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Abstract
Background: Exposure to air pollutants has been related to preterm birth, but little evidence can be available for
PM2.5, O3 and CO in China. This study aimed to investigate the short-term effect of exposure to air pollutants on risk
preterm birth during 2014–2016 in Ningbo, China.
Methods: We conducted a time-series study to evaluate the associations between daily preterm birth and major air
pollutants (including PM2.5, PM10, SO2, NO2, O3 and CO) in Ningbo during 2014–2016. A General Additive Model
extend Poisson regression was used to evaluate the relationship between preterm birth and air pollution with
adjustment for time-trend, meteorological factors and day of the week (DOW). We also conducted a subgroup
analysis by season and age.
Results: In this study, a total of 37,389 birth occurred between 2014 and 2016 from the Electronic Medical Records
System of Ningbo Women and Children’s Hospital, of which 5428 were verified as preterm birth. The single
pollutant model suggested that lag effect of PM2.5, PM10, NO2 reached a peak at day 3 before delivery and day 6
for SO2, and no relationships were observed for O3 and preterm birth. Excess risks (95% confidence intervals) for an
increase of IQR of air pollutant concentrations were 4.84 (95% CI: 1.77, 8.00) for PM2.5, 3.56 (95% CI: 0.07, 7.17) for
PM10, 3.65 (95% CI: 0.86, 6.51) for SO2, 6.49 (95% CI: 1.86, 11.34) for NO2, − 0.90 (95% CI: -4.76, 3.11) for O3, and 3.36
(95% CI: 0.50, 6.30) for CO. Sensitivity analyses by exclusion of maternal age < 18 or > 35 years did not materially
alter our results.
Conclusions: This study indicates that short-term exposure to air pollutants (including PM2.5, PM10, SO2, NO2) are
positively associated with risk of preterm birth in Ningbo, China.
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Background
Preterm birth, defined as less than 37 weeks of gestations, is the second largest direct cause of child deaths
among children less than 5 years [1]. There are 15
million premature birth annually worldwide and China
contributed 1.1 million (rank 2nd worldwide) according
to international survey data [2]. Preterm birth account
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for 75% of perinatal mortality and more than half the
long-term morbidity [3]. Moreover, the survived preterm
babies are at increased risk of neuro-developmental impairments, respiratory and gastrointestinal complications
[3]. The etiology of preterm birth remains unclear yet
many risk factors have been explored.
There is increasing evidence that exposure to ambient
air pollutants is associated with preterm birth [4–9]. A
systematic review has reported positive associations between air pollutants and risk of adverse birth outcomes
including preterm birth [5]. And a recent meta-analysis
of 23 studies has also showed that a significantly
increased risk of preterm birth with interquartile range
increase in particulate matter exposure during pregnancy
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[10]. It should be noted that findings of exposure to air
pollution and preterm birth from Western countries may
not be applicable to the Chinese populations due to higher
air pollution levels, genetic and physiological differences.
However, a recent systematic review, included all studies
in China, showed the effect of air pollution on preterm
birth was inconsistent [11].
In this study, we used birth data during 2014–2016 in
Ningbo, Zhejiang Province, China, and conducted a
time-series study to investigate the association between
exposure to ambient air pollutants and risk of preterm
birth.
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the Environmental Monitoring Center of Ningbo City
(http://www.nbemc.net/aqi/home/index.aspx). The daily
concentrations of each pollutant were averaged from the
available monitored results of eight stations which were
monitored by the China National Quality Control. The
eight stations were “Shi Jian Ce Zhong Xin”, “Tai Gu Xiao
Xue”, “San Jiang Zhong Xue”, “Wan Li Xue Yuan”, “Huan
Bao Da Lou”, “Long Sai Yi Yuan”, “Qian HuShui Chang”
and “Wan Li Guo Ji”. The distribution of these 8 monitor
stations in Ningbo was shown in Additional file 1: Figure
S1. Air pollutants were measured in the unit of micrograms per cubic meter(μg/m3) except milligrams per cubic
meter (mg/m3) for CO.

