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Abstract
China is one of the largest producers and consumers of coal in the world. The National Action Plan on Air Pollution Prevention and Control 
in China (2013–2017) particularly aimed to reduce emissions from coal combustion. Here, we show whether the acute health effects of 
PM2.5 changed from 2013 to 2018 and factors that might account for any observed changes in the Beijing–Tianjin–Hebei (BTH) and the 
surrounding areas where there were major reductions in PM2.5 concentrations. We used a two-stage analysis strategy, with a quasi- 
Poisson regression model and a random effects meta-analysis, to assess the effects of PM2.5 on mortality in the 47 counties of BTH. 
We found that the mean daily PM2.5 levels and the SO4

2− component ratio dramatically decreased in the study period, which was likely 
related to the control of coal emissions. Subsequently, the acute effects of PM2.5 were significantly decreased for total and circulatory 
mortality. A 10 μg/m3 increase in PM2.5 concentrations was associated with a 0.16% (95% CI: 0.08, 0.24%) and 0.02% (95% CI: −0.09, 
0.13%) increase in mortality from 2013 to 2015 and from 2016 to 2018, respectively. The changes in air pollution sources or PM2.5 

components appeared to have played a core role in reducing the health effects. The air pollution control measures implemented 
recently targeting coal emissions taken in China may have resulted in significant health benefits.
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Significance Statement

Extremely high levels of PM2.5 exposure and its health hazards in China have become a major concern worldwide. Nationwide clean 
air actions implemented in 2013–2018 have led to a remarkable decrease in PM2.5 pollution. However, there is little evidence to show 
whether acute health effects of PM2.5 have changed under these actions. This study aimed to fill this knowledge gap by conducting an 
accountability analysis of the health benefits associated with significant reductions in PM2.5 pollution in the Beijing–Tianjin–Hebei 
region and surrounding areas. We found that the acute effects of PM2.5 were significantly decreased for total and circulatory mortality. 
The changes in air pollution sources or PM2.5 components appeared to have played a core role in reducing the health effects.
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Introduction
The extremely high levels of PM2.5 exposure have become a major 
public concern in China (1). In 2019, over 90% of the world’s popu-
lation was exposed to annual average PM2.5 concentrations that 

exceeded the WHO Air Quality Guideline of 10 μg/m3 (2). Coal 

combustion contributed to more than 60% of PM2.5 emissions in 

China in 2012 (3), which was estimated to have caused 710,000 

deaths in the entire country (4). In 2012, China was the largest 
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consumer of coal in the world, accounting for more than half of 
the world’s coal consumption for the first time (5). With the rapid 
economic growth since the initiation of market reforms in 1978, 
energy consumption in China increased sharply by more than 
6-fold from 0.57 billion tce (tons of standard coal) in 1978 to 3.51 
billion tce in 2012 (6). China’s energy structure was primarily coal- 
dominated, which shared 76.2% of the national total energy con-
sumption in 2012 (6). Within this context, China’s demand for en-
ergy, particularly for coal, has been dramatically increasing, as 
have China’s pollutant emissions (7).

To control air pollution, especially PM2.5 pollution from coal 
combustion sources, in 2013, the State Council of China issued 
the “China National Action Plan on Air Pollution Prevention and 
Control” (8). These actions were part of a long-term plan (from 
2013 to 2017) with multiple action measures, particularly aiming 
to reduce emissions from coal combustion (Table S1). The top ob-
jective of the National Action Plan was to comprehensively con-
trol air pollutant emissions, especially those from coal-based 
sources, which included plans such as renovating small coal heat-
ing stoves, accelerating the construction of central heating sys-
tems, implementing coal-to-electricity and coal-to-gas projects, 
applying ultralow emission technology to retrofit existing coal- 
fired power plants (9) and promoting the application of high- 
efficiency, energy-saving, and environmentally friendly stoves in 
areas uncovered by central heating. The Action Plan also estab-
lished quantitative goals for key regions within a certain time 
frame, outlined multiemission control actions for all major emit-
ting industries (10, 11), and set key regional coal consumption 
caps in the short and long terms (12). The Beijing–Tianjin–Hebei 
(BTH) region is one of the largest economic zones in northern 
China, which covers 2.3% of China’s land and accounts for 8.1% 
of total population and 10.4% of national GDP. It was also the 
most heavily polluted region with a key target for air pollution 
control in China (13). Coal consumption in the BTH region totaled 
0.36 billion tons, accounting for 13.0% (0.36/2.77 billion tons) of 
the total consumption in China in 2015 (5, 14). The Action Plan 
clearly stated that the BTH region should achieve negative growth 
in the total coal consumption, and markedly/gradually increase 
the proportion of clean energy usage (10). In addition, the 
Action Plan not only focused on controlling emissions from 
coal but also took other measures to control heavy air pollution, 
specifically including actions to quickly activate emergency plans 
based on the early warning of high air pollution levels and to 
promptly guide public health protection (8, 15).

