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Associations of long-term nitrogen dioxide exposure with a
wide spectrum of diseases: a prospective cohort study of
0-5 million Chinese adults
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Summary

Background Little evidence is available on the long-term health effects of nitrogen dioxide (NO,) in low-income and
middle-income populations. We investigated the associations of long-term NO, exposure with the incidence of a wide
spectrum of disease outcomes, based on data from the China Kadoorie Biobank.

Methods This prospective cohort study involved 512724 Chinese adults aged 30-79 years recruited from ten areas of
China during 2004-08. Time-varying Cox regression models yielded adjusted hazard ratios (HRs) for the associations
of long-term NO, exposure with aggregated disease incidence endpoints classified by 14 ICD-10 chapters, and
incidences of 12 specific diseases selected from three key ICD-10 chapters (cardiovascular, respiratory, and
musculoskeletal diseases) found to be robustly associated with NO, in the analyses of aggregated endpoints. All
models were stratified by age-at-risk (in 1-year scale), study area, and sex, and were adjusted for education, household
income, smoking status, alcohol intake, cooking fuel type, heating fuel type, self-reported health status, BMI, physical
activity level, temperature, and relative humidity.

Findings The analysis of 512709 participants (mean baseline age 52- 0 years [SD 10-7]; 59-0% female and 41-0% male)
included approximately 6-5 million person-years of follow-up. Between 5285 and 144852 incident events were
recorded for each of the 14 aggregated endpoints. Each 10 pg/m3 higher annual average NO, exposure was associated
with higher risks of chapter-specific endpoints, especially cardiovascular (n=144852; HR 1-04 [95% CI 1-02-1-05]),
respiratory (n=73232; 1-03 [1-01-1-05]), musculoskeletal (n=54409; 1-11 [1-09-1-14]), and mental and behavioural
(n=5361; 1-12 [1-05-1-21]) disorders. Further in-depth analyses on specific diseases found significant positive supra-
linear associations with hypertensive disease (1-08 [1-05-1-11]), lower respiratory tract infection (1-03 [1-01-1-06]),
arthrosis (1-15 [1-09-1-21]), intervertebral disc disorders (1-13 [1-09-1-17]), and spondylopathies (1-05 [1-01-1-10]),
and linear associations with ischaemic heart disease (1-03 [1-00-1-05]), ischaemic stroke (1-08 [1-06-1-11]), and
asthma (1-15 [1-04-1-27]), whereas intracerebral haemorrhage (1-00 [0-95-1- 06]), other cerebrovascular disease (0-98
[0-96-1-01]), acute upper respiratory infection (1-03 [0-96-1-09]), and chronic lower respiratory disease (0-98
[0-95-1-02]) showed no significant association. NO, exposure showed robust null association with external causes
(n=32907; 0-98 [0-95-1-02]) as a negative control.

Interpretation In China, long-term NO, exposure was associated with a range of diseases, particularly cardiovascular,
respiratory, and musculoskeletal diseases. These associations underscore the pressing need to implement the recently
tightened WHO air quality guidelines.
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Introduction
Nitrogen dioxide (NO,) is a reactive gaseous pollutant

Injuries, and Risk Factors Study (GBD) 2021, NO, was
only considered as an attributable cause to asthma in the

primarily produced during combustion processes and is
often considered as a hallmark of transport-related air
pollution along with ambient particulate matter with a
diameter of <2-5 pm (PM, ;).! Whereas long-term PM, g
exposure was attributed as the top contributor to global
disease burden in the Global Burden of Diseases,
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same study.?

Growing evidence suggests adverse health impacts
from long-term exposure to NO,"* but important
knowledge gaps remain. A 2024 systematic review of
56 cohort studies found 3-7% higher risks of all-cause,
cardiovascular, and respiratory mortality per 10 pg/m3
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Research in context

Evidence before this study

We searched PubMed for articles published in English from

Jan 1, 2000, to Aug 24, 2024, using the terms (“nitrogen
dioxide” or “N0O2") AND “cohort” AND (“incidence” or “disease”
or “hospitali*tion”). We found studies on overall and cardio-
respiratory mortality, and on multiple individual diseases in the
same body system, but no prospective cohort studies
simultaneously examining the associations of long-term
nitrogen dioxide (NO,) exposure with incidences of diseases
across multiple systems. Most previous studies were conducted
in high-income populations, with the exception of a few cohort
studies (n<50 000) examining cardiovascular and
neurodegenerative diseases in China. A 2024 systematic review
reported that long-term NO, exposure was associated with a
3-7% higher risk of all-cause, cardiovascular, and respiratory
mortality, whereas a 2022 systematic review by the Health
Effect Institute found inconclusive evidence on the associations
of long-term NO, exposure with disease incidence (except for
asthma) from cohort studies. Consistently, the Global Burden of
Diseases, Injuries, and Risk Factors Study 2021 found sufficient
evidence only to attribute asthma incidence but no other
diseases to NO, exposure.

