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BACKGROUND: Coarse particulate matter with aerodynamic diameter between 2.5 and 10 um (PM; 5_j0) air pollution is a severe environmental prob-
lem in developing countries, but its challenges to public health were rarely evaluated.

OBJECTIVE: We aimed to investigate the associations between day-to-day changes in PM; 5_jo and cause-specific mortality in China.

METHODS: We conducted a nationwide daily time-series analysis in 272 main Chinese cities from 2013 to 2015. The associations between PM; 5 19
concentrations and mortality were analyzed in each city using overdispersed generalized additive models. Two-stage Bayesian hierarchical models
were used to estimate national and regional average associations, and random-effect models were used to pool city-specific concentration—response
curves. Two-pollutant models were adjusted for fine particles with aerodynamic diameter <2.5 pm (PM; s5) or gaseous pollutants.

RESULTS: Overall, we observed positive and approximately linear concentration—response associations between PM; s 1o and daily mortality. A
10-pg/ m? increase in PMa 5_o was associated with higher mortality due to nonaccidental causes [0.23%; 95% posterior interval (PI): 0.13, 0.33], car-
diovascular diseases (CVDs; 0.25%; 95% PI: 0.13, 0.37), coronary heart disease (CHD; 0.21%; 95% PI: 0.05, 0.36), stroke (0.21%; 95% PI: 0.08,
0.35), respiratory diseases (0.26%; 95% PI: 0.07, 0.46), and chronic obstructive pulmonary disease (COPD; 0.34%; 95% PI: 0.12, 0.57). Associations
were stronger for cities in southern vs. northern China, with significant differences for total and cardiovascular mortality. Associations with PMj5_jo
were of similar magnitude to those for PM; 5 in both single- and two-pollutant models with mutual adjustment. Associations were robust to adjust-
ment for gaseous pollutants other than nitrogen dioxide and sulfur dioxide. Meta-regression indicated that a larger positive correlation between
PM, 519 and PM, 5 predicted stronger city-specific associations between PM, 5_jo and total mortality.

ConcLusIons: This analysis showed significant associations between short-term PM; 5 19 exposure and daily nonaccidental and cardiopulmonary
mortality based on data from 272 cities located throughout China. Associations appeared to be independent of exposure to PM; s, carbon monoxide,

and ozone. https://doi.org/10.1289/EHP2711

Introduction

Particulate matter (PM) air pollution concentrations are recorded
by monitors that measure particles in various aerodynamic diam-
eters, with the earliest monitors measuring the concentration of
particles <10 um (PM)¢), followed by monitors that measured
fine particles <2.5 pm (PM;s). Particle size largely determines
where ambient PM is deposited when inhaled, with PM;
reaching the lung and smaller airways, while coarser particles
(between 2.5 and 10 pm in diameter; PM; s_j¢) typically deposit
in the upper respiratory tract and larger airways (Peng et al.
2008). Particle size also influences the surface area of individ-
ual particles and other characteristics that may contribute to
adverse health effects of exposure. As PM;s monitoring has
become more widespread, and because smaller particles are
assumed to have greater health effects due to their ability to reach
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smaller airways, epidemiologic studies have focused increas-
ingly on the health effects of PM; s vs. PMjo (Adar et al. 2014;
Kim et al. 2015). Although the World Health Organization's
2005 Air Quality Guidelines include guideline values for both
PM;o and PM, 5 (WHO 2016), PM, 5 was used as sole risk indica-
tor when the disease burden of ambient air pollution was esti-
mated for the Global Burden of Disease Study (GBD 2015 Risk
Factors Collaborators 2016).

Recent epidemiologic studies (Chen et al. 2011; Peng et al.
2008; Powell et al. 2015; Samoli et al. 2013; Yorifuji et al. 2016;
Zanobetti and Schwartz 2009) have also estimated health effects of
exposure to PM, 5_jo. However, findings from these studies have
been inconsistent. For example, a systematic review found signifi-
cant heterogeneity in associations between short-term exposure to
PM, 5_10 and mortality or hospital admissions reported by 33 epide-
miological studies published before December 2013 (Adar et al.
2014). However, pooled estimates from random-effects models
were positive and were slightly attenuated but still positive after
accounting for publication bias and when based on individual study
estimates that were adjusted for coexposure to PM, s (Adar et al.
2014). A recent analysis of data from 110 large urban counties in the
United States reported that daily variation in PM; 5_jp was associ-
ated with emergency cardiovascular hospitalizations on the same
day among Medicare participants >65 y of age and that this associa-
tion persisted when adjusted for PM,s (Powell et al. 2015).
Although ambient air pollution is a severe environmental problem
in low- and middle-income countries, there have been relatively few
studies of the health effects of PM, 5_;¢ because of limited PM; 5
monitoring. Consequently, there remains a critical gap in knowl-
edge concerning the health effects of PM; s_j¢ in developing coun-
tries where particulate air pollution levels are high and the chemical
composition and ratios of ambient PM; s and PM; s_jp may differ
from developed countries.
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The lack of clear evidence on the health effects of PM,5_¢
(especially in developing countries), together with the uncertain-
ties with respect to exposure assessment of PM; 5_j, impedes the
debate on its independent health effects (U.S. EPA 2009). As the
largest developing county, China is now facing one of the sever-
est particulate air pollution problems in the world. Our recent
nationwide study reported significant associations between
PM; s and daily mortality from various cardiorespiratory dis-
eases in 272 Chinese cities (Chen et al. 2017). In the present
study, we used simultaneous monitoring data for PM; 5 and PM
to estimate short-term PM; s_jo exposures and conduct a parallel
time-series study of associations with cause-specific mortality in
Chinese populations.

