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s u m m a r y

Light is a potent circadian entraining agent. For many people, daily light exposure is fundamentally
dysregulated with reduced light during the day and increased light into the late evening. This lighting
schedule promotes chronic disruption to circadian physiology resulting in a myriad of impairments.
Developmental changes in sleep-wake physiology suggest that such light exposure patterns may be
particularly disruptive for adolescents and further compounded by lifestyle factors such as early school
start times. This narrative review describes evidence that reduced light exposure during the school day
delays the circadian clock, and longer exposure durations to light-emitting electronic devices in the
evening suppress melatonin. While home lighting in the evening can suppress melatonin secretion and
delay circadian phase, the patterning of light exposure across the day and evening can have moderating
effects. Photic countermeasures may be flexibly and scalably implemented to support sleep-wake health;
including manipulations of light intensity, spectra, duration and delivery modality across multiple
contexts. An integrative approach addressing physiology, attitudes, and behaviors will support optimi-
zation of light-driven sleep-wake outcomes in adolescents.

© 2022 Elsevier Ltd. All rights reserved.
Light is the primary entraining agent synchronizing human
circadian rhythms to the solar day [1]. In humans, the central
pacemaker in the hypothalamic suprachiasmatic nucleus (SCN)
orchestrates the circadian timing of bodily processes, including
sleep-wake patterns, hormone expression (melatonin, cortisol),
and body temperature over the 24-h light-dark cycle [2]. Melatonin
rises in the evening (typically associated with sleep onset), and
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peaks in the early morning hours before falling to low levels during
the daytime [3]. In tandem, cortisol rises in the early morning
(typically associated with wakefulness) and declines across the day
until reaching an evening nadir [3]. Among other cues, these hor-
monal signals synchronize the timing of molecular clocks found in
the body and collectively this network of oscillators drives robust
daily rhythms throughout our body.

In modern society, our exposure to sunlight is diminished such
that we spend approximately 90% of our time indoors under low
intensity light levels [4,5]. With the post-industrial rise of inex-
pensive electric lighting [6], society is increasingly exposed to
electric light across the day, evening, and beyond bedtime, with
patterns, intensity, and spectra of light diverging from that of the
natural 24-h light-dark cycle. This pattern of daytime and evening
electric light exposure may disrupt circadian rhythms and sleep
patterns.
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Adolescents are at heightened risk for sleep and circadian
disruption related to light exposure due to physiological changes
coinciding with puberty which include a shift to later sleep timing
[7]. Adolescents at a late pubertal stage exhibit slower accumula-
tion of homeostatic sleep pressure across the day relative to ado-
lescents in early pubertal stages, contributing to a sleep schedule
that is delayed relative to that of adolescents in early puberty [8].
Adolescents also demonstrate delays in circadian timing, which
begin in pre-puberty (~9e10 years) and peak at the age of 20 years
on average followed by a subsequent advance, providing a biolog-
ical indicator for the onset and conclusion of adolescence, respec-
tively [9,10]. Based on circadian principles, the delay in sleep-wake
timing in adolescence could be easily explained by an age-
dependent change in circadian cycle length or sensitivity to light.
Unfortunately, neither explanation has been strongly supported by
the literature. While initial research supported a lengthening of the
endogenous circadian period during adolescence [11], other work
found no differences in circadian period between adolescents and
adults [12]. Another mechanistic explanation would be age-
dependent changes in the sensitivity of the circadian system to
light. Youth entering puberty display an increased light-driven
melatonin suppression across a range of illuminance levels (rela-
tive to adolescents at a later pubertal stage [13]. When compared to
adults, youth as a whole displayed greater melatonin suppression
in response to light than their parents [14]. These findings, taken
together with research showing a strong melatonin suppression
response to light in preschool children, suggest that sensitivity to
evening light diminishes across development, making alterations in
evening light sensitivity not especially unique to puberty [15].
Moreover, in late-to- post-pubertal adolescents, the phase response
curve to white light was comparable to that observed in a separate
sample of adults using the same protocol [7,16]. Although more
work is needed, findings to date cannot explain the sleep delay seen
in adolescents by systematic changes in circadian period or light
sensitivity.

Beyond physiological changes, a number of behavioral and
contextual changes present during adolescence may contribute to
the observed delays in sleep-wake timing. For example, adoles-
cents undergo a rising sense of independence, increased
engagement in social and extracurricular activities, heightened
use of electronic devices, and growing academic pressures e all of
which contribute to delayed bedtimes [17,18]. Late bedtimes
combined with school-induced early rise times result in a sleep
debt typically relieved by sleeping-in during the weekends. In
turn, these late weekend rise times reduce adolescents' sleep
pressure and delay their circadian phase further reinforcing this
delayed sleep-wake cycle [19,20]. This pattern fuels a cycle of
‘social jet lag’ in which this mismatch between delayed circadian
timing and school schedule leaves adolescents sleepy and
fatigued, particularly at the outset of the school week [21]. This
dysregulated sleep cycle may contribute to the emergence of
mental and physical challenges in adolescents [22]. Thus,
improving adolescent light health may allay daytime impairment
and mitigate risk for mental and physical health problems.

