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• National study to assess association be-
tween long-termNO2 exposure andmortal-
ity in China.

• No evident violation for linear relationship
was found at a range of 7.4–45.0 μg/m3.

• Estimated NO2-mortality association was
robust to additional adjustment of co-
pollutants.

• Elevated mortality risk was only identified
among participants aged 65 and over.
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Introduction: Serval longitudinal investigations have reported relationships between long-term nitrogen dioxide (NO2)

exposure and mortality. In developing countries such as China, however, the cohort evidence was extremely rare. In
this study,we aimed to establish the concentration-response relationship between long-term exposure toNO2 andmor-
tality in Chinese adults.
Methods:We conducted a prospective cohort study followed up from 2011 to 2018, by enrolling 15,440 participants aged
≥45 years from 28 provincial regions of China. NO2 concentration estimates were derived from high-quality spatiotem-
poral datasets developed bymachine learningmethods andwere assigned for each participant according to their residen-
tial cities. We applied Cox proportional hazard models with time-varying exposures to assess the association of all-cause
death with long-term NO2 exposure. Subgroup analyses were performed to identify effect modifications.
Results: A total of 1646 death events occurred during 105,478.5 person-years follow-up (median 7.1 years). No evident
violation for linear NO2-mortality relationship (P nonlinear = 0.332) was observed at a range of 7.4–45.0 μg/m3. Per
10-μg/m3 rise in NO2 was associated with an hazard ratio of 1.220 (95% confidence interval: 1.103–1.350) for all-
cause mortality. The association between NO2 andmortality was generally robust after adjusting for co-pollutants includ-
ing fine particulate matter or/and ozone. Only participants aged 65 and over (1.351 [1.193–1.531]) suffered from in-
creased risks of death associated with NO2 exposure, and an evident effect modification by age (P = 0.008) was
identified. The elevated risk of death induced by NO2 was also observed in participants living in rural areas and those
with elementary school education or below, though effect modifications were non-significant in these subgroups.
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Conclusions: This study provided novel evidence that long-term NO2 exposure could be an independent risk for mortality
among Chinese middle-aged and older adults. Our findings highlighted the importance of controlling air pollution in-
duced by vehicle emissions.
1. Introduction

Nitrogen dioxide (NO2) predominantly stemming from fuel combustion
and vehicle emission (Qian et al., 2021) has raised growing concern across
the globe in the context of transportation development (Weichenthal et al.,
2021). Several systematic reviews have reported a positive association
between long-term exposure to NO2 and mortality (Beelen et al., 2014;
Huang et al., 2021; Huangfu and Atkinson, 2020). However, the majority
of studies came from developed areas such as North America and Europe
(Huang et al., 2021), with considerably sparse evidence from low- and
middle-income countries where people were projected to have high vulner-
ability to air pollution. In order to facilitate the global assessment of disease
burden related toNO2 exposure,more population-based studies are of great
necessity and significance in less-developed regions.

With the implementation of ongoing clean air actions (e.g., The Air
Pollution Prevention and Control Action Plan), ambient NO2 level in China
has declined over the past few years (Cui et al., 2019; Lin et al., 2021). Nev-
ertheless, current NO2 concentration in China still far exceeds the updated
guideline (10 μg/m3) recommended by World Health Organization (WHO,
2021). To date, only three studies have explored the association between
long-term NO2 exposure and mortality in China (Chen et al., 2016b; Yang
et al., 2018; Zhang et al., 2022), but great heterogeneity existed.
Specifically, a national investigation reported an increased risk of mortality
associated with long-term NO2 exposure (Zhang et al., 2022), whereas no
positive association was observed in two regional studies (Chen et al.,
2016b; Yang et al., 2018). To better support environmental health
policymaking in the context of accelerated aging in China in the coming
decades (Vollset et al., 2020), high-quality evidence regarding the chronic
effects of NO2 on the survival of older adults is highly warranted.

