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Abstract

Multiple environmental changes are related to mental disorders. However, research on the association between artificial light
at night (ALAN) and mental health in China is limited, particularly at the national level. We used a “difference-in-differences”
design and logistic regression to explore the relationship between ALAN changes and scores on self-assessed mental health.
Participants were drawn from the China Family Panel Studies of adults in 2012 and 2018. The final analysis was based on
21,036 adults from 25 provinces throughout China. The brighter the ALAN, the worse was the mental health, and this con-
nection was unaffected by particulate matter 2.5 (PM, 5) or temperature. ALAN sensitivity may differ among populations.
Our findings suggest that exposure to brighter ALAN is associated significantly with worse mental health among Chinese
adults. Environmental policies that reduce ALAN could improve the mental health of the Chinese public.

Keywords outdoor artificial light at night - mental disorders - environmental risk factors - CFPS - China adults - prospective

ecology study

Introduction

More than one out of every four individuals have suffered
from a common mental disorder at some point in their life-
times (Ginn and Horder 2012; Prince et al. 2007). Studies
on the global burden of disease (GBD) have highlighted
the contribution of mental disorders worldwide (Lopez and
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Murray 1998). Mental disorders account for one quarter
of all disability-adjusted life-years, and one-third of those
who ascribed to non-communicable diseases (NCDS). Major
depression (No.2), anxiety disorders (No.7), schizophrenia
(No.11), dysthymia (No.16), and bipolar disorder (No.17)
were among the top-20 causes of GBD in 2013 (Global Bur-
den of Disease Study 2015).

A better understanding of the risk factors for mental disor-
ders can help to lessen the disease burden. Traditional factors
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such as tobacco smoking, “binge” alcohol consumption, inad-
equate sleep, lack of physical activity, or being overweight or
obese have been studied deeply (Massetti et al. 2017). However,
environmental factors, such as artificial light at night (ALAN),
have been shown to have harmful impacts on mental health
recently in several studies (An et al. 2020; Stevens et al. 2013).
For instance, overexposure to ALAN inhibits and delays mela-
tonin secretion, as well as disrupts the normal circadian rhythm
(Tdhkamo et al. 2019) and changes the release of corticotropin
and other hormones (Navara and Nelson 2007). Autism spectrum
disorder is linked to neuroendocrine and neurological disorders
(Wilson et al. 2021). From the standpoint of physiological mech-
anisms, those studies have shown an epidemiological relationship
between environmental factors and mental disorders.

Most research on ALAN has been carried out in devel-
oped countries (Obayashi et al. 2013; Obayashi et al. 2018).
A cohort study of 863 Japanese individuals revealed that those
exposed to brighter ALAN in their bedroom carried a greater
risk of depression. Obayashi and colleagues showed that expo-
sure to 5 luminous flux per unit area (5 1x) of ALAN at home
was associated significantly with depressive symptoms. In
China and other developing countries, the evidence for the
relationship between ALAN and mental health is limited,
especially at the national level (Xie et al. 2022). In addition,
as the interventions to reduce indoor ALAN become more
common (e.g., night filters for personal electronics, changes
in indoor lighting), ALAN from outdoor sources may become
more influential (Paksarian et al. 2020).

Several studies have linked mental health risks to outdoor
ALAN in which individuals are simultaneously exposed to mul-
tiple environmental factors, but the multicollinearity of these
environmental factors has not been clearly explained (Osibona
et al. 2021; Paksarian et al. 2020). For instance, studies have
shown that exposure to particulate matter 2.5 (PM, 5) or high
temperatures had been previously associated with poor mental
health (Buguet 2007; Frey et al. 2007; Jia et al. 2018; Mullington
et al. 2009). To rule out that outdoor ALAN may be a type of
environmental factor which is difficult to separate from ALAN,
it has been suggested that a multi-index evaluation method
should be used to determine the actual risk of ALAN.

We undertook a “difference-in-difference” design based on
the China Family Panel Studies (CFPS) database to explore
the relationship between ALAN and mental health in Chinese
adults after adjustment for other environmental factors (e.g.,
PM, 5 and temperature) and individual variables.

Methods
Study population

The cohort for this study was drawn from the CFPS (Xie and
Lu 2015) . The CFPS is a comprehensive social-tracking
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survey conducted by the Social Science Research Center of
Peking University (Beijing, China). This survey reflects the
economic, educational, and health status of Chinese house-
holds through questionnaires administered to various house-
holds and populations. The CFPS adopts a multiple-probability
sampling strategy. The baseline sample covers 25 provinces in
China, representing 95% of the population of China.

We used the CFPS database for adults in 2012 as the
baseline, and matched it to 2018 data using personal iden-
tification. Individuals with missing geographic information
or incomplete responses to the mental-health questionnaire
were excluded. A total of 21,036 participants were evalu-
ated in the final dataset. Comparison with the total data for
2012 showed that exclusion did not change the population
structure significantly (Fig. S1).

Mental health

Mental health was measured using a brief Center for Epi-
demiologic Studies Depression questionnaire. Six items
were considered: “feeling depressed” (Q1), “activities took
effort” (Q2), “restless sleep” (Q3), “feeling lonely” (Q4),
“feeling sad” (Q5), and “did not enjoy life” (Q6). The self-
rated questionnaire was based on a four-point scale, ranging
from 1 (“rarely or no” [<1 day a week]) to 4 (“most of the
time” [5—7 days a week]) for each item. Therefore, a higher
score reflected worse mental health. Q1, Q4, Q5, and Q6
reflect the individual’s depressive affect, whereas Q2 and Q3
reflect the individual’s somatic and retarded activity (Radloff
1977). For 2012 and 2018, we used the same questionnaire
to measure mental health.

