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ABSTRACT

No prior studies exist in Mainland China examining the association of outdoor air pollution with hospital
admissions. In this study, we conducted a time-series analysis to examine the association of outdoor air
pollutants (PMj, SO2, and NO; ) with both total and cause-specific hospital admission in Shanghai, using
three years of daily data (2005-2007). Hospital admission and air pollution data were collected from the
Shanghai Health Insurance Bureau and Shanghai Environmental Monitoring Center. Natural spline model
was used to analyze the data. We found outdoor air pollution was associated with increased risk of total
and cardiovascular hospital admission in Shanghai. The effect estimates of air pollutants varied by lag
(L) structures of pollutants’ concentrations. For lag 5, a 10 pg/m? increase in concentration of PMjp, SO
and NO; corresponded to 0.18% (95% CI: —0.15%, 0.52%), 0.63% (95% CI: 0.03%, 1.23%), and 0.99% (95% CI:
0.10%, 1.88%) increase of total hospital admission; and 0.23% (95% CI: —0.03%, 0.48%),0.65% (95% CI: 0.19%,
1.12%), and 0.80% (95% CI: 0.10%, 1.49%) increase of cardiovascular hospital admission. The associations
appeared to be more evident in the cool season (from November to April) than in the warm season (from
May to October). We found significant effects of gaseous pollutants (SO, and NO,) after adjustment for
PM;o. Our analyses provide the first evidence in China that the current air pollution level has an effect on

hospital admission and strengthen the rationale for further limiting air pollution levels in Shanghai.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Associations between outdoor air pollution and adverse health
effects are well documented in North America and Europe [1-4]
with fewer studies in Asia [5]. In Mainland China, the largest devel-
oping country, daily mortality has been associated with particulate
and gaseous ambient air pollution in both single-city [6-10] and
multi-city analyses [11]. However, data on the association between
air pollution and morbidity are quite scarce in the country [12]. In
these limited morbidity studies, the air pollution and health data
were measured in the early 1990s [13-15], in which the levels
of particulate matter (PM) and sulphur dioxide (SO,) were much
higher than those in current years. Also, the total suspended par-
ticle (TSP), rather than inhalable particle (PM with aerodynamic
diameter less than 10 pum, PM;g), was used as the indicator for PM
in these studies. No air pollution morbidity studies in China assess
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hospital admissions, although hospital outpatient visits [13,14] and
emergency-room visits [15] have been examined.

Previously, associations between ambient air pollution and hos-
pital admission have been extensively reported in North America
[16,17] and Europe [18,19]. There remains a need for replicating the
findings of developed countries in China, where characteristics of
outdoor air pollution (e.g. air pollution level and mixture, transport
of pollutants), and socio-demographic status of local residents (e.g.
disease pattern, age structure, and socioeconomic characteristics),
may be different.

The present study aims at examining the associations between
ambient air pollution and daily hospital admissions between 2005
and 2007 in Shanghai, China.

2. Methods
2.1. Data
Shanghai comprises urban/sub-urban districts and counties,

with a total area of 6341 square kilometres (km?), and had a pop-
ulation of 13.2 millions at the end of 2000, representing 1% of
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China’s total. Our study area includes the nine urban Districts only
(289 km?). The target population includes all permanent residents
living in the area, around 6.4 millions in 2005. We excluded the sub-
urban districts and counties from our analysis due to inadequate air
pollution monitoring stations in that area.

Daily hospital admission counts of residents living in the nine
urban Districts from January 1, 2005 to December 31, 2007 (1095
days) were collected from the database of Shanghai Health Insur-
ance Bureau (SHIB). SHIB is the government agency in charge of the
Shanghai Health Insurance System. The Shanghai Health Insurance
System, which provides compulsory universal health insurance,
covers most of the fixed residents in Shanghai (the coverage rate
was 95% in 2008). In Shanghai, all hospitals are contracted with
the SHIB. Computerized records of daily hospital admissions are
available for each contracted hospital. All hospitals must submit
standard claim documents for medical expenses on a comput-
erized form that includes the date of admission and discharge,
identification number, gender, birthday, and the diagnostic for
each admission. Therefore, the information from the SHBI database
appears to be sufficiently complete and accurate for use in epi-
demiological studies. The causes of hospital admission were coded
according to International Classification of Diseases, Revision 10
(ICD 10): all non-accidental causes (A00-R99), cardiovascular dis-
eases (100-199), and respiratory diseases (JO0-]98).

