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Abstract
|

Numerous studies have reported associations between ambient particulate matter (PM) and daily
mortality; however, little is known about temporal variations in ambient air pollution associated
mortality risks, particularly in developing countries with limited long time-series air monitoring data.

In present study, we assessed the associations and temporal relationships between ambient PM and
daily mortality in Guangzhou, China, during 2006-2016. With this unique 11-year dataset, we related
daily concentrations of PM with aerodynamic diameter < 2.5 pm (PM2.5), between 2.5 and 10 pm (PM10-
2.5) and < 10 pm (PM10) to daily mortality in Guangzhou. We applied overdispersed Poisson regression
with adjustment for time trend and potential confounding factors. Multiple level sensitivity analyses
were conducted to examine the robustness of main results.

Between 2006 and 2016, annual concentrations of PM2.5 decreased by 50.8% to 27.0 ug/m3, of PM10-
2.5 by 27.6% to 16.2 pg/m3, and of PM10 by 44.1% to 43.3 pg/m3 in Guangzhou. In this study, per 10
pg/m3 increases in mean concentrations at current day and 6 prior days of death (lag06), we observed
increases in total mortality risks of 0.55% (95% Confidence Interval (Cl): 0.24%, 0.86%) for PM2.5, 0.99%
(95%Cl: 0.48%, 1.50%) for PM10-2.5, and 0.44% (95%Cl: 0.22%, 0.65%) for PM10. Stronger associations
were observed for ambient PM on cardio-respiratory mortality and people at age = 65 years. Despite
drastic reductions in annual PM levels, PM2.5 associated cardiovascular and respiratory mortality risks
remained significant at 1.26% (95%Cl: 0.19%, 2.35%) and 1.91% (95%Cl: 0.25%, 3.60%) during 2014-
2016. Further, PM2.5 and PM10 associated respiratory mortality risks showed increasing trend over time
(p-value =0.03 for PM2.5).

In summary, though ambient PM levels decreased substantially in Guangzhou in recent years, PM2.5
and PM10 associated cardio-respiratory mortality risks remained significant and respiratory mortality
risks even increased. Our findings provide strong rationale for continuation of ambient air pollution
control effort for public health protection in the future.

Keywords: Air pollution Particulate matter Mortality Temporal variation Risk



1 Introduction

Numerous epidemiological studies worldwide have reported associations between ambient air
pollution and mortality and morbidity for cardio-respiratory diseases over the decades (Di et al.,
2017; Samet et al., 2000; Tao et al., 2012; Zanobetti and Schwartz 2009). With emerging evidence
from global air pollution and health studies, the World Health Organization (WHO) updated the Air
Quality Guidelines (AQGs) for six criteria air pollutants in 2005, aiming for air quality improvement
and health risk control at a global scale (Krzyzanowski and Cohen 2008; WHO 2006). Among the six
criteria air pollutants, particulate matter (PM) with aerodynamic diameter <2.5 pym (PM25) and <10
um (PMio) are the primary air pollutants of health concerns, and have been shown consistent and
significant associations with adverse health effects (Chen et al., 2011; Franklin et al., 2007; Lee et al.,
2015; Pope et al., 2002; Wong et al., 2008).

In recent years, gradual declines in ambient air pollution levels have been achieved resulting
from a series of governmental regulations and efforts on air pollution control in most Chinese cities
(Bao et al., 2015; Cheng et al., 2013; Lin et al., 2014). Among these cities, air quality in Guangzhou
has been improved dramatically in recent years, which is the capital city of Guangdong province
locating in the center of Pearl River Delta (PRD) region. In this area, stringent air pollution control
measures had been implemented for the 16" Asian Game in 2010, including transportation
restrictions and emission control from industries (Ding et al., 2016; Liu et al., 2013). Further,
Guangdong Air Pollution Prevention and Concentration Action Plan (GAPPCAP) was released in
2014 and under implementation since then, in which the goal of air quality improvement was
specified for reducing PM» s concentrations by 20% from 2012 to 2017 in Guangzhou (People's

Government of Guangdong Province, 2014). Collectively, these series of efforts have resulted in



large improvement in air quality in Guangzhou over the last decade (Ding et al., 2016; Jiang et al.,
2015; Lin et al., 2014; Yao et al., 2012), and provided a unique opportunity for a natural experimental
analysis on the temporal variations in ambient air pollution associated health risks.

Thus far, limited studies examined temporal variations in ambient air pollution concentrations
and associated short-term mortality risks under air quality management framework, and the results
remained inconsistent (Breitner et al., 2009; Dominici et al., 2007; Tzima et al., 2018). Dominici et al.
(2007) reported the declines in PMg associated total mortality risk from 1987 to 2000 in the United
States, following the implementation of air pollution control policies (Dominici et al., 2007). Breitner
et al. (2009) also reported reductions in mortality risks following air quality improvement between
1991 and 2002 in Erfurt, Germany (Breitner et al., 2009). However, a recent analysis from Athens,
Greece during 2001-2012 reported increases in mortality risk after economic crisis in 2008,
suggesting that increases in vehicular emission and consumption of heating biomass fuel might be
responsible for increased toxicity of ambient PM and associated adverse health impact (Tzima et al.,
2018).

