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The Air Pollution Prevention and Control Action Plan (APPCAP) is considered
to be the most stringent air pollution control policy in Chinaimplemented
since 2013. This policy is a milestone in China to mitigate serious air
pollution. However, health benefits attributable to reduced fine-particulate
air pollution after the implementation of the APPCAP have not been
quantitatively estimated on a PM, ; constituent-specific and morbidity
cause-specific basis. Here we conducted a nationwide case-crossover study
based on hospital admission records in 292 Chinese cities during 2013-

2017. Compared with 2013, the annual average concentrations of PM, s and
black carbon (BC) in 2017 decreased by 28.61% and 20.35%, respectively.
Asaresult, the average relative reductions in annual attributable fractions
of nine major cause-specific hospital admissions associated with PM, ;and
BC were 30.00% and 21.14%, respectively, among which annual attributable
fraction for depression showed the largest reduction. Nationally, cities

with higher reductionsin PM, ;and BC were found to have higher absolute
reductionsin annual hospital admission attributable fractions associated
with PM, ;and BC, and geographicinequality in health benefits still existed.
Our study highlights the substantial wide-ranging health benefits of reduced
PM,;and BC levels following the nationwide implementation of the APPCAP

in China.

To date, ambient particulate matter remains a major contributor
toglobal disease burden. Strong evidence has linked exposure to par-
ticulate matter with anaerodynamic diameter of 2.5pum or less (PM,5)
pollutionto anarray of adverse health outcomes, including mortality
or morbidity of respiratory disease’, cardiovascular disease (CVD)?and
mental health conditions’. In particular, short-term exposure to PM, s
has been found to trigger the onset of disease episodes such as cardio-
vascular events and psychiatric symptomepisodes, which may request
subsequent hospital admissions for intensive treatment*°. Compared
with mortality, morbidity risk measured by hospital admission may

serve as a more sensitive health indicator to capture the acute health
effects of environmental exposures®”’.

With the rapid economic growth and urban development over
thethree decades fromthe1980sto the 2000s, China has experienced
severe fine-particulate air pollution®. To mitigate fine-particulate air pol-
lutionlevels and related healthimpacts, the State Council of Chinaintro-
duced the Air Pollution Prevention and Control Action Plan (APPCAP)
in2013. This planintroduced ten specific measures spanningindustrial
emissions control, clean energy promotion, vehicle emission standards
improvements, air-quality monitoring systems optimization and tax
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and cap-and-trade policies support®®. The APPCAPis anationwide plan
involving multiple sectors, industries and governmental levels and sets
binding targets for air-quality improvement achieved in 2017'°. The
unique aspects of the APPCAPin Chinalieinits holisticapproachtoair
pollution control, making it effective inachieving substantial declines
inair pollutioninsucharelatively short period of Syears". Itis estimated
that compared with 2013, the annual average concentrations of PM, sin
2017 decreased by 33.3% in 74 key Chinese cities'?. In contrast, similar
air-quality improvements were usually obtained over a longer period
in other countries attempting to improve air quality. For example,
it is estimated that the Clean Air Act in the United States (US) would
reduce the national annual PM, s concentrations by 41% over the period
between 1990 and 2020%. Similarly, annual average concentrations of
PM, ;andblack carbon (BC) in2010 were 35% and 56% lower compared
to emissions that would have occurred in 2010 without legislative and
technological measures implemented in Europe since the 1970s".

Quantifying the health benefits associated with air pollution con-
trol actions not only evaluates the impact of current policies but also
providesinsights for formulating future strategies. Air pollution con-
trolactions around the world have achieved substantial health benefits
for multiple healthindicators, including years of life lost", gain of life
expectancy™'® and premature mortality'”'®, It is estimated that the
implementation of the APPCAP in China contributed to about 55,000
fewer premature deaths in 2017 compared to 2013 in 74 key Chinese
cities?, and the reduced PM, s pollution from 2013 to 2017 contributed
to 64,000 fewer deaths nationwide”. However, the current studies are
mainly restricted to specific regions?* >, Meanwhile, the health benefits
ofreductionin PM, ; were primarily evaluated by risk assessment based
on extrapolating previously published exposure-response relation-
ships obtained from other populations beyond the populations being
investigated, such as integrated exposure-response functions used
in the Global Burden of Disease studies*, which may overexpand the
representativeness of the exposure-response relationships and result
inbiased estimates of the corresponding health benefits.

Asamixture, the major constituents of PM, sinclude carbonaceous
fractions such as BC and organic matter (OM), and water-soluble inor-
ganicions such as sulfate, nitrate,ammonium and chloride®. The key
PM, s constituents driving the disease risk and burdenrelated to PM, 5
arestillinconclusive based on the existing studies®* . Therefore, the
existing epidemiological evidence remains insufficient to establish the
air-quality guidelines for specific PM, s constituents. Instead, the World
Health Organization (WHO) has only published a good practice state-
ment for BC or elemental carbon and appealed for further evidence®.
Pollution due to ambient PM, ;and its major constituents remains a seri-
ous and continuing environmental challenge, and detailed estimation
of health benefits attributable to reductions in PM, s and its constitu-
entsbased onreal-world exposure-response relationships over awide
geographical area is needed to evaluate the efficiency of the massive
air pollution control actions®. Furthermore, identifying the key PM,
constituents of which reduction would bring more substantial health
benefits to the general population could provide evidence to inform
source control strategies, targeted air-quality guidelines formulation
and disease prevention practices in the future.

In this study, by conducting a nationwide case-crossover anal-
ysis, we aimed to quantify the health benefits attributable to the
reduced fine-particulate air pollution after theimplementation of the
APPCAP during 2013-2017 based on the exposure-response relation-
ships between short-term exposure to fine-particulate air pollution
and hospital admissions for ten major diseases and their respective
subtypes. Table 1 summarizes our findings and policy implications.

Results

Changes in PM, s and its constituents over time
During2013-2017, the national average pollution levels were 48.20 pug/m®
for PM, s, 2.81 pg/m?for BC, 10.39 pg/m?® for sulfate, 8.25 pg/m? for

nitrate, 6.15 pg/m?> for ammonium, 2.09 pg/m? for chloride and
18.52 pg/m?for OM (Supplementary Table 1). Geographically, heavy
fine-particulate air pollution was found incities located in North China,
Central China, East China and Sichuan Basin during the study period.
Heavy air pollution was also observed in cities located in southwest
Xinjiang Uygur Autonomous Region (Extended Data Fig.1). As shown
in Fig. 1, the annual absolute declining rates of PM, s and its major
constituents were apparent inallincluded cities. Specifically, greater
declinesinair pollution were mainly observedincities located in North
China, Central China, East China and Sichuan Basin over the period of
2013-2017. The declining rates were much smaller in cities located in
Northwest China, Northeast China, South China, and North Chinanear-
ing the Mongolian border. Nationally, the annual absolute declining
rates weres 4.23 pg/m?®peryear for PM, ;and 0.17 pg/m? per year for BC.
Compared with 2013, we observed reductions 0f16.32 pg/m?(28.61%)
for PM, 5, 0.65 pg/m?®(20.35%) for BC, 2.89 pg/m? (24.43%) for sulfate,
2.36 pg/m? (24.80%) for nitrate, 1.60 pg/m?*(22.90%) for ammonium,
0.51 pg/m*(21.79%) for chloride and 8.32 pg/m?(35.85%) for OMin 2017
across the included cities (Extended Data Fig. 2).

