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A B S T R A C T   

Evidence for the health effects of ambient PM1 (particulate matter with an aerodynamic diameter ≤ 1 µm) 
pollution is limited, and it remains unclear whether a smaller particulate matter has a greater impact on human 
health. We conducted a time-series study in 184 major cities by extracting daily hospital data on admissions for 
ischemic heart disease, heart failure, heart rhythm disturbances, and stroke between 2014 and 2017 from a 
medical insurance claims database of 0.28 billion beneficiaries. City-specific associations were estimated with 
over-dispersed generalized additive models. A random-effects meta-analysis was used to estimate regional and 
national average associations. We conducted stratified and meta-regression analyses to explore potential effect 
modifiers of the association. We recorded 8.83 million cardiovascular admissions during the study period. At the 
national-average level, a 10-μg/m3 increase in same-day PM1, PM2.5(particulate matter with an aerodynamic 
diameter ≤ 2.5 µm) and PM10(particulate matter with an aerodynamic diameter ≤ 10 µm) concentrations cor-
responded to a 1.14% (95% confidence interval 0.88–1.41%), 0.55% (0.40–0.70%), and 0.45% (0.36–0.55%) 
increase in cardiovascular admissions, respectively. PM1 exposure was also positively associated with all car-
diovascular disease subtypes, including ischemic heart disease (1.28% change; 0.99–1.56%), heart failure (1.30% 
change; 0.70–1.91%), heart rhythm disturbances (1.11% change; 0.65–1.58%), and ischemic stroke (1.29% 
change; 0.88–1.71%). The associations between PM1 and cardiovascular admissions were stronger in cities with 
lower PM1 levels, higher air temperatures and relative humidity, as well as in subgroups with elder age (all P <
0.05). This study provides robust evidence of short-term associations between PM1 concentrations and increased 
hospital admissions for all major cardiovascular diseases in China. Our findings suggest a greater short-term 
impact on cardiovascular risk from PM1 in comparison to PM2.5 and PM10.   

1. Introduction 

Epidemiological studies have demonstrated close, quantitative 

associations between short-term exposure to ambient particulate matter 
(PM) pollution and increased risk of mortality and morbidity from car-
diovascular disease (CVD) (Brook et al., 2010; Liu et al., 2019). The 
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majority of previous studies have used PM with an aerodynamic diam-
eter ≤ 10 µm (PM10) or ≤ 2.5 µm (PM2.5) as PM measurements. Size is a 
critical determinant of health effects of PM(Nel, 2005). Recently, a 
growing body of research is focusing on the health effect of PM1 (PM 
with an aerodynamic diameter ≤ 1 µm), a major component of PM2.5. 
Monitoring and modeling data suggested that PM1 comprises consider-
able proportion of PM2.5 mass(Samek et al., 2018; Zhao et al., 2014). 
Compared with PM2.5, PM1 has higher pulmonary deposition efficiency 
and surface area. In addition, evidence from both toxicological and 
epidemiological studies indicated that smaller PMs induced stronger 
cytotoxic and inflammatory responses, as well as subclinical cardio-
vascular effects (Chen et al., 2015; Yang et al., 2023). Therefore, it is of 
great importance to study which specific size fraction below PM2.5 has 
greater health impact from both a scientific viewpoint and a public 
health perspective (Kan, 2017). However, to date, evidence for the 
health effects of ambient PM1 pollution is quite limited worldwide 
because of the unavailability of air monitoring data. 