Daily air pollution data, including PM;g, SO, and NO,, were
obtained from the database of Shanghai Environmental Monitor-
ing Center (SEMC), the government agency in charge of collection
of air pollution data in Shanghai. The daily concentrations for each
pollutant were averaged from the available monitoring results of
six fixed-site stations (Hongkou, Jin’an, Luwan, Putuo, Xuhui, and
Yangpu) under China National Quality Control for Air Monitoring.
The monitoring system in Shanghai has been certified by the China
State Environmental Protection Agency. According to relevant rules
of Chinese government, the location of these stations should not be
in the direct vicinity of traffic or of industrial sources. Moreover,
the locations should not be influenced by local pollution sources
and should also avoid buildings, or housing large emitters such
as coal-, waste-, or oil-burning boilers, furnaces, and incinerators.
Thus the monitoring results reflect the general background urban
air pollution level in our study area rather than local sources such
as traffic or industrial combustion. Automatic continuous monitor-
ing system was set up at each station to measure the air pollutant
concentrations. The methods based on Tapered Element Oscillating
Microbalance (TEOM), ultraviolet fluorescence, and chemilumines-
cence were used for the measurement of PM;g, SO, and NO,,
respectively. We collected the daily (24-h) average concentrations
for PMg, SO,, and NO,. For the calculation of 24-h mean concen-
trations of PM1g, SO, and NO,, at least 75% of the 1-h values must
be available on that particular day. If a station had more than 25% of
the values missing for the whole period of analysis, the whole data
of that station were excluded from the analysis. When data were
available from more than one monitoring station, we used a simple
filling-in procedure to improve data completeness. Missing values
were replaced with the mean of values from those stations with
available data. The pollutant measures from all stations providing
datawere then averaged to provide city-wide daily estimates. Actu-
ally we have the monitoring results of PMyg, SO,, and NO, from all
six monitoring stations during our study period.

To allow adjustment for the effect of weather on hospital admis-
sion, meteorological data (daily mean temperature and relative
humidity) were obtained from the database of Shanghai Meteo-
rological Bureau. The weather data were measured at a fixed-site
station located in Xuhui District of Shanghai.

Chinese government has mandated detailed quality assurance
(QA) and quality control (QC) programs at those Institutions pro-
viding the hospital admission, air pollution and weather data. In

addition, staffs from Fudan University also went back to the raw
databases to validate the daily values supplied before data anal-
ysis. For air pollution data, they focused on the implementation
of 75% criteria and exclusion of potential abnormal values in the
raw station-specific hourly data; for hospital admission data, they
traced back to the raw database to validate some randomly selected
daily numbers of hospital admission; all the selected daily numbers
were successfully reproduced from the raw database.

2.2. Statistical analysis

Because counts of daily mortality data approximately follow
a Poisson distribution and the relations between mortality and
explanatory variables are mostly nonlinear [20], we used overdis-
persed generalized linear Poisson models (quasi-likelihood) with
natural spline (ns) smoothers to analyze the hospital admission,
air pollution, and covariates data.

First, we built the basic models for hospital admission exclud-
ing the air pollution variables. We incorporated the ns smoothers
of time trend and weather conditions, which can accommodate
nonlinear and non-monotonic relationships of hospital admissions
with calendar time and weather variables. We used the partial
autocorrelation function (PACF) to guide the selection of model
parameters [21]. Specifically, we used 4-6 degrees of freedom (df)
per year for time trend. When the absolute magnitude of the PACF
plot was less than 0.1 for the first two lag days, the basic model was
regarded as adequate; if this criteria was not met, auto-regression
(AR) terms for lag up to 7 days was introduced to improve the model
[21]. For weather conditions, we used 3 df (whole period of study)
for both temperature and humidity because this has been shown
to control well for their effects on health outcomes [22]. Day of the
week (DOW) was included as dummy variable in the basic mod-
els. Residuals of the basic models were examined to check whether
there were discernable patterns and autocorrelation by means of
residual plots and PACF plots.