This narrative review summarizes the impact of electric light on
adolescents, with particular reference to circadian phase response,
melatonin suppression, cognitive arousal, and sleep disruption. It
offers a research agenda to optimize adolescent circadian health
through understanding the interactions between electric lighting
parameters and behavior.

1. Light sensation, measurement, and application

There is increasing recognition that the non-image forming
effects of light drive human physiology and behavior. The
2

intrinsically photosensitive retinal ganglion cell (ipRGC) photo-
receptors are the neural substrate linking the retina to the SCN
[23,24] to control circadian rhythms as well as to brain regions
that correspond to sleep, cognition, and pupil control [24]. IpRGCs
express the melanopsin photopigment that is maximally sensitive
to ~480 nm (‘blueish-greenish’ light) [25e27] abundant in sun-
light and some electric lighting, while also relaying sensory sig-
nals initiated by rods and cones that are functionally dissociable
[28e31] including in the SCN [24]. IpRGC activation (via excitation
of melanopsin as well as rod and cone photopigments) is the most
functionally relevant indicator of light's impact on non-image
forming behaviors and the best predictor of circadian responses
such as melatonin suppression and circadian phase shifting [32].
Notably, the peak sensitivity of melatonin suppression is to
shorter wavelengths than the peak of the melanopsin photopig-
ment [33], and so other photoreceptor contributions (such as S-
cones) may be important [34,35].

Advances in lighting technology have led to differences in the
spectral power distributions of luminaires. Newmeasures from the
International Commission on Illumination (CIE) can estimate mel-
anopsin and other photoreceptor excitations for any given light
source if the spectral power distribution is known [36], but have
rarely been reported in the adolescent lighting literature. They
instead report measures weighted by the sensitivity of the image
forming pathways only, such as luminance (cd/m2) or illuminance
(lux), and/or studies report commercially available specifications
such as correlated color temperature/kelvin (CCT; K) [37], which are
inadequate for characterizing the photopic stimulus for non-image
forming vision. Although the new CIE measures do not account for
higher-order retinal circuits, the incorporation of non-image
forming anatomy and physiology can predict circadian responses
for complex lights [38] even using standard image forming industry
measures that do not take into account ipRGC activation [39].

Aside from spectral composition, light's physical properties such
as timing, intensity, and spatial distribution can powerfully affect
human circadian rhythms. The circadian phase response curve to
light describes the magnitude and direction of circadian phase
shifts in response to the biological timing of light stimulation: Light
administered before the core body temperature minimum or other
markers of circadian timing (e.g., midpoint of sleep) typically delays
circadian phase, whereas light administered after typically ad-
vances circadian phase [40]. Practically, this means that exposures
in the biological morning advance the rhythm, while exposures in
the biological evening delay the rhythm [1]. The phase shifting
effects of light vary with the intensity and duration of the photic
stimulation [41e43] where longer exposures drive larger phase
shifts and increased melatonin suppression, but shorter exposures
more efficiently shift circadian phase and suppress melatonin on a
photon-for-photon basis. Lights of increasing intensity more
strongly stimulate the circadian system, where short-wavelength
light produces the most robust melatonin suppressing, phase
shifting, and alerting effects [44e46]. Spatially, light sensed across
the retina may not be equally weighted for non-image forming
purposes [47,48] but is difficult to control in real-world environ-
ments. These physical characteristics of light intersect to dynami-
cally stimulate the circadian system, with no single factor
considered in isolation being sufficient [26].

2. Electric lighting exposure

Electric lighting is prevalent in schools, homes, workplaces and
personal electronic devices. Adolescents are arguably at the
greatest risk for circadian disruption by lighting relative to other
developmental groups due to the discrepancy between their in-
ternal circadian timing, which promotes an extremely evening
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chronotype, and early school start times that promote an early rise
time, even if the body is not well rested. Given that adolescents can
spend much of the day indoors, daytime exposures can lack the
high intensity and short wavelengths to robustly entrain the
circadian system. Evening light exposures can also be of (relatively)
high intensity, long duration, with significant short-wavelength
content to delay circadian phase and disrupt sleep patterns, while
further promoting nighttime activities into the late evening. In
subsequent paragraphs we describe this literature, though it should
be noted that the conclusions drawn are limited by characterization
of the photic stimuli for image forming vision, rather than for non-
image forming vision.

2.1. Light exposure in school

School comprises a substantial portion of adolescents’ sched-
ules, ~33 h per week in the U.S [49]. Educational lighting stan-
dards (e.g. IES RP-3-20) were developed to address visual
performance to support perceptual vision (e.g., minimizing glare,
improving visibility, providing sufficient horizontal and vertical
illuminance for specific settings and tasks, incorporating and ac-
counting for daylighting), but are not optimized for NIF vision and
circadian needs [50,51]. Reduced short-wavelength light exposure
(using orange-tinted glasses to block short-wavelength light)
from rise time until the end of the school day produced delays in
dim light melatonin onset (DLMO) [52,53] and demonstrate the
importance of obtaining sufficient short-wavelength light during
the school day.