Major PM, ; constituents and hospital admissions
Atotal of 48,623,468 cause-specific hospital admission records in
292 Chinese cities of prefecture level or above during 2013-2017 were
includedinthis analysis. To provide exposure-response relationships
for further calculation of hospital admission attributable fractions and
alignwith the primary aim of health benefits assessment, we evaluated
the percent changesin cause-specific hospital admission risks for each
interquartile range (IQR) increase in PM, ;and its major constituents.
We observed statistically significant positive associations between
short-term exposures to PM, ;and its major constituents with various
cause-specific hospital admissions, except for asthma, acute bronchi-
olitis, hemorrhagic stroke, chronic nephritis and hypertensive kidney
disease (Supplementary Table 2). Among the major PM, s constituents,
BCwasrecognized as the key constituent associated with higher risks
in hospital admissions for different disease subtypes, ranging from
1.20 times higher percent change in admissions for diabetic kidney
disease to1.96 times higher percent change inadmissions for coronary
heart disease (CHD) compared with the percent changes associated
with PM, at the scale of per IQR increase. As shown in Supplemen-
tary Tables 3-5, the constituent residual model and the remaining
PM, s mass-adjusted model verified the independent associations
between BC and major cause-specific hospital admissions (all cor-
rected Pvalues < 0.05). In the two-constituent model, the associa-
tions between BC and cause-specific hospital admissions remained
consistent after adjusting for the other major constituents (sulfate,
nitrate, ammonium, chloride and OM) separately, whereas there were
no associations observed between the other major constituents and
cause-specific hospital admissions after adjusting for BC (Extended
DataFig.3). These results verified the independent associations of BC
with cause-specific hospital admissions. Thus, we identified BC as the
key major PM, ; constituent and further quantified the health benefits
attributable to PM, ;and BC reductions.

As shown in Supplementary Table 6, the associations between
BC at lag01 (referred to the 2-day moving average air pollution con-
centrations of the present day and previous day) and cause-specific
hospitaladmissions showed no significant differences between cities
with amajority of urban residents versus cities with a majority of rural
residents, except for lower respiratory infections and chronic kidney
disease (CKD). Several sensitivity analyses which included changing
thelag period of air pollutants, changing the lag period of temperature
andrelative humidity, restricting analyses to cities with 5-year hospital
admission data, adjusting for time spline for day of the year and con-
ducting the case-crossover analysis based on symmetric bidirectional
matching strategy withinanarrower window of 14 days, confirmed the
robustness of the main results (Supplementary Tables 7-9).
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Table 1| Policy summary

Background With rapid economic growth, fine-particulate air
pollution has become one of the most pressing

and severe environmental challenges in China over
the three decades from the 1980s to the 2000s. In
2013, the State Council of China issued the APPCAP,
the most stringent air pollution control policy in

China, to mitigate heavy air pollution and related
health burdens. The APPCAP comprised ten specific
tasks and established reachable specific air-quality
improvement targets. Compared to air pollution
control policies in other countries, setting feasible
targets, categorizing key regions and implementing a
holistic approach involving multiple sectors, industries
and governmental levels made the APPCAP effective
in achieving substantial declines in air pollution within
arelatively short period of only 5 years. To date, little
research has quantified the health benefits attributable
to reduced air pollution due to clean-air policies in
China on a PM, 5 constituent-specific and morbidity
cause-specific basis in a real-world scenario.

Main findings and
limitations

Using nationwide hospital admission data from

two major national medical insurance systems in
China, we observed that reduced fine-particulate air
pollution after the implementation of the APPCAP

was accompanied by wide-ranging health benefits,
reflected by substantial reductions in attributable
fraction of hospital admissions for major respiratory,
cardiovascular, mental, neurological, and kidney
diseases, of which hospital admission for depression
was found to benefit most from the reduced air
pollution. The average relative reductions in annual
attributable fractions of nine major cause-specific
hospital admissions associated with PM, ; and BC were
30.00% and 21.14% from 2013 to 2017, respectively.
Nationally, city-specific annual attributable fractions
decreased significantly along with absolute reductions
in PM, s and BC during 2013-2017. Compared with
PM,, the cumulative reduction in BC could avoid
more cause-specific hospital admissions during
2014-2017 compared with 2013. However, geographic
inequality in health benefits still existed. Limitations

of this study included the unavailability of health data
after 2017 and the inability to distinguish first-time
admissions and readmissions or obtain individual-level
information.

Policy implications  Our findings imply that clean-air policies in China
have brought substantial health benefits attributable
to reduced air pollution at the nationwide level,
whereas regional inequality still exists. Precision air
pollution control strategies with consideration of
regional heterogeneity are recommended in future
policy-making. Our results also highlight that BC
may be the leading PM, s constituent that could be
considered as a potential priority constituent in future
air pollution control actions in order to obtain more
substantial health benefits.

Attributable fraction declines due to reduced air pollution

As statistically significant associations between air pollution and hospi-
taladmission for asthma were not observed, we did notinclude asthma
in subsequent analyses of attributable fractions. As shown in Fig. 2
(detailed dataare showninSupplementary Tables10 and 11), the annual
attributable fractions of nine major cause-specific hospital admissions
(including lower respiratory infections, cardiac arrhythmias, CHD,
heartfailure, stroke, depression, schizophrenia, Parkinson’s disease and
CKD) associated with short-term exposures to PM, s and BC declined
substantially after the implementation of the APPCAP during 2013-
2017. Specifically, we observed anaverage of 1.34% absolute reduction
in nine major cause-specific hospital admissions attributable to BC
(ranging from 0.87% for heart failure to 2.67% for depression) from 2013
t0 2017, higher than the average absolute reduction of 1.08% (ranging
from 0.73% for heart failure to 2.00% for depression) attributable to
PM, ;from2013t02017. The corresponding average relative reduction

in annual attributable fractions in nine major cause-specific hospital
admissions from 2013 to 2017 associated with BC was 21.14%, ranging
from17.76% for Parkinson’s disease t0 27.01% for low respiratory infec-
tions. This fraction was 30.00% associated with PM, 5, ranging from
24.53% for CKD to 34.35% for depression. The Theil-Sen median slope
estimator showed that the annual absolute declining rates of attribut-
able fractions for major cause-specific hospital admissions associated
with PM, s ranged from 0.20% per year for CHD to 0.52% per year for
depression. Larger annual absolute declining rates were observed for
BC, ranging from 0.24% per year for heart failure to 0.74% per year for
depression (Table 2).

In the sensitivity analyses restricted to cities with 5-year data on
hospital admissions, an average absolute reduction of 1.02% and an
average relative reduction of 30.80% in the annual attributable frac-
tions of nine major cause-specific hospital admissions associated
with PM, s from2013t0 2017 were observed (Supplementary Table12),
and an average absolute reduction of 1.20% and an average relative
reduction 0of20.97% in the annual attributable fractions of nine major
cause-specific hospital admissions associated with BC from 2013 to
2017 were observed (Supplementary Table 13).

