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Abstract
Objectives This study aimed to determine the effect of ambient air pollution and temperature on stillbirth in Tehran.
Methods In this time-series study, the effect of O3 (ppb), CO (ppm), NO2 (ppb), SO2 (ppb), PM2.5 (μg/m

3), and minimum,
maximum, and mean daily temperature (°C) on stillbirth was evaluated in Tehran, Iran between March 2015 and March 2018.
Using a quasi-Poisson regression model in combination with a Distributed Lag Non-linear Models (DLNM), the Relative Risk
(RR) was estimated through comparing the high temperature (99th, 95th, and 75th percentiles) and low temperature (1st, 5th, and
25th percentiles) with the median. The effect of air pollution was estimated for each 1-, 5-, or 10-unit increase in the concentration
during lags (days) 0–21.
Results Among air pollutants, only a 5-ppm increase in the SO2 concentration in lag 0 increased the risk of stillbirth significantly
(RR = 1.062; 1.002–1.125). The largest effect of heat was observed while comparing the 99th percentile of minimum daily
temperature (26.9 °C) with the median temperature (13.2 °C), which was not statistically significant (RR = 1.25; 0.95–1.65). As
for cold, a non-significant protective effect was observed while comparing the 1st percentile of maximum daily temperature
(3.1 °C) with the median temperature (23.2 °C) (RR = 0.92; 0.72–1.19).
Conclusion Each 5-ppm increase in the mean daily SO2 in lag 0 increased the risk of stillbirth by 6%while other air pollutants had
no significant effects on stillbirth. In lags 0 and 1, the heat increased the risk of stillbirth while the cold had protective effects,
which were not statistically significant.

Keywords Stillbirth . Ambient temperature . Air pollution . Distributed lag non-linear models

Introduction

According to the World Health Organization (WHO) estimates,
2.6 million stillbirths occur in the world annually [1] with rates
ranging from 3.1 in 1000 births in high-income countries to 29 in
1000 births in Sub-Saharan Africa and 12.9 in 1000 births in the
Middle East [2]. The rate of stillbirth has varied from 8.57 to 11.7
in 1000 births in different parts of Iran in recent years [3, 4].
Although several maternal and neonatal factors have been iden-
tified, stillbirth of unknown cause still comprises 25–60% of the
total cases [5, 6]. Recent studied have evaluated the effects of
environmental risk factors like ambient air pollution and low and
high temperature on stillbirth [7–11].

A systematic review of the studies published by November
2016 found only four studies about the effect of ambient temper-
ature on stillbirth,whichwere all conducted in developed countries
and indicated the adverse effects of the heat on stillbirth [7]. As for
air pollution, ozone (O3), nitrogen dioxide (NO2), sulfur dioxide
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(SO2), carbon monoxide (CO) and particulate matter (PM), in
addition to their effects on increased mortality due to different
diseases worldwide [12], based on the evidence from systematic
review and meta-analysis studies, it is also possible that they have
adverse effects on pregnancy outcomes [9, 13]. However, further
studies benefiting from better measurement of air pollutants and
controlling confounding variables were recommended to strength-
en the evidence due to controversial results [9, 14].

In Iran, however the results of studies have shown that air
pollutants especially particulate matter generated by anthropo-
genic source and dust storm condition has other health effects
[15–18], but only one study evaluated the effect of air pollu-
tion on stillbirth in Ahvaz [19] and no study has investigated
the effect of ambient temperature on stillbirth. On the other
hand, the effect of temperature is not linear and also the effects
of ambient air pollution and temperature may not be
limited to the exposure day. Therefore, this study was
conducted to determine the effect of ambient air pollu-
tion and temperature on stillbirth in Tehran, Iran using
the Distributed lag non-linear models (DLNM) which is
capable of evaluating the non-linear and lag effects of
exposure on the outcome [20].

Materials and methods

Study population

In this time-series study, the data of 3460 stillbirth cases in all
public and private hospitals of Tehran fromMarch 21, 2015 to
March 20, 2018 that occurred to mothers permanently resid-
ing in Tehran were obtained from the Iranian Maternal and
Neonatal (IMaN) Network, belong to Neonatal Health Office,
Iranian Ministry of Health and Medical Education. Stillbirth
was defined as the birth of a fetus with no signs of life at or
after 22 weeks of pregnancy.