Since the promulgation of the National Action Plan in China, 
there have been marked reductions in coal combustion emissions, 
as well as improvements in ambient air quality across the whole 
country, particularly the BTH region. The proportion of coal in to-
tal energy consumption decreased from 67.4% in 2013 to 60.4% in 
2017 nationwide, and total coal consumption reduced from 3.94 to 
3.86 billion tons between 2013 and 2017 (16, 17). In the BTH region, 
the total coal consumption decreased by nearly 70 million tons 
during 2012–2017 (18). In the meantime, annual average PM2.5 

concentrations decreased from 106 μg/m3 to 64 μg/m3 in BTH dur-
ing 2013—2017 (8, 19). In 2018, the central government issued the 
“Three-Year Action Plan for Winning the Blue Sky Defense Battle” 
(20), which aimed to further reduce the number of days of heavy 
air pollution and to significantly improve ambient air quality in 
China, especially in the BTH region. Once again, PM2.5 concentra-
tions decreased by 9.3% in 2018, compared to that in 2017 (21).

In the context of decreasing coal emissions and improving air 
quality, an assessment of the public health impacts of related pol-
icies or plans, termed “accountability analysis”, plays an essential 

role in elucidating whether the considerable cost of implementing 
policies to control coal emissions does indeed yield noticeable im-
provements in public health and provides relevant data to inform 
future policy initiatives (22). Several studies have reported a 
long-term reduction in air pollution emissions and the estimated 
disease burden under this action plan (23, 24). However, direct 
short-term epidemiologic evidence of the health benefits from 
this coal-focused National Action Plan is still lacking.

The effective implementation of the National Action Plan on 
Air Pollution Prevention and Control in China, especially the sub-
stantial reduction in the coal emissions and PM2.5 concentrations 
in the BTH region (25), provides a unique opportunity to explore 
whether the acute health effects of PM2.5 exhibited any changes 
from 2013 to 2018 and to consider potential factors accounting 
for observed changes. To address these issues, we assessed dy-
namic trends in PM2.5 concentrations and health outcomes as 
well as the major determinants of PM2.5-related health effects be-
fore and after the implementation of air pollution control meas-
ures in BTH and the surrounding areas. The most serious health 
outcomes were considered, including mortality, hospitalizations, 
and outpatient visits. We found a decreasing trend in PM2.5 con-
centrations by year after the implementation of air pollution con-
trol measures in BTH and the surrounding areas. We also found 
that the effect estimates of mortality in BTH and the surrounding 
area were lower in 2016–2018 than in 2013–2015. In particular, 
the effects of total and circulatory-related mortality were signifi-
cantly decreased in the latter period. These findings provide initial 
evidence of health benefits that may have resulted from imple-
menting the National Action Plan on Air Pollution Prevention 
and Control.

Results
Impact on PM2.5 concentrations and PM2.5 
components
Our study focused on the highly polluted BTH region and the 
surrounding areas, including Beijing, Tianjin, Hebei, Shandong, 
Shanxi, and Henan (Fig. S1). Guangdong, Fujian, Southern 
Hunan, and Southern Jiangxi, which experienced relatively low 
PM2.5 concentrations, served as control areas (Fig. S1). Figure 1 in-
dicates the annual PM2.5 pollution in BTH and the surrounding 
area from 2013 to 2018, showing a decreasing trend by year, espe-
cially in the southern area of Hebei Province. Table 1 reveals that 
the average level of PM2.5 was 85.6 ± 67.7 μg/m3 in the 47 counties 
in BTH and the surrounding areas from 2013 to 2015. However, the 
mean daily PM2.5 level was reduced by 20 μg/m3 in the period of 
2016–2018. The average total mortality, circulatory-related mor-
tality, and respiratory-related mortality in the 47 counties over 
the two periods, i.e. from January 1, 2013–December 31, 2015 to 
January 1, 2016–December 31, 2018, were similar. Table S2 shows 
the descriptive statistics of outpatient visits to the 29 hospitals 
in BTH and the surrounding areas, hospital admissions, and 
children’s hospital outpatient visits in Beijing. PM2.5 concen-
trations decreased by approximately 10 μg/m3 (Table S3) in the 
control areas from 2013–2015 (45.7 ± 33.3 μg/m3) to 2016–2018 
(35.0 ± 23.9 μg/m3).