Methods
Data Collection

This analysis was based on a national database of daily air pollutant
concentrations, weather conditions, and cause-specific mortality
that has been described elsewhere (Chen et al. 2017). A total of 272
Chinese cities were eligible for inclusion because they averaged
>three nonaccidental deaths per day and had at least 1 y of daily
PM|( and PM; s measurements at collocated monitors during the
January 2013-December 2015 study period, including 69 cities
with 3 y of data, 74 cities with 2 y of data, and 129 cities with 1 y of
data. There were no missing daily average data during the respec-
tive study periods. These cities are dispersed over all 31 provincial
administrative regions and account for >20% of the total popula-
tion of Mainland China. We further divided these cities into north-
ern and southern regions (n=112 and 160 cities, respectively)
according to their locations relative to the commonly defined line
of Qinling Mountains and Huaihe River (Figure 1).

Daily mortality data during the study period were obtained
from China’s Disease Surveillance Points System (DSPS), which
is administrated by the Chinese Center for Disease Control and
Prevention. To ensure representativeness at the provincial level,
the DSPS collects mortality data from 605 surveillance points
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Figure 1. The location of study cities in Mainland China.
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(counties and districts) located throughout China’s 31 provincial
administrative regions, which were selected to be representative
of the populations in each province and the Chinese population
as a whole (Liu et al. 2016). Mortality data collected by the
DSPS have been widely used in policy formulation and disease
burden assessment in China and worldwide (Zhou et al. 2016).
We evaluated a range of mortality outcomes defined by the primary
cause of death, including mortality due to nonaccidental causes
(total, International Classification of Disease, 10th revision codes
A00-R99), cardiovascular diseases (CVDs; codes 100-199), coro-
nary heart disease (CHD, codes 120-125), stroke (codes 160-169),
respiratory diseases (codes JOO-J98), and chronic obstructive pul-
monary disease (COPD; codes J41-J44) (WHO 2016). Daily time
series of cause-specific numbers of deaths for each city were con-
structed by aggregating all recorded deaths in each district within a
city covered by the DSPS on each day. We further divided daily total
deaths by gender, age group (5-64 y, 65-74 y, and 75 y or older),
and educational attainment (low: <9 y of education; high: >9 y of
education). The Institutional Review Board at the School of Public
Health, Fudan University, approved the study protocol (No. 2014-
07-0523) with a waiver of informed consent because data were ana-
lyzed at aggregate level and no participants were contacted.

Because PM; 5_19 was not monitored directly, its concentrations
were estimated by subtracting simultaneously measured concentra-
tions of PM; s from PM at collocated monitors, as in previous epi-
demiological studies (Chen et al. 2011; Powell et al. 2015). In brief,
for each city, we derived hourly PM; s_jo concentrations for each
monitor and then derived 24-h mean PM,s_jy concentrations by
averaging the hourly estimates from all valid monitors within the
city on each day. As of January 2015, the present study included
data from 1,265 collocated state-controlled monitors, with a median
of four monitors per city (range: 1-17). Hourly concentrations of
PM, 5 and PM from each monitor were obtained from the China’s
National Urban Air Quality Real-Time Publishing Platform, which
is operated by China National Environment Monitoring Center
(CNEMC 2016). All state-controlled monitors are operated under
the China National Quality Control (GB3095-2012). They are

