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A Multicity Study of Association between Air Pollution and CHD Mortality 
in China by Using Time Series Threshold Poisson Regression Model 
 
Xiaoyu Chen1 
School of Public Health, School of Data Science, Fudan University, Shanghai, China 
 
Abstract 
There are few multicity studies to address the effect of short-term effect of particulate matter air 
pollution on daily Coronary Heart Disease (CHD) mortality in developing countries, much fewer to 
further discuss its threshold and seasonal effect. This study investigates the season-varying 
association between particulate matter less than or equal to 10 μm in aerodynamic diameter 
(PM10) and daily CHD mortality in seven cities of China. Time series threshold Poisson regression 
model is specified to estimate the health effect for four cities with the threshold effect, and 
conventional linear Poisson model is used to analyze the effect for three cities without threshold. 
We apply the Bayesian hierarchical model to pool the city-specific estimates into overall level. On 
average, a 10μg/m3 increase of the moving average concentrations of current-day and 
previous-day PM10 is associated with an increase of 0.81% (95% Posterior Interval, PI: -0.04%, 
1.67%) in daily CHD mortality for all the cities as a whole. The associations are smaller than 
reported in developed countries or regions with lower polluted level, which is consistent to the 
findings in the literature. The hazardous effect are higher in hot summer and cold winter (1.15% 
and 0.89%) but lower in relative warm spring and fall (0.85% and 0.69%). In summary, we found 
significant associations between short-term exposure to PM10 and CHD mortality in China. The 
sensitivity analyses in the study support the robustness of our results. 
 
Keywords: air pollution; CHD mortality; PM10; threshold; season; China 
 
JEL: I18; Q53; R58; C11; C14 
 
Introduction 
 
With the industrialization and urbanization during the past half of a century, air pollution has 
become a serious issue in the world, especially in the rapid developing regions like China, which 
inevitable influences the human health in this area. Chen et al. (2016) denoted that, due to the 
air pollution, more than 200 billion RMB are spent on the medical treatment for curing health 
damages and approximately hundred thousand lives were taken away on an annual average in 
China. In industrialized countries, cardiovascular disease is the leading cause of mortality and 
morbidity and the air pollution plays a critical role in it (Bhaskaran et al., 2009). Coronary heart 
disease (CHD), also known as ischemic heart disease, killed almost 7 million people in the  world 
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in 2010, which has now become the most common cause of mortality worldwide among 
cardiovascular diseases (Lozano et al., 2013). It was estimated that CHD led to 0.95 million deaths 
annually in China (Yang et al., 2013).  
 
Since the 1990s, many epidemiological studies have demonstrated associations between air 
pollution and respiratory or cardiovascular diseases. Most of them found that exposure to air 
pollution has adverse effects on respiratory or cardiovascular diseases (Pope and Dockery, 2006; 
Kan and Wu, 2013). However, the studies about the effect of air pollution on coronary heart 
disease account for a very small fraction of all the air pollution related cardiovascular studies, and 
have been most reported in developed areas such as North America and Europe. For example, 
fatal coronary heart disease was significantly associated with PM among females but not among 
males when analyzing the AHSMOG cohort selected from three large metropolitan areas in 
California (Chen et al., 2005). Jerrett et al. (2005) observed the relatively strong relationships 
between PM2.5 and ischemic heart disease mortality too in the metropolitan Los Angeles 
subcohort. Serinelli,et al. (2010) concluded that short term exposure to PM10 is associated with 
CHD mortality especially among the elderly and socio-economically disadvantaged in eight Italian 
cities during 1997-2004. Cesaroni et al. (2014) found long term exposure to particulate matter is 
associated with incidence of coronary events in five European countries and this association 
persists at levels of exposure below the current European limit values. Mustafic et al. (2012) have 
shown that short-term air pollution exposure is associated with ischemic heart disease, especially 
the triggering of myocardial infarction (MI). Zanobetti and Schwartz (2009) found a 1.18% 
increase in MI for a 10μg/m3 increase in 2-day averaged PM2.5 in 112 U.S. cities. Quite few 
studies have evaluated the effects of air pollution on CHD in China. Xie et al. (2014) found that 
PM2.5 concentration was significantly associated with CHD morbidity and mortality in Beijing 
from 2010 to 2012. Dai et al. (2015) evaluated the effect of air pollution and temperature on daily 
out of hospital CHD in Shanghai from 2006 to 2011. Li et al. (2015) found a positive relationship 
between air pollution and CHD in 8 large Chinese cities from1996 to 2008. 
 
