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Abstract: We aimed to determine the associations between ambient air pollution, specifically particu-
late matter less than or equal to 10 microns and 2.5 microns (PM10 and PM2.5 respectively) and ozone
(O3), and stillbirths. We analysed all singleton births between 20–42 weeks gestation in metropolitan
Sydney, Australia, from 1997 to 2012. We implemented logistic regression to assess the associations
between air pollutants and stillbirth for each trimester and for the entire pregnancy. Over the study
period, there were 967,694 live births and 4287 stillbirths. Mean levels of PM10, PM2.5 and O3 for the
entire pregnancy were 17.9 µg/m3, 7.1 µg/m3 and 3.2 ppb, respectively. Adjusted odds ratios were
generally greater than unity for associations between PM and stillbirths, but none were statistically
significant. There were no significant associations between O3 and stillbirths. There was potential
effect modification of the PM10 and O3 association by maternal age. We did not find consistent
evidence of associations between PM and O3 and stillbirths in Sydney, Australia. More high quality
birth cohort studies are required to clarify associations between air pollution and stillbirths.

Keywords: ambient air pollution; particulate matter; ozone; stillbirth

1. Introduction

Stillbirth is a devastating pregnancy outcome. Globally, there were around 2.6 million
stillbirths in 2015, with a global stillbirth rate of 18.4 stillbirths per 1000 total births with
the greatest burden occurring in low- and middle-income countries, particularly in Sub-
Saharan African and Southern Asia [1]. The stillbirth rates range between 25–30 per 1000
total births for South Asia and Sub-Saharan Africa to less than 5 per 1000 total births for
the economically developed regions of the world [1].

Australia has a much lower stillbirth rate than the high risk regions with a stillbirth
rate of 7.1 per 1000 total births, a rate that has remained relatively stable over the past
two decades [2]. Stillbirths represent a considerable cost to the nation and community
in psychological, physical, social and financial terms. In Australia, the value of lost
social welfare from stillbirth was estimated at AU$18 billion (2017/18 dollars) in the
2015/16 financial year [3].

In high income countries, the major risk factors for stillbirths—such as advanced
maternal age, obesity and smoking—account for 30% of all stillbirths [4]. Other risk factors
include first pregnancy, and maternal diabetes and hypertension [5]. Importantly, many
of these risk factors are modifiable or preventable. Therefore, investment in reducing
stillbirths and improving support services could present cost-effective ways of minimising
the economic impact, especially on already stressed health systems.
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Several environmental factors have also now been implicated in the increased risks
for stillbirths. In a review of meta-analyses of environmental exposures and pregnancy
outcomes, Nieuwenhuijsen et al. [6] reported increased risks of stillbirths for environmental
tobacco smoke, household air pollution from the use of solid fuels for cooking and heating,
and disinfectant by-products in water.

Ambient air pollution is now considered to be the biggest environmental health risk
globally and has adverse impacts on foetal growth and pregnancy outcomes [7]. However,
there are few published studies and meta-analyses on the effects of ambient air pollution
on stillbirths. In their 2013 review of meta-analysis, Nieuwenhuijsen et al. [6] did not find
any meta-analysis of air pollution and stillbirths. However, in the most recently published
meta-analysis of air pollution and stillbirths, Zhang et al. [8] reviewed 12 studies of long-
term exposure to air pollutants and found increased risks for particulate matter less than
or equal to less than 2.5 microns in diameter (PM2.5) exposure in the third trimester and
the entire pregnancy (7 studies), carbon monoxide (CO, 6 studies) exposure in the third
trimester (6 studies), and ozone (O3) in the first trimester (6 studies), and stillbirths. There
were no associations between particulate matter less than or equal to less than 10 microns
in diameter (PM10, 6 studies), nitrogen dioxide (NO2, 6 studies), sulphur dioxide (SO2,
6 studies), and stillbirth risks.