Methods
Study population

Statistical analysis

This study was conducted in Ningbo, which located in
the southeast of China and composed of six districts and
has a metropolitan area population of 7.8 million. We
obtained anonymous births information from the
Electronic Medical Records System (EMRS) in Ningbo
Women and Children’s Hospital (the largest women’s
hospital in Ningbo) from 2014 January 1st to 2016
December 31st. A total of 40,968 birth records were included in the EMRS. Duplicated records (n = 2305),
non-live birth records (n = 230), twin pregnancy and
multiple pregnancies (n = 1274) and birth records with
extreme gestational age (< 20 weeks) (n = 160) were excluded from this study. Finally, a total of 37,389 eligible
births were included in our study.

Distribution of daily number of preterm births follows
the Poisson distribution due to its small probabilities.
Thus, we used a Generalized Additive Model (GAM)
extended Poisson regression [12] to explore the potential
effect of air pollution on premature birth. This method
has been widely used in air pollution time-series studies
[13–22] because of its non-parametric flexibility.
We firstly built a basic model based on the daily number of preterm births without air pollution variables. To
control for non-linear trend between preterm birth and
time or weather conditions, we added time-dependent
variables including calendar time, temperature and
relative humidity via natural spline functions. Degree of
freedom (df ) for natural spline functions were adopted
by generalized cross-validation (GCV) scores [12]. Day
of the week was also included as a dummy variable in
the basic models. Then, each air pollutant was added
into a single-pollutant model separately. The number of
gestations at risk of preterm birth was used as an offset.
In brief, we fitted the following model to evaluate the
effect of air pollutants on preterm birth:

Preterm birth

Preterm birth was defined as a singleton live-birth delivery before 37 completed weeks of gestation(< 259 days)
[1]. Gestational age was calculated based on the date of
women’s last menstrual period (LMP). For women who
had no LMP date, gestational age was substituted by a
clinical estimate. A total of 5428 preterm births were
finally included for the current analysis. The number of
preterm births was calculated for each day from 2014
January 1st to 2016 December 31st. The study was
reviewed and approved by Committee of ethics, Ningbo
Women and Children’s Hospital.
Air pollution and meteorological exposure

Daily meteorological data including mean temperature
(degree Celsius) and relative humidity(percent) were
collected from the Ningbo Meteorological Bureau. Daily
values for temperature and relative humidity were calculated by averaging 24 hourly monitoring data.
Daily mean concentrations of air pollutants, including
particulate matter (aerodynamic diameter less than or
equal to 2.5 μm (PM2.5) and 10 μm (PM10)), sulfur dioxide
(SO2), nitrogen dioxide (NO2), Ozone (O3) and carbon
monoxide (CO) during 2014 to 2016, were collected from

Log½EðYt Þ ¼ α þ βZt þ S ðtime; df Þ
þ S ðtemperature; df Þ
þ S ðrelative humidity; df Þ
þ DOWt ðday of the weekÞ þ Offsett
In this formula, t represents the day of the observation;
Yt represents daily number of preterm births, E(Yt) stands
for the expected values for the number of premature
births on day t. α is residual, β is the regression
coefficient, and Zt is the average concentration of air pollutants on the observed day or over several days. S (time,
df) is the calendar time smoothing spline function, S
(temperature, df) is the daily temperature smoothing
spline function, S (relative humidity, df) is the daily relative humidity smoothing spline function, and DOWt is a
dummy variable with Monday as a reference. The corresponding degree of freedom for time, temperature and
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relative humidity in the spline function were 7, 7 and4 in
the final model.
We investigated the acute effect on the risk of preterm
birth by adding the concentration of each pollutant into
the model for a 1-day exposure window with lag-time
from 1 to 6 days before birth. Cumulative effect was also
calculated by including the lag moving average
(Avg1-Avg6) into the model. Relative risks (RRs) and
95% confident intervals (CIs) were calculated by the regression coefficient β of air pollutants. And we reported
excess risks (ERs) and 95% CIs that represented a
percent increase in daily preterm birth risk per IQR increase in air pollutant concentrations. ER was calculated
as follows: ER = (RR ‐ 1) × 100%. We also examine the
exposure-response curve by using a natural spline function for certain pollutants in the GAM model. Goodness
of fit of the model was assessed by using Akaike
Information Criterion (AIC). The best df for each air
pollutant was indicated by the lowest AIC value in the
GAM model.
Sensitivity analysis by exclusion of maternal age < 18
or > 35 years in preterm birth records was conducted to
evaluate the robustness of our results, because women
aged < 18 or > 35 years had a higher possibility to
develop a preterm birth [23]. And we further divided
the study period into cold period (November to April)
and warm period (May to October). Models were
fitted separately in two periods to check if any difference in the effect of air pollutants on preterm birth
during warm and cold periods. 95% confidence interval for the difference in effect estimates between two
strata (a potential effect modifier) was calculated as
follows:

Where Q1 and Q2 are the adjusted estimates from
two strata (e.g. cold and warm period), and SE1, SE2 are
the corresponding standard errors [24].
Continuous variables with normal distribution were
presented as mean ± standard deviation (SD), and
non-normal variables were reported as median ± interquartile range (IQR). Spearman’s correlation coefficient
was used for the correlations between ambient air pollutants and meteorological factors. P < 0.05 was considered statistically significant. All statistical analyses were
conducted by using R 3.3.1.

Results
Descriptive results of exposure and outcomes

The descriptive results of air pollution and meteorological data are shown in Table 1. The mean daily
concentrations of PM2.5, PM10, SO2, NO2, O3 and CO
during 2014 to 2016 were 43.73 μg/m3, 69.69 μg/m3,
16.56 μg/m3, 40.50 μg/m3, 64.33 μg/m3, 1.06 mg/m3, respectively. Concentrations of air pollutants were higher
in the cold period than those in the warm period except
for O3. Daily mean ambient temperature and relative humidity were 17.4 °C and 76.8%.
A total of 5428 preterm births were identified among
the total valid births of 37,159. Overall prevalence of
preterm birth was 14.61%. The number of births in
women with the maternal age < 18 or > 35 years was
3452, among which 714 births were diagnosed as preterm birth (20.68%). And the corresponding prevalence
of preterm birth during cold and warm periods was
14.63% and 14.58%, respectively.
Correlation between ambient air pollutants and
meteorological factors

Table 2 shows the Spearman’s correlation analysis of air
pollution and meteorological measures. PM2.5 was

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

Q1‐Q2  1:96 SE1 þ SE2

Table 1 Air pollution and meteorological data in Ningbo, China (2014–2016)
Mean ± SD

Minimum

P25

P50

P75

IQR

Maximum

14.25 ± 6.97

5.90

10.53

13.70

19.09

8.56

74.08

31.28 ± 11.94

5.59

28.00

37.38

51.34

23.34

115.00

ALL year

Cold Perioda

Warm Period

SO2 (μg/m3)

16.56 ± 9.05

18.91 ± 10.25

NO2 (μg/m3)

40.50 ± 16.88

49.85 ± 15.99

Air pollutants

3

PM10 (μg/m )

69.69 ± 38.37

87.03 ± 41.75

52.60 ± 24.85

10.18

42.90

60.20

85.31

42.41

287.10

PM2.5 (μg/m3)

43.73 ± 26.26

55.64 ± 29.38

31.99 ± 15.55

4.24

25.50

37.38

54.11

28.62

196.93

O3 (μg/m3)

64.33 ± 29.71

53.46 ± 25.07

75.05 ± 30.05

8.17

42.99

61.96

83.02

40.03

244.30

CO (mg/m3)

1.06 ± 0.35

1.13 ± 0.39

0.99 ± 0.28

0.04

0.88

1.00

1.19

0.31

2.92

Temperature (°C)

17.42 ± 8.10

10.64 ± 5.17

24.10 ± 3.76

−4.47

10.23

18.69

23.94

13.71

32.25

Relative Humidity (%)

76.8 ± 11.80

74.29 ± 13.38

79.19 ± 9.33

32.96

69.82

77.81

85.47

15.65

97.60

Meteorology

PM2.5: particulate matter less than 2.5 μm in aerodynamic diameter, PM10: particulate matter less than 10 μm in aerodynamic diameter, SO2: sulfur dioxide,
NO2: nitrogen dioxide, O3: Ozone, CO: carbon monoxide
a
Cold period was from November to April, and warm period was from May to October
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Table 2 Correlation between air pollutants and meteorological factors in Ningbo, China
SO2