In China, a handful of studies have evaluated the health effects of 
PM1, and reported increased risk of emergency department visits (Chen 
et al., 2017a; Wang et al., 2021), mortality (Hu et al., 2018), and hos-
pital admissions (Chen et al., 2020) following short-term exposure to 
PM1 pollution. A key scientific issue in assessing the PM-associated 
health impacts is which specific size fractions that dominate the 
health effects. Some studies reported that PM1 was more hazardous than 
PM2.5 (Chen et al., 2020; Fang et al., 2022; Yang et al., 2020; Zhang 
et al., 2021), while others indicated similar associations for PM1 and 
PM2.5 with health outcomes (Chen et al., 2017a; Hu et al., 2018; Yang 
et al., 2018). However, previous estimations were primarily based on 
one or several cities or several hospitals. Moreover, spatial variation of 
PM1 pollution in China has been demonstrated (Chen G and Zhang, 
2018). Differences in the exposure estimation and statistical analysis 
may also contribute to inconsistent results. Therefore, a large nation-
wide study would offer greater statistical power with limited selection 
bias, especially in view of the evidence for heterogeneity in effect esti-
mates across individual cities. 

No studies to date have examined the relation between PM1 exposure 
and CVD hospital admissions on a national scale. Motivated by this, we 
conducted a national analysis to investigate the associations between 
short-term exposures to PM1, PM2.5 and PM10 and hospital admissions 
for cause-specific major cardiovascular diseases in China. 

2. Methods 

2.1. Study population 

There are three main health insurance programs in China: The Urban 
Employee Basic Medical Insurance (UEBMI) for urban working and 
retired people, the Urban Resident Basic Medical Insurance for urban 
residents without formal employment, and the New Rural Cooperative 
Medical Scheme for rural residents. According to Chinese policy, a claim 
for billable health care should be submitted for reimbursement on a 
standardized electronic form. The claims include individuals’ basic in-
formation, dates of medical services, diagnoses, treatments, and ex-
penses. We extracted daily hospital admission data for 2014–2017 from 
the UEBMI database. At the end of 2016, more than 0.28 billion people 
were enrolled in the UEBMI program. Cardiovascular reasons for 
admission included ischemic heart disease, heart failure, heart rhythm 
disturbances, and stroke (Dominici et al., 2006; Tian et al., 2019b). 
Hospital admissions for each health outcome were identified from the 
primary diagnosis (International Classification of Diseases [ICD] code or 
text in the disease diagnosis field). We considered the time of the day of 
admission for patients with a confirmed primary diagnosis to be the time 
of illness onset. In this analysis, we excluded cities with no data on 
disease diagnosis. Data on city-specific counts of individuals recorded in 
the database, residents, and population with UEBMI coverage appear in 
our previous publications (Dominici et al., 2006; Tian et al., 2019a; Tian 

et al., 2019b). 
PM pollution characteristics and geographical and meteorological 

conditions differ between southern and northern China, which is divided 
by the Qinling Mountains-Huai River line. Therefore, we separately 
estimated the effects of PM in the southern and northern regions (n = 94 
and 90 cities, respectively). Stratified analyses were carried out to 
evaluate possible effect modification by sex and age (18–64, 65–74, and 
≥75 years). 

2.2. Environmental data 

The air pollution data are collected from the ChinaHighAirPollutants 
(CHAP) dataset (available at: https://weijing-rs.github.io/product.html, 
accessed data: August 10, 2021), which is generated using our devel-
oped space-time extremely randomized trees (STET) model from big 
data including ground-based measurements, satellite remote sensing 
products, meteorology, land use and topographical properties, and 
model simulations (Jing Wei et al., 2021; Jing Wei et al., 2022; Wei 
et al., 2019; Wei et al., 2021). Here, daily full-coverage three particulate 
matters with different particle sizes (PM1, PM2.5 and PM10) and four 
ground-level gaseous pollutants (NO2, SO2, CO, and O3) at a 10-km 
spatial resolution are employed. Cross-validation results illustrated 
that the predicted air pollutants are reliable with small uncertainties 
(Jing Wei et al., 2021; Jing Wei et al., 2022; Wei et al., 2019; Wei et al., 
2021). In addition, we collected city-specific meteorological monitoring 
data (daily mean air temperature and relative humidity) from the China 
Meteorological Data Sharing Service System. 

