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Objective To investigate the relation between air pollution exposure and preterm birth in Shanghai, China. Methods We
examined the effect of ambient air pollution on preterm birth using time-series approach in Shanghai in 2004. This method can
eliminate potential confounding by individual risk factors that do not change over a short period of time. Daily numbers of
preterm births were obtained from the live birth database maintained by Shanghai Municipal Center of Disease Control and
Prevention. We used the generalized additive model (GAM) with penalized splines to analyze the relation between preterm birth,
air pollution, and covariates. Results We observed a significant effect of outdoor air pollution only with 8-week exposure
before preterm births. An increase of 10 ug/m3 of 8-week average PMy, SO,, NO,, and O; corresponded to 4.42% (95%CI
1.60%, 7.25%), 11.89% (95%CI 6.69%, 17.09%), 5.43% (95%CI 1.78%, 9.08%), and 4.63% (95%CI 0.35%, 8.91%)
increase of preterm birth. We did not find any significant acute effect of outdoor air pollution on preterm birth in the week
before birth. Conclusion Ambient air pollution may contribute to the risk of preterm birth in Shanghai. Our analyses also
strengthen the rationale for further limiting air pollution level in the city.

Key words: Air pollution; Preterm birth; Time series

INTRODUCTION

There is substantial evidence that ambient air
pollution affects human health!"). Most studies focus
on cardiorespiratory mortality and morbidity!*?!.
Until recently, some studies have started to examine
the potential effect of ambient air pollution on
pregnancy outcomes' ",

Preterm birth is strongly associated with infant
mortality and morbidity!"*"”. The etiology of preterm
birth is complex but not yet well understood. Few
than half of preterm births in developed countries can
be attributed to known risk factors!'"*'?). However, the
role of environmental exposure, such as air pollution,
in preterm delivery is not well known. Historically,
the first “modern” investigation of the possible
influence of air pollution on preterm birth was
conducted in Beijing, China by Xu et al.”®, who
studied the association between maternal exposure to

air pollution and preterm delivery in a prospective
cohort. They have found a significant reduction in the
duration of gestation with increasing levels of sulfur
dioxide (SO;) and total suspended particle (TSP).
Results from similar studies in the United States, the
Czech Republic, Great Britain, and Brazil have
subsequently been reported' *'**|. However, the
interpretation of the studies of preterm birth is
complicated by the issue of multiple comparisons,
and the inconsistency of the results in term of the role
of individual pollutants and the timing of exposure**.
Current evidence is not yet sufficient to infer
causality between air pollution and preterm birth, and
more studies are warranted.

We studied the associations between preterm
delivery and average concentrations of ambient air
pollutants (PM;y, SO,, NO,, and O;) during the 4, 6,
and 8 weeks preceding birth in Shanghai, China. We
also examined the possible acute effect of these
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pollutants by narrowing the exposure window to a
1-day interval before birth, with daily lags ranging
from 0 to 6 days.

MATERIALS AND METHODS
Data

All live births were obtained from the live birth
database maintained by Shanghai Municipal Center
of Disease Control and Prevention. Gestational age
was computed as the number of weeks between the
date of the last menstrual period (LMP) and the date
of birth. For birth records missing the date of the
LMP, the clinical estimate of gestation was used.
Eligible births with gestational ages <37 weeks were
considered preterm. The number of preterm births
was tallied for each day in 2004.

Daily air pollution data in 2004, including those
of particulate matter less than or equal to 10 microns
(PMyy), sulfur dioxide (SO,), nitrogen dioxide (NO,),
and ozone (O;), were collected from Shanghai
Environmental Monitoring Center. The daily
concentrations for each pollutant were averaged from
the available monitoring results of six fixed-site
stations under China National Quality Control located
in the urban areas of Shanghai. We collected the
24-hour average concentrations for PM;y, SO,, NO,
and 8-hour (from 10 AM to 6 PM) average
concentration for O;. The 8-hour was used because it
is the average time recommended by the World
Health Organization for reflecting the most
health-relevant exposure to ozone. For the calculation
of 24-hour average concentration of PM,y, SO,, and
NO,, it is required to have at least 75% of the
one-hour values on that particular day. For the 8-hour
average of O;, at least six hourly values from 10 AM
to 6 PM have to be available. If a station had more
than 25% of the values missing for the whole period
of analysis, the entire station was excluded from the
analysis.

To allow adjustment for the possible effect of
weather on preterm birth, daily average temperature
and humidity data were collected from Shanghai
Meteorological Bureau. The weather data were
measured at a fix-site station located in Xuhui
District of Shanghai.

