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Objective To examine the effect of particulate matter (PM) less than 10 microns in diameter (PM;o) and ozone (O;) on
daily mortality in Shanghai, China. Methods A generalized additive model with penalized spline function was used to observe
the acute effect of PM;o and O;on daily mortality. Results Higher PM;, significantly increased the effect of O; on total mortality,
and O; also increased the effect of PMj, although the estimated increment was statistically insignificant. Conclusion Our
findings provide further evidence for the effect of PM;o and O on daily mortality.
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INTRODUCTION

Ambient air pollution is due to a complex mixture
of particulates and gaseous pollutants. Particulate
matters (PM) less than 10 microns in diameter (PM)
and ozone (O3;) are two essential components
generally found in ambient air pollution. Both ambient
PM and O; are independently associated with daily
mortality!'!. Recent multi-city analyses provided
substantial evidence to support coherence and
plausibility of their acute effect on cardio-respiratory
system®™. In real human life, exposure to ambient
air pollution usually involves more than one pollutant,
and biological responses to the inhaled pollutants
likely depend on the interaction between individual
pollutants'™. For example, co-exposure to inhaled
particles and O; causes a synergistic effect on airway
responsiveness and allergic inflammation in mice®.
Ambient concentrations of Oz can increase the
biological potency of diesel exhaust particles (DEP)!.
Exposure to O; can also alter regional function and
particle dosimetry in human lung!”). Moreover,
combined exposure to O3 and dust in office air could
cause significantly stronger effects than either O; or
dust exposure alone. To our knowledge, only one

time-series study has examined the combined effect
of ambient PM and O; on mortality!®],

In the present study, we examined the effect of
ambient PMj, and O; on daily mortality in Shanghai,

China.

MATERIALS AND METHODS
Data

Daily mortality data (excluding accidents &
injuries) of residents living in the nine urban districts
of Shanghai from January 1, 2001 to December 31,
2004 were collected from the database of Shanghai
Municipal Center for Disease Control and Prevention
(SMCDCP). SMCDCP is a government agency in
charge of health data collection in Shanghai. Similar
mortality data have been used to examine the acute
health effects of outdoor air pollution”. The death
report system in Shanghai was initiated in 1951, and
has been computerized since 1990. For both in-home
and in-hospital deaths, physicians complete the death
certificate cards. The information on the cards is then
sent to SMCDCP through its internal computer
network. As required by law, the database for 2001
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and 2002-2004 was coded according to International
Classification of Diseases, Revision 9 (ICD-9) and 10
(ICD 10), respectively. The mortality data were
classified into deaths due to all non-accidental causes
(ICD-9 <800; ICD-10 AO00-R99), cardiovascular
diseases (ICD-9 390-459; ICD-10 100-199) and
respiratory diseases (ICD-9 460-519; ICD-10 J00-J98).

Daily data on levels of PM;o, SO,, NO,, and 8-
hour averaged O; (from 10 AM to 6 PM) were
retrieved from the database of the Shanghai
Environmental Monitoring Center (SEMC). The daily
concentrations for each pollutant were averaged from
the available monitoring results of six fixed-field
stations located in urban areas of Shanghai and
covered by China National Quality Control. We
abstracted the 24-hour average concentrations for
PM,, SO,, NO,, and 8-hour (from 10 AM to 6 PM)
average concentration for O;. The 8-hour time zone
was used because it is the average time recommended
by the World Health Organization to reflect the most
health-relevant exposure to O;.

To adjust the effect of weather conditions on
mortality, meteorological data (daily minimum,
maximum and mean temperature, relative humidity,
and dew point temperature) from January 1, 2001 to
December 31, 2004 were obtained from the database
of the Shanghai Meteorological Bureau (SMB). The
weather data were measured at a fixed-field station
located in Xuhui District of Shanghai.

All daily mortality, pollutant and meteorological
data were validated by an independent auditing team
assigned by the Institute of Health Effects (IHE), a
funding agency of this study. The team checked the
original death certificates and monitoring records,
and validated the generation progress of mortality,
weather, and air pollution data used for the
time-series analysis.

Statistical Methods

Since the review of daily mortality data typically
follows a Poisson distribution and the relations
between mortality and explanatory variables are
mostly nonlinear, the core analysis was performed
using a generalized additive model (GAM) with log
link and Poisson error accounting for smooth
fluctuations in daily mortality. We first built the basic
models for mortality outcomes excluding air
pollution and weather variables. We incorporated
smoothed spline functions of time, which can
accommodate nonlinear and non-monotonic patterns
between mortality and time, offering a flexible
modeling tool. Partial autocorrelation function (PACF)
was used to guide the selection of df until the absolute
values of sum of PACF for lags up to 30 reach
minimum. After having established the basic models,

we introduced the pollutant and weather variables and
analyzed their effects on mortality outcomes.

Briefly, we fit the following log-linear GAM to
obtain the estimated pollution log-relative rate 8 in
Shanghai:

log(Yt) = pZt + DOW + ps(timedf) +
ps(temperature,3) + ps(humidity,3) + intercept [1]

Where E(Y,) represents the expected number of
deaths on day ¢, f represents the log-relative rate of
mortality associated with a unit increase of air
pollutants, Z; indicates the pollutant concentrations on
day ¢, DOW is day of the week effect, ps(time, df) is
the penalized spline function of calendar time, and
ps(temperature/humidity, 3) is the penalized spline
function for temperature/humidity with 3 df.