PM2.5 component concentrations in Beijing and Shijiazhuang 
are shown in Tables S4 and S5. Of these, the other category mainly 
includes heavy metal elements such as lead, zinc, cadmium, as 
well as microorganisms, bacteria, viruses, and other substances. 
PM2.5 component concentrations of OC and SO4

2− in Beijing mark-
edly decreased from 2013 to 2018 (Fig. 2B). The SO4

2− component 
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ratio fell substantially from 23% in 2013 to 14% in 2018, while the 
OC component ratio remained almost unchanged at 10–17%. 
PM2.5 component concentration of SO4

2− in Shijiazhuang also 
decreased from 2014 to 2018 (Figs. S2 and S3). The SO4

2− 

component ratio decreased from 18% in 2014 to 12% in 2018 
(Figs. S4 and S5).

Impact on mortality and morbidity
The percentage changes in mortality for total, circulatory, and re-
spiratory diseases associated with each 10 μg/m3 increase in PM2.5 

in BTH and the surrounding areas are shown in Fig. 3 and Table S6. 
A 10 μg/m3 increase in PM2.5 concentrations was associated with 
an increase of 0.16% (95% CI: 0.08, 0.24%) and 0.02% (95% CI: 
−0.09, 0.13%) in mortality from 2013 to 2015 and from 2016 to 
2018, respectively. In BTH and the surrounding areas, the percent 
changes in rates of total and circulatory mortality and total and 
circulatory outpatient visits due to daily exposure to PM2.5 were 
significantly decreased during 2016–2018 relative to 2013–2015 
(Figs. 3 and Fig S6, Tables S6 and S7). In Beijing, there was a 
marked reduction in the effect of PM2.5 on the total number of out-
patient visits at Beijing Children’s Hospital in 2016–2018 com-
pared to that of 2013–2015. We found significant reductions in 

the effects on hospital admissions for circulatory and respiratory 
diseases, and a decreasing trend of the estimated effects in 2016– 
2018 compared to those of 2013–2015 (Figs. S7 and S8, Table S8). In 
contrast to the findings for BTH and the surrounding areas, in the 
control areas, the effect of PM2.5 concentrations on mortality was 
not significantly changed from 2013–2015 to 2016–2018 (Fig. 3A 
and B). In our sensitivity analyses, we found that all of the main 
results remained robust after adjusting for ozone as a second pol-
lutant and varying the degrees of freedom for temperature, hu-
midity, and time (Tables S9, S10, and S11).

The exposure–response curves of PM2.5 concentrations and dai-
ly all-cause mortality in BTH and the surrounding areas for the pe-
riod of 2013 to 2018 show a monotonic increase in the excess 
relative rate until approximately 250μg/m3, after which the excess 
relative rate monotonically decreased (Fig. 3C). However, the ex-
posure–response curves for 2013–2015 showed a monotonically 
linear increase, whereas the exposure–response curves for 2016– 
2018 had an inverted J shape, with nearly no apparent effect. 
There were similar results for cardiovascular mortality, but not 
for respiratory mortality during 2013–2015 (Fig. S9). The nonlinear 
curves of the PM2.5 concentrations and morbidity in BTH and the 
surrounding area or in Beijing are shown in Figs. S10–S12. The ex-
posure–response curves during the 2016–2018 period all tended to 

Fig. 1. Annual PM2.5 concentrations in BTH and surrounding areas from 2013 to 2018.
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have a decreased slope compared to those for the 2013–2015 
period.

Discussion
This study explored whether the acute health effects of PM2.5 

changed and potential factors related to any observed changes 
in the BTH and the surrounding areas where there were major re-
ductions in PM2.5 concentrations from 2013 to 2018. We found that 
the mean daily PM2.5 levels and the SO4

2− component ratio dramat-
ically decreased in the study period, which was likely due to coal 
emissions control. Subsequently, the effects of PM2.5 were signifi-
cantly decreased for total and circulatory mortalities in the period 
of 2016–2018 compared to the period of 2013–2015.

