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Abstract
Aims/hypothesis Exposure to artificial light at night (LAN) disrupts the circadian timing system and might be a risk factor for
diabetes. Our aim was to estimate the associations of chronic exposure to outdoor LAN with glucose homoeostasis markers and
diabetes prevalence based on a national and cross-sectional survey of the general population in China.
Methods The China Noncommunicable Disease Surveillance Study was a nationally representative study of 98,658 participants
aged ≥18 years who had been living in their current residence for at least 6 months recruited from 162 study sites across mainland
China in 2010. Diabetes was defined according to ADA criteria. Outdoor LAN exposure in 2010 was estimated from satellite
data and the participants attending each study site were assigned the same mean radiance of the outdoor LAN at the study site.
The linear regression incorporating a restricted cubic spline function was used to explore the relationships between LAN
exposure and markers of glucose homoeostasis. Cox regression with a constant for the time variable assigned to all individuals
and with robust variance estimates was used to assess the associations between the levels of outdoor LAN exposure and the
presence of diabetes by calculating the prevalence ratios (PRs) with adjustment for age, sex, education, smoking status, drinking
status, physical activity, family history of diabetes, household income, urban/rural areas, taking antihypertensive medications,
taking lipid-lowering medications, and BMI.
Results The mean age of the study population was 42.7 years and 53,515 (weighted proportion 49.2%) participants were women.
Outdoor LAN exposure levels were positively associated with HbA1c, fasting and 2 h glucose concentrations and HOMA-IR and
negatively associatedwith HOMA-B. Diabetes prevalence was significantly associated with per-quintile LAN exposure (PR 1.07
[95% CI 1.02, 1.12]). The highest quintile of LAN exposure (median 69.1 nW cm−2 sr−1) was significantly associated with an
increased prevalence of diabetes (PR 1.28 [95% CI 1.03, 1.60]) compared with the lowest quintile of exposure (median 1.0 nW
cm−2 sr−1).
Conclusions/interpretation There were significant associations between chronic exposure to higher intensity of outdoor LAN
with increased risk of impaired glucose homoeostasis and diabetes prevalence. Our findings contribute to the growing evidence
that LAN is detrimental to health and point to outdoor LAN as a potential novel risk factor for diabetes.
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Abbreviations
DMSP Defense Meteorological Satellite Program
FPG Fasting plasma glucose
LAN Light at night
NGDC National Geophysical Data Center
NNH Number needed to harm
OLS Operational Linescan System
PG Postprandial glucose
PR Prevalence ratio

Introduction

Nocturnal exposure to outdoor artificial light from various
light sources is a ubiquitous environmental risk factor in
modern societies [1]. Urban light pollution can affect not only
residents in big cities but also those in distant areas such as
suburbs and forest parks, which are hundreds of kilometres
from the light source. Despite over 80% of the world’s popu-
lation being exposed to light pollution at night [1], this prob-
lem has gained limited attention from scientists until recent
years [2].

Under nature’s 24 h light–dark cycle, most organisms,
including mammals, have developed an endogenous circadian
timing system adapted to the regular alternation of light and
dark phases. Exposure to artificial light at night (LAN) may

suppress the nocturnal secretion of pineal melatonin [3] and
animal experiments have discovered that light pollution alters
the circadian rhythm of insects, birds and other animals,
resulting in premature death and loss of biodiversity [4].
Exposure to artificial LAN may disrupt the typical timing of
food intake and subsequently induce metabolic dysregulation
[5]. In experiments with rats, acute exposure to LAN induced
glucose intolerance, as demonstrated by increased plasma
glucose levels at the start of exposure and subsequently
increased plasma insulin [6]. However, another animal study
showed that 12 h exposure to dim white light (5 lx) at night
strongly reduced the daily rhythms in sleep–wake behaviour
but did not affect body weight or glucose tolerance [7].
The effects of chronic LAN exposure have also been
assessed in mice. Mice exposed to as little as 5 lx of light
for 4 weeks had increased body mass and reduced glucose
tolerance compared with mice housed in the dark at night,
despite displaying equivalent energy consumption and
expenditure [8].