Added value of this study

To our knowledge, this is the first large, prospective study to
systematically and simultaneously investigate the associations
of NO, with a wide range of conditions in any low-income and
middle-income countries with high NO, exposure. By combining
high-resolution spatiotemporal models of ambient NO,
exposure with extensive epidemiological data

higher annual NO, exposure.’ Long-term NO, exposure
has also been consistently associated with asthma
incidence, but prospective evidence on other diseases
(eg, cardiovascular disease and depression) is scarce.**®
Of note, most modern cohort studies were conducted in
high-income countries (HICs) with low NO, exposure,
examined few health outcomes, or involved small
samples.'+*

In 2021, WHO tightened the air quality guideline for
annual average NO, from 40 pg/m3 to 10 pg/m3./In
recent decades, NO, exposure has been declining
rapidly in HICs, but increasing in many low-income
and middle-income countries (LMICs) alongside
considerable car fleet expansion.! However, relevant
cohort studies in LMICs remain scarce, and the few
existing studies had small sample sizes (n<50000) and
focused on a few mortality or disease outcomes.**** To
explore the health impact of NO, in LMICs, we
conducted one of the largest systematic aetiological
investigations of the associations of long-term NO,
exposure with incidence of a wide spectrum of disease
outcomes, based on data from the China Kadoorie
Biobank (CKB)."”

(6-5 million person-years of follow-up) in 0-5 million adults in
the China Kadoorie Biobank, we found long-term NO, exposure
to be associated with higher risks of incidences of cardiovascular
disease, respiratory disease, musculoskeletal disease, and mental
and behavioural disorders after extensive adjustment for key
confounders in single-pollutant models. The associations with
cardiovascular, respiratory, and musculoskeletal diseases
persisted upon additional adjustment for particulate matter
with a diameter of less than 2-5 pm (PM,,) or ozone exposure,
across different cumulative lags (0-3 and 0-5 years), and in
individuals without previous history of major diseases.
Subgroup analyses suggested that people older than 60 years
and female individuals might be particularly susceptible to the
adverse impact of NO,.

Implications of all the available evidence

Growing evidence suggests that long-term NO, exposure has
adverse effects on multiple body systems and thus increases
risks of developing a wide range of diseases, probably
independently of PM, .. The disease burden attributed to NO,
could be largely underestimated. The current findings lend
support to the recently tightened WHO air quality guidelines
and, in particular, the associated effort in controlling traffic-
related air pollution, which is a major source of NO, in most
populations. However, further research is needed to investigate
the impact of NO, on a wider range of specific diseases not
covered in the current literature, NO, exposure from indoor
sources, and the complex interaction between NO, and other
co-pollutants.

Methods

Study design and participants

Details of CKB have been described elsewhere.”"
Briefly, this prospective cohort study recruited
512724 adults aged 30-79 years via multistage cluster
sampling during 2004-08, from ten diverse areas across
China, with 100-150 administrative units (rural villages
or urban street committees) in each study area
(appendix p 19). In each administrative unit, a survey
clinic was set up at a central location within
approximately 1km from the residences of most eligible
participants. At recruitment, trained interviewers
administered a laptop-based questionnaire covering
information on sociodemographics (eg, sex as indicated
on national ID card), lifestyle (eg, smoking and physical
activity), environmental exposure (eg, solid fuel use),
and medical characteristics, and took physical
measurements (eg, height, weight, and blood pressure)
following standardised protocols.

The study was approved by the Ethical Review
Committee of the Chinese Center for Disease Control
and Prevention (Beijing, China; 2018-1038) and the
Oxford Tropical Research Ethics Committee, University
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of Oxford (Oxford, UK; 5109-17). All participants provided
written informed consent upon recruitment.

Assessment of air pollution exposure

As described previously,”? we estimated ground-level NO,
concentrations across mainland China with a high-
resolution (1 kmx1 km) satellite-based random-forest
model that integrated the POMINO-TROPOMI NO,
vertical column density data derived from the
TROPOspheric Monitoring Instrument onboard the
Sentinel-5 Precursor satellite, and simulated NO,
concentrations based on the community multiscale air
quality model,” meteorological parameters (eg, air
temperature and relative humidity), and other ancillary
variables (eg, population density and road networks). The
model effectively captured spatial variability and was
validated against ground-level NO, measurements, with
an overall cross-validation R2 of 0-72 (root mean square
error 10-5 pg/m3) during 2013-18.7 For the present
study, annual average NO, concentrations by 1 kmx1km
grid were assigned to participants per year of follow-up,
from 2005 to the year of study outcome incident or
censoring, according to the participants’ baseline study
clinic location. We also applied well validated satellite-
based random-forest models in estimating PM,
(cross-validation R2=0-81)"" and ozone (O, 0-83)"
following similar approaches, for adjustment in
two-pollutant models. Details of these models, including
the range of sources of air pollution considered, have
been described previously™*" and are summarised in the
appendix (pp 4-6).