Statistical Methods

We used the generalized additive model (GAM)
with penalized splines to analyze the preterm birth,
air pollution, and covariates. Because the number of
preterm births was small and typically followed a
Poisson distribution*", the core analysis was a
generalized additive model (GAM) with log link and

Poisson error that accounted for smooth fluctuations
in daily number of preterm births.

We first built the basic models for daily numbers
of preterm births which did not include the air
pollution variables. We incorporated smoothed spline
functions of time and weather conditions, which can
accommodate non-linear and non-monotonic patterns
between preterm birth and time/weather conditions,
offering a flexible modeling tool*”). Other covariates,
such as day of the week (DOW), were also included
in the basic models. Residuals of each model were
examined to check whether there were discernible
patterns and autocorrelation by means of residual
plots and partial autocorrelation function plots,
respectively.

After the establishment of basic models, we
introduced the pollutant variables into the models and
analyzed their effects on preterm births. The number
of gestations at risk for preterm birth was used as an
offset. Generalized cross-validation (GCV) scores
were used to compare the relative quality of the
mortality predictions across these non-nested models
and how well the models fit the data!®”).

Previous study has reported that both acute (up to
7 days) and subchronic (6 weeks) exposures to air
pollution are associated with an increase of
preterm births'**!. In our analysis, we adopted two
settings of lag structure for exposure assessment.
We used daily pollutant levels to compute the
mean air pollution concentration value for the 4, 6,
and 8-week periods proceeding each day of
observation. For the analysis of the acute effect of
air pollution, we also investigated risk for preterm
birth in relation to levels of pollutants for a
single-day exposure window with lags from 0 to 6
days before birth.

All analyses were conducted by R 2.1.1 using
MGCV package. The results are presented as the
percent change in daily preterm births per 10 pg/m’
increase of air pollutant concentrations.

RESULTS
Descriptive Statistics

A total of 3346 preterm births occurred over the
entire study period. The number of preterm births
ranged from 1 to 21 per day, with a mean of
approximately 9.1 per day and a median of 9.0 per
day. The mean concentrations of PM;y, SO,, NO,,
and O; were 101.3 pg/m’, 55.7 pg/m’, 70.6 pg/m’,
and 251.3 pg/m’, respectively.

Mean 4, 6, and 8-week Exposure Models

Table 2 displays estimates of the association of
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TABLE 1

Descriptive Statistics for Daily Number of Preterm Births and Air Pollutant Concentrations

Xxs Min P (25) Median P (75) Max
Daily Number of Preterm Births 9.1+0.2 1.0 7.0 9.0 11.0 21.0
and Air Pollutants Concentrations
PM (ug/m®) 101.3£3.0 22.0 59.4 83.0 130.1 332.5
SO, (ug/m’) 55.741.4 113 355 515 71.2 163.2
NO, (ug/m’) 70.6+1.4 16.5 515 67.3 84.0 168.5
0s (ng/m’) 65.342.1 53 37.8 56.2 86.8 2513
mean 4, 6, and 8-week air pollution exposure and TABLE 2
rlSk. fqr .preterm delivery. Baswa.lly, we Qbserved Percent Increase for Preterm Birth With Exposure to Outdoor Air
a significant effect of outdoor air pollution only Pollutants in 4, 6, and 8 Weeks Preceding Birth in Shanghai
Wlth 8-week exposur3e before preterm births. An Moan 95% CI
increase of 10 pg/m” of 8-week average PM,, PM,q 4 Wecks 2020 223,183
SO,, NO,, and O; corresponded to 4.42% (95%CI 6 Weeks -0.94 338,149
1.60%, 7.25%), 11.89% (95%CI 6.69%, 17.09%), 8 Weeks” 4.42 1.60, 7.25
5.43% (95%CI 1.78%, 9.08%), and 4.63% SO, 4 Weeks 244 -1.01,5.89
(95%CI 0.35%, 8.91%) increase of preterm 6 Weeks 0.90 -3.26, 5.06
births. 8 Weeks™ 11.89 6.69, 17.09
NO, 4 Weeks -0.60 -3.62,2.42
Acute Effect (Daily) Exposure Models 6 Weeks -1.97 -5.37,1.43
) ) ) 8 Weeks' 5.43 1.78,9.08
Among the 1-day acute time windows examined, 0, 4 Weeks 3.08 0.15, 6.01
preterm birth was not significantly associated with 6 Weeks 2.96 -0.59, 6.52
outdoor air pollution in any lag day we considered 8 Weeks' 4.63 0.35,8.91
(Fig. 1). Note. "With statistically significant difference (P<0.05).
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FIG. 1. Relative risks and 95% CIs for preterm birth per 10 ug/m3 increase in PMo, SO,, NO,, and O3, lagged
0-6 days before birth.
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DISCUSSION