Night-shift workers exposed to higher levels of LAN were
found to be at higher risks of disrupted circadian rhythms and
CHD [9, 10]. Another meta-analysis summarised that a higher
LAN exposure was consistently associatedwith 13% and 22%
higher odds of being overweight and obese, respectively [11].
In a cross-sectional study conducted among adults in South
India, LAN exposure measured by satellite was found to be
positively associated with BMI, systolic BP and LDL-
cholesterol but not with fasting glucose [12]. However,
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bedroom LAN exposure was reported to be positively associ-
ated with the development of diabetes in a general elderly
population [13].

Diabetes is a critical public health problem in China [14].
The onset and progression of diabetes is ascribed largely to
behavioural and environmental risk factors [15]. With the
rapid development of urbanisation and economies, urban
artificial lighting has greatly increased in China [16].
People living in cities are more prone to being shifted
away from nature’s 24 h day–night rhythm towards a
pattern of working around the clock, staying out late and
exposure to artificial LAN. It is therefore essential to
assess the extent of the artificial LAN leading to or related
to diabetes so as to implement effective prevention strat-
egies. We aimed to estimate the associations between
chronic exposure to outdoor artificial LAN and glucose
homoeostasis markers and diabetes prevalence based on
a national and cross-sectional survey of the general popu-
lation in China.

Methods

Study design and participantsWe used data from a nationally
representative sample of the general population in China.
Details of the study design and protocol have been described
previously [17]. Briefly, the China Noncommunicable
Disease Surveillance Study was conducted in 2010 within
the National Disease Surveillance Point System of Chinese
Center for Disease Control and Prevention, and included
162 study sites covering various geographical areas of all 31
provinces, autonomous regions and municipalities in main-
land China.

A complex, multistage, probability sampling design was
used at each study site to select a general population that
was representative of civilian, non-institutionalised Chinese
adults aged ≥18 years. At the first stage of sampling, four
subdistricts were selected at each site with probability
proportional to size. At the second stage, three
neighbourhood communities or administrative villages
were selected proportional to size within each subdistrict.
At the third stage, 50 households within each community
or village were randomly selected. Only one local perma-
nent resident was selected at random from each household
using a Kish selection table [18]. A total of 109,023
adults living in their current residence for at least 6
months were selected. Finally, 98,658 Chinese adults
responded and participated in the survey. The study proto-
col was approved by the ethical review committee of the
Chinese Center for Disease Control and Prevention and
other participating centres. Written informed consent
was obtained from all study participants.

Data collection The 2010 China Noncommunicable Disease
Surveillance Study was conducted in the examination centres
at local health stations or community clinics by trained staff
according to a standardised protocol. A face-to-face interview
was conducted to collect information on demographic charac-
teristics, education, household income, lifestyle habits, disease
history and current medications, and family history of diabe-
tes, etc., using a standard questionnaire. Household income
was recorded for the year of 2009 (the previous year of the
survey). Current smoking was defined as having smoked at
least 100 cigarettes in one’s lifetime and currently smoking
cigarettes. Current drinking was defined as alcohol intake
more than once per month during the past 12 months.
Physical activity was estimated from responses to the Global
Physical Activity Questionnaire, which included questions on
intensity, duration and frequency of physical activity. Total
metabolic equivalents minutes per week were calculated to
provide a measurement of physical activity levels. A high
level of physical activity was defined as follows: ≥150 min/
week moderate intensity; ≥75 min/week vigorous intensity; or
≥150 min/week moderate or vigorous intensity. Body weight
and height were measured according to a standard protocol
and BMI was calculated as weight (kg) divided by height
squared (m2). Normal weight, overweight and obesity were
defined as BMI <24.0 kg/m2, BMI 24.0–27.9 kg/m2 and BMI
≥28.0 kg/m2, respectively, as recommended by the Working
Group onObesity in China [19]. Blood samples were obtained
from all participants after they had fasted overnight for ≥10 h.
Participants not diagnosed previously with diabetes under-
went 2 h OGTT by being given 75 g glucose solution.
Fasting plasma glucose (FPG) and 2 h postprandial glucose
(PG) were measured at 0 h and 2 h, respectively, during the
OGTT. Blood samples were collected using a vacuum
collection tube containing anticoagulant sodium fluoride
and centrifuged on-site within 2 h of collection. Details on
the measurement of FPG, 2 h PG and HbA1c have been
described in previous publications and insulin concentra-
tions at fasting state were determined via immunoassay at
the central laboratory [17]. Diabetes was defined as FPG
≥7.0 mmol/l, and/or 2 h PG ≥11.1 mmol/l, and/or HbA1c

≥48 mmol/mol (6.5%), and/or a self-reported previous
diagnosis of diabetes by healthcare professionals regard-
less of the participants’ current medications. We estimated
insulin resistance by the HOMA-IR and beta cell function
by the HOMA-B [20].

