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IMPORTANCE Indoor nighttime light exposure influences sleep and circadian rhythms and is
known to affect mood-associated brain circuits in animals. However, little is known about the
association between levels of nighttime outdoor light and sleep and mental health in the
population, especially among adolescents.

OBJECTIVE To estimate associations of outdoor artificial light at night (ALAN) with sleep
patterns and past-year mental disorder among US adolescents.

DESIGN, SETTING, AND PARTICIPANTS This population-based, cross-sectional study of US
adolescents used the National Comorbidity Survey–Adolescent Supplement, a nationally
representative cross-sectional survey conducted from February 2001 through January 2004.
A probability sample of adolescents aged 13 to 18 years was included. Analyses were
conducted between February 2019 and April 2020.

EXPOSURES Levels of outdoor ALAN, measured by satellite, with means calculated within
census block groups. ALAN values were transformed into units of radiance (nW/cm2/sr).

MAIN OUTCOMES AND MEASURES Self-reported habitual sleep patterns (weeknight bedtime,
weeknight sleep duration, weekend bedtime delay, and weekend oversleep) and past-year
mood, anxiety, behavior, and substance use disorders, measured via an in-person structured
diagnostic interview. Parent-reported information was included in behavior disorder
diagnoses.

RESULTS Among 10 123 adolescents (4953 boys [51.3%]; mean [SE] age, 15.2 [0.06] years
[weighted]; 6483 for behavior disorder outcomes), ALAN was positively associated with
indicators of social disadvantage, such as racial/ethnic minority status (median [IQR] ALAN:
white adolescents, 12.96 [30.51] nW/cm2/sr; Hispanic adolescents: 38.54 [47.84] nW/cm2/sr;
non-Hispanic black adolescents: 37.39 [51.88] nW/cm2/sr; adolescents of other
races/ethnicities: 30.94 [49.93] nW/cm2/sr; P < .001) and lower family income (median [IQR]
ALAN by family income-to-poverty ratio �1.5: 26.76 [52.48] nW/cm2/sr; >6: 21.46 [34.38]
nW/cm2/sr; P = .005). After adjustment for several sociodemographic characteristics, as well
as area-level population density and socioeconomic status, this study found that higher ALAN
levels were associated with later weeknight bedtime, and those in the lowest quartile of
ALAN reported the longest weeknight sleep duration. Those in the highest quartile of ALAN
went to bed 29 (95% CI, 15-43) minutes later and reported 11 (95% CI, 19-2) fewer minutes of
sleep than those in the lowest quartile. ALAN was also positively associated with prevalence
of past-year mood and anxiety disorder: each median absolute deviation increase in ALAN
was associated with 1.07 (95% CI, 1.00-1.14) times the odds of mood disorder and 1.10 (95%
CI, 1.05-1.16) times the odds of anxiety disorder. Further analyses revealed associations with
bipolar disorder (odds ratio [OR], 1.19 [95% CI, 1.05-1.35]), specific phobias (OR, 1.18 [95% CI,
1.11-1.26]), and major depressive disorder or dysthymia (OR, 1.07 [95% CI, 1.00-1.15]). Among
adolescent girls, differences in weeknight bedtime by ALAN (third and fourth quartiles vs first
quartile) were greater with increasing years since menarche (F3, 8.15; P < .001).

CONCLUSIONS AND RELEVANCE In this study, area-level outdoor ALAN was associated with
less favorable sleep patterns and mood and anxiety disorder in adolescents. Future studies
should elucidate whether interventions to reduce exposure to ALAN may positively affect
mental and sleep health.
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D isturbances in daily rhythms of sleep and activity have
long been observed in individuals with mental disor-
ders, especially mood disorders.1 This association is

thought to be bidirectional, and not simply because of an ef-
fect of mental disorder on daily rhythms. For example, pro-
spective high-risk studies have identified sleep disturbances
as an early antecedent of bipolar disorder.2 A longitudinal com-
munity study of youths demonstrated prospective bidirec-
tional associations between sleep problems and anxiety dis-
order, with sleep problems associated with subsequent anxiety
disorder and vice versa.3 Furthermore, among people with bi-
polar disorder, disturbances to behavioral rhythms often pre-
cede mood episodes,4 and changes in activity levels were found
to drive changes in mood over time.5

Daily rhythms are primarily driven by the light-dark cycle,
which is the body’s major source of information about the time
of day.6 The secretion of melatonin begins at dark and is
strongly inhibited by exposure to light. Light is also the pri-
mary driver of the innate circadian rhythms of cellular and ge-
netic processes. Light information is transmitted through reti-
nal pathways to the suprachiasmatic nucleus, which acts as the
body’s central clock and helps to synchronize peripheral clocks
with the environment. It is thought that exposure to light at
night increases disease risk by contributing to dysregulation
and desynchronization of behavioral and biological daily
rhythms.7,8