Here,we conceived a nationally representative prospective cohort study
in mainland of China, using face-to-face computer-assisted personal inter-
view survey data of ∼15,000 middle-aged and older adults. The primary
aim of our study was to establish the concentration-response relationship
between long-term NO2 exposure and all-cause mortality in Chinese adults.
The secondary purpose was to identify susceptible populations by compar-
ing estimated mortality risk across subgroups.
2. Methods

2.1. Study data and cohort design

The data of this study was derived from the China Health and Retire-
ment Longitudinal Study (CHARLS), an ongoing national survey for persons
45 years of age and older in mainland of China. Study participants of
CHARLS were chosen from 450 communities at 150 country-level units
within 28 provinces through multistage probability sampling (Chen et al.,
2015; Zhao et al., 2014). The baseline survey among 17,708 participants
was conducted between June 2011 and March 2012, and participants
were generally followed up every 2–3 years through health examination
and questionnaire investigation (Zhao et al., 2014). The CHARLS study
has been approved by the Ethics Committee of Peking University Health
Science Center, and all participants gave written informed consent before
participation.

To date, the CHARLS has publicly released the baseline (2011−2012)
and three waves of follow-up survey data during 2013–2018
(http://charls.pku.edu.cn/en/, accessed on April 14th, 2022). Therefore,
the data of CHARLS from 2011 to 2018 was included for cohort design in
this study. Verbal autopsies were used to identify the death information
of deceased CHARLS participants (Chen et al., 2015), which were
ascertained from their family members in consequent interviews. Due to
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the lack of clinical diagnoses prior to the events of death (Zhang et al.,
2020), about 25% of relatives could not provide specific death information
for these decedents. In view of those unknown or indefinable causes of
death, therefore, only mortality outcome from all causes was considered
in this study. Participants were excluded due to lost to follow-up during
2013–2018 (n = 765), invalid or erroneous death date (n = 25), younger
than 45 years (n=347), andmissing information on crucial variables (n=
1131) (Fig. S1). Finally, a total of 15,440 individuals from 125 cities
(Fig. 1a) were assembled into our cohort analysis, and the number of indi-
viduals per province was geographically illustrated in Fig. 1b.

2.2. Exposure assessment

The ChinaHighNO2 data of monthly ground-level NO2 concentration
during 2005–2018 were obtained from the China High Air Pollutants
(CHAP) database (https://weijing-rs.github.io/product.html, accessed on
April 14th, 2022), a full-coverage and high-quality gridded data with a spa-
tial resolution of 0.25° × 0.25°. The dataset was originally generated from
OMI Tropospheric NO2 products based on satellite remote sensing and
machine-learning methods. Estimates of this dataset have a good consis-
tency with the values from ground monitoring stations, with a cross-
validation coefficient of determination (CV-R2) of 0.72 and a root-mean-
square error (RMSE) of 9.97 μg/m3. Modeling details could be found in
our prior publications (Wei et al., 2021, 2022a, 2022b). Owing to privacy
concerns, village- or street-level residential addresses for participants
were concealed from publicly released CHARLS data. We thus performed
exposure assessments at the city-level by linking participants to 125 cities.
Monthly mean NO2 concentrations for 125 cities during 2005–2018 were
calculated through aggregating cell grid estimates into city-level averages.
Using monthly mean concentrations of these cities, we evaluated annual
average exposures for each calendar year and each city during the study
period.

To account for the confounding effects of co-pollutants, we derived an-
nual estimates of fine particulate matter (PM2.5) and ozone (O3) concentra-
tions at a 0.1° × 0.1° resolution from the Global Burden of Disease Study
2019 (https://ghdx.healthdata.org/gbd-2019, accessed on April 14th,
2022). PM2.5 concentrations were estimated by using Data Integration
Model for Air Quality. Modeling testing results showed a median R2 value
(0.9) and median population-weighted RMSE (10.1 μg/m3) (Murray
et al., 2020). M3Fusion and Bayesian Maximum Entropy methods were ap-
plied to estimate global O3 concentrations, with a good prediction accuracy
(R2 = 0.63, RMSE = 10.86 μg/m3) (DeLang et al., 2021). Details of these
prediction models could be found in previously published articles (Hu
et al., 2018; van Donkelaar et al., 2016). Participants were assigned annual
average city-level exposures to each pollutant for each calendar year during
the study periods.