ALAN assessment

ALAN data were derived from the Suomi National Polar-
orbiting Partnership-Visible Infrared Imaging Radiometer
Suite (NPP-VIIRS) obtained from the Harvard Dataverse
(https://dataverse.harvard.edu/) (Chen et al. 2020). Two
data sources on artificial nighttime lighting are the Defense
Meteorological Satellite Program Operational Linescan
System (DMSP-OLS) stable nighttime light data and
Suomi NPP-VIIRS nighttime light data (Shi et al. 2014).
The latter were utilized in the present study because NPP-
VIIRS data: (1) feature a higher spatial resolution (15 arc-
second, ~500 m) than DMSP-OLS data (30 arc-second,
~1,000 m); (2) do not suffer from the oversaturation that
exists in DMSP-OLS data; (3) employ onboard calibration,
which enhances the data quality (Elvidge et al. 2013).

To preserve respondents’ privacy, the CFPS database stores
only participants’ provincial address (a two-digit number). As
a result, we calculated the respondents’ ALAN exposure by
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averaging the ALAN data as the yearly average for the province.
Simultaneously, and in light of the lag effect of ALAN on health
(Fig. S2), we matched respondents using the ALAN from the
previous year of the survey. That is, respondents from the same
province were allocated to the same time period of the ALAN.

Covariates
PMZ.S

The PM, 5 data came from a global dataset available (V5.
GL.02) on the Internet website of Washington University
(Saint Louis, MO, USA). This dataset contains annual and
monthly data for ground-level PM, 5 from 1998 to 2020 by
combining aerosol-optical-depth retrievals from the National
Aeronautics and Space Administration Moderate Resolution
Imaging Spectroradiometer, Multi-Angle Imaging Spectro-
radiometer, and Sea-viewing Wide Field-of-View Sensor
instruments with GeOS-Chem chemical transport models,
and subsequently calibrating to global ground-based obser-
vations using a geographically weighted regression (van
Donkelaar et al. 2021). For assessment of PM, 5 exposure
at the individual level, we used the same method as that
employed for ALAN.

Temperature

Temperature data were from the China Surface Climatic
Data Daily Set (V3.0) in the China Meteorological Data
Network (http://data.cma.cn). The dataset includes tem-
perature elements, including daily and monthly aver-
age temperature, maximum temperature, and minimum
temperature. The sources of temperature data were two-
fold: (i) the basic meteorological elements data of Chi-
na’s national surface meteorological stations collected
and sorted by the National Meteorological Information
Center; (ii) the 0.5°%x0.5° Digital Elevation Model of
China’s landmass was resampled from Global 30-Arc-
Second Elevation Data Set (GTOPO30) data (resolution
= 0.05°%0.05°). We utilized the same procedure as that
employed for ALAN to determine temperature exposure
for each individual.

Individual-level variables

Previous studies demonstrate that mental health could be
influenced by individual-level variables such as age, gen-
der, education, marriage (Helbich et al. 2020) , nationality,
residence, income level (Paksarian et al. 2020), drinking,
smoking, physical activity and obesity status (Massetti
et al. 2017). The purpose of this study was to explore the

relationship between environmental factor ALAN and men-
tal health. In order to avoid the confounding influence of
individual-level variables on the results, this study needed
to control as many individual level factors as possible.
The potentially adjusted covariates were selected based
on previous literature (Helbich et al. 2020; Massetti et al.
2017; Paksarian et al. 2020), including baseline individual-
level covariates and changes in individual variables from
2012 to 2018 (see Table S1). The following baseline (2012)
individual-level covariates were considered and controlled
in the analysis: age (<20, 20-29, 30-39, 40-49, 50-59,
60-69, or 70+ years), gender (female or male), education
(“illiterate”, “primary school”, “middle school”, “high
school”, or “college and above”), marriage (single, mar-
ried, cohabiting, divorced, or widowed), nationality (Han
or non-Han), residence (rural or urban), income level
(“very low”, “low”, “medium”, “high”, or “very high”),
drinking (yes or no), smoking (yes or no), physical activity
(no or yes), and obesity status (“normal” (body mass index
(BMI) <25 kg/m2), “overweight” (BMI, 25-30 kg/m2), or
“obese” (BMI >30 kg/m2)). We also considered changes
in individual variables from 2012 to 2018 (e.g., smoking
(from yes to no, unchanged, or from no to yes), education
(unchanged or increased), migration (yes or no), obesity
(decreased, unchanged, or increased), physical activity
(decreased, unchanged, or increased), and drinking (from
yes to no, unchanged, or from no to yes)). Migration status
was based on whether the provincial address before and
after the two surveys (2012 and 2018) was consistent.

Study design and statistical analyses

By comparing each respondent with himself/herself, we
explored the association between ALAN and mental health
using a difference-in-difference approach (Xue and Zhu
2018). This strategy controls for unmeasured confounding
variables (e.g., genetic factors) that vary across individuals
but which are longitudinally identical.

