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Abstract
Previous studies provided little evidence related to low-level air pollution exposure on the risk of
preterm birth (PTB). Epidemiologic studies on the synergistic effects of different air pollutants on
the risk of PTB are scarce. In addition, the evidence from initial studies of prenatal exposure to
ambient air pollution and stillbirth is equivocal.
This project assessed the independent and joint effects of prenatal exposure to ambient air
pollution on the risk of PTB, and summarized the existing evidence on the relationship between
ambient air pollution and the risk of stillbirth through a systematic review and meta-analysis.
The study population comprised 2,568 members of the Espoo Cohort Study, born between
1984 and 1990, living in Espoo, Finland. Individual-level ambient air pollution concentrations
were assessed by using dispersion modelling and the land-use regression-based method. PubMed,
Scopus and Web of Science databases were searched for studies investigating air pollution and
stillbirth.
Results show that the joint effect of PM2.5 and O3 exposure during the entire pregnancy (longterm) was substantially higher with an adjusted RR of 3.63 (95% CI: 2.16, 6.10), than what would
have been expected from their independent effects (0.99 for PM2.5 and 1.34 for O3) and the
relative excess risk due to interaction (RERI) was 2.30 (95% CI: 0.95, 4.57). This indicates longterm exposure to PM2.5 and O3 may act synergistically potentiating each other's adverse effects on
the risk of PTB. The highest levels of exposure to PM2.5, PM10 and NO2 in the week just before
delivery (short-term) were related to 67% (95% CI: 14%, 146%), 60% (95%CI: 9%, 134%) and
65% (95% CI: 14%, 137%) increased in the risk of PTB, respectively. There were no significant
joint effects of different air pollutant exposure during the week prior to the delivery (short-term)
on the risk of PTB. The meta-analysis indicated that prenatal exposure to ambient air pollution
increased the risk of stillbirth.
In order to prevent ambient air pollution induced PTB and stillbirth, improvements in air
quality are required by implementing laws and regulations and introducing measures to reduce
multiple pollutants even in those less pollutant regions of the world.

Keywords: air pollution, fine particulates, interaction, nitrogen dioxide, ozone, prenatal
exposure, preterm birth, stillbirth

Siddika, Nazeeba, Raskaudenaikainen altistuminen ilmansaasteille, ennen
aikainen synnytys ja kohtukuolema. Ilmansaasteiden yhteisvaikutus ennenaikaisen synnytyksen määreenä
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Center for
Environmental and Respiratory Health Research (CERH); Medical Research Center Oulu;
Biocenter Oulu
Acta Univ. Oul. D 1585, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Aiempien tutkimusten perusteella oli vain vähän tietoa alhaisen ilmansaastealtistuksen vaikutuksista ennenaikaisen synnytyksen riskiin. Myöskään eri ilmansaasteiden yhteisvaikutuksia ennenaikaiseen synnytykseen ei ollut aiemmin tutkittu. Tutkimustulokset raskaudenaikaisen ilmansaastealtistuksen vaikutuksista olivat vähäiset ja ristiriitaisia.
Tässä tutkimushankkeessa arvioitiin ilmansaasteiden raskaudenaikaisen altistumisen riippumattomia ja yhteisvaikutuksia ennenaikaisen synnytyksen riskiin sekä vedettiin yhteen tutkimustieto raskaudenaikaisen ilmansaastealtistuksen vaikutuksista kohtukuolemariskiin toteuttamalla
systemaattinen kirjallisuuskatsaus ja siihen pohjautuva meta-analyysi.
Tutkimuspopulaatio käsitti Espoon kohorttitutkimuksen 2568 espoolaista jäsentä, jotka syntyivät vuosien 1984 ja 1990 välillä. Tutkimuksessa arvioitiin yksilökohtaisesti ilmansaasteiden
pitoisuudet käyttäen leviämismalleja ja maankäyttötietoja regressiomalleja hyödyntäen. Ilmansaasteiden vaikutuksia kohtukuolemaan selvitettiin systemaattisesti PubMed-, Scopus- ja Web of
Science-tietokannoista haettujen alkuperäisjulkaisujen pohjalta.
Pienhiukkasten (PM2.5) ja otsonin raskauden aikaisen altistuksen yhteisvaikutus oli selvästi
suurempi, vakioitu riskisuhde (RR) 3.63 (95 % luottamusväli: 2.16, 6.10), kuin yksittäisten
ilmansaasteiden riippumattomat vaikutukset antoivat odottaa (PM 2.5 RR=0.99 ja otsoni
RR=1.34). Yhteisvaikutuksesta aiheutuva suhteellinen ylimääräisen riskin estimaatti (RERI) oli
2.30 (95 % luottamusväli 0.95, 4.57). Näiden tulosten perusteella PM2.5 ja otsonialtistuksella
saattaa olla synergistisiä vaikutuksia ennenaikaiseen synnytykseen. Suurimmat altistumiset
ilmansaasteille PM2.5, PM10 ja NO2 synnytystä edeltävällä viikolla (lyhytaikainen altistus) nostivat ennenaikaisen synnytyksen riskiä 67 % (95 % CI: 14 %, 146 %), 60 % (95 %CI: 9 %, 134
%) ja 65 % (95 % CI: 14 %, 137 %), kukin erikseen. Ennenaikaista synnytystä edeltävän viikon
aikaisilla ilmansaastealtistuksilla ei havaittu tilastollisesti merkitseviä yhteisvaikutuksia. Metaanalyysin perusteella raskaudenaikainen altistus ilmansaasteille lisää kohtukuoleman riskiä.
Ilmansaasteiden aiheuttaman ennenaikaisen synnytyksen ja kohtukuoleman riskien ehkäisemiseksi tulisi yhdyskuntailman laatua pyrkiä parantamaan lainsäädännön ja ilmansuojeluohjeiden tuella. Tarvitaan keinoja vähentää samanaikaisesti esiintyvien ilmansaasteiden määrää myös
maailman vähemmän saastuneilla alueilla.

Asiasanat: ennenaikainen synnytys, ilmansaasteet, kohtukuolema,
pienhiukkaset, raskaudenaikainen altistus, typpidioksidi, yhteisvaikutus
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1

Introduction

Air pollution has been identified as a major environmental risk factor for human
health, and in 2016 it was estimated to have caused a total of 4.2 million premature
deaths worldwide (WHO, 2018). One of the first reports of adverse health effects
of air pollution on human health at a population level was the so-called Great Smog
in London which occurred in December 1952. The levels of particles measured in
the London smog were ten times higher than the normal levels measured in those
days, and as much as one hundred times higher than the levels measured in London
today. Among the reasons that were thought to underlie the London smog event
included cold weather during that period that led to abundant coal-burning in
combination with stagnant weather conditions, and that this combination led to the
air being trapped over the city (Bell, Davis, & Fletcher, 2004). It has been estimated
that the number of deaths that occurred during the period of the London smog and
in the subsequent two months was, in fact, as much as 12,000 (Bell & Davis, 2001).
Air pollution levels have been considerably lower in the last few decades, but
potential relationships between air pollutants of today and morbidity and mortality
are still of concern, and thus active research is required to address questions related
to the potential adverse health effects of current air pollution levels.
Both long-term and short-term exposures to different air pollutants have been
associated with various adverse health outcomes. There has been a substantial
increase in evidence suggesting that prenatal exposure to ambient air pollution is
linked to adverse pregnancy outcomes. Preterm birth (PTB), low birth weight
(LBW), intrauterine growth restriction, and perinatal mortality (i.e., fetal and infant
deaths) are major undesirable outcomes that have been studied (Klepac, Locatelli,
Korosec, Kunzli, & Kukec, 2018; Stieb, Chen, Eshoul, & Judek, 2012; Zhu et al.,
2015). Moreover, these adverse pregnancy outcomes have been reported to be
associated with the increased risk of neonatal or childhood mortality (Liu, L. et al.,
2016). In addition, those who do survive may develop chronic diseases, such as
cardiovascular diseases, respiratory diseases, diabetes, liver disease, and
psychiatric conditions later in life (Barker, 2004; Gopinath et al., 2010; Howson,
Kinney, McDougall, Lawn, & Born Too Soon Preterm Birth Action Group, 2013;
Mathewson et al., 2017; Saigal & Doyle, 2008).
The effect of prenatal exposure to ambient air pollution on the risk of preterm
birth has been studied extensively (Klepac et al., 2018; Stieb et al., 2012; Sun et al.,
2015; Zhu et al., 2015) and a few studies have examined the association of air
pollutants with stillbirth (Glinianaia, Rankin, Bell, Pless-Mulloli, & Howel, 2004;
17

Zhu et al., 2015). However, the findings of existing epidemiological studies on
these relationships are inconsistent. Such differences are likely to be explained
largely by methodological differences between the studies, including design issues,
such as a limited control of confounding, a suboptimal assessment of prenatal
exposure, and a limited assessment of the role of relevant time windows of
exposure (Klepac et al., 2018; Li, X. et al., 2017; Polichetti et al., 2013). Both shortand long- term air pollution exposures during pregnancy can result in preterm birth
or stillbirth. However, previous studies that investigated the effect of air pollution
on PTB have been conducted in areas with relatively high levels of air pollutants,
so evidence related to the potential effects of low-level air pollution on PTB has
been very limited.
Moreover, ambient air pollution is a complex mixture of about 200 different
air pollutants that are inhaled at the same time, so the toxicity of various pollutant
combinations could be different compared to what would be found in investigations
of individual air pollutants one at a time. Evaluating the potential for synergy
between air pollutants on the risk of PTB is an important public health question.
Such studies can provide knowledge that helps to prevent or reduce air pollutioninduced PTB through improving air quality by introducing measures to reduce
multiple pollutants. Understanding the potential adverse health effects related to
low-level air pollution is important in order to reduce and prevent air pollutioninduced adverse pregnancy outcomes in areas with low-level of air pollution as
well. Such a reduction in exposure to air pollutants, and consequently an
improvement in child health, could be achieved by developing policies to reduce
air pollutants further or by introducing other protective public health initiatives, for
example, advising on the behavior of people during high pollutant exposure periods.
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2

Literature review

This section reviews previous systematic reviews and meta-analyses that have been
related to the pregnancy outcomes of various air pollutant exposures and that were
published prior to the studies that form this thesis. This section of the thesis
highlights the major gaps in knowledge that were found prior to each individual
study, and thus provides a background and justification for this thesis. This review
covers the following areas: (1) Composition and measuring of ambient air pollution;
(2) Measurements of, epidemiology, and short-term and long-term consequences
related to preterm birth and stillbirth; (3) Effects of ambient air pollution on preterm
birth; (4) Effects of ambient air pollution on stillbirth; (5) Interaction in
epidemiology; (6) Interaction among air pollutants in causing adverse health effects;
(7) Gaps in the knowledge; and (8) Pathways for the effects of air pollution on
preterm birth and stillbirth.
2.1

Composition and measuring of ambient air pollution

According to the definition by the World Health Organization (WHO), ambient air
pollution occurs when the concentration(s) of pollutant(s) in the air exceed(s) that
level which has been assessed to cause adverse health effects or adverse effects on
the environment (WHO, 2014). Those compounds forming air pollution may
include a mixture of solid and/or liquid particles or particulate matter (PM), gases
such as ozone (O3), nitrogen dioxide (NO2), other nitrogen oxides (NOx), carbon
monoxide (CO), sulfur dioxide (SO2) and biological aerosols, or other agents in the
atmosphere which can disperse, be transported, and may transform from time to
time into other forms (Gifford, 1987). The most significant sources of air pollution
include vehicular emissions, stationary power generation, industrial and
agricultural emissions, residential heating and cooking, manufacturing, distribution
and use of chemicals, and some natural processes (Unger et al., 2010).
The World Health Organization (WHO) produces and regularly revises air
quality guidelines that are based on an updated assessment of the potential health
effects of air pollution globally. These guidelines provide the basis for
(inter)national and local authorities to set standards or limit values for air pollutants,
below which lifetime exposure or exposure for a given averaging time period
should not constitute a health risk for populations (WHO, n.d.a). The latest edition
of WHO air quality guidelines for ambient air pollutants was published in 2006.
Since then, the evidence on adverse health effects related to short-term and long19

term exposure to air pollutants has increased substantially and has also become
broader. Because of this, since 2016 WHO has started to work on reviewing the
accumulated new scientific evidence, thus updating and deepening their air quality
guidelines (WHO, n.d.b).
2.1.1 Air pollutants in general
Although there are several atmospheric pollutants that can harmfully affect human
health, the focus of this dissertation is on prenatal exposures to the following air
pollutants.
Particulate Matter (PM)
Particulate Matter (PM), is in general a proxy indicator for air pollution. It consists
of a complex mixture of inorganic and organic solid and liquid particles, and it is
constantly present in the atmosphere (WHO, 2000). The major components of PM
include sulfates, nitrates, ammonia, sodium chloride, black carbon, mineral dust
and water (WHO, 2018). The aerodynamic diameter of PM has a relationship with
the particle source as it depends on the source. Particulates may consist of various
metals, oxides, and polycyclic hydrocarbons (Girard, 2010). PM is emitted from
many anthropogenic sources, such as from industry, vehicular traffic, energy
production processes, and domestic fossil-fuel burning. Important natural sources
of PM include sea salt and natural re-suspended dust. Other natural sources of PM
are emissions from vegetation, livestock, manure, volcanoes, and forest fires
(Davidson, Phalen, & Solomon, 2005). Human exposure to PM is dependent on the
size of the particles. Particles with a diameter of 10 microns or less (≤ PM10) can
penetrate and deposit deep inside the lungs, but there is some evidence that more
damage to human health is caused by particles with a diameter of 2.5 microns or
less (≤ PM2.5) (WHO, 2018). These smaller particles not only stay longer in the
air, but also remain in the body for longer time periods once they have been ingested
or inhaled (Girard, 2010). Such ultrafine particles impact adversely on health even
at very low concentrations. Therefore, the WHO Air quality guidelines recommend
aiming for, and then maintaining, the lowest concentrations of PM possible (WHO,
2006). The current WHO guideline limit values are: 10 µg/m3 annual mean or 25
µg/m3 24-hour mean for PM2.5, and 20 µ/m3 annual mean or 50 µg/m3 24-hour mean
for PM10.
20