Exposure

Meteorological data, including the daily minimum, maximum,
andmean temperature and relative humiditywere collected from
three stations (Mehrabad, Shemiran, andGeophysics stations) of
the IranMeteorological Organization [21] and averaged for each
parameter. The missing data were extracted from the National
Oceanic and Atmospheric Administration website [22].

The data of air pollution variables were collected from 37
stations including 21 stations of Tehran Air Quality Control
Company [23, 24] and 16 stations of the Department of
Environment. The data of the above stations were first validated
according to the WHO criteria [25] and the data of the stations
that lack sufficient validity were excluded from the study.
Finally, the daily data of each air pollutant were calculated ac-
cording to the WHO and US Environmental Protection Agency

(EPA) indexes [25, 26], including the maximum 8-h moving
average O3 (ppb) and CO (ppm) concentration, maximum 1-h
average NO2 concentration (ppb), mean 24-h average SO2 (ppb),
and PM2.5 (μg/m

3), using the average values of valid stations.

Statistical analysis

The measures of central tendency and dispersion are used to
describe quantitative data, and percentage and frequency are
used to present qualitative data. A quasi-Poisson regression
model in combination with the DLNM was applied for time-
series analysis of the effects of ambient air pollution and tem-
perature on stillbirth as follows:

Yt∼Poisson μtð Þ :
Log μtð Þ ¼ α þ cb Temperatue; 5; lag; 4ð Þ

þns Relative humidityð Þ þ ns Time; 7*year
� �

þβ1 Holidayð Þ þ β2 Day of Weekð Þ

Where Yt represents the number of stillbirths on day t,α is the
intercept, and cb is the “cross-basis” function [27, 28] for
ambient temperature. Temperature and lag (day) were defined
with 4 and 5 degrees of freedom (df), respectively. The
effects of relative humidity, seasonal and long-term
trends, and weekdays and holidays were controlled in
the model. ns represents a natural cubic spline function
[27, 28] and β is the regression coefficient. The Akaike
Information Criterion (AIC) was used to select the df
for temperature and lag. Moreover, for evaluating the
effect of temperature, the effect of air pollutants was
adjusted using the ns function.

A separate model was designed for each air pollutant to
evaluate the effect of ambient air pollution and the cb function
was considered for each pollutant.

Yt∼Poisson μtð Þ :
Log μtð Þ ¼ α þ cb Air pollutant; 5; lag; 4ð Þ

þns Relative humidityð Þ þ ns Time; 7*yearð Þ
þβ1 Holidayð Þ þ β2 Day of Weekð Þ

In the model used for investigating the effect of air pollu-
tion, to adjust the effect of temperature, the mean daily tem-
perature was introduced into the model using the ns function
with df = 3.

In this study, the effect of exposure was assessed in lags
(days) 0–21 prior to the outcome. For minimum, maximum,
and mean daily temperature, the 99th, 95th, and 75th percentiles
for heat and the 1st, 5th, and 25th percentiles for cold were
compared with the median temperature and relative risk (RR)
and 95% confidence interval (95%CI) were calculated. To study
the effect of air pollution, RR was calculated for each 10-unit
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increase in PM2.5, NO2, and O3, each 5-unit increase in SO2, and
each 1-unit increase in CO. Data were analyzed using DLNM
package incorporated in the R software version 3.5.2 [20, 27].
All analyses were two-sided and P value less than 0.05 were
considered significant.

Ethical considerations

The study protocol was approved by the Institutional Research
Ethics Committee of School of Public Health & Allied
Sciences, Tehran University of Medical Sciences
(IR.TUMS.SPH.REC.1397.156). The required clearances for
data collection from related organizations were obtained from
the Research Deputy of the School of Public Health, Tehran
University of Medical Sciences. The data were used and re-
ported anonymously.

Results

Descriptive statistics

Of 516,570 births registered in the IranianMaternal andNeonatal
Network during 2015–2018 for Tehran, 3460 were stillbirths
(6.69 in 1000 births). The daily distribution of stillbirth
as well as the descriptive statistics of exposure variables
including temperature and air pollutants is presented in
Table 1. Using the average values of the three stations
during three years, the lowest temperature according to
minimum temperature was −7.22 °C and the highest
temperature according to maximum temperature was
42.22 °C. Concentration of maximum 8-h moving aver-
age for O3, maximum 1-h average for NO2, mean 24-h
average for PM2.5, maximum 8-h moving average for
CO, mean 24-h average for SO2 during three years
were, 32.6 ppb, 71.1 ppb, 33.0 μg/m3, 3.6 ppm and
12.5 ppb respectively.