The main analytical method was binary logistic regres-
sion to explore the relationship between mental health
(Q1-Q6) and ALAN changes using the following equation:

Logit (yj) ~ XiP + z;b;

where i or j denotes the index for the mental-health question-
naire or CFPS subject, respectively; Q, ; denotes the score of
the i question for the j™ subject; y;j denotes a binary variable
that indicates the change in mental health from 2012 to 2018
(yj = 1for Qo015 2Q; j 2012> and y; = 0 for Q; 515 <Q; j2012)s
x; represents the change in ALAN exposure at the individual
level (x; =ALAN; 53,3 — ALAN; 5,,); z; denotes the above-
mentioned covariates at the individual-level; § and b denote
regression coefficients.
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Table 1 Associations between
each mental health scores and
ALAN

Variables Qi

Odds ratio per unit increment of LAN (95% confidence intervals)

Model 1

Model 2

Model 3

Model 4

ALAN Q1"
Q2
Q3
Q4
Q5
Q6

s

s

5

1.070 (1.032, 1.109)
1.017 (0.984, 1.052)
1.011 (0.977, 1.046)
1.122 (1.076, 1.170)
1.067 (1.026, 1.110)
1.232 (1.159, 1.310)

1.065 (1.026, 1.105)
1.014 (0.979, 1.050)
1.004 (0.970, 1.040)
1.134 (1.086, 1.184)
1.078 (1.035, 1.123)
1.229 (1.152, 1.311)

1.060 (1.017, 1.104)
1.013 (0.974, 1.053)
0.995 (0.957, 1.034)
1.100 (1.049, 1.154)
1.050 (1.003, 1.099)
1.160 (1.081, 1.245)

1.052 (1.008, 1.097)
1.013 (0.974, 1.054)
0.994 (0.956, 1.034)
1.105 (1.053, 1.160)
1.050 (1.003, 1.099)
1.158 (1.079, 1.243)

Model 1: unadjusted model;

Model 2: adjusted for changes in individual-level variables, including drinking, education, migration, obe-

sity, physical activity, and smoking;

Model 3: adjusted for baseline in individual-level variables, including age, drinking, education, gender,
income, marital status, nationality, physical activity, obesity, residence, and smoking;

Model 4: fully adjusted model.
*P-value <0.05

Ql: “feeling depressed”; Q2: “activities took effort”; Q3: “restless sleep”; Q4: “feeling lonely”; Q5: “feel-

ing sad”’; Q6: “did not enjoy life”.

ALAN, artificial light at night.

Q1L

Q4

Fig.1 Effects of ALAN on different dimensions of mental health.
Black solid polygons: estimated odds ratios (ORs); black dashed pol-
ygons: corresponding 95% confidence intervals; gray polygons: refer-
ence of no effect (OR = 1); black radial lines: different dimensions of
mental health; Q1: “feeling depressed”; Q2: “activities took effort”;
Q3: “restless sleep”; Q4: “feeling lonely”; Q5: “feeling sad”; Q6: “did
not enjoy life”
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Four models were established to explain the poten-
tial confounding factors in the binary logistic regression
model. Model 1 included only ALAN. Model 2 included
the changes (e.g., drinking, education, migration, obe-
sity, physical activity status, and smoking) based on
Model 1. Model 3 included baseline individual-level
variables based on Model 1. Model 4 was a fully adjusted
model.

Collinearity among environmental factors (Dadvand et al.
2015) can have an impact on results. Hence, we used a multi-
exposure model to ascertain the relationship between ALAN
and mental health. We established three models on the basis
of the fully adjusted model. Model 5 included PM, 5 based on
Model 4. Model 6 included temperature based on Model 4.
Model 7 included PM, 5 and temperature based on Model 4.
The comparison between the single-exposure model (Model
4) and the multiple-exposure model (Model 5, Model 6, and
Model 7) could reveal whether the influence of ALAN was
sensitive to the additional adjustment of other environmental
factors (i.e., PM, 5, temperature, or PM, 5 + temperature).

In addition to testing the relationship between continu-
ous ALAN and mental health, a fully adjusted model was
established using categorical variables (classified by quar-
tile) of ALAN. Some studies have shown that the effects of
ALAN may vary depending on sex (Xu et al. 2021) and life
stage (Cissé et al. 2016). Hence, we assessed the connection
between ALAN and mental health using various stratifica-
tions of covariables.

Significance was set at p<0.05. Analysis was undertaken
using Stata MP 17.0 (StataCorp LP, College Station, TX,
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Table 2 The associations Qi ORs of continuous ALAN(CIs) P ORs of categorical ALAN(ClIs) P

between mental health sore and

different types of ALAN Q1 1.052 (1.008, 1.097) 0.019 1.062(1.028, 1.098) 0.000
Q2 1.013 (0.974, 1.054) 0.525 1.023(0.990, 1.057) 0.176
Q3 0.994 (0.956, 1.034) 0.772 1.014(0.981, 1.048) 0.402
Q4 1.105 (1.053, 1.160) 0.000 1.119(1.079, 1.161) 0.000
Q5 1.050 (1.003, 1.099) 0.038 1.030(0.992, 1.068) 0.119
Q6 1.158 (1.079, 1.243) 0.000 1.182(1.126, 1.242) 0.000
ALAN, artificial light at night
Ql: “feeling depressed”; Q2: “activities took effort”; Q3: “restless sleep”; Q4: “feeling lonely”; Q5: “feel-
ing sad”’; Q6: “did not enjoy life”.