Outdoor LAN exposure Data on the exposure levels of artifi-
cial outdoor LAN were retrieved from the US Defense
Meteorological Satellite Program (DMSP) (https://ngdc.
noaa.gov/eog/download.html, accessed 15 June 2021). The
Operational Linescan System (OLS), flown on the DMSP
satellites, is capable of recording low-light imaging data at
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night worldwide. These data were archived at the US National
Geophysical Data Center (NGDC). The data contained annual
composites of images of outdoor LAN after excluding sun and
moon luminance, clouds, atmospheric lighting and ephemeral
events such as fires. Although these images capture only a
fraction of the light originating from the Earth’s surface,
they represent the relative intensity of night-time illumi-
nation at ground level. There were two types of LAN
data available. The ordinary DMSP-OLS Nighttime
Lights Time Series, with digital numbers ranging from 0
to 63, could not accommodate bright sources (i.e. city
centres) within its limited dynamic range. To solve the
‘saturation’ problem, which happens in the ordinary
DMSP-OLS night-time light product, the most recent
Global Radiance Calibrated Nighttime Lights expanded
the dynamic range and transforms data into units of illumi-
nation (nW cm−2 sr−1) [21, 22]. To estimate the LAN expo-
sure for study participants, we used the high dynamic range

data throughout the year 2010 downloaded from the
NGDC (https://ngdc.noaa.gov/eog/dmsp/download_
radcal.html, data version ‘F16_20100111-20101209_rad_
v4’; see electronic supplementary material [ESM] Fig. 1).
The mean night-time radiance of the outdoor LAN for each
study site, which was either a district in a city or a county
in a rural area, was calculated and participants living with-
in each study site were assigned the same mean radiance of
the outdoor LAN at that study site.

Statistical analysis To account for the multistage probability
sampling design of the survey, the appropriate weights and
design factors were considered to represent the overall
Chinese adult population aged 18 years or older in all the
analyses. Weight coefficients were derived from 2010 China
population census data and the sampling scheme of the current
survey to obtain national estimates [17]. Details of weighting
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Fig. 1 Distribution of outdoor LAN exposure. (a) Map of outdoor LAN
in China in 2010, with study sites indicated by circles. (b) The number of
participants exposed to each radiance level of outdoor LAN. (c) The
distribution of the radiance categorised by quintiles of outdoor LAN.
The median (25% quartile, 75% quartile) of LAN in quintile 1 to quintile

5, respectively, was 1.0 (0.6, 1.7), 3.9 (3.2, 4.8), 7.0 (6.3, 8.1), 17.0 (10.5,
24.5) and 69.1 (53.9, 117.0) nW cm−2 sr−1. The total number of partici-
pants was 98,658. The number of participants in quintile 1 to quintile 5,
respectively, was 24,151, 14,392, 15,028, 23,773 and 21,314
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methods are provided in ESM Methods. Demographic and
metabolic characteristics of study participants are presented
as means (95% CIs) for continuous variables and percentages
(95% CIs) for categorical variables. The mean values and
percentages in different groups were compared using
ANOVA and χ2 tests. As suggested by previous studies [23,
24], we used Cox regression with a constant for the time
variable assigned to all individuals and with robust variance
estimates to assess the association between the level of
outdoor LAN exposure and the presence of diabetes by calcu-
lating the prevalence ratio (PR) per quintile of LAN exposure
or for each of the upper four quintiles relative to the lowest
quintile of LAN, with adjustment for covariates. We selected a
priori potential confounders for adjustment in multivariable
models based on knowledge of their associations with LAN
exposure and diabetes. These factors included age, sex, educa-
tion, smoking status, drinking status, physical activity, family
history of diabetes, household income, urban/rural living,
taking antihypertensive medications, taking lipid-lowering
medications, and BMI. To explore the possible relationships
between LAN exposure and glucose homoeostasis markers
and prevalent diabetes, linear regression and Cox regres-
sion with equal times assigned to all individuals and
with robust variance estimates were performed by incor-
porating a restricted cubic spline function of LAN with
the reference value of 0.1 nW cm−2 sr−1. Three knots at
the 5th, 50th and 95th percentiles were automatically set
for the splines. In addition, because missing data in the
current study were limited (1–2% for all variables in the
analysis), these were ignored and models were built on
the remaining data.