Follow-up and incidence outcomes
After the baseline survey, participants were continuously
followed up for death and hospitalisation via electronic
linkages to death and disease registries and national
health insurance databases (with >96% coverage of
relevant events).” All events were coded according to
ICD-10 by trained staff who were masked to participants’
baseline information. Participants without the outcome
of interest were censored upon death, at loss to follow-
up, or on Dec 31, 2018, whichever came first. By
Dec 31, 2018, 56536 participants had died (including
13 during 2004) and 4028 (<1%) were lost to follow-up.
Further details on outcome ascertainment, disease
adjudication, and rationale to censor at death (for
competing risk) are included in the appendix (p 7).
Disease incidences (ie, first events of hospitalisation
or death during the follow-up) were first classified
according to 13 individual ICD-10 chapter endpoints
(see appendix p 8 for the rationale of examining
composite incidence), along with an aggregated
incidence endpoint of external causes (combining
two ICD-10 chapters: XIX [injury, poisoning and certain
other consequences of external causes] and XX [external
causes of morbidity and mortality]) included as a
negative control to detect residual confounding from
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neighbourhood-level factors (eg, residential proximity
to main roads), totalling 14 aggregated endpoints
(appendix p 13). At baseline, CKB ascertained self-
reported medical history of diseases involving only
eight ICD-10 chapters, so the main analyses avoided
differential exclusions of prevalent cases, but were
supplemented by sensitivity analyses applying exclu-
sions where possible.

Statistical analysis

We excluded participants who died before 2005 (n=13;
due to the lack of reliable exposure data before 2005) or
who had missing data for any covariates (n=2 with
missing BMI), leaving 512709 participants. We further
restricted the prospective analyses to age-at-risk of
35-85 years by disease endpoint, to capture the likely

NO, concentration, pg/m?* Total
(n=512709)
<214 >21-4to >29-8to >373
(n=131343) <29-8 <373 (n=123309)
(n=139963) (n=118094)
Age, years 51.7(11:0)  517(108)  51.6(103) 52:1(105) 52:0 (10-7)
Sex
Female 59-2% 57-1% 57-8% 60-8% 59-0%
Male 40-8% 42-9% 422% 39-2% 41-0%
Urban area 32:6% 46-4% 392% 55-1% 44-1%
Household income, ¥/year
<20000 71-8% 632% 61-4% 60-9% 57-:3%
20000-34999 17-6% 24-4% 22:1% 213% 24-7%
>35000 10-6% 12:4% 16-5% 17-8% 18-0%
Education
No formal school 183% 121% 23-6% 14-6% 18-6%
Primary school 391% 31-6% 30-8% 271% 32:2%
Middle school 25-1% 31.0% 25-6% 332% 283%
High school or above 17-5% 253% 20-0% 251% 20:9%
Smoking status
Never regular 62-8% 60-9% 612% 60-0% 61:9%
Occasional 5-6% 5-8% 6-0% 7-4% 57%
Ex-regular 47% 6:2% 6-4% 6:7% 6-0%
Current regular 26-9% 272% 26-4% 25-9% 26-4%
Alcohol intake
Never regular 52:4% 42-8% 41-8% 341% 45-9%
Ex-regular 2:2% 2:1% 1-6% 1.9% 1.8%
Occasional or seasonal 28-8% 33:4% 36:0% 37:1% 31-8%
Monthly 2:3% 3:5% 3:6% 4-0% 3-4%
Reduced intake 2-4% 2-6% 2:1% 2:5% 2:3%
Weekly 11-9% 15-7% 14-8% 20-3% 14-8%
Heating fuels
Always clean 5:9% 10-2% 10-4% 11-8% 8-6%
Solid to clean 2:9% 19-2% 137% 20-9% 11-3%
Always solid 511% 42-2% 31-8% 25-4% 36-2%
No heating 353% 22:8% 38:5% 352% 38:9%
Others 4-8% 5-6% 5-6% 6:7% 5:0%
(Table continues on next page)
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NO, concentration, pg/m?* Total
(n=512709)
<214 >214to >29.8to >37:3
(n=131343) <29-8 <373 (n=123309)
(n=139963)  (n=118094)
(Continued from previous page)
Cooking fuels
Always clean 11-3% 19-5% 16-3% 19-1% 17-0%
Solid to clean 15-5% 20-2% 17:9% 23-1% 20-5%
Always solid 47-4% 35:4% 382% 32:1% 36-0%
No cooking 22:5% 20-8% 233% 20:3% 22:2%
Others 33% 41% 43% 54% 43%
Physical activity, MET-h/day ~ 21-1(12-8) ~ 20-0(120)  227(152) 194(151)  211(13:9)
BMI, kg/m* 23(3-2) 237(33) 237 (3:5) 243(34) 237 (3-4)
Self-reported health status
Excellent 12:2% 18-4% 187% 22:6% 17:6%
Good 24:5% 24.8% 303% 257% 281%
Fair 50-8% 45:7% 39-2% 39-9% 43-9%
Poor 12:5% 111% 11.8% 11.8% 10-4%
PM,, pg/m’ 552(80)  616(38)  641(38)  714(92) 629 (102)
0,, ug/m’ 754 (2:5) 735(65) 752(63) 74-8(89) 76:0(6-8)
NO,, pg/m? 190(3:0)  255(26)  348(16)  411(29) 29-8(9:5)
Temperature, °C 17:3(54) 145 (56) 13-5(4-4) 13-7(39) 156 (51)
Relative humidity, % 720(60)  674(54)  654(38)  63:6(65) 67-4 (6:6)
Categorical variables are presented as percentages and continuous variables are presented as mean (SD). All means and
percentages in the four NO, groups were adjusted for age, sex, and study area, where appropriate. The cutoffs of
quartiles of NO, levels are rounded to the nearest one decimal place. NO,=nitrogen dioxide. MET-h/day=metabolic
equivalent of task-hours per day. PM, ,=particulate matter with a diameter of <2.5 pm. 0,=ozone.
Table: Baseline characteristics of participants by quartiles of ambient NO, exposure averaged from
2005 to 2008
preventable impact of NO, exposure in middle-aged to
older-aged adults (appendix p 20).