After we established the basic models, we introduced the pol-
lutant variables and analyzed their effects on hospital admission.
Briefly, we fit the following log-linear models to obtain the esti-
mated pollution log-relative rate § in Shanghai:

log E(Y:) = BZ: + DOW + ns(time, df)

+ ns(temperature/humidity, 3)

Here E(Y;) represents the expected number of hospital admis-
sionatdayt; Brepresents the log-relative rate of hospital admission
associated with a unit increase of air pollutants; Z; indicates the
pollutant concentrations at day t; DOW is dummy variable for day
of the week; ns(time, df) is the natural spline function of calen-
dar time; and ns(temperature/humidity, 3) is the natural spline
function for temperature and humidity with 3 df.

Both total non-accidental and cause-specific hospital admis-
sions were assessed. We examined the effect of air pollutants with
different lag (L) structures including both single-day lag (from LO
to L6) and multi-day lag (LO1 and LO6). For example, in single-day
lag models, alag of 0 day (LO) corresponds to the current-day pollu-
tant concentration, and a lag of 1 day (L1) refers to the previous-day
concentration; in multi-day lag models, LO1 corresponds to 2-day
average of pollutant concentration of the current and previous day,
and LO6 corresponds to 7-day average of pollutant concentration of
the current and previous 6 days. We analyzed effects of air pollu-
tion separately for the warm season (from May to October) and
cool season (from November to April) as well as for the entire
year. We tested the statistical significance of differences between
the seasons by calculating the 95% confidence interval (95% CI) as
(Q; — Q) + 1.96+/SE; + SE,, where Q; and Q are the estimates
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Table 1
Summary statistics of daily hospital admission, air pollutant concentrations and weather conditions in the study area (2005-2007).
Mean + SD Minimum P(25)? Median P(75)* Maximum
Daily hospital admissions
Total 1555 + 655 126 1206 1759 1970 4123
Cardiovascular 340 + 159 13 262 369 440 1008
Respiratory 123 £ 55 8 94 134 158 334
Air pollutants concentrations (24-h average)
PMo (.g/m?3) 87 £55 12 50 74 108 600
SO, (pg/m3) 56 + 31 8 33 49 72 235
NO, (pg/m?) 57 £ 22 13 43 54 70 146
Meteorologic measures (24-h average)
Temperature (°C) 18+9 -3.2 10 19 25 34
Humidity (%) 70 £ 12 32 63 70 78 95
2 P(25): 25th percentile; P(75): 75th percentile.
for the two seasons, and SE; and SE; are their respective standard Table 2

errors [23]. We fitted both single-pollutant models and models
with a different combination of pollutants (up to two pollutants
per model) to assess the stability of pollutants’ effect. Because the
assumption of the linearity between hospital admission and air pol-
lution level may not be justified, we used the smoothing splines,
with 3 df for pollutant concentrations, to graphically describe their
relationships.

All analyses were conducted in R 2.8.1 using the MGCV package
[24]. The results are presented as the percent change in daily hos-
pital admission per 10 wg/m?3 increase of pollutant concentrations.

3. Results

From 2005 to 2007 (1095 days), a total of 1,702,180 hospital
admissions were recorded. On average, there were approximately
1555 hospital admissions per day in our study area, among which
340 were due to cardiovascular diseases and 123 were due to res-
piratory disease (Table 1). During our study period, the mean daily
average concentrations were 87 pg/m?3 for PM;g, 56 pg/m? for SO,
and 57 pg/m?3 for NO,. Meanwhile, the mean daily average temper-

Pearson correlation coefficients between daily air pollutant concentrations and
weather conditions in Metropolitan Shanghai (2005-2007).

SO, NO, Temperature Relative
humidity
PMio 0.72 0.70 -0.18 -0.27
SO, 0.76 -0.37 -0.37
NO; -0.39 -0.17
Temperature 0.11

ature and humidity were 18 °C and 70%, reflecting the subtropical
climate in Shanghai. Generally, PM;g, SO, and NO, had relatively
higher correlation coefficients with each other, and were negatively
correlated with temperature and humidity (Table 2).