In 2012, the American Medical Association issued a policy
statement9,10 citing concerns about the health outcomes of
nighttime lighting, including mood disorders. Multiple lines
of evidence support the idea that aberrant light exposure may
negatively affect mood. Studies using animal models have
shown that light affects depressionlike and anxietylike
behaviors and have begun to elucidate neural mechanisms for
these outcomes.11-13 In addition, human studies measuring
exposure to indoor artificial light at night (ALAN) have
documented associations with mental health.14-17 Moreover,
light therapy has long been used as a treatment for mood
disorder.18,19

In addition to individual-level indoor exposure, expo-
sure to outdoor ALAN at the contextual level may influence
mental health. Several community-based and population-
based studies have demonstrated associations between out-
door ALAN and sleep patterns.20-24 ALAN has also gained at-
tention as a risk factor for chronic diseases, particularly cancer
and obesity.20,25,26 To our knowledge, only 1 prior study27 has
focused on the association between outdoor ALAN and men-
tal health at the population level. This study, conducted among
a representative sample of South Korean adults, showed that
those living in districts with higher levels of outdoor ALAN were
more likely to report depressive symptoms and suicidal ide-
ation or attempt.27 In the current study, we leverage data from
a nationally representative sample of US adolescents to esti-
mate associations of outdoor ALAN with sleep patterns and
mental disorder, including broad disorder classes as well as in-
dividual disorders, in the past year. We focus on adolescents
because of evidence that mental disorders commonly emerge
during adolescence28 and evidence from animal studies that
indicates that early exposure to ALAN may have long-lasting

effects.29,30 As a secondary aim, we assessed whether asso-
ciations differed by sex and age (among adolescent boys) or
pubertal maturation (among adolescent girls).31,32

Methods
Sample
We used data from the National Comorbidity Survey–
Adolescent Supplement (NCS-A), a nationally representative
cross-sectional survey of adolescents residing in the contigu-
ous US that was conducted from February 2001 through Janu-
ary 2004.33 A complex sampling design with dual household
and school sampling frames was used. Adolescents in the
NCS-A were sampled from across the US, from the same coun-
ties as adults in the NCS–Replication, a nationally representa-
tive survey of US adults.34 A total of 10 123 adolescents aged
13 to 18 years participated, with an overall response rate of
75.6%. In-person interviews assessing mental disorders and
a range of individual, familial, and contextual characteristics
were administered in adolescents’ homes by trained lay
interviewers.35 In addition, parents or guardians were mailed
a parent self-administered questionnaire (PSAQ), data from
which are available for 6483 adolescents. The NCS-A’s proce-
dures were approved by the human subjects committees of
Harvard Medical School and the University of Michigan. Writ-
ten informed consent and assent were obtained from parents
and adolescents, respectively. This study was determined not
human subjects research by the National Institutes of Health
Office of Institutional Review Board Operations.

Measures
Mental Disorder
Mental disorders were assessed during in-person interviews
using a modified version of the World Health Organization
Composite International Diagnostic Interview version 3.0, a
fully structured, lay-administered instrument that generates
psychiatric diagnoses according to DSM-IV criteria.35-37 Here
we considered 4 broad classes of past-year mental disorder:
mood (major depressive disorder, dysthymia, and bipolar I and
II disorders), anxiety (agoraphobia without panic, specific pho-
bia, social phobia, generalized anxiety disorder, panic disor-
der, posttraumatic stress disorder, and separation anxiety dis-

Key Points
Question Are levels of outdoor artificial light at night associated
with adolescent sleep patterns and past-year mental disorder?

Findings In a cross-sectional, nationally representative survey of
US adolescents, higher levels of outdoor artificial light at night,
measured via satellite, were associated with later weeknight
bedtimes; those in the lowest quartile of nighttime light reported
the longest weeknight sleep durations. Adolescents in areas with
greater levels of nighttime light also had higher prevalence of
past-year mood and anxiety disorders.

Meaning Future studies of adolescent mental and sleep health
should consider contextual-level measures of light at night, in
addition to individual-level exposure.
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order), substance use (alcohol and drug abuse and
dependence), and behavior (conduct disorder, oppositional de-
fiant disorder, and attention-deficit/hyperactivity disorder).
Mood, anxiety, and substance use disorder diagnoses were
based on adolescent interviews alone. To maximize validity,
diagnoses of conduct disorder and oppositional defiant dis-
order were based on both adolescent and parent reports, com-
bined using an or rule at the symptom level, while diagnoses
of attention-deficit/hyperactivity disorder were based on par-
ent reports alone.38,39

Sleep Patterns
During the interview, adolescents were asked what time they
usually go to bed on weeknights and weekends, and how many
hours of sleep they usually get on weeknights and weekends.
From this, we derived 4 sleep patterns: weeknight bedtime,
weeknight sleep duration, weekend bedtime delay (weekend
bedtime minus weeknight bedtime), and weekend oversleep
(weekend sleep duration minus weeknight sleep duration). The
first 2 measures captured mean sleep patterns, while the sec-
ond 2 captured day-to-day variability in sleep patterns. These
patterns have been studied previously in association with men-
tal health and contextual exposures in the NCS-A.40-42