2.3. Covariates

In consistencywith previous studies (Shi et al., 2022; Stieb et al., 2021),
we considered a series of potential confounders, including demographic
characteristics (e.g., sex, age, education attainment, marital status), behav-
ior factors (e.g., smoking and alcohol drinking), physical conditions
(e.g., chronic diseases and body-mass index [BMI]), and geographic distri-
bution (residence and region). In particular, education attainment was
grouped into elementary school and below (0–6 yrs), middle school and
above (≥7 yrs). Marital status was categorized as married and living, mar-
ried but separated, and single or divorced and widowed. Chronic diseases
included cardiovascular disease (CVD) and respiratory diseases. BMIwas clas-
sified into three groups according to Chinese standard (Zhou et al., 2002):

http://charls.pku.edu.cn/en/
https://weijing-rs.github.io/product.html
https://ghdx.healthdata.org/gbd-2019


Fig. 1. Geographical distributions of participants and NO2 annual average concentrations. (a) location of 125 survey cities; (b) the number of subjects by province; (c) and
(d) annual average NO2 concentration in 2011 and 2018, respectively. Abbreviation: NO2, nitrogen dioxide.
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underweight (<18.5 kg/m2), normal weight (18.5 kg/m2 ≤ BMI < 24
kg/m2), and overweight (≥24 kg/m2).

2.4. Statistical analysis

Cox proportional hazard models with time-varying exposures on the
annual time scale were applied to assess the long-term association be-
tween NO2 exposure and all-cause mortality. We calculated person-
years of follow-up from study enrolment to loss to follow-up, the end
of this study, or date of death, whichever came first. One observation
was created for each person for each year of mortality follow-up
(Zanobetti et al., 2012). Considering the long-term time-trend of NO2

concentration, we use calendar year as the time-scale in our Cox
model (Griffin et al., 2012). All models were stratified by sex and age
(i.e., 44–54, 55–64, 65–74, 75–84 and≥85), adjusting aforementioned
confounders as well. Hazard ratios (HRs) and corresponding 95% confi-
dence intervals (CIs) were calculated for an increase of 10-μg/m3 in NO2

exposure.
Restricted cubic spline (RCS) with 3 knots was used to smooth the

concentration-response (C-R) curve between NO2 exposure and all-cause
mortality (Bentayeb et al., 2015; Cesaroni et al., 2013). We selected the
3

knot number for RCS smoothing via the Akaike information criterion
(AIC) and Bayesian information criterion (Li et al., 2018; Liang et al.,
2020) (Table S1). Nonlinearity of C-R curve was checked by comparing
the model fit of treating NO2 as linear and nonlinear term through a likeli-
hood ratio test. To identify vulnerable subpopulations, we performed sub-
group analyses stratified by sex, age (45–64 versus ≥65 yrs), smoking
and alcohol drinking status, CVD and respiratory diseases (yes or no),
residence (rural versus urban), region (north versus south), and educa-
tion attainment (0–6 versus 7+ yrs).

Sensitivity analyses were conducted to examine the robustness of NO2-
mortality associations. First, we excluded participants who died within
the first year since baseline survey to investigate potential reverse causality
bias. Second, we applied bi-pollutant and tri-pollutant (NO2 plus PM2.5

or/and O3) models in an analysis to eliminate the confounding effects of
co-pollutants, because existing epidemiologic evidence has associated
mortality with long-term PM2.5 and O3 exposure (Di et al., 2017;
Zhang, 2021). Third, we used directed acyclic graph (DAG) to deter-
mine a minimal sufficient adjustment set of variables and estimated
the association of NO2-mortality using variables depicted in Fig. S2.
DAG was widely used to select covariates for minimizing confounding
bias in epidemiological studies (Textor et al., 2016).



Table 2
Descriptive characteristics of air pollutants at participants' residential cities during
2011–2018 and Spearman's rank correlation coefficients among the air pollutants.