Avoided hospital admissions due to reduced air pollution
Compared with 2013, the cumulative PM, ;reduction during 2014-2017
after theimplementation of the APPCAP was estimated to have avoided
atotal 0f271,984 (95% confidence interval (CI), 180,144-364,065) hos-
pitaladmissions for the nine major diseases, ranging from 2,199 (95% CI,
978-3,426) hospital admissions for Parkinson’s disease t0 109,478 (95%
Cl,73,531-145,512) hospital admissions for low respiratory infections.
Meanwhile, the estimated total avoided number was 322,968 (95% Cl,
243,861-402,253), ranging from 2,309 (95% Cl, 1,262-3,361) hospital
admissions for Parkinson’s disease t0 123,329 (95% Cl, 93,364-153,354)
hospitaladmissions for low respiratory infections, for the cumulative
BCreductionduring 2014-2017 in the 292 cities being included. Lower
respiratory infections, CHD and stroke were the three leading diseases
with the highest avoided admission numbers associated with reduc-
tions in PM,and BC (Fig. 3).

Regional health benefits of reduced air pollution

Spatial distributions of health benefits and reductions in
fine-particulate air pollution between 2013 and 2017 are presented in
Fig. 4. More substantial health benefits associated with reduced PM, 5
and BC were observed in North China, East China and Sichuan Basin,
where fine-particulate air pollution was reduced more substantially in
these regions during the study period.

City-specific absolute reductions in annual hospital admission
attributable fraction were well correlated with city-specific absolute
reductionsin PM, ; (Extended DataFig.4) and BC (Extended DataFig. 5)
atthe nationwide level. However, there were some outlier cities: 11 cities
(Slocatedin Central China) showed large reductionsinannual hospital
admission attributable fraction but modest reductions in PM, 5, 28
cities (ten located in Northwest China) showed increases in annual
hospital admission attributable fraction despite reductions in PM, 5
during the study period and 1 city (located in North China) showed a
large reductionin PM,;butasmall reductionin annual hospital admis-
sion attributable fraction. As for BC, the numbers of the above three
types of outlier cites were 9 (5located in Central China), 29 (12 located
in Northwest China) and 1 (located in Central China), respectively.
The scatter plots for city-specific absolute reductions in PM, ; versus
absolute reductions in annual attributable fraction showed that the
magnitude of city-specific absolute reductionsin annual attributable
fraction appeared to significantly increase along with larger reduc-
tions in PM, s in cities located in North China, Northeast China, East
China and Southwest China (including Sichuan Basin). In contrast,
for cities located in Central China, Northwest China and South China,
the magnitude of absolute reductions in annual attributable fraction
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Fig. 1| Spatial distribution of city-specific annual absolute declining rates of
ambient PM, ; and its major constituents in 292 Chinese cities of prefecture
level or above during 2013-2017. City-specific annual absolute declining rates in
ambient PM, s and its major constituents were estimated by the Theil-Sen median
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Table 2 | Reductions in annual attributable fractions of major cause-specific hospital admissions associated with ambient
PM,; and BC at lag01in 292 Chinese cities of prefecture level or above in 2017 compared with 2013>°

Cause-specific hospital PM, ¢ BC
admission® N N
Absolute Relative Annual absolute Absolute Relative Annual absolute
reduction (%)° reduction (%)° declining rate reduction (%)° reduction (%)° declining rate
(% per year)f (% per year)f
Lower respiratory infections 0.99 (0.67,1.30) 31.39 (31.23, 31.55) 0.26 1.54 (119, 1.88) 27.01(26.82, 27.20) 0.4
Cardiac arrhythmias 0.89(0.51,1.27) 32.52(32.33,32.72) 0.24 1.04 (0.69,1.37) 22.79(22.62,22.98) 0.32
CHD 0.75 (0.50, 1.00) 29.74 (29.62, 29.87) 0.20 1.04 (0.83,1.24) 19.67 (19.57,19.78) 0.31
Heart failure 0.73(0.33,1.12) 28.92(28.73,29.11) 0.21 0.87(0.53,1.19) 18.90 (18.72,19.08) 0.24
Stroke 0.80(0.57,1.02) 29.66 (29.55, 29.77) 0.22 0.92(0.72,1.10) 19.29 (19.19, 19.40) 0.25
Depression 2.00(0.81, 3.09) 34.35(33.81, 34.89) 0.52 2.67 (1.59, 3.63) 24.61(24.03, 25.20) 0.74
Schizophrenia 1.62(1.04, 2.17) 32.56 (32.29, 32.83) 0.45 1.54 (1.05, 2.00) 21.50 (21.25, 21.74) 0.41
Parkinson’s disease 0.91(0.42,1.39) 26.33 (26.06, 26.60) 0.27 1.05 (0.59, 1.48) 17.76 (17.51,18.01) 0.30
CKD 1.00 (0.72,1.28) 24.53 (24.37, 24.69) 0.25 1.38(1.08,1.67) 18.77 (18.57,18.97) 0.41
Average 1.08 (0.62,1.52) 30.00 (29.78, 30.23) 0.29 1.34(0.92,1.73) 2114 (20.92, 21.37) 0.38

“The attributable fractions for cause-specific hospital admissions were calculated based on the exposure-response relationships with a theoretical minimal risk exposure level of Oug/

m? as the reference concentration. Annual attributable fractions were calculated for cities with hospital admission data in that year. °Reductions in annual attributable fraction of hospital
admissions for asthma were not shown because of the insignificant associations between PM, s and BC and admissions for asthma in the single-constituent model. “‘Compared with the annual
hospital admission attributable fraction in 2013, the absolute reduction in annual hospital admission attributable fraction in 2017 was calculated by subtracting the annual hospital admission
attributable fraction in 2017 from the annual attributable fraction in 2013. ®Compared with the annual hospital admission attributable fraction in 2013, the relative reduction was calculated

by dividing the absolute reduction in annual attributable fraction in 2017 (with reference to the annual attributable fraction in 2013) by the annual attributable fraction in 2013. ‘The Theil-Sen
median slope estimator along with the Mann-Kendall test was used to quantify the strength of the annual absolute declining rate and its statistical significance. Estimates with P<0.05

(two sided) are marked in bold.

did not show increasing trends along with larger reductions in PM, ;.
In contrast to PM,;, for cities located in Northwest China, absolute
reductions in annual attributable fraction were positively associated
with absolute reductionsin BC.

Concerning the impact of city urbanization rate, the average
relative reduction in annual attributable fractions across major
cause-specific hospital admissions associated with PM, 5 in 2017 was
31.72% (for nine major diseases) in cities with a majority of urban resi-
dents, compared with 2013, whereas this fraction was 23.90% (for seven

major diseases, with the exception of Parkinson’s disease and depres-
sion because of statistically insignificant subgroup associations) in
cities with a majority of rural residents.