Adolescent-reported sleep patterns contained anoma-
lous reports that were likely spurious (eg, a weekend sleep du-
ration of 24 hours). To mitigate the influence of spurious re-
ports, observations outside of 3 SDs were omitted prior to
calculating sleep patterns (weeknight bedtime: 223 individu-
als; weeknight sleep duration: 62 individuals; weekend bed-
time: 400 individuals; weekend sleep duration: 63 individu-
als). Total rates of missingness were 2.5% (n = 252) for
weeknight bedtime, 1.0% (n = 105) for weeknight sleep dura-
tion, 7.1% (n = 719) for weekend bedtime delay, and 2.3%
(n = 233) for weekend oversleep. The larger proportion of miss-
ingness for weekend bedtime delay was in part because of
omission of observations from 251 adolescents who reported
going to bed at noon on weekends. Sensitivity analyses that
(1) included all reports and (2) recoded bedtimes of noon as
midnight did not meaningfully change the results and are pre-
sented in the eTable 3 and eTable 4 in the Supplement.

Outdoor ALAN
Outdoor ALAN information was derived from satellite
imagery data maintained by the National Oceanic and Atmo-
spheric Administration’s Earth Observation Group.43 Data are
from the US Defense Meteorological Satellite Program’s Op-
erational Linescan System Nighttime Lights Time Series, which
provides annual composite estimates based on continuous
sampling of the Earth’s surface with daily global coverage.
These composites are based on observations that exclude
clouds, sunlight, moonlight, glare, and brief events, such as
fires.44 We used the Defense Meteorological Satellite Pro-
gram Global Radiance Calibrated Nighttime Lights high-
dynamic range data, which captures increased variability
within urban and suburban areas.45 Data were from the year
2000 and available at a resolution of approximately 1 km2.
Mean ALAN levels for each census block group in the US ac-
cording to the 2000 decennial census were calculated using

ArcGIS (ESRI). ALAN values were transformed into units of ra-
diance (nW/cm2/sr). This information was linked to partici-
pants in the NCS-A based on their census block group of resi-
dence. A census block group is a subdivision of a census tract,
contains between 600 and 3000 people, and is the smallest
geographical unit for which the US census collects sample data.

Covariates
Individual-level covariates included age, sex, race/ethnicity,
parental education, number of siblings, number of biological
parents, family income-to-poverty ratio, and immigrant gen-
eration. All covariates were categorized as in Table 1, except
for age, which was modeled continuously. Area-level covari-
ates included county-level urbanicity, region, population den-
sity, and socioeconomic status (SES). Population density
(people/km2) was from the 2000 US census at the block group
level. Census tract-level SES was measured using an index46

that has been used in large epidemiologic studies and applied
previously in the NCS-A.47 It is derived from 6 indicators
(median household income; percentage of households receiv-
ing interest, dividend, or rental income; median value of owner-
occupied housing units; percentage of adults 25 years and older
who completed high school; percentage of adults 25 years and
older who completed college; and percentage of the persons
16 years and older with employment who held executive,
managerial, or professional occupations; Table 1) that are stan-
dardized and summed to create a normally distributed sum-
mary score. Forty-eight adolescents (0.5%) lived in census
tracts with missing SES indicators. Age at menarche was as-
sessed among adolescent girls by self-report and subtracted
from current age to derive years since menarche as a measure
of pubertal maturation.

Statistical Analysis
First, we estimated the median and interquartile range (IQR)
of ALAN by sociodemographic characteristics. Second, we es-
timated associations between ALAN and sleep patterns using
linear regression. ALAN was modeled in quartiles to allow for
nonlinearity. Third, we used binary and multinomial logistic
regression to estimate odds ratios (ORs) and 95% CIs for the
associations between ALAN and past-year mental disorder
classes. ALAN was modeled as continuous in these models, as
exploratory analyses revealed that apparent nonlinearity was
attributable to the most extreme values of ALAN. ALAN was
standardized using the median absolute deviation from the
median.48 Fourth, where associations with disorder classes
were observed, we performed post hoc analyses to identify as-
sociations with individual disorders. Multinomial logistic re-
gression was used to compare each disorder of interest with a
consistent reference group while accounting for associations
with other disorders. Three levels of model adjustment were
used: age and sex only (model 1), additional adjustment for all
sociodemographic covariates (model 2), and additional ad-
justment for continuous area-level SES and quadratic popu-
lation density (model 3). Fifth, for outcomes of sleep patterns
and mental disorder classes, we performed post hoc analyses
testing for interactions of ALAN with sex and age (among ado-
lescent boys) or years since menarche (among adolescent girls),
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by adding multiplicative interaction terms to model 3. Fi-
nally, we performed a sensitivity analysis controlling for sea-
son of interview. Analyses accounted for the complex sam-
pling design and survey weights.49 Variances were estimated
using Taylor series linearization. Because of the relatively low
rates of missingness, missing data were handled via model-
wise deletion. Analyses were conducted using SAS version 9.4
(SAS Institute) from February 2019 to April 2020.