Sourthern cities
(n=160)
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mandated to be not in the direct vicinity of apparent emission sour-
ces; thus, their measurements should reflect the general urban back-
ground level of air pollution. Both PM; 5 and PM( were measured
using the method of tapered element oscillating microbalance.
According to China’s technical specifications and requirements for
automatic monitoring, all PM monitoring instruments must be
equipped with the membrane dynamic measurement system to cor-
rect for losses of semivolatile materials. To allow adjustment for
concomitant exposure to gaseous pollutants, we also collected daily
average concentrations of sulfur dioxide (SO,, 24 h), nitrogen diox-
ide (NO,, 24 h), carbon monoxide (CO, 24 h), and ozone (O3, 8 h)
from the same monitors. Daily measurements from individual moni-
tors were excluded from the citywide average for a given day if
<18 hourly measurements were available from the monitor for that
day. In addition, we obtained daily mean temperature and relative hu-
midity data for each city from the China’s National Meteorological
Information Center (China Meteorological Administration 2016),
because both can potentially confound associations between air pol-
lutants and mortality (Guo et al. 2014).

Statistical Analysis

We used a two-stage Bayesian hierarchical model to estimate re-
gional and national average associations between daily PM;5_jo
concentrations and cause-specific mortality (Peng et al. 2008;
Powell et al. 2015).

In the first stage, we derived city-specific estimates by fitting
overdispersed generalized additive models. In the main models,
the covariates included: a) a natural-spline smooth function of
calendar day with 7 degrees of freedom (df) per year to exclude
unmeasured time trends longer than 2 mo in mortality, ») an indi-
cator variable for “day of week” to account for possible varia-
tions in a week, and ¢) natural-spline smooth functions with 6 df
for temperature and 3 df for relative humidity to exclude potential
nonlinear and lagged confounding effects of weather conditions.
This model has been widely used in previous time-series studies
(Chen et al. 2012, 2017; Dominici et al. 2006). Because of colli-
nearity between weather conditions on neighboring days, we
modeled moving averages of temperature and humidity on the
current day and previous 3 d (4-d moving average, lag 0-3)
(Chen et al. 2017). We used the 2-d moving average of current-
and previous-day PM;s_jp concentrations (lag O1) in our main
analyses a priori because PM concentrations during this lag pe-
riod have been strongly associated with mortality in previous
studies (Chen et al. 2012, 2017). In addition to single-pollutant
models, we used two-pollutant first-stage models that also
included PM; 5 (lag 01) to derive city-specific effect estimates for
PM, s and PM;s_ o and allow direct comparisons of mutually
adjusted summary estimates for both pollutants. To evaluate
potential confounding by concomitant exposures to gaseous pol-
lutants, we also fit first-stage models adjusted for SO,, NO,, CO,
or Os, respectively. The association between PM;s_jp and mor-
tality was considered robust or independent from concomitant ex-
posure to a copollutant if the p-value for the dichotomous
copollutant variable was greater than 0.05 in a meta-regression
analysis with both single- and two-pollutant model estimates
(Chen et al. 2018; Yin et al. 2017).

In the second stage, we applied a Bayesian hierarchical model
to obtain regional and national average summary estimates. This
model was selected because it can combine relative risk estimates
across cities while accounting for within-city statistical error and
between-city variability (heterogeneity) in the true risk, and has
been widely used in multisite epidemiological studies (Chen et al.
2017; Peng et al. 2008; Powell et al. 2015).

We derived pooled concentration—response curves using the
approach applied by the Air Pollution and Health: A European
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Approach project to estimate the average shape of PMjys_jo—
mortality associations at the national and regional levels (Chen
et al. 2017; Samoli et al. 2005). Exploratory graphical analyses
indicated that a linear association was dominant across cities
(data not shown); therefore, we modeled cubic splines with two
knots at the average value of the 25th percentile (20 ug/m?) and
75th percentile (60 ug/m?) across all cities. We then used
random-effects models to combine the city-specific components
of the spline estimates (five regression coefficients for the bs
function of PM,5_j9 and the 5 X5 variance—covariance matrix)
from the first-stage models for each city. We assessed the line-
arity of the summary concentration-response curves by com-
paring the goodness of fit (expressed by the generalized cross-
validation statistic) of the spline model with the corresponding
linear model (Samoli et al. 2005).

We used hierarchical models to derived summary estimates of
associations between PM, s5_j and total, cardiovascular, and respi-
ratory mortality according to age (5-64, 65-74, or >75 y), gender,
and education (low or high). We then used likelihood ratio tests
comparing the goodness of fit of a meta-regression model with the
potential modifier to the simple meta-analysis model without this
variable to derive p-values for the influence of each potential modi-
fier on the estimated effect of PM; 5_;o (Chen et al. 2018; Yin et al.
2017). We also applied meta-regression models to examine the dif-
ference of PM; 5_ effect estimates between cities in the north and
south. In addition, we conducted meta-regression analyses to
explore the influence of each of the following city-level characteris-
tics on the association between lag 01 PM, 5_;o and total nonacci-
dental mortality: annual mean concentrations of PM;5_19, PMy s,
and gaseous pollutants; Pearson correlation coefficients for annual
mean PM; 5_jp and PM, 5 concentrations; annual average daily tem-
perature; and annual average daily humidity. In addition to evaluat-
ing each potential modifier in separate meta-regression models, we
performed a multivariable meta-regression that included all of the
potential modifiers.