Sulfur dioxide (SO2)
Sulfur dioxide is a highly reactive, colorless gas with a pungent smell. It is primarily
produced by fossil fuel combustion at power plants or originates from industrial
processes at high temperature involving raw materials with high sulfur content
(such as in smelters) (WHO, 2018). Natural sources that release sulfur gases
include decomposition and combustion of organic matter and volcanic eruptions.
Sulfur dioxide also contributes to the formation of particulate matter pollution
(IARC Working Group on the Evaluation of Carcinogenic Risk to Humans, 2016).
The WHO recommended air quality guideline values for SO2 are: 20 µg/m3 24hour mean or 500 µg/m3 10-minute average (WHO, 2006).
Nitrogen dioxide (NO2)
Nitrogen dioxide (NO2) is one of a mixture of gases called nitrogen oxides (NOx)
which is emitted from fuel combustion by vehicle engines, industrial facilities and
domestic heating (WHO, Regional Office For Europe, 2000). NO2 is the main
source of nitrate aerosols which form an important fraction of PM2.5 and of ozone
in the presence of ultraviolet light, and it has been associated with adverse health
effects (WHO, 2018). The WHO recommended air quality guideline values for NO2
are: 40 µg/m3 annual mean or 200 µg/m3 1-hour average (WHO, 2006).
Carbon monoxide (CO)
Carbon monoxide is produced when fuels containing carbon are burned with
insufficient oxygen, as oxygen converts all carbon inputs into carbon dioxide (CO2).
CO reacts with other pollutants which produces ozone at ground level (Department
for Environment Food & Rural Affairs [DEFRA], 2018). Important sources of CO
include vehicular exhaust, household cooking and heating, and industry (IARC
Working Group on the Evaluation of Carcinogenic Risk to Humans, 2016). WHO
did not assess the scientific evidence for health effects related to CO, and thus has
not set any limit value for CO in the WHO 2005 guidelines.
Ozone (O3)
Ozone is a secondary pollutant (means that it is not emitted directly by any emission
source) that is formed at ground level (troposphere, the lower part of the atmosphere)
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from complex chemical reactions between pollutants such as nitrogen oxides (NOx)
from vehicle and industry emissions, and volatile organic compounds (VOCs)
emitted by vehicles, solvents and industry, catalyzed by sunlight through
photochemical oxidation (WHO, 2018). The WHO recommended air quality value
for O3 is 100 µg/m3 8-hour average (WHO, 2006).
2.1.2 Air pollution in Finland
In Finland, emissions into the air are generated mainly by energy production,
industry and traffic, especially in urban areas. In addition, long-distance transport
brings air pollutants to Finland from other parts of the world, for example, in the
form of smoke from forest fires. Sand and grit are used to reduce the slippery
conditions of streets during wintertime in Finland. As a result of this, street dust
during springtime (March to May) becomes a recurrent problem, as dust particles
are released into the air when snow and ice have melted and streets have become
dry. In addition, studded tires also increase road dust emissions in urban areas. It
has been reported that air pollution is the leading environmental risk factor in
Finland; in particular, particles have been found to cause the majority of the disease
burden in Finland (Hänninen et al., 2014; Lehtomäki et al., 2018). The
concentrations of PM2.5 in Espoo in the 1980s, including the study period of Studies
I and II, were approximately twice as high as corresponding present concentrations,
as shown by Kukkonen and colleagues (Kukkonen et al., 2018). In addition, the
concentrations of other selected pollutants were also substantially higher in this
region during the 1980s. To describe the general air pollution concentrations during
the study period, i.e., from 1983 to 1990, a time series of minimum, mean and
maximum daily air pollution concentrations at the central coordinate of the
province of Espoo, Finland, (i.e., the study area) are provided in study II. Briefly,
the mean daily concentrations of PM2.5, PM10, CO, NO2, SO2 and O3 over the study
period (1983-1990) were 17.22 μg/m3, 18.40 μg/m3, 259.60 ppb, 3.39ppb, 2.47ppb
and 24.71ppb, respectively.
2.1.3 Air pollution exposure measurements in epidemiological
studies
The quality of exposure measurements is a critical issue in any environmental
epidemiological study. There has been a shift in the exposure measurement metrics
used in previous studies, ranging from city-wide averages, nearest monitor,
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interpolation, land-used regression (LUR) to dispersion modeling. Air pollutants
once discharged into the air are transported over long distances and scattered, so
there is much variation in pollutant concentrations in different places. In earlier
studies, monitoring station data had been assigned to individual subjects by
calculating a city average for all subjects in that city or by assigning monitoring
data from the nearest monitor to individual subjects. However, it did not consider
the spatial misalignment between an individual’s residence and monitoring sites
(Hoek, 2017). Interpolation of monitoring data by using inverse distance weighing
and kriging methods can produce estimates of the pollutant concentration at sites
other than the locations of the monitoring stations (Hoek, 2017; Jerrett et al., 2005).
Although interpolation methods provide a spatially more resolved pattern than a
simple average, they do not consider terrain or localized patterns (Khafaie, Ojha,
Salvi, & Yajnik, 2016). Later, land-use regression (LUR) models became the
standard approach. They were derived by combining the monitoring of air pollution
data at a limited number of locations with the collection of (land use) variables
through geographic information systems at all study participant locations (Hoek,
2017). LUR modeling uses various traffic representations, population/address
density and land use (e.g., agricultural, industrial or residential) as predictor
variables in the model. Hence, LUR are very data intensive, i.e., they can
potentially predict the measured spatial variation within the study area, but their
disadvantage is that the same developed model cannot be used for another study
area (Hoek, 2017). A number of different dispersion models have been developed
and applied lately. Such models use mathematical functions to estimate pollutant
concentrations based on the source, topography and meteorological conditions
(Beelen, Voogt, Duyzer, Zandveld, & Hoek, 2010). In the past decade, the use of
satellite observation for assessing aerosol optical depth (AOD) and NO2
concentrations has increased significantly. These have been applied to develop
global models of annual average PM2.5 and NO2 concentrations, respectively, at
spatial resolution of 0.1° × 0.1°, which corresponds to approximately 10 × 10 km.
However, satellite data cannot detect the fine-scale variation related to, for example,
local traffic emissions. However, such an approach can be useful for providing the
(regional) background component of ambient air pollution in land use regression
or other models (Hoek, 2017). Recognizing the limitations of these single methods,
recent studies have developed hybrid models incorporating multiple methods in one
framework, i.e., combining satellite-derived and remote sensing data, publicly
available geographic information, meteorology, and other data sources, to estimate
the level of PM2.5 and other pollutants with high spatiotemporal accuracy
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worldwide (Brokamp, Brandt, & Ryan, 2019). Personal monitoring can be used as
an appropriate tool for individual exposure assessment, but usually the monitoring
time is shorter than the estimated exposure period required, and hence does not
reflect exposure throughout the pregnancy. Moreover, they are often too costly and
time-consuming to do on a large number of subjects, so the number of participants
in any individual study would be inevitably low. Using a cellphone equipped with
air pollutant measuring sensors is now emerging as a new approach for directly
measuring selected air pollutants such as PM2.5 and VOC (Nyarku et al., 2018).
2.2 Measurements of, epidemiology, and short-term and long-term
consequences related to preterm birth and stillbirth
2.2.1 Preterm birth
Preterm birth (PTB) is defined by the WHO as birth any time before the 37
completed weeks of gestation, or birth less than 259 days from the first day of the
mother’s last menstrual period (LMP) (WHO, 1977). Based on gestational age,
PTBs are sub-categorized as: extremely preterm (i.e., less than 28 weeks), very
preterm (i.e., 28 to 32 weeks), and moderate to late preterm (i.e., 32 to 37 weeks).
Measuring PTBs requires a valid estimate of gestational age, which is often
measured by ultrasound examination or by calculating the gestational age from the
first day of the mother's LMP. However, the latter method is commonly inaccurate
and leads to errors in estimation. Systematic use of ultrasound examination for
estimating the gestational age is considered accurate and it is commonly used in
most developed countries, such as in Finland. It has been estimated that 14.9
million babies are born preterm each year in the world (Blencowe et al., 2012;
Goldenberg, Culhane, Iams, & Romero, 2008). More than 60% of PTBs occurs in
Africa and South Asia; in lower-income countries, 12% of babies are born too early
on average, while in comparison 9% of babies are born preterm in high-income
countries (World Health Organization, 2018). In 2013, the proportion of premature
infants in Finland was 5.7% of all infants (Vuori & Gissler, 2014). Preterm birth is
one of the major causes of perinatal morbidity and mortality worldwide, underlying
about 75% of perinatal deaths (Ananth & Vintzileos, 2006). Approximately 1
million children die every year due to complications related to PTB (Liu et al.,
2016). However, when compared to full-term births, those preterm babies who do
survive remain at increased risk for numerous disadvantageous sequelae
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throughout childhood and even into their adulthood, including an increased risk of
developing asthma or other respiratory diseases, chronic physical or neurological
disabilities, visual impairment, hearing loss, epilepsy, learning difficulties, and
behavioral problems (Blencowe et al., 2013; Calkins & Devaskar, 2011; Loftin et
al., 2010; Rogers & Velten, 2011).
2.2.2 Stillbirth
Stillbirth is defined as the birth of a baby with a birth weight of 500g or more, with
22 or more completed weeks of gestation, or with a body length of 25cm or more,
who died before or during labor and birth (WHO, 2004). The definition of stillbirth
varies across countries. For international comparisons, WHO recommends
reporting stillbirths with a birth weight of 1,000g or more, with 28 weeks or more
of gestation, or with a body length of 35cm or more. In Finland, the Finnish Birth
Register records stillbirths with a birth weight of at least 500 g or with a gestational
age of at least 22 weeks (THL, Finnish Institute for Health and Welfare, 2019).
According to the gestational age at birth, stillbirths can be divided into two types:
early stillbirths (occurring during 20-28 weeks of gestation) and late stillbirths
(occurring after 28 weeks). Stillbirth can also be classified as antepartum and
intrapartum stillbirth depending on whether the death occurred before or after the
onset of labor, respectively. According to WHO, a total of 2.6 million stillbirths
occurred worldwide in 2009, with 76.2% of these stillbirths occurring in South Asia
and sub-Saharan Africa (Cousens et al., 2011). Even though the rate of stillbirths
has decreased considerably since the 1990s, the stillbirth rate is still about 18.4 per
1000 total births globally (Lawn et al., 2016). In addition to the death of the baby,
stillbirths cause severe public health burden globally, including the long-term
psychological suffering and problems of the mothers after stillbirth, increased risk
of recurrent stillbirth, and considerable costs for healthcare systems (Heazell et al.,
2016).
2.3

Effects of ambient air pollution on preterm birth

Several epidemiological studies published in the last two decades have linked
ambient air pollution exposure with preterm birth. A number of systematic reviews
and meta-analysis (Bosetti et al., 2010; Glinianaia et al., 2004; Klepac et al., 2018;
Lamichhane, Leem, Lee, & Kim, 2015; Li et al., 2017; Liu, C. et al., 2017;
Maisonet, Correa, Misra, & Jaakkola, 2004; Sapkota, Chelikowsky, Nachman,
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Cohen, & Ritz, 2012; Shah, Balkhair, & Knowledge Synthesis Group on
Determinants of Preterm/LBW births, 2011; Srám, R. J., Binkova, Dejmek, &
Bobak, 2005; Stieb et al., 2012; Sun et al., 2015; Zhu et al., 2015) have summarized
the evidence available during this period, identified methodological differences and
the heterogeneity of results among the studies published. A synthesis of the
previous meta-analyses summarizing pollutant specific effect estimates on the risk
of PTB is provided in Table 1.
Most previous reviews provided a variety of qualitative observations on the
effects of ambient air pollution on preterm birth, but no summary effect estimates
due to the fact that a relatively small number of studies was available at the time of
conducting those reviews. For example, Maisonet et al. systematically reviewed
four studies on the relationship between ambient air pollutants (including CO, SO2,
NOX, and PM) and preterm birth (PTB). They reported that the effects of air
pollution on PTB were apparent, but they reported that such effects are generally
smaller than the effects of other known risk factors for PTB (Maisonet et al., 2004).
Bonzini et al. found relatively small adverse effects related to ambient air pollutants
in general. They concluded that there is a need for well-conducted studies in the
future, and that such studies should also include information on maternal risk
factors (such as smoking) and use validated exposure assessment modeling
(Bonzini et al., 2010). Shah et al. systematically reviewed a total of 41 studies. They
reported that the exposure to SO2 and PM2.5 is associated with PTB, but that the
evidence for the associations between NO, NO2, O3, and CO, and PTB is
inconclusive (Shah et al., 2011). Sapkota et al. were the first who attempted to
provide summary effect estimates by reviewing a total of 14 studies on the
relationship between PM and PTB. They reported a 15% increase in the risk of PTB
(summary effect estimate, OR = 1.15; 95% CI: 1.14, 1.16) for each 10 μg/m3
increase in PM2.5. However, their PTB risk associated with PM10 exposure was
smaller and it was not statistically significant (Sapkota et al., 2012). Stieb et al.
conducted a systematic review and meta-analysis of 20 studies on this relationship
and they reported that the results for PTB were somewhat inconsistent: only PM2.5
exposure showed a significantly increased effect on the risk of PTB (summary OR=
1.16; 95% CI: 1.07, 1.26) per 10 µg/m3 increase during the entire pregnancy, while
exposures to other pollutants showed no effect on PTB (Stieb et al., 2012).
Lamichhane et al. also conducted a systematic review and meta-analysis including
44 articles with cohort and case-control study design. They reported a significant
increase in the risk of PTB in relation to a 10 μg/m3 increase in PM2.5 (OR= 1.14;
95% CI: 1.06, 1.22) and in PM10 (OR= 1.23; 95% CI: 1.04, 1.41) exposures during
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the entire pregnancy. They identified potential confounding effects related to
smoking by the mother and they reported the methodological quality as a potential
source of heterogeneity between the studies (Lamichhane et al., 2015). Liu et al.
conducted another meta-analysis based only on cohort studies and reported an
increased risk in relation to a 10 μg/m3 increase in PM2.5 exposure during the entire
pregnancy (summary OR= 1.15; 95% CI: 0.99, 1.33). The effect estimates were
statistically significant for both high-level (≥15 μg/m3) and low-level (<15 μg/m3)
exposure groups, when the exposure groups were divided according to the exposure
values recommended by the WHO for PM2.5 i.e., 15 μg/m3 annual mean (Liu et al.,
2017). More recently, Klepac et al. reported summary effect estimates for ORs, i.e.,
1.09 (95% CI: 1.03, 1.16) per 10 μg/m3 increase in PM10, 1.24 (95% CI: 1.08, 1.41)
per 10 μg/m3 increase in PM2.5, 1.36 (95% CI: 1.15, 1.62) per 1 ppb increase in CO,
and 1.03 (95% CI: 1.01, 1.04) per 10 ppb increase in O3 during the entire pregnancy
(Klepac et al., 2018).
Different environmental exposures may have their effect on PTB mainly in
different phases of the pregnancy, depending on the developmental phase of the
fetus. In previous literature, the most commonly reported exposure periods were
the entire pregnancy, different trimesters (Darrow et al., 2009; Shah et al., 2011;
Stieb et al., 2012), and sometimes even shorter gestational periods, especially in
the early pregnancy for example, the first month or first trimester (Huynh,
Woodruff, Parker, & Schoendorf, 2006; Leem et al., 2006; Maroziene &
Grazuleviciene, 2002) or in the late pregnancy i.e., third trimester, last six weeks,
last month, or last week (Li, Q. et al., 2018; Liu, S., Krewski, Shi, Chen, & Burnett,
2003; Ritz, Yu, Chapa, & Fruin, 2000; Sagiv et al., 2005). However, the results
reported by previous systematic reviews and meta-analyses for exposures during
specific time-periods of gestation have been contradictory (Liu et al., 2017; Sapkota
et al., 2012; Stieb et al., 2012; Zhu et al., 2015). Sapkota and colleagues (Sapkota
et al., 2012) reported a somewhat increased risk of PTB related to both PM10
(summary OR 1.02; 95%CI: 1.01, 1.03) and PM2.5 (summary OR 1.07; 95%CI: 1.00,
1.15) for each 10 μg/m3 increase in exposure during the third trimester of pregnancy.
The summary odds ratios for the third trimester exposures were generally the most
precise, i.e., with the narrowest confidence intervals ranging from1.04 (95% CI:
1.02, 1.06) per 1ppm increase in CO to 1.06 (95% CI 1.03, 1.11) per 20 µg/m3
increase in PM10 according to Stieb and colleagues (Stieb et al., 2012). However,
the results in relation to O3 and SO2 exposures were less consistent. Zhu et al. did
not find any significant trimester-specific summary effect estimate per 10 μg/m3
increase in PM2.5 (Zhu et al., 2015). In contrast, Lamichhane et al. did find a
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significant effect related to PM10 per 10 μg/m3 (summary OR 1.03; 95% CI: 1.01,
1.05) increase in exposure during the third trimester (Lamichhane et al., 2015). Liu
et al. found a significantly increased risk in relation to the first trimester exposure
(OR 1.15; 95% CI: 1.05, 1.24) per 10 μg/m3 increase in PM2.5. Moreover, their subgroup analysis revealed that the effect estimate was significant even for low levels
(<15 μg/m3) of PM2.5 exposure (Liu et al., 2017). Klepac and colleagues conducted
meta-analyses of the most commonly reported gestational windows (i.e., in the
entire pregnancy, in different trimesters, in the first month, and in the last month of
pregnancy) of exposure to PM2.5, PM10, NO2, CO and O3 and the risk of PTB. They
found a significant association between PM10 in the first trimester and PM2.5 in the
third trimester for each 10 μg/m3 increase and PTB. However, these associations
were not significantly reflected coherently in the first and last months of exposure,
respectively. Among gaseous pollutants, O3 was found to be associated
significantly with PTB: the summary effect estimates were OR= 1.03 (95% CI:
1.01, 1.05) for the first trimester and 1.12 (95% CI: 1.05, 1.19) for the second
trimester per 10 ppb increase in O3 concentration (Klepac et al., 2018).
In addition to summarizing the results, these reviews recommended that future
studies should include detailed information on potential confounding factors, use a
validated method to estimate maternal exposure to ambient air pollution (AAP) and
improve the characterization of the critical windows of exposure during pregnancy,
and specifically apply exposure periods that are shorter than a trimester (Bonzini et
al., 2010; Lamichhane et al., 2015). The reviews identified that the use of different
approaches in the exposure assessment was a source of variability in effect
estimates within individual studies (Brauer et al., 2008; Ebisu, Belanger, & Bell,
2014). They also reported that variable approaches in exposure assessment is a
significant source of heterogeneity between the results from different studies (Sun
et al., 2015).
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EP:1.14 (1.06-1.22)
T1: 1.03(0.93, 1.14)
T2: 1.15 (0.75, 1.56)
T3: 1.03 (0.98, 1.09)