NO2

PM10

PM2.5

CO

O3

Temperature

SO2

1.00

NO2

0.59

1.00

PM10

0.69

0.74

1.00

PM2.5

0.66

0.74

0.95

CO

0.22

0.45

0.43

0.47

O3

−0.13

−0.46

−0.13

−0.17

− 0.29

Temperature

−0.39

− 0.62

− 0.52

−0.50

− 0.20

0.37

1.00

Relative humidity

−0.39

−0.04

− 0.36

−0.24

0.08

−0.33

0.21

Relative humidity

1.00
1.00
1.00

1.00

PM2.5: particulate matter less than 2.5 μm in aerodynamic diameter, PM10: particulate matter less than 10 μm in aerodynamic diameter, SO2: sulfur dioxide,
NO2: nitrogen dioxide, O3: Ozone, CO: carbon monoxide
All correlations were statistically significant (P < 0.01)

Fig. 1 Excess Risks (ERs) and 95% confidence intervals (95% CIs) of daily preterm birth risk per IQR increment in pollutant concentrations at
different lag days
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positively associated with SO2, NO2, PM10 and CO, but
negatively associated with O3. The strong correlation
was observed for PM2.5 and NO2 (Spearman’s Rho = 0.74,
P < 0.01). And two weather variables were negatively
related to SO2, NO2, PM2.5, PM10 and CO, but positively
related to Ozone.

Short-term effects for preterm birth

Fig 1 shows the association between air pollutants and
daily preterm births at lag0–6 days. The largest ERs were
observed at Lag3 for PM2.5, PM10 and NO2, Lag6 for
SO2 and Lag 4 for CO. No significant associations were
observed for Ozone and preterm births. The associations
between cumulative concentrations and preterm births
at different lag days (Avg1-Avg6) are shown in the
Additional file 2: Table S1. Figure 2 shows the
dose-response curve between certain air pollutants and
risk of preterm births by using a natural spline function
for air pollutants in GAM models. Nonlinear association
was observed for PM10, SO2 and preterm births.
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Table 3 and Additional file 3: Table S2 show the
excess risks and 95% CIs for short-term exposure to
air pollutants and daily preterm birth stratified by
maternal age and season. The associations between
PM2.5, PM10, SO2, NO2 and preterm birth tended to
be attenuated after we restricted the analysis in women
with the maternal age of 18–35 years, but the associations
still remained significant. In season-specific analyses, the
adverse effect of PM2.5, SO2 and NO2 on preterm birth
were stronger in cold period and attenuated in warm
period as compared with the whole year. Similar results
were observed for the effect of four air pollutants
(PM2.5, PM10, SO2 and NO2) in cold and warm
periods when maternal age was restricted from 18 to
35 years. No significant associations were observed
for Ozone. No significant interaction effect was observed for season and maternal age on the association
of short-term exposure to air pollution and preterm
birth (Additional file 4: Table S3).
Table 4 provides ERs and 95% CIs from two-pollutant
models. The effect of air pollutants on daily preterm

Fig. 2 Coefficients and 95% confidence intervals (95% CIs) of daily preterm birth risk at different pollutant concentrations using natural
spline functions

c

6.49 (1.86,11.34)

b

5.16 (1.33,9.13)
c

3.36 (0.50,6.30)

c

−6.35 (− 12.78,0.55)

9.25(3.45,15.38)

− 0.90 (− 4.76,3.11)
1.89 (−2.71,6.71)

3.23 (− 1.81,8.53)

Annual

c

0.37 (−2.84,3.70)

− 2.76 (− 7.1,1.79)

6.66(1.42,12.17)

6.56 (3.39,9.82)
c

4.88 (0.88,9.03)c

4.53 (1.09,8.09)c

c

2.29 (− 1.16,5.87)

− 3.86 (− 10.69,3.49)

10.32(3.69,17.37)

7.04 (3.29,10.92)
c

6.74 (2.12,11.58)c

4.65 (0.71,8.74)c

Cold period

0.40 (− 4.60,5.66)

1.55 (− 3.91,7.32)

2.7(−6.26,12.51)

5.53 (−0.32,11.71)