An Australian perspective on this issue is important. While Australian cities generally
have low air pollution compared to similar economically developed economy cities, they do
experience intermittent exposure to high concentrations of fine particles through bushfire
smoke, which are projected to become more frequent and severe in the future (State of
the Climate 2020; accessed on 17 August 2021 at https://www.csiro.au/en/Showcase/
state-of-the-climate). If the association between ambient air pollution and stillbirth were
to be confirmed, this would have significant public health implications for Australia. We
therefore aimed to determine the associations between ambient air pollution, specifically
PM2.5, PM10 and O3, with stillbirths in an Australian birth cohort.

2. Materials and Methods

The study area was metropolitan Sydney, New South Wales (NSW), Australia. We
obtained data for all births in metropolitan Sydney (12,367 km2) for 1997 to 2012 from the
NSW Ministry of Health’s Perinatal Data Collection (PDC). The PDC consists of information
for all live births and stillbirths (death prior to birth) of at least 20 weeks gestation or at least
400 g. Information is collected on maternal antenatal factors, labour and delivery details as
well as newborn details. We obtained information on infant’s gender, Indigenous status,
whether the mother was born overseas, parity, antenatal care attendance, maternal smoking
during pregnancy, gestational diabetes, maternal diabetes and maternal hypertension.

We used the date of the last menstrual period to estimate gestational age (conception
two weeks following the last menstrual period). We included all births between 20 and
42 gestational weeks in our study. We excluded all non-singleton births.

We assessed neighbourhood area level socioeconomic status using the Index of Rel-
ative Socioeconomic Disadvantage (IRSD) from the Australian Bureau of Statistics [9].
IRSD is measured using a composite of several variables (e.g., income, education, and
unemployment) within a neighbourhood, defined as a Census Collection District (CCD,
spatial unit with an average 220 dwellings in urban area). Lower scores of IRSD indicate
greater neighbourhood disadvantage. We calculated the quintiles of the neighbourhood
IRSD score across NSW and assigned each individual in the study region to one of the
IRSD quintiles.

2.1. Air Pollution Exposures

We obtained daily air pollution data for the study region (daily 1-h maximum O3 mea-
sured in parts per billion (ppb), daily average PM10 and PM2.5, both measured in µg/m3)
from the New South Wales Office of Environment and Heritage. O3 and PM data were
available from eight fixed site monitors for the entire study period. Daily average concen-
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tration was only calculated when at least 75% of hourly data were available. If missing
daily values for a site were less than 5% of days, the missing values were replaced with
the mean value of previous and the following day for that site. Missing values on other
days were replaced by the mean of the remaining sites multiplied by a weighting factor.
We calculated the weighting factor by dividing the seasonal mean of the missing site by
the corresponding mean from the other sites. Daily city wide mean value of the air pollu-
tant concentration from all available monitoring sites was averaged and used to estimate
pregnancy exposures (trimester specific exposures and for the entire pregnancy).

2.2. Statistical Analysis

We implemented logistic regression to assess the associations between exposure to air
pollutants and odds of stillbirth. Separate analyses were conducted for each trimester and
for the entire pregnancy. All models were adjusted for infant gender, maternal smoking
during pregnancy (never smoker vs. ever smoker), Indigenous status (yes vs. no), first
pregnancy (yes vs. no), antenatal care attendance ≤12 weeks gestation (yes vs. no),
gestational diabetes (yes vs. no), maternal diabetes (yes vs. no), maternal hypertension
(yes vs. no), mother’s country of birth (Australia vs. other), mother’s age (<35 years vs.
≥35 years), and neighbourhood level socioeconomic disadvantage (in quintiles). We also
tested for effect modification by including maternal age and area level socioeconomic
disadvantage (in quintiles) as interaction terms. We performed stratified analyses if the
interaction terms were significant. A p-value of <0.05 denoted statistical significance.

We present odds ratios (ORs) and associated ninety-five percent confidence inter-
vals (95%CIs) for 2 µg/m3 increase of PM2.5 concentration, 4 µg/m3 increase of PM10
concentration and 1 ppb increase in O3 concentration.