Finally, we conducted several sensitivity analyses of associa-
tions with daily total mortality by altering the first-stage model to
include: @) single-day lags for PM, 510 (0, 1, 2, or 3 d); b) differ-
ent df per year (6-10) for the smooth function of time; ¢) alterna-
tive lags for daily mean temperature and relative humidity [lag 0,
lag 01, a 3-d moving average (lag 02), and lag O plus the cumula-
tive average lag over 1-3 d (lag 1-3)] in the same model; and d)
data from cities with only 1y, 2 or more y, or 3 y of data, respec-
tively. To determine whether the duration of available data modi-
fied the short-term association between PM; s_jp and mortality,
we derived p-values for a three-level “available years” variable
from meta-regression models.

All analyses were conducted using R (version 3.4.2; R Core
Team) with the mgcv package for fitting the GAM, the tlnise
package for the Bayesian hierarchical model, and the metafor
package for meta-regression analyses. p-Values <0.05 were con-
sidered statistically significant. The effect estimates are reported
as the percentage difference in mean daily mortality (with 95%
posterior intervals; PIs) per 10-pug/m?* or city-specific interquar-
tile range (IQR) increases in lag 01 concentrations of PM.

Results

Descriptive Statistics

Table 1 presents descriptive statistics for environment and health
data. During the study period, the annual mean daily number of
total nonaccidental deaths ranged from 3 to 165 across cities
(median=12), >60% of which were due to cardiopulmonary
diseases. Annual average PM; s 1o concentrations varied from
9 ug/m? to 249 pg/m?3, with a median value (33 pg/m?) >three
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Table 1. Summary statistics for annual-average daily data on environment
and mortality outcomes in 272 Chinese cities, 2013-2015.

Variables Mean+SD Min P25 Median P75 Max
PMa 519 (ng/m®) — - — — — —
Nationwide 39+23 9 24 33 49 249
North 51+29 18 33 47 59 249
South 3012 9 22 28 36 66
IQRs of PM 5_jo (pg/m?) — — — — — —
Nationwide 26+ 18 7 16 22 33 201
North 35+23 11 23 31 40 201
South 20+8 7 14 18 24 41
Copollutants (ug/m?) — — - — — —
PM, 5 56 +20 18 41 54 67 127
SO, 30+17 3 18 25 36 109
NO, 31+11 10 22 30 38 66
CO (mg/m?) 1.2+04 04 038 1.0 1.3 2.5
03 77+ 14 36 68 77 87 113
Weather conditions — — — — — —
Temperature (°C) 15+5 -1 12 16 18 25

Humidity (%) 68+10 35 61 71 77 91

Daily deaths — —_ — — — —
Total 16+ 16 3 7 12 20 165
CVD 8+7 1 3 6 10 65
CHD 3+3 0 1 2 3 28
Stroke 4+4 0 2 3 5 33
RD 2+3 0 1 1 3 34
COPD 2+2 0 0 1 2 29
Note: The locations of northern cities (n=112) and southern cities (n = 160) are shown
in Figure 1. —, data not available; CHD, coronary heart disease; COPD, chronic ob-

structive pulmonary disease; CVD, cardiovascular disease; IQR, interquartile range;
PM; 5_19, particulate matter with an aerodynamic diameter between 2.5 and 10 pm; RD,
respiratory disease; SD, standard deviation.

times the median concentrations reported for cities in Europe
and North America (Powell et al. 2015; Samoli et al. 2013).
The concentration at the 95th percentile was 74 ug/m?>. The me-
dian coefficients of variation across cities of for annual mean
PM,s 1o and PM, 5 concentrations were 59 and 36%, respec-
tively. Median values for the range and coefficient of variation
for daily concentrations of PM;s_jo were 179 ug/m3 and 63%,
respectively. Concentrations and variation (expressed by IQRs)
in PM;s_jp were higher in northern cities than in southern cities,
with median annual mean concentrations of 47 vs. 28 ug/m?
and median coefficients of variation of 74 vs. 58%. The median
number of average daily deaths per city was slightly lower for
cities in the south than in the north (15 vs. 17 deaths/d).