The studies of associations between air pollution and CHD mortality described above normally 
focus on one city and less on the rapid developing regions with higher pollution level. Also, above 
studies often assume that the CHD deaths are linearly related to air pollution without the 
threshold effect. As Kim et al. (2004) denoted, there possibly exists a nonlinear association 
between air pollution and health effect, sometimes negative between the two variables. Thus, 
the conventional linear Poisson model, which does not take threshold into consideration, will 
underestimate the true risk of the air pollution on daily mortality. The existing literature rarely 
considers the seasonal effect of air pollution on CHD mortality, too. Different from them, 
therefore, the main goal of this study is to undertake the multicity analysis of seven cities in 
rapidly developing China. Bayesian hierarchical model is applied to pool the city-specific 
estimates into the overall level. The secondary goal of this study is to systematically introduce the 
modeling strategies to identify the threshold effect for different cities. Thus, the nonlinear 
Poisson model will be adapted to search for the thresholds based on the hypothesis that the 
effect of air pollution on CHD mortality is not linear but rather J-shaped. The last goal of this 
study is to investigate the seasonal-varying effect of particulate air pollution on CHD mortality in 
China. Our study aims at the PM10 air pollution, the particulate matter with an aerodynamic 
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diameter less than or equal to a 10μm and includes fine particles and a subset of coarse particles. 
The other pollutants like nitrogen dioxide (NO2), sulfur dioxide (SO2) and ozone (O3) will be 
introduced to do the co-pollutants robust test. 
 
Methods 
 
Data Collection 
The seven cities analyzed in this study include Shanghai, Suzhou, Shengyang, Taiyuan, Tangshan, 
Xi’an and Hong Kong. The study period varied between 1996 and 2008 from city to city, 
depending on the data availability. These cities cover a wide range of geographical and 
socioeconomic features and are the large city representatives of China.  
 
The sources of daily CHD mortality data were the Municipal Center for Disease Control and 
Prevention for each city in mainland China, and the Census and Statistics Department in Hong 
Kong. As Li et al. (2015) denoted, the CHD death was defined according to the primary death 
cause in terms of ICD-10 (codes I20–I25). Death certificates were completed at the time of death 
either by community doctors for deaths at home or by hospital doctors for deaths at hospitals. 
Then, the deaths were aggregated on a daily basis.  
 
The data on daily concentrations of particulate matter with aerodynamic diameter of 10 μm or 
less (PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), and ozone (O3) is collected from fixed 
site air monitoring stations in each city. The daily 24-hour mean for PM10, NO2 and SO2 and daily 
maximum 8-hour averages (from 10 AM to 6 PM) for O3 are computed. In each city, the daily air 
pollutants’ concentrations were averaged from the available monitoring measurements across 
various stations. The daily mean temperature and relative humidity data are obtained from the 
meteorological departments in each city to allow adjustment for the potential confounding 
effects of weather conditions on daily CHD mortality rate (Chen et al., 2014). 
 
Statistical Analyses 
 
The two-stage analytical framework is applied to obtain the overall effect of PM10 on CHD 
mortality in this study. At the first stage, the quasi-Poisson generalized additive model (GAM) is 
used to regress the daily time-series data for each city because daily mortality counts typically 
follow an over dispersed Poisson distribution. We assume the PM10 variable enters the model in 
three different ways: as a simple linear term, as a cubic natural spline term, and as a combination 
of two linear terms (a threshold model). At the second stage, the city-specific estimates are 
pooled at the overall level by using Bayesian hierarchical model. 