3. Results

Over the 16-year study period, after implementing the exclusion criteria, there were
967,694 live births and 4287 stillbirths (4.4/1000 births). Socio-demographic and clinical
characteristics are presented in Table 1. Women who had a stillbirth were more likely
to have diabetes and hypertension, be primiparous, more disadvantaged, and less than
35 years of age.

Table 1. Characteristics of live births and stillbirths, Sydney, Australia, 1997–2012.

Characteristics Live Births
(n = 967,694) n (%)

Stillbirths
(n = 4287) n (%)

Total
(n = 971,981) n (%)

Chi-Square Test
p-Value

Infant gender 0.022
Missing 536 18 554
Female 468,760 (48.5) 1994 (46.7) 470,754 (48.5)
Male 498,398 (51.5) 2275 (53.3) 500,673 (51.5)

Maternal diabetes <0.001
No 962,486 (99.5) 4245 (99.0) 966,731 (99.5)
Yes 5208 (0.5) 42 (1.0) 5250 (0.5)

Gestational diabetes 0.003
No 916,210 (94.7) 4103 (95.7) 920,313 (94.7)
Yes 51,484 (5.3) 184 (4.3) 51,668 (5.3)

Maternal hypertension <0.001
No 959,854 (99.2) 4206 (98.1) 964,060 (99.2)
Yes 7840 (0.8) 81 (1.9) 7921 (0.8)

Maternal smoking <0.001
No 863,171 (89.2) 3566 (83.2) 866,737 (89.2)
Yes 104,523 (10.8) 721 (16.8) 105,244 (10.8)

Indigenous status <0.001
No 957,191 (98.9) 4209 (98.2) 961,400 (98.9)
Yes 10,503 (1.1) 78 (1.8) 10,581 (1.1)
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Table 1. Cont.

Characteristics Live Births
(n = 967,694) n (%)

Stillbirths
(n = 4287) n (%)

Total
(n = 971,981) n (%)

Chi-Square Test
p-Value

Maternal country of birth 0.575
Australia 40,6279 (42.0) 1818 (42.4) 408,097 (42.0)

Other 561,415 (58.0) 2469 (57.6) 563,884 (58.0)

First pregnancy <0.001
First 430,057 (44.4) 2070 (48.3) 432,127 (44.5)

Multiparous 537,637 (55.6) 2217 (51.7) 539,854 (55.5)

Antenatal care attendance <0.001
No 563,197 (58.2) 2228 (52.0) 565,425 (58.2)
Yes 404,497 (41.8) 2059 (48.0) 406,556 (41.8)

Maternal age (years) 0.004
Missing 252 1 253

<35 749,077 (77.4) 3206 (74.8) 752,283 (77.4)
≥35 218,365 (22.6) 1080 (25.2) 219,445 (22.6)

Index of Relative Socioeconomic Disadvantage <0.001
Missing 2900 23 2923

1st quintile (most disadvantaged) 204,908 (21.2) 1088 (25.5) 205,996 (21.3)
2nd quintile 146,769 (15.2) 741 (17.4) 147,510 (15.2)
3rd quintile 151,546 (15.7) 690 (16.2) 152,236 (15.7)
4th quintile 154,592 (16.0) 669 (15.7) 155,261 (16.0)

5th quintile (least disadvantaged) 306,979 (31.8) 1076 (25.2) 308,055 (31.8)

The mean and median ambient PM and ozone concentrations were similar across all
three trimesters and for the entire pregnancy (Table 2).

Table 2. Mean, standard deviation (SD) and median ambient air pollution concentrations by
trimesters and entire pregnancy, Sydney, Australia, 1997–2012.