Results
A total of 10 123 adolescents aged 13 to 18 years participated (4953
boys [51.3%]; 5634 non-Hispanic white individuals [65.6%];
mean [SE] age, 15.2 [0.06] years [weighted]), with data from the
parent self-administered questionnaire available for 6483 ado-
lescents. Median values of ALAN, by individual and area-level
characteristics, are presented in Table 1. Levels of ALAN dif-
fered according to every covariate except age and sex. ALAN lev-
els were lowest for non-Hispanic white adolescents (median

Table 1. Median and Interquartile Range of Outdoor Artificial Light
at Night, by Participant, Family, and Area-Level Characteristicsa

Characteristic No. (%)

Light at night,
nW/cm2/sr, median
(IQR) P value

Age, y

13 1652 (15.2) 18.10 (42.55)

.14

14 2218 (21.0) 24.08 (43.07)

15 1887 (20.5) 18.68 (36.70)

16 2010 (21.0) 19.62 (37.67)

17 1758 (16.8) 24.13 (41.08)

18 598 (5.4) 29.15 (42.09)

Sex

Female 5170 (48.8) 21.84 (40.40)
.49

Male 4953 (51.3) 20.80 (40.27)

Race/ethnicity

Hispanic 1914 (14.4) 38.54 (47.84)

<.001
Non-Hispanic black 1953 (15.1) 37.39 (51.88)

Other
race/ethnicity

622 (5.0) 30.94 (49.93)

Non-Hispanic white 5634 (65.6) 12.96 (30.51)

Urbanicity

Metropolitan 4508 (47.5) 37.35 (47.80)

<.001Other urban 3304 (37.6) 13.95 (27.82)

Nonurban 2311 (14.9) 2.12 (3.74)

Region

Northeast 1868 (18.1) 33.34 (75.18)

<.001
Midwest 2776 (23.3) 23.57 (37.56)

South 3434 (36.0) 10.79 (28.91)

West 2045 (22.6) 28.96 (46.78)

Parental education

Less than high
school

1684 (15.5) 29.97 (55.71)

<.001
High school
graduation

3081 (29.7) 16.32 (44.11)

Some college 1998 (19.4) 21.87 (41.02)

College graduation 3360 (35.3) 19.84 (31.20)

Family
income-to-poverty
ratio

≤1.5 1717 (14.7) 26.76 (52.48)

.005
>1.50 to ≤3 2023 (19.1) 23.23 (44.98)

>3.0 to ≤6 3101 (31.9) 17.96 (38.69)

>6 3282 (34.3) 21.46 (34.38)

No. of biological
parents

0 971 (9.3) 22.07 (40.89)

<.0011 3797 (35.7) 25.61 (46.35)

2 5355 (55.0) 18.48 (36.60)

No. of siblings

1 483 (5.5) 21.51 (42.36)

<.001
2 2569 (28.4) 18.67 (37.59)

3 2633 (26.5) 20.13 (38.25)

≥4 4438 (39.6) 24.06 (44.46)

(continued)

Table 1. Median and Interquartile Range of Outdoor Artificial Light
at Night, by Participant, Family, and Area-Level Characteristicsa

(continued)

Characteristic No. (%)

Light at night,
nW/cm2/sr, median
(IQR) P value

Nativity

Not born in US 591 (6.5) 40.49 (45.00)

<.001

1 or 2 Parents not
born in US

1533 (13.4) 33.30 (51.16)

1 to 4 Grandparents
not born in US

1298 (13.3) 27.01 (43.89)

Other 6701 (66.8) 14.58 (34.09)

Area-level SES score
quintile

First (lowest) 2015 (16.5) 41.74 (57.24)

<.001

Second 2025 (20.1) 13.86 (43.69)

Third 2006 (19.4) 7.96 (35.57)

Fourth 2022 (20.5) 18.45 (31.71)

Fifth (highest) 2007 (23.5) 24.07 (27.12)

Area-level population
density quintile

First (lowest) 2026 (19.0) 1.78 (1.33)

<.001

Second 2023 (20.6) 7.20 (8.96)

Third 2025 (20.2) 24.76 (21.26)

Fourth 2024 (20.5) 36.60 (28.03)

Fifth (highest) 2025 (19.8) 68.15 (52.02)