 
The three quasi-Poisson GAM models are specified as follow. The linear quasi-Poisson GAM 
model is given by 

( ) ( )
( ) ( )

0 1 1

1

log ,df

temperature ,6 humidity ,3 dow
t t

t t t

E Y Z ns t

ns ns

α β

α
−= + +

+ + +∑
  (1) 

where tY  is the daily count of CHD mortality; 1tZ −  is the PM10 concentration that includes a 
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lag effect; ns is the natural spline smoothing function; and β  is the regression coefficient of 

PM10 on CHD mortality that we need estimation in the study. The covariates used to control for 
potential confounders in the model include trend (t), day of the week (dow) and meteorological 
variables, namely, temperature and relative humidity. In this study, we include, a priori, the mean 
(day of death and previous day) PM10 concentrations (lag01) in all models because this lag was 
most commonly used in previous studies and was shown to be more strongly associated with the 
observed health effects (Peng et al., 2013). Degrees of freedom (df) is selected to be 6 per year 
for trend variable in order to control for unmeasured long-term and seasonal trends in daily CHD 
mortality count, see the following sensitivity analysis for details. According to the previous 
studies, the df used to smooth temperature and humidity are 6 and 3, respectively, for the whole 
study period in order to adjust for the potential confounding effects of weather conditions on 
CHD mortality (Chen et al., 2014). We incorporate only the present-day temperature and relative 
humidity in the models. 
 
The linear model assumes that the log of CHD mortality count linearly increases as PM10 level 
increases, in which the threshold effect will not be taken into account. To observe the threshold 
and relationship without the linearity assumption, the cubic natural spline (ns) is used for the 
PM10 variable; this model is thus named the natural spline GAM model. A ns smoother with two 
knots at 25 and 75 percentiles is selected for PM10 variable in this study. The nonlinear 
relationship will be graphically investigated by using the model. To analyze the threshold effect, if 
any, we consider the following quasi-Poisson GAM model,  

( ) ( ) ( )
( ) ( )

0 1 1 2 1

1

log ,df

temperature ,6 humidity ,3 dow
t t t

t t t

E Y Z Z ns t

ns ns

α β β τ

α
− − +

= + + − +

+ + +∑
  (2) 

where ( ) { }max ,0Z Zτ τ
+

− = − . This model is the same as formula (1) if the level of PM10 is 

less than τ , and as 

( ) ( ) ( )
( ) ( )

0 2 1 2 1

1

log ,df

temperature ,6 humidity ,3 dow
t t

t t t

E Y Z ns t

ns ns

α β τ β β

α
−= − + + +

+ + +∑
  (3) 

if the level of PM10 is greater than τ . These two lines are enforced to meet at the threshold 
value (τ ). We follow Kim et al. (2004) to name this model as the threshold GAM model in this 
study. All the variables and coefficients are defined same as formula (1). The location of the 
threshold value is obtained by implementing a grid search and by identifying the PM10 level that 
maximizes the estimated likelihood function or minimizing the AIC (Akaike’s Information Criterion) 
value in the model.  
 
To analyze the seasonal effect of PM10 effect on CHD mortality, we incorporate the seasonal 
dummy variables into the above GAM models as below. 

    1) Replace the β  with interaction terms 

sp sp su su f f w wD D D Dβ β β β β= + + +          (4) 
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where spD , suD , fD  and wD  are seasonal dummy variable of spring (March-May), summer 

(June-August), fall (September-November) and winter (December-February), respectively. 

    2) To control the temporal trend in each season, we replace the ( ),dfns t  in above 

models with 

( ) ( ) ( ) ( ) ( ),df ,df ,df ,df ,dfsp su f wns t ns t I ns t I ns t I ns t I= + + +    (5) 

 
The GAMs using nonparametric smoothing allow for relatively flexible fitting of long-term time 
trends and seasonality, as well as nonlinear associations with weather variables like temperature 
and relative humidity.  
 
At the second stage, the Bayesian hierarchical model is applied to pool the city-specific estimates 

into overall level. The estimated city-specific β  coefficients in the all-year model and the 

seasonal model are assumed to be normally distributed around the true city-specific β  with 

covariance matrix, estimated within each city. The Bayesian hierarchical model is applied by using 
two-level normal independent sampling estimation with uniform priors. This provides a sample 
from the posterior distribution from which one can calculate posterior means and variances of 
the overall estimates. Then, we present the estimates as the posterior means of the percentage 
increases in daily CHD mortality and their 95% posterior intervals. 
 
To check the stability of our results, we carry out three types of sensitivity analysis in this study. 
Firstly, we include different df values into the trend smooth to select the appropriate df for the 
formal use in the models. Secondly, we estimate the all-year and season-specific associations of 
PM10 using different lag structures including single-day lags (from lag 0 to lag3) and cumulative 
lags (lags 0-2 and lags 0-3) to examine whether the pattern of PM10’s effect on CHD mortality is 
changing when using alternative lags of PM10. Thirdly, we investigate the sensitivity of our results 
to the simultaneous exposure to other pollutant by alternatively fitting 2-pollutant models with 
NO2, SO2 and O3, respectively.  
 