We have previously reported significant increases in morality risks associated with ambient air
pollution in China as well as in the PRD region (Shang et al., 2013; Tao et al., 2012; Tao et al., 2011).
However, because long time-series monitoring data of air pollutants is sparse, particularly for PM> 5
which have been routinely monitored only since 2013 in most Chinese cities, very limited research
has investigated temporal variations in ambient PM associated mortality risks at a long-term scale in
China. In present study, we examined temporal variations in daily mortality risks in association with
ambient PM; s, PM with aerodynamic diameter between 2.5 and 10 pm (PMio-2.5) and PMo, using a

unique dataset with 11-year daily air pollution data and death counts in Guangzhou, between



2006-2016. We further assessed the impact of ambient size-fractioned PM on daily total and
cardio-respiratory mortality, following a series of air quality improvement action in the area with

overall and period-specific analyses.

2 Materials and methods

2.1 Study site description

We conducted the study in Guangzhou from 1 January 2006 to 31 December 2016, which is the
capital city of Guangdong Province and located in central PRD region with a total registered local
residents of 14.5 million in 2017. Guangzhou undergoes a typical monsoon-influenced climate with
either wet and hot months or dry and cool to mild months, with seasonal variations in wind

directions.

2.2 Mortality data

We obtained daily mortality counts for the years from 2006 to 2016 from Health Statistics
Information Center of Guangdong Province, including identification number, sex, age, residential
address, cause of death and date of death. All mortality data were reported to the death registry
system and classified by International Classification of Diseases, Revision 10 (ICD-10). Following
causal categories of daily mortality data were obtained: total non-accidental mortality (ICD-10 codes
A00-R99), cardiovascular mortality (ICD-10 codes 100-199) and respiratory mortality (ICD-10 codes

J00-J98) for all ages, and by age (0-64 and >65 years) and sex (male and female).



2.3. Environment data

Ambient air pollution data during 2006-2016 were measured at two monitoring stations,
including one in Wangqingsha district (22.75°N, 113.61°E) and one in Tianhu district (23.65°N,
113.62°E) (Figure S1), which were operated by Guangdong Environment Monitoring Center since
early 2000’s. Both monitoring stations were in the areas with mixed residential and commercial
activities, and with distance to traffic and industrial sources. The air pollution monitors were at about
10-20m above ground levels and regularly maintained following standard operation procedures under
China national quality control assurance plan.

We obtained hourly concentrations of PM»s and PMio, nitrogen dioxide (NOz) and sulfur
dioxide (SO.) from each monitoring station. PM>s and PMjo were measured by tapered element
oscillating microbalance (TEOM). NO> and SO, were measured using chemiluminescence and
fluorescence instruments, respectively. We calculated daily concentrations for these pollutants for the
days with valid measurements for at least 18 to 24h. Given that PM, s was highly correlated with
PM o in each station with spearman correlation > 0.9 (Table S1), missing daily data of PM»s or PMio
were imputed based on linear regressions between PMa> s and PMjo at each station. If daily data of
PM: s and PM o were simultaneously missing on the same day, data were classified as missing values.
Daily concentrations of PMio.25 were calculated by subtracting daily concentrations of PM» s from
concurrently measured concentrations of PMio. Missing data of SO> and NO> were not imputed due
to < 3% missing rate. Finally, daily air pollutant concentrations at city level in Guangzhou were
obtained by averaging the measurements from both monitoring stations, and used as the air pollution
exposure matrix in population mortality risk assessment. Data of daily temperature and relative

humidity (RH) were measured at a fix-site station locating in Liwan district of Guangzhou (23.08°N,
4



113.19°E), and obtained from Chinese Academy of Meteorological Sciences (Tao et al., 2012).

2.4 Statistical analysis

In this study, we applied Poisson regression analysis allowing for overdispersion to assess the
associations between ambient PM and daily mortality risks, with adjustment for time trend,
temperature and RH, day of the week (DOW), public holidays, influenza epidemics and annual total
population (Burnett et al., 2004; Costa et al., 2017; Tao et al., 2012).

We first built basic models without including any air pollutant variables. We chose 8 degrees of
freedom (DF) per year for time trend based on previous studies (Tao et al., 2012). We included
smooth terms for temperature and RH on the same day of death (lag0) using natural splines function.
The choice of most appropriate DF for temperature and RH was determined by minimizing Akaike’s
information criterion (AIC) (Rich et al., 2012). We also included smoothing term for mean of
temperature on 6 prior days of death (lagl6) using natural splines function if the models with this
term resulted in lower AIC. The choice of DF for time trend, temperature and RH for each mortality
outcome was shown in Table S2. DOW, public holidays and influenza epidemics were classified as
categorical variables. We assigned 1 to influenza epidemics when the 7-day moving average of daily
respiratory mortality counts was greater than the 90th percentile of its time-series distribution, or 0
otherwise. In addition, influenza epidemics was not controlled when respiratory mortality were
treated as the dependent variable, because the influenza was estimated by the distribution of
respiratory mortality (Samoli et al., 2013; Tao et al., 2012). We also included the logarithm of total
population by year as an offset to control for impacts of demographic shifts over time (Lin et al.,
2016; Qiao et al., 2015). The total annual population in Guangzhou were obtained from Guangzhou

Statistical Bureau (http://www.gzstats.gov.cn/).