Age-adjusted, sex-adjusted, and study area-adjusted
percentages or means of baseline characteristics were
calculated by quartiles of NO, exposure at baseline. Cox
proportional hazard models were used to estimate hazard
ratios (HRs) for disease incidence associated with
long-term NO, exposure, with annual average
concentrations included as a time-varying variable
(ie, one value per follow-up year). NO, was fitted as a
linear term (per 10 pg/m3 increase across the
1st and 99th percentile exposure range, to reduce the
effect of unstable estimates from outliers) to enable
comparison with previous studies, and as a penalised
spline function with three degrees of freedom in
separated models to graphically assess potentially non-
linear associations. All models were stratified by
age-at-risk (in 1-year scale), ten study areas (to account for
differences in exposure, covariates, and disease patterns),
and sex (if applicable), and were adjusted for education
(no formal school, primary school, middle school, or high
school or above), household income (<20000 ¥/year,
20000-34999 ¥/year, or 235000 ¥/year), smoking status
(never regular, occasional, ex-regular, or current regular),
alcohol intake (never regular, ex-regular, occasional or
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seasonal, monthly, reduced intake [defined as previously
weekly but now occasionally], or weekly), cooking and
heating fuel exposure (always clean, solid to clean, always
solid, never cooking or never heating, and others; solid
fuels included wood, charcoal, and coal, and clean fuels
included gas, electricity, and district heating [for heating
only]), self-reported health status (excellent, good, fair, or
poor), BMI (continuous), physical activity level (in
metabolic equivalent of task-hours per day [MET-h/day]),
and annual average temperature (continuous) and relative
humidity (continuous; appendix pp 9-10). No violation of
the proportional hazard assumption was observed from
Schoenfeld residuals tests.

For each ICD-10 chapter, subgroup analyses were
performed by age, sex, smoking status, alcohol intake, and
median MET-h/day. Additionally, we fitted two-pollutant
models by introducing ambient PM,, (main+PM,
model) or O, (main+0O, model) into the main single-
pollutant models to explore potential confounding from
co-pollutants (appendix p 11). For further investigation,
12 specific diseases with more than 3000 incident events
each were selected from three ICD-10 chapters that
showed consistently significant associations with NO, in
the main and sensitivity analyses (appendix pp 12, 14). To
assess the potential impact (eg, reverse causation) of
prevalent or subclinical conditions at baseline, we also
conducted sensitivity analyses by excluding participants
with incidence recorded during the first 3 follow-up years
or those with medical history of relevant conditions at
baseline separately. To explore the possibility of time-
lagged associations, we examined NO, exposure at
lag 0-3 years and lag 0-5 years. Cochran’s Q test was used
to compare associations by subgroup and between the
main and sensitivity analyses.

Based on GBD 2019,” we calculated the population
attributable fraction (PAF) for incidences of three ICD-10
chapters showing significant associations with NO,
exposure consistently across the main and sensitivity
analyses. The highest WHO air quality guideline target
of annual average NO, concentration (ie, <10 pg/m3)
was used as our reference level. The PAF was calculated
as:

S.-s HR(x) P(%) -1

Sors HR(x) P()

PAF=

where HR(x) is the exposure-response function from
the main Cox models, with the reference level as ref and
the highest level as max, and P(x) is the distribution
function of NO, exposure in CKB. All analyses were
conducted in R (version 4.3.2).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
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Results

Of the 512709 participants analysed (mean baseline age
52-0 years [SD 10-7]; 59-0% female and 41-0% male;
44-1% urban residents), in 2005-08 the annual average
NO, exposure ranged from 19-0 pg/m3 (SD 3-0) in the
first quartile to 41-1 pg/m3 (2-9) in the fourth quartile,
with 99-96% of person-years recording exposure above
10 pg/m3. Participants with higher NO, exposure tended
to reside in urban areas, have higher household income,
consume alcohol weekly, use clean fuels for cooking or
heating, and have higher exposure to PM, ; (table). NO,
was strongly positively correlated with PM, ; and weak-
to-moderately inversely correlated with O, across study
areas (with a few exceptions—eg, in Harbin and
Qingdao, where strong inverse correlation was observed;
appendix p 15). Overall mean NO, concentrations during
2005-18 varied considerably across and, to a lesser
extent, within study areas, ranging from 12-9 pg/m3 (2- 2)
in Haikou to 39-9 pg/m3 (2-9) in Suzhou (figure 1).
Generally, the NO, levels for most study areas increased
considerably during 2005-13, followed by a slight
decline, resulting in a modest rise across the whole
follow-up period (figure 1A).