Pollutants
(μg/m3)

Mean ± SD Min. Quartile Max. Correlation coefficient

P25 P50 P75 NO2 O3 PM2.5

NO2 21.2 ± 6.3 7.4 16.5 20.3 25.2 44.7 1.00
O3 101.1 ± 14.8 60.7 90.2 101.2 111.0 142.4 0.45 1.00
PM2.5 52.8 ± 18.2 16.1 38.8 51.0 65.7 102.4 0.77 0.59 1.00

Abbreviations: SD, standard deviation; NO2, nitrogen dioxide; PM2.5, fine particu-
late matter; O3, ozone.
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We performed all statistical analyses in R version 4.0.3 (R Foundation
for Statistical Computing, Vienna, Austria), using “survival” package for
the Cox modeling and “rms” package for RCS smoothing. Two-sided tests
with P-value <0.05 were considered to be statistically significant.

3. Results

Table 1 describes basic characteristics of 15,440 study participants in-
cluded in this cohort. During 105,478.5 person-years follow-up (median
7.1 years), a total of 1646 death events occurred. The mean (± SD [stan-
dard deviation]) age of participants was 59.5 ± 9.8 years, and 52.9% of
participantswerewomen. Study subjects enrolled from rural regions shared
61.1%, and 44.4% lived in northern provinces. Smokers and alcohol
drinkers accounted for 38.1% and 30.6%, respectively. Approximately
one-third and a tenth of respondents reported the prevalence of CVD and
respiratory diseases at the baseline, respectively. There were three in five
subjects whose BMI was within the normal weight range (18.5 kg/m2 ≤
BMI < 24 kg/m2).

Table 2 gives the summary statistics of air pollutants exposures for 125
study cities during 2011–2018. Annual average concentration of NO2 for
surveyed cities varied substantially from 7.4 μg/m3 to 44.7 μg/m3, showing
an overall decline of 3.0 μg/m3 from 2011 (20.6 μg/m3, Fig. 1c) to 2018
(17.6 μg/m3, Fig. 1d). Specifically, 118 of the 125 cities (Table S2) experi-
enced a reduction in NO2 levels during 2011–2018, with an over 20% de-
cline in nearly a quarter of survey cities and the greatest decline in the
Beijing-Tianjin-Hebei region (Fig. S3). During the study period, ambient
levels for O3 and PM2.5 in China generally exhibited a downward trend
(Fig. S4), with 8-year mean concentrations of 101.1 μg/m3 (range:
Table 1
Baseline characteristics of study participants.

Variables Statistics

Persons, n (%) 15,440
Death, n (%) 1646 (10.7)
Total person-years 105,478.5
Median year of follow-up 7.1
Age (mean ± SD), yrs 59.5 ± 9.8
Sex, n (%)

Male 7272 (47.1)
Female 8168 (52.9)

Education level, n (%)
Elementary school and below 10,418 (67.5)
Middle school and above 5022 (32.5)

Marital status, n (%)
Married and living 12,625 (81.8)
Married but separated 895 (5.8)
Single, divorced or widowed 1920 (12.4)

BMI (kg/m2), n (%)
<18.5 900 (5.8)
[18.5, 24) 9442 (61.2)
≥24 5098 (33.0)

Smoking status, n (%)
Non-smoker 9560 (61.9)
Smoker 5880 (38.1)

Drinking status, n (%)
Non-drinker 10,709 (69.4)
Drinker 4731 (30.6)

Residence, n (%)
Rural 9431 (61.1)
Urban 6009 (38.9)

Regional distribution, n (%)
North 6850 (44.4)
South 8590 (55.6)

Cardiovascular diseases, n (%)
Yes 5375 (34.8)
No 10,065 (65.2)

Respiratory diseases, n (%)
Yes 1802 (11.7)
No 13,638 (88.3)

Abbreviations: SD, standard deviation; NO2, nitrogen dioxide, BMI, body-
mass index.
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60.7–142.4) and 52.8 μg/m3 (16.1–102.4), respectively (Table 2). NO2

was moderately correlated with O3 (r = 0.45), and the correlation coeffi-
cient was 0.77 between NO2 and PM2.5.