When basic models were defined, we included PM»s, PMio-25 and PMio separately into the
models for estimating the associations with daily mortality on single-day lags (lag0 to lag6) and
multiple-day lags. The multiple-day lags were defined as the mean of current day and several prior
days (up to 6 days) of death (e.g. lag01 to lag06). Based on the selected lag day structures, we
conducted the assessment on the associations for ambient PM on total and cause-specific mortality,
and stratified the analyses by age and sex.

Further, to investigate the temporal variations in ambient PM associated mortality risks using
this long time-series dataset, we conducted period-specific analyses stratified by three periods of
2006-2009, 2010-2013 and 2014-2016. We included the stratified periods as an indicator variable, as
well as an interaction term for ambient PM and periods into the model. Then, we evaluated time
trend in risk variations over study periods by examining the interactions at p-values <0.05 (Fischer et
al., 2011).We further performed additional period-specific analysis for ambient PM associated with
mortality risks by longer overlapping intervals of 4-year (e.g. 2006-2009, 2007-2010, and so on up to
2013-2016) to assess the consecutive variations in risks over long period of observations (Kim et al.,
2015; Renzi et al., 2017). Further, we applied nonparametric Mann-Kendall test to assess possible
trends of air pollution associated mortality risks over time (Shin et al., 2008; Xu et al., 2017).

Finally, we conducted several sensitivity analyses to investigate the robustness of associations
for ambient PM on daily mortality reported in main models. We conducted two pollutant models by
including NO> or SO, into the main models to investigate whether short-term mortality effects of
ambient PM were partially attributed to co-generated gaseous pollutants. We also applied three
alternative modeling approaches by changing covariates: firstly, we applied polynomial distributed

lag (PDL) model by including a matrix of third-degree polynomial to estimate mortality risks for



cumulative exposure to ambient PM (Costa et al., 2017). Secondly, we applied a case-crossover
design approach with a three-way interaction between year, month, and DOW to control for time
trend and seasonality (Renzi et al., 2017; Stafoggia et al., 2016). Lastly, we applied distributed lag
non-linear model (DLMN) by including temperature with natural spline of 5 DFs for both exposure
and lag spaces, and up to a maximum lag of 7 days (Kim et al., 2017; Qiao et al., 2015).

Preliminary analyses indicated that the largest mortality effects for ambient PM exposure were
observed at lag06 day, we thus reported main results as excess risk of mortality and its 95%
confidence intervals (CIs) in association with 10 pg/m? increase in ambient PM concentrations at
lag06 day. We also used an interquartile range (IQR) increment to account for the absolute change of
ambient PM concentration. All analyses were performed in R, version 3.4.2 (R Project for Statistical
Computing, Vienna, Austria), using the “mgcv”, “dlnm” and “Kendall” packages, (the
Comprehensive R Archive Network (CRAN) at http://cran.r-project.org). Statistical significance was

defined as p<0.05.



3 Results

Table 1 provides the summary statistics of daily death counts, air pollutant concentrations and
meteorological variables in Guangzhou, 2006-2016. During study period, the total non-accidental
death counts were 430,565, including 163,825 for cardiovascular diseases and 72,370 for respiratory
diseases. The average daily death counts were 107.7 for total mortality, of which 60.9 were males
and 80.9 were age >65 years. Daily death counts increased slightly over time as shown in Figure S2.
Average daily concentrations were 40.5 pug/m? for PMzs, 19.9 pg/m?® for PMjo2s, 59.7 ug/m? for
PMo, 25.7 pg/m? for NO, and 27.0 pg/m? for SO2. Among daily air pollutant concentrations and
meteorological variables, PMio was highly correlated with PM>s and PMio-25 (correlation
coefficients of 0.95 and 0.84), whereas NO, and SO, moderately correlated with PMa 5, PM¢-2.5 and
PMio (correlation coefficients ranged from 0.50 to 0.63). Temperature and RH were negatively
correlated with air pollutants (Table S3).

Figure 1 presents the variations in annual averages of daily concentrations for PMzs, PMio-25
and PM o in Guangzhou during 2006-2016, showing the decreasing trends of ambient PM levels over
time. In specific, from 2006 to 2016, annual concentrations decreased for PM2s by 50.8% to 27.0
pg/m? (corresponding to 28.0 pg/m? reduction), for PMi¢.2.5 by 27.6% (6.2 ng/m? reduction), and for
PMo by 44.1% (34.2 png/m? reduction). Ever since 2015, both annual levels of PM»s and PMjo in
Guangzhou have been below Chinese National Ambient Air Quality Standard of 35 pug/m? for PMa s
and 70 pg/m? for PMo, which indicated dramatic air quality improvement in the area in recent years.