2.64 (− 5.42,11.39)

3.17 (− 4.23,11.15)

Warm period

c

7.82 (0.85,15.28)

c

−4.11 (− 14.14,7.10)

14.20 (1.18,28.90)

8.46 (0.21,17.40)

c

13.22 (2.55,25.00)c

9.40 (0.74,18.80)c

Annual

Gestational women under 18 or above 35
Cold period

10.44 (1.71,19.92)

c

−8.96 (− 24.85,10.28)

7.40(−7.79,25.09)

10.95 (1.37,21.45)c

16.73 (4.50,30.40)c

12.24 (2.40,23.04)c

Warm period

4.14 (−7.37,17.08)

−1.23 (− 14.53,14.15)

−2.94(− 23.32,22.87)

2.79 (− 12.58,20.87)

0.65 (−19.38,25.66)

− 1.93 (− 18.95,18.67)

PM2.5: particulate matter less than 2.5 μm in aerodynamic diameter, PM10: particulate matter less than 10 μm in aerodynamic diameter, SO2: sulfur dioxide, NO2: nitrogen dioxide, O3: Ozone, CO: carbon monoxide
a
ERs were calculated per IQR increment for each air pollutant
b
Lag day (lag 3 for PM2.5, PM10, NO2, SO2, O3, lag4 for CO) were used
c
P<0.05

CO

b

O3b

c

3.12(−5.08,12.02)

1.44 (− 3.70,6.85)

4.93 (1.64,8.33)

3.65 (0.86,6.51)

NO2

SO2

1.87 (−5.26,9.53)

c

c

5.11 (1.04,9.35)c

3.56 (0.07,7.17)c

PM10b

Warm period
4.06 (− 2.55,11.12)

b

4.92 (1.47,8.50)c

4.84 (1.77,8.00)c

Cold period

Gestational women age between 18 and 35

PM2.5b

Annual

All births

Table 3 Excess risks (ERs) and 95% confidence intervals of preterm birth per IQR increment in air pollutant concentrations in warm and cold periods in Ningbo, China
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Table 4 Excess risks (ERs) and 95% confidence intervals (CIs) of
daily preterm birth in two-pollutant models
PM2.5

PM10

SO2

NO2

Two-pollutant modelsa

ERs and 95% CIs

–

4.84 (1.77, 8.00)

NO2

3.44 (−0.47, 7.50)

SO2

3.70 (−0.02, 7.52)

–

3.56 (0.07, 7.17)

NO2

0.42 (−4.13,5.20)

SO2

1.15 (−3.21, 5.69)

–

3.65 (0.86, 6.51)

PM2.5

1.69 (−1.55, 5.08)

PM10

3.09 (−0.41, 6.72)

NO2

2.18 (−1.07,5.52)

–

6.49 (1.86, 11.34)

PM2.5

3.09 (−3.61, 9.11)

PM10

6.11 (−0.03,12.62)

SO2

4.55 (−0.80, 10.18)

PM2.5: particulate matter less than 2.5 μm in aerodynamic diameter,
PM10: particulate matter less than 10 μm in aerodynamic diameter,
SO2: sulfur dioxide, NO2: nitrogen dioxide
a
Lag day 3 for PM2.5, PM10, NO2, SO2 were used

birth became nonsignificant after controlling for other
air pollutants in the two-pollutant models.

Discussion
In this study, we performed an ecological time-series
study to examine the short-term effect of air pollutants
on preterm birth during 2014–2016 in Ningbo. We
found that PM2.5, PM10, SO2 and NO2 were significantly
associated with increased risk of preterm birth during
1-week preceding delivery. Single pollutant analysis using
General Additive Model indicated that the effect of PM2.5,
PM10, and NO2 reached a peak value at lag day 3 and SO2
at lag day 6. The corresponding ERs for an increased concentration of IQR were 4.84 (95% CI: 1.77, 8.00) for PM2.5,
3.56 (95% CI: 0.07, 7.17) for PM10, 3.65 (95% CI: 0.86,
6.51) for SO2, and 6.49 (95% CI: 1.86, 11.34) for NO2,
respectively.
The observed effect of particulate matter (PM2.5,
PM10) were consistent with several previous studies
[13, 25–29]. A ten- year time-series study conducted
in Rome [30] has detected a significant effect of PM10
on preterm-birth risk. An updated meta-analysis 10 of 23
studies has showed an increased risk with an IQR increase
in PM10 exposure during pregnancy (pooled OR = 1.03,
95% CI:1.01–1.05). Limited studies in China can be available to evaluate the effect of PM exposure on preterm
birth. A birth cohort conducted in Lanzhou, China between 2010 and 2012 [26] also found that exposure to
high levels of ambient PM10 could increase the risk of preterm birth, and another prospective birth cohort in China