EP:1.10 (1.03, 1.18)
T1: 0.96 (0.77, 1.21)
T2: 0.90 (0.79, 1.03)
T3: 0.97 (0.89, 1.05)

EP:1.15 (0.99, 1.33)
T1: 1.15 (1.05, 1.24)

EP:1.02 (0.93, 1.12)
(10 µg/m3)
1.03 (1.01,1.05)
(IQR)
T1: 1.03 (1.00, 1.06)
(IQR)
T2: 1.01 (0.93, 1.10)
(IQR)
T3: 1.02 (0.99, 1.04)
(IQR)

EP:1.23 (1.04,1.41)
(10µg/m3)
T1: 0.98 (0.94, 1.03)
T2: 0.97 (0.95, 0.99)
T3: 1.03 (1.01, 1.05)

EP:1.03 (1.01,
1.04) (10ppb)
T1: 1.03 (1.01,
1.05)
T2: 1.12 (1.05,
1.19)
T3: 1.01 (0.99,
1.03)
LM:0.99
(0.98,1.01)

EP:1.36 (1.15,
1.62) (1ppb)
T1: 1.03 (0.91,
1.16)
T2: 1.19 (0.91,
1.55)
T3: 0.99 (0.75,
1.31)
LM:1.05 (0.99,
1.12)

EP:1.09(1.03, 1.16)
(10µg/m3)
T1:1.04 (1.01, 1.08)
T2: 1.04 (0.98, 1.09)
T3: 1.00 (0.99, 1.00)
LM:1.01 (0.99,
1.03)

EP:1.24 (1.08, 1.41)
(10µg/m3)
T1: 1.03 (0.95, 1.11)
T2: 1.10 (0.96, 1.27)
T3: 1.05 (1.02, 1.09)
LM:1.04 (0.98,1.10)

EP:1.05
(0.99,1.11)
(10ppb)
T1:0.99 (0.95,
1.03)
T2: 1.02 (0.97,
1.08)
T3: 1.02 (0.96,
1.08)
LM:1.03 (1.00,
1.05)

O3, OR (95% CI)

PM10, OR (95% CI) NO2, OR (95% CI) CO, OR (95% CI)

PM2.5, OR (95% CI)

Table 1. Pollutant specific summary effect estimates on the risk of PTB from previous reviews and meta-analyses.
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EP:1.35 (0.97,
1.90) (20µg/m3)
T1: 0.97 (0.87, 1.07)
T2: 0.95 (0.91, 0.99)
T3: 1.06 (1.03, 1.11)

EP:1.16
(0.83,1.63)
(20ppb)
T1: 0.87 (0.64,
1.17)
T2: 1.03 (0.77,
1.39)
T3: 1.06 (0.96,
1.18)

EP:1.05
(0.95,1.17)
(1ppm)
T1: 0.96 (0.88,
1.05)
T2: 1.03 (0.99,
1.07)
T3: 1.04 (1.02,
1.06)

PM10, OR (95% CI) NO2, OR (95% CI) CO, OR (95% CI)

North America (10), EP:1.15 (1.15, 1.16) EP:1.02 (1.00,
Asia (2), Australia (2) T1: 1.04 (0.73, 1.34) 1.03) (10µg/m3)
T3: 1.07 (1.00, 1.15) T1: 1.02 (0.97, 1.06)
T3: 1.02 (1.01, 1.03)

EP:1.16 (1.07, 1.26)
T1: 0.85 (0.60, 1.20)
T2: 0.66 (0.57, 0.77)
T3: 1.05 (0.98, 1.13)

EP:1.13 (1.03, 1.24)
T1: 1.08 (0.92, 1.26)
T2: 1.09 (0.82, 1.44)
T3: 1.08 (0.99, 1.17)
LM: 1.01 (0.86, 1.19)

PM2.5, OR (95% CI)

EP:1.92 (0.38,
9.76) (20ppb)
T1: 1.22 (0.91,
1.64)
T2: 0.94 (0.88,
1.00)
T3: 0.97 (0.86,
1.10)

O3, OR (95% CI)

with a diameter of 10 micrometers; ppb, parts per billion; ppm, parts per million; SO2, sulfur dioxide; µg/m3, microgram per cubic meter.

Interquartile range; NO2, nitrogen dioxide; O3, ozone; OR, Odds Ratio; PM2.5, particulate matter with a diameter of 2.5 micrometers; PM10, particulate matter

Note: EP, entire pregnancy; T1: 1st trimester; T2: 2nd trimester; T3: 3rd trimester; LM: last month; CI, confidence interval; CO, carbon monoxide; IQR,

Sapkota et al., 2012 14

North America (8),
Europe (6), Asia (4),
Australia (2)

20

Steib et al., 2012

Sun et al., 2015

No. of studies Studied geographical
included
locations
18
North America (13),
Australia (2), Europe
(2)

First author, year,

2.4

Effects of ambient air pollution on stillbirth

Although the effects of prenatal exposure to ambient air pollution on adverse birth
outcomes have been studied and reviewed rather extensively, far fewer studies have
examined the potential association between maternal exposure to ambient air
pollutants and stillbirth. Two previous reviews suggested that exposure to ambient
air pollution, including nitrogen dioxide (NO2), sulfur dioxide (SO2), black carbon,
carbon monoxide (CO), polycyclic aromatic hydrocarbons (PAH’s) and particulate
matter (PM), may be associated with stillbirth (Glinianaia et al., 2004; Lacasaña,
Esplugues, & Ballester, 2005). Still, both reviews concluded that the evidence was
weak at the time of conducting them. Both reviews evaluated three studies each,
two of which were the same in both reviews (Bobak & Leon, 1999; Pereira et al.,
1998).
Glinianaia et al. reviewed the epidemiologic evidence on the association
between exposure to particulate air pollution and fetal health outcomes, including
stillbirth. They found only three studies on this topic and they reported little
evidence on any association between exposure to PM and risk of stillbirth. Thus,
they concluded that there was insufficient evidence to assess any possible
association (Glinianaia et al., 2004). Lacasaña et al. also reported a positive, but
rather inconsistent association between ambient air pollution and stillbirth
(Lacasaña et al., 2005). In 2015, Zhu and colleagues (Zhu et al., 2015) evaluated
the potential effect of exposure to PM2.5 on pregnancy outcomes but included only
one study on stillbirth.
2.5

Interaction in epidemiology

The term “interaction” has different meanings across scientific disciplines. From a
statistical point of view, ‘‘interaction’’ refers to the interdependence of the effects
related to two or more exposure variables on the outcome. From a biological point
of view, “interaction” refers to various pathways of physiological changes caused
by exposures in combination with an individual’s physiological or constitutional
factors. For example, gene-environment interaction refers to the phenomenon in
which environmental exposures affect individuals differently based on their genetic
constitution.
In epidemiology, statistical testing of hypotheses underlying the assessment of
the effect of exposure on the outcome is conducted by applying statistical methods.
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Specific statistical tools are also applied to test potential interaction. The
interpretation of statistical interaction and its statistical significance depends on the
model used, i.e., whether the interaction is hypothesized on an additive or a
multiplicative scale. Estimating interaction on an additive scale is important for
assessing public health relevance (Rothman, Kenneth J., 1986; Rothman, Kenneth
J., Greenland, & Lash, 2008). If the effect of the combined exposures or of exposure
in combination with a physical or genetic factor is greater than the effect would be
by summing the independent effects related to these two exposures, then the effect
is called synergistic. However, if the effect of the combined exposures is less than
the sum of their independent effects, then the effect is called antagonistic. Here, the
independent effect means the effect of one exposure in the absence of the other
exposure or characteristic. Epidemiologists also use the term “effect modification”
to refer to the interdependence of the effects of two or more variables (Last, 2001),
when the effect of one exposure, across the strata of another factor, is of interest.
Measures of interaction and scale of interaction
The measurement of interaction can be based on the ways that risks are calculated
(i.e., modelling). There are two ways to measure risk: 1. Ratio of risks, and 2.
Difference of risks. When ratio is used, the risks are considered to act in a
multiplicative way. In contrast, when difference is used, the risks are considered to
act in an additive way.
Interaction can be measured on both additive and multiplicative scales and it
may be a good practice to measure both additive and multiplicative interactions.
However, measuring additive interaction is important (rather than only relying on
multiplicative interaction measures) because it has the most public health relevance
(Blot & Day, 1979; Rothman, K. J., Greenland, & Walker, 1980; Rothman, 1986;
Rothman et al., 2008; Saracci, 1980). Hence, to measure potential interaction on an
additive scale when only relative risks are reported, the “relative excess risk due to
interaction” or RERI (Rothman, 1986) is commonly used. When calculating the
RERI, the positive departure from additivity means synergism (Rothman et al.,
2008). For example, if the effect estimates are in ‘risk ratio (RR)’ for a pair of
dichotomous exposure variables, A and B, the RERI can be quantified as (Hosmer
& Lemeshow, 1992):
RERIRR =RR(AB)−RR(A)−RR(B) +1
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The RERI can also be measured in terms of excess relative risk (ERR), where
ERR = RR− 1, as follows:
RERI= [ERR(AB)+1] - [ERR(A)+1] - [ERR(B)+1] +1
= ERR (AB) - ERR (A) - ERR (B)
Thus, additive interaction is determined as positive, negative, or zero using RERI.
The interpretation of this approach is that zero indicates ‘no interaction’, a positive
number indicates ‘synergism’, and a negative number indicates ‘antagonism’. Such
an approach presents interaction as separate effects of the two risk factors and the
joint effect, all compared with the same one reference category. Knol and
VanderWeele also recommended a presentation of the effect estimates for one factor
across the strata of the other, i.e., ‘‘effect modification’’, and a presentation of the
measures of effect and CIs for interaction on additive and multiplicative scales
(Knol & VanderWeele, 2012).
2.6 Interaction among air pollutants in causing adverse health
effects
Ambient air pollution is a complex mixture of particles and gaseous pollutants that
are inhaled simultaneously. Out of the 200 different pollutants that can be present
in urban outdoor air, the most persuasive evidence on adverse health effects has
been demonstrated for particulate matter (PM), ozone (O3), nitrogen dioxide (NO2),
carbon monoxide (CO), and sulfur dioxide (SO2). Their combined toxicity could
be different than what has been found in studies evaluating health effects in relation
to individual pollutants.
A review of original laboratory studies including humans and animals
elaborated potential synergism between O3 and different combinations of pollutants
on different health effects (Mauderly & Samet, 2009). Over the last few decades,
only a few previous epidemiological studies have elaborated potential interaction
between ambient air pollutants on the risk of various health outcomes, mostly on
cardiovascular diseases and mortality. Most of these previous studies are timeseries in design and have applied stratified analyses (addressing potential effect
modification) to detect potential interaction between two pollutants. A summary of
the available pieces of evidence on the interactive effect of different air pollutants
on the risk of adverse health is provided in Table 2.
Regarding interaction between PM2.5 and O3, Lin et al. conducted a crosssectional study in six low- and middle-income countries, including China, Ghana,
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India, Mexico, the Russian Federation, and South Africa during the time period
2007-2010. Lin et al. found a synergistic interaction between PM2.5 and O3 on the
risk of vision impairment, such as presbyopia, with a synergistic index of 2.39
which indicates synergistic interaction, as a lack of interaction is reflected by SI=
1 (Lin et al., 2019). Lavigne and colleagues investigated the associations between
acute exposure to PM2.5 and mortality modified by the oxidant gases O3 and NO2
by using their redox weighted average (Ox). They found that the effect of PM2.5 on
non-accidental and cardiovascular mortality tended to be strongest in relation to
exposure in the highest tertile of Ox, with a significant interaction between lag time
0 PM2.5 and 3-day mean Ox (with interaction p-value = 0.04). There was no
evidence of effect modification by Ox in relation to the effect of PM2.5 on respiratory
mortality (Lavigne, Burnett, & Weichenthal, 2018).
With regards to interaction between PM10 and NO2, a study conducted by Yu
and colleagues in Hong Kong found synergistic effects between PM10 and NO2 at
their highest concentrations on emergency hospital admissions for all cardiac
diseases, Ischemic heart disease (IHD), and other forms of heart diseases with
synergistic indices of 3.05, 2.48 and 1.64, respectively. In addition, they have found
possible synergism between PM10 and NO2 in relation to cardiac hospitalizations,
with the exception of hypertensive diseases (Yu, Qiu, Wang, Tian, & Tse, 2013).
Gu et al. also found a synergistic effect of PM10 and NO2 on non-accidental
mortality from cardiovascular diseases on a lag time of 0-2 days. Synergistic effects
have also been found between PM10 and NO2 on total non-accidental mortality as
well as on cardiovascular mortality. When the NO2 concentration was at a high
level (76.14 µg/m3), simultaneous PM10 exposure was related to the highest excess
relative risk percentage (ERR%) for total non-accidental mortality (0.46, 95% CI:
0.13, 0.79) and cardiovascular mortality (0.61, 95% CI: 0.06, 1.16) for each 10
µg/m3 increase in PM10. In addition, NO2 demonstrated the strongest effect on total
non-accidental mortality (ERR%= 0.92, 95% CI: 0.42, 1.42) and on cardiovascular
disease mortality (ERR%= 1.20, 95% CI: 0.38, 2.03) when PM10 concentration was
high (>89.82 µg/m3) simultaneously (Gu et al., 2017). Hong et al. also showed an
interactive effect between PM10 and NO2 on stroke mortality, when they examined
the potential effect of PM10, stratified by the levels of NO2 (categorized as below
and above the median values). The same was true when they examined the effect
of NO2 stratified by the levels of PM10 (Hong et al., 2002).
Interaction between PM10 and O3: Revich and Shaposhnikov studied the
interaction between the effects of O3 and particulate pollution on mortality by
stratifying the data for high O3 (90th centile of the long-term distribution of daily
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mean O3) levels and calculated PM10 risks and vice versa. They found that O3 levels
significantly modified PM10-mortality relationships but PM10 levels did not modify
the relationship between O3-mortality (Revich & Shaposhnikov, 2010). Another
time-series study by Chen et al. also examined the interaction between PM10 and
O3 by stratifying the data at 95% upper and 5% lower of each pollutant’s
concentration and estimated the effects of each pollutant in those strata. A
significant interaction was observed only for O3 in the 95% high PM10 strata for
total mortality, but no significant interaction was observed for cardiovascular and
respiratory mortality (Chen, G. H. et al., 2007).
Table 2. Studies demonstrating interaction among the air pollutants on health effects.
First author, Location and
year
study period

Interactive effect on
human health

Lin et al.,
2019

Synergistic effect on
presbyopia, with a
synergistic index of
2.39.

Yu et al.,
2013

Study design Statistical
Pollutant
modelling for
combinations
interaction
detection
Six countries: CrossBoth multiplicative PM2.5 and O3
China, Ghana, sectional
and
India, Mexico, study
additive interaction
the Russian
models.
Federation and
South Africa;
2007-2010
Hong Kong,
Time-series
Three time series
PM10 and NO2
1998-2007
approachesbivariate response
surface model, joint
effect model and
parametric stratified
model.

Lavigne et
al., 2018

24 cities
Caseacross Canada crossover
between
study
1998–2011

Gu et al.,
2017

Guangzhou,
China
2006 to 2010

Time-series

Revich and Moscow,
Shaposhnik Russia;
ov, 2010
2003 to 2005

Time-series

Stratified analysis
conducted across
tertiles of Ox to
evaluate effect
modification of
PM2.5.
interaction
assessed on the
multiplicative scale.
1. Bivariate model
where
concentration of
PM10, NO2 was
fitted as one spline
variable, and
2. stratified model
Stratified model;
stratified the data
for

Synergistic
interaction on
emergency cardiac
hospitalization except
hypertensive
diseases

PM2.5 and
oxidant gases
(O3 and NO2
using their redox
weighted
average Ox)

Effect of PM2.5 tended
to be greatest in the
highest tertile of Ox
with a significant
interaction on nonaccidental and
cardiovascular
mortality

PM10 and NO2

Positive interaction
between PM10 and
NO2 on nonaccidental
mortality
(cardiovascular
disease mortality).
PM10-mortality
relationships were
significantly modified
by O3 levels.