Abbreviations: IQR, interquartile range; SES, socioeconomic status.
a Artificial light at night is measured in nanowatts. The P values are from F tests

from binary and multinomial logistic regressions with demographic
characteristics as the dependent variables and light at night as the
independent variable. Area-level SES scores were derived from 6 census
indicators: median household income; percentage of households receiving
interest, dividend, or rental income; median value of owner-occupied housing
units; percentage of adults 25 years or older who completed high school;
percentage of adults 25 years or older who completed college; and percentage
of persons 16 years and older with employment who are in executive,
managerial, or professional occupations.
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[IQR], 12.96 [30.51] nW/cm2/sr; vs Hispanic adolescents: 38.54
[47.84] nW/cm2/sr; non-Hispanic black adolescents: 37.39 [51.88]
nW/cm2/sr; adolescents of other races/ethnicities: 30.94 [49.93]
nW/cm2/sr; P < .001), increased monotonically with urbanicity
(nonurban: 2.12 [3.74] nW/cm2/sr; other urban: 13.95 [27.82] nW/
cm2/sr; metropolitan: 37.35 [47.80] nW/cm2/sr; P < .001), and
were highest in the Northeast (33.34 [75.18] nW/cm2/sr vs the
Midwest: 23/57 [37.56] nW/cm2/sr; South: 10.79 [28.91] nW/cm2/
sr;andWest:28.96[46.78]nW/cm2/sr;P < .001).ALANlevelsalso
differed by adolescent socioeconomic characteristics (eg, me-
dian [IQR] by family income-to-poverty ratio ≤1.5: 26.76 [52.48]
nW/cm2/sr; >6: 21.46 [34.38] nW/cm2/sr; P = .005), family struc-
ture (eg, median [IQR] by number of biological parents: 0, 22.07
[40.89] nW/cm2/sr; 2, 18.48 [36.60] nW/cm2/sr; P < .001), and
area-level SES (median [IQR]: first [lowest] quintile, 41.74 [57.24]
nW/cm2/sr; fifth [highest] quintile, 24.07 [27.12] nW/cm2/sr;
P < .001) and population density (median [IQR]: first [lowest]
quintile, 1.87 [1.33]; fifth [highest] quintile, 68.15 [52.02])
(Table 1).

The Figure and eTable 1 in the Supplement show associa-
tions between quartiles of ALAN and sleep patterns. Adjust-
ing for age and sex (model 1), ALAN was associated with week-
night bedtime (mean differences from lowest quartile of ALAN:
second quartile, 14.47 [95% CI, 8.07-20.87] minutes; third quar-
tile, 23.16 [95% CI, 15.33-31.00] minutes; highest quartile, 28.56
[95% CI, 18.82-38.30] minutes; P < .001), weeknight sleep du-
ration (mean differences from lowest quartile of ALAN: sec-
ond quartile, −17.24 [95% CI, −23.04 to −11.44] minutes; third
quartile, −12.71 [95% CI, −19.29 to −6.13] minutes; highest quar-
tile, −8.77 [95% CI, −15.29 to −2.24] minutes; P < .001), and
weekend oversleep (mean differences from lowest quartile of
ALAN: second quartile, 22.87 [95% CI, 10.73-35.00] minutes;
third quartile, 23.31 [95% CI, 12.24-34.38] minutes; highest
quartile, 14.50 [95% CI, 1.66-27.35] minutes; P < .001). Fur-
ther adjustment for sociodemographic covariates reduced the
magnitude of association with sleep duration (mean differ-
ences from lowest quartile of ALAN: second quartile, −13.65
[95% CI, −19.78 to −7.51] minutes; third quartile, −9.05

Figure. Adjusted Mean Sleep Patterns by Quartiles of Outdoor Artificial Light at Night Among US Adolescents
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Weeknight bedtime is in minutes past 10:00 PM. Model 1 is adjusted for age and
sex. Model 2 is additionally adjusted for race/ethnicity, family income, parental
education, family structure, nativity, region, and urbanicity. Model 3 is
additionally adjusted for census block group–level population density and
census tract–level socioeconomic status. Sample sizes reflect those in eTable 1 in
the Supplement. Forty-eight adolescents missing values for area-level

socioeconomic status were not included in model 3. In model 3, artificial light at
night was associated with weeknight bedtime and weeknight sleep duration
(eTable 1 in the Supplement). Mean weeknight bedtime differed significantly
between all quartiles of artificial light at night. Mean sleep duration did not
differ significantly between the second through fourth quartiles of artificial light
at night.
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[95% CI, −15.58 to −2.52] minutes; highest quartile, −5.34 [95%
CI, −13.60 to 2.93] minutes; P < .001) and removed the asso-
ciation with weekend oversleep. Under full adjustment (model
3), bedtime was progressively later as the quartile of ALAN in-
creased; those in the highest quartile of ALAN went to bed 29
(95% CI, 15-43) minutes later than those in the lowest quar-
tile. Sleep duration was shorter among those in the 3 highest
quartiles of ALAN compared to the lowest quartile; those in
the highest quartile of ALAN reported 11 (95% CI, 2-19) fewer
minutes of sleep than those in the lowest quartile.

Associations between continuous ALAN and the 4 classes
of past-year mental disorder are presented in Table 2. ALAN
was positively associated with mood and anxiety disorder un-
der all 3 adjustments. Adjusting for all covariates, each me-
dian absolute deviation increase in ALAN was associated with
1.07 (95% CI, 1.00-1.14) times the odds of mood disorder and
1.10 (95% CI, 1.05-1.16) times the odds of anxiety disorder.