Adolescents may also reside in highly structured or confined
settings, including boarding schools, juvenile detention facilities,
immigration detention centers, and residential treatment facilities.
Juvenile detention centers were shown to have lower illuminance
(124 lux v. 297 lux), fewer windows (2 v. 7), and earlier lights-on
(6:07 a.m. v. 6:54 a.m.) and lights-off (8:42 p.m. v. 9:06 p.m.)
times relative to treatment centers [54]. Additionally, adolescents
from juvenile detention centers reported bedtimes approximately
50 min earlier than their sleep onset times [55]. This has implica-
tions for misalignment between the delayed circadian timing pre-
sent in many adolescents and demands on sleep-wake schedule
(i.e., early bed and rise times) for youth in juvenile detention cen-
ters, and resulting insomnia [54]. Future experimental investiga-
tion is warranted to examine objective effects of electric light
exposure patterns in structured adolescent institutional residential
settings on sleep and circadian outcomes to establish the degree to
which lighting interventions are needed.

2.2. Outdoor electric light at night

Light at night (LAN) is a concern [56] for sleep-wake health,
especially where efficient electrical grids and lighting promote
year-round street lighting throughout the night in urbanized parts
of the world [57]. While high pressure sodium lighting is the most
prevalent form of street lighting, LED street lighting use is
increasing [56,58] and may produce greater circadian or sleep
disruptions due to the short-wavelength spectral peak inherent to
LED technology [59]: One hour of 18 lux or 27 lux white 6900 K LED
light was predicted to stimulate the circadian system to a small
extent (i.e., predicted 12%e15% melatonin suppression), while
metal halide (4000 K), high-pressure sodium (2050 K), and two
cool white LED light sources (5200 K; 6900 K) did not suppress
melatonin [60]. Satellite measures of outdoor LAN were associated
with increased subjective eveningness and later midpoint of sleep,
after accounting for age and sex [61], and a later subjective week-
night bedtime, after controlling for sociodemographic factors in
adolescents [62]. These studies are limited by a lack of individual
3

light-level readings, as nocturnal satellite readings do not correlate
with individual indoor light exposure levels in adults or 11-to-13-
year-old children [63,64], except during the darkest period of
night and only in youth whose parents reported that outdoor light
occasionally or often influences indoor light levels (weak correla-
tion) [63]. However, satellite measures may still add value as they
reflect community-level differences in LAN exposure (e.g., satellite
LAN readings were correlated with increased air pollution, urban-
icity, population density, reduced greenery, and lower socioeco-
nomic status in youth) [63,65]. An expert panel recommended
measuring LAN with calibrated devices whenever possible and
using these data to validate questionnaires to serve as a reliable
proxy for objective LAN measures in epidemiological studies [64].

2.3. Light-emitting electronic devices

A number of studies have evaluated the relationship between
light-emitting electronic devices and adolescent sleep. Cross-
sectional studies show device usage is associated with later bed-
times, longer sleep onset latency, reduced sleep duration, and
increased sleep problems [66]. Mobile phones may account for
much of the impairment, with increased duration and later timing
of use associated with poorer sleep quality in adolescents [67].
However, this relationship may be mediated by several mecha-
nisms: Using electronic devices before bed or in bed may directly
displace sleep with the user remaining awake longer thanwithout
the device [68,69]. Some adolescents may engage with the device
due to difficulty initiating sleep [68], and the device itself may
have an alerting or physiologically arousing effect, delaying the
settling process that promotes sleep onset [69]. The LED screens in
many electronic devices emit short-wavelength light that is
known to delay circadian timing with evening exposure, and there
have long-been concerns that light-emitting devices contribute to
suppression of slow wave sleep in the first non-rapid eye move-
ment cycle and delays in sleep and circadian timing [69e71].
While light intensity and spectrum can both be of concern with
these devices, it is likely that light intensity, rather than spectrum,
is the dominant factor contributing to disruption [72] under real-
world device usage.

Laboratory-controlled studies have evaluated the impact of light
exposure from various electronic devices. A comparison of 1 h of
evening exposure to bright (80 lux), dimmed (1 lux), and short-
wavelength filtered (50 lux) tablet light exposure in adolescents
showed no differences in a variety of sleep measures [73]. In a
separate study, exposure to 2 h (but not 1 h) of self-luminous tablet
light (40 lux) at maximum brightness among adolescents and
young adults was associated with increased melatonin suppression
[74]. These findings suggest that extended evening light exposures
can inhibit the evening rise in melatonin, but the impacts on
adolescent sleep are unknown.

Addressing the lack of ecological validity in laboratory studies, a
home-based study in adolescents showed that viewing various self-
luminous devices (average 87 lux) without orange-tinted (blue-
light-blocking) glasses for 2 h on one evening was associated with
increased melatonin suppression relative to viewing them through
orange-tinted glasses for 3 h [75]. Further, viewing self-luminous
devices without orange-tinted glasses was associated with mela-
tonin suppression following exposure for 1 and 2 h. Adolescents
appear sensitive to light from electronic devices at 1 and 2 h of
exposure in the home environment. However, it is unclear how
device type, style of device engagement, and home lighting influ-
enced outcomes [75].