Discussion

In this study, we quantified the health benefits attributable to reduced
fine-particulate air pollution on a PM, s constituent-specific and mor-
bidity cause-specific basis after the implementation of the APPCAP
in China. Aligning with the declines in fine-particulate air pollution
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Fig. 3| Total avoided numbers of cause-specific hospital admissions
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Chinese cities of prefecture level or above during 2014-2017 compared with
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n=48,623,468. Error bars represent 95% Cls. Each line connecting the error bars
illustrates the range of avoided number of cause-specific hospital admissions
attributable to the cumulative reduction in PM, s or BC during 2014-2017
compared with 2013.

levels from2013 to 2017, we observed substantial reductionsin annual
attributable fractions for nine major cause-specific hospital admis-
sions associated with PM, ;and BC. Geographically, cities with higher
reductions in PM, s and BC showed higher absolute reductions in
annual attributable fractions associated with PM, ;and BC, especially
inNorth China, East China and Sichuan Basin. Additionally, compared
with the cumulative PM, s reduction during 2014-2017 after the imple-
mentation of the APPCAP, cumulative BC reduction could avoid more
cause-specific hospital admissions. Taken together, the APPCAP effec-
tively reduced fine-particulate air pollution and brought substantial
health benefits within a relatively short period of 5 years. In addition,
BC may be the potential key major PM, s constituent of which reduction
would bring more substantial health benefits.

Such health benefits associated with air-quality improvements
have also been identified in Western developed countries over longer
historical periods. Implementation of amendments to the Clean Air
Act in the US was estimated to avoid approximately 15,000 hospital
admissions for dementia and 15,000 to 25,000 hospital admissions for
CVDeachyearbetween 1990 and 2000 (ref.33),and more than160,000
premature deathsand 86,000 all-cause hospital admissionsin2011 com-
pared with counterfactual no implementation scenario®". Air pollution
mitigation measures were implemented much earlier in Europe (since
the1970s), and suchreductions in PM, ; were estimated to prevent more
than 80,000 premature deaths annually, which was19% of the estimated
premature deaths due to absolute PM, s concentrations in 2011 across
Europe™. Analogous to the Clean Air Actin the US and air pollution miti-
gation measuresin Europe, theimplementation of the APPCAPin China
represents a milestone in achieving reductions in air pollution-
associated healthburdens. Notably, the APPCAPin Chinagained substan-
tial health benefits within only 5years, whereas it took decades longer for
other air pollution mitigation campaignsin the US and Europe.

We observed that the magnitude of reduced attributable fractions
inhospital admissions varied in different geographical regions. Specifi-
cally, larger reductions inannual attributable fraction were observedin
citieslocated inseveral key regions, including North China, East China
and Sichuan Basin, which were correlated with larger reductions in
fine-particulate air pollution over the study period. Great efforts were

taken to combat severe air pollutionin these areas, including optimiz-
ing industrial structures, accelerating technological upgrades and
promoting the use of clean energy to meet the established targets'™.
As a consequence, substantially improved air quality and associated
health benefits were observed in these key regions™.

However, we also observed uneven geographical distribution of
health benefits associated with air pollution reduction, which may be
attributable to different socioeconomic characteristics (such as urban-
izationand medical accessibility), different levels of region-specific air
pollution control targets, different natural conditions (such as terrain
effects and climate) and different regional pollution profiles'®***.
In some cities, absolute reductions in annual attributable fraction
did not reflect changes in air pollution, which is similar to a previous
analysis on provincial average gain in life expectancy in association
with changes in PM, s from 2013 to 2017%. For example, in several cit-
ies located in South China, the annual attributable fractions slightly
declined or even increased along with small reductions in PM, ; from
2013t02017. Thismay be because PM, ; concentrations in cities located
in South China were relatively low in 2013 and the decreases in PM, 5
concentrations (from an average of 42.13 pg/m?®in 2013 to an average
of 31.67 pg/m?®in 2017) over the study period were modest and may
notbe able to generate substantial health benefits. Inaddition, several
citieslocatedin Central Chinawere recognized as outliers, and we did
notobserve appreciable health benefits along with reductionsin PM, 5
and BCin this region. One potential reason is that Central China was
not recognized as a key region for air pollution control actions and
did notsetaclear air pollution control target during the implementa-
tion of the APPCAP?". For several cities located in Northwest China,
city-specificannual attributable fractions increased from 2013 to 2017
despite reductionsin PM, ;during the study period, whichis similar to
aprevious study that found decreased gainin life expectancy in asso-
ciation with clean-air policies during 2013-2017 in Northwest China®.
These results suggest that future clean-air policies should focus not
only on reducing the average concentration of air pollution but also
on minimizing geographic inequality caused by regional differences
inair pollution mitigation.

The estimated declines of annual attributable fractions over the
study period were more apparent between 2014 and 2015. This differ-
ence may be because more stringent control measures were imple-
mented in the first 3 years of the APPCAP>®. However, new challenges
appeared afterward, such as the increased complexity of industrial
restructuring, whichreduced the speed of air-quality improvementsin
thelateryears of the study®. Thisimplies that the policies and actions
need to evolve to address new and emerging challenges effectively.

For other countries facing severe air pollution challenges, the
APPCAP provides several lessons from China’s experience in air pol-
lution control and disease prevention practices. First, the APPCAP
represents shifts in development strategy through prioritizing a tran-
sition from a sole focus on economic growth to emphasizing both
environmental and economic sustainability. Second, the APPCAP is a
centralized, government-led initiative with multisector engagement.
Thisensuresthatair pollution control efforts are driven by strong gov-
ernmentleadership while involving multiple sectors for a coordinated
approach. Third, the APPCAP involves the adoption and development
oftechnologies to enhance monitoring systems and implement robust
early warning mechanisms.

To date, evidence for the leading constituents in PM, 5 has been
inconclusive®*°™*2, possibly because PM, ; constituents vary over time
and space, which may lead to differential toxicity of PM, (ref. 43).
Additionally, previous studies were mostly regional (limited to several
specific cities) and mainly focused on risks of mortality rather than
morbidity. Few studies have evaluated the health benefits of reduced
fine-particulate air pollution at the constituent-specificlevel; instead,
our study provides evidence on the health benefits of key PM, s con-
stituents at the nationwide level. We observed that BC reduction could
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Fig. 4 | Spatial distribution of city-specific absolute reductions in annual
average concentrations of ambient PM, ;and BC and average annual hospital
admission attributable fractions of nine major cause-specific hospital
admissions associated withambient PM, ;and BCin 292 Chinese cities of
prefecture level or above in 2017 compared with 2013. a,c, Spatial distribution
of city-specific absolute reductions in annual average concentrations of ambient
PM,; (a) and BC (c). b,d, Spatial distribution of city-specific absolute reductions
inannual hospital admission attributable fractions associated with ambient PM, 5
(b) and BC (d). City-specific annual attributable fractions were averaged for nine
major cause-specific hospital admissions with significant associations with PM, 5
and BC. Absolute reduction in annual attributable fraction was calculated by
subtracting the annual attributable fraction in 2017 from the annual attributable
fraction in 2013 for each city. For cities with data fewer than 5 years (the number
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of cities with data fewer than 5 years ranged from 54 for depression to 87 for heart
failure), absolute reductions in annual attributable fraction were calculated by
subtracting the annual attributable fraction in the last year with data from the
annual attributable fractionin the first year with data, and absolute reductionsin
PM, ;and BC were calculated by subtracting the annual average concentrations
inthe last year with data from the annual average concentrationsin the first

year with data. The annual attributable fractions for cause-specific hospital
admissions were calculated based on the exposure-response relationships with a
theoretical minimal risk exposure level of O pg/m?® as the reference concentration.
Negative numbers in absolute reductions represent increasesin air pollution
concentrations and attributable fractions over the study period. Deeper color
presents alarger decline. Cities in gray were notincluded in the analyses because
no hospital admission data were available during the study period.

bring more health benefits than PM, ; after the implementation of
the APPCAP in China. Regionally, reductions in city-specific annual
attributable fractionsincreased significantly along with greater reduc-
tionsin BCin Northwest China, whereas there was no similarincreasing
trend observed for PM, ;. This may be because sandstorms and coal con-
sumption make sulfate the most abundant water-soluble constituent
inPM, s in Northwest China***, and our findings suggested that sulfate
was notindependently associated with cause-specific hospital admis-
sionsinmodels with adjustment for BC. The high proportion of sulfate
in PM, 5 (24.14% in Northwest China versus the nationwide average of
21.98%) may dilute the health benefits of reductions in PM, in cities
located in Northwest China. This finding highlights the importance
of prioritizing BC as a key PM, s constituent in future air pollution
control policies to achieve more substantial health benefits.