PM10, O3,
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First author, Location and
year
study period

Chen et al., Shanghai,
2007
China,
2001-2004

Hong et al., Seoul, Korea,
2002
1995 to 1998

2.7

Study design Statistical
Pollutant
modelling for
combinations
interaction
detection
high O3 ((90th
centile of the longterm distribution of
daily mean O3)
levels and
calculated PM10
risks and vice
versa.
Time-series, Stratified analysis PM10 and O3
conducted at
different
parameters of each
pollutant
separately.

Time-series

Stratified model,
among PM10 levels
stratified by the
level of gaseous
pollutants
separately and vice
versa

PM10 and other
gaseous
pollutants i.e.
SO2, NO2, O3,
CO separately

Interactive effect on
human health

The effect of both
PM10 and O3
increased in the 95%
upper co-pollutant
strata on total
mortality. Significant
interaction was
observed for O3 in the
95% high PM10
strata but no
significant interaction
on cardiovascular
and respiratory
mortality.
The pollutants are
interactive with
respect to their
effects on the risk of
stroke mortality.

Gaps in the knowledge

Prenatal exposure to fine particulate matter (PM2.5) during the entire term of
pregnancy increases the risk of PTB, which has been shown consistently in
previous systematic reviews and meta-analysis (Klepac et al., 2018; Lamichhane et
al., 2015; Sapkota et al., 2012; Stieb et al., 2012; Sun et al., 2015; Zhu et al., 2015).
However, the evidence related to SO2, NO2, O3 and CO exposure on the risk of PTB
has been inconsistent (Klepac et al., 2018; Lamichhane et al., 2015; Stieb et al.,
2012). The majority of those previous studies that investigated the effect of these
air pollutants on PTB were conducted in areas with relatively high levels of air
pollution (Dastoorpoor, Idani, Goudarzi, & Khanjani, 2018; Guan et al., 2019; Zhao,
Q., Liang, Tao, Zhu, & Du, 2011). However, the evidence related to the potential
effects of low-level air pollution on the risk of PTB is limited. In addition, preterm
birth may not be caused by prenatal exposure to one individual air pollutant
independently, but rather may result from interaction between several different air
pollutants taking place during pregnancy. A systematic search of literature prior to
Studies I and II of this thesis was conducted, and no previous studies were identified
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that had investigated the joint effects of individual air pollutants on the risk of
preterm birth or any other adverse pregnancy outcome. Consequently, the
knowledge gaps include the potential effects of low-level air pollution: studies of
potential interaction between two pollutants, and the potential effects of air
pollution in a cold climate as in Finland.
Prior to Study III, previous systematic reviews summarized the evidence
available and concluded that there was an insufficient number of studies assessing
the relationship between ambient air pollution and stillbirth, and hence they
reported inconclusive results. A substantial number of new studies have been
reported on this relationship since the conduct of the previous reviews (Glinianaia
et al., 2004; Lacasaña et al., 2005; Zhu et al., 2015). Thus, there was a need for a
new evaluation of the evidence and a need to provide insight into potential causality
and to identify gaps in knowledge on the association between ambient air pollution
and the risk of stillbirth.
2.8 Pathways for the effects of air pollution on preterm birth and
stillbirth
Inhaled gaseous pollutants and particulate matter can potentially deposit
themselves deep into the lungs and may enter the circulatory system and allow
particles to reach the intrauterine compartment or induce systemic inflammation
(Monn & Becker, 1999). It may increase the risk of PTB through causing placental
and fetal hypoxia, inflammation, or oxidative stress (Kannan, Misra, Dvonch, &
Krishnakumar, 2006; Roberts, Pearson, Cutler, Lindheimer, & National Heart Lung
and Blood Institute, 2003). Changes in the intrauterine inflammatory milieu may
initiate cervical ripening, rupture of the amniotic sac, or increased myometrium
contractility which in turn may lead to PTB (Challis et al., 2009).
Seasons may affect both air pollution levels and other seasonal patterns of
exposure, such as outdoor activities. The season of the year also affects Vitamin D
levels of the maternal and consequently fetal bodies that are related to sunlight
exposure, and through that gestational length (Morley, Carlin, Pasco, & Wark,
2006). Vitamin D status has been shown to have a clear seasonal variation in
Scandinavian women (Moosgaard et al., 2005). Deficiency of vitamin D has been
reported to be associated with an increased amount of circulating inflammatory
proteins, and it seems to modulate C-reactive protein (CRP) levels (Ngo, Sverdlov,
McNeil, & Horowitz, 2010). In addition, high levels of CRP have been reported to
be associated with PTB (Najat Nakishbandy & Barawi, 2014).
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Regarding the potential synergistic effect related to simultaneous exposure to
two pollutants, existing evidence has been reported to show that an oxidant gas,
such as O3, may modify health effects related to PM exposure and the possible
mechanisms could be as follows: O3 deplete antioxidants in the lung lining fluid,
which may lower the natural defense mechanism against reactive oxygen species
generated in response to PM2.5 exposure (Crobeddu, Aragao-Santiago, Bui, Boland,
& Baeza Squiban, 2017; Lakey et al., 2016) . In addition, the lung epithelium barrier
has been found to be more permeable following ozone exposure, and this may
facilitate the absorption of particles from the lungs directly into the circulatory
system (Blomberg et al., 2003; Broeckaert et al., 2000; Ciencewicki, Trivedi, &
Kleeberger, 2008). As a consequence of this, particles may reach the intrauterine
compartment and induce systemic inflammation, and this could cause changes in
the intrauterine inflammatory milieu which would lead to PTB.
Potential biological pathways through which exposure to ambient air pollutants
can lead to stillbirth are largely unknown. Fetuses are likely to be especially
susceptible to adverse effects related to environmental toxicants because they may
receive high exposure to pollutants through the placenta, and their physiological
immaturity may lead to insufficient detoxification of exposures (Perera,
Jedrychowski, Rauh, & Whyatt, 1999; Srám, R., 1999). Faiz et al. suggested that it
is possible that air pollutants directly cross the placenta and that this could cause
irreversible damage to the dividing cells of the growing fetus and trigger hypoxic
damage or immune mediated injury during critical periods of development of the
fetus (Faiz et al., 2013). The mechanism of the toxic effects of CO exposure on the
fetus is better known than the effects of other air pollutants (Glinianaia et al., 2004).
CO reduces the oxygen carrying capacity of maternal hemoglobin which could
seriously affect oxygen delivery to fetal circulation (Salam et al., 2005). In 2003,
Sangalli and colleagues reported that CO can cross the placental barrier and that
hemoglobin of fetal blood has a greater affinity to bind with CO than adult blood
(Sangalli, Mclean, Peek, Rivory, & Le Couteur, 2003). As CO binds to the same
receptors as O2, it replaces oxygen and through that mechanism O2 delivery to fetal
tissues is further compromised (Di Cera et al., 1989). There is a significant dosedependent relationship between CO and carboxyhemoglobin (COHb), and thus the
developing fetus can be deprived of sufficient oxygenation if the levels of COHb
become high, and this may finally lead to fetal death (Pereira et al., 1998).
An overview of the possible biological pathways of the effects of air pollution
on preterm birth and stillbirth are illustrated in Figure 1.
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Fig. 1. An overview of pathways for the effects of air pollution on preterm birth and
stillbirth (Created with BioRender.com).
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3

Aims and hypothesis of the study

The overall aim of this research project was to investigate the potential effects of
prenatal exposure to ambient air pollutants on the risk of preterm birth and stillbirth.
Such knowledge can help to prevent air pollution induced PTB and stillbirth among
future infants.
The specific objectives were:
1.
2.
3.

To assess the independent and joint effects of prenatal exposure to ambient air
pollutants during the entire pregnancy on the risk of preterm birth (Study I).
To assess the independent and joint triggering effects of ambient air pollutant
exposures in the week before delivery on the risk of preterm birth (Study II).
To summarize the evidence available on the effect of prenatal ambient air
pollution exposure on the risk of stillbirth (Study III)

The hypotheses of the research project were the following:
1.
2.
3.

Long-term exposure to air pollutants during the entire pregnancy have
independent and synergistic effects on the risk of PTB (Study I).
Short-term exposure to air pollutants during the last week preceding delivery
have independently and synergistically triggering effects on PTB (Study II)
Prenatal ambient air pollution exposure increases the risk of stillbirth (Study
III).
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4

Methods

4.1

Study design (studies I and II)

For studies I and II, a population-based cohort study was conducted to examine if
the risk of disease was related to exposure to ambient air pollution. The risk of PTB
among babies was compared with the highest quartile (Q4) of mean exposure during
the entire duration of pregnancy, as well as during specific time periods of
pregnancy with the reference exposures, i.e., those with exposures in the lower
exposure quartiles (Q1-Q3). The exposed group included mothers with exposure in
the highest quartile (Q4) and the non-exposed group included mothers with
exposures in the lower exposure quartiles (Q1-Q3).
4.2

Study population (studies I and II)

The study population was based on a source population which included all children
of the city of Espoo, Finland, who were born between January 1, 1984 and March
31, 1990. The study population comprised the members of the Espoo Cohort Study
(Jaakkola, Jaakkola, & Ruotsalainen, 1993; Jaakkola, Hwang, & Jaakkola, 2005;
Rantala, Jaakkola, Mäkikyro, Hugg, & Jaakkola, 2015). Espoo is an urban–
suburban municipality with a population of 279,000, located across the western
border of Helsinki, the latter being the capital of Finland. A random sample of
children living in Espoo was taken from the roster of Statistics Finland and a
baseline questionnaire was distributed among the parents of those children in
March 1991. The baseline study population included a total of 2,568 children
(response rate 80.3%) whose parents filled in the baseline questionnaire.
4.3

Exposure assessment (studies I and II)

The pollutant data used in this research was obtained from the Finnish
Meteorological Institute (FMI) and was based on a cascade of nested simulations
of the system for integrated modelling of atmospheric composition (SILAM,
http://silam.fmi.fi [Sofiev et al., 2018]). The model started from the global scale
and produced European-wide physical models of pollutant distribution with a
temporal resolution of one hour, and a spatial resolution of 0.10×0.10. The
temperature data was also provided by the FMI and was produced by interpolating
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the daily temperature records of about two hundred climate stations in Finland and
neighboring countries onto a 10 km×10 km grid applying kriging interpolation
(Aalto, Pirinen, & Jylhä, 2016). The home coordinates of the mothers in this
research were retrieved from the Population Register Centre of Finland, and a
Geographical Information System was used to extract the daily levels of air
pollutants and temperature data at the home coordinates. Residential mobility
during pregnancy was considered by assessing individual-level prenatal exposure
data at all the residential addresses of the mothers from conception to birth. The
computations of air pollution data included emissions originated from vehicular
traffic (separately exhaust and suspension emissions) and from small-scale
combustion using the road network dispersion model CAR-FMI and the multiple
source Gaussian dispersion model UDM-FMI, described in Kukkonen et al.
(Kukkonen et al., 2018). The following air pollutants were included: respirable
particulate matter with a diameter of 10 μm (PM10), fine particulate matter with a
diameter of 2.5 μm (PM2.5), sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon
monoxide (CO), and ozone (O3). The exposure parameters in the analysis were: 1)
the mean concentration during the entire pregnancy (study I), and 2) the mean
concentration of trimesters and of the 7-day exposure prior to the preterm birth or
corresponding gestational period among term births (study II).
4.4

Covariates (studies I and II)

Determinants of PTB included: maternal age (Fuchs, Monet, Ducruet, Chaillet, &
Audibert, 2018), sex of the baby (Peelen et al., 2016), family socioeconomic status
(high vs. low or medium based on parental education and occupation) (Joseph et
al., 2014), maternal smoking during pregnancy (Jaakkola & Gissler, 2004),
maternal exposure to environmental tobacco smoke during pregnancy (Windham,
Hopkins, Fenster, & Swan, 2000) and single parenthood (Zeitlin, Saurel-Cubizolles,
Ancel, & EUROPOP Group, 2002). These were identified from previous literatures
and were treated as potential confounders in studies I and II. Adjustments were
made for birth season in the overall analysis (study I and II). In addition, in the
analyses stratified by birth season in study II, further adjustments were made for
ambient temperature as a potential confounder along with other covariates
mentioned. Other air pollutants as potential confounders were also considered when
assessing the effect related to any one pollutant. One-pollutant models were fitted
first, after which two pollutant models were performed by fitting one traffic-related
pollutant (PM2.5, NO2, CO) and one stationary fossil fuel combustion-related
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pollutant (PM10, SO2). Two-pollutant models were also fitted with O3 as the main
secondary pollutant in combination with another pollutant. Finally, three-pollutant
models one with traffic-related pollutant, one with stationary fossil fuel
combustion-related pollutant, and one with O3 were considered. This approach was
first introduced by Hwang and colleagues (Hwang, Lee, Lin, Jaakkola, & Guo,
2005). The family socioeconomic status was categorized into low (including both
parents having no degree and both parents having a vocational degree but being
unemployed), high (including both parents having an academic degree and being
white-collar workers or entrepreneurs), and middle (including all the other
combinations of education and occupation, e.g., one parent low and the other high
category, and both parents being students). The above-mentioned potential
confounders have been presented in a Directed Acyclic Graph in Figure 2 of this
thesis.

Fig. 2. All the covariates in a Directed Acyclic Graph. (From study I).

4.5

Ethical considerations

The study protocol of this Doctoral thesis was approved by the Ethics Committee
of the University of Oulu and Oulu University Hospital (Oulu, Finland). In Espoo
Cohort Study (ECS), the extensive information had been collected with written
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informed consent at the baseline survey and had been linked to the Finnish
registries and the Finnish Meteorological Institute (FMI). ECS data registry is
maintained by the Center for Environmental and Respiratory Health Research
(CERH), University of Oulu and the encryption key is accessible by the main
researcher, and it is password protected.
4.6

Systematic review and meta-analysis

Study III was conducted and reported according to the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Moher,
Liberati, Tetzlaff, Altman, & PRISMA Group, 2009).
A systematic search of three databases was conducted – PubMed, Scopus and
Web of Science – from the time of their inception to mid-April 2015 using Medical
Subject Heading terms without any language restrictions. The search commands
applied are provided in Table 3. The search process combined the exposure and
outcome terms systematically. All potentially relevant studies were initially
screened for eligibility based on their title, and subsequently, the abstracts were
reviewed. Studies selected after the abstract review were retrieved in full and
assessed further for eligibility. Studies that met the following eligibility criteria
were included in the review: (1) original articles with any epidemiological study
design; (2) studies conducted in a human population; (3) studies that provided effect
estimates for the relation between exposure to any outdoor air pollutant and the risk
of stillbirth, or studies that reported the occurrence of stillbirth among exposed and
unexposed mothers. The reference lists of the included studies were also reviewed
to identify any additional eligible studies. A flowchart of the study selection process
is presented in Figure 3.
Studies fulfilling the eligibility criteria were independently reviewed and the
relevant information was extracted by two investigators onto a form which was
adapted from the previous review (Amegah, Quansah, & Jaakkola, 2014). The
methodological quality of the included studies was assessed by investigating
potential evidence of selection bias, information bias, confounding bias, and by
evaluation of the case ascertainment protocols. The general quality of the studies
was assessed applying the Newcastle-Ottawa Scale (NOS [Wells et al., n.d.]).
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Fig. 3. Flowchart of article selection process from Study III.
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Table 3. Search terms (from Study III).
Exposure

Free Text Words

Medical Subject Heading Terms

Outcome

Free Text Words

Medical Subject
Heading Terms

Air pollution

Ambient air pollution Stillbirth

Birth outcome

Environmental pollution

Outdoor air pollution Perinatal mortality

Intrauterine

Vehicular emission

Ambient air quality

Fetal mortality

Particulate matter/ PM

Traffic exposure

Fetal death

Ozone/ O3

mortality

Pregnancy outcome

Nitrogen dioxide/ NO2
Sulfur dioxide/ SO2
Carbon monoxide/ CO
Polycyclic aromatic hydrocarbons/ PAH