A further home-based study in undergraduate students showed
no main effects for tablet light exposure (unfiltered [< 200 lux] or
short-wavelength filtered light [200 lux]) or stimulation level
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(participant's Facebook account versus a sham Facebook account
designed to be unstimulating), but found that the short-
wavelength filtered and low stimulation condition was associated
with significantly better self-reported sleep quality, sleep duration,
sleep onset latency, and daytime function relative to the other
conditions [76]. The pattern of findings suggests that engaging in
stimulating tasks while using electronic devices before bed disrupts
sleep regardless of spectrum, but only the modification of stimu-
lation level and light spectrum in tandem is associated with
improved subjective sleep and daytime functioning.

2.4. Home lighting

Although there has beenminimal investigation of home lighting
exposure among adolescents, studies in rural populations with and
without electric home lighting are informative. Adolescents in rural
Brazil with electric home lighting showed reduced sleep duration
on school days relative to weekends and across the week, later
sleep onset on school days relative to adolescents without electric
home lighting [77,78]. However, the duration of evening light
exposure is an important consideration. As a benchmark, 30 min of
exposure to 30 lux is suggested as the threshold at which light
begins to stimulate the circadian system (predicting 15% melatonin
suppression) for incandescent lighting exposure in the home
among women [79]. In young adults, brighter home lighting was
associated with later DLMO relative to dim home lighting, indi-
cating the circadian phase-delaying influence of increased light
intensity [80]. Laboratory-controlled research corroborates these
findings, indicating exposure to 3 h of fluorescent evening bright
light (2000 lux) suppressed the rise in melatonin, whereas expo-
sure to 3 h of dim light (60 lux) did not [81].

Wearable spectrometers indicate melanopic illuminance in the
3 h prior to bedtime can vary more than 10-fold (3.9e77.4 mela-
nopic lux) across homes [82]. The melanopic illuminance required
for 50% melatonin suppression ranged from 3.1 to 181 melanopic
lux, suggesting a high degree of inter-individual variability in
sensitivity to any single home lighting setting [83]. Relative to
sunset, which showed rapid decreases from 181 to 3.1 melanopic
lux within 22 min, the melanopic content of home lighting per-
sisted through the evening, with an average of 13 melanopic lux
observed at 10:00 p.m., suggesting home lighting extends sunset in
terms of its impact on the circadian system. Higher melanopic
illuminance within the 3 h before bedtime was associated with
increased wakefulness in the 90 min following bedtime. Higher
melanopic illuminance was measured in homes with fluorescent
and LED lighting, relative to incandescent lighting, suggesting that
newer lighting technologies can negatively impact sleep and
circadian health [83].

This is also relevant for sleeping environments within institu-
tional residential facilities. Fifty-eight percent of youth across
multiple juvenile detention facilities reported partial or overhead
lights were turned on in spaces designated for sleep, and 23%
endorsed the presence of “other” types of lighting, with the ma-
jority of those “other” sources being ‘blue’ light. Youth reported
night awakenings lasting 16.8 min, and sleep quality and difficulty
rising in the average range [55]. Although descriptive, findings
suggest the presence of sleep- and circadian-disrupting lighting
practices in juvenile detention facilities; and these may extend to
other types of institutional residential facilities.

2.5. Light exposure across the day and evening

Beyond the immediate impact of light exposure delivered in
specific contexts, cumulative light exposure history is important:
increased daytime light exposure is associated with increased
4

evening melatonin production and advanced circadian phase
[84,85]. This may in part be due to daytime light reducing subse-
quent sensitivity to evening light [86,87]. In a small (n¼ 15) sample
of adolescents, higher prior-day mean light intensity predicted
earlier sleep onset but not offset, and longer sleep duration [88]. A
bidirectional association was found, with later prior-night sleep
offset predicting lower mean light intensity. Similarly, evening
chronotype adolescents with lower intensity light exposures across
the preceding 24 h had later sleep onset and offset. Later last-
exposure >10 lux of light associated with later sleep onset and
bedtime and a reduction in total sleep time [89]. Reduced morning
light was associated with later sleep onset, next-day offset, and rise
time (see Fig. 1). Decreased afternoon-to-early-evening light was
associated with later sleep onset, and increased evening-to-late-
night light was associated with decreased total sleep time [89].

