2015;5:17610.



Page 12 of 12Eto and Higuchi ﻿Journal of Physiological Anthropology           (2023) 42:11 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	 85.	 Rukmini AV, Milea D, Aung T, Gooley JJ. Pupillary responses to short-
wavelength light are preserved in aging. Sci Rep. 2017;7:43832.

	 86.	 Chylack LT, Wolfe JK, Singer DM, Leske MC, Bullimore MA, Bailey IL, 
et al. The Lens Opacities Classification System III. Arch Ophthalmol. 
1993;111:831–6.

	 87.	 Sharma S, Baskaran M, Rukmini AV, Nongpiur ME, Htoon HM, Cheng CY, 
et al. Factors influencing the pupillary light reflex in healthy individuals. 
Graefe’s Arch Clin Exp Ophthalmol. 2016;254:1353–9.

	 88.	 Bitsios P, Prettyman R, Szabadi E. Changes in Autonomic Function with 
Age: A Study of Pupillary Kinetics in Healthy Young and Old People. Age 
Ageing. 1996;25:432–8.

	 89.	 Cavallotti C, Artico M, Pescosolido N, Tranquilli Leali FM, Feher J. Age-
related changes in the human retina. Can J Ophthalmol. 2004;39:61–8.

	 90.	 Kuze M, Negishi K, Koyasu T, Kondo M, Tsubota K, Ayaki M. Cataract 
type and pupillary response to blue and white light stimuli. Sci Rep. 
2021;11:1–8.

	 91.	 Eto T, Matsumori K, Lee SI, Higuchi S. Study on spectral sensitivity of 
pupillary light reflex: Comparisons of children and young adults (in 
Japanese). Japanese J Physiol Anthropol. 2018;23:63–7.

	 92.	 Ostrin LA. The ipRGC-driven pupil response with light exposure and 
refractive error in children. Ophthalmic Physiol Opt. 2018;38:503–15.

	 93.	 Curcio CA, Drucker DN. Retinal ganglion cells in Alzheimer’s disease and 
aging. Ann Neurol. 1993;33:248–57.

	 94.	 Hofman MA, Fliers E, Goudsmit E, Swaab DF. Morphometric analysis of 
the suprachiasmatic and paraventricular nuclei in the human brain: sex 
differences and age-dependent changes. J Anat. 1988;160:127–43.

	 95.	 Chee CA, Roozendaal B, Swaab DF, Goudsmit E, Mirmiran M. Vasoactive 
intestinal polypeptide neuron changes in the senile rat suprachiasmatic 
nucleus. Neurobiol Aging. 1988;9:307–12.

	 96.	 Kawakami F, Okamura H, Tamada Y, Maebayashi Y, Fukui K, Ibata Y. Loss 
of day-night differences in VIP mRNA levels in the suprachiasmatic 
nucleus of aged rats. Neurosci Lett. 1997;222:99–102.

	 97.	 Roozendaal B, van Gool WA, Swaab DF, Hoogendijk JE, Mirmiran M. 
Changes in vasopressin cells of the rat suprachiasmatic nucleus with 
aging. Brain Res. 1987;409:259–64.

	 98.	 Palomba M, Nygård M, Florenzano F, Bertini G, Kristensson K, Ben-
tivoglio M. Decline of the Presynaptic Network, Including GABAergic 
Terminals, in the Aging Suprachiasmatic Nucleus of the Mouse.  J Biol 
Rhythms. 2008;23:220–31.

	 99.	 Asai M, Yoshinobu Y, Kaneko S, Mori A, Nikaido T, Moriya T, et al. 
Circadian profile of Per gene mRNA expression in the suprachiasmatic 
nucleus, paraventricular nucleus, and pineal body of aged rats. J Neuro-
sci Res. 2001;66:1133–9.

	100.	 Davidson AJ, Yamazaki S, Arble DM, Menaker M, Block GD. Resetting 
of central and peripheral circadian oscillators in aged rats. Neurobiol 
Aging. 2008;29:471–7.