Overall, daily PM; 5_jo concentrations were moderately corre-
lated with PM, 5 (median r = 0.46), with a smaller correlation for

cities in the north (median r=0.37) than in the south (median
r=0.53). Median correlations between PM, 5_jo and gaseous pol-
lutants were 0.33 for SO,, 0.39 for NO,, 0.23 for CO, and 0.12
for Osz. Climatic conditions (annual mean temperature and hu-
midity) also varied among the cities (Table 1). PM;s_ o was
weakly inversely correlated with daily mean temperature (median
r= —0.06) and moderately inversely correlated with daily mean
relative humidity (median r= —0.34).

Regression Results

Figure 2 presents national average estimates for associations between
al0-pg/ m?3 increase in lag 01 PM; 5_j( concentrations and total and
cause-specific mortality (see Table S1 for numeric data). PMj 51
was significantly associated with total nonaccidental mortality
(0.23% higher; 95% PI: 0.13, 0.33). Associations were slightly stron-
ger for cardiovascular (0.25%; 95% PI: 0.13, 0.37), respiratory
(0.26%; 95% PI: 0.07, 0.46), and COPD mortality (0.34%; 95% PI:
0.12, 0.57); and slightly smaller for mortality due to CHD (0.21%;
95% PI: 0.05, 0.36) and stroke (0.21%; 95% PI: 0.08, 0.35). These
associations were much weaker for northern cities compared with
southern cities, and the north—south differences were statistically sig-
nificant for total and CVD mortality (p-values ranging from <0.01
for total nonaccidental mortality to 0.41 for respiratory mortality)
(Figure 2; Table S1). When the estimates were expressed by per
city—specific IQR increase in lag01 PM; 5_;0, associations remained
stronger, with significant differences for total and CVD mortality
(though p-values increased slightly), for cities in the south (median
IQR =18 ug/m?) than in the north (median IQR =31pg/m?)
(Table S2).

In general, summary effect estimates for total and cause-
specific mortality from single-pollutant models were similar for
10-pg/ m? increases in lag 01 PM; s and PM; 5_jp concentrations
(Figure 3 and Table S3). Corresponding summary estimates
derived from two-pollutant first-stage models were closer to the
null and less precise, but still statistically significant. PIs for each
outcome were larger for PMjs_jp than PM, 5. Summary effect
estimates for PM; s_j¢ and total and cause-specific mortality based
on first-stage models adjusted for CO and O3 were similar to esti-
mates from single-pollutant models, but were attenuated when
adjusted for SO, and NO, (Figure 4 and Table S4). Meta-
regression analyses indicated that adjusting for individual gaseous
pollutants did not have a significant influence on summary effect
estimates for PM; s_jo, with the exception of modification of the
association with total nonaccidental mortality by NO, (percentage
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Figure 2. Percentage difference (posterior mean and 95% PI) in daily mortality by region and cause of death per 10-pg/m? increase in 2-d moving average
PM, 519 concentrations in 272 Chinese cities. Overdispersed generalized additive models were used to derive city-specific estimates adjusted for time trends,
day of week, temperature, and humidity, and Bayesian hierarchical models were used to pool the estimates. Note: PM; 5_jo, particulate matter with an aerody-
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Figure 3. Associations of coarse particulate matter with aerodynamic diameter between 2.5 and 10 um (PMjs_19) and PM with aerodynamic diameter
<2.5 um (PM,s) with cause-specific mortality based on single- and two- pollutant models in 272 Chinese cities. Associations are expressed as the percentage
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ized additive models were used to derive city-specific estimates adjusted for time trends, day of week, temperature, and humidity, and Bayesian hierarchical
models were used to pool the estimates. Note: PM, particulate matter; CVD, cardiovascular disease; CHD, coronary heart disease; RD, respiratory disease;

COPD, chronic obstructive pulmonary disease. Corresponding numeric data are reported in Table S3.

difference with a 10-pg/ m? increase in PMjs_jo of 0.10% with
adjustment vs. 0.23% without adjustment, p=0.04) (Table S4).
The effect estimates for PM; s 1o after adjusting for SO, also
decreased appreciably, but the difference did not reach statistical
significance.

Modeling associations between total nonaccidental mortality
and PM; 5 1o using spline terms did not significantly improve
model fit relative to linear models (p-values for differences from
linear models: 0.83 for all cities, 0.80 for northern cities, and 0.90
for southern cities). Summary concentration—response curves were
consistent with linearity across the exposure distribution, with a
steeper positive slope for southern cities than northern cities
(Figure 5).

Positive associations between PM; s_jo (lag 01) and total, cardi-
ovascular, and respiratory mortality were stronger among those
>75 y of age than for younger age groups, although differences by
age were significant only for respiratory mortality (p-value <0.001)
(Figure 6 and Table S5). Associations were slightly stronger and
more precise for those with low education (<9 y) vs. higher edu-
cation, although differences were not significant (Table S5).
Associations were similar for women and men.

