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Abstract

Air pollution in China, especially in the Pearl River Delta (PRD) region, has drastically increased 

in recent years. We modelled annual mean ground-level PM2.5 concentrations based on worldwide 

satellite information and meteorological data from 40 cities outside the PRD. The model of PM2.5 

concentration (R = 0.845) was best explained by aerosol optical thickness (43.8%). We validated 

the spatial–temporal dimensions of the model and estimated that the annual mean PM2.5 

concentration in PRD ranged between 22 and 65 μg m−3. Then we used meta-analysis to obtain the 

pooled excess risks of mortality in China and assessed the health impacts. We found an inverse 

association between short-term excess risks of mortality and annual mean PM2.5 concentrations. 

Based on the above models and analyses, the associated excess deaths for all-cause and 

cardiopulmonary diseases were 3386 and 2639 respectively. The corresponding risk-standardized 

excess death rates were 2006 and 1069 per million people.

Introduction

Long-term exposure to fine particulate matter PM2.5 (aerodynamic diameter ≤ 2.5 μm) has 

been linearly associated with all-cause, cardiovascular and lung cancer mortality with 

detectable effects down to 8 μg m−3,1 which is very close to the World Health Organization 

(WHO) Air Quality Guidelines (AQG) for PM2.5 of 10 μg m−3.2 Urban air pollution in 

Asian countries contributed to two thirds of the global burden of disease due to poor air 

quality3 and the highest levels were often observed in Chinese cities.4 China's rapid 

economic growth relying on vast consumption of fossil fuels5 for power generation, 

transportation and manufacturing industries has drastically increased the emissions in recent 

decades.6 The Pearl River Delta (PRD) in south mainland China is one of the most polluted 

regions where PM2.5 monitoring is still at an initial stage.7

Recent epidemiological studies have used correlations between satellite data of aerosol 

optical thickness (AOT) and PM2.5 to estimate the spatial variations of exposure to 
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particulate pollution4,8–11 and the associated adverse health impacts.12 We aimed to estimate 

the PM2.5 concentration in the PRD region based on worldwide satellite and meteorological 

data, to pool the excess risks of mortality from the worldwide literature, and to assess the 

associated excess mortality in the PRD population.

Materials and methods

PM2.5 data

We collected PM2.5 annual mean concentration (μg m−3) for 40 cities in 25 countries (Fig. 

1) corresponding to the years 2008 (n = 31) and 2009 (n = 9) from the World Health 

Organization (WHO) Urban Outdoor Air Pollution Database13 and from the Hong Kong 

SAR Government.14 The latter was the only city in the PRD with accessible data of PM2.5 

recorded by a fixed-site monitoring network. We also obtained PM2.5 data from Beijing, 

Guangzhou, Shanghai and Tokyo by contacting the authors of relevant publications.15,16

Satellite and meteorological data

We retrieved the databases from National Aeronautics and Space Administration (NASA)'s 

Moderate-resolution Imaging Spectroradiometer (MODIS) for monthly averages of 

AOT,17,18 cloud optical thickness (COT), carbon monoxide (CO) level (ppbv), land surface 

temperature (LST) (°C), and vegetation index (VI) in the 40 world cities as well as 11 

Chinese cities in the PRD region (Fig. 1). We assessed the satellite information in 2–4 grids 

of fixed coordinate size (0.11 × 0.11) in the central area of each city (covering 272 to 547 

km2). The annual mean value for air temperature (°C), dew point (°C), relative humidity 

(%), visibility (km), wind speed (km h−1), and cloud cover (okta) data of the base year were 

retrieved from a publicly accessible database.19 Missing data of monthly AOT (26%) were 

replaced by the data of the same month in the closest year (±1 to 3 years) multiplied by the 

year-to-year percentage changes of the available monthly data. The remaining missing data 

of AOT (13%) as well as some missing data of COT and CO (1.5% and 7.3%, respectively) 

were replaced by a multiple imputation method.20 AOT and visibility data from all cities 

were right-skewed and ln-transformed.