The number needed to harm (NNH) was calculated to indi-
cate how many individuals needed to be exposed to a partic-
ular level of LAN for one additional case of diabetes, when
compared with individuals exposed to the lowest level of
LAN. Confounding was considered according to the methods
suggested by Bender and Blettner [25]. We then estimated the
number of diabetes diagnoses in Chinese adults aged ≥18
years that can be attributed to LAN exposure using the
Chinese population aged ≥18 years divided by NNH. Details
of the calculation are provided in ESM Methods.

All analyses were performed using R version 3.6.3 (R
Foundation for Statistical Computing, Vienna, Austria). A
two-sided p<0.05 was considered statistically significant.

Results

The radiance of LAN exposure varied substantially across
China (Fig. 1a). Most areas were exposed to a low intensity
of outdoor LAN, while a higher intensity of outdoor LAN
converged on the eastern coastal cities. The distribution of
the outdoor LAN among the 162 study sites was skewed to

the left and the median (IQR) LAN exposure of all study sites
was 7.9 (2.8, 26.8) nW cm−2 sr−1 (Fig. 1b). The mean (95%
CI) age of the participants was 42.7 (41.9, 43.5) years; 53,515
(weighted proportion 49.2%) participants were women. In
further analyses, we categorised the participants by the quin-
tiles of the outdoor LAN exposure. The median (IQR) of
outdoor LAN in quintile 1 to quintile 5, respectively, was
1.0 (0.6, 1.7), 3.9 (3.2, 4.8), 7.0 (6.3, 8.1), 17.0 (10.5, 24.5)
and 69.1 (53.9, 117.0) nW cm−2 sr−1 (Fig. 1c). Baseline
characteristics of the study participants by LAN exposure
are shown in Table 1. Participants in the higher quintiles of
outdoor LAN were more likely to be older, have a higher
BMI and household income and live in an urban area.
Participants in the lower quintiles of outdoor LAN report-
ed higher levels of physical activity but fewer years of
education.

We examined the shape of the exposure–response curve for
the relationship between outdoor LAN exposure and glucose
homoeostasis markers and diabetes (Fig. 2). There were
apparently monotonically increasing exposure–response
curves for the associations between outdoor LAN exposure
(reference concentration 0.1 nW cm−2 sr−1 as the lowest
concentration to which participants were exposed) and
HbA1c, FPG, 2h PG, and HOMA-IR (Fig. 2a–d). The associ-
ation between outdoor LAN exposure and HOMA-B was
monotonical and decreasing, with a steeper slope at radiance
below 20 nW cm−2 sr−1 (Fig. 2e). The PRs for the association
between outdoor LAN exposure and diabetes presented a
similar shape of curve to those of HbA1c, FPG, 2 h PG and
HOMA-IR (Fig. 2f).

Table 2 shows the PRs and 95% CIs for the associations
between per quintile of outdoor LAN exposure and various
definitions of diabetes prevalence. We observed positive and
similar PRs in models 1–3, while in model 4 (with additional
adjustment for BMI), the associations between outdoor LAN
and HbA1c ≥48 mmol/mol (6.5%) and FPG ≥7.0 mmol/l were
no longer statistically significant. The per-quintile LAN expo-
sure was positively associated with diabetes prevalence in
model 4 (PR 1.07 [95% CI 1.02, 1.12]).