In a case-control study over 2 weeks, adolescents with delayed
sleep-wake phase disorder (DSWPD) received less morning light
and more evening light relative to controls. Interestingly, evening
light levels (8:00 p.m. to 5:00 a.m.) were relatively dim (<48 lux)
across both groups and all week days (school and non-school), with
less morning light on school relative to non-school days. As ado-
lescents slept in dim light, above findings suggest light exposure
patterns among groups werewell aligned with group differences in
sleep schedule, and school vs. non-school days [90]. When data
were reanalyzed relative to sleep onset rather than clock time,
adolescents with DSWPD instead had less pre-sleep light exposure
in the 9 h prior to sleep onset than controls, and showed no dif-
ference in light exposure in the 9 h post-sleep offset. The authors
suggest increased evening light may not drive phase delays in ad-
olescents with DSWPD, and instead reduced sensitivity to the
advancing effects of morning light exposuremay contribute [90]. As
individuals with DSWPD have longer circadian periods, resulting in
a greater tendency to delay circadian rhythms relative to controls,
the combination of decreased evening light and comparable
morning light may serve to stabilize their rhythm, although at a
later clock time [91].

These studies show that, especially for circadian disorders, in-
dividual differences in circadian physiology and activity prefer-
ences can reveal information otherwise obscured when data are
referenced only to solar time. Further, it is important to understand
the compounding effects of photic history over time. While strong
daytime light exposures are protective against night time light
exposures, day-to-day reinforcement of circadian amplitude would
result in improved circadian amplitudes and robustness to
perturbation by evening light. The temporal kinetics of these pro-
cesses have yet to be determined in health or disease, but will
better explain how photic history can attenuate (or facilitate) the
acute effects of lighting.

3. Electric lighting interventions and corrective agents

Modern light therapy (LT) originated in the 1980s to combat
depressed mood in seasonal affective disorder [92] and has been
applied to an array of sleep and psychiatric disorders. LT tradi-
tionally involved remaining seated for 30 min to 1 h in front of a
“light box” emitting white light of 2500 to 10,000 lux [93]. LT is
typically administered just after waking to advance circadian phase,
and just before bedtime to delay circadian phase [93]. Morning LT is
typically administered daily until reaching the desired sleep-wake
schedule. As weekday morning use may conflict with school
schedules, an alternative is weekend-only LT to counteract circa-
dian delays. While 1 h of LT at natural weekend rise time was not
effective in mitigating the typical circadian phase delay [19],
weekend LT administered 1 h after the weekend midpoint of sleep
advanced adolescents’ circadian phase, with a greater effect still



Fig. 1. The Relationship between Light Exposure Timing and Sleep in Adolescents [1]. Decreased light from 4:00e9:00 a.m. is associated with delayed sleep onset, and next-day
sleep offset and rise time. Decreased light from 2:00e7:00 p.m. is associated with delayed sleep onset per actigraphy. Increased light exposure between 7:00 p.m.e12:00 a.m. is
associated with decreased total sleep time [1].
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with 2.5 h of light [94]. These findings underscore the importance
of administering LT within the optimal time window per the phase
response curve.

Short-wavelength light exposure is associated with increased
melatonin suppression relative to long-wavelength light exposure
in adolescents and adults [95e97], and increased morning cortisol
relative to dim light [98]. Short-wavelength LT is increasingly being
utilized. The “light box” itself may also pose treatment barriers as
the need to sit in front of the device for long durations may
decrease adherence [93]. One alternative is wearable glasses-like or
visor-like devices [99,100], which provide light therapy while the
user remains mobile to engage in other activities. Three weeks of
morning wearable, white LT resulted in improvements in sleep
onset, sleep quality, and daytime sleepiness in adolescents with
DSWPD relative to orange-light placebo [99], and sleep outcomes
align with those of the light box [101]. Wearable, short-wavelength
LT has been shown to effectively phase advance the melatonin
circadian rhythm in young adults [102], and has been investigated
in adolescents, whose findings are later detailed.

While the dominant LT paradigm has entailed long duration
light exposures, emerging studies demonstrate that the circadian
system is also sensitive to pulse trains of millisecond-scale flashes.
Such stimuli have been applied in the biological night (either
during sleep or awakened to view the stimuli) and can produce
larger phase shifts than continuous light exposure despite orders
of magnitude fewer photons [30,31,41]. Importantly, exposure to
this flashed light during the night does not increase arousal, un-
like continuous light, and does not acutely suppress melatonin.
The temporal properties of the stimuli appear critical; 2 ms [41]
and 2 s [31] flash durations can produce significant acute mela-
tonin suppression, while the phase shift response is highly
dependent on the inter-stimulus interval between flashes [41].
Flashed light paradigms likely entail strong drive to the cone or
rod photoreceptor inputs to ipRGCs that reach the SCN while
simultaneouslyminimizing the sensory adaptation occurring with
continuous light. In an in-home trial with adolescents, pulsed LT
applied during the night improved sleep timing only when paired
with cognitive-behavioral therapy (CBT) [103]. Interventions are
therefore most effective when both physiology and psychology
are supported.
5

3.1. Supplementing light therapy

Several studies have examined the influence of supplementing
morning LT with adjunctive interventions. Morning physical ac-
tivity is known to advance circadian phase, but its potential for
optimizing LT is still unclear [104]. Morning short-wavelength
(‘blueish-greenish’) or long-wavelength (‘redish’) LT with morn-
ing physical activity or sedentary activity in adolescents and young
adults with DSWPD produced no significant group differences in
improvements in sleep timing, sleep onset latency, and daytime
functioning [104]. However, the lack of objective increase in phys-
ical activity in the expected groups, and inclusion of three weekly
sessions centered on advancing sleep-wake schedule across groups
limits identification of the drivers of noted improvements [104].