Modeling

We used cluster analysis to select independent variables with low multicollinearity and then 

fitted multiple regression models to estimate PM2.5 annual mean concentrations for all 

combinations of these selected variables (Suppl 1†).21 We assessed models' temporal 

sensitivity by using years different from 2008 and 2009 in Hong Kong, Los Angeles, Rome, 

Shenyang and Sydney which were cities with non-missing data. We also assessed models' 

spatial sensitivity by using cities other than the 40 cities. We identified the best model as 

having the smallest average discrepancy in both temporal and spatial sensitivity for 

prediction of PM2.5 annual mean (Suppl 2†). We ranked influential predictors based on the 

percentage variance explained (partial eta square η2) by each variable in the model and then 

visually inspected the linear associations between PM2.5 and the influential predictors after 

adjusting for covariates (Suppl 2†).22
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Systematic review

We searched the MEDLINE database using structured keyword terms, (“fine particulate”

[tiab] or “fine particulates”[tiab] or “fine particle”[tiab] or “fine particles”[tiab] or “PM2.5”

[tiab] or “PM(2.5)”[tiab]) and (“health”) and (mortality[tiab]), and retrieved 390 abstracts on 

1st June 2012. We selected 35 literature articles using the following inclusion criteria (Fig. 

2a): (i) all epidemiological studies on the adverse health effects of PM2.5 as the main 

research question; (ii) the health outcomes were related to deaths; (iii) the subjects were not 

high risk groups (e.g. patients or smokers) nor sensitive age subgroups (e.g. children or 

elders); (iv) exposures to ambient levels (not indoor, occupational or accidental exposures); 

(v) the health risk estimates were expressed in terms of unit change in pollutant mass 

concentration; and (vi) reported in English. We included non-duplicated publications on 

short-term effects only. We excluded the literature on long-term effects of mortality due to 

the insufficient number of studies that followed the abovementioned criteria (n = 5). We 

included studies on the single-pollutant model with lags ranging within day 0 and 1 since 

these findings were mostly reported. Finally, we selected the latest study only in each of the 

population to avoid over-representation by any single population (Fig. 2b).

Meta-analysis

We used meta-analysis to pool risk estimates of PM2.5 on mortality for every 10 μg m−3 

increase in pollutant concentration.23 We pooled excess risks (ER) in random effects if I2 

statistics for heterogeneity was >25% or otherwise in a fixed effect. We used the influence 

plot of the conditional square root q2 statistics against square root w weight to diagnose the 

overall heterogeneity due to each study; and funnel plots with the Egger test on asymmetry 

at alpha level 0.1 to assess publication bias. We assumed the overall heterogeneity as 

statistically significant under normal distribution when the square root of q2 statistic lay 

outside −1.96 and 1.96.24,25

Meta-regression

Recent reviews of the health effects of PM2.5 in the American,26 European27 and Asian 

countries28 have consistently indicated evidence of increased deaths when exposure is 

elevated, but meta-analyses with meta-regression of these estimates across regions were 

rare. In this study, we pooled the short-term effect estimates of the excess risk of mortality 

from time-series studies on ambient PM2.5 in different global regions and conducted a meta-

regression analysis of these estimates for improving our understanding of the differences in 

effect sizes across regions.

Health impact assessment

We obtained the annual total number of deaths (N) in 2008 from the Guangzhou Health 

Statistical Yearbook,29 Department of Health Statistical yearbook in Macau,30 and Hospital 

Authority clinical database in Hong Kong.31 The number of deaths in prefectures other than 

Guangzhou in PRD was not publicly available and we estimated by proportionality using the 

population ratios between these prefectures and Guangzhou (the capital city of Guangdong). 

We calculated the health impact by multiplying the pooled ER with N and the estimated 

annual mean concentrations of PM2.5. We assumed no threshold level for PM2.5 based on 
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the hypothesis of both linear32–35 and nonlinear concentration response relationships.36,37 

For comparison with the global health burden assessment study of excess deaths due to 

PM2.5,38 we calculated risk-standardized excess death rates, which was defined as the 

excess death rates per one million population multiplied by 10% (per 10 μg m−3 of PM2.5) as 

the fixed excess risk of death.