4.7

Statistical analysis

In study I, the effects of long term (the entire pregnancy) prenatal exposure to air
pollutants were estimated, and in study II the short-term (the week preceding birth)
prenatal exposure to air pollutants on the risk of PTB was studied. Poisson
regression analysis was applied in both studies to estimate the adjusted risk ratios
(RRs) for the effects, providing also 95% confidence intervals (CI) for them. The
programming used a PROC GENMOD procedure in SAS 9.4. The risk of PTB
among babies exposed to the highest quartile (Q4) of exposure during the entire
duration of pregnancy as well as during specific time periods of pregnancy was
compared with the risk of PTB among the reference categories of exposure, i.e.,
those with the lower exposure quartiles (Q1-Q3). Analysis stratified by two birth
seasons, i.e., warm season (March to August) and cold season (September to
February) was also performed.
In studies I and II, the independent and joint effects of exposure to air pollutants
(that were not correlated to each other) during the entire pregnancy and during the
week preceding birth (study I and II, respectively) on the risk of PTB were analyzed.
The risk in three different exposure categories – defined, for example, as: 1) high
PM2.5 and low O3 (i.e. A), 2) low PM2.5 and high O3 (i.e. B), and 3) high PM2.5 and
high O3 (i.e. AB) – was compared to the risk in the reference category of ‘low PM2.5
and low O3’ exposure. High and low referred to the exposure above and below the
value of Q4, respectively. Excess relative risks (ERR) were presented for the
independent and joint effects of two pollutant exposures in three different exposure
categories, as described above. The relative risk due to interaction (RERI) was
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quantified on an additive scale by calculating the risk that was more than expected
based on summing their independent effects. This can be expressed in terms of
ERRs as follows:
RERI= ERR (AB) - ERR (A) - ERR (B)
The method of variance estimates recovery (Zou, 2008) was used to estimate
the 95% CI for RERI, with the null value corresponding to a statistical significance
level of p=0.05.
In study II, initial associations between trimester-specific exposures and the
risk of PTB were studied, while controlling for exposures in the other trimesters in
the model in order to obtain the independent effect during that specific trimester of
interest. Further, the short-term effect entitled as ‘triggering effect’ was assessed,
where the ‘exposure period’ of interest for the preterm babies was those seven days
just preceding the preterm birth. For the term babies this period was chosen to be
in the eighth month of pregnancy (corresponding to pregnancy weeks 31 to 36) in
order to allow the comparison between similar time periods of pregnancy for both
types of the births. For the same reason, births that took place before the 31
gestational weeks were excluded. Hence, the final study population in study II
included 2,427 subjects (94.5% of the whole baseline population) in the analysis.
In the season-specific stratified analyses for potential triggering effect, the mean
temperature during the exposure period of interest was fitted applying natural cubic
splines with four degrees of freedom (df) in each stratified season. The df was
selected by judging the model fit according to the Akaike Information Criterion
(AIC) and the Bayesian information criterion (BIC).
Several sensitivity analyses were conducted, one applying air pollution data
as continuous variables in the analysis, giving the effect estimates for a 10-unit
increase of each pollutant (studies I and II). The effects were also estimated by
using the same principle of time to event approach with the Cox regression model
in studies I and II, which is described in the study conducted by Chang and
colleagues (Chang, Reich, & Miranda, 2012). In addition, in study II, potential
‘fixed cohort bias’ were considered by excluding study subjects (N=85, 3.4%) with
estimated conception dates 31 weeks (shortest gestation) before the cohort started
or 46 weeks (longest gestation week) before it ended. This approach followed the
method recommended by Strand and colleagues (Strand, Barnett, & Tong, 2011).
In addition, the effects were estimated by including all PTBs that took place before
37 weeks of gestation i.e., without restricting the gestational weeks (in study II).
In study III, some heterogeneity was anticipated between the studies due to
differences in study design, geographical settings and different study population.
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Therefore, the random effects model was applied, which accounts for both within
and between-study heterogeneity, to obtain the summary effect estimates and their
corresponding 95% CI. The heterogeneity of the studies was assessed using the I2
statistic, with the value >50% being judged to indicate a high heterogeneity, 25–
50% to indicate a moderate heterogeneity, and <25% to indicate a low heterogeneity.
Individual studies provided their effect estimates for different magnitude of air
pollutant exposures (except for NO2 and PM10). Therefore, the effect estimates
provided by different studies were converted into a common pollutant
concentration, such as per 3 ppb increase in SO2, per 0.4 ppm in CO, 4 µg/m3 in
PM2.5, and per 10 ppb increase in O3 exposure, before analyzing the summary effect
estimates. For studies providing only trimester specific effect estimates, the three
(i.e., first, second and third trimester) estimates were first combined by applying
the fixed effects model to obtain the estimate for the entire pregnancy. Following
this the combined estimate was applied in the overall meta-analysis. Forest plots
corresponding to each summary effect estimates were then assessed visually.
Because of a relatively small number of studies included in the meta-analysis,
sensitivity analysis was not conducted. Potential publication bias was investigated
by visual inspection of the funnel plots for asymmetry and by applying Begg’s and
Egger’s tests. Statistical analyses were performed using a Stata V.13.0 (StataCorp
LP, College Station, Texas, USA) statistical program.
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5

Results

5.1

Characteristics of the study population (studies I and II)

The Espoo cohort study included altogether 195 cases of preterm birth, which
corresponds to a prevalence of 7.8%, where 7.2% took place in the gestational
weeks 31-36. Almost half of the mothers in the total study population were older
than 30 years of age and 23.4% belonged to the highest category of socioeconomic
status (Table 4).
Table 4. Characteristics of the study population (studies I-II).
Characteristic
Total

n (%)
2568 (100.00)

Preterm birth (PTB)
<37 weeks of gestation

195 (7.82)

31-36weeks of gestation

178 (7.19)

Mean gestational age for all PTB (Mean±SD)

34.48±2.34

Gender
Boy

1311 (51.05)

Girl

1257 (48.95)

Maternal age at delivery (years)
<25

370 (14.41)

25-30

960 (37.38)

>30

1216 (47.35)

Family socioeconomic status
High

597 (23.25)

Low or medium

1959 (76.29)

Single parent or guardian
Yes

183 (7.13)

No

2385 (92.87)

Maternal smoking in pregnancy
Yes

364 (14.17)

No

2199 (85.63)

Environmental tobacco smoke exposure of the pregnant mother
Yes

101 (3.93)

No

1874 (72.98)

No. of missing information for maternal age at delivery: 22 (0.86%); Family socioeconomic status: 12
(0.47%); Maternal smoking in pregnancy: 5 (0.19%); and Environmental tobacco smoke exposure of the
pregnant mother: 593 (23.09%)
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5.2

Distribution of exposures (Espoo cohort study)

A summary of the air pollution exposure distributions for the Espoo cohort study
population is presented in Table 5. The mean daily concentrations of PM2.5, PM10, CO,
NO2, O3 and SO2 during the entire pregnancy were 19.62μg/m3, 21.35μg/m3, 295.09 ppb,
4.31 ppb, 23.79 ppb and 3.94 ppb, respectively. The mean daily concentrations during
the triggering week were 19.91 µg/m3, 21.66 µg/m3, 298.59 ppb, 4.38 ppb, 23.79 ppb
and 3.97 ppb, respectively.
Table 5. Distributions of air pollution exposures during the entire pregnancy and in the
triggering week of pregnancy; The Espoo Cohort Study, 1983-1990.
Pollutants

Mean

SD

IQR

Minimum

25th

Median

Percentile

75th

Maximum

Percentile

PM2.5 (µg/m3)
entire pregnancy

19.6

4.5

5.17

3.0

16.9

19.5

22.1

38.5

triggering week

19.9

8.6

10.48

1.6

14.2

18.3

24.7

87.7

PM10 (µg/m3)
entire pregnancy

21.4

5.1

5.59

3.2

18.5

21.2

24.1

43.8

triggering week

21.7

9.2

11.04

1.8

15.7

20.2

26.7

89.3

CO (ppb)
entire pregnancy

295.1

51.5

65.72

119.9

264.0

295.9

329.7

482.5

triggering week

298.6

85.2

108.37

74.4

238.2

291.9

346.6

662.7

entire pregnancy

4.3

1.2

1.44

0.2

3.6

4.4

5.1

8.7

triggering week

4.4

1.7

2.23

0.1

3.2

4.3

5.5

11.0

entire pregnancy

3.9

1.9

1.95

0.2

2.8

3.8

4.7

15.9

triggering week

3.9

2.6

2.82

0.1

2.2

3.3

4.9

21.4

entire pregnancy

23.8

2.8

4.36

11.2

21.6

23.9

26.0

36.9

triggering week

23.8

8.4

13.14

2.4

17.3

22.4

30.4

48.8

NO2 (ppb)

SO2 (ppb)

O3 (ppb)

CO, carbon monoxide; IQR, interquartile range; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate
matter with a diameter up to 2.5 micrometers; PM10, particulate matter with a diameter up to 10
micrometers; ppb, parts per billion; RR, Risk Ratio; SD, standard deviation; SO2, sulfur dioxide; µg/m3,
microgram per cubic meter.
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5.3 Independent and joint effects of long-term exposure to air
pollution on the risk of preterm birth (Study I)
5.3.1

Long-term air pollution exposure and preterm birth

Long-term exposure to almost all the pollutants increased the risk of PTB, with the
exceptions of exposure to CO and NO2. The season was found to modify the effects
of air pollutants distinctively, and this was observed clearly in the analyses stratified
by birth season. The corresponding effect estimates for these relationships are
provided in Table 6.
Exposure to the highest quartile of the mean PM2.5 concentration during the
entire pregnancy increased the risk of PTB, but the lower 95% confidence interval
(95% CI) was<1.00. The effect estimate was statistically significant among babies
born during the warm season (i.e., in spring or summer), with an adjusted RR of
2.67 (95% CI: 1.43, 4.98) from the three-pollutant model adjusting for SO2 and O3
exposures, simultaneously (Table 6).
The effect of exposure to PM10 showed a similar pattern. The adjusted RR was
3.05 (95% CI: 1.48, 6.28) for babies born in the warm season i.e., in spring or
summer (Table 6).
Prenatal exposure to O3 increased the risk of PTB, with an adjusted RR of 1.64
(95% CI: 1.14, 2.34) in the three-pollutant model adjusting for CO and SO2
exposures. The effect estimate was substantially greater for babies born during the
warm season, with the adjusted RR of 3.28 (95% CI: 1.85, 5.82). However, the
effect estimate in the cold season was also slightly elevated, although it was not
statistically significant (Table 6).
The risk of PTB related to exposure to SO2 during the entire pregnancy was
increased for the babies born in the cold season (i.e., in autumn and winter), with
an adjusted RR of 1.98 (1.05, 3.74) based on the three-pollutant model adjusting
for CO and O3 (Table 6).
In contrast, the risk of PTB was not related to the exposure to CO or NO2 levels
in any of the models. However, exposure to CO showed a somewhat increased risk
among babies who were born during the warm season (in spring or summer).
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0.77 (0.46,1.29)

0.49 (0.24,1.00)

1.11 (0.72,1.74)

0.69 (0.35,1.36)

1.05 (0.67,1.64)

0.48 (0.23,1.00)

1.10 (0.70,1.71)

1.84 (0.98,3.48)

1.39 (0.90,2.14)

0.76 (0.38,1.49)

1.04 (0.66,1.64)

3.28 (1.85,5.82)

3.23 (1.86,5.63)

3.05 (1.48,6.28)

1.48 (0.96,2.28)

2.67 (1.43,4.98)

1.54 (1.01,2.36)

0.91 (0.45,1.82)

0.80 (0.47,1.36)

0.37 (0.18,0.79)

0.56 (0.31,1.02)

1.90 (1.01,3.58)

1.00 (0.61,1.65)

1.25 (0.83,1.88)

1.20 (0.81,1.78)

0.86 (0.43,1.74)

0.78 (0.46,1.33)

0.64 (0.31,1.30)

0.76 (0.44,1.32)

0.96 (0.47,1.93)

0.85 (0.49,1.45)

0.38 (0.18,0.80)

0.58 (0.32,1.07)

1.98 (1.05,3.74)

1.06 (0.64,1.75)

1.25 (0.82,1.89)

1.18 (0.79,1.76)

0.87 (0.43,1.76)

0.82 (0.48,1.40)

0.65 (0.32,1.32)

0.80 (0.46,1.39)

Adjusted RR (95% CI) 2

Birth during Cold season (Autumn-Winter)
Crude RR (95% CI)

family socioeconomic status, maternal smoking during pregnancy, environmental tobacco smoke exposure, and single parenthood, 3 single-pollutant model

maternal smoking during pregnancy, environmental tobacco smoke exposure of pregnant mother, and single parenthood), 2 adjusted for gender, maternal age,

dioxide; µg/m3, microgram per cubic meter. 1 adjusted for season of birth and other confounders (including gender, maternal age, family socioeconomic status,

matter with a diameter up to 2.5 micrometers; PM10, particulate matter with a diameter up to 10 micrometers; ppb, parts per billion; RR, Risk Ratio; SO2, sulfur

All the effect estimates are from Poisson regression models. CI, confidence interval; CO, carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate

(NO2+O3+ PM10)

2.07 (1.09,3.93)

0.90 (0.55,1.47)
0.99 (0.70,1.39)

1.00 (0.71,1.39)

CO (Q4 ≥ 329.7ppb)3

(CO+SO2+O3)

1.23 (0.75,2.01)

(SO2+O3+ CO)

NO2 (Q4 ≥ 5.1 ppb)3

1.40 (0.91,2.14)

1.04 (0.74,1.45)

SO2 (Q4 ≥ 4.7 ppb)3

3.47 (1.99,6.06)

3.32 (1.93,5.70)

3.17 (1.57,6.40)

1.58 (1.12,2.24)

1.51 (0.93,2.46)

(PM10+NO2+O3)

1.53 (1.00,2.34)

1.64 (1.14,2.34)

1.16 (0.84,1.60)

PM10 (Q4≥24.1µg/m3)3

3.09 (1.66,5.75)

1.58 (1.04,2.41)

(O3 + CO+SO2)

1.37 (0.85,2.23)

(PM2.5+SO2+O3)

Adjusted RR (95% CI) 2

Birth during Warm season (Spring-Summer)
Crude RR (95% CI)

O3 (Q4 ≥ 26.0 ppb)3

1.18 (0.85,1.63)

PM2.5 (Q4≥22.1µg/m3)3

PTB weeks 23 to 36
Adjusted RR (95%CI) 1

multipollutant models

Single and

Study, 1984-1990.

Table 6. The effects of air pollution exposures during the entire pregnancy on the risk of preterm birth (N=2,453); The Espoo Cohort

The Cox regression analysis with time-to-event approach produced similar effect
estimates for each pollutant as the Poisson regression analyses presented above.
When air pollutant exposures were fitted as continuous variables in the models,
only the effect estimates for PM2.5 and NO2 were somewhat increased.
5.3.2 Joint effects of long-term air pollution exposure on the risk of
preterm birth
The joint effects related to prenatal exposures during the entire pregnancy to all the
pollutant combinations of PM with O3 (i.e., between PM2.5 and O3; PM10 and O3;
SO2 and O3; NO2 and O3; and between CO and O3) separately showed significant
synergistic effects on the risk of PTB (Table 7).
For example, the independent adjusted effect of high PM2.5 showed RR:0.99
(95% CI: 0.69, 1.42), and that of O3 showed RR:1.34 (95% CI: 0.90, 2.00) on PTB.
However, the joint effect of ‘high PM2.5 and high O3’ exposure during the entire
pregnancy showed an RR of 3.63 (95% CI: 2.16, 6.10), which was substantially
higher than that expected based on their independent effects on the additive scale
(RERI=2.63–0.34 - (−0.01) =2.30; 95%CI: 0.95 to 4.57). In other words, there was
a 230% (95% CI: 95%, 457%) excess risk associated with the joint effect of PM2.5
and O3 at their high exposure levels compared to the risk that would have been
expected by summing their independent effects.
Similarly, the joint effect of high PM10 and high O3 caused an excess risk of
243% (95% CI: 110%, 467%); the joint effect of SO2 and O3 at their high exposure
levels caused an excess risk of 165% (95% CI: 26%, 416%); the joint effect of NO2
and O3 at their high exposure levels caused an excess risk of 181% (62%, 378%);
and the joint effect of CO and O3 at their high exposure levels caused an excess risk
of 138% (31%, 309%) for PTB.
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Table 7. Joint effects of air pollutant exposures during the entire pregnancy on the risk
of preterm birth; The Espoo Cohort Study, 1984-1990.
Pollutant 1

Pollutant 2

PM2.5

O3

Crude RR
(95% CI)

Adjusted RR
(95% CI) 1

Low (Q1-3)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

0.99(0.69,1.44)

0.99(0.69,1.42)

Low (Q1-3)

High (>Q4)

1.34 (0.96,1.87)

1.34 (0.90,2.00)

High (>Q4)

High (>Q4)

3.58 (2.20,5.81)

3.63 (2.16,6.10)

PM10

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

0.94(0.64,1.37)

0.94(0.64,1.36)

Low (Q1-3)

High (>Q4)

1.30(0.93,1.81)