Table 3 .Pairwise Spearman QI Q Q4 Q5 Q6 ALAN PM,

correlation coefficients of :

the relationships between Q2 0.3120°*

changes in mental health and otk -

. Q3 0.1790 0.1625

environmental exposure . . .
Q4 0.2289 0.1870 0.1577
Q5 0.2411°""  0.1872""  0.1629™"  0.2944™"
Q6 0.1571"  0.1341™"  0.1354™" 0.2510"" 0.2472""
ALAN 0.0327" 0.0191  0.0107  0.0561"" 0.0200”  0.0630™"
PM,s -0.0092 -0.0076  -0.0150" -0.0207"" -0.0072  -0.0337"" -0.5248""
T 0.0342""  0.0442""  0.0481"7 0.0686™" 0.0539"" 0.0681"" 0.3754™" -0.2615""

#¥% Poyalue <0.001; **P-value ~ (0.001,0.01); *P-value ~ (0.01,0.05)
Question scores (Q1-Q6) were significantly positively correlated with each other. The ALAN was signifi-

cantly correlated with PM, 5 and T.

Ql: “feeling depressed”; Q2: “activities took effort”; Q3: “restless sleep”; Q4: “feeling lonely”; Q5: “feel-

ing sad”; Q6: “did not enjoy life”.

PM, s, fine particulate matter; ALAN, artificial light at night; T, temperature

USA). Figures were drawn using Prism 8 (GraphPad, La
Jolla, CA, USA) and Origin 2019.

Results

After excluding people who did not provide geographic
information or who gave incomplete responses to the men-
tal-health questionnaire, we evaluated 21,036 individuals.
The characteristics of this study population are summarized
in Table S1. The age of participants (46.25%) was mainly
between 40 years and 59 years, and 51.35% were female.
We discovered that 75.00% were of normal bodyweight
and did not smoke tobacco (70.11%) or consume alcohol
(83.86%). Additionally, 73.65% of the study population
resided in a rural environment.

Changes in self-mental health scores from 2012 to
2018 were documented. We found that 28.68% of indi-
viduals felt more depressed (Q1), 30.60% felt activi-
ties took more effort (Q2), and 31.08% had worse sleep

quality (Q3). Additionally, 22.97% and 24.61% of peo-
ple felt lonely (Q4) and sad (QS5), respectively. In addi-
tion, 12.93% felt that they did not enjoy life (Q6). In
accordance with the trend of accelerated urbanization in
China (Wang et al. 2020), the average ALAN increased
by 0.49. The average temperature increased by 1.02°C,
which is in line with the trend towards global warming.
The PM, s level decreased by 15.67 pg m~>, possibly as
a result of meteorological factors and the reduction in
human emissions brought about by the Clean Air Act in
China (Xue et al. 2021).

The relationship between continuous ALAN and
risk to mental health is shown in Table 1. In the fully
adjusted model (Model 4) (Fig. 1), the OR (95%CI)
was 1.052 (1.008-1.097), 1.105 (1.053-1.160), 1.050
(1.003-1.099), and 1.158 (1.079-1.243) for Q1, Q4,
Q5, and Q6. These data suggested that brighter ALAN
was associated significantly with a higher risk of a
depressive affect (Q1, Q4, QS5, and Q6). This associa-
tion remained when ALAN was a categorical variable

@ Springer
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Fig.2 Results using multi- :
exposure models. In different ALAN+PM, 5+ T1 : I ALAN+PM, 5+T1 : e
dimensions of mental health : :
. L ALAN+PM, 51 —— ALAN+PM,, 51 —
the fully adjusted odds ratios 28 : 25 :
of ALAN Wlth their 95% ALAN+TH ——— ALAN+TA _._
confidence intervals (black dots : :
with error bars) estimated by ALAN- —0— ALANA _.e_
multi-exposure models were t T
compared with the estimate 10 10
of the corresponding single- Q1 Q2
exposure model (black circles
with error bars). Q1: “feeling
depressed”; Q2: “activities took
effort”; Q3: “restless sleep”;
Q4: “feeling lonely”; Q5: “feel-
ing sad”; Q6: “did not enjoy
life”. PM, s, particulate matter
2.5; ALAN, artificial light at
night; T, temperature
ALAN+PM, o+ —— ALAN+PM, o+T+ P —e—
ALAN+PM,,{ ~ —e&— ALAN+PM, 1 P —e——
ALAN+TA —— ALAN+TA L e
ALAN- —a— ALAN- P —e—
10 10
Q3 Q4
ALAN+PM, o+ —— ALAN+PM,, o+T+ P ——
ALAN+PM, 5 —e— ALAN+PM, 5 P ———
ALAN+T . ALAN+TH P e
ALAN- —e— ALAN- —o—
10 10
Q5 Q6

(Table 2). For instance, an increase in risk of 6.2%
(95%CI, 2.8-9.8%) of feeling depressed (Q1) was corre-
lated with a per-quartile increment in ALAN. The risk to
mental health increased significantly with a per-quartile
increment in ALAN.

Spearman correlation analysis between ALAN and other
environmental factors are summarized in Table 3. The Spearman
correlation coefficient between ALAN and PM, 5 was —0.5248
(p<0.001), and the Spearman correlation coefficient with temper-
ature was 0.3754 (p<0.001). Therefore, we used multi-exposure
models to explore the relationship between ALAN and mental
health. After adjustment for other environmental parameters,
the effect remained robust (Fig. 2).