Results

Table 1 shows the selected best model (R = 0.85) that PM2.5 concentration was positively 

associated with ln-transformed aerosol optical thickness (β = 0.613 [95%CI: 0.367, 0.859]) 

but negatively associated with ln-transformed visibility (β = −0.987 [−1.587, −0.388]). 

These associations were consistent in other models. The largest variance of PM2.5 was 

explained by ln-transformed AOT (44%, p < 0.001) and multi-collinearity (variance 

inflation factors: 1.1 to 1.8) which were low for the rest of the covariates.

The pooled ER of mortality due to all-cause (ICD-10 A00-R99), cardiovascular (ICD-10 

I00–I99) and respiratory (ICD-10 J00-J99) diseases for all the reviewed studies were 0.69% 

[0.45, 0.94], 0.60% [0.39, 0.80] and 0.83% [0.50, 1.17] respectively (Suppl 3 and 4†).63–93 

The highest pooled ER by region in America (1.01% [0.79, 1.22]) followed by Europe 

0.88% [0.34, 1.42] and Asia-Pacific 0.50% [0.19, 0.81] while the pooled ER for all of the 

six Chinese cities was 0.51% [0.14, 0.89] (Suppl 3†). Some publication bias was found 

(Egger test: p = 0.080) but it was not evident (Egger test: p = 0.460) after excluding 

influential studies defined by significant overall heterogeneity (Suppl 5†). Results of meta-

regression analysis indicated that the ER of mortality in the literature were inversely related 

to the annual PM2.5 concentrations in a slightly decaying pattern (Fig. 3).

In PRD regions in 2008–2009, the model predicted annual mean PM2.5 concentrations were 

45 μg m−3, which was 4.5 times of the WHOAQG of 10 μg m−3. The lowest predicted 

annual mean was in Zhuhai (22 μg m−3) and the highest one was in Foshan (65 μg m−3). In 

the region, the mean estimated PM2.5 annual concentration based on the ratio of PM2.5/PM10 

was 50 μg m−3, with the lowest annual mean in Hong Kong (33 μg m−3) and the highest one 

in Foshan (81 μg m−3) (Table 2). The predicted values of the PM2.5 in PRD regions were 

relatively higher than the rest of the other cities in the world (Fig. 4).

Based on model predicted PM2.5 levels, the annual total number of deaths due to all natural 

causes ranged from 1756 in Macau to 43 521 in Guangzhou, with a total of 192 911 deaths 

per year in the whole region (Table 2). The annual cardiovascular deaths were the lowest in 

Macau (485) and the highest in Guangzhou (15 543); but the highest respiratory deaths were 

observed in Hong Kong (8160).

The annual excess deaths due to model-predicted PM2.5 for all causes were the highest in 

Guangzhou (937) and the lowest in Macau (19). The same trends followed in excess deaths 

due to cardiovascular and respiratory diseases. The total excess deaths due to all-cause, 

cardiovascular and respiratory diseases were 3386, 1463, and 1176 respectively in the whole 

PRD region in 2008–2009. The corresponding risk-standardized excess death rates per one 

million people were 2006, 698 and 371 respectively (Table 2).
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Discussion

Many studies have examined the relationship between ground-level monitored PM2.5 

concentration and satellite AOT on a local or countrywide scale10,11,39–50 as well as on a 

global scale.4,51 We based our study on the established approach of predicting ground-level 

PM2.5 annual mean concentration in the PRD region where public accessibility to the 

monitoring data was not yet fully available.

Our model utilized both the vertical column aerosol, as measured by AOT, and the 

horizontal ground-level aerosol, as measured by visibility, together with cloud optical 

thickness and other satellite and meteorological information as co-predictors of the ground-

level annual mean of PM2.5 concentration. Visibility is a well-known indicator of 

PM2.5.52,53 It is measured horizontally at a height that is relevant to the ground level 

monitoring of PM2.5 and provides information to explain the variance of PM2.5 in addition 

to that measured vertically by AOT. Besides, visibility data are readily obtainable in many 

cities for worldwide comparisons as they are standard measurements in airports as well as in 

weather observatories. Cloud optical thickness is a satellite measure of light extinction due 

to the amount and thickness of a cloud, which is related to humidity and pressure in the 

atmosphere. This variable together with cloud cover in our model shared the variance of 

relative humidity as a common covariate.10 Although the satellite detected carbon monoxide 

was identified as a covariate of AOT, it was not included in our selected model. Further 

studies on applying the carbon monoxide variable should be warranted since it is publicly 

available and is related to fossil fuel burning and traffic emissions, and we found the best 

predictive performance in the temporal sensitivity assessment.