Table 3 shows results from the single-lag day (LO-L6) and cumu-
lative exposure models (LO1 and LO6) for the percent increase in
hospital admission per 10 wg/m? in pollution. Statistically signifi-
cant relationships were observed for total hospital admission with
4-day lagged pollution for NO,, and 5-day lagged pollution for both
SO, and NO,. Cardiovascular hospital admission was associated

Table 3
Percent increase (mean and 95% Cl) of daily hospital admission associated with 10 wg/m? increase of pollutant concentrations in Shanghai in 2005-2007.

Lag (L) PM]Q SOZ NOZ

Total LO —0.28 (—-0.62, 0.06) —0.60 (—1.26, 0.06) —0.32 (-1.26, 0.63)
L1 —0.07 (—0.42,0.28) 0.03 (—0.62, 0.69) 0.14(-0.84,1.11)
L2 -0.24(-0.59,0.11) —0.02 (-0.66, 0.62) —0.36 (-1.30, 0.59)
L3 —0.06 (—0.39,0.27) —0.22 (—-0.84, 0.40) 0.14 (-0.79, 1.07)
L4 0.16 (—0.16, 0.49) 0.39 (-0.21, 1.00) 0.97(0.07,1.87)
L5 0.18 (-0.15, 0.52) 0.63(0.03,1.23)" 0.99(0.10,1.88)°
L6 —0.05(-0.39, 0.29) -0.19(-0.81, 0.43) 0.04 (-0.87, 0.95)
LO1 —0.28(-0.67,0.11) —0.41(-1.16, 0.34) —0.15 (-1.25, 0.95)
LO6 —-0.19(-0.76,0.37) 0.08 (-0.92, 1.08) 0.90 (—0.61, 2.41)

Cardiovascular LO —0.15(-0.41,0.12) —0.31(-0.83,0.21) —0.08 (-0.81, 0.66)
L1 0.08 (-0.19, 0.36) 0.33(-0.17, 0.84) 0.57 (-0.19, 1.32)
L2 —0.22 (-0.49, 0.06) —0.17 (-0.67, 0.33) —0.14 (-0.88,0.61)
L3 —0.01(-0.27,0.24) —0.10(-0.59, 0.39) 0.72 (-0.01, 1.44)
L4 0.25(0.00,0.50)" 0.64(0.17,1.11) 1.23(0.53,1.93)
L5 0.23 (-0.03, 0.48) 0.65(0.19,1.12)° 0.80(0.10,1.49)
L6 -0.11(-0.37,0.16) —-0.11 (-0.59, 0.37) —0.06 (-0.77, 0.64)
LO1 —0.06 (—0.37,0.25) 0.03 (-0.56, 0.61) 0.37 (-0.49, 1.22)
LO6 0.07 (-0.37,0.51) 0.51 (-0.26, 1.28) 1.54(0.38,2.69)

Respiratory LO 0.29 (-0.18, 0.76) 0.27 (-0.27, 0.80) 0.21 (—0.54, 0.95)
L1 0.16 (-0.12, 0.44) 0.17 (-0.35, 0.69) 0.17 (—0.60, 0.94)
L2 0.15(-0.33, 0.63) 0.30 (-0.21, 0.81) 0.41 (-0.35, 1.16)
L3 0.16 (-0.11,0.42) 0.28 (-0.22,0.78) 0.02 (-0.71,0.76)
L4 0.02 (—0.24, 0.28) 0.40 (—0.09, 0.88) 0.39(-0.33,1.12)
L5 0.01 (—0.26, 0.28) 0.35(-0.13, 0.83) 0.01 (—0.70, 0.73)
L6 0.25(-0.02,0.52) 0.26 (-0.24, 0.75) 0.47 (-0.25,1.18)
LO1 0.35(-0.16, 0.87) 0.28 (-0.32, 0.88) 0.29 (—0.58, 1.16)
LO6 0.72 (-0.12, 1.56) 0.30 (—0.49, 1.09) 0.37 (-0.82, 1.55)

" p<0.05.
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Table 4
Percent increase of hospital admission of Shanghai residents associated with
10 pg/m?3 increase in air pollutants concentrations by season in 2005-2007.2