Table 3 presents post hoc analyses of individual mood and

anxiety disorders. Adjusting for age and sex (model 1), ALAN
was positively associated with major depressive disorder/
dysthymia (odds ratio [OR], 1.11 [95% CI, 1.03-1.19]), bipolar
disorder (OR, 1.11 [95% CI, 1.03-1.18]), agoraphobia
(OR, 1.23 [95% CI, 1.11-1.36]), social phobia (OR, 1.08 [95% CI,
1.02-1.14]), and specific phobias (OR, 1.11 [95% CI, 1.04-1.16]).
Under full adjustment (model 3), only the associations with
bipolar disorder (OR, 1.19 [95% CI, 1.05-1.35]) and specific
phobias (OR, 1.18 [95% CI, 1.11-1.26]) remained, although odds
of major depressive disorder/dysthymia were elevated (OR, 1.07
[95% CI, 1.00-1.15]). The ORs for bipolar disorder and major de-
pressive disorder/dysthymia did not significantly differ from
one another (model 1: OR, 1.00 [95% CI, 0.90-1.11]; model 2:
OR, 1.05 [95% CI, 0.93-1.17]; model 3: OR, 1.11 [95% CI,
0.96, 1.29]).

There was an interaction between ALAN and years since
menarche among girls, for the outcome of weeknight
bedtime (F3, 8.15; P < .001; eTable 2 in the Supplement).

Table 2. Associations Between Outdoor Artificial Light at Night and Classes of Mental Disorder in the Past Year Among Adolescentsa

Disorder class
Participants,
No.

Model 1 Model 2 Model 3

OR (95% CI)b P value OR (95% CI)c P value OR (95% CI)d P value
Mood 1021 1.09 (1.03-1.14) .002 1.08 (1.02-1.15) .01 1.07 (1.00-1.14) .04

Anxiety 1950 1.09 (1.04-1.15) .002 1.08 (1.03-1.13) .003 1.10 (1.05-1.16) <.001

Substance 854 1.03 (0.94-1.12) .57 1.04 (0.93-1.16) .50 1.00 (0.90-1.11) .96

Behavior 959 1.08 (0.98-1.21) .13 1.07 (0.95-1.21) .25 1.04 (0.93-1.17) .46

Abbreviations: OR, odds ratio; SES, socioeconomic status.
a Artificial light at night was standardized using the median absolute deviation

from the median. Numbers are unweighted. The sample size is 6483 for
behavioral outcomes and 10 123 for other outcomes. Analyses accounting for
comorbidity between mood and anxiety disorder showed that ORs did not
significantly differ between those with mood disorder only, anxiety only, or
both.

b Model 1 is adjusted for age and sex.
c Model 2 is additionally adjusted for race/ethnicity, family income, parental

education, family structure, nativity, region, and urbanicity.
d Model 3 is additionally adjusted for area-level population density and

socioeconomic status. Forty-eight adolescents missing values for area-level
SES were not included in model 3.

Table 3. Associations Between Outdoor Artificial Light at Night and Past-Year Mood and Anxiety Disorders Among Adolescentsa

Disorder No.

Model 1 Model 2 Model 3

OR (95% CI)b P value OR (95% CI)c,d P value OR (95% CI)d,e P value
Bipolar disorder 246 1.11 (1.03-1.18) .005 1.14 (1.05-1.24) .002 1.19 (1.05-1.35) .006

Major depressive
disorder/dysthymia

775 1.11 (1.03-1.19) .005 1.09 (1.01-1.18) .04 1.07 (1.00-1.15) .07

Agoraphobia without
panic

192 1.23 (1.11-1.36) <.001 1.18 (1.03-1.35) .01 1.05 (0.89-1.24) .57

Generalized anxiety 63 1.10 (0.95-1.27) .21 1.01 (.83-1.22) .95 0.93 (0.68-1.26) .63

Social phobia 516 1.08 (1.02-1.14) .005 1.05 (0.96-1.16) .29 1.06 (0.96-1.18) .25

Specific phobia 1244 1.11 (1.04-1.18) .001 1.12 (1.05-1.18) <.001 1.18 (1.11-1.26) <.001

Panic disorder 191 1.04 (0.93-1.16) .53 1.04 (0.90-1.21) .57 1.07 (0.85-1.33) .57

PTSD 292 0.95 (0.83-1.08) .42 0.91 (0.76-1.08) .26 0.93 (0.80-1.08) .35

Separation anxiety 143 1.12 (0.97-1.29) .13 1.00 (.842-1.19) .99 1.06 (0.88-1.28) .53

Abbreviations: ALAN, artificial light at night; OR, odds ratio; PTSD,
posttraumatic stress disorder; SES, socioeconomic status.
a Estimates are from separate multinomial logistic regressions, with the

exception of major depressive disorder/dysthymia and bipolar disorder, which
were estimated in the same model. Those with no mood or anxiety disorder
are the comparison group for each disorder. Numbers are unweighted.
Artificial light at night was standardized using the median absolute deviation
from the median. The ORs for bipolar disorder and major depressive
disorder/dysthymia did not significantly differ from one another.