Associations between ambient PM and mortality outcomes over the entire study period are
shown in Figure S3. The associations for ambient PM at lag06 on total and cardio-respiratory

mortality, as well as in age- and sex-specific groups, are summarized in Table 2. In specific, a 10



pg/m? increase was associated with significant increases in total mortality of 0.55% (95%CI: 0.24%,
0.86%) for PMa.s, 0.99% (95%CI: 0.48%, 1.50%) for PMi¢.2.5 and 0.44% (95%CI: 0.22%, 0.65%) for
PMio. Stronger associations with PM>s and PMio exposure were observed for cardio-respiratory
mortality. Further, stronger associations in elderly group (>65 years) than those in younger age group
(0-64 years) (e.g. 0.71% (95%CI: 0.35%, 1.06%) in elderly group and 0.16% (95%CI: -0.37%,
0.69%) in younger age group for 10 pg/m? increase in PM,5s), as well as respiratory mortality in
females (e.g. 1.47% (95%CI: 0.47%, 2.49%) for 10 pg/m3 increase in PM>s) and cardiovascular
mortality in males (e.g. 1.50% (95%CI: 0.88%, 2.12%) for 10 pg/m? increase in PM s).

For period stratified analyses, Table 3 presents continuous and significant decreases in ambient
PM concentrations during periods of 2006-2009, 2010-2013 and 2014-2016 in Guangzhou, with
similar ratios of period means for ambient PM over periods (ranged from 1.15 to 1.35). Table S5
presents daily, annual mortality counts and mortality rate in Guangzhou during three time periods.
Daily total mortality counts increased continuously from 97.8 to 120.5 from 2006-2009 to 2014-2016,
as well as from 34.1 to 48.6 and from 16.5 to 18.7 for cardiovascular and respiratory mortality
correspondingly. Annual mortality rate of each mortality outcome remained relative consistent across
three time periods.

Table 4 presents the period-specific risk estimates associated with 10 ug/m? and IQR increase in
PM>s, PMio2s5 and PMio for the periods of 2006-2009, 2010-2013 and 2014-2016. With annual
averages in ambient PM decreased over study period, the associations between ambient PM and total
mortality were non-significant in recent years (2014-2016); however, PM>s and PMjo associated
cardio-respiratory mortality risks remained significant. In specific, a 10 pg/m?® increase was

associated with increases in cardiovascular mortality of 1.26% (95%CI: 0.19%, 2.35%) for PMs,



and 0.91% (95%CI: 0.16%, 1.66%) for PMjo. Moreover, we found that the associations for PM> s and
PM o on respiratory mortality showed increasing trend over time. Specifically, we observed that a 10
pg/m? increase in PM»s was associated with increases in respiratory mortality of 0.39% (95%CI:
-0.66%, 1.46%) in the period of 2006-2009, 1.12% (95%CI: 0.05%, 2.20%) in 2010-2013, and
1.91% (95%CI: 0.25%, 3.60%) in 2014-2016 (p-trend=0.03). Similar trend for risks for PMio on
respiratory mortality (p-trend=0.02). Additional period-specific analysis by overlapping 4-year
intervals also showed that risk estimates remained significant in recent years, except for total and
respiratory mortality during 2013-2016 (Figure 2). Mann-Kendall test for time varying risk estimates
also indicated that potential increases in PM». s and PM ¢ associated respiratory mortality and PMio-2.5
associated cardiovascular mortality risks in recent years (p<0.05, Table S4). Further, period-specific
results in age- and sex-specific groups are shown in Table S6-S8. We also found that PM» s and PMio
associated respiratory mortality remained significant in population at age >65 years in recent years,
and with an increasing trend across three time periods (p-trend <0.05). Whereas, PMio.25 and PMio
associated respiratory mortality risks also showed increases though without statistical significance.

In two pollutant model analyses with adjustment for NO, or SO,, ambient PM associated
mortality risks remained robust and significant in main results (Table 5), as well as in period-specific
analyses which confirmed the increasing trend in respiratory mortality risks in association with PM2 5
and PMio over time periods (Table S9). Mortality risks explored in other models including PDL
models, case-crossover analyses and DLNM models remained consistent with the main results (Table

S10).
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4 Discussion

In present study, we investigated temporal variations in short-term mortality risks in association
with PMas5, PMio.25 and PMioin Guangzhou, China during 2006-2016. This is the first analysis to
investigate temporal trends in ambient PM associated mortality risks over a long time scale in China,
using monitoring measurements. Between 2006 and 2016, annual average concentrations decreased
by 50.8% for PMas, 27.6% for PMio-2.5, and 44.1% for PM1o. However, ambient PM associated total
and cardio-respiratory mortality risks remained significant in the area during study period, and
stronger associations were observed in population at age >65 years. Further, despite drastic reduction
in ambient PM concentrations in recent years, cardio-respiratory mortality risks in association with
PM: s and PMo remained significant, and respiratory mortality risks even increased over time,

In present study, we observed substantial reductions in concentrations of PMa2s, PMio25 and
PMi in Guangzhou from 2006 to 2016, suggesting effective air quality control measures in the area
in recent years. Consistently, Ma et al. (2016) observed a decrease trend in PMa s concentrations
during 2008-2013 in PRD region (Ma et al., 2016). One study simulated changes in air pollutants
during the Asian Game in Guangzhou, and reported 17.1% and 21.5% reductions in concentrations of
PM>s and PMo, respectively (Liu et al., 2013). Furthermore, Jiang et al. (2015) evaluated the
achievable air quality improvement under GAPPCAP regulation in PRD region, and predicted that
concentrations of PM2 s could be reduced by 17% during 2012-2017 (Jiang et al., 2015).