Effect of ambient temperature on stillbirth

The overall effects of ambient temperature according to RR in
different lags and temperatures and according to minimum,
maximum, and mean daily temperature are presented in
Fig. 1 as a three-dimensional graph. RR was calculated
through comparing the risk of stillbirth at different tempera-
tures with the corresponding median temperature. The effects
of daily heat and cold according to the comparison of different
percentiles with the median temperature for minimum, maxi-
mum, and mean temperature for the first seven lags are dem-
onstrated in Table 2. Moreover, the results for all lags (0–21)
are presented in Figs. 2, 3, 4. The highest RR for heat was
observed in comparison of the 99th percentile with the median
temperature according to minimum daily temperature, whichTa
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was not significant (RR = 1.25; 0.95 to 1.65). The cold had
non-significant protective effect in comparison of the 1st per-
centile with the median value according to maximum daily
temperature (RR = 0.92; 0.72–1.19).

Effect of ambient air pollution on stillbirth

Table 3 shows the effects of air pollutants on stillbirth in lags 0–7
post exposure. SO2 had a significant effect on the increased risk
of stillbirth in lag 0 (RR= 1.062; 1.002 to 1.125) while the asso-
ciation of other air pollutants with stillbirth was not statistically
significant (the results for lags 8–21 are not reported
due to lack of significance and similar effects).

Effects of ambient air pollution and temperature with
adjusting the effects of each other In the ambient temperature
model, adjustment for effects of air pollutants did not change
the results. Furthermore, adjustment of the air pollution model
for the effect of mean temperature did not affect the results.

Discussion

In this study, heat had non-significant increasing and cold had
non-significant protective effects on stillbirth in lags 0 and 1. As
for air pollutants, SO2 had a significant effect on the risk of
stillbirth only in lag 0 as every 5-ppb increase in the 24-h average
SO2 concentration increased the risk of stillbirth by 6%.

Few studies have investigated the effects of temperature (heat
andcold) on the riskof stillbirth.A recent systematic reviewof the
studies published byNovember 2016 showedonly four studies in
this regard [7].A retrospective cohort studybyStrand inBrisbane,
Australia according to thedataof2005–2009showed that increas-
ing temperatures in the last four weeks of pregnancy significantly
increased the risk of stillbirths for fetuses of <28weeks’gestation.
As for the effect of cold, the hazard ratio (HR) for stillbirth was
0.3at12°Crelative to21°C,whichwasnotstatisticallysignificant
[29]. According to a time-series study byArroyo et al. inMadrid,
Spain using the 2001–2009 data, every 10 °C increase in the
minimum and maximum temperature in the second and third tri-
mester significantly increased the risk of late fetal death by 1.003
and 1.037 times, respectively [30]. Auger et al. conducted a case-
crossover study in Quebec, Canada using the 1981–2011 data. In
this study, the risk of term stillbirth at maximum daily tempera-
tures of 28 °C, 30 °C, and 32 °C relative to the reference 20°C
significantly increased by 1.16, 1.22, and 1.28 times respectively
while these effects decreased gradually for lower gestational
weeks. Although the effect of cold was protective in some sub
groups, it was not statistically significant [31]. Another study by
Basu et al. in California using the 1999–2009 data showed a
10.4% increase in the risk of stillbirth for every 10 °F (5.6 °C)
increase in the temperature (cumulative effects of lags 2–6) while
no associations were found during cold seasons [32].