Cool season® Warm season®

Total PMio 0.16 (-0.22, 0.53) 0.00 (-0.39, 0.38)
SO, 0.58 (—0.08, 1.24) 0.11(-0.60, 0.81)
NO, 1.12(1.00, 1.23) 0.06 (-0.80, 0.92)
Cardiovascular PMo 0.35(0.03, 0.68) —0.05(-0.46,0.37)
SO, 0.92 (0.34, 1.50) 0.03(-0.72,0.78)
NO, 1.66 (0.68,2.63)"  —0.26 (—1.17, 0.66)
Respiratory PM;o 0.09 (-0.25, 0.43) 0.13(-0.30, 0.57)
SO, 0.65 (0.04, 1.25) 0.24 (-0.56, 1.03)
NO, 0.65 (—0.37, 1.68) 0.05(-0.91, 1.02)

2 Single-day lag 5 (L5) pollutants concentrations were used.

b Cool season: from November to April.

¢ Warm season: from May to October.

" The difference between warm season and cool season was significant (p <0.05).

with all three pollutants at lag 4 days, SO, and NO, at lag day 5,
and NO, at lag day LO6. For lag 5, a 10 wg/m? increase in concentra-
tion of PM1g, SO, and NO, corresponded to 0.18% (95% CI: —0.15%,
0.52%),0.63%(95%CI: 0.03%,1.23%),and 0.99% (95% CI: 0.10%, 1.88%)
increase of total hospital admission; and 0.23% (95% CI: —0.03%,
0.48%),0.65%(95% CI: 0.19%,1.12%),and 0.80% (95% CI: 0.10%, 1.49%)
increase of cardiovascular hospital admission. Respiratory hospital
admission did not exhibit any statistically significant relationships
with any pollutants.

Table 5

Percent increase of hospital admission from all and cardiovascular causes associated
with 10 pg/m? increase of pollutant concentrations with single and multiple-
pollutant models.?

Total Cardiovascular
PM;o Without adjustment 0.18 (-0.15, 0.52) 0.23 (-0.03, 0.48)
Adjusted for SO, -0.11 (-0.62, 0.39) —0.04 (-0.43,0.36)
Adjusted for NO, —0.14 (-0.63,0.34) 0.04 (-0.33,0.42)
SO, Without adjustment 0.63(0.03,1.23)" 0.65(0.19,1.12)"
Adjusted for PM;o 0.79(0.07,1.50)" 0.70(0.05,1.35)"
Adjusted for NO, 0.24 (-0.65, 1.13) 0.50 (-0.19, 1.20)
NO,  Without adjustment 0.99(0.10,1.88)" 0.80(0.10,1.49)"

Adjusted for PM;q
Adjusted for SO,

1.27(0.17,2.37)
0.74 (-0.59, 2.07)

0.71(0.00,1.41)’
0.28 (—0.76, 1.32)

2 Single-day lag 5 was used.
" p<0.05.

In the season-specific analysis, we generally observed strong
associations in the cool season than in the warm season (Table 4). In
the cool season, we observed significant associations for total hos-
pital admission with NO,, cardiovascular hospital admission with
all three pollutants, and respiratory hospital admission with SO,.
In the warm season, however, we did not find any significant asso-
ciations. Between-season differences were significant for total and
cardiovascular hospital admission with NO,.

Table 5 compares the results of the single-pollutant and
multiple-pollutant models. For PM;(, we did not observe significant

Fig. 1. Smoothing plots of SO, and NO, against hospital admission (df=3). X-axis is the pollutants concentrations (pg/m?) (single-day lag, L5). The solid lines indicate the
estimated mean percentage of change in daily hospital admission, and the dotted lines represent twice the standard error.
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associations in both single and multi-pollutant models. The effects
of SO, on total and cardiovascular hospital admission did not alter
much after adding PM;q into the models; however, when adding
NO,, the effects of SO, decreased and became insignificant. For
NO,, the effects on hospital admission did not alter much by adding
PMjo; however, its effect became insignificant after adjustment for
SO,.

Fig. 1 graphically shows the exposure-response relationships
for SO, and NO, (single-day lag 5, L5) with total and cardio-
vascular hospital admission. For SO,, we observed almost linear
relationships. For NO,, we observed J-shaped exposure-response
relationships. It should be noted that even below the levels of cur-
rent air quality standard in residential area of China (24-h average:
150 pg/m3 for SO, and 80 wg/m3 for NO;), we were still able to
observe apparent health effects of SO, and NO, from the curves.