During approximately 6-5 million person-years of
follow-up, the top causes of incident events were
cardiovascular (n=144852), digestive (n=74729), res-
piratory (n=73232), and musculoskeletal (n=54409)
diseases (appendix p 13). In the main models, annual
NO, exposure showed linear or supra-linear associations
with mental and behavioural (HR 1-12 [95% CI
1-05-1-21]), cardiovascular (1-04 [1-02-1-05]), res-
piratory (1-03 [1-01-1-05]), and musculoskeletal (1-11
[1-09-1-14]) diseases, but no clear association with other
disease categories (figures 2, 3). Additional adjustment
for PM,, resulted in generally stronger positive
associations, and the associations with cardiovascular,
respiratory, and musculoskeletal diseases persisted, with
suggestive evidence of additional significant associations
with infectious (per 10 pg/m3 NO,: HR 1-08 [95% CI
1-03-1-13]), ear and mastoid process (1-23 [1-14-1-33)),
digestive (1-04 [1-02-1-07]), and genitourinary (1-07
[1-04-1-11]) diseases (appendix pp 16, 21). By contrast,
associations did not change materially in the main+O,
models (Cochrane’s Q test p>0-05 for all; appendix
pp 16, 21). Across all three models, NO, had no
association with external causes (figures 2, 3; appendix
p 21).

Of the 12 specific diseases across three selected ICD-10
chapters, hypertensive disease, lower respiratory
infection, arthrosis, spondylopathies, and intervertebral
disc disorders showed supra-linear positive associations,
and ischaemic heart disease, ischaemic stroke, and
asthma showed linear positive associations, whereas
intracerebral haemorrhage, other cerebrovascular
disease, acute upper respiratory infection, and chronic
lower respiratory disease showed null associations with
annual NO, exposure in the main models (figures 4, 5).
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Figure 1: Annual average ambient NO, concentration (A) and area-specific distribution of NO,

concentrations (B) from 2005 to 2018 across ten study areas

In panel B, study areas are ranked in descending order of annual average NO, levels in 2005. In the box plots,
horizontal bolded lines represent medians across the whole 2005-18 period and the edges of the boxes represent
IQRs. Vertical lines indicate 1.5 times the IQR. Black dots indicate outliers. NO,=nitrogen dioxide.

These associations again largely persisted in the
two-pollutant models (appendix p 22).

The exposure-response associations of NO, with most
disease endpoints in the main models were consistent
across subgroups examined, with a few notable exceptions
(appendix pp 23-32). Specifically, the association with
mental and behavioural disorders was stronger in male
participants than female participants (p,.eogeny<0-001;
appendix pp 25-26) and in ever-regular smokers than
never-regular  sSmMokers  (Pjueogeney<0-001;  appendix
pp 27-28). The association with musculoskeletal disease
was significantly stronger in female participants than male
participants  (Pyueogeny<0-001; appendix pp 25-26), in
neverregular smokers than everregular smokers
(Pheterogenciy<0 - 001; appendix pp 27-28), and in participants
with never-regular alcohol intake than in those with ever-
regular alcohol intake (P, ogeneiy<0 - 001; appendix pp 31-32).
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Figure 2: Exposure-response relationships of long-term NO, exposure with disease incidence across 14 ICD-10 chapter-based endpoints in the main models
Solid lines represent HRs and the shaded areas represent 95% Cls. All models were stratified by age-at-risk (in 1-year scale), ten study areas, and sex, and were
adjusted for education, household income, smoking status, alcohol intake, cooking fuel type, heating fuel type, self-reported health status, BMI, physical activity
level, temperature, and relative humidity. The bottom right panel shows the number of incident cases recorded for each aggregated endpoint during the follow-up

period. HR=hazard ratio. NO,=nitrogen dioxide.

However, the subgroup differences by smoking or drinking
status diminished when the analysis was restricted to male
participants (appendix p 33).

Compared with the main models, sensitivity analyses
excluding individuals with relevant disease incidence
during the first 3 follow-up years support the robustness
of most associations, with the exception of that with
mental and behavioural disorders (HR 1-06 [95% CI
0-98-1-14] vs 1-12 [1.05-1-21] in the main model;
appendix p 34). Additionally, excluding individuals with
previous medical history at baseline (for eight chapters)

did not alter the results materially, with the exception of
endocrine, nutritional and metabolic disease (appendix
pp 17, 35). When examining NO, exposure by lag 0-3 years
and lag 0-5 years, the associations with cardiovascular,
respiratory, musculoskeletal, nervous system, and eye and
adnexa diseases persisted, but the association with mental
and behavioural diseases attenuated to the null, and a few
outcomes with null associations in the main analysis
showed marginal positive associations (appendix p 36).

If the observed associations that were consistent across
the main and sensitivity analyses were assumed causal,
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the PAFs attributed to annual average NO, exposure at
=10 pg/m3 were 18-3% (95% CI 16-9-19-7) for
cardiovascular disease, 6-8% (4-5-9-0) for respiratory
disease, and 32-0% (30-1-33-9) for musculoskeletal
disease (appendix p 18).