b Model 1 is adjusted for age and sex.

c Model 2 is additionally adjusted for race/ethnicity, family income, parental
education, family structure, nativity, region, and urbanicity.

d In the multinomial regression (models 2 and 3) for specific phobia, ALAN was
not associated with other anxiety disorders (model 3: OR, 1.01 [95% CI,
0.95-1.07]). Specific phobia was the only anxiety disorder for which this
was true.

e Model 3 is additionally adjusted for area-level population density and
socioeconomic status. Forty-eight adolescents missing values for area-level
SES were not included in model 3.
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Estimates indicated that the difference in bedtime for those
in 2 highest quartiles of ALAN compared with the lowest quar-
tile was greater with increasing years since menarche (eFig-
ure in the Supplement). Results of sensitivity analyses
(eTables 3, 4, 5, and 6 in the Supplement) were similar to the
main results.

Discussion
We found that contextual-level outdoor ALAN was associ-
ated with self-reported sleep patterns and past-year mental dis-
order among US adolescents. After adjusting for several so-
ciodemographic characteristics as well as area-level population
density and SES, we found that adolescents living in areas with
higher levels of outdoor ALAN reported later weeknight bed-
time, and those in the areas with the lowest levels had longer
weeknight sleep duration. Adolescents in areas with higher out-
door ALAN also had higher odds of mood and anxiety disor-
ders in the past year. Associations with mood disorders were
present for both bipolar disorder and major depressive disorder/
dysthymia, while associations with anxiety disorders were
driven by specific phobias. Our results are consistent with the
biological role of light as a driver of circadian rhythms6 and with
several studies,20-24 including 1 study among adolescents, dem-
onstrating effects of ALAN on sleep patterns. They also con-
firm the results of a prior study of the association between
ALAN and mental health among adults,27 supporting evi-
dence from animal models that demonstrate an association of
light with mood-associated behaviors.13 To our knowledge, this
is the first study to show associations between outdoor ALAN
and DSM-defined mental disorders.

Disturbances in sleep and circadian rhythms are well-
documented in mental disorders1,50 and may be a mecha-
nism linking ALAN to mental disorder risk. Prior work in the
NCS-A demonstrated associations between sleep patterns and
past-year mental disorder.42 Prospective data will be re-
quired to assess whether sleep patterns mediate the associa-
tion between ALAN and mental disorder. However, prior evi-
dence points to sleep and circadian disturbances as antecedent
and possibly causal factors in mental disorder onset, espe-
cially for mood disorder.2,3,51,52 While ALAN was associated
with both subtypes of mood disorders in our study, the asso-
ciation with bipolar disorder was especially statistically ro-
bust. This is consistent with abundant evidence that behav-
ioral rhythms are a core feature of bipolar disorder.53 For
example, hypersensitivity of melatonin suppression in re-
sponse to nighttime light exposure has been suggested as an
endophenotype for bipolar disorder.54

Animal models provide evidence for biological pathways
that may underlie the association between ALAN and mental
disorder. In mice, the retinal ganglion cells that transmit light
information to the suprachiasmatic nucleus also project to
mood-associated brain structures, including the newly dis-
covered perihabenular nucleus and regions of the hypothala-
mus and amygdala.55,56 Exposure to dim light at night in-
duces depressionlike behaviors in both nocturnal and diurnal
rodents,13 corroborating evidence for both indirect and direct

pathways to mood (ie, pathways that do and do not include
disruption to sleep and circadian rhythms).13 Circadian rhythm
disruption caused by ALAN could increase risk for mental dis-
order through a variety of mechanisms, including hypotha-
lamic-pituitary-adrenal axis function, neurotransmission, and
immune function.57

Some prior studies have suggested that effects of light may
differ by sex, across the life course, and across puberty.20,25,30-32

We found no evidence for differences by sex, consistent with
a prior study of the association of light exposure with circa-
dian function in adolescents.32 We also did not find evidence
for differences by age among adolescent boys. Among adoles-
cent girls, the association between ALAN and bedtime was
stronger among those who with a longer time since menar-
che. This may be explained by differences in light sensitivity,
changes in personal light exposure, or both.32

We found that outdoor ALAN was strongly associated with
several adolescent demographic and socioeconomic charac-
teristics, including indicators of social disadvantage. For ex-
ample, ALAN levels were higher among racial/ethnic minor-
ity adolescents, among adolescents from immigrant families,
and among those with lower family incomes. Some prior stud-
ies of outdoor ALAN have noted differences according to so-
ciodemographic characteristics.20,23-25 The finding of social dis-
parities in the distribution of outdoor ALAN among US
adolescents implies that adolescents who face other sources
of social disadvantage, especially those in urban settings, may
also be exposed to greater levels of ALAN; this may represent
an additional source of physiological stress.