A high intensity of outdoor LAN exposure was associated
with a higher prevalence of diabetes (Fig. 3). In the adjusted
model, the PR (95% CI) for quintile 5 of LAN exposure was
1.39 (1.14, 1.70) for HbA1c ≥48mmol/mol (6.5%), 1.38 (1.03,
1.85) for FPG ≥7.0 mmol/l, and 1.40 (1.11, 1.70) for 2h PG
≥11.1 mmol/l, compared with the lowest quintile (Fig. 3a–c).
A significant PR of 1.28 (1.03, 1.60) for prevalent diabe-
tes was also observed in the highest quintile of LAN
exposure compared with the lowest quintile (Fig. 3d).
The NNH of diabetes for quintiles 2, 3, 4 and 5 of LAN
exposure was 166, 1163, 78 and 42, respectively. The
total number of diabetes diagnoses in Chinese adults aged
≥18 years that can be attributed to LAN exposure was
estimated to be 9,015,056.
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Discussion

Based on this nationwide survey of the Chinese adult general
population, we found that chronic exposure to residential
outdoor LAN was positively associated with blood glucose
levels, insulin resistance and diabetes prevalence, and inverse-
ly associated with beta cell function; these associations were
robust after adjustment for many important diabetes risk
factors. On average, for every 42 individuals living in the
region with the highest quintile of LAN exposure, one more
individual would have diabetes than if those same individuals
lived in the region with the lowest quintile of LAN exposure.
Although the association of LAN exposure with diabetes
might not be as strong as its relationship with more established
risk factors such as obesity [17], vast amounts of people could

be exposed to outdoor LAN. We reported that an estimated 9
million cases of diabetes in Chinese adults aged ≥18 years
could be attributed to LAN exposure. Our findings are impor-
tant for estimating the effect of light pollution on public health
in China. Considering the accelerating urbanisation along
with the growing number of domestic migrants to cities, the
estimated amount of light-pollution-related diabetes is
projected to increase.

In the present study, we used night-time satellite imagery
provided by the US DMSP to estimate the intensity of outdoor
LAN exposure. By using satellite data, several lines of
evidence also support the detrimental consequences of
outdoor LAN exposure on metabolic regulation and disease,
such as obesity [26, 27], psychiatric disorders [28] and cancer
[29]. For example, in an analysis based on a prospective

Table 1 Participants’ baseline characteristics by quintiles of outdoor LAN exposure

Characteristica Quintile 1
(n=24,151)

Quintile 2
(n=14,392)

Quintile 3
(n=15,028)

Quintile 4
(n=23,773)

Quintile 5
(n=21,314)

Age, years, mean 39.9 (38.6, 41.2) 43.5 (41.6, 45.5) 43.6 (42.1, 45.1) 42.2 (41.0, 43.4) 44.0 (42.4, 45.6)

Women, % 48.5 (47.3, 49.7) 49.1 (47.7, 50.6) 49.0 (47.3, 50.7) 47.9 (46.5, 49.2) 51.3 (49.2, 53.4)

High school or higher, % 16.1 (12.0, 20.2) 20.4 (17.2, 23.6) 18.2 (14.1, 22.3) 27.5 (21.5, 33.5) 48.5 (41.7, 55.2)

Current smoking, % 30.2 (26.9, 33.5) 28.4 (25.9, 30.9) 27.9 (25.5, 30.3) 28.6 (26.6, 30.5) 26.4 (24.0, 28.8)

Current drinking, % 29.6 (24.7, 34.5) 29.7 (26.0, 33.3) 29.0 (25.5, 32.5) 29.0 (26.2, 31.8) 30.2 (27.8, 32.7)

Higher level of physical activity, % 87.8 (84.4, 91.3) 83.3 (80.4, 86.3) 82.3 (78.2, 86.4) 75.4 (70.5, 80.4) 81.5 (78.4, 84.6)

Taking antihypertensive medication, % 4.8 (3.6, 5.9) 7.0 (5.7, 8.4) 7.6 (6.3, 8.8) 8.5 (7.1, 9.9) 12.0 (10.1, 14.0)

Taking lipid-lowering medication, % 1.2 (0.7, 1.6) 1.6 (1.0, 2.3) 2.6 (1.6, 3.5) 2.2 (1.6, 2.9) 2.7 (2.0, 3.4)

Family history of diabetes, % 3.2 (2.5, 3.9) 4.5 (3.1, 5.9) 4.8 (4.0, 5.5) 6.8 (6.0, 7.7) 11.8 (9.9, 13.7)

Urban or rural area distribution, %

Urban 20.3 (5.5, 35.0) 29.6 (7.8, 51.4) 31.9 (11.2, 52.5) 66.5 (48.3, 84.7) 88.6 (72.6, 100.0)