Discussion

In this large prospective cohort of 0-5 million
Chinese adults, long-term NO, exposure showed
consistently significant positive associations with disease
incidence across three ICD-10 chapters (ie, cardiovascular,
respiratory, and musculoskeletal diseases) and robust
null association with external causes across multiple
models and sensitivity analyses. In disease-specific
analyses, NO, was associated with increased risks of
eight (hypertensive disease, ischaemic heart disease,
ischaemic stroke, lower respiratory infection, asthma,
arthrosis, spondylopathies, and intervertebral disc
disorders) of the 12 common diseases studied. Most
associations observed were linear or supra-linear, with no
apparent lower threshold of adversity down to the latest
WHO air quality guideline level (10 pg/m3), highlighting
the importance of reducing NO, pollution.

Most previous cohort studies on NO, have focused on
all-cause, cardiovascular, or respiratory mortality, with
the latest systematic review of 56 cohorts reporting
significant (3-7%) elevated risks per 10 pg/m3 higher
annual average exposure.” However, studies of disease
incidence remain crucial to understand the role of NO,
in disease development, with less unaccounted
confounding (eg, quality of treatment) or reverse
causality (eg, post-disease incidence behavioural and
exposure changes).® In particular, long-term NO,
exposure in adults has been largely consistently
associated with asthma incidence, but the associations
with other diseases have been inconclusive,"* and cohort
studies in LMICs are scarce, with most assessing a few
disease outcomes at a time.**** To the best of our
knowledge, this is the first large-scale, systematic
investigation of the associations of long-term NO,
exposure with a wide spectrum of disease incidence
outcomes in LMICs. We found long-term NO, exposure
to be associated with modestly (3-5%) higher risks of
incidence from cardiovascular and respiratory diseases,
which is coherent with previous mortality studies.?

For cardiovascular disease-related outcomes, the only
previous Chinese cohort (n=36948) other than CKB
reported more extreme HRs of 1-56 (95% CI 1-48-1-64)
for total cardiovascular disease (4428 cases), 1-52
(1-42-1-63) for hypertension (2448 cases), and 1-66
(1-49-1-87) for stroke (1044 cases) per 10 pg/m3 higher
annual ambient NO, exposure.’” These findings are in
stark contrast to cohort evidence from HICs, which
showed null associations for ischaemic heart disease and
total stroke in a 2022 systematic review.! Apart from the
risk of small sample bias, which tends to result in inflated
associations, the Chinese study used a relatively crude
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Figure 3: Hazard of 14 1CD-10 chapter-based endpoints per 10 pg/m?® higher annual NO, exposure in the main

models

The solid boxes represent HRs, with the size inversely proportional to the variance of the logarithm of the HR, and
the horizontal lines represent 95% Cls. All models were stratified by age-at-risk (in 1-year scale), ten study areas,
and sex, and were adjusted for education, household income, smoking status, alcohol intake, cooking fuel type,
heating fuel type, self-reported health status, BMI, physical activity level, temperature, and relative humidity.
The models fit from the 1st to 99th percentiles of NO, concentration. HR=hazard ratio. NO,=nitrogen dioxide.

(10 kmx10 km) NO, prediction model matched to
162 county-level localities across China and defined
disease incidence via self-reported doctor diagnosis.” By
contrast, with almost 145000 well characterised
cardiovascular disease incident cases (eg, 93% of stroke
cases were confirmed by brain imaging”), we employed a
well validated, 1km x 1 km model matched to participants’
residential neighbourhood, and adjusted for a wide range
of confounders. The association between NO, and
cardiovascular disease showed little subgroup difference,
except a modestly stronger association in ever-regular
drinkers, but cautious interpretation is required.

In disease-specific analyses, NO, was associated with
hypertensive disease, ischaemic heart disease, and
ischaemic stroke, but not intracerebral haemorrhage,
suggesting a common aetiological relevance to ischaemic
but not haemorrhagic diseases, which is broadly
consistent with our previous findings on PM, .." These
contrasting associations were not investigated in the
previous Chinese cohort,” whereas few previous studies
in HICs have examined ischaemic stroke and
intracerebral haemorrhage separately” with a recent
Danish cohort reporting null associations.” However,
studies in HICs generally examined a narrow exposure
spectrum and recorded few events. Our novel
observations should be further verified in large-scale
cohort studies in China or other LMICs.

For respiratory disease, NO, has been associated with a
10-17% higher risk (per 10 pg/m3) of adult asthma
incidence in a 2022 Health Effects Institute meta-
analysis' and a 2021 cohort study (ELAPSE), with
evidence of levelling off at more than 30 pg/m3 NO,.* In
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Figure 4: Exposure-response relationships of long-term NO, exposure with 12 specific causes of disease incidence in the main models

Solid lines represent HRs and shaded areas represent 95% Cls. All models were stratifi

ed by age-at-risk (in 1-year scale), ten study areas, and sex, and were adjusted for

education, household income, smoking status, alcohol intake, cooking fuel type, heating fuel type, self-reported health status, BMI, physical activity level,

temperature, and relative humidity. The bottom panel shows the number of incident
NO,=nitrogen dioxide.