1.30(0.88,1.94)

High (>Q4)

High (>Q4)

3.58(2.24,5.74)

3.67(2.21,6.11)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

0.97(0.671,1.41

0.98 (0.67,1.42)

Low (Q1-3)

High (>Q4)

1.43 (1.04,1.98)

1.44 (0.98,2.12)

High (>Q4)

High (>Q4)

2.94 (1.63,5.31)

3.07 (1.65,5.73)

1.65 (0.26,4.16)

O3

Low (Q1-3)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

0.81 (0.54,1.21)

0.81 (0.54,1.22)

Low (Q1-3)

High (>Q4)

1.31 (0.93,1.84)

1.32 (0.90,1.93)

High (>Q4)

High (>Q4)

2.76 (1.57,4.83)

2.94 (1.63,5.29)

CO

2.43 (1.10,4.67)

O3

Low (Q1-3)

NO2

2.30 (0.95,4.57)

O3

Low (Q1-3)

SO2

RERI (95% CI)1

1.81 (0.62,3.78)

O3
Low (Q1-3)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

0.82 (0.55,1.24)

0.83 (0.56,1.22)

Low (Q1-3)

High (>Q4)

1.33 (0.95,1.88)

1.34 (0.91,1.98)

High (>Q4)

High (>Q4)

2.40 (1.39,4.14)

2.55 (1.48,4.40)

1.38 (0.31,3.09)

All the estimates are from modified Poisson regression models. CO, carbon monoxide; CI, confidence
interval; ERR, Excess Relative Risk; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter with a
diameter of 2.5 micrometers; PM10, particulate matter with a diameter of 10 micrometers; RERI, Relative
Excess Risk Due to Interaction; RR, Risk Ratio; SO2, sulfur dioxide.
1

Adjusted for season of birth, gender, maternal age, family socioeconomic status, maternal smoking

during pregnancy, environmental tobacco smoke exposure of pregnant mother, and single parenthood
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5.4 Effects of air pollution in each trimester, in the last week
preceding delivery, and joint effects of short-term exposure to air
pollution on the risk of preterm birth (Study II)
5.4.1

Air pollution exposure during trimesters and preterm birth

Based on the trimester-specific estimates, the third trimester seemed to be the most
susceptible period for exposure to almost all the pollutants, except for exposure to
ozone. The effect estimates showed a substantial increase in the risk of PTB in
relation to exposure during the third trimester to NO2, CO, SO2, PM10 and PM2.5,
with adjusted RRs of 1.64 (95% CI: 1.14, 2.36), 1.56 (95% CI: 1.08, 2.25), 1.43
(95% CI: 0.99, 2.07), 1.53 (95% CI: 1.05, 2.23) and 1.40 (95% CI: 0.96, 2.05),
respectively, from two-pollutant models including ozone. The effects were even
greater for those babies who were born during the cold season (Table 8).
Exposure to O3 during the second trimester showed a substantially increased
risk of PTB for babies born during the warm season only, with an adjusted RR of
2.33 (1.36, 4.00) from a two-pollutant model with PM2.5 (Table 8).
5.4.2 Short-term air pollution exposure (in the last week preceding
birth) and preterm birth
Short-term exposure during the last week of pregnancy to almost all the pollutants
increased the risk of PTB except for exposure to O3, and these associations were
present mainly in the cold season, which was observed in the stratified analysis by
birth season. Figure 4 depicts these relationships and the effect estimates from the
single-pollutant and three-pollutant models are provided in Table 9.
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Table 8. Trimester-specific effect estimates of air pollution exposure on the risk of
preterm birth (n=2427); The Espoo Cohort Study, 1984-1990.
Two-pollutant PTB between
models
weeks 31 to 36
Adjusted RR
95%CI1

Born in Spring-Summer
(Warm season)
Crude RR
Adjusted RR
95% CI
95%CI2

Born in Autumn-Winter
(Cold season)
Crude RR
Adjusted RR
95% CI
95%CI2

PM2.5 (+O3)3
T1 (Q4)

0.95 (0.66,1.38) 1.23 (0.65,2.32)

1.24 (0.66,2.34)

0.90 (0.59,1.38) 0.92 (0.59,1.42)

T2 (Q4)

0.99 (0.69,1.41) 1.27 (0.80,2.02)

1.24 (0.78,1.98)

0.49 (0.24,0.99) 0.50 (0.25,1.01)

T3 (Q4)

1.40 (0.96,2.05) 1.16 (0.72,1.87)

1.15 (0.71,1.86)

2.52 (1.45,4.36) 2.47 (1.41, 4.32)

T1 (Q4)

0.96 (0.66,1.39) 1.05 (0.55,2.02)

1.05 (0.55,2.03)

0.97 (0.63,1.50) 1.00 (0.65, 1.54)

T2 (Q4)

0.97 (0.68,1.38) 1.37 (0.87,2.18)

1.34 (0.84,2.13)

0.43 (0.21,0.87) 0.44 (0.22, 0.89)

T3 (Q4)

1.53 (1.05, 2.23) 1.34 (0.83,2.17)

1.32 (0.81,2.14)

2.43 (1.39,4.23) 2.42 (1.37,4.28)

T1 (Q4)

0.87 (0.60,1.27) 1.09 (0.63,1.91)

1.12 (0.64,1.95)

0.69 (0.42,1.13) 0.72 (0.44,1.19)

T2 (Q4)

0.83 (0.56,1.23) 1.22 (0.73,2.04)

1.17 (0.70,1.94)

0.59 (0.29,1.20) 0.59 (0.29, 1.21)

T3 (Q4)

1.64 (1.14,2.36) 0.93 (0.57,1.51)

0.93 (0.57,1.52)

3.17 (1.85,5.41) 3.41 (1.98,5.88)

T1 (Q4)

0.95 (0.65,1.38) 1.20 (0.65,2.22)

1.13 (0.61,2.11)

0.97 (0.62,1.51) 0.97 (0.62,1.52)

T2 (Q4)

0.86 (0.59,1.25) 1.34 (0.84,2.14)

1.38 (0.86,2.20)

0.34 (0.15,0.75) 0.35 (0.15,0.77)

T3 (Q4)

1.56 (1.07,2.25) 1.18 (0.74,1.88)

1.13 (0.71,1.81)

2.43 (1.40,4.24) 2.59 (1.48,4.53)

T1 (Q4)

0.94 (0.65,1.36) 1.10 (0.64,1.88)

1.10 (0.64,1.89)

0.99 (0.60,1.62) 0.97 (0.59,1.61)

T2 (Q4)

1.04 (0.70,1.56) 1.50 (0.90,2.48)

1.49 (0.90,2.47)

0.48 (0.21,1.13) 0.50 (0.21,1.18)

T3 (Q4)

1.43 (0.99,2.07) 0.97 (0.60,1.57)

0.97 (0.60,1.58)

2.58 (1.44,4.63) 2.80 (1.54,5.08)

PM10 (+O3) 3

NO2 (+ O3)3

CO (+ O3) 3

SO2 (+ O3)3

O3 (+ PM2.5)

3

T1 (Q4)

0.87 (0.56,1.35) 0.05 (0.01,0.39)

0.05 (0.01,0.40)

1.10 (0.57,2.10) 1.15 (0.59,2.24)

T2 (Q4)

0.79 (0.53,1.19) 2.39 (1.40,4.07)

2.33 (1.36,4.00)

0.57 (0.34,0.93) 0.54 (0.33,0.90)

T3 (Q4)

0.91 (0.61,1.38) 0.58 (0.35,0.97)

0.61 (0.37,1.02)

0.65 (0.27,1.61) 0.67 (0.27,1.67)

i

Abbrev ations: CI, confidence interval; CO, carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2.5,
particulate matter with a diameter up to 2.5 micrometers; PM10, particulate matter with a diameter up to
10 micrometers; ppb, parts per billion; RR, Relative Risk, SO2, sulfur dioxide; T1,1st trimester; T2, 2nd
trimester; T3, 3rd trimester; µg/m3, microgram per cubic meter. All the estimates are from Poisson
regression models, 1 Adjusted for season of birth, gender, maternal age, family socioeconomic status,
maternal smoking during pregnancy, environmental tobacco smoke exposure of pregnant mother, and
single parenthood, 2 Adjusted for gender, maternal age, family socioeconomic status, maternal smoking
during pregnancy, environmental tobacco smoke exposure of pregnant mother, and single parenthood,
Trimester-specific results for the first pollutant adjusted for other trimesters and the second pollutant
(entire pregnancy).
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3

Exposure to PM2.5, PM10 and NO2 increased the risk of PTB significantly, with
adjusted RRs of 1.67 (95% CI: 1.14, 2.46); 1.60 (95% CI: 1.09, 2.34) and 1.65 (95%
CI: 1.14, 2.37) respectively, from the three-pollutant models (Table 9). These
associations were found to be substantially higher among those babies who were
born in the cold season, with adjusted RRs of 4.49 (95% CI: 2.72, 7.42), 3.99 (95%
CI: 2.39, 6.65) and 3.03 (95% CI: 1.77, 5.19), respectively (Table 9). These
estimates of the associations were significant also when adjusting for ambient
temperature, adjusted RRs being 2.95 (95% CI: 1.72, 5.06), 2.47 (95% CI: 1.43,
4.28) and 1.86 (95%CI: 1.05, 3.33), respectively (Table 9 and Figure 4).
The associations with exposure to CO and SO2 showed a similar pattern,
stronger associations, i.e., higher RRs, in the cold season, but there was no evidence
suggesting any impact of O3 exposure on triggering PTB (Table 9 and Figure 4).
The point estimates and confidence intervals were similar after restricting the
study population in order to consider potential ‘fixed cohort bias’ (Strand et al.,
2011). The Cox regression analysis with time-to-event approach produced similar
effect estimates for each pollutant. After including all PTBs that occurred before
the 37 weeks of gestation in the analysis and fitting air pollutant exposures as
continuous variables in the models, the estimates produced by the models were
consistent.
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(PM10+NO2+O3)5

1.13 (0.79,1.61)

O3(Q4≥26.0 ppb) 4
1.07 (0.57,2.00)

1.12 (0.60,2.10)

0.80 (0.46,1.38)

0.75 (0.44,1.28)

0.68 (0.40,1.14)

0.66 (0.41,1.07)

0.94 (0.56,1.58)

0.93 (0.57,1.51)

0.84 (0.51,1.39)

0.75 (0.47,1.19)

0.81 (0.49,1.33)

0.73 (0.46,1.16)

Adjusted RR (95%CI)2

0.65 (0.33,1.29)

0.72 (0.36,1.41)

0.96 (0.54,1.69)

0.97 (0.55,1.70)

0.77 (0.45,1.29)

0.82 (0.49,1.35)

1.07 (0.63,1.83)

1.15 (0.68,1.93)

1.13 (0.66,1.92)

1.14 (0.68,1.89)

1.06 (0.63,1.79)

0.15 (0.03,0.66)

0.15 (0.03,0.69)

2.94 (1.61,5.37)

2.18 (1.28,3.71)

2.80 (1.58,4.95)

2.11 (1.29,3.43)

3.03 (1.77,5.19)

2.22 (1.38,3.56)

3.99 (2.39,6.65)

3.32 (2.04,5.40)

4.49 (2.72,7.42)

3.69 (2.30,5.90)

(95%CI)2

(95% CI)3
1.09 (0.66,1.80)

Adjusted RR

0.20 (0.04,0.92)

0.21 (0.04,0.96)

1.52 (0.78,2.95)

1.11 (0.60,2.03)

1.56 (0.83,2.95)

1.20 (0.68,2.12)

1.86 (1.05,3.33)

1.35 (0.79,2.29)

2.47 (1.43,4.28)

2.12 (1.25,3.60)

2.95 (1.72,5.06)

2.43 (1.45,4.05)

(95% CI)3

Adjusted RR

(Cold season)

Born in Autumn-Winter

Adjusted RR

(Warm season)

Born in Spring-Summer

Adjusted for season of birth, gender, maternal age, family socioeconomic status, maternal smoking during pregnancy, environmental tobacco smoke

pollutant (entire pregnancy) + 3rd pollutant (entire pregnancy).

the first pollutant reported from the model adjusted for other gestational windows (i.e. 1st trimester + 2nd trimester + 7th month + triggering days) + 2nd

exposure of pregnant mother, and single parenthood, 4 Single pollutant model: contain 1st trimester + 2nd trimester + 7th month + triggering days, 5 Results for

the exposure period of interest, gender, maternal age, family socioeconomic status, maternal smoking during pregnancy, environmental tobacco smoke

environmental tobacco smoke exposure of pregnant mother, and single parenthood, 3 Adjusted for ambient temperature (natural cubic spline with 4df) during

exposure of pregnant mother, and single parenthood, 2 Adjusted for gender, maternal age, family socioeconomic status, maternal smoking during pregnancy,

1

per cubic meter. All the estimates are from Poisson regression models. Triggering days are the last 7 days for preterm babies and month 8 for term babies.

2.5 micrometers; PM10, particulate matter with a diameter up to 10 micrometers; ppb, parts per billion; RR, Relative Risk, SO2, sulfur dioxide; µg/m3, microgram

Abbreviations: CI, confidence interval; CO, carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter with a diameter up to

1.05 (0.66,1.66)

1.05 (0.66,1.67)

(SO2+ CO+O3)5

(O3+PM2.5+SO2+)5

1.21 (0.83,1.75)
1.37 (0.93,2.03)

SO2(Q4≥4.7 ppb) 4

1.20 (0.81,1.76)

CO (Q4≥329.7 ppb)4

(CO+ SO2+O3)5

1.65 (1.14,2.37)

(NO2+PM10+O3)5

1.48 (1.06,2.09)

1.42 (0.99,2.03)
1.60 (1.09,2.34)

PM10(Q4≥24.1µg/m3) 4

NO2(Q4≥5.1 ppb) 4

1.51 (1.05,2.16)
1.67 (1.14,2.46)

(PM2.5+SO2+O3)5

Adjusted RR (95%CI)1

PTB between weeks 31 to 36

PM2.5(Q4≥22.1µg/m3)4

models

Single and multipollutant

Table 9. The effects of short-term exposure in the week preceding delivery on the risk of PTB.

Single and multipollutant models

PM2.5_SINGLE
+O3
+SO2+O3
PM10_SINGLE
+CO
+NO2+O3
O3_SINGLE
+PM2.5
+PM2.5+SO2
SO2_SINGLE
+O3
+CO+O3
CO_SINGLE
+PM10
+O3
+SO2+O3
NO2_SINGLE
+PM10+O3
0

1

2

3

Risk Ratio and 95% CI
Pollutants

NO2

CO

SO2

O3

PM10

PM2.5

Birth during cold season
Single and multipollutant models

Single and multipollutant models

Birth during warm season
PM2.5_SINGLE
+O3
+SO2+O3
PM10_SINGLE
+CO
+NO2+O3
O3_SINGLE
+PM2.5
+PM2.5+SO2
SO2_SINGLE
+O3
+CO+O3
CO_SINGLE
+PM10
+O3
+SO2+O3
NO2_SINGLE
+PM10+O3
0

1

2

3

4

5

6

7

PM2.5_SINGLE
+O3
+SO2+O3
PM10_SINGLE
+CO
+NO2+O3
O3_SINGLE
+PM2.5
+PM2.5+SO2
SO2_SINGLE
+O3
+CO+O3
CO_SINGLE
+PM10
+O3
+SO2+O3
NO2_SINGLE
+PM10+O3
0

1

Risk Ratio and 95% CI
Pollutants

NO2

CO

SO2

O3

2

3

4

5

6

7

Risk Ratio and 95% CI
PM10

PM2.5

Pollutants

NO2

CO

SO2

O3

PM10

PM2.5

Fig. 4. Effects of air pollutants during the triggering week of pregnancy on the risk of
PTB (from study II). Upper plot: Adjusted for season of birth, gender, maternal age,
family socioeconomic status, maternal smoking during pregnancy, environmental
tobacco smoke exposure of pregnant mother and single parenthood. Lower plots:
Adjusted for ambient temperature (natural cubic spline with 4df) during the exposure
period of interest, gender, maternal age, family socioeconomic status, maternal
smoking during pregnancy, environmental tobacco smoke exposure of pregnant
mother and single parenthood.