Rural 79.7 (65.0, 94.5) 70.4 (48.6, 92.2) 68.1 (47.5, 88.8) 33.5 (15.3, 51.7) 11.4 (0.0, 27.4)

Household income (10000 RMB), mean 1.9 (1.7, 2.2) 2.2 (1.7, 2.6) 2.3 (1.8, 2.9) 2.8 (2.5, 3.0) 4.1 (3.8, 4.4)

BMI, %

<24.0 kg/m2 65.1 (61.6, 68.5) 61.6 (58.2, 65.0) 57.6 (53.8, 61.4) 52.5 (48.7, 56.3) 51.1 (46.4, 55.7)

24.0–27.9 kg/m2 25.7 (23.7, 27.8) 28.9 (26.7, 31.2) 30.7 (28.4, 32.9) 33.2 (31.3, 35.2) 33.9 (31.4, 36.3)

≥28.0 kg/m2 9.2 (7.6, 10.8) 9.5 (7.8, 11.2) 11.7 (9.9, 13.6) 14.2 (12.1, 16.3) 15.0 (12.6, 17.5)

FPG, mmol/l, mean 5.4 (5.2, 5.6) 5.6 (5.5, 5.7) 5.5 (5.4, 5.7) 5.6 (5.5, 5.7) 5.7 (5.6, 5.9)

2 h PG, mmol/l, mean 6.0 (5.7, 6.3) 6.3 (6.1, 6.5) 6.2 (5.9, 6.5) 6.3 (6.1, 6.5) 6.3 (6.2, 6.5)

HbA1c, mmol/mol, mean 40 (39, 40) 40 (40, 41) 40 (39, 40) 40 (40, 41) 41 (40, 42)

HbA1c, %, mean 5.8 (5.7, 5.8) 5.8 (5.8, 5.9) 5.8 (5.7, 5.8) 5.8 (5.8, 5.9) 5.9 (5.8, 6.0)

Fasting insulin, pmol/l, mean 39.6 (35.4, 43.2) 37.2 (35.4, 39.0) 38.4 (36.0, 40.2) 42.0 (39.6, 43.8) 45.0 (42.6, 47.4)

HOMA-IR, mean 1.7 (1.5, 1.8) 1.6 (1.5, 1.7) 1.6 (1.5, 1.7) 1.8 (1.7, 1.9) 2.0 (1.9, 2.1)

HOMA-B, mean 92.6 (73.6, 111.6) 72.2 (64.3, 80.2) 78.4 (68.9, 87.8) 86.5 (78.6, 94.3) 82.2 (75.8, 88.7)

Previously diagnosed diabetes, % 1.8 (1.3, 2.4) 2.6 (2.1, 3.1) 2.9 (2.3, 3.4) 3.7 (2.9, 4.4) 6.0 (4.5, 7.5)

Values are means or percentages with 95% CIs

Participants were categorised into quintiles after weights were applied
a There were four missing values for current smoking, nine missing values for current drinking, 85 missing values for BMI, 930 missing values for FPG,
5805 missing values for 2 h PG, 1162 missing values for HbA1c, 903 missing values for fasting insulin, 1381 missing values for HOMA-IR and 1381
missing values for HOMA-B

The mean values and percentages in different quintiles were compared using ANOVA analysis and χ2 tests; the distributions of the characteristics by
quintile were significantly different (all p<0.001)
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cohort of older adults in Hong Kong, a 60 nW cm−2 sr−1

increase in outdoor LANwas associated with a 10% increased
risk of CHD [30]. However, fewer studies have evaluated the
association between outdoor LAN exposure and risk of diabe-
tes. The current study is the largest epidemiological study to
test the hypothesis that increased exposure to outdoor LAN is
associated with a higher possibility of developing
hyperglycaemia, insulin resistance and diabetes.