Evidence gained in this study showed that the
current level of outdoor air pollution in Shanghai is
associated with preterm birth. Specifically, we
observed an increased risk only during the last 8
weeks of pregnancy with exposure to outdoor air
pollutants  (PM,;¢/SO,/NO,/O;),  suggesting a
sub-chronic accumulating role of air pollution in
preterm birth. The magnitude of our finding is
comparable to previous study conducted in the US®**.
We did not find any significant acute effect of
outdoor air pollution on preterm birth in the week
before birth.

With regard to the relation between air pollution
and preterm delivery, most previous studies relied on
spatial analyses comparing high-exposure areas with
low-exposure areas. Therefore, a potential limitation
of these previous studies is inadequate control for
confounding by individual risk factors. In addition,
birth record data do not include information on all
risk factors that could potentially confound the
relationship between air pollution and preterm
delivery. Time-series design, according to its
definition, could be used to investigate the effect of
air pollution without the influence of known and
unknown individual risk factors that do not vary over
short periods of time. Actually, time-series methods
have been successfully used for assessment of
short-term health effects of air pollution on
cardio-respiratory ~ mortality =~ and  morbidity
outcomes'”™.  Although limitations arise from
ecologic study design (ecologic fallacy) and the
“harvesting” (mortality ~displacement) effect'”),
time-series methods are more powerful and better
able to characterize the population exposure effects
than those based on geographic aggregations in
cross-sectional studies. To our knowledge, only one
study has looked at the effect of air pollution on
preterm delivery using a time-series design with
exposure contrasts over time rather than space**. The
time-series approach we employed here can remove
the influence of covariates that vary across
individuals but not within individuals over a short
period of time.

Air pollution exposure and associated adverse
birth effects could be considered for the following
reasons. Firstly, air pollution may affect DNA and its
transcription. DNA adducts have been observed in
areas with high exposure of pollution, with placental
DNA adducts more common among mothers exposed
to high level of air pollution®”. There may be a link
between DNA adducts and fetal growth as newborns
with more adducts have lower birth weight and
length®"). Secondly, the potential mechanisms could

be related with hematologic factors. Changes in blood
viscosity due to inflammation as a result of exposure
to PM and SO, have been observed®?. Inflammation
is also related to preterm delivery and inadequate
placental perfusion®*?*. Another possible pathway is
a more long-term process that involves maternal
infection during pregnancy. Although air pollution
does not directly cause maternal infections, exposure
to specific pollutants may impair immune function,
which could enhance susceptibility to infection™*>°,
Subtle changes in the immune system could result in
changes among vaginal flora, which promote vaginal
pathogens associated with bacterial vaginosis, a risk
factor for preterm birth®”). Studies have also shown
associations between preterm labor and delivery and
systemic maternal infections, such as pneumonia and
pyelonephritis, as well as local infections, such as
intra-amniotic and urinary infections®**". This
pathway could explain the associations observed in
this study for air pollution in the 8 weeks before birth.
So far, although the specific steps of these pathways
need to be further clarified, the similarity of effects of
air pollution to those of smoking!***) supports the
biologic plausibility of the effects.

Our study area including nine urban districts of
Shanghai, is densely populated. Within an area of 279
square kilometers, there are around seven-million
permanent residents and six monitoring stations with
National Quality Control providing the exposure data
for this study. In addition, compared with the
residents in the developed countries, a relatively
lower proportion of Shanghai residents has access to
air conditioning. Thus, the monitored ambient air
pollution data might have been more closely
associated with average population exposures in
Shanghai than in other study locations of developed
countries. Of course, the limitations of our exposure
assessment should also be noted. As in most previous
time-series studies, we used the simply averaged
monitoring results across various stations as the
proxy of population exposure level to air pollution.
That assignment method may raise a number of
issues, such as the wvariance of pollutant
measurements differing from monitoring location to
monitoring location, and the difference between
ambient monitoring results and personal exposure
level to air pollution. How to remove these influences
challenges the accurateness of our exposure
assessment and the following time-series analysis.
The resulting measurement error may have
substantial implication for interpreting the time-series
air pollution studies'", although a study suggested
that this measurement error would generally tend to
bias estimates downward!*".