To our knowledge, this is the first study to report associa-
tions between ALAN and mental disorders among adoles-
cents, associations that have potentially long-term implica-
tions for mental and physical health. There is strong evidence
for both homotypic and heterotypic continuity in mental dis-
order across the transition from adolescence to adulthood, es-
pecially between depression and anxiety.58 Our finding that
the association between ALAN and anxiety disorder was spe-
cific to specific phobias may be because of their greater preva-
lence, but could also be because of the developmental nature
of the sample. Previous work from the World Mental Health
Surveys showed that specific phobias are the factor most
strongly associated with latent internalizing comorbidity and
may therefore serve as a marker of youth at risk for progres-
sion to later psychopathology.59 The associations we ob-
served between ALAN and sleep patterns also have potential
long-term health implications, in that suboptimal sleep pat-
terns have been prospectively associated with adverse physi-
cal and mental health outcomes.60-63 The importance of sleep
health in other physical health outcomes, combined with
known social disparities in sleep,64 have prompted calls for
more research into sleep as a potential mediator of social dis-
parities in health.65 Our results illustrate the potential utility
of adopting this approach in mental health research.

Limitations
These findings should be interpreted in the context of the
study’s limitations and strengths. First, we lacked
individual-level measures of light exposure, for which

Association of Outdoor Artificial Light at Night With Mental Disorders and Sleep Patterns Among US Adolescents Original Investigation Research

jamapsychiatry.com (Reprinted) JAMA Psychiatry Published online July 8, 2020 E7

© 2020 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by Piergiorgio Gigliotti on 07/13/2020

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2020.1935?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2020.1935
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2020.1935?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2020.1935
http://www.jamapsychiatry.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2020.1935


outdoor ALAN may not be a good proxy.66,67 This includes
both indoor and outdoor sources of ALAN, which may be
influenced by the use of blackout shades and other factors
that affect how much light enters the home. However, indi-
vidual ALAN exposure may be more susceptible to reverse
causation. In addition, as interventions to reduce indoor
ALAN exposure become more widespread (eg, nighttime
light filters on personal electronics, changes to indoor light-
ing), outdoor sources of ALAN may become more influen-
tial. Second, the NCS-A is cross-sectional. While reverse
causation between ALAN and sleep or mental health out-
comes seems unlikely, longitudinal data would enable
assessment of temporal associations between ALAN, sleep,
and mental disorder. Third, sleep patterns were measured
subjectively. However, we have no reason to believe that the
error in sleep measurement is correlated with ALAN expo-
sure. Fourth, ALAN was measured slightly before NCS-A
data collection and was aggregated to the census block–
group level, which could result in misclassification in very
large or small census block groups. However, additional
analyses (not shown) indicated weak dilution of the associa-
tion between ALAN and sleep duration for interviews con-
ducted after 2001 that did not affect interpretation. Further-
more, because US Defense Meteorological Satellite Program
measurements were taken at varying times of night, and
over 1 year, their composites do not necessarily reflect the
maximum ALAN in an area or allow examination of tempo-
ral patterns. On the other hand, ALAN was measured objec-
tively and independently of the outcomes. Fifth, ALAN may
be a proxy for economic activity68 or other environmental
exposures that are difficult to separate from ALAN in the
context of a national epidemiologic study. However, as
discussed, animal experiments demonstrate causal effects
of ALAN on circadian rhythms and mood-associated
behaviors. Sixth, we lacked measures of other personal,

behavioral, and family characteristics that may influence
sleep patterns,69 which may explain the lack of association
with weekend bedtime delay and oversleep. Seventh, we
lacked geographic information on daylight, precluding a
more complete characterization of 24-hour contextual
light.70,71 Eighth, our sample was not well suited to differen-
tiating associations between ALAN and depression vs mania
because of the infrequency of unipolar mania. Finally, pat-
terns and sources of ALAN among adolescents may have
changed since the NCS-A was conducted; the associations
observed here may differ from what would be observed cur-
rently. However, the NCS-A provides the most current avail-
able data on prevalence of a wide array of DSM mental dis-
orders among US adolescents.

Conclusions
In this study, we demonstrate that outdoor ALAN is associ-
ated with mental disorders and sleep patterns among US ado-
lescents. These findings illustrate the importance of consid-
ering macrolevel indicators of light exposure in addition to
individual-level light measures that are increasingly used in
mental health and sleep research (eg, Figueiro et al,17 Esaki
et al,72 and Obayashi et al73). Further research is needed to
evaluate the role of other contextual and individual-level risk
factors in the association between ALAN and mental disor-
der. Future studies should elucidate whether public interven-
tions designed to reduce the brightness or spectral composi-
tion of outdoor nighttime lighting74 could benefit mental and
sleep health among youth, especially those who face other
sources of social disadvantage. For example, studies investi-
gating the effects of changes in street lighting could include
health outcomes, such as sleep and mood, to weigh the ben-
efits and perceived disadvantages75 of such interventions.
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