Fig. 2 outlines the C-R curve between long-term NO2 exposure and all-
causemortality. An approximately linear NO2-mortality association (P non-
linear = 0.332) was observed at a range of 7.4–45.0 μg/m3, with a slightly
moderated slope at concentrations above 20 μg/m3. Per 10-μg/m3 increase
in annual average NO2 concentration was associated with an HR of 1.220
(95% CI: 1.103–1.350). The look-up table of HR estimates based on C-R
function stemming from our study was available in Table S3. NO2-
mortality association remained robust to modeling adjustments in our sen-
sitivity analyses (Table S4). DAG-based analysis provided a comparable HR
estimate of 1.192 (1.070–1.328) to fully adjusted model. NO2-related risk
increased slightly when excluding participants who died within the first
year since baseline survey (1.242, 1.118–1.381), and performing analyses
using bi-pollutant and tri-pollutant models.

Fig. 3 summarizes HR estimates in subgroup analyses stratified by be-
havioral characteristics, geographical distribution, and health status. For a
10-μg/m3 increase in annual NO2 exposure, we observed overlapped risks
of mortality between sex, with an HR of 1.258 (1. 098–1.441) for males
and 1.167 (1.002–1.359) for females. Only participants aged 65 and over
(1.351 [1.193–1.531]) suffered from increased risk of death associated
with NO2 exposure, and an evident effect modification by age (P =
0.008) was identified. A significant NO2-mortality association was found
among participants with elementary school education and below, with a
corresponding HR of 1.270 (1.133–1.424). Only those living in rural and
southern areas had a significantly increased risk associated with NO2, and
participants with cardiovascular and respiratory diseases suffered greater
NO2-related risks of death. Positive and highly comparable associations
were seen between subgroups stratified by smoking and alcohol drinking
status.

4. Discussion

To our knowledge, this is the first nationwide prospective cohort study
to examine the association between long-term exposure to NO2 and all-
cause mortality among Chinese middle-aged and older adults. Our findings
suggested that long-term exposure to NO2 may play an independent risk in
triggering death. Stratified analyses revealed that themortality risk of expo-
sure to NO2 differed across age, indicating a significantly greater vulnera-
bility among those aged 65 and older.

In line with documented studies (Beelen et al., 2014; Chen et al., 2013;
Huangfu and Atkinson, 2020), we found a positive association between
mortality risk and NO2 exposure, with an HR of 1.220 (95% CI:
1.103–1.350) for a 10-μg/m3 rise. This association was stronger than an es-
timated risk of 1.127 (1.042–1.219) in a younger cohort (45.6 ± 16.3 yrs)
enrolled in 162 Chinese counties (Zhang et al., 2022). In contrast, a regional
analysis of adults aged 23–89 years conducted in northern China reported a
negative NO2-mortality relation (Chen et al., 2016b), while the Hong
Kong cohort research failed to find a positive association among the
elderly (≥65 yrs) (Yang et al., 2018). This inconsistency may be related
to differences in demographic characteristics (e.g., population age) and
exposure assessment methods (e.g., model- or station-based). Based on
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Fig. 2. Concentration-response relationship of mortality with annual average NO2 exposure modeled using a restricted cubic spline function with 3 knots.
Abbreviation: NO2, nitrogen dioxide.
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Fig. 3. Subgroup analyses of hazard ratios (with 95% CIs) of all-cause mortality associated with a 10-μg/m3 increase in annual average NO2 exposure. Notes: ** P
<0.01, *** P <0.001. Abbreviations: CI, confidence interval; NO2, nitrogen dioxide; CVD, cardiovascular disease.
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current cohort evidence, the association of NO2-mortality is inconclu-
sive in China. Therefore, further investigations with a larger representa-
tive population sample are needed to explore the relationship between
long-term exposure to NO2 and mortality in China.