2.3. Statistical analysis 

We applied a two-stage analytic approach to estimate the associa-
tions of PM with daily admissions for CVDs following a previously 
developed method (Liu et al., 2019; Tian et al., 2019b; Yin et al., 2017). 
In the first stage, we fitted over-dispersed generalized additive models to 
obtain city-specific estimates. The outcome measure in the model is a 
city-specific daily count of admissions for each outcome. Consistent with 
previous studies (Liu et al., 2019; Tian et al., 2019b; Yin et al., 2017), 
several covariates were incorporated into the model: (1) a natural cubic 
spline function of time with 7 degrees of freedom (df) per year to 
accommodate seasonality and time trends; (2) natural cubic spline 
functions with 6 df for temperature and 3 df for relative humidity to 
allow the adjustment of the potential nonlinear effects of meteorology; 
(3) two indicator variables for day of week and public holidays to con-
trol the possible variations for each day. To study the temporal pattern of 
PM effects on daily admissions, we assessed the associations at different 
lag days: the present day (lag 0), 1 day prior (lag 1), 2 days prior (lag 2), 
and the average of days 0–1 (lag 0–1). In the second stage, we performed 
random-effects meta-analyses to produce regional- and national-average 
estimates (Liu et al., 2019; Yin et al., 2017). 

We assessed the role of potential effect modifiers on the associations 
of PM with CVD admissions. We performed subgroup analyses by region, 
sex, and age. We calculated P-values for differences between subgroups 
using Z-tests (Altman and Bland, 2003). We also fitted multivariable 
meta-regression models to assess potential effect modifications by 
city-level characteristics such as annual-average mean PM1 concentra-
tions, temperature and relative humidity, PM1/PM2.5 ratio, gross do-
mestic product per capita, average age, smoking rate, and the UEBMI 
coverage rate (Tian et al., 2019b; Yin et al., 2017). 

We then conducted four sensitivity analyses. First, we fitted two- 
pollutant models with adjustment for NO2, SO2, CO, and O3. Second, 
we assessed the sensitivity of the associations concerning the degree of 
freedom in the smoothing function of calendar time (df values 6–10 per 
year), temperature (3− 6), and humidity (3− 6). Third, we used penal-
ized spline functions for time and meteorological variables. Finally, 
Poisson modelling was applied instead of quasi-Poisson regression. 

All first-stage analyses were carried out with R software, version 

Y. Tian et al.                                                                                                                                                                                                                                     



Ecotoxicology and Environmental Safety 263 (2023) 115327

3

3.2.2. We performed meta-analyses in Stata statistical software, version 
12 (StataCorp, College Station, TX, USA). The results are expressed as 
percentage changes and 95% confidence intervals (CIs) in daily hospital 
admissions per 10-μg/m3 increase in PM concentrations. Percentage 
change equals relative risk minus 1 and then multiplied by 100. 

3. Results 

Data from 184 cities were included in the analysis (Fig. 1). More than 
8.83 million cardiovascular admissions were included in this study.  
Table 1 summarizes environmental and hospital admission data for 
2014–2017 in 184 cities. On average, we identified 47 (SD, 74) admis-
sions for CVD, 26 (53) for ischemic heart disease, one (5) for heart 
failure, two (4) for heart rhythm disturbances, and 14 (28) for ischemic 
stroke per day across cities. The average annual mean PM1, PM2.5 and 
PM10 concentrations for the 184 cities during the study period was 27 
μg/m3 (SD 8), 48 μg/m3 (15), and 86 μg/m3 (35). The PM1/PM2.5 ratio 
varied between cities, with a range from 0.30 (Kashi) to 0.68 (Haikou). 
Table S1 lists city-specific annual-average PM1 concentrations, PM1/ 
PM2.5 ratio, annual-average temperature and relative humidity, and 
other city-level characteristics. At the national level, daily PM1 con-
centrations were highly positively correlated with the concentrations of 
PM2.5 (r = 0.97) and PM10 (r = 0.84), and moderately correlated with 
SO2, NO2, and CO (r = 0.64–0.75) (Table S2). 