It is interesting that the annual mean concentrations in the Chinese cities were relatively 

higher than all other studies, but the magnitude of pooled ER of all natural mortalitities for 

these six Chinese cities was only a half of that in the American region. The APHENA 

investigators have also tested whether the concentration–response curve was actually 

nonlinear and whether statistical methods were appropriate though conclusive evidence was 

not explicit.54 A distributed lag nonlinear model was also proposed to detect the nonlinear 

concentration–response curve and delayed effects.55 In meta-regression analysis we found 

some evidence of an inverse linear relationship between ER of mortality and the annual 

PM2.5 concentration. This pattern appears to be leveling off in the downward direction 

rather than purely linear.36 A similar pattern of inverse association has been observed in a 

cross-sectional study of lung function and exposure to indoor PM2.5 concentration.37 This 

inverse relationship could be related to a saturation mechanism occurring at lower exposure 

levels56 where both irreversible and reversible processes may simultaneously exist. This has 

been hypothesized that, as indicated by structural changes in airways,57,58 particulates that 

penetrate to the deepest part of the lung and cause alveolar epithelial injury are associated 

with both acute reversible inflammatory responses and cumulative irreversible pulmonary 

damage.37 An explanation by the saturation hypothesis for cardiovascular diseases is also 

warranted.36 Our findings suggest that there is a need for further study to assess the effects 

of longer-term exposure on the short-term mortality risks. In addition, difference in climate, 

population structures, gene susceptibility, health status, occupational exposures, long-term 

exposure history and composition in PM2.5 may play a role in explaining the potential 
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differences in short-term effects by region. There were some reviews on the epidemiological 

studies on the impact of fine particulate air pollution on mortality,26,59,60 while reviews on 

the cause for specific mortality are rare. The present review provided a meta-regression 

between the short-term effects and the annual mean concentrations and is the first to report 

an inverse relationship with a slightly decaying pattern.

For health impact assessment in the PRD region, we reviewed six Chinese studies and 

pooled the excess risks of mortalities based on physician-diagnosis, which were once-in-a-

lifetime clinical records and so could provide more reliable health effect information than 

physiological and bio-microscopic measurements. Our health impact assessment results 

were well supported by the latest global estimation of health burden due to PM2.5 

concentration38 since our estimation of the risk-standardized excess death rate of 1069 per 

million people for cardiorespiratory causes was very close to that in Asia of 1104 per million 

per 10% excess risk (i.e. 2584 thousand × 1 million/1.8 billion × 10 excess risk%/13 

reported excess risk%) in that report. Non-risk standardized estimates of disease burden 

varies between places and the type of study design. For instance, the short-term excess death 

rates calculated in the current study were smaller by an order of magnitude than those 

estimated in long-term studies.34,59 However when we standardized the excess risk to 10%, 

comparison with other studies was more meaningful.

There were several limitations in this study. First, the number of cities involved in modeling 

was based on availability of satellite AOT data and ground-level fixed site monitored 

records of PM2.5 concentrations as compiled by WHO.5 Also some cities might have been 

overlooked, but the approximate normal distributions of our collected data have indicated 

that the cities selected in our sample are representative of respective regions so that selection 

bias might have been minimum and therefore not affecting overall representativeness of the 

sample. Second, our assumption of PM2.5 concentration as 70% of PM10 concentration in 

the PRD region might have ignored the heterogeneity of PM2.5/PM10 ratio across the region. 

However a similar ratio derived from a recent study in Guangzhou has indicated that it is in 

good agreement with the ratio we used.61 Third, the generalization of our best model for 

prediction in cities outside China has not been assessed despite that our spatial validation 

was based on ten cities in the PRD region only. Nevertheless, our temporal validation that 

was based on cities in different continents has demonstrated to have good performance for 

prediction among the forty cities that were included in the modeling. Fourth, the variation in 

risks due to differences in anthropogenic versus natural dust components of PM was not 

addressed.62 Our results should be interpreted with caution especially for international 

comparison.