The statistical tests were 2-sided, and effects of P <0.05 are considered statistically significant. All 
models are running in R statistical software (version 3.2.4) using the mgcv package for 
generalized additive models, and tlnise for Bayesian hierarchical models. The formal effects are 
reported as the percentage change in daily CHD mortality in relation to per 10 μg/m3 increase in 
PM10 concentrations. 
 
Results 
 
Descriptive Results 
 
Table 1 reports the descriptive statistics for the data sample and variables of seven cities in China. 
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The sample period varies from city to city according to the data availability. The total number of 
daily time series observations attains twelve thousand. The mean of daily CHD deaths ranges 
from 1.5 in Suzhou to 16.8 in Shanghai. On average, China has a highly daily mean of CHD death 
(8.1). The daily mean concentration of PM10 differs in these cities, ranging from 51.4 μg/m3 in 
Hong Kong to 130.8 μg/m3 in Xi’an. From the seasonal view, the lowest daily mean of PM 10 
concentration occurs in summer, 33.2 μg/m3 for Hong Kong, and highest one occurs in winter, 
164.4 μg/m3 for Xi’an. From a regional view, cities in Beijing-Tianjin-Hebei region have higher 
mean concentration of PM10, followed by Yangtze River Delta, and lowest in Pearl River Delta. 
The mean PM10 concentration also varies greatly across seasons with higher concentration in 
winter (118 μg/m3) and spring (107 μg/m3) than in fall (98.9 μg/m3) and summer (83.7 μg/m3). 
The daily mean temperatures range from 8.2°C in Shenyang to 23.7°C in Hong Kong, and the daily 
mean humidity ranges from 55.1% in Taiyuan to 77.9% in Hong Kong, reflecting the 
heterogeneous weather conditions among these cities. How will the different air pollution level 
and weather condition affect the CHD mortality in each city? That is the main task of the 
following regression. The descriptive statistics have provided us the hint of the regression results. 
 

Table 1 insert here 
 
Regression Results 
 
This study adopts the cubic natural spline (ns) GAM model specified in statistical analysis section 
to check the threshold effect for seven cities respectively. Among seven cities, three cities like 
Shenyang, Tangshan and Hong Kong are observed to almost have positive linear associations 
between CHD deaths and PM10 without the threshold effect. The other four cities display the 
obvious nonlinear relations between percent increase of CHD mortality and PM10 level with the 
apparent threshold. Figure 1 illustrates the nonlinear curves between daily CHD mortality and 
PM10 concentration as estimated by the cubic ns model for four cities in all the years. The PM10 
concentration ranges from zero to 0.90 quantile of PM10 level for each city. From the figure, it is 
evident that a threshold point exists somewhere between 50 and 60 μg/m3 of PM10 for 
Shanghai, 40-60 μg/m3 for Suzhou, 50-60 μg/m3 for Taiyuan, and 90-120 μg/m3 for Xi’an 
respectively.   
 

Figure 1 insert here 
 
A linear GAM model would be an underestimate if the threshold point exists. Thus, we estimate 
the city-specific effect of PM10 on CHD mortality for above four cities by using the threshold 
quasi-Poisson GAM model, i.e., taking the slope of the line after the threshold. For three cities 
without threshold the linear quasi-Poisson GAM model is used to estimate the CHD effect. Table 
2 reports the model choice and the estimated percentage increase of CHD mortality associated 
with a 10 μg/m3 increase of PM10 in seven cities of China and its pooled level. The specific 
discerned thresholds that minimizing the corresponding AIC are listed in the 4th column of the 
table. Obvious, the thresholds for four cities in China all exceed or at least equal to 50 μg/m3, the 
short-term air quality criterion of 24-hours mean PM10 concentration provided by WHO. Due to 
the smallest AIC value shown in the third column, the threshold model always provides us the 
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best fit. The highest increase of 1.76% (95% PI: -0.09-3.60) in CHD mortality associated with a 
10μg/m3 increase of PM10 is observed in Tangshan. The lowest increase of 0.38% (95% PI: 
-0.29-1.05) in CHD is observed in the city of Shenyang. There also exists big variability of 
estimated CHD effect among four seasons for each city. On average, a 10 μg/m3 increase of 
PM10 will cause 0.81% (95% PI: -0.04-1.67) increase of CHD mortality in China. The apparent 
seasonal effects are also observed in the pooled estimates. The higher increase of CHD mortality 
effect in related to a 10μg/m3 increase of PM10 level occurs in hot summer (1.15%, 95% PI: 
-1.52-3.82) and cold winter (0.89%, 95% PI: -0.56-2.35), while the lower increase of CHD effect 
appears in warm spring (0.85%, 95% PI: -0.52-2.22) and cool fall (0.69%, 95% PI: -1.07-2.45). 
Obviously, the temperature variable has played a critical role in the effect of particulate air 
pollution on CHD mortality in China.  
 