Except for the above four studies, a study in Sweden eval-
uated the effect of cold on stillbirth. The births from 1915 to
1929, which—unlike most societies today—experienced

Fig. 1 Three-dimensional graph of the effect of maximum, minimum and
mean daily temperature on stillbirth in Tehran (reference: median for
maximum temperature: 23.2 °C, for minimum temperature: 13.2 °C, for
mean temperature: 17.9 °C)

1292 J Environ Health Sci Engineer (2020) 18:1289–1299



Ta
bl
e
2

T
he

ef
fe
ct
of

he
at
an
d
co
ld

ac
co
rd
in
g
to

m
ax
im

um
,m

in
im

um
an
d
m
ea
n
da
ily

te
m
pe
ra
tu
re

on
st
ill
bi
rt
h
in

T
eh
ra
n

R
el
at
iv
e
R
is
k
(9
5%

C
on
fi
de
nc
e
In
te
rv
al
)

H
ea
tE

ff
ec
t

C
ol
d
E
ff
ec
t

V
ar
ia
bl
e

L
ag

(d
ay
)

99
th

vs
50
th

pe
rc
en
til
e

95
th

vs
50
th

pe
rc
en
til
e

75
th

vs
50
th

pe
rc
en
til
e

1t
h
vs

50
th

pe
rc
en
til
e

5t
h
vs

50
th

pe
rc
en
til
e

25
th

vs
50
th

pe
rc
en
til
e

M
ax
im

um
da
ily

te
m
pe
ra
tu
re

0
1.
07

(0
.8
1–
1.
41
)

1.
02

(0
.7
9–
1.
29
)

0.
93

(0
.7
7–
1.
13
)

0.
92

(0
.7
2–
1.
19
)

0.
98

(0
.7
8–
1.
23
)

1.
05

(0
.8
9–
1.
24
)

1
1.
03

(0
.9
0–
1.
18
)

1.
01

(0
.8
9–
1.
13
)

0.
96

(0
.8
7–
1.
06
)

0.
98

(0
.8
7–
1.
11
)

0.
99
7
(0
.8
9–
1.
12
)

1.
02

(0
.9
4–
1.
11
)

2
1.
01

(0
.9
2–
1.
11
)

1.
00

(0
.9
2–
1.
09
)

0.
99

(0
.9
2–
1.
06
)

1.
03

(0
.9
5–
1.
11
)

1.
01

(0
.9
4–
1.
09
)

1.
01

(0
.9
5–
1.
07
)

3
1.
00

(0
.9
0–
1.
11
)

1.
00

(0
.9
1–
1.
10
)

0.
99
9
(0
.9
3–
1.
08
)

1.
05

(0
.9
6–
1.
15
)

1.
02

(0
.9
4–
1.
12
)

1.
00

(0
.9
4–
1.
07
)

4
0.
99
9
(0
.9
0–
1.
11
)

1.
00

(0
.9
1–
1.
10
)

1.
01

(0
.9
3–
1.
08
)

1.
05

(0
.9
6–
1.
15
)

1.
03

(0
.9
5–
1.
12
)

1.
00

(0
.9
4–
1.
07
)

5
1.
00

(0
.9
2–
1.
09
)

1.
01

(0
.9
3–
1.
09
)

1.
01

(0
.9
5–
1.
07
)

1.
05

(0
.9
7–
1.
12
)

1.
03

(0
.9
7–
1.
11
)

1.
01

(0
.9
6–
1.
06
)

6
1.
01

(0
.9
4–
1.
08
)

1.
01

(0
.9
5–
1.
07
)

1.
01

(0
.9
6–
1.
06
)

1.
04

(0
.9
8–
1.
10
)

1.
04

(0
.9
8–
1.
09
)

1.
02

(0
.9
8–
1.
06
)

7
1.
01

(0
.9
5–
1.
08
)

1.
01

(0
.9
6–
1.
07
)

1.
01

(0
.9
6–
1.
06
)

1.
03

(0
.9
8–
1.
08
)

1.
04

(0
.9
9–
1.
09
)

1.
03

(0
.9
9–
1.
06
)

M
in
im

um
da
ily

te
m
pe
ra
tu
re

0
1.
25

(0
.9
5–
1.
65
)

1.
17

(0
.9
4–
1.
47
)

1.
05

(0
.8
9–
1.
25
)

0.
93

(0
.7
4–
1.
16
)

1.
03

(0
.8
5–
1.
24
)

1.
06

(0
.9
3–
1.
22
)

1
1.
11

(0
.9
8–
1.
26
)

1.
08

(0
.9
7–
1.
19
)

1.
03

(0
.9
5–
1.
12
)

0.
97

(0
.8
7–
1.
08
)

1.
00

(0
.9
1–
1.
10
)

1.
02

(0
.9
5–
1.
09
)

2
1.
02

(0
.9
3–
1.
12
)