Ambient Air Pollution Concentration Mean (SD) Median Interquartile Range

1st trimester
PM10 (µg/m3) 18.0 (4.1) 17.1 4.2
PM2.5 (µg/m3) 7.1 (1.8) 6.7 1.5

O3 (ppb) 3.2 (0.6) 3.2 0.9

2nd trimester
PM10 (µg/m3) 17.8 (4.1) 16.9 4.1
PM2.5 (µg/m3) 7.1 (1.8) 6.7 1.5

O3 (ppb) 3.2 (0.6) 3.2 0.9

3rd trimester
PM10 (µg/m3) 17.8 (4.2) 16.9 4.2
PM2.5 (µg/m3) 7.1 (1.8) 6.8 1.6

O3 (ppb) 3.2 (0.6) 3.2 0.9

Entire pregnancy
PM10 (µg/m3) 17.9 (2.7) 17.4 3.6
PM2.5 (µg/m3) 7.1 (1.4) 6.8 1.4

O3 (ppb) 3.2 (0.3) 3.3 0.5

The adjusted odds ratios were generally greater than unity for associations between
PM and stillbirths (Table 3). However, none of these associations were statistically signifi-
cant. There were no significant associations between ozone and stillbirths (Table 3).

There was no effect modification by IRSD. We found evidence for effect modifica-
tion by maternal age and PM10 in trimester 3 (for 4 ug/m3 increase: maternal age < 35 years:
OR = 1.032, 95%CI = 0.987–1.077; maternal age ≥ 35 years: OR = 0.897, 95%CI = 0.817–0.977),
for maternal age and ozone in trimester 2 (for 1 ppb increase: maternal age < 35 years:
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OR = 1.182, 95%CI = 1.064–1.313; maternal age ≥ 35 years: OR = 0.804, 95%CI = 0.670–0.965),
and for maternal age and ozone in the entire pregnancy (for 1 ppb increase: maternal
age < 35 years: OR = 1.134, 95%CI = 0.984–1.307; maternal age ≥ 35 years; OR = 0.685,
95%CI = 0.537–0.876).

Table 3. Adjusted 1 odds ratios of stillbirth associated with ambient air pollution exposure, Sydney,
Australia 1997–2012.

Ambient Air Pollution Adjusted Odds Ratio for Stillbirth

PM10 (per 4 µg/m3 increase)
Entire pregnancy 0.997 (0.952–1.004)

First trimester 1.001 (0.968–1.033)
Second trimester 1.000 (0.968–1.033)
Third trimester 1.000 (0.960–1.039)

PM2.5 (per 2 µg/m3 increase)
Entire pregnancy 1.017 (0.972–1.064)

First trimester 1.024 (0.988–1.061)
Second trimester 1.002 (0.966–1.039)
Third trimester 0.990 (0.974–1.034)

O3 (per 1 ppb increase)
Entire pregnancy 1.002 (0.887–1.133)

First trimester 0.987 (0.904–1.078)
Second trimester 1.074 (0.980–1.176)
Third trimester 0.902 (0.800–1.016)

1 Adjusted for infant’s gender, Indigenous status, gestational diabetes, maternal diabetes, maternal hypertension,
smoking during pregnancy, whether first pregnancy, antenatal care after 12 weeks of pregnancy, maternal age,
and area level socioeconomic status.

4. Discussion

We did not find any associations between ambient air pollution and stillbirths in our
16-year study in Sydney, Australia. We captured all livebirths and stillbirths in Sydney
and we also had individual level information on important risk factors for stillbirths on all
women and particularly on cigarette smoking during pregnancy.