5.4.3 Joint effects of short-term air pollution exposure on the risk of
preterm birth
There were no significant joint effects of short-term exposures to different air
pollutants (in the week just before delivery) on the risk of PTB. However,
simultaneous exposure to ‘high NO2 and high O3’ as well as ‘high SO2 and high O3’
during the triggering week of pregnancy showed slightly synergistic effects on PTB.
The effect estimates were slightly higher than expected based on their independent
effects on additive scale (for NO2 and O3; RERI=0.55–(-0.03) - 0.27) =0.31; 95%CI:
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-0.52, 1.24 and for SO2 and O3; RERI=0.46–(-0.03) - 0.16) =0.33; 95%CI: -0.51,
1.38), but they were not statistically significant, as the confidence intervals
included 0. All the joint effect estimates of the different pollutant exposures
combination during the triggering week of pregnancy are shown in Table 10.
Table 10. Joint effects of air pollutants during the week preceding delivery on the risk
of preterm birth; The Espoo Cohort Study, 1984-1990.
Pollutant 1

Pollutant 2

PM2.5

O3

Crude RR
(95% CI)

Adjusted RR
(95% CI) 1

Low (Q1-3)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

1.43(0.99,2.06)

1.62 (1.04,2.52)

Low (Q1-3)

High (>Q4)

1.01(0.69,1.48)

1.17(0.81,1.68)

High (>Q4)

High (>Q4)

1.13(0.72,1.79)

1.43(0.84,2.45)

PM10

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

1.34(0.93,1.94)

1.51(0.97,2.35)

Low (Q1-3)

High (>Q4)

0.97(0.66,1.42)

1.11(0.77,1.60)

High (>Q4)

High (>Q4)

1.14(0.72,1.78)

1.41(0.83,2.39)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

1.11(0.77,1.61)

1.16(0.78,1.74)

Low (Q1-3)

High (>Q4)

0.89(0.63,1.27)

0.97(0.69,1.36)

High (>Q4)

High (>Q4)

1.31(0.76,2.27)

1.46(0.83,2.57)

0.33(-0.51, 1.38)

O3

Low (Q1-3)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

1.15(0.80,1.67)

1.27 0.86,1.88)

Low (Q1-3)

High (>Q4)

0.87(0.60,1.26)

0.97(0.68,1.39)

High (>Q4)

High (>Q4)

1.30(0.81,2.10)

1.55(0.93,2.59)

CO

-0.21 (-1.17, 0.65)

O3

Low (Q1-3)

NO2

-0.36 (-1.39, 0.53)

O3

Low (Q1-3)

SO2

RERI (95% CI)1

0.31( -0.52, 1.24)

O3
Low (Q1-3)

Low (Q1-3)

1

1

High (>Q4)

Low (Q1-3)

1.09(0.75,1.59)

1.15(0.75,1.77)

Low (Q1-3)

High (>Q4)

0.95(0.66,1.36)

1.02(0.72,1.45)

High (>Q4)

High (>Q4)

0.95(0.58,1.55)

1.08(0.63,1.84)

-0.10(-0.90, 0.63)

All the estimates are from modified Poisson regression models. CO, carbon monoxide; CI, confidence
interval; ERR, Excess Relative Risk; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter with a
diameter of 2.5 micrometers; PM10, particulate matter with a diameter of 10 micrometers; RERI, Relative
Excess Risk Due to Interaction; RR, Risk Ratio; SO2, sulfur dioxide.
1

Adjusted for season of birth, gender, maternal age, family socioeconomic status, maternal smoking

during pregnancy, environmental tobacco smoke exposure of pregnant mother, and single parenthood
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5.5 Quantification of the effects of prenatal exposure to ambient air
pollution on the risk of stillbirth: (Study III)
5.5.1 Characteristics of included studies
Of the 13 studies, two studies (Faiz et al., 2013; Pereira et al., 1998) investigated
the effects of short-term air pollution exposure with the remaining studies focused
on long-term air pollution exposure. Six studies (DeFranco et al., 2015; Dimitriev,
2000; Faiz et al., 2012; Green, Sarovar, Malig, & Basu, 2015; Kim et al., 2007;
Pearce et al., 2010) employed a cohort design; two studies (Bobak & Leon, 1999;
Sakai, 1984) were semi-ecological studies, i.e., the exposure was assessed at group
level and the outcome at individual level; two studies were cross-sectional
(Landgren, 1996; Vassilev, Robson, & Klotz, 2001); and one study (Hwang, Lee,
& Jaakkola, 2011) applied a case-control design. Among the studies with an
assessment of short-term air pollution exposure, one (Faiz et al., 2013) applied a
case-crossover design, and the other (Pereira et al. 1998) was a time series analysis.
Five studies were conducted in the USA, one in Latin America, three in East Asia,
two in Europe, one in Russia, and one in the UK.
Eleven of the included studies (Bobak & Leon, 1999; DeFranco et al., 2015;
Dimitriev, 2000; Faiz et al., 2012; Faiz et al., 2013; Green et al., 2015; Hwang et
al., 2011; Kim et al., 2007; Pearce et al., 2010; Pereira et al., 1998; Sakai, 1984)
relied on routine air monitoring data in their respective study areas, of which seven
studies (DeFranco et al., 2015; Faiz et al., 2012; Faiz et al., 2013; Green et al., 2015;
Hwang et al., 2011; Kim et al., 2007; Pearce et al., 2010) assigned exposures to
mothers based on their residential addresses within a fixed radius of the closest
monitoring station at the time of delivery in estimating maternal air pollution
exposure. Vassilev et al. used statewide combined modeled average concentrations
of polycyclic organic matter for each census tract and categorized exposures into
low (0.040–0.268 µg/m3), medium (0.269–0.610 µg/m3) and high exposure (0.611–
2.830 µg/m3) levels, with low exposure serving as the reference in the analysis
(Vassilev et al., 2001). Landgren categorized each exposure in two ways: (1) above
and below the mean exposure value (SO2: 8.0 µg/g, CH: 6.6 µg/g and NO: 14.7
µg/g) of all the included municipalities, and (2) the municipality with the highest
exposure level was compared with all other municipalities (Landgren, 1996). The
two ecological studies (Bobak & Leon, 1999; Sakai, 1984) applied annual mean
concentrations of the pollutants studied to assign exposures. Dimitriev applied the
monthly level of air pollutants in the study areas (Dimitriev, 2000).
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The included studies measured 13 pollutants, including SO2, NO2, CO,
particles (PM2.5, PM10, SPM), O3, NO, polycyclic organic matter, NOx,
hydrocarbon (CH), black smoke– which was taken as equivalent to PM4 in the study
(Pearce et al., 2010), and suspended solids.
Six studies (DeFranco et al., 2015; Faiz et al., 2012; Faiz et al., 2013; Green et
al., 2015; Hwang et al., 2011; Vassilev et al., 2001) used a stillbirth cut-off point
of >20 weeks of gestation, while three studies (Bobak & Leon, 1999; Pearce et al.,
2010; Pereira et al., 1998) used a cut-off of >28 weeks of gestation. Two studies
did not provide a case definition in their reports by Landgren (Landgren, 1996) and
Sakai (Sakai, 1984). DeFranco et al. ascertained stillbirth by using both the LMP
and ultrasound examination methods (DeFranco et al., 2015). In contrast, two other
studies (Kim et al., 2007; Pearce et al., 2010) relied mainly on the LMP method but
also used fetal ultrasound examination if there was either uncertainty about the
LMP date or discordance between the two estimates. Two studies (Faiz et al., 2012;
Green et al., 2015) used the LMP method only, with Hwang et al. (Hwang et al.,
2011) applying an ultrasound examination. The type of stillbirth studied was not
mentioned in any of the included studies except in the study by Pereira et al., which
identified the stillbirths based on intrauterine mortality (Pereira et al., 1998).
5.5.2 Methodological quality of included studies
Most of the studies collected data from fetal death certificates or birth registries and
are likely to have represented their source populations with a high response rate
also reported, so the potential for selection bias was minimal in the included studies.
There was evidence of potential information bias in all the included studies as they
relied on the proximity of the maternal home address to the nearest air pollution
monitoring station (Bobak & Leon, 1999; DeFranco et al., 2015; Dimitriev, 2000;
Faiz et al., 2012; Faiz et al., 2013; Green et al., 2015; Hwang et al., 2011; Kim et
al., 2007; Pearce et al., 2010; Pereira et al., 1998; Sakai, 1984), and the use of
emission measurement and meteorological data (Landgren, 1996; Vassilev et al.,
2001) for the exposure assessment. In addition, other factors, such as mother’s
mobility, change of residence during pregnancy, and occupation, were not
considered, which may lead to a somewhat compromised accuracy in the exposure
assessment, and thus may lead to some underestimation of the effects of air
pollution. On the other hand, an estimated time with the date of delivery was
recorded in the fetal death certificates, which was used for the outcome assessment.
However, the true dates of fetal deaths were unknown, which may lead to some
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misclassification of exposure assessment, which would cause some
underestimation of the true effect.
Of the nine studies that examined the effect of long-term air pollution exposure
on fetal death, Dimitriev did not control for any confounding (Dimitriev, 2000). In
another study, an adjustment was made only for the year of birth, maternal age and
parity, and hence, the control for potential confounding was considered inadequate
in that study (Landgren, 1996). Overall, the confounding control was considered
adequate in the remaining studies (DeFranco et al., 2015; Faiz et al., 2012; Green
et al., 2015; Hwang et al., 2011; Kim et al., 2007; Pearce et al., 2010; Vassilev et
al., 2001). These studies adjusted for a range of confounders including maternal
age, race, education, socioeconomic status, season or month of conception, parity,
infant sex, prenatal care, and lifestyle characteristics. However, confounding did
not influence the results from the case-crossover study or time-series study, as they
eliminated any potential confounding related to individual characteristics and
environmental exposures by their design. Only five of the studies fitted the
multipollutant model rather than single pollutant models (Bobak & Leon, 1999;
Faiz et al., 2013; Green et al., 2015; Hwang et al., 2011; Pereira et al., 1998) in
estimating the effects of an individual pollutant.
By applying the NOS scale, three studies (Faiz et al., 2012; Green et al., 2015;
Hwang et al., 2011) were rated as very high quality (case-control/cohort studies
receiving eight or more stars in the assessment of the NOS) and one study (Kim et
al., 2007) was rated as high quality (a cohort study that received seven stars).
5.5.3 Summary-effect estimates, evidence of statistical heterogeneity
and publication bias
The summary effect estimates are presented in Table 11 and the corresponding
forest plots are presented in Figure 5 and Figure 6.
The summary-effect estimate (EE) for SO2 exposure in the random effects
model was 1.022 (95% CI: 0.984, 1.062) per 3 ppb increase, with a low
heterogeneity between the studies observed (I2 =19.6%).The case-crossover study
(Faiz et al., 2013) reported an increased risk of stillbirth per IQR (4.7 ppb) increase
in SO2 exposure two days before delivery, and also showed similar associations
with all the lag days (0-6 days) used; whereas, another time series study (Pereira et
al., 1998) reported a marginal association between the SO2 concentration on the
same day as delivery and daily counts of intrauterine mortality.
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The summary EE in the random effects model for the relation of both NO2 and
CO exposure for the entire pregnancy period and stillbirth was found to be 1.066
(95% CI: 0.965, 1.178) per 10 ppb increase in the NO2 concentration and 1.025 (95%
CI: 0.985, 1.066) per 0.4 ppm increase in the CO concentration, respectively. A
high heterogeneity was observed in the analysis for NO2 (I2 =79.6%). The casecrossover study (Faiz et al., 2013) reported an increased risk of stillbirth in relation
to an increase in the NO2 (per IQR increase, 16.4 ppb) and CO (per IQR increase,
0.54 ppm) concentrations two days before delivery. They found similar associations
in relation to all the lag days (0-6 days) investigated. The time-series study (Pereira
et al., 1998) reported a highly significant dose-response relationship between the
increase in the NO2 concentration and daily counts of intrauterine mortality. It also
reported a marginally significant association between the CO concentration at 5
days and 3 days before delivery and intrauterine mortality.
The summary EE for the relation between PM10 and stillbirth per 10 µg/m3
increase in the average PM10 concentration during the entire pregnancy was found
to be 1.014 (95% CI: 0.948, 1.085) in the random effects model, with a high
heterogeneity noted in the analysis (I2 =85.0%). In contrast, the time-series study
(Pereira et al., 1998) did not find any statistically significant association. For the
relationship between PM2.5 exposure during the entire pregnancy and stillbirth, the
summary EE was 1.021 (95% CI: 0.996, 1.046) per 4 µg/m3 increase in the PM2.5
concentration, while no heterogeneity was detected in the analysis (I2 =0.0%).
The summary EE for the relation between O3 and stillbirth per 10 ppb increase
in the average O3 concentration during the entire pregnancy was 1.002 (95% CI:
0.971, 1.034), showing a low heterogeneity in the analysis (I2 =19.6%). The timeseries study (Pereira et al., 1998) evaluated the relation between the O3 exposure
and stillbirth and found no association.
Four studies (Faiz et al., 2012; Green et al., 2015; Hwang et al., 2011; Kim et
al., 2007) provided trimester-specific estimates for the relation between six
pollutants (SO2, NO2, CO, PM10, PM2.5, O3) and the risk of stillbirth. For the SO2,
CO, PM10 and O3 exposures, the third trimester appears to pose the highest risk
whereas for NO2 and PM2.5, the first trimester exposure posed the highest risk.
There was no indication of publication bias, but these results should be
interpreted with caution since they were based on only two or three study-specific
effect estimates.
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Table 11. Summary effect estimates for the relations between ambient air pollution
exposure and the risk of stillbirth.
Air pollutants

SO2 (3 ppb)
1st trimester

No. of Studies

Random effects
Summary effect
estimates
EE (95% CI)

χ2

Heterogeneity
P-value

I2 (%)

3

1.022 (0.984-1.062)

2.49

0.288

19.6%

3

1.040 (0.962-1.125)

10.34

0.006

80.7 %

2nd trimester

3

1.003 (0.977-1.030)

1.79

0.408

0.0%

3rd trimester

3

1.042 (0.951-1.142)

11.26

0.004

82.2%
79.6 %

NO2 (10 ppb)

3

1.066 (0.965–1.178)

9.78

0.008

1st trimester

3

1.035 (0.983-1.089)

4.43

0.109

54.8%

2nd trimester

3

1.007 (0.948-1.071)

5.83

0.054

65.7%

3rd trimester

3

1.015 (0.980-1.051)

1.88

0.391

0.0%

3

1.025 (0.985–1.066)

2.52

0.284

20.5 %

CO (0.4 ppm)
1st trimester

3

1.011 (0.967–1.057)

2.92

0.232

31.6 %

2nd trimester

3

1.015 (0.948–1.087)

5.60

0.061

64.3 %

3rd trimester

3

1.052 (0.973–1.138)

10.19

0.006

80.4 %

PM10 (10 µg/m3)

2

1.014 (0.948–1.085)

6.67

0.010

85.0 %

1st trimester

2

0.998 (0.936-1.064)

2.18

0.140

54.1%

2nd trimester

2

1.005 (0.905-1.116)

5.31

0.021

81.2%

3rd trimester

2

1.021 (0.919-1.134)

10.96

0.001

90.9%

2

1.021(0.996-1.046)

0.18

0.669

0.0%

2

1.042(0.920-1.180)

2.35

0.126

57.4%

2nd trimester

2

1.040(0.940-1.152)

1.92

0.166

47.9%

3rd trimester

2

1.00(0.981-1.020)

0.23

0.631

0.0%

2

1.002(0.971-1.034)

1.24

0.265

19.6%

PM2.5 (4µg/m3)
1st trimester

O3 (10 ppb)
1st trimester

2

1.001(0.983-1.020)

0.13

0.714

0.0%

2nd trimester

2

0.991(0.944-1.040)

3.18

0.074

68.6%

3rd trimester

2

1.012(0.966-1.060)

2.72

0.099

63.2%
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Fig. 5. Forest plot showing the effect of ambient air pollutants (SO2, NO2 and CO) on the risk of stillbirth (from study III).