The majority of existing NO2-mortality studies failed to investigate C-R
association (Eum et al., 2019; Hvidtfeldt et al., 2019). Three older cohorts
of the American Medicare population reported a linear C-R association be-
tween NO2 and mortality, indicating no apparent evidence of a safe thresh-
old value (Ma et al., 2022; Qian et al., 2021; Shi et al., 2022). Meanwhile,
two European large-scale cohorts in adults aged≥30 years showed no ev-
idence of deviation from linearity for non-accidental death in relation to
NO2 exposure (Cesaroni et al., 2013; Fischer et al., 2015). Within NO2

level of 6.9–57.4 μg/m3, our prior cohort study (Zhang et al., 2022) in
Chinese population (age ≥16 years) reported an approximately linear
C-R relationship (P nonlinear = 0.273). Here, we also did not identify sig-
nificant evidence (P=0.332) for nonlinear NO2-mortality association at an
exposure range of 7.4–45.0 μg/m3 (Fig. 2). Given the scarcity of population-
based evidence for NO2-mortality association in China, more large-scale
cohort studies in next decades should be warranted to facilitate assessment
of diseases burden with regard to NO2 exposure.

Our stratified analyses revealed the potential effect modification by the
prevalence of pre-existing cardiovascular or respiratory diseases in associa-
tion between mortality and long-term exposure to NO2, in spite of non-
significant difference in susceptibility. Prior studies have suggested that
persons with pre-existing cardiorespiratory diseases were more susceptible
to air pollution (Lee et al., 2014; Rajagopalan et al., 2018; Shi et al., 2022),
and their long-term survival may be subject to obstruct. The underlying bi-
ological mechanisms such as systemic oxidative stress and inflammatory
(de Bont et al., 2022; Liang et al., 2020) may have played an essential
role in increasing mortality, and these responses may have a larger impact
on participants who have already compromised cardiorespiratory systems
compared to healthy population (Chen et al., 2016a; de Bont et al., 2022;
Schikowski et al., 2007). Stratified analyses only identified an elevated
mortality risk associated with NO2 exposure among participants aged 65
and over, exhibiting a significant effect modification by age. The overall de-
cline in physical function of the elderly makes them less able to protect
themselves against the hazards of NO2 exposure. Moreover, cardiovascular
and respiratory diseases prevalence in this studywere higher in participants
aged 65 and over (44.7% and 17.5%) than in those 45–64 years (30.3% and
9.4%), which may also be a potential explanation for the vulnerability in
the older population (de Bont et al., 2022).

Serval limitations should be noted in the present study. First, we failed
to evaluate the associations between cause-specific deaths and long-term
exposure to NO2 given the unknown or indefinable causes of death. Our
analysis could not exclude accidental deaths that were traditionally un-
linked with air pollution exposure, but we don't think this issue will change
the direction of the association between long-term NO2 exposure and mor-
tality risk for two reasons: 1) the low proportion of accidental deaths in the
total death cases, and 2) highly similar C-R relationships for all-cause and
non-accidental mortality reported in prior air pollution cohort studies
(Eum et al., 2022; Villeneuve et al., 2015). Second, owing to the unavail-
ability of detailed residential addresses, participants' exposures were
assessed at city level rather than residential addresses, which may lead to
unavoidable exposure bias. Third, NO2may be a proxy of traffic-related pol-
lution such as traffic noise and trace dust (Hales et al., 2021). We could not
rule out potential influence of these confounding factors, even though these
unmeasured variables may still drive the NO2-mortality relationship.
Fourth, since our cohort population is middle-aged and older adults, our
findings may not be generalizable to the younger generations.

5. Conclusions

In summary, this nationwide cohort provided crucial evidence of NO2-
mortality association among Chinese middle-aged and older adults. Our re-
sults suggested that long-term exposure to NO2 may play an independent
risk in triggering death, posing a great health threat among older adults
6

in particular. Further population-based investigations should fully
take advantage of fine spatial-temporal exposure datasets, so as to
help guide air quality policymaking suitable for Chinese public.
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