@ Springer

In the stratified analysis (Table 4), we found that the sensitivity
of ALAN may be different in different populations. For exam-
ple, under the same ALAN, being male (OR, 1.126; 95%CI,
1.049-1.209) made you more likely to feel lonely (Q4) than if
you were female (1.090; 1.020-1.165). The impact of ALAN on
mental health may have a time-lagged effect (Fig. S2).

Discussion

Our results are based on a representative sample of people
in 25 provinces across China. We discovered a significant
correlation between brighter ALAN and a higher risk of
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a mental disorder among Chinese adults. We observed a
significant increase in a depressive affect (Q1, Q4, QS5,
and Q6) (Radloff 1977) with an increase in the ALAN
level in the unadjusted model. This association remained
significant after adjustment for baseline individual-levels
and changes in individual variables. After adjustment for
environmental factors, ALAN remained highly correlated
with a mental disorder. This result suggested that the link-
age between a mental disorder and ALAN was inevitable
and independent of PM, 5 and temperature.

Our study provided evidence that outdoor ALAN may
be a risk factor for mental health. Considering previous
studies, following possible pathways could explain the
negative effects of ALAN on mental health. Melatonin is
an essential hormone required for metabolism and neu-
rodevelopment. According to the amount of light received,
the pineal gland releases melatonin on a 24-hour cycle
to regulate the circadian rhythm (van Bommel and van
den Beld 2004; Zeitzer et al. 2000). ALAN can inhibit
melatonin secretion, thereby affecting the normal circa-
dian rhythm (Zeitzer et al. 2000). It has been shown that
patients with a mental disorder were often reported dis-
orders in their circadian rhythms and lower level of mela-
tonin, suggesting that disruption of the melatonin system
and circadian rhythm disturbances were potential mecha-
nisms for the development of mental disorders (Vallée
et al. 2020; Wu et al. 2020). Therefore, ALAN may exert
an effect on mental disorders through melatonin and cir-
cadian rhythms. In addition, LAN may also increase the
risk of a mental disorder by causing an immune disorder
(McClung 2013). Pro-inflammatory cytokines can induce
a syndrome resembling depression (Dantzer et al. 2008),
so immune function may be another possible pathway
between ALAN and mental disorders.

Our stratified analysis suggested that the effects of ALAN
may vary depending on sex, physical activity, residence, or
lifestyle (e.g., smoking, drinking). Dopamine levels in men
and women are different. Dopamine is involved in controlling
the retina’s sensitivity to light, which results in men being
more sensitive to light than women (Chellappa et al. 2017).
Regular exercise can improve immune function and reduce
sensitivity to ALAN. Our stratified research demonstrated
that, while assessing the harmful effect of ALAN, individual
variations in photosensitivity must also be considered.

Our study had five main limitations. First, the CFPS
database contains information only within the provinces of
China. We used ALAN-exposure levels within provinces,
which may not reflect an individual’s true exposure accu-
rately. However, measurement of outdoor ALAN exposure
for individuals is very difficult (especially for such a large
study cohort) and would be time-consuming and labor inten-
sive. Second, despite our efforts to incorporate as many vari-
ables as possible, certain factors were unavoidably missing.

Hence, we adjusted for variables that could not be measured
(e.g., genetic variables) using comparing each respondent
with himself/herself. Third, though our findings are congru-
ent with those of certain cross-sectional studies (Helbich
et al. 2020; Paksarian et al. 2020), like those studies, we
could not demonstrate a causal relationship between ALAN
and mental health. Even though we used a difference-in-dif-
ferences design with stronger causal associations than those
in cross-sectional studies, longitudinal studies are needed
to support our conclusions. Fourth, we used a self-reported
questionnaire to assess mental health, but a recall bias was
inevitable. Fifth, we controlled for the impact of two well-
studied environmental factors on mental health. However,
we cannot be sure that the impact of ALAN on mental health
did not suffer interference by other environmental factors,
such as the level of nitric dioxide (Helbich et al. 2020) or
greenness (Perrino et al. 2019).

Conclusions

Exposure to brighter ALAN was associated with worse
mental health among Chinese adults. For ALAN (a pre-
ventable and modifiable exposure), our results support
better mental-health public-health interventions in China.
We also revealed the complexity of the epidemiological
relationship between mental health and ALAN changes,
including confounding factors with other environmental
factors, and individual susceptibility, which should be
investigated in future studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-21587-y.

Acknowledgments The authors thank all participants and administra-
tors in this study.

Funding sources This research was supported by the Key R&D Pro-
gram of Ningxia Autonomous Region (2022BEG03106).

Data availability statement The population data (CFPS) that support
findings of this study are available from https://opendata.pku.edu.cn.
The ALAN data that support the findings of this study are available
from https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi: 10.
7910/DVN/YGIVCD. The PM2.5 data that support the findings of this
study are available from https://sites.wustl.edu/acag/datasets/surface-
pm2-5/. The temperature data that support the findings of this study
are available from http://data.cma.cn

Code availability statement The code that supports the findings of
this study is available from the corresponding author upon reasonable
request.