Comparison with other studies in the literature
A gradual air quality improvement caused by air pollution control 
measures has been observed in the United States and Europe, and 
related changes in health risks per unit exposure to particulate 
matter (exposure–response relationship) have been reported (12, 
22, 26), which is consistent to our findings. However, there are 
some mixed research results. For example, Dominici et al. eval-
uated the changes in short-term exposure related mortality risk 
due to airborne particles from 1986 to 2000 in the United States, 
during which increasingly stringent regulations to control air pol-
lution were put in place (27). Nevertheless, the degree of the re-
duction in particulate matter was much smaller than that in 
BTH and the surrounding areas in China, and additionally, they 
only found a weak association between decreased PM10 concen-
trations and related health gains, which occurred mostly in the 
eastern United States. They also reported that the relative rate es-
timates for PM10–mortality relationship in 1987–1994 were not sig-
nificantly different from that in 1995–2000 (27). In Germany, 
where NO2 and CO were the main air pollutants, emission control 
and fuel replacement policies were implemented after unification 
in 1990, and subsequent reductions in air pollution concentra-
tions were observed from 1995 to 2002. Moreover, the study found 
that the effect of air pollution on mortality decreased from the 
mid-1990s to the late 1990s (28). In general, both the United 
States and Germany had better air quality and less reductions of 
coal emissions than China. Correspondingly, PM2.5 reduction lev-
els in these countries were much smaller than those in China. 
Therefore, the abovementioned studies observed weaker associa-
tions between decreased PM10 concentrations and related health 
benefits than we did. Furthermore, the very long study periods 
of these two studies (both more than 10 years) may also confound 
some changes in other contemporary factors associated with 
health outcomes (e.g. healthcare improvement).

Changes of the exposure–response relationship
The nonlinear exposure–response relationship was considered to 
be largely due to some competing factors (e.g. ozone, nitrogen ox-
ides, and other air pollution) which may explain the changes in ef-
fect estimates. One is the possible influence of a nonlinear 
exposure–response relationship (29, 30), in which lower PM2.5 

exposure might explain reduced effect estimates following 
reductions in PM2.5 concentrations. All evidence from exposure– 
response curves in recent Chinese and global studies suggests 
that the rate of effect per unit change increases more rapidly at 
low concentrations and higher effects at high concentrations 
(31–33). In 2013–2015, we found that there were higher mortality 
effects in the control area with a lower PM2.5 exposure level, and T
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lower mortality effects in BTH and the surrounding area with a 
higher PM2.5 exposure level, which is consistent with other nation-

wide studies in China (31, 32). Furthermore, our 2013–2015 effect 

estimates are very similar to those in a nationwide study of the re-

lationship between PM2.5 and mortality in 272 Chinese cities (31). 

Based on all the evidence, we conclude that nonlinearity in the ex-

posure–response function can explain our findings.

Influence of changing PM2.5 components
Another potential explanation for the changing health impacts 
of PM2.5 in the BTH region is that the toxicity of air pollution dif-
fered due to changes in pollution sources and particle mixtures 
(29, 30, 34). Our observation of a reduced exposure–response rela-
tionship in the second period suggests that the particle toxicity 
changed between 2013 and 2018. Recent epidemiologic studies 

Fig. 2. Concentrations A) and proportions B) of PM2.5 components in Beijing from 2013 to 2018.