confirmed the adverse effect on preterm birth risk of
PM2.5 exposure [23]. Our study also indicated significant
associations for PM2.5, PM10 exposure and preterm birth,
but the RRs were relatively lower. The discrepancies could
be explained by the different design, population and particulate matter level.
Our study found significant associations between maternal exposure to SO2, NO2 and preterm birth 1 week
proceeding delivery. SO2 was consistently associated
with preterm birth according to a systematic review of
25 studies conducted in China [11]. Previous time-series
studies conducted in China and Atlanta, USA also observed that increased NO2 concentration was associated
with preterm birth risk [13, 27]. The effects of O3 and
CO were less well-studied because the monitoring network of these air pollutants by Chinese government
started from 2013. In our study, we found no significant
effect of CO and O3 on preterm birth, even after stratified by maternal age and season. However, a previous
study reported an increase of 5% in risk of preterm birth
per 100 μg/m3 increase in CO concentrations in the second trimester of pregnancy [23, 31]. Further studies are
needed to confirm the effect of carbon monoxide and
the critical windows of exposure to these air pollutants.
In our study, the effect of air pollutants on preterm
birth risk tended to be stronger in cold period than that
in warm period, although this difference was not statistically significant. Previous studies have also showed that
the effect of air pollutants on preterm birth varied in different seasons [32]. This seasonal discrepancy may be
explained by a higher level of air pollutants in cold
period as Table 1 shows. Furthermore, residents may reduce time to go outdoors due to high temperature and
frequent rain during warm seasons [17] thus the chance
of exposure to ambient air pollution is relatively lower
as compared with cold seasons.
The association between short-term exposure to certain air pollutants and risk of preterm birth may suggest
that air pollution can motivate the biologic mechanism
of labor and thus leading to preterm birth. Potential
mechanisms for this association could be explained by
inflammation, endocrine disruption, hemodynamic responses, oxidative stress and endothelial dysfunction
[33]. When air pollutants are inhaled into the body, oxidative stress and intrauterine inflammation may induce
preeclampsia [34] and preterm premature rupture of
membranes [35], which could contribute a significant
part of the causes of preterm birth.
Our study had several important strengths. Firstly, we
used time-series Generalized Additive Model extended
Poisson regression to adjust for the confounding effects
of long-time trends, meteorological factors and season.
In addition, our study provided evidence for the effect of
previously less well-studied air pollutants (O3 and CO).
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Our study also had several limitations. Average data
from fixed monitoring locations were used to represent
air pollution exposure, which could affect our results.
And ecological study design could underestimate the effect of air pollution when monitoring data was used to
represent individual exposure level [36]. It should also
be noted that our analyses were not adjusted for infant
gender, maternal smoking status and education level due
to lack of these individual risk factors. Future studies
with individual risk factors especially time varying factors (such as maternal smoking exposure) are needed to
confirm our findings. Besides, early obstetric ultrasound
was used to estimate the gestational age instead of LMP
for a small portion of women who forgot their last menstrual period. There are also other hospitals can be selected in the region, but medical records in other
hospitals cannot be available in the current study. We
believe that these issues would not affect our results. Finally, we cannot identify the independent effect of each
pollutant due to high correlations between pollutants.

Conclusions
In summary, this study examined the association between concentrations of air pollutants (PM2.5, PM10,
SO2, NO2, O3 and CO) and risk of preterm birth in
Ningbo. Our results suggested that short-term exposure
to four pollutants (PM2.5, PM10, SO2 and NO2) were associated with preterm birth risk in Ningbo. These findings might have important implications in preventing
preterm birth while further studies are still needed.
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