Exogenous melatonin, which has soporific effects in some
when administered 30e60 min prior to sleep, and circadian phase
advancing or delaying effects when administered in the early
evening or early morning hours, respectively, has also been
investigated as an adjunctive treatment [105]. However, 2 weeks
of bright or dim LT with melatonin or placebo, along with gradual
advancement of rise times across these four groups in adolescents
and young adults yielded no significant group differences in im-
provements in DLMO, sleep disturbance, sleepiness and fatigue in
all groups [106,107]. Three additional months of combined bright
LT and melatoninwere associated with greater reductions in sleep
disturbance, sleepiness, and fatigue relative to no additional
treatment [106,107], suggesting the benefit of longer treatment
duration.

A few studies have investigated LT with CBT (i.e., psycho-
education, cognitive restructuring, motivational interviewing,
management of daytime effects of sleep loss, and relapse pre-
vention) for youth with DSWPD or delayed sleep schedule
[103,108,109]. When compared to waitlist-control, LT with CBT
showed preliminary efficacy in improving sleep onset latency,
sleep onset time, total sleep time on school nights, wake after
sleep onset, rise time, daytime sleepiness, and fatigue [108].
However, relative to LT alone, LT with CBT was associated only
with greater reductions in severity of sleep disturbance [109]. The
authors postulated that basic sleep education provided to both
groups at treatment outset may have washed out CBT effects
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[109]. A two-phase trial in adolescents addressed this research
question from multiple perspectives. Results showed that pulsed
LT produced greater improvements in sleep efficiency relative to
sham-control, whereas pulsed LT with CBT was associated with
improvements in a number of sleep measures relative to sham-
control with CBT [103]. These studies suggest LT alone may not
be sufficient to produce significant change in sleep and circadian
timing in adolescents. In contrast, LT with CBT produces more
robust effects on sleep timing and measures of sleep disturbance
in adolescents relative to waitlist-control and CBT alone, but the
degree to which this combined intervention improves upon LT
alone may require direct comparison in future studies. CBT pro-
vides additional structure and motivational enhancement to LT,
which have utility for adolescent behavioral change.

Indeed, motivational components of increased desire and
commitment to change are associated with greater adherence to
advancing rise time schedule among adolescents and young adults
receiving wearable, short-wavelength LT [110]. Beyond
individually-delivered CBT, school-based sleep education programs
(SEP) provide wider treatment disseminationwith limited provider
involvement. Such SEP could also be administered to adolescents as
part of institutional residential facility (e.g., boarding schools,
treatment center, juvenile detention center) programming.
Employing a motivational framework within SEP increased
knowledge and motivation, but not sleep or daytime sleepiness
relative to a control intervention [82]. Efforts to supplement SEP
with oneweekend of wearable, short-wavelength LT did not bolster
treatment effects on sleep knowledge, sleep outcomes, or motiva-
tion to engage in treatment components relative to SEP with
parental involvement, SEP with parental involvement and LT, and
class-as-usual; although a low dose of the adjunctive interventions
may have contributed to the lack of group differences [111].

3.2. Interventions and corrective agents to minimize evening light
exposure

An additional consideration is lighting interventions and
corrective agents minimizing evening light exposure. University
students exposed to one month of evening incandescent light
exposure with a tryptophan and vitamin B6-rich breakfast (to
stimulate synthesis of serotonin in the day, a melatonin precursor,
and subsequent melatonin synthesis in the evening) followed by
morning sunlight, had higher melatonin concentration relative to
those receiving breakfast with sunlight alone, and no intervention
[112]. Additionally, 10 nights of 1-h of pre-bedtime exposure to a
low CCT (2000 K) 160 lux white LED lighting intervention admin-
istered to adolescents within the natural bedroom environment
was associated with increased subjective sleep quality and
decreased morning sleepiness and fatigue in response to 15 min of
exercise relative to a high CCT (6000 K) 160 lux fluorescent lamp
[113]. Together, these findings suggest the importance of exposure
to evening light of low CCT when other lighting factors are equal.
Blue-light-blocking glasses, with amber or orange lenses, are
another option [114]. Two weeks of evening use from 9:00 p.m.
until bedtime was associated with earlier sleep onset time, but no
significant advance in DLMO in adolescents and young adults with
DSWPD [115]. Adolescents and young adults with sleep disturbance
or irregularity showed no significant differences in sleep duration
or night awakenings with a one-week course of blue light blocking
glasses relative to non-blue-light-blocking glasses [116]. In
adolescent males, one week of evening use of blue-light-blocking
glasses while engaged in device use was associated with signifi-
cantly less evening melatonin suppression, and reduced vigilant
attention and self-reported alertness before bedtime, but no dif-
ferences in EEG-based or subjective sleep relative to clear glasses
6

[117]. Given the lack of associated adverse effects and ease of use
over the short-term, blue-light-blocking glasses warrant further
investigation to clarify the extent of their benefits, establish
optimal wear time, and long-term feasibility.