This long time-series analysis confirmed the consolidated epidemiological evidence on the
effects of ambient PM on daily mortality at a global scale, and the magnitude of associations for
PM: s and PMio on mortality outcomes observed in present study were generally comparable with

those reported in previous studies (Breitner et al., 2009; Chen et al., 2017; Di et al., 2017; Samoli et
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al., 2013; Zanobetti and Schwartz 2009). A national analysis including US 112 cities reported that
increases of 0.98% in total mortality, 0.85% in cardiovascular mortality and 1.68% in respiratory
mortality were in association with 10 pg/m? increase in PMy s (Zanobetti and Schwartz 2009). An
analysis in 10 Mediterranean metropolitan areas reported that per 10 pg/m?® increase in PM;o was
significantly associated with increases in mortality of 0.32% in total mortality, 0.54% in
cardiovascular mortality, and 1.12% in respiratory mortality (Samoli et al., 2013). Moreover, a study
including 272 Chinese cities also showed significant increases of 0.22% in total mortality, 0.27% in
cardiovascular mortality and 0.29% in respiratory mortality were associated with 10 ug/m?® increase
in PMas5 (Chen et al., 2017); however, the associations were generally lower than those observed in
this study.

For PMio-25 associated mortality risks, our results were somewhat inconsistent with those
reported elsewhere (Adar et al., 2014; Chen et al., 2011; Cheng et al., 2016; Lee et al., 2015; Meister
et al., 2012; Samoli et al., 2013; Zanobetti and Schwartz 2009). A study conducted in three Chinese
cities reported that per 10 pg/m? increase in PMo.2.s was associated with increases of 0.25% (95%CI:
0.08%, 0.42%) in total mortality, 0.25% (95%CI: 0.10%, 0.40%) in cardiovascular mortality and
0.48% (95%CT; 0.20%, 0.76%) in respiratory mortality (Chen et al., 2011). A study in 10 European
metropolitan areas found that PMio.25 was associated with increases in mortality but not with
statistical significance. In specific, they observed that increases of 0.3% (95%CI: -0.1%, 0.69%) in
total mortality, 0.33% (95%CI: -0.78%, 1.46%) in cardiovascular morality, and 0.76% (95% CI:
-0.7%, 2.25%) in respiratory mortality in association with a 10 pg/m? increase in PMjo.2.5 (Samoli et
al., 2013). The observed disparities in associations might be due to the heterogeneity in substances

adsorbed on PMio.5 that can differ across regions (Zanobetti and Schwartz 2009). Moreover,
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PM .25 was obtained as the difference between PMjo and PM,s, which could also introduce errors
resulted from measurements for PM1o and PM> s (Stafoggia et al., 2013).

In age and sex stratified analyses in this study, stronger associations were observed in elderly
people, which are largely consistent with previous findings (Franklin et al., 2007; Lee et al., 2015;
Samoli et al., 2013), and confirmed that elderly people are more susceptible to air pollution. We also
observed that females were at greater respiratory mortality risk in association with ambient PM,
whereas males were at greater cardiovascular mortality risk. One possible explanation might be the
differences in time-activity pattern and occupational exposure between sexes, in which males tend to
spend more time outdoors and conduct more physical activities which might result in greater
accumulative air pollution exposure (Dong et al., 2013). Other possibilities might include the
disparities in lung architecture and gas-blood barriers permeability that could result in differences in
vascular transport and organ accumulation from inhalation of toxic mixture in the ambient (Dong et
al., 2013; Faustini et al., 2011; Franklin et al., 2007).

Though ambient PM levels reduced greatly over time in Guangzhou, our analyses showed that
the mortality risks in association with PM» s and PMo remained significant with some increases in
recent years, particularly for respiratory mortality. Several studies conducted in the cities in
developed countries have also investigated temporal variations in short-term mortality risks in
association with ambient air pollution, however the findings were not completely consistent with
present study (Breitner et al., 2009; Dominici et al., 2007; Kim et al., 2015; Renzi et al., 2017; Tzima
et al., 2018). A recent study conducted in Athens during 2001-2012 and a study in Seoul during
2001-2011 reported that despite reduction of ambient PM concentration, the associated mortality

risks showed increased over time (Kim et al., 2015; Tzima et al., 2018). However, a study conducted
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in Germany found ambient air pollution associated mortality risks decreased following air pollution
control measures implementation during 1995-2002 (Breitner et al., 2009). Moreover, a study
conducted in Rome during 2001-2014 and another study conducted in Switzerland during 2001-2010
both reported that PMio associated short-term mortality risks did not vary significantly over time, as
concentrations of PMio decreased substantially (Perez et al., 2015; Renzi et al., 2017). Nevertheless,
the inconsistencies in findings across studies might result from the differences in sources and
chemical compositions of ambient air pollution and population size across study areas (Shang et al.,
2013; Tzima et al., 2018).