Our PM10 findings are consistent with those of Hwang et al. [10] who conducted
a population-based case–control study in Taiwan with 9325 stillbirths and the control
group of 93,250 births. They reported no associations between maternal exposure to PM10
(mean concentration 73 µg/m3) and increased risk of stillbirth in all births over 20 weeks
gestation in Taiwan. Green et al. [11], in a retrospective study of about 14,000 stillbirths
and just over three million livebirths in California showed increased, but non-significant,
risk of stillbirths for PM2.5 exposure (mean concentration 15 µg/m3) during the entire
pregnancy. However, De Franco et al. [12] in a population based study in the US (1848
stillbirths and 349,188 livebirths), reported a 42% increased rate of stillbirth associated
with PM2.5 exposure (mean concentration 13 µg/m3), but only for exposure in the third
trimester. Similarly, a hospital-based cohort study in Korea [13] found a 10 µg/m3 increase
in PM10 during the third trimester was associated with an eight percent increase in stillbirth
risk (67 stillbirths and 1447 livebirths; mean concentration 89 µg/m3). In a more recent
population-based study (5377 stillbirths and 26,885 matched livebirths), Ebisu et al. [14]
showed that PM2.5 (mean concentration 18 µg/m3) was associated with a significantly
increased risk of stillbirths due to foetal growth complications, for example, small for
gestation age. In the two large population-based studies [11,12], there are no consistent
associations between PM and stillbirths.

The hospital-based study from Korea had a small size yet showed a significant associ-
ation between PM10 and stillbirths. The reason for this could be that in their hospital-based
birth cohort, Kim et al. [13] were able to collect detailed individual-level data relevant
to stillbirths, for example, body mass index and smoking and alcohol consumption dur-
ing pregnancy. Several reasons have been postulated for the inconsistent results among
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studies including differences in air pollution exposure assessment, definition of stillbirths,
statistical methods and the availability of important covariates, leading to low to high
heterogeneity in meta-analysis [8].

As with the studies on PM and stillbirths, the studies investigating O3 and stillbirths
have also reported mixed results. Among the five cohort studies reporting associations
between exposure to O3 and stillbirths, two failed to establish a link [10,15] where the
ambient O3 concentrations were between 30 to 37 ppb and the number of stillbirths were
587 [15] and 9325 [10] and the other three studies found adverse effects of air pollution on
stillbirths. A cohort study in US [16] (992 stillbirths and 222,383 livebirths) found a 39%
increased risk of stillbirth associated with exposure to O3 during the entire pregnancy (mean
O3 concentration 29 ppb) and a retrospective study in US (14,000 stillbirths and just over
three million livebirths) found a one percent increase in stillbirth rate per 10 ppb increase
in O3 exposure during the entire pregnancy period [11] (mean O3 concentration 48 ppb). In
a recent study from the UK, Smith et al. [17] (578,382 livebirths and 3392 stillbirths; mean
O3 concentration 31–33 ppb), showed an increased risk of stillbirths for exposure to O3 in
the first and second trimesters (17% and 15%, respectively).

We found that maternal age, but not neighbourhood socioeconomic status (SES), mod-
ified the associations between PM2.5 and O3 and stillbirths. PM10 significantly decreased
the risk of stillbirths in women ≥35 years of age whereas O3 significantly increased the
risk of stillbirths in women <35 years of age but reduced the risk of stillbirths in women
≥35 years of age. Others have reported higher associations between PM2.5 [18,19] and
O3 [11] and risks of stillbirths in women aged ≥35 years of age compared to women aged
<35 years of age. As women may only be exposed for a short period in the third trimester
prior to a stillbirth and because of the inconsistent results among the published studies, the
findings of effect modification by maternal age should be cautiously interpreted.

There may be several reasons for our null findings. It should be noted that the
concentrations of ambient PM in other studies were at least several orders of magnitude
greater than in our study. The ambient PM concentrations in Sydney are low compared
to other cities globally. For example, the mean concentration of PM2.5 over the entire
pregnancy in this current study was only about 7 µg/m3 and for O3 it was 3 ppb. Although
studies from North America on air pollution and mortality have shown adverse effects at
low levels of PM2.5 (3-year annual average 6.7–8 µg/m3) [20], we did not find significant
associations between PM2.5 (annual average 4.5 µg/m3) and mortality in Sydney [21].
We allocated the same city-wide level air pollution levels to all women in the study and
we were unable to take into account the amount of time spent indoors, mobility and
change of addresses during the pregnancy. Such exposure misclassification is generally
non-differential and bias the effect estimates towards the null, and could explain our
null results.