It is undeniable that the satellite imagery showing outdoor
LAN is a proxy measure of the actual LAN exposure and
supposes that all the residents living in one place are affected
by the same intensity of LAN. Different from our study,
Chamorro et al examined the effects of acute exposure to mild
dim LAN on sleep architecture and glucose homoeostasis in 20
healthy normal-weight men at the individual level [31]. They
did not observe significant associations between light exposure
and levels of blood glucose, insulin and C-peptide [31].
However, another clinical trial with a parallel-group design
including 20 young adults found that one night of moderate
(100 lx) light exposure during sleep increased night-time heart

rate, decreased heart rate variability (higher sympathovagal
balance) and increased next-morning insulin resistance when
compared with sleep in a dimly lit (<3 lx) environment [32]. A
prospective study, following a group of elderly individuals,
found that exposure to high-intensity LAN in the bedroom
was associated with increased risk of incident diabetes inde-
pendent of sleep-related variables [13]. Three population stud-
ies which assessed the intensity of LAN exposure during the
participants’ in-bed period also found that exposure to LAN
was associated with obesity [33], impaired lipid variables [34]
and increased night-time BP [35]. Exposure to LAN may
increase the risk of metabolic disease by disruption of circadian
rhythms leading to a wide array of changes in physiological
activities andmetabolic variables, including locomotor activity,
body temperature, food intake, lipid profile, insulin sensitivity,
glucose metabolism and levels of plasma melatonin, glucocor-
ticoids and fatty acids [36]. Furthermore, LAN exposure-
induced disturbances in the central clock lead to perturbed
circadian rhythms in brain regions and a disturbed interplay
between different peripheral tissues [36].
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Fig. 2 Spline curves for outdoor LAN and glucose homoeostasis markers
and diabetes: HbA1c (a); FPG (b); 2 h PG (c); HOMA-IR (d); HOMA-B
(e); and diabetes (f). The data used for analysis of glucose homoeostasis
markers excluded participants previously diagnosed with diabetes. In all
analyses, participants experiencing the top 10% of LANwere trimmed for
the spline model. The number of participants in (a–f), respectively, was
83,835, 83,858, 82,843, 83,545, 83,545 and 86,231. LAN was fitted as a
smooth term using a restricted cubic spline with three knots. Shading

indicates 95% CIs. The reference artificial LAN level was 0.1 nW cm−2

sr−1. The model was adjusted for age, sex, education, smoking status,
drinking status, physical activity, family history of diabetes, household
income, urban/rural habitation, taking antihypertensive medications,
taking lipid-lowering medications, and BMI. There were 1092 missing
values for HbA1c, 895 missing values for fasting glucose, 2073 missing
values for 2 h PG, 1313 missing values for HOMA-IR, 1313 missing
values for HOMA-B and 1432 missing values for total diabetes
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Falchi et al reported that 83% of the world’s population and
>99% of the US and European populations live under light-
polluted skies [1], therefore it may not be possible to observe
the associations between outdoor LAN and diabetes since the
exposure is within narrow limits in Europe and the USA.
China is a developing country with great regional disparities.
As shown in our study, there are huge differences in the inten-
sity of the exposure to outdoor LAN between the eastern
coastal cities and the rural regions in middle and western

China. Therefore, a major strength of the present study is that
the data are collected from participants recruited across main-
land China with a broad coverage of geographical areas with
different outdoor LAN exposure intensities, and thus a certain
level of representativeness of populations can be justified.

Study limitations Our study has some limitations. First, the
satellite-based estimate of outdoor LAN is a crude measure
of LAN exposure. The mean night-time radiance of the

Table 2 PRs and 95% CIs for the prevalence of diabetes associated with per-quintile outdoor LAN exposure

Variablea Model 1b Model 2c Model 3d Model 4e

HbA1c ≥48 mmol/mol (6.5%)f 1.09 (1.03, 1.15) 1.07 (1.01, 1.13) 1.07 (1.01, 1.14) 1.03 (0.98, 1.10)

FPG ≥7.0 mmol/lf 1.09 (1.02, 1.17) 1.09 (1.02, 1.17) 1.09 (1.01, 1.18) 1.06 (0.98, 1.15)

2 h PG ≥11.1 mmol/lf 1.11 (1.05, 1.17) 1.09 (1.04, 1.16) 1.09 (1.03, 1.16) 1.06 (1.00, 1.12)

HbA1c ≥48 mmol/mol (6.5%) or previously diagnosed diabetes, or both 1.17 (1.11, 1.24) 1.14 (1.08, 1.19) 1.12 (1.06, 1.17) 1.08 (1.03, 1.14)