Li et al. | 5



have shown that PM2.5 from coal emission sources is more toxic 
than PM2.5 from other noncoal emission sources, and that the 
health effects of PM2.5 from coal emission sources can be more 
than twice the health effects of overall PM2.5 (35–37). In the 
BTH and the surrounding areas, concentrations of PM2.5 altered 
after multiple air pollution control measures, specifically target-
ing coal emission sources, were implemented (23, 38, 39). A na-
tional modeling study estimated a 37% reduction in primary 
PM2.5 emissions associated with steel and cement production, 
which are strongly correlated with coal emission. Particularly 
in the BTH region, PM2.5 emissions associated with steel and ce-
ment production declined by about 59% from 2013 to 2017, well 
above the national PM2.5 reduction rate (23). Coal emission is the 
major source of EC (elemental carbon), OC (organic carbon), and 
other charcoal-containing components, and these components 
are key components of PM2.5 (40), which have been shown to sig-
nificantly increase the risk of mortality from all-cause, cardio-
vascular, and respiratory diseases (41–45). For example, Yang 
et al. showed that for an IQR (interquartile range) increase in 
EC (0.16 μg/m3), the risk of nonaccidental, cardiovascular and re-
spiratory mortality increase 0.45% (95% CI: 0.21–0.69%), 0.68% 
(95% CI: 0.18–1.18%), and 0.59% (95% CI: 0.09–1.09%), and for 
an IQR increase in OC (1.0 μg/m3), the risk of nonaccidental, car-
diovascular and respiratory mortality increase 1.43% (95% CI: 
0.97–1.89%), 1.73% (95% CI: 1.04–2.42%), and 1.30% (95% CI: 
0.33–2.28%) (43). The evidence of decreased PM2.5 concentra-
tions, and stable OC and EC proportions in the BTH area during 
this study period indicate a similar pace in the decreases of 
PM2.5, OC, and EC, and thus it suggests that the decreased 
PM2.5 concentrations are likely attributable to the reduced con-
centrations of the OC and EC. Therefore, we consider that the 

altered health effects of PM2.5 are likely attributable to the coal 
emission and the reduction in the OC and EC.

Influence of changing personal exposure
The reasons for reduced health effects of ambient air pollution 
might also include decreased personal exposures. During the 
study period, individual exposure to PM2.5 might gradually de-
crease, especially for heavily polluted areas as a result of the im-
plementation of governmental health promotion actions and 
residential energy substitution actions against coal, which were 
two of the important public participation aspects of the National 
Action Plan. Since several remarkably large haze events occurred 
in 2013, the Chinese government has made the daily air quality in-
dex (AQI) and real-time concentrations of six monitored air pollu-
tants (i.e. CO, O3, SO2, NO2, PM10, PM2.5) available to the public 
(https://air.cnemc.cn:18007/).

Furthermore, information on potential health effects and rec-
ommended public protective measures, including the guidance 
on outdoor activities that correspond to the AQI, has also been dis-
seminated to the public. All of this information has been widely 
publicized not only in traditional media, such as television, radio, 
and newspapers, but also on social media platforms, such as 
Weibo (Chinese Twitter), WeChat, and other mobile phone appli-
cations (46). These platforms have played a critical role in increas-
ing the relevant knowledge about air pollution-induced health 
impacts and relevant behavioral guidelines. In addition, the emer-
gence of social media has prompted widespread public attention 
to air pollution (46, 47) and has promoted a public behavioral re-
sponse for health protection from the effects of air pollution in 
China, especially in regions with heavy pollution (48). A recent 

Fig. 3. The effect of PM2.5 on mortality in BTH and surrounding areas A) and control areas B) during 2013–2015 and 2016–2018, and exposure–response 
curves (curves and shading indicate RR and 95% CI) in different study periods C). * indicates that the difference between the groups was statistically 
significant.
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study provided evidence that severe ambient air pollution issues 
induced an increased perception of air pollution risks and positive 
changes in the personal protective behaviors of the population, 
leading to decreased personal PM2.5 exposure (48). In general, res-
idents in China and particularly in heavily polluted areas have a 
strong willingness to take personal protective actions during pol-
lution days, such as reducing outdoor activities, wearing masks, 
and using indoor air purifiers (48). Since 2013, sales of antipollu-
tion masks and air purifiers have surged in China; in particular, 
sales of air purifiers have had a strong increase since 2015 accord-
ing to the latest electronic equipment market report (49). 
Furthermore, since 2015, a campaign has been launched to substi-
tute coal with electricity or pipeline-based natural gas (PNG) for 
heating in rural residences in BTH and the surrounding areas 
(50). By the end of 2017, more than 3.94 million households cover-
ing more than 20,000 villages substituted coal with electricity and 
PNG in these areas, which reduced the consumption of bulk coal 
by about 10 million tons (50). In 2018, coal use in another 4 million 
households was substituted by clean energy in BTH and the sur-
rounding areas. PM2.5 from coal combustion sources is associated 
with an increased risk of hospital admissions or deaths (44), and 
rural residential coal burning is one of the major components of 
coal combustion in China and leads to high indoor exposure to 
PM2.5. A recent study in Beijing showed that eliminating coal use 
in households in high- and middle-income districts markedly re-
duced indoor PM2.5 exposure and increased life satisfaction com-
pared to untreated homes (12). A modeling study in BTH and the 
surrounding areas showed that even under the 60% substitution 
scenario, which is projected to be achieved as planned by the 
clean heating plan for Northern China, indoor PM2.5 concentration 
is expected to significantly decrease from 209 (95% CI: 190– 
230) μg/m3 to 125 (99–150) μg/m3 in winter in BTH and the sur-
rounding areas (51).