Fig. 2 presents the national-average estimates of the associations 
between PM1, PM2.5 and PM10 concentrations and hospital admissions 
for CVD and its subtypes at different lag structures. We observed sig-
nificant associations between same-day PM concentrations (lag 0) and 
almost all health outcomes. At the national average level, an increase of 
10 μg/m3 in concurrent day PM1, PM2.5 and PM10 was associated with a 
1.14% (95% confidence interval 0.88–1.41%), 0.55% (0.40–0.70%), 
and 0.45% (0.36–0.55%) increase in CVD admissions, respectively. PM1 

exposure was associated with all CVD subtypes. A 10 μg/m3 increase in 
PM1 concentrations was associated with increases in hospital admissions 
of 1.28% (0.99–1.56%) for ischemic heart disease, 1.30% (0.70–1.91%) 
for heart failure, 1.11% (0.65–1.58%) for heart rhythm disturbances, 
and 1.29% (0.88–1.71%) for ischemic stroke on the same day (Fig. 2). 
We further estimated the associations between PM1 concentrations and 
hospital admissions for all CVDs in six geographical regions (mid-south, 
east, southwest, northwest, north, and northeast). We observed consis-
tent associations in all six regions except for the northwest and 

Fig. 1. The locations of 184 cities analyzed in this study. The most populous city in each province was marked.  

Table 1 
Summary statistics on daily hospital admissions for all CVD as well as cause- 
specific major cardiovascular diseases, PM levels, and weather conditions in 
184 Chinese cities by region, 2014–2017.  

Variable Nationwide South North 

Number of cities 184 94 90 
Annual-average PM1 (mean ± SD, μg/m3) 27 (8) 25 (6) 29 (9) 
Annual-average PM2.5 (mean ± SD, μg/m3) 48 (15) 45 

(10) 
52 (17) 

Annual-average PM10 (mean ± SD, μg/m3) 86 (35) 71 
(16) 

102 
(42) 

Annual-average temperature (mean ± SD, ◦C) 14 (5) 18 (3) 10 (4) 
Annual-average relative humidity (mean ±

SD, %) 
68 (12) 77 (5) 57 (8) 

Daily hospital admissions (mean ± SD)    
All CVD 47 (74) 33 

(56) 
51 (87) 

suIschemic heart disease 26 (53) 20 
(35) 

33 (66) 

Heart failure 1 (5) 1 (1) 1 (7) 
Heart rhythm disturbances 2 (4) 1 (1) 2 (6) 
Ischemic stroke 14 (28) 12 

(26) 
17 (29) 

SD: standard deviation; CVD: cardiovascular disease. 
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southwest (Table 2). 
Fig. 3 shows the results of stratified analyses by sex, age, and region 

on the associations between PM concentrations (lag day 0) and hospital 
admissions for all CVDs. PM1, PM2.5 and PM10 significantly increased the 
CVD admissions in different sex and age groups. The differences in the 
estimates between males and females were not statistically significant 
(all P > 0.05). The estimates were consistently higher in individuals 
aged 65–74 years or ≥ 75 years than in those aged 18–64 years for all 
CVDs. The estimates were consistently greater in the southern region 
than in the northern region (all P < 0.05). 

Table 3 shows the results of meta-regression analyses of the re-
lationships of PM1 (lag day 0) with CVD admissions by city character-
istics. Annual-average mean PM1 concentrations reduced the PM1 effect 
(P = 0.038). Annual-average temperature (P = 0.001) and relative hu-
midity (P = 0.005), and average age (P = 0.024) enhanced the PM1 ef-
fect. The association was not modified by cities’ PM1/PM2.5 ratio 
(P = 0.309), gross domestic product per capita (P = 0.837), smoking 
rate (P = 0.452), or UEBMI coverage rate (P = 0.084). 

Table 4 lists the results of two-pollutant models. The relationships of 
PM1 (lag day 0) with CVD admissions were weakened but remained 
significant after adjustment for SO2 (0.52% change; 0.16–0.87%), CO 
(0.81% change; 0.46–1.16%), and O3 (1.09% change; 0.81–1.37%). 