FPG ≥7.0 mmol/l or previously diagnosed diabetes, or both 1.18 (1.11, 1.25) 1.15 (1.08, 1.21) 1.13 (1.05, 1.20) 1.10 (1.03, 1.17)

2 h PG ≥11.1 mmol/l or previously diagnosed diabetes, or both 1.20 (1.14, 1.27) 1.16 (1.10, 1.22) 1.09 (1.04, 1.15) 1.07 (1.02, 1.13)

Diabetesg 1.13 (1.07, 1.18) 1.10 (1.05, 1.15) 1.09 (1.04, 1.15) 1.07 (1.02, 1.12)

a There were 1092 missing values for HbA1c ≥48 mmol/mol (6.5%), 895 missing values for FPG ≥7.0 mmol/l, 2073 missing values for 2 h PG ≥11.1
mmol/l and 1432 missing values for total diabetes
bModel 1 was adjusted for age and sex
cModel 2: as for model 1, additionally adjusted for education, smoking status, drinking status, physical activity, family history of diabetes, taking
antihypertensive medications and taking lipid-lowering medications
dModel 3: as for model 2, additionally adjusted for household income and urban/rural living
eModel 4: as for model 3, additionally adjusted for BMI
f The data used for analysis excluded individuals previously diagnosed with diabetes.
g Diabetes was defined as FPG ≥7.0 mmol/l, and/or 2 h PG ≥11.1mmol/l, and/or HbA1c ≥48mmol/mol (6.5%), and/or a self-reported previous diagnosis
of diabetes by healthcare professionals regardless of current medications (main definition in the present study)
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Fig. 3 Associations between outdoor LAN and diabetes with different
definitions. (a) HbA1c ≥48 mmol/mol (6.5%) and/or previously diag-
nosed diabetes. (b) FPG ≥7.0 mmol/l and/or previously diagnosed diabe-
tes. (c) 2 h PG ≥11.1 mmol/l and/or previously diagnosed diabetes. (d)
FPG ≥7.0 mmol/l, and/or 2 h PG ≥11.1 mmol/l, and/or HbA1c ≥48
mmol/mol (6.5%), and/or previously diagnosed diabetes. A log-scale
was used for the PR. The model was adjusted for age, sex, education,
smoking status, drinking status, physical activity, family history of

diabetes, household income, urban/rural habitation, taking antihyperten-
sive medications, taking lipid-lowering medications, and BMI. There
were 1092 missing values for HbA1c ≥48 mmol/mol (6.5%) and/or previ-
ously diagnosed diabetes, 895 missing values for FPG ≥7.0 mmol/l and/
or previously diagnosed diabetes, 2073 missing values for 2 h PG ≥11.1
mmol/l and/or previously diagnosed diabetes, and 1432 missing values
for total diabetes
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outdoor LAN at each study site, which was either a district in a
city or a county in a rural area, was assigned to each partici-
pant at the same study site. However, there might be differ-
ences in LAN exposure levels between one end of the study
site and the other. Multiple factors can also influence the actu-
al LAN exposure at an individual level, such as indoor light-
ing, night-time activities in both indoor and outdoor settings,
and the use of light-blocking materials. Second, we cannot
infer causality due to the cross-sectional nature of the study.
Third, LAN exposure during the year 2010 may not reflect
long-term cumulative exposure or changes in LAN. Although
we recruited the participants who had been living at their
current residence for at least 6 months, exposure misclassifi-
cation is still possible if LAN levels changed substantially in
the same areas where people resided. Additionally, we
could not separate the effects of LAN with different wave-
lengths. Experimental evidence has demonstrated that blue
light is most potent in suppressing melatonin release in
humans [37]. Further study may explore the effects of light
at different wavelengths on health. Finally, although we
have adjusted for several socioeconomic and lifestyle-
related variables, confounding from socioeconomic status
and sleep behaviours for the association between LAN
exposure and diabetes cannot be fully ruled out.

In conclusion, the current study demonstrates a significant
association of higher intensity of outdoor LAN exposure with
impaired glucose homoeostasis markers and the presence of
diabetes. Our findings contribute to the growing literature
suggesting that LAN is detrimental to health and demonstrate
that LAN may be a potential novel risk factor for diabetes.
However, we advise caution against causal interpretation of
the findings and call for further studies involving direct
measurement of individual exposure to LAN.
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