In summary, our data from Shanghai confirm
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previous reports about the adverse effect of ambient
air pollution. Currently, since many people live in
urban centers and are chronically exposed to high
levels of air pollution, the public health impact could
be considerable. Additional studies in other
geographical areas and time periods would be
warranted. Further research needs to be conducted
with more detailed information on personal exposure,
effect modifiers, and other adverse pregnancy
outcomes.

REFERENCES

1. Health effects of outdoor air pollution. Committee of the
Environmental and Occupational Health Assembly of the
American Thoracic Society (1996). Am J Respir Crit Care Med
153(1), 3-50.

2. Brunekreef B, Holgate S T (2002). Air pollution and health.
Lancet 360(9341), 1233-1242.

3. Moolgavkar S H, Luebeck E G (1996). A critical review of the
evidence on particulate air pollution and mortality.
Epidemiology 7(4), 420-428.

4. Alebic-Juretic A, Frkovic A, Simic D (2001). The effect of air
pollution on the outcome of pregnancies. Int J Gynaecol Obstet
75(3), 315-316.

5. Basu R, Woodruff T J, Parker J D, et al. (2004). Comparing
exposure metrics in the relationship between PM2.5 and birth
weight in California. J Expo Anal Environ Epidemiol 14(5),
391-396.

6. Bobak M (2000). Outdoor air pollution, low birth weight, and
prematurity. Environ Health Perspect 108(2), 173-176.

7. Gilboa S M, Mendola P, Olshan A F, et al. (2005) Relation
between ambient air quality and selected birth defects, seven
county study, Texas, 1997-2000. Am J Epidemiol 162(3),
238-252.

8. Gouveia N, Bremner S A, Novaes H M (2004), Association
between ambient air pollution and birth weight in Sao Paulo,
Brazil. J Epidemiol Community Health 58(1), 11-17.

9. Kim Y J, Lee B E, Park H S, et al. (2005). Risk factors for
preterm birth in Korea: a multicenter prospective study.
Gynecol Obstet Invest 60(4), 206-212.

10.Lacasana M, Esplugues A, Ballester F (2005). Exposure to
ambient air pollution and prenatal and early childhood health
effects. Eur J Epidemiol 20(2), 183-199.

11.Liu S, Krewski D, Shi Y, et al. (2003). Association between
gaseous ambient air pollutants and adverse pregnancy outcomes
in Vancouver, Canada. Environ Health Perspect 111(14),
1773-1778.

12.Mannes T, Jalaludin B, Morgan G, et al. (2005). Impact of
ambient air pollution on birth weight in Sydney, Australia.
Occup Environ Med  62(8), 524-30.

13.Maroziene L, Grazuleviciene R (2002). Maternal exposure to
low-level air pollution and pregnancy outcomes: a
population-based study. Environ Health 1(1), 6.

14.Tucker J, McGuire W (2004). Epidemiology of preterm birth.
BMJ 329(7467), 675-678.

15.Colvin M, McGuire W, Fowlie P W (2004).
Neurodevelopmental outcomes after preterm birth. BMJ
329(7479), 1390-1393.

16.Fraser J, Walls M, McGuire W (2004). Respiratory
complications of preterm birth. BMJ 329(7472), 962-965.

17.Murphy D J, Fowlie P W, McGuire W (2004). Obstetric issues
in preterm birth. BMJ 329(7469), 783-786.

18.Berkowitz G S, Papiernik E (1993). Epidemiology of preterm
birth. Epidemiol Rev 15(2), 414-443.

19.Kramer M S (1987). Determinants of low birth weight:

methodological assessment and meta-analysis. Bull World
Health Organ 65(5), 663-737.

20.Xu X, Ding H, Wang X (1995). Acute effects of total suspended
particles and sulfur dioxides on preterm delivery: a
community-based cohort study. Arch Environ Health 50(6),
407-415.

21.Bobak M, Leon D A (1999). Pregnancy outcomes and outdoor
air pollution: an ecological study in districts of the Czech
Republic 1986-8. Occup Environ Med 56(8), 539-543.

22.Ponce N A, Hoggatt K J, Wilhelm M, et al. (2005). Preterm
birth: the interaction of traffic-related air pollution with
economic hardship in Los Angeles neighborhoods. Am J
Epidemiol 162(2), 140-143.

23.Ritz B, Yu F, Chapa G, et al. (2000). Effect of air pollution on
preterm birth among children born in Southern California
between 1989 and 1993. Epidemiology 11(5), 502-511.

24.Sagiv S K, Mendola P, Loomis D, et al. (2005). A time-series
analysis of air pollution and preterm birth in Pennsylvania,
1997-2001. Environ Health Perspect 113(5), 602-606.