1.
02

(0
.9
4–
1.
10
)

1.
01

(0
.9
5–
1.
08
)

0.
99

(0
.9
2–
1.
07
)

0.
99

(0
.9
2–
1.
06
)

0.
99

(0
.9
4–
1.
04
)

3
0.
98

(0
.8
8–
1.
09
)

0.
99

(0
.9
1–
1.
09
)

1.
01

(0
.9
4–
1.
08
)

1.
01

(0
.9
2–
1.
10
)

0.
99

(0
.9
1–
1.
07
)

0.
98

(0
.9
3–
1.
04
)

4
0.
98

(0
.8
8–
1.
08
)

0.
99

(0
.9
1–
1.
08
)

1.
01

(0
.9
4–
1.
08
)

1.
01

(0
.9
3–
1.
10
)

0.
99

(0
.9
2–
1.
08
)

0.
99

(0
.9
3–
1.
04
)

5
0.
99

(0
.9
1–
1.
07
)

0.
99
9
(0
.9
3–
1.
07
)

1.
01

(0
.9
6–
1.
07
)

1.
01

(0
.9
4–
1.
08
)

1.
01

(0
.9
5–
1.
07
)

0.
99
8
(0
.9
5–
1.
04
)

6
1.
00

(0
.9
4–
1.
07
)

1.
01

(0
.9
6–
1.
07
)

1.
02

(0
.9
7–
1.
07
)

1.
01

(0
.9
5–
1.
07
)

1.
02

(0
.9
7–
1.
07
)

1.
01

(0
.9
7–
1.
05
)

7
1.
02

(0
.9
6 –
1.
08
)

1.
02

(0
.9
7–
1.
08
)

1.
02

(0
.9
8–
1.
07
)

1.
00

(0
.9
5–
1.
06
)

1.
03

(0
.9
8–
1.
08
)

1.
02

(0
.9
8–
1.
05
)

M
ea
n
da
ily

te
m
pe
ra
tu
re

0
1.
14

(0
.8
6–
1.
52
)

1.
07

(0
.8
3–
1.
39
)

0.
97

(0
.7
9–
1.
17
)

0.
93

(0
.7
3–
1.
19
)

1.
01

(0
.8
1–
1.
26
)

1.
07

(0
.9
1–
1.
26
)

1
1.
07

(0
.9
3–
1.
23
)

1.
04

(0
.9
2–
1.
18
)

0.
98

(0
.8
9–
1.
09
)

0.
98

(0
.8
7–
1.
10
)

1.
01

(0
.9
0–
1.
12
)

1.
03

(0
.9
5–
1.
11
)

2
1.
02

(0
.9
3–
1.
13
)

1.
01

(0
.9
3–
1.
11
)

0.
99
8
(0
.9
3–
1.
08
)

1.
01

(0
.9
4–
1.
09
)

1.
00

(0
.9
3–
1.
08
)

0.
99
8
(0
.9
4–
1.
06
)

3
1.
00

(0
.8
9–
1.
12
)

1.
01

(0
.9
1–
1.
11
)

1.
01

(0
.9
3–
1.
10
)

1.
03

(0
.9
4–
1.
13
)

1.
01

(0
.9
2–
1.
09
)

0.
99

(0
.9
3–
1.
06
)

4
0.
99
9
(0
.8
9–
1.
11
)

1.
01

(0
.9
1–
1.
11
)

1.
01

(0
.9
3–
1.
10
)

1.
03

(0
.9
5–
1.
13
)

1.
01

(0
.9
3–
1.
10
)

0.
99

(0
.9
3–
1.
06
)

5
1.
01

(0
.9
2–
1.
10
)

1.
01

(0
.9
3–
1.
10
)

1.
02

(0
.9
5–
1.
09
)

1.
03

(0
.9
6–
1.
11
)

1.
02

(0
.9
6–
1.
09
)

1.
01

(0
.9
6–
1.
06
)

6
1.
01

(0
.9
4–
1.
09
)

1.
02

(0
.9
5–
1.
09
)

1.
02

(0
.9
7–
1.
08
)

1.
02

(0
.9
7–
1.
09
)

1.
03

(0
.9
8–
1.
08
)

1.
02

(0
.9
8 –
1.
06
)

7
1.
02

(0
.9
6–
1.
09
)