However, the estimated effect turned out to be statistically insignificant 
after adjustment of NO2 (0.22% change; − 0.11% to 0.55%). Table 5 
presents the results of the sensitivity analyses. The estimates remained 
stable when using alternative df values for time, temperature, and hu-
midity. Applying penalized spline functions (1.19% change; 
0.89–1.48%) or Poisson modelling (1.19% change; 0.93–1.45%) only 
slightly change the estimates. 

4. Discussion 

In this nationwide analysis in China, we observed significant asso-
ciations of PM1, PM2.5 and PM10 concentrations with increased CVD 
admissions in 184 major cities. PM1 had the greatest effect on CVD 
admissions, followed by PM2.5 and PM10. The associations between PM1 
and CVD hospitalizations varied between cities by PM1 concentrations, 
air temperature, and relative humidity, as well as by age group. 
Furthermore, we noted consistent associations between PM1 concen-
trations and all major cause-specific CVDs. To our knowledge, this is the 
first study in China or even worldwide to report associations between 
PM1 concentrations and CVD hospital admissions on a national scale. 

In contrast with previous studies using data obtained from just one or 
a few cities, we analyzed national data with the same approach, thus 
avoiding potential publication bias and having greater statistical power 
to observe a significant association of PM1 with daily CVD admissions. In 
addition, we included 184 major Chinese cities involving great diversity 
in PM1 levels, meteorological conditions, geography, and socioeconomic 
status, which provided a unique opportunity to explore the potential 
effect modification by these characteristics. The present study is there-
fore a source of more representative and stable estimates of the associ-
ation between PM1 and CVD hospital admissions than prior studies. 

Although the adverse effects of PM2.5 and PM10 on CVD risk have 
been examined in numeric studies in China and worldwide (Brook et al., 
2010; Chen et al., 2017b; Tian et al., 2019b), far less scientific evidence 
is available for PM1. Overall, we found a significant association between 
short-term exposure to PM1 and CVD admissions in China, in line with 
several previous reports (Chen et al., 2020; Hu et al., 2018; Lin et al., 
2016; Yin et al., 2017). A critical issue about the associations of PM with 
health outcomes is which specific size fractions that dominate the health 
effects. Previous studies have reported mixed results on this issue. For 
example, Lin et al. (Lin et al., 2016) and Yin et al. (Yin et al., 2017) 
demonstrated stronger associations between PM1 and CVD mortality 
than PM2.5 in China. A multicity study in Zhejiang province demon-
strated that PM1 had slightly higher effect on CVD mortality than PM2.5 
(Hu et al., 2018). In contrast, Chen et al.(Chen et al., 2017a) reported 
similar associations of PM1 and PM2.5 with all-cause hospital visits in 28 
hospitals. However, a time-series study indicated that PM1 had a higher 
risk for emergency department visits than PM2.5 in 19 hospitals in Bei-
jing (Wang et al., 2021). The discrepancy in the findings might be 
explained by the variations in the study outcomes, exposure assessment 

Fig. 2. National-average percentage changes (with 95% confidence intervals) in daily hospital admissions for cause-specific cardiovascular diseases per 10-μg/m3 

increase in concentrations of PM1, PM2.5, and PM10 on different lag days in 184 Chinese cities, 2014–2017. 

Table 2 
Regional-average percentage change with 95% confidence interval in daily 
hospital admissions for cardiovascular disease associated with 10 μg/m3 in-
crease in concurrent day PM1 (lag 0) concentrations in 184 Chinese cities, 
2014–2017.  