Our study has several strengths. It is a population level study and we used high
quality administrative dataset that captures all births in metropolitan Sydney. Importantly,
were able to control for important confounders, particularly maternal smoking during
pregnancy, an important risk factor for stillbirths. None of the other studies reported here,
except for one [13] were able to control for maternal smoking during pregnancy as this
information, unlike in Australia, is generally not routinely collected and recorded in birth
administrative datasets.

There are also some limitations to our study. Firstly, like most studies of air pollution
and health, air pollution exposure was calculated at the ecological level rather than at the
individual level. We also did not have information on some other important risk factors
for stillbirths, such as body mass index, and hence were unable to control for them in
our analysis. Our exposure estimates focussed on exposure over trimesters and over the
entire pregnancy rather than the effects of acute intense air pollution episodes or shorter air
pollution exposure windows. It is possible that acute intense air pollution episodes during
pregnancy, for example, extreme smoke concentrations from bushfires, could impact on
stillbirths and should be considered in future research.
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5. Conclusions

We did not find associations between PM and O3 and stillbirths in Sydney, Australia,
where ambient air pollution levels are relatively low compared to similar cities internation-
ally. The literature on associations between air pollution and stillbirths is mixed. Multi-city
studies, with large sample sizes, a range of ambient air pollution levels, controlling for
critical confounders and risk factors, improved exposure assessment and using harmonised
statistical methods can help in clarifying and building the evidence on the association
between air pollution and stillbirths. As air pollution is a preventable potential risk factor
for stillbirths, investment in mitigating air pollution would be prudent and could minimise
the substantial social and economic impacts from stillbirths.

Author Contributions: Conceptualisation B.J. and G.M.; Methodology, G.M., L.C. and, F.S.; Formal
analysis, F.S. and L.C.; Writing—original draft preparation, L.C., F.S. and M.S.; Writing—review and
editing, B.J., F.S., M.S., L.C. and G.M.; Supervision, B.J. and G.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the South Western Sydney Human Research Ethics
Committee on 9 January 2015 (LNR/14/LPOOL/579).

Informed Consent Statement: Patient consent was waived as we only used routinely collected
de-identified birth registry data.

Data Availability Statement: The data presented in this study are held by the NSW Ministry of
Health. The data are not publicly available due to privacy and confidentiality reasons.

Acknowledgments: The authors thank the NSW Ministry of Health for providing access to the
Perinatal Data Collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lawn, J.E.; Blencowe, H.; Waiswa, P.; Amouzou, A.; Mathers, C.; Hogan, D.; Flenady, V.; Frøen, J.F.; Qureshi, Z.U.; Calder-

wood, C.; et al. Stillbirths: Rates, risk factors, and acceleration towards 2030. Lancet 2016, 387, 587–603. [CrossRef]
2. Hilder, L.; Flenady, V.; Ellwood, D.; Donnolley, N.; Chambers, G.M. Improving, but could do better: Trends in gestation-specific

stillbirth in Australia, 1994–2015. Paediatr. Perinat. Epidemiol. 2018, 32, 487–494. [CrossRef] [PubMed]
3. Callander, E.J.; Thomas, J.; Fox, H.; Ellwood, D.; Flenady, V. What are the costs of stillbirth? Capturing the direct health care and

macroeconomic costs in Australia. Birth 2019, 47, 183–190. [CrossRef] [PubMed]
4. Flenady, V.; Koopmans, L.; Middleton, P.; Frøen, J.F.; Smith, G.C.; Gibbons, K.; Coory, M.; Gordon, A.; Ellwood, D.; McIn-

tyre, H.D.; et al. Major risk factors for stillbirth in high-income countries: A systematic review and meta-analysis. Lancet 2011,
377, 1331–1340. [CrossRef]