CKB, NO, was associated with a 15% (95% CI 4-27)
higher risk of asthma incidence, with a flattening
association at greater than 35 pg/m3, lending further
support to previous studies. Existing evidence on chronic
obstructive pulmonary disease (COPD), however, has
been inconsistent, with the Health Effect Institute
meta-analysis reporting a null association, but
two Scandinavian cohorts showing modest positive
associations (10-13% higher risk).*? Our findings
support the Health Effect Institute review, with no
significant association observed for chronic lower
respiratory disease, a composite endpoint probably
capturing most COPD incidents requiring hospitalisation
in CKB.” The discrepancies could be due to differences
in outcome definition, with the Scandinavian admini-
strative cohorts®” capturing not only inpatient (as in
most other cohorts including CKB) but also milder

cases of the 12 specific endpoints across three ICD-10 chapters. HR=hazard ratio.

outpatient cases, whereas COPD is under-diagnosed in
China.” Cohort evidence on other respiratory diseases
has been scarce, with two Danish cohorts reporting
significant positive associations (7-17% higher risks)
with unspecified pneumonia® and incident lower
respiratory infection. In CKB, we found no evidence of
association with upper respiratory infection, but
significant positive association with lower respiratory
infection, adding further evidence on the potential harm
of NO, on the respiratory system.

Additionally, we found supra-linear positive asso-
ciations Dbetween long-term NO, exposure and
musculoskeletal disease. The only relevant cohort
analyses were based on the UK Biobank,*** with
suggestive evidence of weak positive associations with
total musculoskeletal disease (HR 1-007 [95% CI
1-006-1-009]) and several specific endpoints (eg, other
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intervertebral disc disorders and dorsopathies).”
However, all three studies examined only a single
year (2010) of NO, concentration as exposure, and the
study on total musculoskeletal disease mixed outpatient
(with only partial coverage in UK Biobank) and inpatient
events, which might have diluted the association.” In
CKB, there were insufficient incident cases for most
previously examined musculoskeletal outcomes, but we
found novel linkages with three common diseases
(le, arthrosis, intervertebral disc disorders, and
spondylopathies) in Chinese adults, warranting further
investigation in other settings. Of note, we found
stronger associations in female participants, never-
smokers, and non-drinkers than in their counterparts,
but the subgroup differences by smoking and drinking
diminished when restricting to male participants. Given
the predominance of female participants in never-
smokers and never-drinkers in CKB, the subgroup
differences were likely to be due to sex, with female
individuals known to be more vulnerable to
musculoskeletal disease due to genetic, immunological,
and hormonal factors.”

Furthermore, in CKB each 10 pg/m3 NO, exposure was
associated with a 12-23% higher risk of incidence of
mental and behavioural disorders, with the linear
association levelling off at greater than 40 pg/m3 NO,.
Although we lacked sufficient case numbers to
investigate specific disease endpoints for mental and
behavioural disorders, our findings are coherent with the
only previous Chinese cohort study, which reported a
58% (95% CI 42-77) higher risk of depression-related
hospitalisation per 8-2 pg/m3 higher exposure, with the
association levelling off at greater than 35 pg/m3.* Of
note, we found a stronger association in male participants
than female participants. This difference could be due to
the higher background risks of mental illnesses in female
individuals,” whereby the same absolute impact of NO,,
if any, might result in a smaller relative impact in the
group at higher risk.

In the main analyses, NO, showed no clear associations
with other diseases. However, in contrast to the overall
null associations with infectious diseases, neoplasms,
and endocrine, nutritional and metabolic diseases, there
were signs of positive associations in people older than
60 years but not among younger participants. This might
reflect how older people, with generally poorer immunity,
DNA repair capacity, and insulin sensitivity are more
susceptible to the adverse effects of NO,-*-*' Also, after
excluding participants with diabetes at baseline, there
was an indicative inverse association with endocrine,
nutritional and metabolic diseases, but this could be a
chance finding. Nervous system diseases were weakly
positively associated with NO, in the main model, but
this attenuated to the null in the main+PM,, model.
Because long-term NO, exposure has been associated
with neuroinflammation,” further studies are needed to
clarify the association. For eye and adnexa diseases and
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Figure 5: Hazard of 12 specific causes per 10 ug/m? higher annual NO, exposure in the main models

The solid boxes represent HRs, with the size inversely proportional to the variance of the logarithm of the HR, and
the horizontal lines represent 95% Cls. All models were stratified by age-at-risk (in 1-year scale), ten study areas,
and sex, and were adjusted for education, household income, smoking status, alcohol intake, cooking fuel type,
heating fuel type, self-reported health status, BMI, physical activity level, temperature, and relative humidity.
The models fit from the 1st to 99th percentiles of NO, concentration. HR=hazard ratio. NO,=nitrogen dioxide.

digestive diseases, although the linear HR estimates
showed marginal significance for inverse association, the
exposure—response curves suggest these to be statistical
artifacts.