Strengths
This study has several strengths. First, this is the first study to 
comprehensively evaluate the health benefits related to the 
National Action Plan on Air Pollution Prevention and Control in 
China. Second, we observed a relatively large reduction in PM2.5 

concentrations and the SO4
2− component ratio in heavily polluted 

areas. Subsequently, we found a significant decrease in total and 
circulatory mortalities associated with PM2.5 concentrations. 
Third, we selected control areas with low exposure concentra-
tions and a smaller reduction in PM2.5 levels for the additional 
comparison analysis, which addresses one of the major weak-
nesses in previous studies, i.e. the lack of a suitable control group. 
This study demonstrates that there were no significant changes in 
the mortality risk associated with PM2.5 in the control areas, which 
may strengthen the robustness of our results. Moreover, this 
study explored the health benefits of the national clean air action 
over a relatively short period (only 6 years in total) with stable 
socioeconomic patterns, which provided a good opportunity to 
identify whether the improved air quality was associated with 
any health benefits (30).

Limitations
There are also some limitations in our study. First, exposure 
measurement errors are inevitable in ecological research (52). In 
order to minimize potential measurement errors, we included 
all monitoring stations in the area where the target population 
was located. For the PM2.5 composition, we collected PM2.5 com-
position concentration data from three sites in BTH compared to 

previous studies that could only include a single site. Second, con-
trol areas with low PM2.5 exposure and fewer concentration 
changes during the study period were also included in the ana-
lysis. However, these areas were also targeted, albeit less intense-
ly, by the National Action Plan. No area in China has been targeted 
to date. Third, in order to compare the variations of PM2.5-related 
effects before and after the policy implementation, we divided the 
study period into two parts, 2013–2015, and 2016–2018. Since it is 
not possible to capture the exact timing of policy implementation, 
we conducted a comparative analysis reference to previous stud-
ies (27, 28). It is likely that we were unable to capture all the policy 
impacts since the study period was subjectively divided into two 
equal parts. To comprehensively evaluate the health benefits of 
the National Action Plan on Air Pollution Prevention and Control 
in China, we will continue to gather policy-related data for further 
analysis. Finally, this study could not avoid the bias effect of 
planned hospital admission on model fitting results. In order to re-
duce uncertainty, the fluctuation pattern of daily outpatients of 
hospitals was evaluated, and hospitals with stable fluctuation 
patterns and mainly local residents were included.

Public health implications
This study may have important public health implications. 
High-intensity, long-term, continuous coal emission control 
measures can result in a significant reduction in PM2.5 levels. 
Long-term policies designed to reduce emissions from major air 
pollution sources may ultimately reduce adverse health effects 
such as mortality and morbidity, in addition to the subclinical 
endpoints that have been mostly frequently studied. This suc-
cessful experience China has gained may provide useful referen-
ces for low- and middle-income countries with high ambient air 
pollution caused by coal burning. The health benefits obtained 
in the BTH region may guide policy-making on air pollution pre-
vention and control in other regions across China and other simi-
lar countries undergoing rapid industrialization.

Conclusions
The study suggests that air pollution control measures imple-
mented recently targeting coal emissions control in China had re-
sulted in significant health benefits. From 2013 to 2018, the 
average daily PM2.5 levels and SO4

2 component ratio decreased sig-
nificantly in the BTH region, which was related to coal emission 
control. Subsequently, the effects of PM2.5 on total and circulatory 
mortalities were significantly reduced. The findings of this study 
may provide impetus for more accountability research in the fu-
ture. In particular, further studies should focus on the link of 
health effects with changes in air pollution sources and/or in per-
sonal exposure over time and space.

Materials and methods
Study area and study period
Our study focused on a highly polluted region, which the govern-
ment designated as a key air pollution control area and named 
“BTH and the surrounding area” (53), which includes Beijing, 
Tianjin, Hebei, Shandong, Shanxi, and Henan, where air quality 
has changed dramatically since the implementation of the 
National Action Plan (8, 19) (Fig. S1). In this analysis, 
Guangdong, Fujian, Southern Hunan, and Southern Jiangxi, which 
had experienced relatively low PM2.5 pollution, served as a control 
area (Fig. S1). Like BTH, this region had a high population density 
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but the PM2.5 concentration decreased only moderately—by 
approximately 10 μg/m3—from 2013 to 2017 (23).