In this study, the observed increases in mortality risks in the area in recent years might be
explained by the changes in components in PM mixture over time. Fu et al. (2014) assessed the
trends in chemical components of PM>s in PRD region between 2007 and 2011, and reported the
increases in NOx emissions from vehicles in recent years, which might introduce potential
alternations in atmospheric oxidizing capacity with sequential impact on aerosol toxicity (Fu et al.,
2014). Possible transitions in population characteristics might also exaggerate time-varying mortality
risks in population (such as aging, prevalence of chronic diseases) (Kim et al., 2015). In Guangzhou,
the proportion of population at age >65 years increased from 6.62% in 2005 to 7.90% in 2015
(Guangzhou Statistical Bureau). Thus, population aging might also contribute to the increases in
cardio-respiratory mortality risks in association with PM»s and PMio at population level. More
information on ambient PM speciation and source changes over time, as well as detailed
demographic data including aging, smoking and living habits would be important in further studies to
address the changes in ambient PM associated mortality risks in the area.

Despite that a unique 11-year time-series dataset of air pollution and daily mortality was used in
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this sophisticate analysis, study limitations should also be noted. Firstly, time-series ecological
design including measurement errors might be inherent in present study and result in potential
confounding effects to bias the estimates. Secondly, the air pollution data obtained from two air
monitoring stations might not well represent exposure for total population, and limited number of air
monitoring stations for exposure assessment might yield biased variance in effect estimates and

resulted in inefficient significances in effect estimates.

5 Conclusions

Our results showed substantial decreases in annual averages of PMazs, PMio.2s and PMjo in
Guangzhou, during 2006-2016; however, overall associations for ambient PM on mortality were
significant, and people at age >65 years were at greater risks. Moreover, PM» s and PM o associated
cardio-respiratory mortality risks remained significant in recent years, and respiratory mortality risks
even showed increases over time. Our findings suggest further investigation on temporal and spatial
variations in short-term mortality risks in association with ambient air pollution in China, and

continuation on air pollution control effort for public protection in the future.
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List of Figures

Figure Legends

Figure 1. Temporal trends in annual concentrations of PM2s, PMio.25s and PMio in Guangzhou,
China, 2006-2016.
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Figure 2. Temporal variations in excess risks % (95% CI) of mortality associated with each 10 pg/m?
increases in PMas, PMio2s and PMio (Iag06) in period-specific analyses of overlapping 4-year

intervals in Guangzhou, China, 2006-2016. The curves represent mortality risks smoothed by splines

function of 3 DF.
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List of Tables
Table 1. Summary statistics of daily death counts, air pollutant concentrations, and meteorological

variables in Guangzhou, China, 2006-2016.

Percentile
Mortality Sum of deaths (n)  Mean£SD Min 25th 50th 75th Max
Total (non-accidental)
All 430565 107.7£21.9 55 92 105 121 228
Male 243321 60.9+13.0 24 52 60 69 122
Female 187239 46.9+11.3 17 39 46 54 106
0-64 years 109210 27.3+6.4 11 23 27 31 52
>65 years 323255 80.9+18.5 36 68 78 91 187
Cardiovascular
All 163825 41£12.3 12 32 41 48 105
Male 85960 21.5+6.9 4 17 21 25 52
Female 77861 19.5+£7.0 4 15 19 23 54
0-64 years 28383 7.1£2.9 0 5 7 9 21
>65 years 135442 33.9£11.0 9 26 32 40 95
Respiratory
All 72370 18.1£6.1 5 14 17 22 48
Male 41137 10.3+4.1 0 7 10 13 29
Female 31233 7.8+3.4 0 5 7 10 24

0-64 years 6546 1.6+1.3 0 1 1 2 7
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>65 years 65824

Air pollutants Num. of days (n)
PM, s(ug/m?) 3921
PM.2.5(ug/m?) 3917
PMo(pg/m?) 3823
NO2(pg/m?) 3882
SO2(ug/m?) 3931

Meteorological variables
Temperature (°C) 3996

RH (%) 3996

16.5+£5.8

40.5+£24.5

19.9+13.9

59.7434.9

25.7+£16.2

27.0+£20.7

22.3+6.3

75.7+£12.4

3 12

27 221
0.1 11.0
20 342
0.1 14.6
0.2 12.0
34 178
25.0 68.0

16

35.3

16.9

52.0

23.0

20.3

23.9

75.7

20

535

25.2

78.5

33.2

35.9

27.4

85.0

44

263.8

2233

343.8

157.9

154.8

33.5

100.0

Abbreviations: SD, Standard deviation; PMas, PM¢-2.5 and PM o, Particulate matter with an
aerodynamic diameter less than or equal to 2.5 pm, 2.5~10 um and 10 pm; NO», Nitrogen dioxide;

SO., Sulphur dioxide; RH, relative humidity.
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Table 2 Excess risk % (95% CI) @ of mortality associated with 10 pg/m? increases in PMa.s, PMo.2.5
and PM o (lag06) in Guangzhou, China, 2006-2016.