Author’s contributions Zhenfan Yu: Data curation, Methodology, and
Writing—original draft. Naifan Hu: Conceptualization, Data curation,
and Writing—review & editing. Yurun Du: Software and Writing—
review & editing. Huihui Wang: Formal analysis and Writing—review

@ Springer


https://doi.org/10.1007/s11356-022-21587-y
https://opendata.pku.edu.cn
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/YGIVCD
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/YGIVCD
https://sites.wustl.edu/acag/datasets/surface-pm2-5/
https://sites.wustl.edu/acag/datasets/surface-pm2-5/
http://data.cma.cn

Environmental Science and Pollution Research

& editing. Lining Pu: Data curation and Writing—review& editing.
Xue Zhang: Data curation. Degong Pan: Writing—review & editing.
Xiaoxue He: Writing—review & editing. Jiangping Li: Supervision,
Resources, Writing—review & editing, Project administration, and
Funding acquisition

Declarations

Ethics approval and consent to participate The CFPS is a nationally
representative, the biennial household survey that has been performed
since 2010, organized by the Institute of Social Science Survey, Peking
University. The Peking University Biomedical Ethics Review Com-
mittee provided ethical approval for the survey (Approval number:
IRB00001052-14010).

Conflicts of interest The authors have no conflicts of interest to dis-
close.

References

An K, Zhao H, Miao Y, Xu Q, Li YF, Ma YQ, Shi YM, Shen JW, Meng
1], Yao YG, Zhang Z, Chen JT, Bao J, Zhang M, Xue T (2020)
A circadian rhythm-gated subcortical pathway for nighttime-
light-induced depressive-like behaviors in mice. Nat Neurosci
23(7):869-880. https://doi.org/10.1038/s41593-020-0640-8

Buguet A (2007) Sleep under extreme environments: effects of heat and
cold exposure, altitude, hyperbaric pressure and microgravity in
space. J Neurol Sci 262(1-2):145-152. https://doi.org/10.1016/j.
jns.2007.06.040

Chellappa SL, Steiner R, Oelhafen P, Cajochen C (2017) Sex differ-
ences in light sensitivity impact on brightness perception, vigilant
attention and sleep in humans. Sci Rep 7(1):14215. https://doi.org/
10.1038/541598-017-13973-1

Chen Z, Yu B, Yang C, Zhou Y, Yao S, Qian X, Wang C, Wu B, Wu
J, (2020) An extended time-series (2000-2018) of global NPP-
VIIRS-like nighttime light data Version V3) Harvard Dataverse.
https://doi.org/10.7910/DVN/YGIVCD

Cissé YM, Peng J, Nelson RJ (2016) Dim light at night prior to ado-
lescence increases adult anxiety-like behaviors. Chronobiol Int
33(10):1473-1480. https://doi.org/10.1080/07420528.2016.12214
18

Dadvand P, Rivas I, Basagafia X, Alvarez-Pedrerol M, Su J, De Castro
Pascual M, Amato F, Jerret M, Querol X, Sunyer J, Nieuwenhui-
jsen MJ (2015) The association between greenness and traffic-
related air pollution at schools. Sci Total Environ 523:59-63.
https://doi.org/10.1016/j.scitotenv.2015.03.103

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW (2008)
From inflammation to sickness and depression: when the immune
system subjugates the brain. Nat Rev Neurosci 9(1):46-56. https://
doi.org/10.1038/nrn2297

Elvidge CD, Baugh KE, Zhizhin M, Hsu FC (2013) Why VIIRS data
are superior to DMSP for mapping nighttime lights. Proceedings
of the Asia-Pacific Advanced Network 35(62):69. https://doi.
org/10.7125/apan.35.7

Frey DJ, Fleshner M, Wright KP Jr (2007) The effects of 40 hours
of total sleep deprivation on inflammatory markers in healthy
young adults. Brain Behav Immun 21(8):1050-1057. https://
doi.org/10.1016/j.bbi.2007.04.003

Ginn S, Horder J (2012) "One in four" with a mental health problem:
the anatomy of a statistic. BMJ 344:e1302. https://doi.org/10.
1136/bmj.e1302

@ Springer

Global Burden of Disease Study (2015) Global, regional, and
national incidence, prevalence, and years lived with disability
for 301 acute and chronic diseases and injuries in 188 countries,
1990-2013: a systematic analysis for the Global Burden of Dis-
ease Study 2013. Lancet 386(9995):743-800. https://doi.org/
10.1016/s0140-6736(15)60692-4

Helbich M, Browning M, Huss A (2020) Outdoor light at night, air
pollution and depressive symptoms: a cross-sectional study in
the Netherlands. Sci Total Environ 744:140914. https://doi.org/
10.1016/j.scitotenv.2020.140914

JiaZ, Wei Y, Li X, Yang L, Liu H, Guo C, Zhang L, Li N, Guo S,
Qian Y, Li Z (2018) Exposure to ambient air particles increases
the risk of mental disorder: findings from a natural experiment
in Beijing. Int J Environ Res Public Health 15(1):160. https://
doi.org/10.3390/ijerph15010160

Lopez AD, Murray CC (1998) The global burden of disease, 1990-
2020. Nat Med 4(11):1241-1243. https://doi.org/10.1038/3218

Massetti GM, Thomas CC, King J, Ragan K, Buchanan Lunsford N
(2017) Mental health problems and cancer risk factors among
young adults. Am J Prev Med 53(3s1):S30-S39. https://doi.org/
10.1016/j.amepre.2017.04.023

McClung CA (2013) How might circadian rhythms control mood?
Let me count the ways. Biol Psychiatry 74(4):242-249. https://
doi.org/10.1016/j.biopsych.2013.02.019