4. Discussion

Our work showed that outdoor air pollution was associated
with both total and cardiovascular hospital admission in Shanghai
in 2005-2007. The associations between air pollution and hos-
pital admission appeared to be more evident in the cool season
than in the warm season. We found significant effects of gaseous
pollutants (SO, and NO;) after adjustment for PM;9. We found
significant effects of air pollution below the levels of current air
quality standard in China. These findings may have implications
for environmental and social policies in Shanghai, and for the local
government to take steps to protect human health. Our study
also emphasizes the need for comprehensive information systems,
including both air pollution monitoring and health information sec-
tors, to support such environmental accountability evaluation.

The health effects implicated different lag structures for various
pollutants in our study (Table 3), which is consistent with other
air pollution morbidity studies in the Asian region [25]. It should
be noted that we observed statistically significant associations for
some, but not all, lag structures of pollutant concentrations. Fur-
ther research is needed to clarify the lag structure and magnitude
of such effects. We observed greater effects with later lags; this
could be explained by the fact that government-provided health
care system in Shanghai controls access to hospital facilities and
takes more time in referral to hospital of persons with severe dis-
ease. Different causes of disease for cardiovascular and respiratory
hospital admission may account for the various effect estimates and
lag patterns of pollutants on these two morbidity outcomes.

Levels of outdoor air pollution in China are among the highest
in the world. In Shanghai, coal accounts for approximately 70% of
all energy sources; consequently, air pollution in the city predom-
inantly derives from coal smoke, with PM and SO, as the principal
pollutants [26]. However, with the rapid increase in the number
of motor vehicles in recent years, outdoor air pollution in Shang-
hai has gradually changed from the conventional coal combustion
type to the mixed coal combustion/motor vehicle emission type.
In addition, the composition of the motor vehicle fleet in devel-
oped countries may differ from that in Shanghai. This, together with
other differences such as the widespread use of coal in the city,
implies that the air pollution mixture may differ between Shang-
hai and the developed areas where most air pollution health studies
were conducted.

Our finding of stronger association between air pollution and
hospital admission in the cool season is consistent with a prior
study on air pollution and mortality in Shanghai [6] and several
other air pollution health studies in Hong Kong [27,28] and Athens
[29], but in conflict with others reporting greater air pollution
effects in the warm season [30-31]. In Shanghai, the concentra-
tions of PMyg, SO, and NO, were higher and more variable in the

cool season than in the warm season. Because these three pollu-
tants were highly correlated, greater effects observed during the
cool season may also be due to other pollutants that were also at
higher levels during that season. Exposure patterns may contribute
to our season-specific observation. During the warm season, Shang-
hai residents use air conditioning (AC) more frequently due to the
relatively higher temperature and humidity, thus probably reduc-
ing their exposure indoors. For example, in a survey of 1106 families
in Shanghai, 32.7% of the families in the winter versus 3.7% in the
summer never turn on AC [32]. A previous study in the US shows
that higher AC prevalence was associated with lower health effect
estimates for PM [33]. In addition, frequent rain in the warm season
may reduce time outdoors and thus personal exposure. In contrast,
the cool season in Shanghai is drier and less variable, so people are
more likely to go outdoors and open the windows. Nevertheless,
the fact that more apparent effects of air pollution on both mortal-
ity [6] and morbidity outcomes were observed in the cool season
in Shanghai suggests that the interaction of air pollution exposure
and season should be studied further.

The shape of exposure-response relationships are crucial for
public health assessment and there has been growing demand
for providing the relevant curves. The relationships may vary by
locations, depending on factors such as the air pollution mixture,
climate and the health of the studied population [34]. In this Shang-
hai population, we found significant effects of outdoor air pollution
even below the levels of air quality standard in China (150, 150, and
80 pg/m? for daily average concentration of PM;o, SO, and NO;)
(Fig. 1). Therefore, current air quality standards might not be suf-
ficient to protect the public health in Shanghai. Further control of
air pollution is likely to result in health benefits. A reduction in
morbidity and mortality after the implementation of an interven-
tion program will add evidence to the hypothesis of a causal link
between air pollution and ill health.