Excess risk (95%CI)
Mortality
PM2s PMio-25 PMio
Total(non-accidental)
All 0.55(0.24,0.86) 0.99(0.48,1.50) 0.44(0.22,0.65)
Male 0.47(0.08,0.85) 1.02(0.38,1.67) 0.41(0.14,0.68)
Female 0.67(0.24,1.10) 0.97(0.26,1.68) 0.48(0.18,0.78)
0-64 years 0.16(-0.37,0.69) 0.23(-0.67,1.14) 0.07(-0.30,0.44)
>65 years 0.71(0.35,1.06) 1.27(0.69,1.85) 0.57(0.33,0.82)
Cardiovascular
All 1.15(0.68,1.62) 1.64(0.86,2.43) 0.82(0.49,1.14)
Male 1.50(0.88,2.12) 2.21(1.17,3.25) 1.09(0.66,1.52)
Female 0.81(0.15,1.46) 1.10(0.03,2.19) 0.48(0.18,0.78)
0-64 years 1.03(0.01,2.06) -0.03(-1.73,1.69) 0.40(-0.30,1.20)
>65 years 1.18(0.67,1.70) 2.01(1.16,2.87) 0.91(0.55,1.27)
Respiratory
All 0.78(0.10,1.46) 0.75(-0.35,1.85) 0.56(0.09,1.03)
Male 0.20(-0.68,1.10) 0.09(-1.35,1.54) 0.18(-0.43,0.78)
Female 1.47(0.47,2.49) 1.59(-0.03,3.25) 1.02(0.33,1.72)
0-64 years -1.22(-3.35,0.96) -1.11(-4.67,2.58) -0.89(-2.38,0.62)
>65 years 0.97(0.26,1.68) 0.91(-0.24,2.06) 0.70(0.21,1.19)

4 Results from Poisson regression models, adjusted by time trend, temperature, RH, DOW, public
holidays, influenza epidemics and annual total population.
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Table 3. Descriptive statistics of ambient PM in Guangzhou, China, 2006-2016, stratified for three

periods.
Ratio of period means
Pollutant Period Number Mean+SD Median
1/2# 2/3b
PMzs 2006-2009 1453 49.4427 .4 43.5 1.22% 1.27*%
2010-2013 1418 40.3+23.2 37.1
2014-2016 1046 31.8+16.0 29.4
PMio-25 2006-2009 1436 25.2+15.5 21.2 1.35% 1.15%
2010-2013 1345 18.7+14.4 16.9
2014-2016 1042 16.2+8.4 15.0
PMio 2006-2009 1453 74.2+39.5 65.6 1.26* 1.23%
2010-2013 1422 59.0+32.7 54.1
2014-2016 1046 48.0+22.4 45.0

2 1: 2006-2009; 2: 2010-2013; © 3: 2014-2016
* Statistically significant (t-test, p<0.05)
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Table 4 Excess risk % (95% CI) # of mortality associated with 10 pg/m?® and IQR increases in PM» s, PMj.2.s and PM (lag06) for different
time periods in Guangzhou, China, 2006-2016.

10 pg/m? increase

IQR increase

Pollutant Mortality p-trend®
2006-2009 2010-2013 2014-2016 2006-2009 2010-2013 2014-2016

PMys Total 0.51(0.04,0.99) 0.66(0.16,1.17)  0.58(-0.15,1.31) 1.50(0.12,2.89)  1.66(0.40,2.93) 1.10(-0.29,2.51)  0.73
Cardiovascular  0.85(0.11,1.60)  1.32(0,55,2.08) 1.26(0.19,2.35) 2.50(0.32,4.72)  3.31(1.39,5.27) 2.41(0.35,4.51) 0.54
Respiratory 0.39(-0.66,1.46) 1.12(0.05,2.20) 1.91(0.25,3.60) 1.14(-1.91,4.29) 2.81(0.12,5.57) 3.66(0.48,6.95) 0.03

PMio2s  Total 0.98(0.18,1.78)  1.39(0.57,2.22) 1.01(-0.27,2.31) 1.36(0.26,2.48) 1.62(0.66,2.58) 0.93(-0.25,2.12)  0.83
Cardiovascular 1.00(-0.23,2.25) 2.28(1.02,3.56) 2.00(0.13,3.91) 1.40(-0.32,3.14) 2.65(1.18,4.14) 1.84(0.12,3.59) 0.44
Respiratory 0.54(-1.22,2.33) 1.55(-0.14,3.26) 1.76(-1.06,4.67)  0.75(-1.69,3.25) 1.80(-0.16,3.79) 1.62(-0.98,4.29)  0.16

PMio Total 0.40(0.08,0.72)  0.59(0.23,0.94)  0.47(-0.04,0.98) 1.77(0.37,3.18)  2.03(0.79,3.30) 1.18(-0.11,2.50)  0.67
Cardiovascular 0.58(0.08,1.08) 1.03(0.49,1.58) 0.91(0.16,1.66) 2.54(0.35,4.79) 3.61(1.69,5.56) 2.30(0.40,4.24) 0.48
Respiratory 0.24(-0.47,0.96) 1.01(0.26,1.77) 1.37(0.22,2.53) 1.05(-2.05,4.24) 3.54(0.90,6.25) 3.48(0.55,6.50) 0.02