Table 2 insert here 
 
Figure 2-4 provide the robust tests of above results in the study. Figure 2 depicts the percentage 
increase in CHD mortality associated with a 10 μg/m3 increase in PM10, under different degrees 
of freedom for trend variable. The estimate becomes stable when the df value is larger than 4, 
while increasing df has little effect on the estimates. Thus, we selected 6 as the df of trend 
variable for all the models used in the study. Because the adverse CHD effects of PM10 are likely 
dependent on both exposure concentrations and length of exposure, it is also necessary to test 
the estimates under different lags of PM10 exposure. Seen from Figure 3, the estimates from 
multi-day moving average lags are normally larger than those from single-day lags, and the lag 
structure used in this study (lag01) almost generates the largest estimates compared with all 
other lags (only one exception in fall), which is able to fully reflect the adverse effect of air 
pollution on the health. The seasonal effects are also apparent in the test, higher in summer than 
in spring, and also higher in winter than in fall, similar to the estimates shown in Table 2. Figure 4 
tells us, after adjusting in turn for NO2, SO2 and O3, the estimates from 2-pollutant models 
provide the similar effect of air pollution on CHD mortality to that by 1-pollutant models used in 
this study. The sensitivity analysis justifies our results reported above. 
 

Figure 2-4 insert here 
 
Discussion 
 
This multicity time-series study in seven large cities across China provides robust evidence of a 
significant association between short-term particulate air pollution exposure and CHD mortality. 
Four cities display a nonlinear exposure–response relationship curves with apparent threshold 
effects and three cities have linear lines without any discernible thresholds. Obvious seasonal 
effects are observed in the study which is averagely higher in extreme temperature like hot 
summer and cold winter but lower in moderate climate such as warm spring and cool fall. Our 
results are generally not sensitive to the use of alternative lags for PM10 and the adjustment of 
co-pollutants. 
 

Table 3 insert here 
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Our estimates show that a 10 μg/m3 increase of PM10 will cause 0.81% increase of CHD 
mortality in China overall, which are smaller than those effects reported in developed countries 
or regions and are consistent to the findings in the time series based studies. As shown in Table 3 
which provides the estimated effect of particulate matter air pollution on CHD mortality in the 
literature, the exposure-response relationships are normally higher in US, Europe and developed 
Asia countries or regions but lower in China. For example, based on the data of 75 cities of US, 
Dai et al. (2014) estimated a 1.03% (95% CI: 0.65, 1.41%) increase in cardiovascular disease, a 
1.22% (95% CI: 0.62, 1.82%) increase in myocardial infarction (MI), a 1.76% (95% CI: 1.01, 2.52%) 
increase in stroke in association with a 10μg/m3 increase in 2-day averaged PM2.5 concentration. 
Cesaroni et al. (2014) found in Europe a 5 μg/m3 increase in annual mean PM2.5 was associated 
with a 13% increased risk of coronary events, and a 10 μg/m3 increase in annual mean PM10 was 
associated with a 12% increased risk of coronary events. Ueda et al. (2009) analyze the 9 Japan 
cities and estimate a 1.27% (CI, 0.22-2.32) increase of all heart disease and 1.32% (CI: -0.82-3.50) 
increase of MI mortality associated with a 10μg/m3 increase in PM2.5. For four studies of China 
provided in Table 3, a 10μg/m3 increase of PM10 and PM2.5 will result in 0.23-0.49%, and 
0.25-0.74% increase of CHD or IHD mortality, respectively (Xie et al., 2014; Dai et al., 2015; Li et 
al., 2015, and Ye et al., 2016), being even smaller than the estimated effect of China (0.81%) in 
this study.  
 