To quantitatively analyze the health effects of air pollution 
over time, we selected January 1, 2013 to December 31, 2018 as 
the study period. We divided the entire study period into two sub-
periods, 2013–2015 and 2016–2018, to estimate PM2.5-related 
health effects separately and to examine whether the health ef-
fects of air pollution had changed during these two subperiods.

Data collection
Here, we primarily focused on the data collection methods in BTH 
and the surrounding area. Detailed information on the data col-
lection in the control area is shown in the supplementary 
material.

Mortality and morbidity data
We collected data on mortality, hospital outpatient visits, and 
hospital admissions between January 1, 2013 and December 31, 
2018 in six provinces from BTH and the surrounding area in 
China. We collected daily mortality data from 47 counties and dai-
ly hospital outpatient visits data from 29 general hospitals in BTH 
and the surrounding area. We also collected daily hospital admis-
sion data from all hospitals, and outpatient visits data from one 
specialized children’s hospital in Beijing. The locations of the 
counties and hospitals are shown in Fig. S1.

Daily county-specific mortality data were obtained from the 
disease surveillance point system of the Chinese Center for 
Disease Control and Prevention. We used the International 
Classification of Disease, tenth revision (ICD-10) codes to categor-
ize the daily counts of cause-specific mortality. The classifications 
included nonaccidental mortality (ICD-10 codes: A00–R99), circu-
latory disease mortality (ICD-10 codes: I00–I99), and respiratory 
disease mortality (ICD-10 codes: J00–J99).

Daily data on hospital-specific outpatient visits were collected 
from each hospital’s information system. ICD-10 codes were also 
used to categorize the daily counts of cause-specific outpatient 
visits, including the total outpatient visits, circulatory disease out-
patient visits (ICD-10 codes: I00–I99), and respiratory disease out-
patient visits (ICD-10 codes: J00–J99).

Daily data on hospital admissions from all hospitals in Beijing 
were collected from the Beijing Municipal Health Commission 
Information Center. The daily counts of cause-specific hospital 
admissions included total nonaccidental hospital admissions 
(ICD-10 codes: A00–R99), circulatory disease admissions (ICD-10 
codes: I00–I99), and respiratory disease admissions (ICD-10 codes: 
J00–J99). Daily data on hospital outpatient visits were collected 
from the information system of the Capital Institute of 
Pediatrics and were categorized into total counts of outpatient 
visits and respiratory disease outpatient visits (ICD-10 codes: 
J00–J99).

The study was approved by the Ethics Committee of the 
National Institute of Environmental Health and Chinese Center 
for Disease Control and Prevention (201816). Informed consent 
was obtained from all participants.

Air pollution and meteorological data
Daily ambient PM2.5 and O3 data for the study period were col-
lected from the National Environmental Monitoring System 
(https://air.cnemc.cn:18007/). The qualified stations were defined 
as sites with missing records <25% throughout the study period. 
The daily mortality counts were matched with air pollution data 
for each of the 47 counties in BTH and the surrounding area. We 

matched fixed-site environmental monitoring stations with coun-
ties by the closest spatial distance to the county center. The daily 
counts of hospital outpatient visits and hospital admissions were 
matched with air pollution data for the location (city) of hospitals. 
All of the available monitoring data from each city were averaged 
to calculate daily city-level air pollutant concentrations. Daily 
mean temperature and relative humidity data for the study period 
were obtained from the Chinese Meteorological Data Sharing 
Service System (http://data.cma.cn). We matched city-level me-
teorological data with the mortality and hospital data.

In order to understand the changing trends in air quality, 
we also obtained gridded annual PM2.5 concentrations in BTH 
and the surrounding area from 2013 to 2018 to describe the 
interannual changes in PM2.5 exposure (Fig. 1), which were esti-
mated from Level-2 Collection 6 Moderate Resolution Imaging 
Spectroradiometer aerosol optical depth PM2.5 data at 10 km reso-
lution. Detailed information on this dataset can be found in Xiao 
et al. (54).