Single-variable meta regression models indicated significant
differences in the association between a 10-pg/m? increase in lag
01 PM; 5 1 and all nonaccidental mortality with a 1-unit increase
in annual mean PM, 5_;o (0.003% lower; 95% PI. —0.006, 0.000;
p=0.01) and PM,5s concentrations (0.006% lower; 95% PI:
—0.011, —0.001; p=0.02), and a 1-unit increase in city-specific
Pearson correlation coefficients for PM» s_1o and PM, 5 (0.376%
higher; 95% PIL: 0.014, 0.74; p=0.04) (Table S6). Effect esti-
mates for lag 01 PM; 5_;9 were not significantly modified by an-
nual mean concentrations of SO,, NO,, CO, or O3, or by annual
mean temperature or relative humidity in each city (p-values of
0.10-0.52). When all above factors were simultaneously eval-
uated, only the annual mean Pearson correlation coefficients
between PM;,s 19 and PM;s had a meaningful and positive
impact. (0.408% higher; 95% PI: 0.001, 0.815; p-value = 0.05).

Figure S1 summarizes the results of sensitivity analyses on
daily total mortality. The estimated effect of PM; s o decreased
appreciably for single-day lags from lag O to lag 3, and was the
strongest for lag O1. Effect estimates were similar when adjusted
for time trends with different df and when adjusted for tempera-
ture and humidity using different lags. The associations were still
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Figure 4. Percentage difference (posterior mean and 95% posterior interval) in daily mortality per 10-pug/m? increase in 2-d moving average PM, 5 1o concen-
trations in single- and two-pollutant models with gaseous pollutants. Overdispersed generalized additive models were used to derive city-specific estimates
adjusted for time trends, day of week, temperature, and humidity, and Bayesian hierarchical models were used to pool the estimates. Note: PM; 5_jo, particulate
matter with an aerodynamic diameter between 2.5 and 10 pm; CVD, cardiovascular disease; CHD, coronary heart disease; RD, respiratory disease; COPD,
chronic obstructive pulmonary disease. Corresponding numeric data are reported in Table S4.
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Figure 5. Concentration—response curves for 2-d moving average concentrations of PM;s_jo and daily total nonaccidental mortality in 272 Chinese cities.
Overdispersed generalized additive models of PMys_jo concentrations modeled using cubic splines with knots at 20 and 60 pg/m® were used to derive city-
specific estimates adjusted for time trends, day of week, temperature, and humidity, which were pooled using random-effects models. The vertical scale repre-
sents the relative difference in mean mortality at each PM; 5_jo concentration. The dotted lines indicate 95% confidence intervals for the mean effect estimates
(plotted in solid lines). Note: PM, s_jo, particulate matter with an aerodynamic diameter between 2.5 and 10 pm.

present, but the magnitude differed in subsets of cities with differ-
ent years of data. Specifically, the percentage increase in total mor-
tality per lO-ug/m3 increase in PM» 5_19 was 0.23% (95% PI: 0.13,
0.33) in all cities, 0.30% (95% PI: 0.10, 0.50) in 129 cities with
only 1y of data, 0.16% (95%PI: 0.05, 0.27) in 143 cities with 2 or
3y of data, and 0.20% (95% PI: 0.05, 0.35) in 69 cities with 3 y of
data. The number of years of data was not a significant modifier in
meta-regression analyses (p-value = 0.28).

Discussion

In this national analysis of China, daily exposure to PM; 5_19 was
associated with increased mortality due to nonaccidental causes
and cardiopulmonary diseases. Furthermore, associations with a
10-pg/m? increase in lag 01 PM,s_;o were similar in magnitude
to associations with a 10-pug/m? increase in lag 01 PM, 5 based
on both single-pollutant models and two-pollutant models with
mutual adjustment. The concentration—response curve for lag 01
PM, 5_1p was almost linear. Associations between PM, s_o and
mortality were stronger in cities with higher correlations between
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PM, 5_10 and PM; 5.0ur results were robust to the use of different
model specifications. To our knowledge, this was the largest epi-
demiological study conducted in a developing country to evaluate
the short-term effects of PM; 5_jo on mortality.