Mullington JM, Haack M, Toth M, Serrador JM, Meier-Ewert HK
(2009) Cardiovascular, inflammatory, and metabolic conse-
quences of sleep deprivation. Prog Cardiovasc Dis 51(4):294—
302. https://doi.org/10.1016/j.pcad.2008.10.003

Navara KJ, Nelson RJ (2007) The dark side of light at night: physi-
ological, epidemiological, and ecological consequences. J Pin-
eal Res 43(3):215-224. https://doi.org/10.1111/j.1600-079X.
2007.00473.x

Obayashi K, Saeki K, Iwamoto J, Ikada Y, Kurumatani N (2013)
Exposure to light at night and risk of depression in the elderly.
J Affect Disord 151(1):331-336. https://doi.org/10.1016/j.jad.
2013.06.018

Obayashi K, Saeki K, Kurumatani N (2018) Bedroom light exposure
at night and the incidence of depressive symptoms: a longitudinal
study of the HEIJO-KYO cohort. Am J Epidemiol 187(3):427—
434. https://doi.org/10.1093/aje/kwx290

Osibona O, Solomon BD, Fecht D (2021) Lighting in the Home and
Health: A Systematic Review. Int J Environ Res Public Health
18(2). https://doi.org/10.3390/ijerph18020609

Paksarian D, Rudolph KE, Stapp EK, Dunster GP, He J, Mennitt D,
Hattar S, Casey JA, James P, Merikangas KR (2020) Association
of outdoor artificial light at night with mental disorders and sleep
patterns among US adolescents. JAMA Psychiatry 77(12):1266—
1275. https://doi.org/10.1001/jamapsychiatry.2020.1935

Perrino T, Lombard J, Rundek T, Wang K, Dong C, Gutierrez CM,
Toro M, Byrne MM, Nardi MI, Kardys J, Szapocznik J, Brown
SC (2019) Neighbourhood greenness and depression among older
adults. Br J Psychiatry 215(2):476—480. https://doi.org/10.1192/
bjp.2019.129

Prince M, Patel V, Saxena S, Maj M, Maselko J, Phillips MR, Rahman
A (2007) No health without mental health. Lancet 370(9590):859—
877. https://doi.org/10.1016/s0140-6736(07)61238-0

Radloft LS (1977) The CES-D Scale: a self-report depression scale for
research in the general population. Appl Psychol Meas 1:385—401.
https://doi.org/10.1177/014662167700100306

Shi K, Yu B, Huang Y, Hu Y, Yin B, Chen Z, Chen L, Wu J (2014)
Evaluating the ability of NPP-VIIRS nighttime light data to esti-
mate the gross domestic product and the electric power consump-
tion of China at multiple scales: a comparison with DMSP-OLS
data. Remote Sensing 6(2):1705-1724. https://www.mdpi.com/
2072-4292/6/2/1705


https://doi.org/10.1038/s41593-020-0640-8
https://doi.org/10.1016/j.jns.2007.06.040
https://doi.org/10.1016/j.jns.2007.06.040
https://doi.org/10.1038/s41598-017-13973-1
https://doi.org/10.1038/s41598-017-13973-1
https://doi.org/10.7910/DVN/YGIVCD
https://doi.org/10.1080/07420528.2016.1221418
https://doi.org/10.1080/07420528.2016.1221418
https://doi.org/10.1016/j.scitotenv.2015.03.103
https://doi.org/10.1038/nrn2297
https://doi.org/10.1038/nrn2297
https://doi.org/10.7125/apan.35.7
https://doi.org/10.7125/apan.35.7
https://doi.org/10.1016/j.bbi.2007.04.003
https://doi.org/10.1016/j.bbi.2007.04.003
https://doi.org/10.1136/bmj.e1302
https://doi.org/10.1136/bmj.e1302
https://doi.org/10.1016/s0140-6736(15)60692-4
https://doi.org/10.1016/s0140-6736(15)60692-4
https://doi.org/10.1016/j.scitotenv.2020.140914
https://doi.org/10.1016/j.scitotenv.2020.140914
https://doi.org/10.3390/ijerph15010160
https://doi.org/10.3390/ijerph15010160
https://doi.org/10.1038/3218
https://doi.org/10.1016/j.amepre.2017.04.023
https://doi.org/10.1016/j.amepre.2017.04.023
https://doi.org/10.1016/j.biopsych.2013.02.019
https://doi.org/10.1016/j.biopsych.2013.02.019
https://doi.org/10.1016/j.pcad.2008.10.003
https://doi.org/10.1111/j.1600-079X.2007.00473.x
https://doi.org/10.1111/j.1600-079X.2007.00473.x
https://doi.org/10.1016/j.jad.2013.06.018
https://doi.org/10.1016/j.jad.2013.06.018
https://doi.org/10.1093/aje/kwx290
https://doi.org/10.3390/ijerph18020609
https://doi.org/10.1001/jamapsychiatry.2020.1935
https://doi.org/10.1192/bjp.2019.129
https://doi.org/10.1192/bjp.2019.129
https://doi.org/10.1016/s0140-6736(07)61238-0
https://doi.org/10.1177/014662167700100306
https://www.mdpi.com/2072-4292/6/2/1705
https://www.mdpi.com/2072-4292/6/2/1705