Although the strongest evidence linking outdoor air pollutants
with adverse health effects thus far is for PM [2], this study found
stronger health effects of gaseous pollutants (SO, and NO;) than
PM. Moreover, the estimates for SO, and NO, remained signifi-
cant after adjustment for PM;qg (Table 5), suggesting that factors
other than particle indicators are important for the air pollution
mixture in Shanghai. Although it is well-known that SO, and NO,
contribute to PM formation, the current analysis suggests that they
are also separately regulated pollutants independently related with
adverse health effects. Previously, the independent health effects
of SO, and NO, were extensively reported in China. For example,
Xu et al. found that it was SO, not TSP, that was associated with
daily mortality in Beijing [9]. Similarly, in Chongging, Venners et
al. found that SO, had significant effects on daily mortality even
after adjustment for PM, 5, while the effect of PM, s diminished
after adjustment for SO, [8]. Zhang et al. found that concentration
of SO42- in the air was closely associated with chronic disease mor-
tality in Beijing [35]. Similar independent effects of SO, were also
presented in a European multi-city analysis [36]. The most con-
vincing evidence of the independent health effects of SO, thus far
is from an intervention study in Hong Kong which showed SO,
resulting from sulphur-rich fuels had an direct impact on cardiores-
piratory deaths [37]. In Shanghai, Chen et al. reported that of all
pollutants they examined only NO, remained significantly asso-
ciated with total and cardiovascular mortality after adjustment
for any co-pollutants [38]. Most air pollution epidemiologic stud-
ies use ambient pollutant concentrations as surrogates of personal
exposure; therefore, the observed health effects attributed to SO,
and NO, might actually be a result of exposures to fine particles
or traffic-related emissions [39,40]. There may be more misclas-
sification of the average population exposure to PM;g compared
to that of gaseous pollutants. Also, some authors have suggested
that the pollutants measured might be better interpreted as indi-
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cators of the biologically relevant pollutant mixture and that the
best indicators might vary in different geographic areas [40]. To
our knowledge, there have been no studies in China examining the
associations between ambient SO,/NO, concentrations, personal
exposure to SO,/NO, and personal PM exposure. At present, we
cannot conclude these gaseous pollutants are proxies of particulate
pollutant, or they have direct health effects. Nevertheless, a consis-
tent, significant health effect of SO, and NO, observed in China
suggests that the role of outdoor exposure to gaseous pollutants
should be investigated further.

Our study has several limitations. We were not able to obtain
the age- and gender-specific data for hospital admissions, thus lim-
iting our ability to identify subgroups susceptible to air pollution
exposure. As in most previous time-series studies, we simply aver-
aged the monitoring results across various stations as the proxy
for population exposure level to air pollution. The simple averaging
method may raise a number of issues given that pollutant measure-
ments can differ from monitoring location to monitoring location
and that ambient monitoring results differ from personal exposure
level to air pollutants [34]. Numerous factors, such as air condi-
tioning and ventilation rate between indoor and outdoor air, may
affect the monitoring results from fixed stations as surrogates of
personal exposure to air pollutants [41]. The differences between
these proxy values and the true exposures are an inherent and
unavoidable type of measurement error. We were not able to obtain
the monitoring data of ozone, which is an important component of
photochemical air pollution. Our assessment of weather conditions
was derived entirely from one monitoring station; however, the
variability of weather across Metropolitan Shanghai is small, and
there would be little reason to expect temperatures or humidity
to vary within the city limits. Also, compared with other air pollu-
tion morbidity studies in Europe and North America, the data we
collected was limited in being only one city, in sample size and in
duration. In addition, high correlation between particle (PM;() and
gaseous pollutants (SO, and NO, ) in Shanghai limited our ability to
separate the independent effect for each pollutant.

In summary, short-term exposure to outdoor air pollution was
associated with total and cardiovascular hospital admission in
Shanghai. As the first air pollution hospital admission study in
China, our findings may supplement key scientific information on
air pollution-related health effects in China, thereby providing local
decision-makers with information needed to set priority of air pol-
lution control measures with the largest health benefits. Further
research will be needed to disentangle the effects of the various
pollutants and to gain insights into the modification of individ-
ual socio-demographic characteristics and season on air pollution
health effects.
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