2 Results from Poisson regression models, adjusted by time trend, temperature, RH, DOW, public holidays, influenza epidemics and annual
total population. IQR in PMzs was 29.1 pg/m?, 24.9 ug/m3.19.0 pg/m? for 2006-2009, 2010-2013 and 2014-2016, respectively; IQR in
PMio-25 was 13.9 pg/m?, 11.6 pg/m?3.9.2 pg/m? for 2006-2009, 2010-2013 and 2014-2016, respectively; IQR in PMo was 43.5 pug/m?, 34.5
ug/m3.25.2 pg/m?® for 2006-2009, 2010-2013 and 2014-2016, respectively;
® linear interaction effect between ambient PM and time periods.

29



‘uonendod 1301

[enuue pue sorudprdo ezuanpjul ‘sAeprjoy o1qnd ‘A0 ‘HY “Qinjerodwd) ‘pudn dwn Aq pasnlpe ‘S[opowr uoIssdI3a1 uossioq Woly SnsAY,

(86°0°20°0)0S°0
(66°0°10°0)0S°0

(€0'1°60°0)95°0

(IL'T1°€S°0-)8S°0
(89°1°09°0-)€S°0

(S81°S€°07)SL0

OV T T00)IL0
(EP'T°10°0)TL0

P 1°0T°0)8L°0

(61°1°25°0)S8°0
(9T 1°LS0)16°0

(FPI'1°6¥°0)28°0

(LY'T°88°0) L9'T
(6ST°L60)SL'T

(€V'T98°0)v9'1

(LOTIL0)6T'T
(PL'T9L0)ST'T

(29°1°89°0)ST'T

(99°0°CC0)b0
(69°0°vC0)LY0

(S9°0°CC0)Pr 0

(SY'Iv7°0)96°0
(€S TLY0)00°T

(0S°1°8%°0)66°0

(LS'0'YT0)95°0
(16°0°92°0)65°0

(98°0°v2°0)SS°0

¢Os 10} parsnlpy

ZON 10J pasnipy

QUON

o_zm

Qs 10} parsnlpy

ZON 10J pasnipy

QUON

m.m-o_zm

¢Os 10} parsnlpy

ZON 10J pasnipy

QUON

m.mzm

Kioyeandsoy

Ie[NOSBAOIPIR))

(Terusprode-uou)[ei0],

(1D%S6)% NS SS90XH

wemnyog

s[opou juein[[od 0m) pue U0 WO SINSAY '9102-9007
‘euly) ‘noyzsueny ur (903e]) 0NN Pue STOTAJ SN UT SaseaIdul (/31 0T [IM pajerdosse AITertow Jo (10 %S56) % JSH $Se0xH § 9[qe],

30



MWXZSH

EUE B R A 1T e A BHR BRI 1P SR ER G ST R4

| mmAREA BE

SERBRAZAXDEZRFEDEFETLT (2003 £F)
EFERARZARDEZRTMPESHIEDEZRZIR, BT4ESI
LERAEREEZHRAEITR

FTERRAODAKRERTHES, EEZSFENOMAERRBRGIG . REITMAE. FRREEGHIT
£, H2012 i, EEHRBEAR (WHO) HIEREMD. ERAKMIFTEERARA, SMANEKELS IR
ERESTRHREAXGHFRMNSETHIE, TEARZSEERBEETGE. 2RESHEEREEER. M
RERBSSRFIPHEIETEE., BRHEREME 2021 £5 33 BEEGRKERTREZSASERE. BRAREHT
Science of the Total Environment &/ZE4 . Environmental Epidemiology fRZE%H, k4, EEDE
REFEANFSTEZRSTEZR . EREAZSHREMECITIEANR . ERKEEETERZRS
MEAZLBEEZZERRA/AHBERUEZRLMPEENS,

IWYERERBARNZES - IRAZEERNZHEG L 2017 FEHER "REARMKESHEERE
HREMRITERABBRRERHIFRBHR" OHRAKARZ—. ZRREARARAANLTREALBEZRERK

ZXEXEHR T M 2006-2016 FH B AS R (PM2.5, PM10-2.5, PM10) iR EKFEZUIFE,
#137\Ek—u%ﬁm%w)&ﬁﬁztmﬂ&m@; FiEt—LRRAMA I BFRAE X B T AIHEN N BT
B, ARERRP MHEERRSFTRREKFRETREE, EEEAXNETCRNKRDOUERFE. AHR
NERNSBERENERREZTSSREFER, MMEFLARBREHETEHHNEIRKIE.

2018 £ 12 A& & T (Science of the Total Environment)




#oouk
B B 4 85
BXREIE
& B
W uh

FEERHERAEESSIERAZERSSRAE
100871

010-6276 7908

010-6275 9641
http://dcms.pku.edu.cn