The deleterious impact of BC may be explained by the small
size (generally 0.1-1 um), absorbability of solar radiation, and strong

adsorption capacity of BC, which make it easily internalized by alveolar
macrophages and subsequently trigger inflammatory storms in the
pulmonaryand circulatory systems*®*’. BCis also shown to increase the
frequency of ST-segment depression events (anindicator for myocar-
dialischemia) in electrocardiogram and heart rate and resultin cardiac
autonomic dysfunction**. Meanwhile, BC can be directly transferred
intothebrainthrough the “lung-to-brain” pathway or olfactory neurons
and canalsoreachdistant organs, such as the kidney, through systemic
circulation*>°,

Our study has several strengths. Our study used real-world
exposure-response relationships to quantify the potential health
benefits related to reduced fine-particulate air pollution on a PM,
constituent-specificand morbidity cause-specific basis at the nation-
wide level. Furthermore, by panoramically presenting the health
co-benefits of APPCAP on cause-specific hospital admissions, our
study highlights the substantialimpacts of fine-particulate air pollution
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ondisease outcomes across multiple organ systems, offering a broad
perspective on the wide-ranging health advantages of air pollution
control measures. Third, the study utilized a national medical insurance
database with extensive geographic coverage and good representative-
ness of the urban population in China®*.

The study has several limitations. Due to the reform of health
administration institutions in China (marked by the establishment of
the National Healthcare Security Administration) in 2018 (ref. 53), we
couldnotaccessupdated medicalinsurance dataonand after 2018 and
extend the timeline beyond 2017. Moreover, due to the nature of the
city-specific (instead of individual-specific) health information and
ethical concernsinsuchalarge-scale study, the data were anonymized
withoutindividualidentifiersand analyzed at the city level. Thus, it was
unableto distinguish first-time admissions and readmissions or obtain
individual-level information (such as migration). The city-level average
exposure used in this study may also lead to potential misclassification
of exposure. However, the use of city-level exposure data conforms
to practices of air pollution control policies and the development
of public health intervention strategies (for example, health alerts).
Furthermore, unavoidable diagnostic errors of cause-specific hospi-
tal admissions may introduce misclassification bias, which typically
reduces the precision and bias the effect estimates to null**. Finally, the
study lacked data from the rural population, and the generalizability
of our findings needs to be interpreted with caution.

In conclusion, through a nationwide case-crossover analysis in
China, our study demonstrates that air-quality improvements as shown
by reduced fine-particulate air pollution after the implementation
of the clean-air policies were accompanied by wide-ranging health
benefits. Particularly, BC was identified as the leading PM, s constitu-
ent that could be considered as a potential priority constituent in
future air pollution control actions to obtain more substantial health
benefits. Our findings emphasize the health co-benefits of stringent
air pollution control policies implemented at a nationwide scale. In
addition, it is necessary to develop air-quality guidelines for specific
PM, ; constituents, particularly BC, tofacilitate precision air pollution
control and further reduce related disease burden in the future.
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Methods
Data collection
Inthis study, we obtained city-specific hospital admission datafrom two
major nationalmedicalinsurance systemsin Chinafrom2013to2017—the
urban employee-based basic medical insurance scheme (UEBMI) and
the urban resident-based basic medical insurance scheme (URBMI), as
described previously®. Briefly, the UEBMI covers urban employees and
those retired, with main funding sourced from payroll taxes. URBMI
covers urban residents, including children, students, elderly people
without previous employment, and the unemployed, withgovernmental
subsidies as the main funding sources. The national medical insurance
database coversalllevels of healthcare facilities and has good coverage of
theurban population without sociodemographicinequality in China®*.
Citizensshall,inaccordance with applicable laws, have theright toreceive
basic medical and healthcare services from the state and society*'. Unlike
developed countries, such as the United Kingdom, commercial medical
insuranceis underdevelopedin China, and it often serves as supplemen-
tary tothebasic medical insurance®. The basic medical insurance scheme
isfeatured as wide coverage and affordable for the entire urban popula-
tionto obtainfundamental health services. Basic medical insurance does
not intend to provide services for certain subpopulations, instead it is
subsidized by the government and funded through mandatory means
to the entire general population. It was estimated that by 2014, China’s
universal basic medical insurance systems had covered 97.5% of the entire
population”’. Building on our previous work**, we have further updated
the database and included more cities with hospital admission records
with further approvals from relevant data management agencies.
Generally, the principal discharge diagnosis for each beneficiary
was recorded by the doctor and submitted to a centralized medical
insurance systemto claim reimbursementsin the settlement of medi-
cal expenses®. Cause-specific hospital admissions were identified
based on the principal discharge diagnosis and were categorized into
the following 10 major causes based on the codes of the International
Classification of Diseases, 10 Revision (ICD-10) and text: respiratory
diseases (including asthma and lower respiratory infections), CVDs
(including cardiac arrhythmias, CHD, heart failure, and stroke), men-
tal and neurological diseases (including depression, schizophrenia,
and Parkinson’s disease), and kidney disease (including CKD). These
diseases were chosen based on previous evidence of a potential rela-
tionship with PM, *>°*"° and also the data availability from the UEBMI
and the URBMI. The detailed ICD-10 codes for cause-specific hospital
admissions are presented in Supplementary Table 14. Identifiable
individualinformation, such asname and national ID number, was una-
vailable for analysis due to the personal privacy protection policy, but
daily cause-specific hospital admission number was aggregated based
on the number of admission records with unique ID at the city level
before datadesensitization. For each cause-specific hospitaladmission
outcome, cities with total hospital admission records of fewer than
50 cases during the study period were excluded from the analyses to
ensure adequate statistical power. We finally included a total of 292
cities of prefecture level or above (out of 338 such citiesin totalin2017)
in China that encompassed all health outcomes of interest, covering
699 million urban population (85.93% of the total urban population
in China) at the end of 2017. Detailed information on cause-specific
hospital admissions is presented in Supplementary Table 15.

Ethics approval

This study was exempted frominstitutional review board approval by
the Biomedical Ethics Commiittee of the Health Science Center of Xi’an
Jiaotong University because no datawithany individual identifiers were
extracted for this study.