Shifting screens to warmer colors (e.g., “night shift mode”) to
reduce short-wavelength light exposure is becoming a common
feature on personal devices. In young adults, cool (5997 K) and
warm (2837 K) CCT modes viewed through a commercial tablet on
full brightness (97.8 lux and 54.3 lux, respectively) from a distance
of 12 in. both suppressed melatonin less than short-wavelength
light-emitting (40 lux of 470 nm light) goggles, but with no effect
of CCT mode. This suggests a limited benefit of shifting CCT for
preserving evening melatonin secretion without also decreasing
illuminance [118]. With respect to sleep effects, there were no
differences in sleep patterns among 18-24-year-old young adults
using phones set to the lowest brightness, with night shift mode
enabled on the warmest color setting, no night shift mode, or no
phone use for 1 h prior to bed over 7 days in their home setting.
However, for young adults with �6.8 h of sleep per night over the
week, no phone usewas associatedwith higher sleep efficiency and
decreased wake after sleep onset relative to night shift use. Sur-
prisingly, phone use without night shift mode was associated with
decreased wake after sleep onset relative to night shift mode use;
suggesting that using night shift mode is not advantageous for
sleep relative to no night shift mode, nor comparable to no phone
use [119]. Together, these studies suggest that reducing screen
brightness or refraining from light-emitting device use in the hour
before bed outweigh the effects of warm color-shifted devices.

3.3. Circadian-adapted school lighting interventions

The school environment provides a significant opportunity to
stimulate the circadian system in adolescents. However, only a few
studies have investigated the effects of LED or short-wavelength-
enriched lighting in school settings or laboratory-based settings
which mirror the classroom. There was no effect of LED (4000 K)
relative to fluorescent (4000 K) school lighting type on afternoon
cortisol suppression over six months (November to April; winter to
spring) in 16e17-year-old students. However, the LED group
showed increased afternoon cortisol suppression during darker
months (i.e., November). Nevertheless, from the lack of lighting
differences in cortisol suppression during brighter months, authors
surmised that natural daylight conditions may have more strongly
influenced cortisol suppression than the light sources [120]. Addi-
tionally, morning exposure to short-wavelength-enriched white
LED classroom lighting (5500 K, with additional LED modules
14,000 K; 300 lux; direct/indirect luminaire) was associated with
improvements in processing speed and concentration relative to
fluorescent lighting (3000 K and 3500 K; ~300 lux; direct lumi-
naire) in high school students. Unfortunately, only a subsample
completed sleep diaries, and among them, there was no effect of
lighting system [121].

Despite the potential of circadian-adapted (short-wavelength-
enriched) lighting systems to improve daytime functioning among
students, there are concerns regarding possible adverse effects
(e.g., overstimulation, melatonin suppression in the afternoon
hours). This has spurred interest in dynamic lighting systemswhich
alter CCT across the day [122]. In a laboratory-controlled experi-
ment, exposure to 10 min of dynamic LED lighting (6500 K short-
wavelength-enriched white light to 5000 K neutral white light;
illuminance at 800e1000 lux) was associated with increased
objective focus and arousal relative to 10 min of constant neutral
white light (5000 K at 800e1000 lux) and 10 min of lights-off (<1
lux) in high school students [122]. While some LED lighting pro-
duces alerting effects, this is dependent on the luminaire's design,
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and laboratory-controlled research needs to determine how the
physical parameters of the light (e.g., spectrum, intensity) can be
optimized by time of day to enhance circadian entrainment and
improve sleep patterns.

A separate laboratory-controlled study showed that morning
short-wavelength (‘blue-ish’)-enriched fluorescent lighting (peak
at 458 nm; 1063 lux) was associated with enhanced attention on
school-like tasks relative to morning long-wavelength (‘red-ish’)-
enriched fluorescent lighting (peak at 611 nm; 876 lux); and
circadian-consistent lighting (i.e., 1 h of short-wavelength-enriched
morning light and 1 h of long-wavelength-enriched evening light)
was associated with non-significant trends toward decreased
nighttime awakenings. A subsample who received later evening
light exposure trended towards reduced sleep onset latency rela-
tive to circadian-contrasting lighting (i.e., morning long-
wavelength-enriched light and evening short-wavelength-
enriched light). Thus, lighting environments during the school
day and at home in the evening might improve sleep when they
mimic the naturalistic changes in light that occur across the solar
day and evening [123]. Aforementioned adolescent institutional
residential facilities could provide a structured environment
through which to test the effects of such lighting regimens on sleep
and circadian timing.