Region Percentage change (95% confidence interval)a P 

PM1   

East 1.21 (0.85–1.58) < 0.001 
Middle-south 2.37 (1.48–3.28) < 0.001 
Southwest 1.10 (− 1.00 to 3.26) 0.307 
Northwest 0.53 (− 1.21 to 2.30) 0.552 
North 0.51 (0.18–0.84) 0.002 
Northeast 0.80 (0.11–1.50) 0.022 
PM2.5   

East 0.49 (0.31–0.67) < 0.001 
Middle-south 1.25 (0.75–1.75) < 0.001 
Southwest 0.92 (− 0.31 to 2.17) 0.144 
Northwest 0.42 (− 0.53 to 1.38) 0.385 
North 0.31 (0.11–0.50) 0.002 
Northeast 0.38 (− 0.02 to 0.78) 0.059 
PM10   

East 0.41 (0.29–0.54) < 0.001 
Middle-south 1.13 (0.75–1.52) < 0.001 
Southwest 0.97 (0.12–1.84) 0.025 
Northwest 0.10 (− 0.24 to 0.44) 0.582 
North 0.25 (0.14–0.36) < 0.001 
Northeast 0.44 (0.20–0.68) < 0.001  

a Adjusted for temperature, relative humidity, calendar time, day of week, and 
public holiday. 
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methods, air pollution levels, economic and demographic patterns, and 
meteorological conditions across studies. In this nationwide study, we 
observed that PM1 posed a greater impact on CVD admissions than did 
PM2.5 and PM10, strengthening the evidence that a smaller PM may be a 
higher health risk factor. 

The heterogeneity in the association of PM1 concentrations with CVD 
admissions may be caused by variations in city characteristics. We 
observed a downward trend for PM1 effects in cities with higher long- 
term PM1 levels, which were supported by two national studies in 
China that reported lower estimates of the associations between PM2.5 
concentrations and CVD risk in cities with higher annual mean PM2.5 
levels (Chen et al., 2017b; Wei et al., 2019). This finding was also 
complemented by the negative effect modification of PM1 concentra-
tions on CVD risk as shown in the meta-regression analyses. In addition, 
positive effects modifications of air temperature and relative humidity 
were observed in this study. Our findings were consistent with previous 
demonstrations of stronger PM2.5 impacts in cities with higher temper-
atures (Chen et al., 2017b; Wei et al., 2019). Previous studies suggested 
that there were synergistic effects of air pollution with high temperature 
(Li et al., 2017). 

Identification of potentially sensitive subpopulations has significant 
implications for public health and policy-making. Consistent with most 
prior studies on PM1 and other air pollutants (Chen et al., 2017b; Di 
et al., 2017; Hu et al., 2018), we found that the association between PM1 
and CVD admissions was stronger in elderly people. Changes in the 

Fig. 3. National-average percentage changes (with 95% confidence intervals) in daily hospital admissions for cardiovascular disease per 10-μg/m3 increase in 
concentrations of PM1, PM2.5, and PM10 (lag 0) stratified by sex, age, and geographical region. 

Table 3 
Multivariable meta-regression results of the modification effects of city-level 
characteristics on the associations between concurrent day PM1 (lag 0) and 
daily hospital admissions for cardiovascular disease in 184 cities in China, 
2014–2017.  

Variables Percentage change (95% 
CI) 

P value 

Annual-average mean PM1 levels (10 μg/ 
m3) 

-0.462 (− 0.898 to − 0.025)  0.038 

PM1/PM2.5 ratio (0.10) -0.386 (− 1.133 to 0.361)  0.309 
Temperature (◦C) 0.146 (0.065–0.228)  0.001 
Relative humidity (%)a 0.045 (0.014–0.075)  0.005 
GDP per capita (¥10,000) -0.019 (− 0.202 to 0.164)  0.837 
Average age (year) 0.112 (0.015–0.210)  0.024 
Smoking rate (%) -0.057 (− 0.205 to 0.092)  0.452 
Coverage rate by UEBMI (%) -0.023 (− 0.049 to 0.003)  0.084 

¥10,000 (£1169; $1456; €1377). 
CI: confidence interval; SD: standard deviation; GDP: gross domestic product. 
The primary meta-regression model was multivariable including annual-average 
mean PM1 levels, PM1/PM2.5 ratio, temperature, GDP per capita, average age of 
the city, smoking rate, and population coverage rate by UEBMI. 

a Percentage change of the relative humidity was adjusted for all the variables 
in the primary meta-regression model except the temperature due to the 
collinearity between the two variables. 