Associations between PM; 5_j¢ and daily mortality were smaller
in magnitude than reported for other study populations. A literature
review published in 2005 concluded that there was some evidence
of associations between PM; s_jo and daily mortality (Brunekreef
and Forsberg 2005). Furthermore, a recent meta-analysis based on
23 mortality studies published by the end of 2013, mostly conducted
in North America and Europe, provided evidence of increased mor-
tality in association with exposure to PM;s_1o (Adar et al. 2014).
The authors reported a pooled estimate for total mortality with a
10-pg/ m? increase in PMs s_jo of 0.60% [95% confidence interval
(CD: 0.30, 0.80], which is >two times higher than our estimate
(0.23%; 95% PI: 0.13, 0.33). A more recent multicountry study in 11
East Asian cities reported a summary estimate for mortality of
0.38% (95% CI: 0.21, 0.55) per 10-ug,/m? increase in PMy s_1o (Lee
et al. 2015). However, our previous estimate of a 0.25% (95% CIL:
0.08, 0.41) increase in total mortality in Beijing, Shanghai, and

127(1) January 2019



0.9 r

—e—i
—o—i

—e—i
—e—

T

x 06

"2]

)

[ »

00.3} }{}i {

c

5 o !

E 1 B

P TeeLs g5 ElEe

g03re g v oz s§ 8|2z

8 3 ¢ N N E =2 8 8|3 @

c O 4 4 AN O 3 2|9 &

[+ © T T

o o o

= s <

[ o D

o -
Total

65-74 yrs

Cardiovascular diseases

275 yrs
Males
Overall
5-64 yrs +1e—i
65-74 yrs
275 yrs
Females
Males

Females

High educationt——e———

High education +H————

Low education
Low education

Respiratory diseases

Figure 6. Percentage difference (posterior mean and 95% posterior interval) in daily mortality per 10-pug/m’ increase in 2-d moving average concentrations of
PM;s_10 in 272 Chinese cities, according to age, sex, and education attainment. Overdispersed generalized additive models were used to derive city-specific
estimates adjusted for time trends, day of week, temperature, and humidity, and Bayesian hierarchical models were used to pool the estimates. Education: low,

<9 y; high, >9 y. Corresponding numeric data are reported in Table S5.

Guangzhou with a 10-pg/ m? increase in PM, 5_o on the previous
day (Chen et al. 2011) was similar to our estimate for China as a
whole. It is not clear why the association between short-term
PM, 5_19 exposure and nonaccidental mortality in China would
be smaller in magnitude than associations reported for other
countries, but it might be explained by factors such as the satura-
tion effect at high concentrations, lower rate of population aging,
and more adaptive behaviors (staying indoors, wearing masks,
use of air purifiers, etc.) during haze events (Chen et al. 2017,
Zhouetal. 2013,2015). However, noncausal explanations should
also be considered.

Comparing effect estimates for PM; 5_1p and PM; s in both sin-
gle- and two- pollutant models can shed light on whether there is
an independent effect of PM, 5_o and a need for separate regula-
tory measures for each. In our study population, associations
between PM; 5_jo and daily mortality were similar in magnitude to
associations with PM, s, even after mutual adjustment in two-
pollutant models. In general, associations with PM, 5_;o were fairly
robust to adjustment for CO and O3, but were somewhat attenuated
with adjustment for NO, and SO,. In their 2005 literature review,
Brunekreef and Forsberg reported that estimated effects of
PM, 5_10 on daily mortality from three out of four studies were pos-
itive but no longer significant after adjustment for PM; s, whereas
effect estimates for PM; s remained significant (Brunekreef and
Forsberg 2005); only a study from Mexico City obtained robust
results for PMy s ;o when adjusted for PM, s (Castillejos et al.
2000). In their 2014 review, Adar and colleagues reported that
effect estimates for short-term PM; 5_jo were generally similar to
those for PM; s in mortality studies with paired single-pollutant
analyses, but associations with PM; s ;o were attenuated when
adjusted for PM, 5 (Adar et al. 2014). More recently, a study in 11
East Asian cities also reported that associations between PM; 5_jo
and daily all-cause mortality were null after adjustment for PM; s
(Lee et al. 2015). Several factors may contribute to differences
between our findings and those of previous studies, including
greater statistical power and precision for two-pollutant models
because of the large number of observations and range of expo-
sures in our nationwide study (Powell et al. 2015). However, the
use of different methods to estimate PM, 5_1( and differences in the
accuracy of exposure assessment, exposure sources, population
susceptibility, and other causal and noncausal factors also may
contribute to differences.

In the current study, we estimated significant associations
between PM; 5_jo and cardiopulmonary mortality that were similar
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in magnitude for mortality due to cardiovascular and respiratory dis-
eases, and for more specific causes of death, including CHD, stroke,
and COPD. Previous findings for outcome-specific associations
with short-term PM; 5_j9 have been mixed. The 2014 meta-analysis
by Adar et al. documented stronger associations for respiratory mor-
tality and hospitalization than for cardiovascular outcomes (Adar
et al. 2014). In contrast, associations of short-term PM, 5_;o with
hospital admissions in the extended U.S. Medicare dataset (Powell
et al. 2015) and mortality in 11 East Asian cities were stronger for
cardiovascular outcomes than respiratory diseases (Lee et al. 2015).