5. Gordon, A.; Raynes-Greenow, C.; McGeechan, K.; Morris, J.; Jeffery, H. Risk factors for antepartum stillbirth and the influence
of maternal age in New South Wales Australia: A population based study. BMC Pregnancy Childbirth 2013, 13, 12. [CrossRef]
[PubMed]

6. Nieuwenhuijsen, M.J.; Dadvand, P.; Grellier, J.; Martinez, D.; Vrijheid, M. Environmental risk factors of pregnancy outcomes: A
summary of recent meta-analyses of epidemiological studies. Environ. Health 2013, 12, 6. [CrossRef] [PubMed]

7. Li, X.; Huang, S.; Jiao, A.; Yang, X.; Yun, J.; Wang, Y.; Xue, X.; Chu, Y.; Liu, F.; Liu, Y.; et al. Association between ambient fine
particulate matter and preterm birth or term low birth weight: An updated systematic review and meta-analysis. Environ. Pollut.
2017, 227, 596–605. [CrossRef] [PubMed]

8. Zhang, H.; Zhang, X.; Wang, Q.; Xu, Y.; Feng, Y.; Yu, Z.; Huang, C. Ambient air pollution and stillbirth: An updated systematic
review and meta-analysis of epidemiological studies. Environ. Pollut. 2021, 278, 116752. [CrossRef] [PubMed]

9. ABS. Information Paper: An Introduction to Socio-Economic Indexes for Areas (SEIFA), 2006; Australian Bureau of Statistics: Canberra,
Australia, 2008.

10. Hwang, B.-F.; Lee, Y.L.; Jaakkola, J.J.K. Air pollution and stillbirth: A population-based case-control study in Taiwan. Environ.
Health Perspect. 2011, 119, 1345–1349. [CrossRef] [PubMed]

11. Green, R.; Sarovar, V.; Malig, B.; Basu, R. Association of stillbirth with ambient air pollution in a California cohort study. Am. J.
Epidemiol. 2015, 181, 874–882. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(15)00837-5
http://doi.org/10.1111/ppe.12508
http://www.ncbi.nlm.nih.gov/pubmed/30346025
http://doi.org/10.1111/birt.12469
http://www.ncbi.nlm.nih.gov/pubmed/31737924
http://doi.org/10.1016/S0140-6736(10)62233-7
http://doi.org/10.1186/1471-2393-13-12
http://www.ncbi.nlm.nih.gov/pubmed/23324309
http://doi.org/10.1186/1476-069X-12-6
http://www.ncbi.nlm.nih.gov/pubmed/23320899
http://doi.org/10.1016/j.envpol.2017.03.055
http://www.ncbi.nlm.nih.gov/pubmed/28457735
http://doi.org/10.1016/j.envpol.2021.116752
http://www.ncbi.nlm.nih.gov/pubmed/33689950
http://doi.org/10.1289/ehp.1003056
http://www.ncbi.nlm.nih.gov/pubmed/21447454
http://doi.org/10.1093/aje/kwu460
http://www.ncbi.nlm.nih.gov/pubmed/25861815


Toxics 2021, 9, 209 8 of 8

12. DeFranco, E.; Hall, E.; Hossain, M.; Chen, A.; Haynes, E.N.; Jones, D.; Ren, S.; Lu, L.; Muglia, L. Air pollution and stillbirth risk:
Exposure to airborne particulate matter during pregnancy is associated with fetal death. PLoS ONE 2015, 10, e0120594. [CrossRef]
[PubMed]

13. Kim, O.J.; Ha, E.H.; Kim, B.M.; Seo, J.H.; Park, H.S.; Jung, W.J.; Lee, J.T.; Kim, H.; Hong, Y.C. PM10 and pregnancy outcomes: A
hospital-based cohort study of pregnant women in Seoul. J. Occup. Environ. Med. 2007, 49, 1394–1402. [CrossRef] [PubMed]