	101.	 Hofman MA, Swaab DF. Living by the clock: The circadian pacemaker in 
older people. Ageing Res Rev. 2006;5:33–51.

	102.	 Gibson EM, Williams WP, Kriegsfeld LJ. Aging in the circadian system: 
Considerations for health, disease prevention and longevity. Exp Geron-
tol. 2009;44:51–6.

	103.	 Hood S, Amir S. The aging clock: circadian rhythms and later life. J Clin 
Invest. 2017;127:437–46.

	104.	 Buijink MR, Michel S. A multi-level assessment of the bidirectional 
relationship between aging and the circadian clock. J Neurochem. 
2021;157:73–94.

	105.	 Rahman SA, St Hilaire MA, Gronfier C, Chang AM, Santhi N, Czeisler CA, 
et al. Functional decoupling of melatonin suppression and circadian 
phase resetting in humans. J Physiol. 2018;596:2147–57.

	106.	 Butler MP, Silver R. Divergent photic thresholds in the non-image-
forming visual system: Entrainment, masking and pupillary light reflex. 
Proc R Soc B Biol Sci. 2011;278:745–50.

	107.	 Hut RA, Oklejewicz M, Rieux C, Cooper HM. Photic sensitivity ranges of 
hamster pupillary and circadian phase responses do not overlap. J Biol 
Rhythms. 2008;23:37–48.

	108.	 Berson DM, Castrucci AM, Provencio I. Morphology and mosaics of 
melanopsin-expressing retinal ganglion cell types in mice. J Comp 
Neurol. 2010;518:2405.

	109.	 Ecker JL, Dumitrescu ON, Wong KY, Alam NM, Chen SK, LeGates T, et al. 
Melanopsin-Expressing Retinal Ganglion-Cell Photoreceptors: Cellular 
Diversity and Role in Pattern Vision. Neuron. 2010;67:49–60.

	110.	 Chen SK, Badea TC, Hattar S. Photoentrainment and pupillary light 
reflex are mediated by distinct populations of ipRGCs. Nature. 
2011;476:92–6.

	111.	 Schmidt TM, Chen SK, Hattar S. Intrinsically photosensitive retinal 
ganglion cells: many subtypes, diverse functions. Trends Neurosci. 
2011;34:572.

	112.	 Aranda ML, Schmidt TM. Diversity of intrinsically photosensitive retinal 
ganglion cells: circuits and functions. Cell Mol Life Sci. 2021;78:889–907.

	113.	 Li JY, Schmidt TM. Divergent projection patterns of M1 ipRGC subtypes. 
J Comp Neurol. 2018;526:2010.

	114.	 Hannibal J, Christiansen AT, Heegaard S, Fahrenkrug J, Kiilgaard JF. Mel-
anopsin expressing human retinal ganglion cells: Subtypes, distribu-
tion, and intraretinal connectivity. J Comp Neurol. 2017;525:1934–61.

	115.	 Mure LS, Vinberg F, Hanneken A, Panda S. Functional diversity of 
human intrinsically photosensitive retinal ganglion cells. Science (80- ). 
2019;366:1251–5.

	116.	 Lax P, Esquiva G, Fuentes-Broto L, Segura F, Sánchez-Cano A, Cuenca N, 
et al. Age-related changes in photosensitive melanopsin-expressing 
retinal ganglion cells correlate with circadian rhythm impairments in 
sighted and blind rats. Chronobiol Int. 2016;33:374–91.

	117.	 Esquiva G, Lax P, Pérez-Santonja JJ, García-Fernández JM, Cuenca N. Loss 
of melanopsin-expressing ganglion cell subtypes and dendritic degen-
eration in the aging human retina. Front Aging Neurosci. 2017;9:79.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Review on age-related differences in non-visual effects of light: melatonin suppression, circadian phase shift and pupillary light reflex in children to older adults
	Abstract 
	Background
	Age-related differences in melatonin suppression
	Melatonin suppression in the older adults
	Melatonin suppression in pre-school children, school children and adolescents

	Age-related differences in circadian phase shift
	Circadian phase shift in the older adults
	Circadian phase shift in children and adolescents

	Age-related differences in pupillary light reflex
	PLR in the older adults
	PLR in school children

	Conclusions
	Acknowledgements
	References