We collected data on PM2.5 components (OC, EC, SO4
2−, NO3−, 

Cl−, NH4
+, Na+, K+, Ca2+, Mg2+) in BTH and the surrounding area 

during the 2013–2018 period. We collected daily PM2.5 component 
data in January, April, July, and October in Chaoyang district in 
Beijing from 2013 to 2018 with an online monitoring instrument 
(MARGA ADI 2080, Metrohm and Applikon) and a real-time EC/ 
OC analyzer (US Sunset Lab RT-4) to further explain the causes 
of changes in PM2.5 concentrations and the potential changes in 
effect estimates. We also collected PM2.5 component data in 
Chang’an and Yuhua districts in Shijiazhuang (the capital of 
Hebei Province) from 2014 to 2018. The consecutive 24-h sampling 
was performed from 10:00 AM to 10:00 AM of the next day using a 
high-volume particle collector with a flow rate of 100 L/min 
(Thermo Anderson, USA). Routine filter samples of seven days 
from the 10th to the 16th of each month were collected for PM2.5 

component laboratory analysis.

The relationship between PM2.5 and health 
outcomes
The relationships between PM2.5 and health outcomes were esti-
mated for two separate periods: 2013–2015 and 2016–2018. A two- 
stage analysis strategy was developed to assess the effects of PM2.5 

on mortality in the 47 counties. In stage 1, we employed a 
quasi-Poisson regression model to estimate the associations be-
tween PM2.5 concentrations and mortality for each county; the 
model included a natural cubic spline of time with five degrees 
of freedom (df) per year to exclude long-term and seasonal trends 
in mortality and hospital outpatient visits, a natural cubic spline 
of three df for the potential confounder of temperature, and a nat-
ural cubic spline of three df for the potential confounder of relative 
humidity. The days of the week was served as an indicator vari-
able. We estimated the association between PM2.5 concentrations 
and mortality with a maximum lag of 0–1 days, which was the 
average of the concentrations on the current day (lag 0) and the 
previous day (lag 1). In stage 2, a random effects meta-analysis 
was conducted with maximum likelihood estimation to pool the 
county-specific results into an overall estimated effect. The ef-
fects of PM2.5 on mortality were expressed as excess risks with cor-
responding 95% CIs associated with a 10 µg/m3 increase in PM2.5 

concentration.
We performed sensitivity analyses to examine the robustness 

of the results. We adjusted for same-day O3 concentrations in 
the two pollutants model. We also modified the df of the meteoro-
logical variables (df = 5) and time of year (df = 7). The data were 
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analyzed using the R statistical software (version 3.6.6); the “meta-
for” package was used for the meta-analysis.

Similar analysis was used to estimate the effect of PM2.5 on hos-
pital outpatient visits, including the two-stage analysis and sensi-
tivity analysis strategy. Public holidays were added as an indicator 
variable in the first-stage model.

In addition, we explored a nonlinear effect model for the com-
bined exposure–response relationship curves to further under-
stand the shape of the PM2.5 and mortality or morbidity curves 
during different periods in BTH and the surrounding area. The de-
tailed methods of the nonlinear effect model are shown in the 
supplementary materials.

The statistical analysis of hospital admissions and hospital 
outpatient visits in the children’s hospital in Beijing is also shown 
in the supplementary materials.

Test of the differences in the effect estimates
We tested for significant differences in the health effect esti-
mates associated with PM2.5 concentrations between the two 
subperiods (2013–2015 and 2016–2018) using the following 
equation:

Z =
β2013−2015 − β2016−2018�������������������������������������

se(β2013−2015)2 + se(β2016−2018)2
 (1) 

where β2013−2015 and β2016−2018 are the coefficients of the expos-
ure–response relationship between PM2.5 and health effects for 
2013–2015 and 2016–2018, respectively, and se(β2013−2015) and 
se(β2016−2018) are the standard errors of the coefficients for 2013– 
2015 and 2016–2018, respectively. We performed a one-tailed 
test with a significance level of α  = 0.05 because we previously 
observed decreasing effects from 2013–2015 to 2016–2018 (Fig. 2).

Control comparison
In the control area, we analyzed the PM2.5–mortality relationship 
from 2013–2015 and from 2016–2018; the statistical methods for 
this analysis were the same as those described for the 47 counties 
in BTH and the surrounding area. We then compared the changes 
in the effect estimates in the two subperiods between BTH and the 
surrounding area and the control area.

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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