Exposure assessment
Daily average concentrations of PM, s and its major constituents
(including BC, sulfate, nitrate, ammonium, chloride and OM) from

2013 to 2017 were obtained from the ChinaHighAirPollutants (CHAP)
database withahigh spatial resolution (1x1km), which has been widely
used in previous studies®*“’. By considering the complex relationships
between PM,; sources and changes in its chemical constituents, the
CHAP adopted a new simulation method called four-dimensional
spatiotemporal deep forest (4D-STDF) model, which takes advantage
of multiple tree-based machine learning models, to construct robust
nonlinear relationships between each PM, s constituent and the PM, 5
total mass concentration®?., The cross-validation R? values with the
ground-based observations of BC, sulfate, nitrate, ammonium and
chloridewere 0.82,0.74,0.75,0.71and 0.66, respectively, and the aver-
age root-mean-square errors were 1.64 pg/m?,5.99 pg/m?, 6.61 pg/m?,
4.29 pg/m3and 2.30 pg/m?, respectively®’. We further compared PM,
from the CHAP dataset and PM,.; from the China National Urban Air
Quality Real-time Publishing Platform (https://air.cnemc.cn:18007/).
The Spearman correlation coefficient and the intraclass correlation
coefficient were 0.871and 0.837, respectively, suggesting high consist-
ency between the two datasets (Supplementary Table 16). Spearman’s
correlation coefficients between PM, 5, major PM, ; constituents, and
meteorological factors in 292 Chinese cities of prefecture level or
above during 2013-2017 are shown in Supplementary Table 17. OM was
calculated as PM, s total mass minus BC, sulfate, nitrate, ammonium,
and chloride in the study®.

Foreachcityincludedinthe present study, daily average concen-
trations of PM, s and its constituents were calculated by aggregating the
concentrationsof thegrid cells withineachcity’sboundary. Additionally,
daily average temperature and relative humidity between 1January
2013 and 31 December 2017 for the included cities were obtained from
the China Meteorological Data Sharing Service System (http://data.
cma.cn/) by averaging the available monitoring sites in each city.

Statistical analysis
First, we applied a two-stage time-stratified case-crossover analyti-
cal framework to explore the city-specific and overall associations
between short-term exposures to PM, ;and its major constituents with
cause-specific hospital admissions, which were further used to quantify
the healthbenefits attributable to reduced fine-particulate air pollution.
Inthefirst stage, case day was defined as the date of cause-specific
hospital admission, and the other 3 or 4 days in the same stratum
were defined as the control days. For each cause-specific hospital
admission outcome in each city, we created a case-crossover dataset
and applied a conditional logistic regression model adjusting for a
binary indicator for public holidays and natural cubic splines with six
and three degrees of freedom for moving averages of daily average
temperature and relative humidity of the present day and previous 21
days, respectively®*®. As shown in Supplementary Table 18, this time
window selected for temperature and relative humidity was generally
applied to the multiple cause-specific hospital admissions based on
previous literature and model Bayesianinformation criterion. For PM,
and its major constituents, the 2-day moving average of the present
day and previous day (lag01) was selected as the main time window®®.
In the second stage, we used random-effects models to pool the
city-specific estimates (associated with a1 pg/m?®increase in PM, s and
its constituents) and thentransformed the pooled estimatesinto an IQR
scale. We constructed three models to test the robustness of the effect
estimates: the basic single-constituent modelincorporating PM, s consti-
tuentsinthe model one at atime; the constituent residual model testing
the independent associations of PM, s constituents with cause-specific
hospitaladmissions; and the remaining PM, s mass-adjusted model with
PM, ; total mass minus the constituent being included in the model.
Given the strong correlations between certain constituents and PM, 5
total mass (Supplementary Table 17), we refrained from establishing a
constituent-PM, s joint model to avoid underestimating the potential
effect of aspecific constituent®. Toaddress the multiple testing issue for
agiven constituent, 10 and 24 Pvalues for major cause-specific hospital
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admissions and their included subtypes were treated as a batch and
adjusted together through the Benjamini-Hochberg procedure to cor-
rect the Pvalues®. Corrected Pvalues < 0.05 were considered statistically
significant, keeping the false discovery rate < 5%.

Theattributable fractions for major cause-specific hospital admis-
sions were calculated based on the exposure-response relationships
withatheoretical minimal risk exposure level of 0 pg/m?>as the reference
concentration (considering the absence of evidence for an exposure
threshold below which effects on hospital admissions are not observed).
Theattributable fractions for cause-specific hospital admissions associ-
ated with PM, ;and its major constituents were calculated as follows®’:

e{Iog RRyxXic} _ 1

ANgic = WNdic
£ ANgi
AFdi% = —— x100%,
Fitotal di}

where ANy, denotes the number of daily hospital admissions for disease
dattributable to daily PM, s or its major constituents on day i of city c;
RR, indicates the relative risk (RR) of hospital admissions for disease
d associated with each 1 pg/m?increase in PM, s or its major constitu-
ents generated from the basic single-constituent model. X, is the
absolute concentration difference between the concentration of
PM,; or its major constituents at lag01 on day i of city c and the
reference concentration of 0 pg/m?; Ny, indicates the number of daily
hospital admissions for disease d on day i of city c; AF;% denotes
the attributable fraction of hospital admissions for disease d on day i;
m presents the total number of the included cities; and Fyoq  iS the
total number of hospital admissions for disease d on day i in the
included cities. Annual attributable number was calculated by aggre-
gating the daily attributable number within each year. Annual attribut-
ablefraction was calculated by annual attributable number divided by
the annual total number of hospital admissions for disease d in the
included cities. The upper and lower 95% Cl values of the pooled RR
were used to calculate the 95% Cls of attributable number and attribut-
able fraction using the above equations.

Compared with the annual attributable fractionin 2013, the abso-
lutereductioninannual attributable fractionin2017 was calculated by
subtracting the annual attributable fraction in 2017 from the annual
attributable fraction in 2013. The relative reduction was calculated
by dividing the absolute reduction in annual attributable fraction in
2017 (with reference to the annual attributable fraction in 2013) by
the annual attributable fraction in 2013. To test the robustness of the
results, we also restricted the analysis to cities with 5-year data on
hospital admissions in the sensitivity analysis. City-specific annual
attributable fractions were averaged for nine major cause-specific
hospital admissions with significant associations with PM, s and BC.
Scatter plots based on linear regression analyses were used to visualize
the correlations between city-specific absolute reductions in
fine-particulate air pollution and absolute reductions in annual attri-
butable fractions at both the nationwide level and regional levels
(categorizedinto North China, Central China, Northwest China, North-
east China, East China, Southwest Chinaand South China accordingto
the standard geographic classification in China)’. Three sets of outlier
citieswereidentified as follows: (1) cities with large reductions in annual
attributable fraction (defined as studentized residual larger than 2)
but small reductions in air pollution (defined as absolute reductions
inPM, ;and BC smaller than the medians, which were 12.99 pg/m*and
0.54 ng/m?for PM,and BC, respectively) in 2017 compared with 2013;
(2) citieswithincreasesin annual attributable fraction despite air pol-
lution reduced in 2017 compared with 2013; and (3) cities with large
reductions in air pollution (defined as hat statistic greater than twice
of the average hat value) but small reductions in annual attributable
fraction (defined as absolute reductions inannual attributable fraction

smaller than the medians, which were 0.72% and 0.80% for PM, s and
BC, respectively) in 2017 compared with 2013.