Table 4 
Percentage change with 95% confidence interval in daily hospital admissions for 
cardiovascular disease associated with 10 μg/m3 increase in concurrent day PM1 
concentrations (lag 0) in two-pollutant models in 184 Chinese cities, 
2014–2017.  

Variables Percentage change (95% CI)a P-value 

Adjust SO2 0.52 (0.16–0.87) 0.004 
Adjust NO2 0.22 (− 0.11 to 0.55) 0.190 
Adjust CO 0.81 (0.46–1.16) < 0.001 
Adjust O3 1.09 (0.81–1.37) < 0.001 
Adjust PM2.5 2.81 (1.76–3.87) < 0.001 
Adjust PM10 1.31 (1.04–1.57) < 0.001  

a Adjusted for temperature, relative humidity, calendar time, day of week, and 
public holiday. 

Table 5 
Results of sensitivity analyses on the association between concurrent day PM1 
concentrations (lag 0) and cardiovascular admissions in 184 Chinese cities, 
2014–2017.  

Variables Percentage change (95% CI) P 

df for calendar time   
6 1.08 (0.80–1.36) < 0.001 
7 1.14 (0.88–1.41) < 0.001 
8 1.14 (0.88–1.41) < 0.001 
9 1.22 (0.94–1.49) < 0.001 
10 1.28 (1.01–1.55) < 0.001 

df for temperature   
3 1.12 (0.84–1.40) < 0.001 
4 1.16 (0.88–1.43) < 0.001 
5 1.17 (0.90–1.44) < 0.001 
6 1.14 (0.88–1.41) < 0.001 

df for relative humidity   
3 1.14 (0.88–1.41) < 0.001 
4 1.14 (0.87–1.41) < 0.001 
5 1.13 (0.86–1.40) < 0.001 
6 1.13 (0.86–1.40) < 0.001 

Spline function   
Penalized spline function 1.19 (0.89–1.48) < 0.001 

Poisson regression 1.19 (0.93–1.45) < 0.001 

Note: 95%CI (95% confidence interval), df (Degree of freedom). 
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structure of respiratory system, reductions in biological function, or 
declined resistance to infection may explain the higher risk estimate in 
elderly. In addition, the effect estimate was slightly larger in men than in 
women, but the difference was not statistically significant. 

Our study has several limitations. First, outdoor monitoring data 
were used to represent population exposure; the resulting exposure 
measurement error would tend to bias effect estimates downward. 
Second, the effects of PM0.1 were not explored due to the lack of 
monitoring data. PM0.1 are ultrafine particles with a diameter of less 
than 0.1 µm that penetrate deep into the lungs and may enter the 
bloodstream, causing health effects (Kuwayama et al., 2013). Therefore, 
future studies are needed to examine the effect of PM0.1. Third, infor-
mation on several patient characteristics were not available, limiting our 
ability to control individual-level confounding variables and identify 
potentially susceptible populations. However, the time-series analysis 
was in fact a self-controlled design to adjust for the confounding by 
slowly varying individual-level risk factors where participants were 
compared with themselves at differing levels of air pollution. In addi-
tion, this study should be interpreted with caution because the finding is 
based on hospitalization data for CVD, and future exploration of effect 
using incident data is needed. Finally, we were not able to study the 
constituents of the particulates that may have influenced regional bio-
logical effects for lack of information. 

5. Conclusion 

Using the hospital admission data in 184 major cities during 
2014–2017, our study presented for the first time national estimation of 
the relations between short-term exposure to ambient PM1 pollution and 
hospital admissions for cause-specific major cardiovascular diseases in 
China or even in the world. Transient elevations in PM1, PM2.5 and PM10 
concentrations were associated with increased hospital admissions for 
all major CVDs. Meanwhile, our findings suggested greater effect of PM1 
on CVD admissions than PM2.5 and PM10. 
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