25.Sram R (1999). Impact of air pollution on reproductive health.
Environ Health Perspect 107(11), A542-3.

26.Sram R J, Binkova B, Dejmek J, et al. (2005), Ambient air
pollution and pregnancy outcomes: a review of the literature.
Environ Health Perspect 113(4), 375-382.

27.Hastie T, Tibshirani R (1995). Generalized additive models for
medical research. Stat Methods Med Res 4(3), 187-196.

28.Bell M L, Samet J M, Dominici F ( 2004). Time-series studies
of particulate matter. Annu Rev Public Health 25, 247-280.

29.Schwartz J (2000). Harvesting and long-term exposure effects
in the relation between air pollution and mortality. Am J
Epidemiol 151(5), 440-448.

30.Perera F P, Jedrychowski W, Rauh V, et al. (1999). Molecular
epidemiologic research on the effects of environmental
pollutants on the fetus. Environ Health Perspect 107(Suppl 3),
451-460.

31.Perera F P, Whyatt R M, Jedrychowski W, et al. (1998).
Recent developments in molecular epidemiology: A study of
the effects of environmental polycyclic aromatic hydrocarbons
on birth outcomes in Poland. Am J Epidemiol 147(3),
309-314.

32.Peters A, Doring A, Wichmann H E, et al. (1997). Increased
plasma viscosity during an air pollution episode: a link to
mortality? Lancet 349(9065), 1582-1587.

33.Knottnerus J A, Delgado L R, Knipschild P G, et al. (1990).
Haematologic parameters and pregnancy outcome. A
prospective cohort study in the third trimester. J Clin Epidemiol
43(5), 461-466.

34.Zondervan H A, Oosting J, Hardeman M R, et al. (1987). The
influence of maternal whole blood viscosity on fetal growth.
Eur J Obstet Gynecol Reprod Biol 25(3), 187-194.

35.Gardner D E (1984). Oxidant-induced enhanced sensitivity to
infection in animal models and their extrapolations to man. J
Toxicol Environ Health 13(2-3), 423-439.

36.Hertz-Picciotto I, Dostal M, Dejmek J, et al. (2002). Air
pollution and distributions of lymphocyte immunophenotypes
in cord and maternal blood at delivery. Epidemiology 13(2),
172-183.

37.Minkoff H, Grunebaum A N, Schwarz R H, et al. (1984). Risk
factors for prematurity and premature rupture of membranes: a
prospective study of the vaginal flora in pregnancy. Am J
Obstet Gynecol 150(8), 965-972.

38.Benedetti T J, Valle R, Ledger W J (1982). Antepartum
pneumonia in pregnancy. Am J Obstet Gynecol 144(4),
413-417.

39.Cunningham F G, Morris G B, Mickal A (1973). Acute
pyelonephritis of pregnancy: A clinical review. Obstet Gynecol
42(1), 112-117.

40.Fan Y D, Pastorek J G 2nd, Miller J M Jr, et al. (1987). Acute
pyelonephritis in pregnancy. Am J Perinatol 4(4), 324-326.

41.Romero R, Mazor M (1988). Infection and preterm labor. Clin



OUTDOOR AIR POLLUTION AND PRETERM BIRTH 431

Obstet Gynecol 31(3), 553-584. measurement error in time-series studies of air pollution:
42.Adriaanse H P, Knottnerus J A, Delgado L R, et al. (1996). concepts and consequences. Environ Health Perspect 108(5),

Smoking in Dutch pregnant women and birth weight. Patient 419-426.

Educ Couns 28(1), 25-30. 45.Samet J M, Dominici F, Zeger S L, et al. (2000). The National
43.Windham G C, Eaton A, Hopkins B, et al. (1999). Evidence for Morbidity, Mortality, and Air Pollution Study. Part I: Methods

an association between environmental tobacco smoke exposure and methodologic issues. Res Rep Health Eff Inst 94(1), 5-14;

and birthweight: a meta-analysis and new data. Paediatr discussion 75-84.

Perinat Epidemiol 13(1), 35-57.
44.Zeger S L, Thomas D, Dominici F, et al. (2000). Exposure (Received September 27,2006  Accepted August 13, 2007)



	*Shanghai Municipal Center of Disease Control and Prevention, Shanghai 200336, China; #Department  of Environmental Health, School of Public Health, Fudan University, Shanghai 200032, China;  †Shanghai Environmental Monitoring Center, Shanghai 200030, China; ‡Department of  Health Statistics, School of Public Health, Fudan University, Shanghai 200032, China 