To examine the interaction between PM;, and Os,
we observed the acute effect of PM,y and O; on daily
mortality. Compared with other methods to detect the
interaction effect (e.g. response surface), stratified
analysis uses fewer parameters and gives a simple
and quantitative comparison of the estimated effects
of pollutants in the various covariate stratal'”.
Ninety-five percent upper and 5% lower PM,;y/O;
were defined as the cut-points for each strata.

All analyses were conducted in R 2.1.1 using the
MGCYV package.

RESULTS

From 2001 to 2004, a total of 173 911 deaths
were registered in the study population. On average,
there were 119.0 non-accidental deaths per day,
including 44.2 due to cardiovascular diseases and
14.3 respiratory diseases. Cardiopulmonary disease
accounted for 49.1% of the total non-accidental
deaths among urban residents in Shanghai.

During our study period, the mean daily average
concentrations of PM;, and O; were 102.0, and 63.4
ng/m’, respectively. Meanwhile, the respective mean
daily average temperature and relative humidity were
17.7°C and 72.9%, reflecting the subtropical climate
in Shanghai.

In the single-pollutant analysis which did not
consider the stratified effect of co-pollutant, daily
mortality was significantly associated with both PM;,
and O;. For example, an increase of 10 pg/m3 of PM,q
and Oj; corresponded to 0.23% (95% CI 0.11%-0.35%)
and 0.43% (95%CI 0.15%-0.71%) increase of total
mortality, respectively.

For total mortality, stratified analysis showed
that the effect of both PM;y and O; generally
increased in the 95% upper co-pollutant strata
(Table 2). Significant interaction was observed only
for O; in the 95% high PM| strata. For cardiovascular
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TABLE 1

Summary Statistics of Daily Deaths, Air Pollutant Concentrations, and Weather Conditions in Shanghai (2001-2004)

xts Min P(25) Median P(75) Max
Daily Deaths
Total (non-accident) 119.0 £22.5 51.0 103.0 115.0 133.0 198.0
Cardiovascular 442 +11.0 11.0 36.0 43.0 51.0 85.0
Respiratory 143+6.4 3.0 10.0 13.0 17.0 45.0
Air Pollutants Concentrations
PM; (ng/m?) 102.0 + 64.8 14.0 56.3 84.0 128.3 566.8
0; (ug/m’) 63.3 +£36.7 5.3 37.6 56.1 82.7 251.3
Meteorological Measures
Mean Temperature (‘C) 17.7+ 8.5 2.4 10.3 18.3 24.7 34.0
Relative Humility (%) 729 +11.4 333 65.5 73.5 81.0 97.0
TABLE 2
Percentage Change in Mortality Outcomes and 95% Confidence Intervals (CI) Per 10 ug/m’ Increment in PM;oand Os
Strata” % Change 95% CI P Value™
95% Upper Os 0.37 0.08, 0.67 0.26
PM; 5% Lower Os 0.24 0.00, 0.48 0.83
Total Mortality 5%-95% O; 0.21 0.10,0.33
95% Upper PM; 0.87 0.39,1.35 0.02
0; 5% Lower PM; 0.66 0.00, 1.32 0.40
5%-95% PM,o 0.40 0.11, 0.68
95% Upper Os 0.47 0.05, 0.90 0.22
PM;, 5% Lower O3 0.14 -0.22,0.51 0.64
Cardiovascular Mortality 2%95% O 022 005,040
95% Upper PM; 0.87 0.15,1.59 0.18
0Os 5% Lower PM; 0.82 -0.18, 1.81 0.45
5%-95% PM, 0.46 0.04, 0.89
95% Upper O3 0.21 -0.49, 0.92 0.97
PM, 5% Lower O3 0.34 -0.29, 0.97 0.69
5%-95% O, 0.22 -0.06, 0.51
Respiratory Mortality
95% Upper PM, 0.41 -0.80, 1.62 0.63
Os 5% Lower PM; 1.37 -0.32,3.07 0.12
5%-95% PM; 0.16 -0.59,0.92

Note. "PM,y: 5% cut-point 36.6 pg/m®, 95% cut-point 225.7 ug/m®; Os: 5% cut-point 36.6 ug/m’*, 95% cut-point 225.7ug/m*. P value
for lower and upper strata compared with 5%-95% strata. """ Statistical significant (P<0.05).

and respiratory mortality, no significant interaction
was observed between PM;, and O;.

DISCUSSION

Potential interaction between ambient PM and
gaseous pollutants has been proposed for a long

time*') and is supported by several toxicological
studies”*'?. However, due to the high correlation
between PM, SO, and NO,, outcomes of the
interaction analyses should be interpreted with
caution. Unlike other ambient gaseous pollutants (e.g.
SO, and NO,), O; is weakly correlated with PM,
which provides a good opportunity to investigate the
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interaction  between
pollutants.

Our study has shown that high levels of PM,
might intensify the health hazards of O;, which is
consistent with the reported data'®. O; is also found
to increase the effect of PM;_although the estimated
increment is statistically insignificant. The underlying
mechanisms of PM;y-O; interaction may involve
physical adsorption, chemical reaction in the
exposure atmosphere or on particle surface, and
alternation of the pulmonary environment'*. Gaseous
pollutants can adsorb PM;, in the air, and
consequently high concentrations of PM;, may carry
more ambient Os into the airways. In addition, due to
the highly oxidizing capability of Os, this pollutant
may react with some constituents present on PM
which may thereafter increase the toxicity of
particles'®.

Of course, the findings of the present study need
to be further replicated, especially in areas with
different air pollution patterns. However, if
substantiated, they may have implications for the
development of strategies aiming at controlling health
effects of air pollution.

particulates and gaseous
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