In urban settings with motor traffic as a dominant
source of air pollution, NO, and PM,  levels are often
strongly correlated.! This poses long-standing challenges
to tease out the independent associations of the
two pollutants with disease outcomes, with many
previous studies adopting only single-pollutant models.”
We used two-pollutant models to explore the issue, and
focused on the consistent associations across models.
However, the considerable collinearity of NO, and PM, ;
could lead to effect transfer, whereby the association with
one pollutant is transferred to another correlated
pollutant in the same model, with unclear direction and
size of transfer. This effect could partly explain the
changes in associations with several outcomes between
the main and main+PM, ; models, and further studies
using more sophisticated methods are needed to clarify
this.

The biological mechanisms underlying the
associations between NO, and the range of diseases
observed in this study are not well understood. However,
NO, is a reactive gas that can dissolve in the respiratory
epithelial lining fluid, and produce reactive nitrogen
and oxygen species and oxidised lipid molecules, thus
increasing local and systemic inflammation and
oxidative stress.” These factors predispose to impaired
respiratory immunity and increased risk of athero-
sclerosis and hypertension, which are major risk factors
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of cardiorespiratory diseases.” Systemic inflammation
might also trigger autoinflammatory and autoimmune
responses that are linked to increased risk of
musculoskeletal diseases.* NO, has also been associated
with impaired hormonal regulation and endocrine
disruption, which might explain the particularly
increased risk of musculoskeletal diseases and mental
and Dbehavioural disorders in female individuals
(because female hormones play a vital role in bone
health) and endocrine diseases in older people.’
Although the latest GBD estimation for NO, only
considered asthma, WHO tightened the air quality
guideline for annual average NO, from 40 pg/m3 to
10 pg/m3 in 20217 Our findings on the potentially
extensive impact of long-term NO, exposure support the
ambitious benchmark for stronger policy action,
particularly on controlling traffic-related air pollution,
most likely by establishing low-emission zones,
tightening vehicular emission standards, and promoting
clean energy."” For future research, larger-scale cohort
studies with more diverse exposure patterns and longer
follow-up in China and other LMICs are needed to
investigate specific diseases beyond the cardiorespiratory
systems. There remain major knowledge gaps on the
contribution of household sources (eg, gas-fire cooking)
to personal NO, exposure, but lessons can be drawn from
existing studies that have directly measured personal and
household PM, ; within subsets of large-scale cohorts.**
The key strengths of this study lie in the well validated,
high-resolution ambient NO, exposure data, the
systematic investigation of a wide spectrum of disease
incidence outcomes, the stringent analysis focusing on
robust findings across multiple analyses, and the robust
null association with a negative control endpoint.
However, some limitations warrant discussion. First,
despite the large case numbers for the aggregated
endpoints, we have only identified 12 specific diseases
with reasonably large numbers to enable reliable
investigation, given the relatively low exposure
heterogeneity within each of the ten localities. Further
analysis with longer follow-up should be conducted to
verify and expand the present investigation. Second,
due to data limitations, we could only examine ambient
instead of personal NO, exposure, which could be
affected by household sources (eg, gas-fire cooking),
although these have been partially accounted for by
adjusting for household fuel use. Our focus on ambient
NO, would have more direct implications on traffic-
related exposure, which could be more readily modified
with policy actions. Similarly, despite the use of an
advanced spatiotemporal model for NO, assessment, it
omits local variations of exposure at street level, and we
collected no data on participants’ space-time-activity
patterns, so Berkson type exposure misclassification
could have occurred, which would lower the precision of
the HR estimates.” Like most previous studies, the
uncertainty in exposure assessment was not propagated

to the prospective analyses due to the limitation of the
frequentist methods used. Third, despite the extensive
adjustments, residual confounding from certain factors
(eg, socioeconomic status, psychological stress, other
less studied co-pollutants, and societal-level factors) is
plausible. Furthermore, because most covariates were
assessed via questionnaire or statistical models (for
PM, ; and O,), the imperfect measurements might leave
residual confounding. Importantly, the observational
nature of our study prevented us from establishing
causality, and our findings must be further explored in
other large prospective cohorts in LMICs. Fourth, CKB
was not designed to be representative of Chinese
middle-aged adults, but the large sample size and the
diversity of the cohort could provide adequate
heterogeneity to evaluate epidemiological associations,
and the findings could be reasonably generalised to
similar populations, although the actual effect estimates
might vary.*

In conclusion, in a large Chinese cohort, long-term
ambient NO, exposure was robustly associated with
higher risks of incidence of cardiovascular, respiratory,
and musculoskeletal diseases, and there was indicative
evidence of associations with mental and behaviour
disorders, but further disease-specific investigations are
required to clarify these, especially for the effect of PM,
as a co-pollutant. It is possible that NO, has a much more
extensive disease impact than what has previously been
captured by GBD, which attributed only childhood
asthma to NO, exposure.” The largely linear or supra-
linear associations with a wide range of disease outcomes
also support the recent tightening of the WHO air quality
guideline level for NO,, which underscores the pressing
need for stronger emission control measures in China
and elsewhere’
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