1.
02

(0
.9
6–
1.
09
)

1.
02

(0
.9
7–
1.
08
)

1.
02

(0
.9
7–
1.
09
)

1.
03

(0
.9
9–
1.
08
)

1.
03

(0
.9
9–
1.
06
)

1293J Environ Health Sci Engineer (2020) 18:1289–1299



fewer indoor-heating amenities from protection from cold,
were included in this study. The mean (standard deviation)
temperature was 5.0 (2.4) °C during pregnancy. The hazard
ratio of stillbirth was 1.08 (95% CI 1.00–1.17) for a 1 °C
decrease in temperature during pregnancy [33]. In another
study in Brisbane, Australia, exposure to cold (5th percentile)
and high (95th percentile) temperature during the second tri-
mester relative to the threshold temperature increased the risk

of stillbirth significantly (HR = 1.23 and 1.47, respectively)
[34]. In another study of the data of 12 cities in the United
States, chronic exposure to high and low temperature during
pregnancy significantly increased the risk of stillbirth by 3.71
and 4.75 times, respectively. Moreover, a 1 °C increase in
temperature in the week before delivery in hot seasons signif-
icantly increased the risk of stillbirth by 1.6 times while this
effect was not significant for low temperatures [35].

Fig. 2 The effect of heat
(99th, 95th, and 75th percentiles)
and cold (1st, 5th, and 25th
percentiles) according to
maximum daily temperature on
stillbirth in Tehran (reference:
median for maximum
temperature: 23.2 °C)
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In general, the results of previous studies suggest the harm-
ful effects of the high ambient temperature on the risk of
stillbirth but sufficient evidence is lacking for the effect of
low temperature. There is marked heterogeneity among pre-
vious studies in terms of duration of exposure (acute or chron-
ic), lag period of exposure and outcome, sample size, the
climate of different regions in terms of extreme heat

and cold, which could be the reason for slight differ-
ences in the results.

Although the exact mechanism of the effect of temperature
on stillbirth is unclear, several biological mechanisms have
been suggested for the effect of high temperature compared
to low temperature on stillbirth. Gestation causes physiologi-
cal changes in the pregnant mother’s body that may change

Fig. 3 The effect of heat (99th,
95th, and 75th percentiles) and
cold (1st, 5th, and 25th
percentiles) according to
minimum daily temperature on
stillbirth in Tehran (reference:
median for minimum
temperature: 13.2 °C)
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thermoregulation ability [31, 36] causing dehydration when
exposed to high temperatures [37], decreased blood flow to
the fetus and uterine contraction [37–39]. Moreover, heat
stress may lead to induction of labor through secreting some
hormones [37, 38, 40]. Exposure to high temperatures may
also cause injury to the cells, placenta, or vascular systems
[41]. In terms of behavior, people try to minimize their

exposure to low temperature through staying indoor and using
warm clothes and indoor heating amenities.

Regarding the effect of ambient air pollution, Siddika et al.
[9] conducted a systematic review and meta-analysis of 13
published articles by April 2015, including 11 studies on
long-term effects and 2 studies on the effects of short-term
exposure. As for the long-term effects, for estimating the

Fig. 4 The effect of heat (99th,
95th, and 75th percentiles) and
cold (1st, 5th, and 25th
percentiles) according to mean
daily temperature on stillbirth in
Tehran (reference: median for
mean temperature: 17.9 °C)
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pooled effect for each air pollutant, according to the entire
pregnancy or each trimester, 2–3 studied were included in
the meta-analysis in each sub-group. The pooled effect of
exposure to air pollutants, despite indicating elevated risks,
were not statistically significant. Furthermore, point estimates
were slightly elevated in the third trimester compared to other
trimesters. To evaluate the effect of short-term exposure, two
time-series studies used a maximum lag time of 6 days before
delivery, and both found significant effects for air pollutants.
Faiz et al. used the 1980–2004 New Jersey data and found that
a one interquartile range (IQR) increase in the mean concen-
tration of CO and SO2 two days before delivery increased the
risk of stillbirth by 1.20 and 1.11 times respectively while this
effect was not significant for other air pollutants [42]. Pereira
et al. also found that stillbirth had a marginal association with
SO2 and CO [43]. The results of these two studies regarding
SO2 are consistent with our study, which may indicate the
stronger acute effects of these pollutants because our study
also showed acute effects of SO2 in lag 0. The results of the
studies that are published after this meta-analysis are inconsis-
tent. In a recent, study in Harris County, Texas, a 3.6-ppb
increase in O3 exposure increased the risk of stillbirth by
1.09 times while acute exposure had no significant effects
[44]. A cohort study conducted in China also reported the
effects of long-term exposure to O3 and PM2.5 [45]. A study
in the United States showed the acute and chronic effects of
O3 exposure on stillbirth [46].