Apparent seasonal effects are observed in our study. Overall, the largest increase of 1.15% of CHD 
mortality in response to a 10μg/m3 increase in PM10 occurs in hot summer, followed by 0.89% in 
cold winter, and the lower increase of 0.85% and 0.69% is in mild spring and fall. There are only 
small proportions of the studies that analyzed the seasonal effect of PM10 on CHD mortality in 
the literature, as summarized in Table 3, and the observed seasonal pattern is not consistent. For 
example, Dai et al. (2014) studied the season-varying association between PM2.5 and MI 
mortality in 25 US cities and found the associations were largest in the spring, followed in 
summer and fall, and lowest in winter. Zanobetti and Schwartz (2009) also examined the seasonal 
association between PM2.5 and MI mortality in 112 US cities and concluded the associations 
from the largest to the lowest occur in spring, winter, fall and summer. The studies of China 
achieve the different seasonal effects too. Ye et al. (2016) estimated the seasonal effect of PM10 
and PM2.5 on CHD mortality in Shanghai and found that the cool effect is larger than warm effect 
for both PM10 and PM2.5. Li et al. (2015) analyzed the seasonal effect of PM10 on CHD mortality 
in 8 Chinese large cities and gave the contrary conclusions that the effect is larger in warm season 
and lower in cool season. Different from them, our study indicates that the effect of particulate 
air pollution on CHD mortality is higher in summer and winter with extreme temperatures but 
lower in spring and fall with mild weathers. 
 
As described in Table 3, most of previous estimate was obtained from single-city studies, 
especially in Chinese studies, and thus potential publication bias might exist. Multicity studies, on 
the other hand, allow for reporting negative results in city-specific estimates which are less likely 
to be published in single-city studies (Chen et al., 2014). Therefore, the multicity analysis of seven 
Chinese cities in our study may provide more comprehensive evidence about the effects of 
particulate matter air pollution on CHD mortality either in all years or in four seasons. In Table 3, 
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furthermore, only Cesaroni et al. (2014) among 16 reviewed papers discussed the threshold 
effect between particulate matter and CHD mortality in Europe. In fact, in the literature, many 
studies found the linear association between air pollution and public health without threshold 
effect, but many other studies discuss the nonlinear effect and corresponding threshold value. 
Understanding the shape of the exposure-response curve and the existence of a no-effects 
threshold level has played a critical role in efforts to establish and evaluate ambient air quality 
standards and related public health policy (Pope and Dockery, 2006). Thus, the possible existence 
of a threshold must be carefully studied when the association between PM10 and CHD deaths is 
estimated in this study. In particular, we specify a cubic natural spline Poisson model to identify 
the threshold effect of PM10 on CHD mortality in seven cities and adopt the threshold 
quasi-Poisson model to estimate the CHD effect of particulate matter with threshold. Totally 
three cities exhibit a linear curve without threshold but four cities address apparent threshold 
effect in this study. Grid search is used to discern the exact threshold value which will provide the 
threshold GAM model the best fit. As Kim et al. (2004) denoted, linear model is often specified 
mainly due to its computational simplicity. But, linearity is a very strong assumption and its 
estimate is very likely to be negative below the threshold value. If the threshold effects exist, the 
estimate from the linear model would be a weighted average of the two slopes, and therefore 
would be less than the slope for the PM10 level larger than the threshold. This implies that a 
linear time-series Poisson regression may seriously underestimate the true association, which 
justifies the appropriateness of threshold quasi-Poisson GAM model and its estimates used in this 
study. 
 
Several limitations should be noted in this study. First, we only search for the threshold for the 
all-years estimates of each city rather for seasonal estimates further, which may reduce the 
adequacy and significance of the estimated seasonal effect. Of course, this also has its advantage 
in that the estimate of four seasonal effects can be put within a unified framework for directly 
comparison each other. Second, our analysis is based on the time series of each city, which 
cannot control for the individual characteristics such as age, sex and the regional demographic 
and socioeconomic features. Third, as in most previous time-series studies, we averaged 
pollutant measurements across monitors within a city. This results in measurement error, which 
is difficult to quantify, especially in 2-pollutant models. Fourth, as denoted in our previous study 
(Chen et al. 2014), the definitions and cutoffs of seasons may vary appreciably across regions, 
however, most of our cities are located in subtropical and warm temperate zones with an IQR of 
annual average temperature less than 5°C. 
 