Environmental Science and Pollution Research

Stevens RG, Brainard GC, Blask DE, Lockley SW, Motta ME (2013)
Adverse health effects of nighttime lighting: comments on
American Medical Association policy statement. Am J Prev Med
45(3):343-346. https://doi.org/10.1016/j.amepre.2013.04.011

Tahkdamo L, Partonen T, Pesonen AK (2019) Systematic review of
light exposure impact on human circadian rhythm. Chronobiol Int
36(2):151-170. https://doi.org/10.1080/07420528.2018.1527773

Vallée A, Lecarpentier Y, Guillevin R, Vallée JN (2020) The influence
of circadian rhythms and aerobic glycolysis in autism spectrum
disorder. Transl Psychiatry 10(1):400. https://doi.org/10.1038/
$41398-020-01086-9

van Bommel W, van den Beld G (2004) Lighting for work: a review of
visual and biological effects. Light Res Technol 36(4):255-266.
https://doi.org/10.1191/13657828041i1220a

van Donkelaar A, Hammer MS, Bindle L, Brauer M, Brook JR, Garay
MlJ, Hsu NC, Kalashnikova OV, Kahn RA, Lee C, Levy RC, Lya-
pustin A, Sayer AM, Martin RV (2021) Monthly global estimates
of fine particulate matter and their uncertainty. Environ Sci Tech-
nol 55(22):15287-15300. https://doi.org/10.1021/acs.est.1c05309

Wang K, Lin C, Wu C (2020) Trends and planning choices after Chi-
na's urbanization rate reaching above 60%. City Plan 44(12):9—
17. https://kns.cnki.net/kems/detail/11.2378.TU.20201211.1545.
006.html

Wilson HA, Creighton C, Scharfman H, Choleris E, MacLusky NJ
(2021) Endocrine insights into the pathophysiology of autism
spectrum disorder. Neuroscientist 27(6):650—667. https://doi.org/
10.1177/1073858420952046

Wu ZY, Huang SD, Zou JJ, Wang QX, Naveed M, Bao HN, Wang W,
Fukunaga K, Han F (2020) Autism spectrum disorder (ASD):
disturbance of the melatonin system and its implications. Biomed

Pharmacother 130:110496. https://doi.org/10.1016/j.biopha.2020.
110496

Xie Y, Lu P (2015) The sampling design of the China Family Panel
Studies (CFPS). Chin J Sociol 1(4):471-484. https://doi.org/10.
1177/2057150x15614535

Xie Y, Jin Z, Huang H, Li S, Dong G, Liu Y, Chen G, Guo Y (2022)
Outdoor light at night and autism spectrum disorder in Shang-
hai, China: a matched case-control study. Sci Total Environ
811:152340. https://doi.org/10.1016/j.scitotenv.2021.152340

Xu YX, Zhang AH, Yu Y, Wan YH, Tao FB, Sun Y (2021) Sex-specific
association of exposure to bedroom light at night with general
and abdominal adiposity in young adults. Ecotoxicol Environ Saf
223:112561. https://doi.org/10.1016/j.ecoenv.2021.112561

Xue T, Zhu T (2018) Increment of ambient exposure to fine particles
and the reduced human fertility rate in China, 2000-2010. Sci
Total Environ 642:497-504. https://doi.org/10.1016/j.scitotenv.
2018.06.075

Xue T, Zhu T, Peng W, Guan T, Zhang S, Zheng Y, Geng G, Zhang Q
(2021) Clean air actions in China, PM2.5 exposure, and house-
hold medical expenditures: a quasi-experimental study. PLoS Med
18(1):e1003480. https://doi.org/10.1371/journal.pmed.1003480

Zeitzer JM, Dijk DJ, Kronauer R, Brown E, Czeisler C (2000) Sensi-
tivity of the human circadian pacemaker to nocturnal light: mela-
tonin phase resetting and suppression. J Physiol 526(Pt 3):695—
702. https://doi.org/10.1111/j.1469-7793.2000.00695.x

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.amepre.2013.04.011
https://doi.org/10.1080/07420528.2018.1527773
https://doi.org/10.1038/s41398-020-01086-9
https://doi.org/10.1038/s41398-020-01086-9
https://doi.org/10.1191/1365782804li122oa
https://doi.org/10.1021/acs.est.1c05309
https://kns.cnki.net/kcms/detail/11.2378.TU.20201211.1545.006.html
https://kns.cnki.net/kcms/detail/11.2378.TU.20201211.1545.006.html
https://doi.org/10.1177/1073858420952046
https://doi.org/10.1177/1073858420952046
https://doi.org/10.1016/j.biopha.2020.110496
https://doi.org/10.1016/j.biopha.2020.110496
https://doi.org/10.1177/2057150x15614535
https://doi.org/10.1177/2057150x15614535
https://doi.org/10.1016/j.scitotenv.2021.152340
https://doi.org/10.1016/j.ecoenv.2021.112561
https://doi.org/10.1016/j.scitotenv.2018.06.075
https://doi.org/10.1016/j.scitotenv.2018.06.075
https://doi.org/10.1371/journal.pmed.1003480
https://doi.org/10.1111/j.1469-7793.2000.00695.x

	Association of outdoor artificial light at night with mental health among China adults: a prospective ecology study
	Abstract
	Introduction
	Methods
	Study population
	Mental health
	ALAN assessment
	Covariates
	PM2.5
	Temperature
	Individual-level variables

	Study design and statistical analyses

	Results
	Discussion
	Conclusions
	Acknowledgments 
	References