The annual absolute declining rates of attributable fractions and
average concentrations of PM, ; and its major constituents were esti-
mated and tested by the Theil-Sen median slope estimator, a non-
parametric statistical method used to identify time-series trends by
collecting the slopes of all pairs of points and finding the median of
these slopes, along with the Mann-Kendall test”. To calculate the total
avoided numbers, we first estimated the annual absolute declining rates
of PM, s and BC concentrations during 2013-2017 using the Theil-Sen
median slope estimator, and then the following equation was used to
estimate the total avoided numbers of different cause-specific hospital
admissions attributable to such annual absolute declining rates’

4
Ha = Y (exp (B x Ax x ) — 1) X Naoss+0)»

t=1

where Hy is the total avoided numbers of hospital admissions for
disease d; B is the national pooled risk estimated for a 1 ug/m?
changein PM,or BC; Axrepresents the annual absolute declining rate
(4.23 pg/md per year for PM, s and 0.17 pg/m? per year for BC); tis the
year of the sample and Nyqo13+1 is the total number of hospital admis-
sionsfor disease dinthe year 2013 +t. Because 2013 is the baseline year,
there is a total of 4 years (2014-2017) with reduced fine-particulate
air pollution compared with 2013, and thus the range for tis1to 4.

Astheassociations between PM, ;and BC and cause-specific hospital
admissions were the basis for calculating health benefits indicated by
annual attributable fractions, we conducted several sensitivity analy-
ses to test the robustness of the associations: (1) explored the potential
effects of PM, sand its major constituents at additional lags using the basic
single-constituent model, including the present day (lag0), the previous
one day (lagl) and previous two days (lag2); (2) included natural cubic
splines of temperature and relative humidity at shorter lags (moving aver-
agesofthe presentday and previous 7 days or the present day and previous
14 days) withsixand three degrees of freedom, respectively; (3) restricted
the analysis to cities with 5-year data from 2013 to 2017; (4) additionally
adjusted for time spline for day of the year with seven degrees of free-
dominthesingle-constituent model toaccount for within-month trends;
(5) used symmetric bidirectional matching strategy withinanarrower win-
dowof14 daystoaccountforthe pronounced seasonality in hospital admis-
sions” (thatis, control dayswere selected 7 days before and after the case
days); (6) additionally adjusted for ozone in the basic single-constituent
model”; and (7) conducted a two-constituent model analysis with two
constituents simultaneously included in one single model.

By considering the proportion of urban and rural residents in the
included cities, we obtained the city-specific total numbers of urban and
ruralresidents in2017 from the City Statistical Yearbook and calculated
the city-specific proportions of urban residents. Because the distribu-
tion of the city-specific proportions of urban residents was skewed,
we chose the median city-specific proportion of urban residents (52%)
to categorize cities with a majority of urban residents (denoted as “_U”
in Supplementary Table 6) and a majority of rural residents (denoted
as “_R”in Supplementary Table 6). The differences between the effect
estimates of the two subgroups were tested by the two-sample Z test,
andthefalse discovery rate was used to adjust for multiple comparisons.

Allstatistical analyses were performed using R Software, version
4.0.3. The survival package was used for conditional logistic regression
analysis, the metafor package was used to build the random-effect
models, and the wql package was used to conduct the Theil-Sen
medianslope estimator along with the Mann-Kendall test. A two-sided
Pvalue < 0.05was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Air pollution data used in this study can be applied from the China-
HighAirPollutants (CHAP) at https://weijing-rs.github.io/product.
html. Meteorological data are available from the China Meteorological
Data Sharing Service System at http://data.cma.cn/. The basemaps
used in Figs. 1 and 4 and Extended Data Fig. 1 are from GaryBikini/
ChinaAdminDivisonSHP:v24.02.06,2024 (doi:10.5281/zenod0.10624971).
The medical insurance data analyzed in this study are regulated by
governmental policies and cannot be made available to the public for
ethicaland privacy reasons. Health data usedin this study are available
under restricted access due to the identifiable nature of the data and
compliance with data use agreements. Application for collaborative
researchpurposesbased onthe datausedinthe study canbe addressed
by contacting the corresponding authors. The request will be answered
within 12 weeks.

Code availability

The statistical code for the main analyses can be found at: https://
github.com/hmliul23/Case-crossover-study-constituents-hospital-
admission-.git.
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Extended Data Fig. 1| Spatial distribution of city-specific annual average hospital admission data were available during the study period. Abbreviations:
concentrations of ambient PM, ; and its major constituents in 292 Chinese BC, black carbon; OM, organic matter; PM, 5, particulate matter with an
cities of prefecture level or above during 2013-2017. Deeper color presents a aerodynamic diameter of 2.5umor less.

higher concentration. Cities in gray were not included in the analyses because no
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Extended Data Fig. 2| Annual average concentrations of ambient PM, ;and its absolute declining rates (ug/m?® per year) of PM, sand its major constituents were

major constituents in 292 Chinese cities of prefecture level or above during estimated and tested by the Theil-Sen median slope estimator along with the
2013-2017. The solid line represents the annual average concentration of PM, Mann-Kendall test. Abbreviations: BC, black carbon; OM, organic matter; PM, s,
in292 Chinese cities of prefecture level or above during 2013-2017. Annual particulate matter with an aerodynamic diameter of 2.5 umor less.
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inrisks of major cause-specific hospital admissions associated with each IQR

increase in major PM, ; constituents at lag01 based on the two-constituent
model. Supplementary Table 15 shows the summary admission numbers for
different cause-specific hospital admissions during the study period. Overall
n=48,623,468. Points represent estimates of percent changes in risks of major

bty
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cause-specific hospital admissions associated with each IQR increase in major
PM, s constituents. Error bars represent 95% Cls of the percent changes. Each line
connecting the error bars represents the range of overall percent change values.
Abbreviations: BC, black carbon; CHD, coronary heart disease; Cl, confidence
interval; CKD, chronic kidney disease; IQR, interquartile range; OM, organic
matter; PM, s, particulate matter with an aerodynamic diameter of 2.5pum or less.
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Extended Data Fig. 4 | Scatter plots of city-specific absolute reductions in
ambient PM, ;and average annual hospital admission attributable fraction
of nine major cause-specific hospital admissions from 2013 to 2017 at the
nationwide and regional levels. City-specific annual attributable fractions were
averaged for nine major cause-specific hospital admissions with significant
associations with PM, ;. For cities with data fewer than 5 years (the number of
cities with data fewer than 5 years ranged from 54 for depression to 87 for heart
failure), absolute reduction in annual hospital admission attributable fraction
was calculated by subtracting the annual attributable fraction in the last year
with hospital admission data from the first year with hospital admission data,
and absolute reduction in annual average PM, s concentration was calculated

by subtracting the annual average concentration in the last year with hospital
admission data from the first year with hospital admission data. The names of
cities showninredindicate 5 cities with the largest reductions in annual hospital
admission attributable fraction but small reductionsin air pollution. The names