Conclusion 
 
Our results have described that, on average, PM10 concentration significantly associated with 
CHD mortality in seven cities and overall China, the effect of which is smaller than those reported 
in developed countries or regions with lowly pollution level. The exposure-response relationships 
between PM10 and CHD mortality are nonlinear with threshold effect in four cities and positively 
linear in other three cities. The CHD mortality effects of particulate matter occur highly in hot 
summer and cold winter, but lowly in warm spring and cool fall. To our knowledge, this is the rare 
multicity epidemiological study in China to investigate the effect of particulate matter air 
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pollution on CHD mortality by using the threshold GAM approach. The sensitivity analyses in this 
study support the robustness of our results. 
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Table 1 Basic Descriptive Statistics for seven cities in China 

Cities Study 
Dates 

Number of 
Observations 

Mean No. 
of CHD 
deaths 

Mean PM10 Level, μg/m3 
Mean 

Temperature 
Mean 

Humidity All Years Spring Summer Fall Winter 

Shanghai 2001-2004 1461 16.8  100.2  110.2  80.9  95.3  114.4  17.7  72.9  
Suzhou 2005-2008 1461 1.5  88.4  100.3  72.6  90.1  90.6  17.2  77.0  
Shenyang 2005-2008 1461 13.4  113.6  114.7  100.1  104.9  134.8  8.2  65.4  
Taiyuan 2004-2008 1827 2.6  130.8  145.0  112.1  127.1  138.9  11.2  55.1  
Tangshan 2006-2008 1096 3.6  97.6  99.7  81.1  91.8  118.2  12.6  60.5  
Xi’an 2004-2008 1827 7.2  130.8  128.6  105.4  125.4  164.4  13.4  66.5  
Hong Kong 1996-2002 2557 12.0  51.4  50.2  33.2  57.7  65.0  23.7  77.9  

Overall   11690 8.1  101.8  107.0  83.7  98.9  118.0  14.9  67.9  
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Figure 1 The nonlinear exposure-response relationship curves between current and previous 
2-day moving average PM10 concentration and daily CHD mortality for four cities as estimated by 
the cubic ns model in all the years. X-axis: the range of daily PM10 concentrations from 0 to 0.90 
quantile of PM10 concentration of each city; Y-axis: the percentage increase of daily CHD 
mortality in associated with a 10μg/m3 increase of 2-day moving average PM10 concentration for 
each city. 
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Table 2 Model Choice and Estimated Percent Increase of Daily CHD Mortality Associated with an 10μg/m3 Increase of PM10 (Lag 0-1) in Chinese Seven Cities 

Cities 
Model Choice   All Years   Spring   Summer   Fall   Winter 

Model AIC Threshold   Estimate 95% PI   Estimate 95% PI   Estimate 95% PI   Estimate 95% PI   Estimate 95% PI 
Shanghai Threshold -286  54  0.51  -0.04  , 1.05   0.65  -0.47  , 1.76   0.22  -1.21  , 1.65   0.14  -0.95  , 1.24   0.37  -0.55  , 1.29  

Suzhou Threshold 3393  50  0.74  -1.53  , 3.01   1.08  -3.45  , 5.61   0.24  -6.07  , 6.55   -1.49  -6.26  , 3.28   2.08  -2.08  , 6.25  

Shenyang Linear    0.38  -0.29  , 1.05   0.58  -0.79  , 1.95   -0.09  -1.63  , 1.46   0.20  -1.17  , 1.57   0.14  -1.24  , 1.52  

Taiyuan Threshold 3639  59  0.47  -0.72  , 1.67   0.90  -1.34  , 3.15   0.09  -2.89  , 3.08   0.55  -1.90  , 2.99   0.98  -1.12  , 3.08  

Tangshan Linear    1.76  -0.09  , 3.60   0.40  -2.58  , 3.38   2.93  -2.77  , 8.63   3.64  -1.08  , 8.36   2.09  -0.87  , 5.05  

Xian Threshold 1095  108  1.55  0.18  , 2.92   2.62  0.13  , 5.12   2.94  -2.44  , 8.33   2.06  -0.70  , 4.83   0.30  -2.14  , 2.74  