In the only similar study conducted in Ahvaz, Iran by
Dastoorpoor et al., although the results showed that premature
delivery and spontaneous abortion had a significant correla-
tion with increased concentrations of SO2, NO2, CO, and
PM2.5, no significant relationship was found between air pol-
lution and stillbirth [19]. The possible mechanisms of the ef-
fect of ambient air pollution on pregnancy outcomes are sum-
marized in a systematic review by S. Shah et al. [13]. SO2,
which was found to have a significant effect on stillbirth in our
study, may induce developmental and functional toxicities

through affecting neuromuscular coordination, causing ad-
verse effects on the function and structure of the embryo or
fetus [13, 47].

Strengths and limitations

One of the limitations of this study was that exposure was
assessed according to the daily temperature reported by Iran
Meteorological Organization, which may not indicate the true
exposure because people may use heating or cooling ameni-
ties or stay indoor during polluted days. Moreover, this study
only evaluated the acute effects of exposure to ambient tem-
perature and air pollution and it was not possible to assess
their chronic effects.

The stillbirth data were obtained from the Iranian
Maternal and Neonatal Network of the Ministry of
Health, which covers all hospitals in Tehran and there-
fore represents the Tehran population. This was the first
study of the effect of ambient temperature and air pol-
lution on stillbirth in Tehran (capital of Iran) where the birth
rate is the highest compared to other Iranian cities and air
pollution is a major problem.

Conclusion

A 5-ppm increase in the 24-h average SO2 concentration in lag
0 increased the risk of stillbirth by 6% while other air pollut-
ants including O3, NO2, CO and PM2.5 had no significant
effects on stillbirth in lags 0–21. Extreme heat (the 99th per-
centile compared with the median temperature) had non-
significant increasing and extreme cold (the 1st percentile
compared with the median temperature) had non-significant
protective effects on stillbirth in lags 0 and 1.

Acknowledgments The authors wish to thank the personnel of the
Neonatasl Health Office, Iranian Ministry of Health and Medical
Education, for their assistance in collecting the primary data.

Table 3 The effect of air pollution on stillbirth in Tehran

Relative Risk (95% Confidence Interval)

Lag (day) 10 μg/m3 increase in PM2.5 10 ppb increase in NO2 10 ppb increase in O3 5 ppb increase in SO2 1 ppm increase in CO

0 1.009 (0.989–1.029) 1.008 (0.990–1.026) 0.994 (0.955–1.034) 1.062 (1.002–1.125) 1.007 (0.972–1.044)

1 1.004 (0.994–1.015) 1.004 (0.995–1.014) 0.993 (0.970–1.017) 1.028 (0.993–1.064) 1.003 (0.983–1.024)

2 1.001 (0.992–1.009) 1.002 (0.995–1.009) 0.994 (0.975–1.012) 1.005 (0.979–1.032) 0.999 (0.985–1.015)

3 0.999 (0.991–1.007) 1.000 (0.993–1.007) 0.994 (0.976–1.012) 0.991 (0.966–1.018) 0.997 (0.982–1.012)

4 0.998 (0.989–1.006) 0.999 (0.991–1.006) 0.994 (0.977–1.013) 0.984 (0.958–1.010) 0.995 (0.980–1.010)

5 0.998 (0.990–1.005) 0.998 (0.991–1.005) 0.995 (0.978–1.012) 0.980 (0.956–1.006) 0.993 (0.979–1.007)

6 0.998 (0.991–1.005) 0.998 (0.991–1.004) 0.995 (0.979–1.011) 0.980 (0.957–1.004) 0.992 (0.980–1.005)

7 0.998 (0.992–1.005) 0.997 (0.992–1.003) 0.996 (0.981–1.010) 0.982 (0.959–1.006) 0.992 (0.980–1.004)
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