of cities shown in brown indicate 5 cities with the most apparentincreasesin
annual hospital admission attributable fraction despite PM, s concentrations
reduced during the study period. The name of city shown in blue represents the
city (Hengshui) with alarge reduction in air pollution but asmall reductionin
annual hospital admission attributable fraction. Negative numbers represent
increasesin air pollution concentrations and attributable fractions. The black
solidlinein each figure panel represents the linear regression line. The gray
horizontal dashed line in the nationwide figure panel represents absolute
reductionsin annual hospital admission attributable fraction equal to zero,
meaning no change in annual attributable fraction from 2013 to 2017. The black
vertical and horizontal dashed lines in the nationwide figure panel represent
the median values for city-specific absolute reductions in PM, s and the average
annual attributable fractions of nine cause-specific hospital admissions
associated with ambient PM, 5in 292 cities, respectively. Abbreviation: PM, 5,
particulate matter with an aerodynamic diameter of 2.5 pmor less.
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Extended Data Fig. 5| Scatter plots of city-specific absolute reductionsin
black carbon and average annual hospital admission attributable fraction
of nine major cause-specific hospital admissions from 2013 to 2017 at the
nationwide and regional levels. City-specific annual attributable fractions were
averaged for nine major cause-specific hospital admissions with significant
associations with BC. For cities with data fewer than 5 years (the number of
cities with data fewer than 5 years ranged from 54 for depression to 87 for heart
failure), absolute reduction in annual hospital admission attributable fraction
was calculated by subtracting the annual attributable fraction in the last year
with hospital admission data from the first year with hospital admission data,
and absolute reduction in annual average BC concentration was calculated

by subtracting the annual average concentration in the last year with hospital
admission data from the first year with hospital admission data. The names of
citiesshowninred indicate 5 cities with the largest reductions in annual hospital
admission attributable fraction but small reductionsin air pollution. The names

of cities shownin brown indicate 5 cities with the most apparentincreases in
annual hospital admission attributable fraction despite PM, s concentrations
reduced during the study period. The name of city (Changde) shownin blue
represents the city with alarge reduction in air pollution but asmall reductionin
annual hospital admission attributable fraction. Negative numbers in absolute
reductions representincreases in air pollution concentrations and attributable
fractions. Theblack solid linein each figure panel represents the linear regression
line. The gray horizontal dashed line in the nationwide figure panel represents
absolute reductions in annual hospital admission attributable fraction equal

to zero, meaning no change in annual attributable fraction from 2013 to 2017.
Theblack vertical and horizontal dashed lines in the nationwide figure panel
represent the median values for city-specific absolute reductions in BC and the
average annual attributable fractions of nine cause-specific hospital admissions
associated with BCin 292 cities, respectively. Abbreviation: BC, black carbon.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data collection was performed in R (V.4.0.3).

Data analysis No commercial, open source or custom code was used to analyze the data in this study. This study did not generate new or customized code/
algorithm. We used the software Amap and R package "amapGeocode" (V.0.6.0) to get city-level exposures of PM2.5 and its major
constituents. The conditional logistic regression models were fit using the "survival" R package (V.3.2.7). The city-specific associations were
pooled in the random-effects model using the "metafor" R package (V.4.2.0). The "wql" R package (V.1.0.1) was used to conduct the Theil-Sen
median slope estimator along with the Mann-Kendall test. Codes for the main statistical analyses are available from https://github.com/
hmliu123/Case-crossover-study-constituents-hospital-admission-.git.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Air pollution data used in this study can be applied from the ChinaHighAirPollutants (CHAP) database at https://weijing-rs.github.io/product.html. Meteorological
data are available from the China Meteorological Data Sharing Service System at http://data.cma.cn/. The health insurance data analyzed in this study are regulated
by governmental policies and cannot be made available to the public due to ethical and privacy reasons. Health data used in this study are available under restricted
access due to the identifiable nature of the data and compliance with data use agreements. Application for collaborative research purposes based on the data used
in the study can be addressed by contacting the corresponding authors. The request will be answered within 12 weeks.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Results of sex-based analyses were not performed.

Reporting on race, ethnicity, or ' In our case-crossover study, individual information on race, ethnicity or other socially relevant groupings were not available

other socially relevant due to ethical/privacy reasons. Thus, we did not include these variables in our analysis.
groupings
Population characteristics Atotal of 26,397,562 (54.29%) males and 22,225,906 (45.71%) females were included in the analysis. In addition, 4,625,544

(9.51%) aged 14 years or below, 3,092,842 (6.36%) aged 15-39, 16,888,769 (34.73%) aged 40-64, 11,225,285 (23.09%) aged
65-74, and 12,791,082 (26.31%) aged 75 years or above.

Recruitment Individuals who were admitted to hospital admissions through the urban employee-based basic medical insurance scheme
(UEBMI) and the urban resident-based basic medical insurance scheme (URBMI) during 2013-2017 were included. Data on
daily hospital admission numbers at city level were used in the study.

Ethics oversight This study was exempted from institutional review board approval by the Biomedical Ethics Committee of Health Science
Center of Xi’an Jiaotong University because no data with any individual identifiers were extracted for this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We conducted a two-stage time stratified case-crossover study using quantitative data of city-level hospital admission records from
two major Chinese medical insurance systems in 292 Chinese cities during 2013-2017 to analyze the health benefits attributable to
reduced air pollution. Exposure-response relationships were identified by conditional logistic models, which were used to quantify
the fractions of cause-specific hospital admissions attributable to short-term exposure to PM2.5 and its major constituents. Hospital
admission benefits attributable to reduced air pollution after the implementation of clean-air policies in China were quantified by
reductions in annual attributable fraction. The trends of annual hospital admission attributable fractions and air pollution
concentrations were quantified and tested by the Theil-Sen median slope estimator along with the Mann-Kendall test.

Research sample City-specific hospital admission data were obtained from two major national health insurance systems in China from 2013 to 2017.
Specifically, the UEBMI covers employees and those retired, and the URBMI covers residents (including children, students, and
elderly people) without previous employment and the unemployed in the urban area. We finally included a total of 292 Chinese cities
of prefecture-level or above (out of 338 such cities in total in 2017), covering 699 million urban population (85.93% of the total urban
population in China in 2017). In our study, 48,623,468 hospital admissions that encompassed all health outcomes were included in
the analyses, among which 26,397,562 (54.29%) were males, 22,225,906 (45.71%) were females, 4,625,544 (9.51%) aged 14 years or
below, 3,092,842 (6.36%) aged 15-39, 16,888,769 (34.73%) aged 40-64, 11,225,285 (23.09%) aged 65-74, and 12,791,082 (26.31%)
aged 75 years or above.
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Sampling strategy All available hospital admission data for the diseases involved from the UEBMI and URBMI in the 292 Chinese cities were included in
the analysis. No sampling was done.

Data collection Daily cause-specific hospital admissions were collected by administrative agencies of the Chinese government. The researchers were
not blinded to the experimental condition or the study hypothesis.

Timing The start date of data collection was 1st January 2013, and the end date was 31st December 2017.

Data exclusions For each cause-specific hospital admission outcome, cities with fewer than 50 admission records during the study period were
excluded from the analyses to ensure adequate statistical power.

Non-participation Rural residents and urban residents without medical insurance coverage were not included in the study.
Randomization There was no randomization in this observational study. The models were conditioned on strata defined by day of the week, month

and year, which offered strong control for seasonality and secular changes, and yielded inferences based on within-city short-term
pollution variability.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atuthentication-procedures foreachseed stock tused-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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