14. Ebisu, K.; Malig, B.; Hasheminassab, S.; Sioutas, C.; Basu, R. Cause-specific stillbirth and exposure to chemical constituents and
sources of fine particulate matter. Environ. Res. 2018, 160, 358–364. [CrossRef] [PubMed]

15. Yang, S.; Tan, Y.; Mei, H.; Wang, F.; Li, N.; Zhao, J.; Zhang, Y.; Qian, Z.; Chang, J.J.; Syberg, K.M.; et al. Ambient air pollution the
risk of stillbirth: A prospective birth cohort study in Wuhan, China. Int. J. Hyg. Environ. Health 2018, 221, 502–509. [CrossRef]
[PubMed]

16. Mendola, P.; Ha, S.; Pollack, A.Z.; Zhu, Y.; Seeni, I.; Kim, S.S.; Sherman, S.; Liu, D. Chronic and Acute Ozone Exposure in the Week
Prior to Delivery Is Associated with the Risk of Stillbirth. Int. J. Environ. Res. Public Health 2017, 14, 731. [CrossRef] [PubMed]

17. Smith, R.B.; Beevers, S.D.; Gulliver, J.; Dajnak, D.; Fecht, D.; Blangiardo, M.; Douglass, M.; Hansell, A.L.; Anderson, H.R.;
Kelly, F.J.; et al. Impacts of air pollution and noise on risk of preterm birth and stillbirth in London. Environ. Int. 2020, 134, 105290.
[CrossRef] [PubMed]

18. Xue, T.; Guan, T.; Geng, G.; Zhang, Q.; Zhao, Y.; Zhu, T. Estimation of pregnancy losses attributable to exposure to ambient fine
particles in south Asia: An epidemiological case-control study. Lancet Planet. Health 2021, 5, e15–e24. [CrossRef]

19. Xue, T.; Zhu, T.; Geng, G.; Zhang, Q. Association between pregnancy loss and ambient PM2·5 using survey data in Africa: A
longitudinal case-control study, 1998–2016. Lancet Planet. Health 2019, 3, e219–e225. [CrossRef]

20. Pappin, A.J.; Christidis, T.; Pinault, L.L.; Crouse, D.L.; Brook, J.R.; Erickson, A.; Hystad, P.; Li, C.; Martin, R.V.; Meng, J.; et al.
Examining the Shape of the Association between Low Levels of Fine Particulate Matter and Mortality across Three Cycles of the
Canadian Census Health and Environment Cohort. Environ. Health Perspect. 2019, 127, 1007008. [CrossRef] [PubMed]

21. Hanigan, I.C.; Rolfe, M.I.; Knibbs, L.D.; Salimi, F.; Cowie, C.T.; Heyworth, J.; Marks, G.B.; Guo, Y.; Cope, M.; Bauman, A.; et al.
All-cause mortality and long-term exposure to low level air pollution in the ‘45 and up study’ cohort, Sydney, Australia, 2006–2015.
Environ. Int. 2019, 126, 762–770. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0120594
http://www.ncbi.nlm.nih.gov/pubmed/25794052
http://doi.org/10.1097/JOM.0b013e3181594859
http://www.ncbi.nlm.nih.gov/pubmed/18231086
http://doi.org/10.1016/j.envres.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29055831
http://doi.org/10.1016/j.ijheh.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29422441
http://doi.org/10.3390/ijerph14070731
http://www.ncbi.nlm.nih.gov/pubmed/28684711
http://doi.org/10.1016/j.envint.2019.105290
http://www.ncbi.nlm.nih.gov/pubmed/31783238
http://doi.org/10.1016/S2542-5196(20)30268-0
http://doi.org/10.1016/S2542-5196(19)30047-6
http://doi.org/10.1289/EHP5204
http://www.ncbi.nlm.nih.gov/pubmed/31638837
http://doi.org/10.1016/j.envint.2019.02.044
http://www.ncbi.nlm.nih.gov/pubmed/30878871

	Introduction 
	Materials and Methods 
	Air Pollution Exposures 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