Some studies are limited by the measurements reported, as
spectral power distribution may differ for light of the same CCT,
impacting the light source's effects on the circadian system.
Further, classroom lighting simulations indicate that luminaires
with a high vertical illuminance to horizontal illuminance ratio are
recommended for overhead classroom lighting to better impact the
circadian system, and illuminance has a greater impact on circadian
stimulus than CCT (K). Guidelines recommend maximizing energy-
efficiency of circadian-adapted classroom lighting through use of
supplemental short-wavelength light, luminaires with high
vertical-to-horizontal illuminance, and the strategic use of direct
and indirect luminaires [124].
Practice Points

1. Adolescents display physiological (circadian phase

delay, slower sleep debt accumulation) and contextual

changes which may enable increased evening light

exposure in association with delayed bedtimes.

2. Longer durations of exposure to light from electronic

devices inhibit evening rise in melatonin, but there is not

yet clear evidence that the dim light emitted from elec-

tronic devices causes the delay in sleep onset seen in this

age group.

3. Morning LT alone may not be sufficient to improve sleep

and circadian timing in adolescents. CBT may boost

therapeutic response to LT.

4. Modifications to light exposure across settings are likely

to be more successful the closer they recapitulate the

solar day (i.e., bright days and dark nights).
4. Conclusion

Adolescence is marked by delays in the timing of sleep which
are likely explained by a combination of physiological (i.e., slower
accumulation of homeostatic sleep drive, delaying of circadian
phase) and contextual-behavioral (e.g., homework burden,
extracurricular activities, social interests and pressures) factors
that contribute to increased evening light exposure. The principal
drivers of these changes in sleep timing are not known and
developing a mechanistic understanding is important to design
optimal interventions that support sleep-wake health in
adolescents.

Much emphasis has been placed on examining the relation be-
tween light emitted by electronic devices as a source of sleep and
circadian disruption among adolescents. Despite a tenuous rela-
tionship found, particularly at shorter exposures, there are a
number of other facets of device use (e.g., timing, intensity, viewing
distance, stimulation level of activity, contrast with daylight light-
ing) which may intersect to impact sleep and circadian rhythms.
These characteristics require further investigation in in situ exper-
iments with a special emphasis on the effects of home lighting.

An important question is whether adolescents collectively
display unique light exposure patterns relative to other age groups.
New technologies such as wearable light spectrometers capture
the complexities of light exposure throughout the day and night.
Understanding the behavioral (e.g., physical activity, social and
school engagement, disruptive behavior), contextual (e.g., school
7

schedule, family environment, neighborhood, culture), and
emotional (e.g., depression, anxiety) predictors of light exposure
patterns among adolescents is an important area for future work.
With this knowledge, the hope is that tailored interventions can be
applied to correct the common sleep-related problems and daytime
impairments observed in this age group.

Despite uncertainties regarding adolescent differences in light
sensitivity and exposure, delayed circadian phase is a hallmark of
adolescence [7]. While morning LT is confirmed to correct circadian
phase delay, morning LT in isolation may not substantially advance
circadian phase and improve sleep in adolescents. LT protocols have
included overt adjunctive components (e.g., CBT, motivational
interviewing, supplemental melatonin, physical activity) or
behavioral components (i.e., sleep hygiene, advancing of sleep-
wake schedule), which cloud the ability to parse the unique con-
tributions of each element to treatment response. Component
analysis would support the identification and prioritization of in-
terventions that maximize motivation, treatment engagement, and
therapeutic outcomes in this group. Ambient lighting systems may
also address adolescent motivational issues by providing a lower-
effort LT delivery modality. Schools (e.g., first classroom of the
day) and institutional settings provide one such means of admin-
istering LT, should future research indicate that short-wavelength-
enriched lighting improves sleep and circadian timing in these
settings. Home-based interventions perhaps hold more immediate
relevance, and among them, dynamic home lighting [125], or better
still, tunable home lighting personalized to individual circadian
needs and light sensitivities [126] may be most effective.

LED lighting is expected to dominate both institutional and
home settings in the immediate future [127] with the capacity for
high intensity and precision temporal and spectral tuning. While
human centric or circadian lighting is already being marketed to
consumers, in many cases the science does not support the
manufacturer claims [72]. Additionally, there are significant inter-
individual differences in non-image forming light sensitivities
[128] and these differences may eclipse the relatively minor
modulations to the physical properties of light that have been
studied [30]. Understanding the source(s) of this variability in
light sensitivity, and any interactions with adolescence, is neces-
sary for moving towards personalized and powerful lighting in-
terventions [126].



Research Agenda

Future research should:

1. Understand the extent to which physiological changes

relative to behavioral and contextual factors contribute to

the delays in sleep-wake timing observed during

adolescence.

2. Evaluate developmental differences in light exposure

patterns using calibrated wearable spectrophotometers,

and pending differences, investigate the degree to which

prescribed changes to light exposure among adolescents

improve social jetlag and daytime functioning.

3. Identify behavioral, contextual, and emotional predictors

of light health.

4. Perform component analysis to ascertain the active ele-

ments of multi-component LT interventions.

5. Investigate the impact of circadian-adapted continuous

or dynamic lighting interventions on sleep and circadian

outcomes across multiple settings.

6. Better quantify lighting devices using emerging metrics

and light spectral power distribution in published

reports.
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