Conclusions

The exposure to particulate pollutants in the Pearl River Delta regions in China is much 

higher than many other cities in the world. This study shows that the variation in PM2.5 

annual concentrations may be inversely related to magnitude of short-term effects on 

mortality across geographic regions. The rapid growth of the economy in the region 

undoubtedly has contributed to the impact of air pollution on the population which is 

estimated to be responsible for 1069 excess deaths per million people. Nowadays, satellite 
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and meteorological information is readily accessible so that public health impacts due to 

particulate air pollution in locations lacking monitoring can also be assessed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Environmental impact

Particulate air pollution has surged over densely populated cities in China in recent years 

and has recently received international attention due to the toxicity of the fine portion of 

particulate matter and the associated adverse health consequences to local residents as 

well as to tourists and investors. The environmental impact could be assessed based on 

the community health burden attributable to exposure to the ambient concentration in the 

Pearl River Delta which represents Chinese regions with rapid economic growth where 

energy production mainly depends on fossil fuels with air pollution generated from 

power plants, motor vehicles and industrial emissions. Worldwide satellite and 

meteorological information could be applied for exposure assessment and model 

validation.
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Fig. 1. 
Forty cities for modeling and eleven cities in the Pearl River Delta region in China for health 

impact assessment. Note: Large dots represent 40 cities in the world for modeling. Small 

dots inside the box represent 11 cities in the Pearl River Delta region in China for health 

impact assessment. ZQ = Zhaoqing, FS = Foshan, GZ = Guangzhou, DG = Dongguan, HZ = 

Huizhou, JM= Jiangmen, ZS = Zhongshan, SZ = Shenzhen, ZH = Zhuhai, MC = Macau, and 

HK = Hong Kong. 4 cities in China (Beijing, Shanghai, Shenyang, and Hong Kong) were 

part of the 40 cities in the world for modeling.
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Fig. 2. 
(a) Literature selection. (b) Selected literature' records of PM2.5 concentrations. Note: Only 

the annual mean concentrations of the latest exposure year in each city are shown. Three-

letter country codes: Australia (AUS), Canada (CAN), China (CHN), Czech Republic 

(CZE), Germany (GER), Japan (JPN), Korea (KOR), Mexico (MEX), Spain (ESP), Sweden 

(SWE), United Kingdom (GBR), and United States (USA). The dotted line represents the 

WHO annual AQG of 10 μg m−3 for PM2.5.
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Fig. 3. 
Meta-regression analysis of annual mean PM2.5 concentration and the non-negative excess 

risk (%) of mortality for all natural causes (n = 22) and for cardiovascular (n = 19) and 

respiratory causes (n = 13) in different studies.
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Fig. 4. 
Modeled and monitored annual mean PM2.5 concentrations (μg m−3) in all cities from 2008–

2009.
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Table 1

Selected best model of annual mean PM2.5 concentration (μg m−3) for health impact assessmenta

Model Unit β 95% CI p-values VIF η2 (%)

Constant 8.097 6.427, 9.767 <0.001

ln A 0–1 0.613 0.367, 0.859 <0.001 1.5 43.8

In V km −0.987 −1.587, −0.388 0.002 1.3 25.4

C 0–50 −0.048 −0.095, −0.001 0.045 1.7 11.7

W km h−1 −0.037 −0.075, 0.002 0.063 1.1 10.1

L °C −0.020 −0.049, 0.009 0.165 1.8 5.7

cc okta −0.068 −0.233, 0.097 0.406 1.4 2.1

a
Note: A = aerosol optical thickness, V = visibility, C = cloud optical thickness, W = wind speed, L = land surface temperature, and cc = cloud 

cover. VIF = variance inflation factor, in which VIF less than 2.5 is indicative of non-collinearity. η2 = partial eta square, which indicates the 
percentage variance explained by the variable in the model. Model selection (see M8 in Suppl 2, ESI).
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