Adverse health effects of PM,s_jy are biologically plausible.
PM, 5_)0 originates mainly from windblown soil and road dust,
mechanical grinding processes, and biological aerosols (such as
bacteria, molds, or pollens) that can induce inflammatory and al-
lergic responses in the respiratory tract (Alexis et al. 2006;
Steerenberg et al. 2006). Toxic constituents of PM, 5_;o that accu-
mulate in the bronchial passages, including ions, soluble carbon,
soluble metals, and endotoxin, can be transferred to smaller air-
ways where they may stimulate cytokine production by alveolar
macrophages (Becker et al. 2003; Behbod et al. 2013; Gerlofs-
Nijland et al. 2009). Oxidative stress can be stimulated by PM; 5_1
as well as PM; s, resulting in damage to both the cardiovascular
and respiratory system (Vignal et al. 2017). In addition, controlled
human exposure studies have associated short-term PM; s_jp expo-
sure with changes in markers of inflammation, coagulation, vascu-
lar endothelial function, and autonomic tone, DNA methylation,
and blood pressure (Behbod et al. 2013; Bellavia et al. 2013; Brook
etal. 2014).

Associations between PM; 5_1o and daily mortality were stron-
ger for cities in southern China than in northern cities, with percent-
age differences in total mortality with a 10-pg/m? increase in lag 01
PM;5_19 of 0.55; 95% PI: 0.35, 0.75 vs. 0.05; 95% PI: —0.05, 0.14,
respectively (p < 0.01). Differences in estimated effects between the
two regions may reflect multiple factors. The effect estimates
remained stronger for the south than the north when based on IQR
increases in exposure, even though the IQR for southern cities was
almost half the IQR for northern cities (average: 14 and 26 pg/m?,
respectively) (Table S2). PM, 5 ;o might be less toxic in the north
than in the south, for example, if PM, 5_j¢ in the north contains a
higher proportion of windblown dust. However, there is a lack of
direct data on regional differences in the sources, chemical composi-
tion, and toxicological potential of PM, 5_jo in China. Personal ex-
posure patterns also may vary between the two regions, although
one would expect a stronger association between ambient levels and
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personal exposure in southern cities because people typically spend
more time outdoors, and natural ventilation rates in buildings are
higher than in the north (Chen et al. 2013, 2017; Zhou et al. 2013).
Finally, stronger effect estimates in the south might reflect stronger
correlations between PM; 5 and PM; 5_j, as suggested by the meta-
regression analysis.

Several limitations should be noted. First, this analysis is inher-
ently an ecological study, and thus, individual-level confounding
cannot be fully excluded. Second, exposure measurement errors
were inevitable in this time-series study because central site moni-
toring rather than personal measurements were used (Chang et al.
2011). Nonetheless, this kind of nondifferential error is generally
expected to result in underestimation of the effects of airborne pollu-
tants in time-series studies (Zeger et al. 2000). Third, as done in
most previous epidemiological studies, we used the difference
between PM;o and PM, 5 to estimate PM, 5_¢ concentrations, and
thus, our exposure estimates will be affected by measurement errors
inboth PMy and PM; 5 (Powell et al. 2015). PM; 5_( is a more spa-
tially heterogeneous pollutant than PM, s, and differences in sources
and deposition velocity of PM, 5 and PM; 5_;o on the ground further
complicate potential measurement errors. However, we believe that
such measurement errors would be largely nondifferential because
PM; 5_jop concentrations were derived from collocated monitors
designed to reflect the urban background level of air pollution.
Collinearity between PM, 5_19, PM3 5, and gaseous pollutants adds
further uncertainty to estimates of the independent effects of
PM; 510 based on two-pollutant models (Bateson et al. 2007). Our
findings also may not be generalizable to other countries, especially
developed countries with low particulate air pollution levels.
Therefore, additional experimental studies and observational studies
based on direct monitoring and/or residential modeling are needed
to confirm whether there are causal health effects of PM» 5_j.

Conclusion

Our nationwide analysis in China demonstrated that short-term
PM, s 1o exposure was associated with increased daily mortality
from all nonaccidental causes and cardiopulmonary diseases, espe-
cially in southern cities. In general, these associations appeared to
be independent of concomitant exposures to PM; 5, carbon monox-
ide, and ozone. Our findings add to a growing body of epidemio-
logical evidence suggesting detrimental health effects of PM; 5_j9
that merit further investigation. In addition, we believe that health
risk assessment and guidelines or standards for PM; 5_; should be
considered to fully address the health hazards of particulate air
pollution.
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