Hong Kong Linear       1.19  0.17  , 2.22    0.40  -1.60  , 2.41    3.57  1.11  , 6.02    1.08  -0.93  , 3.09    2.00  0.12  , 3.87  

Overall         0.81  -0.04   1.67   0.85  -0.52   2.22   1.15  -1.52   3.82   0.69  -1.07   2.45   0.89  -0.56   2.35  

Abbreviation: PI, posterior interval 
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Figure 2 Sensitivity test of different degree of freedom of trend variable when analyzing the effect 
of PM10 on daily CHD mortality in this study 
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Figure 3 Percent increase (posterior mean and 95% posterior intervals) of daily CHD mortality associated with a 10μg/m3 increase of PM10 at alternative lag days in seven cities of 
China. 
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Figure 4 Percent increase (posterior mean and 95% posterior intervals) of daily CHD mortality associated with a 10μg/m3 increase of PM10, adjusted for co-pollutants in 2-pollutant 
models in seven cities of China. Dashes under the x-axis indicate results obtained from single-pollutant models of PM10. 
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Table 3  Effect estimates of particulate matter air pollution on CHD mortality in studies from America, Europe and Asia 

Authors Location Periods Objects Pollutant Threshold Seasonality 
Mean 

Concentration 
(μg/m3) 

Effect Estimates (%) 

Dai et al. (2014) 75 cities, US  2000-2006 MI PM2.5 No Yes 13.30  1.22 (0.62, 1.82) 
Jerrett et al. (2005)  Los Angeles, US 1982-2000 IHD PM2.5 No No NA 1.24-1.6 
Zanobetti and Schwartz 
(2009) 112 cities, US  1999-2005 MI PM2.5 No Yes 6.7-24.9 1.18 (0.48, 1.89) 

Cesaroni et al. (2014) 5 countries, Europe 1997-2007 CHD PM10;PM2.5 Yes No 14-48;7-17 12;26 
Forastiere et al. (2005) Rome, Italy 1998-2000 CHD PM10 No No 52.10  2.1 (0.2,4.0） 
Mate et al. (2010) Madrid, Spain 2003-2005 IHD PM2.5 No Yes 19.16  6.8 (3.2, 10.5) 
Serinelli et al. (2010) 8 cities, Italy 1997-2004 OHCD PM10 No No 34.8-71.5 1.46 (0.50, 2.43) 

Dai et al. (2015) Shanghai, China 2006-2011 OHCD PM10;PM2.5 No No 92;55 0.49 (0.11, 0.88);0.68 
(0.14, 1.21) 

Li et al. (2015) 8 cities, China 1996-2008 CHD PM10 No Yes 52-136l 0.36 (0.12, 0.61) 
Li et al. (2016) Tianjin, China 2002-2006 IHD PM10 No No 125.60  4.2 (1.5, 6.9) IQR 
Xie et al. (2014) Beijing, China 2010-2012 IHD PM2.5 No No 96.20  0.25 (0.10, 0.40) 

Ye et al. (2016) Shanghai, China 2005-2012 CHD PM10; 
PM2.5 No Yes 81.7; 38.6 0.23 (0.12, 0.34); 0.74 

(0.44, 1.04)  

San Tam et al. (2015) Hong Kong 2001-2010 IHD PM10; 
PM2.5 No No 53.2;37.8 1.012 (1.006, 1.019);1.018 

(1.010, 1.025) 
Chiu et al. (2013) Taipei 2006-2010 IHD PM2.5 No No 29.99  1.12 (1.10-1.14) IQR 
Ueda et al. (2009) 9 Japanese cities 2002-2004 MI PM2.5 No No 13.2-21.8 1.32 (-0.82, 3.50) 
Kim et al. (2003) Seoul, Korea 1995-1999 MI PM10 No No 69.19  4.9 (-3.4, 13.9) IQR 
This study 7 cities, China 1996-2008 CHD PM10 Yes Yes 101.8  0.81 (-0.04, 1.67) 
Abbreviations: CHD, coronary heart disease; OHCD, out-of-hospital coronary deaths; IHD, ischaemic heart disease; MI, myocardial infarction.  
Effect estimates are the percent increase of health effect associated with a 10 μg/m3 or an Interquartile-Range (IQR) increase of air pollution. 
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