D. CO (per 0.4 ppm) 3rd trimester

C.CO (per 0.4 ppm) 2nd t rimester

C. NO2 (per 10 ppb) 2nd trimester
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D. NO2 (per 10 pp b) 3rd trimester

B. CO (per 0.4 ppm) 1st trimester

B. NO2 (per 10 ppb) 1st trimester

B. SO2 (per 3 pp b) 1st trimester

D. SO2 (per 3 ppb) 3rd trimester

A.CO (per 0.4 ppm) Entire pregnan cy

A. NO2 (per 10 pp b) Entire pregnan cy

A. SO2 (per 3 ppb) Entire pregnan cy
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C. O3 (per 10 ppb) 2nd trimester

C.PM2.5(per 4 µg/m 3) 2nd trimester

D. PM2.5 (per 4 µg/m 3) 3rd trimester

C.PM10 (per 10 µg/m 3) 2nd trimester

D. PM10 (per 10 µg/m 3) 3rd trimester

Fig. 6. Forest plot showing the effect of ambient air pollutants (PM10, PM2.5 and O3) on the risk of stillbirth (from study III).
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6

Discussion

6.1

Main findings

The overall aim of this research project was to assess the potential effects of
prenatal exposure to ambient air pollutants on the risk of fetal developmental
disturbances, including preterm birth and stillbirth. First, the independent and joint
effects of prenatal exposure to ambient air pollutants on the risk of preterm birth
were assessed during the entire pregnancy (study I) and in the week before delivery
(study II). The results of the population-based cohort study showed that babies with
the highest mean exposure to O3 during the entire pregnancy experienced a
significantly increased risk of PTB of 58% (95% CI: 12%, 124%) compared to
those babies with a lower exposure (study I). Exposure to PM2.5 during the entire
pregnancy and in combination with the birth during the warm season increased the
risk by 167% (95% CI: 43%, 398% [study I]). Exposure to the highest levels of
PM2.5, PM10 and NO2 in the week just before delivery were related to an increase
in the risk of PTB of 67% (95% CI: 14%, 146%), 60% (95%CI: 9%, 134%) and
65% (95% CI: 14%, 137%), respectively (study II). For the first time, it was
possible to show that the highest exposures to PM2.5 and O3 during the entire
pregnancy had a synergistic effect on the risk of PTB, causing a 230% (95% CI:
95%, 457%) excess risk, compared to the risk that would have been expected based
on adding their independent effects (study I). However, any significant joint effect
between different air pollutant exposures during the week just before delivery on
the risk of PTB (study II) was not found. Summary effect estimates from the
systematic review and meta-analysis indicated associations between prenatal
exposure to several air pollutants and increased risk of stillbirth (study III). The
summary effect estimates from the random effect models were systematically
elevated, although they did not reach any statistical significance. There was an
increase of stillbirth risk of 6.6% (EE=1.066, 95% CI: 0.965, 1.178) per an increase
of 10 ppb in NO2; of 2.5% (EE=1.025, 95% CI: 0.985, 1.066) per an increase of 0.4
ppm in CO; of 2.2% (EE=1.022, 95% CI: 0.984, 1.062) per an increase of 3 ppb in
SO2,; of 2.1% (EE=1.021, 95% CI: 0.996, 1.046) per an increase of 4 µg/m3 in
PM2.5; and of 1.4% (EE=1.014, 95% CI: 0.948, 1.085) per an increase of 10 µg/m3
in PM10. These increases in air pollutant levels refer to the mean exposure during
the entire pregnancy.
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6.2

Validity issues

Espoo Cohort Study
The population-based cohort study was based on a random sample of children aged
one to seven years old who were living in the city of Espoo, Finland, and who were
identified through the Roster of Statistics Finland. An excellent response rate was
achieved at 80.3%. Hence, the likelihood of potential selection bias is small.
However, ‘fixed cohort bias’ occurs in a cohort if it includes births occurring within
a fixed start and end date, which means shorter pregnancies are missed at the start
of the study, and longer pregnancies are missed at the end, thus leading potential to
bias the effect estimates of time-dependent exposures such as air pollution. Strand
et al. recommended a method to avoid this bias by removing some pregnancies
from the cohort (Strand et al., 2011). The sensitivity analyses conducted by
following their method in study II, indicated that the ‘fixed cohort bias’ is minimal
in this study.
The likelihood of potential exposure misclassification was also minimized, as
prenatal exposure to air pollution measured at individual level independently from
the assessment of the health outcome (PTB) was used, as it was based on data
measured and modelled by FMI of Finland. Bell and Belanger estimated that
approximately 9%–32% of women in the U.S. move during pregnancy. Therefore,
if such a change in the place of residence could not be identified, it would lead to a
potential exposure misclassification (Bell & Belanger, 2012). To minimize such
misclassification, potential changes were accounted for in residential address in
addition to focusing on exposure just prior to birth, when assessing exposure levels
during the entire duration of pregnancy. The availability of high-quality exposure
information is a strength of this study: it was possible to achieve a temporal
resolution of one hour (averaged to daily mean for the analysis) and a spatial
resolution of 0.10.1 by SILAM simulations which correspond to 5.5 km in the
east-west direction, and 11.1 km in the north-south direction in our study area. The
geographical extent of the city of Espoo is approximately 20 km in the east-west
direction, and 25 km in the north-south direction. There were therefore numerous
locations within this area both regarding the concentrations and the ambient
temperatures, and the spatial variability has been taken into account fairly well. The
pollutant levels in the study are rather high compared with current levels. This
substantial reduction in vehicular emissions has been attained due to extensive use
of catalytic converters and upgraded engine technologies. The concentrations in
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this study were predicted using a regional scale dispersion model. The agreement
of dispersion predictions with measured data since the 1980’s was compared and
discussed in a previous study by Kukkonen and colleagues where they showed that
there was no substantial deterioration of the (regional + urban) model performance
backwards in time (Kukkonen et al., 2018). The model slightly under-predicted the
measured PM2.5 concentrations, and the agreement of the measured and predicted
daily time series was good. However, the model does not include a fine-scale
evaluation of the emission sources within the urban areas. The model therefore
underpredicts the PM10 concentrations more substantially, compared with the PM2.5
concentrations. The SILAM model is one of the most-heavily evaluated models in
Europe and is currently exploited and assessed daily for several national and
international projects, providing air quality forecasts on global/European/Finnish
spatial scales (Finnish Meteorological Institute, 2014). There is an example map of
concentrations (computed with regional and urban modelling) in Fig A1, upper
panel in the study conducted by Kukkonen et al. which shows how well the model
predicts current pollutant levels (Kukkonen et al.2018). One limitation of this study
is that information on the maternal outdoor activity patterns, for example going to
work, shopping, or travelling, was not available, which could influence prenatal
exposure to air pollutants. If such exposure misclassification is random, it would
lead to some underestimation of the true effects of air pollutants on pregnancy
outcomes. On the other hand, it would lead to an overestimation of the effects only
if those mothers who experience pregnancy disturbances systematically perform
these other activities in areas with high pollutant levels. Another limitation includes
as the exposure was modelled to the home location, i.e. outdoors, while people
spend most of their time indoors. Many air pollutants penetrate poorly to indoor
environments. Therefore, a true effect of an outdoor air pollutant, the actual risk is
larger per unit of pollutant exposure indoors.
Assessment of the outcome of interest, i.e., preterm birth in Studies I and II,
was based on information available on the duration of pregnancy, which was
collected at the baseline data collection. In case of missing gestational age
information in the baseline data, information since January 1, 1987 was retrieved
from the Finnish Medical Birth Registry. This registry provides objective and
physician-validated information from the official medical records of mothers in
Finland, as this information is provided by the delivery wards of the hospitals at the
time when the mother has given birth. Questionnaire information on PTB could
theoretically introduce a systematic error. However, any systematic error is highly
unlikely, because at the time of the baseline data collection, there was not yet any
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knowledge of or concern about the potential effects of prenatal air pollution
exposure on the risk of PTB. The possibility of outcome misclassification is
reduced by the systematic use of ultrasound in Finland in the estimation of
gestational age. It was not possible to consider whether the PTB was natural or
induced due to some medical conditions. However, Savitz et al. provided empirical
evidence that spontaneous and induced preterm births have similar risk factors,
such as smoking, and therefore information on the type of induction is not critical
for the validity of the effect estimates (Savitz et al., 2005). In addition, Guan et al.
provided similar evidence for the relations between exposure to PM2.5 and risk of
PTB by showing similar effect estimates for both natural preterm births and induced
births (Guan et al., 2019). However, the context in Finland might be different from
those studies, which leaves a potential limitation of this study.
A lack of information on potential confounders, such as other maternal or
environmental characteristics that could be related to preterm birth, could influence
the risk of preterm. Again, the influence of such factors would depend on whether
confounding would be differential or non-differential in relation to the pregnancy
outcome.
Systematic review and meta-analysis
The strengths of this study’s systematic review include a selection of studies based
on an extensive systematic search in three main databases as well as studies based
on cited articles from the reference lists of the included studies from the systematic
searches. The critical assessment of the evidence is well justified because a
significant number of studies have been published since the last previous reviews
were published. This current review contains eight additional studies in comparison
to the most recent previous review (Glinianaia et al., 2004; Lacasaña et al., 2005;
Zhu et al., 2015), and thus it was possible to include much more information
compared to the previous reviews. Unfortunately, it was not possible to include all
the studies in the meta-analyses, because there were only a very limited number of
estimates for each of the pollutants. Because of this, the precision of the summary
effect estimates in the systematic review and meta-analysis is still suboptimal and
more studies on these topics are required. However, it is encouraging that the visual
inspection of the funnel plots and the statistical assessment of potential bias did not
indicate any publication bias.
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6.3

Synthesis with previous knowledge

6.3.1 Long-term air pollution exposure during the entire pregnancy
and the risk of preterm birth
There is substantial previous evidence showing that prenatal exposure to particulate
matter (PM) increases the risk of preterm birth (Klepac et al., 2018; Lamichhane et
al., 2015; Sapkota et al., 2012; Stieb et al., 2012; Sun et al., 2015; Zhu et al., 2015).
Previous systematic reviews and meta-analyses have consistently provided
evidence that exposure to PM2.5 during the entire pregnancy increases the risk of
PTB, points estimates of odds ratios ranging from a 1.10-1.24 per 10 µg/m3 increase
in concentration (Klepac et al., 2018; Stieb et al., 2012; Sun et al., 2015; Zhu et al.,
2015). A recent meta-analysis from 2018 (Klepac et al., 2018) reported significantly
increased summary-effect estimates of 1.24 (95% CI: 1.08, 1.41) and 1.09 (95% CI:
1.03, 1.16) for a 10 µg/m3 increase in the concentration of PM2.5 and PM10
respectively. In this study, there was no clear linear increase in the risk of PTB in
relation to increase in the PM exposure during the entire pregnancy. This is
consistent with the study conducted by Giorgis-Allemand et al. based on 11
European countries, including Sweden and Norway, where no association was
found with PM exposures on the risk of PTB (Giorgis-Allemand et al., 2017).
However, this study discovered that the risk of PTB was elevated in relation to the
highest quartile of exposure to both PM2.5 and PM10 in comparison to the lower
quartiles. This is probably explained by the fact that the range of exposure (3.01–
38.48 µg/m3) in Finland lies in the lowest part of the concentration-response
function presented in the meta- analyses, so they reach the harmful levels only in
the highest quartiles. The contrast in this study of Q4 to Q1-3 represents
approximately a 7.4 µg/m3 difference in PM2.5 levels, and therefore the effect
estimate of 1.37 is comparable to the estimate from the recent meta-analysis. In
2018, Chen et al. reported a significant linear increase in the risk of PTB with
hazard ratios of 1.05 (95% CI: 1.02, 1.08) per IQR increase of PTB in Brisbane,
Australia (Chen, G., Guo, Abramson, Williams, & Li, 2018). In that area, the
concentration of PM2.5 was lower than that detected in this study, with a range of
4.12-10.57 µg/m3 for PM2.5.
This study found a significantly increased risk of PTB in relation to prenatal
exposure during the entire pregnancy to relatively low level of O3. This result is
also consistent with the recent meta-analysis conducted by Klepac et al. (Klepac et
al., 2018) in 2018 as well as with an earlier meta-analysis (Stieb et al., 2012).
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However, in 2012, Stieb et al. found that the effect of ozone was heterogeneous and
not statistically significant (Stieb et al., 2012).
6.3.2 Exposure during trimesters and short-term during the last
week of pregnancy preceding birth and preterm birth
Based on the trimester-specific effect estimates, it was inferred that the third
trimester of pregnancy is the most susceptible period of pregnancy with respect to
effects of most air pollutants on PTB except O3. These effects were more
pronounced for those babies born during the cold season (study II). Klepac et al.
provided a summary effect estimate (SEE) for PM2.5 in the third trimester, which is
consistent with the effect estimate in this study. However, they found that PM10 was
significantly associated with PTB in the first trimester (Klepac et al., 2018). In
addition, they showed a significant association between O3 and PTB in the first and
second trimesters, while this study found a significant association only in the
second trimester among babies born during the warm season.
The results of this study are consistent with the hypothesis that short-term
exposure to the highest quartile of air pollution levels triggers PTB within seven
days. These results are in line with some studies that have reported the effects of
short-term exposure to air pollution on the risk of PTB, but those results are not
directly comparable with the finding of this study because of differences in the
exposure windows that they considered, ranging from 0 to 30 days before birth
(Arroyo et al., 2016; Darrow et al., 2009; Dastoorpoor, Idani, Goudarzi, & Khanjani,
2018; Li, S., Guo, & Williams, 2016; Sagiv et al., 2005; Schifano et al., 2013). A
time-series analysis conducted by Schifano et al. in Rome, Italy, found a significant
effect of PM10 on PTB with a lag time of 12-22 days, but found no significant effect
in relation to NO2 or O3 exposure during the warm season (Schifano et al., 2013).
Moreover, when using a lag period up to 30 days preceding birth, they observed a
linear relation with PM10 and NO2 during the cold season, so their results can be
deemed consistent with the results of this study. Another time-series study,
conducted in Brisbane, Australia (Li et al., 2016), where the ambient temperature
is relatively high, did not find any significant acute impact of PM on PTB, which
is consistent with the results of this Finnish study, as no effect was found during
the warm season. On the other hand, the results of this study showed substantial
triggering effects related to PM2.5 and PM10 exposures during the cold season.
In addition, this study found that the previous week’s exposure to NO2
significantly increased the risk of PTB. This result was consistent with a study
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conducted in Stockholm in 2012 (Olsson, Ekstrom, & Forsberg, 2012), but in
contrast with results from another study in Stockholm in 2015 that found no such
association during the warm or cold season (Vicedo-Cabrera, Olsson, & Forsberg,
2015). This Finnish study showed no evidence of an association between shortterm exposure to O3 and the risk of PTB. This finding was consistent with the
results of several previous studies (Lee, Hajat, Steer, & Filippi, 2008; Li et al., 2016;
Olsson et al., 2012; Vicedo-Cabrera et al., 2015).
The season was a significant effect modifier for the association between air
pollution exposure during pregnancy and preterm birth. Greater effect estimates for
PM2.5 and PM10 exposure during the entire pregnancy for babies born during the
summer season (study I) were found substantially, so their conception and the
earlier period of pregnancy took place during the cold season, i.e., autumn and
winter. Jalaludin et al (Jalaludin et al., 2007) found a significant adverse effect of
PM during the first trimester of pregnancy, if conception occurred in autumn or
winter. Similarly, Li et al. also found the effect of PM was strongest among those
women who conceived in autumn (Li et al., 2018), which is also consistent with the
findings in this study. Another recent study conducted by Zhao et al. in China in
2020 also reported consistent findings related to the seasonal patterns of air
pollutants (Zhao et al., 2020). They found that PM10 and PM2.5 exposures increase
the risk of PTB distinguishably in autumn and winter; they speculated that the
reason underlying this may be because there is a sudden increase in concentrations
of pollutants as they are emitted from traditional heating.
Study II found that the effect of PM during the third trimester was substantially
stronger for those babies who were born during the cold season compared to babies
born during the warmer seasons. In addition, short-term exposure to PM during the
last week preceding the birth was found to cause substantial triggering effects on
PTB during the cold season. The estimates for the effects were reduced noticeably
when adjusting for the corresponding ambient temperatures during the cold season;
this suggests that ambient temperature during the cold season strengthens the
triggering effect of PM exposure. This is consistent with those results by Carder et
al., which indicated that the effects of PM on health are strengthened by low
temperature (Carder et al., 2008). Another study also reported that the strongest
effects of short-term PM2.5 exposure was found in winter; although these effects
were from a different outcome, i.e., hospitalization due to cardiovascular diseases
(CVDs) in New York State (Hsu, Hwang, Kinney, & Lin, 2017).
It was found that the season of exposure was an effect modifier also for the
effect of O3 on the risk of PTB. In study I, substantially greater effect estimates
77

were found among babies born during the summer season, i.e., conception and the
earlier period of pregnancy took place during cold season, that is, autumn and
winter. However, study II found a significant association for O3 exposure only in
the second trimester among those babies born during the warm season, i.e., the
second trimester took place during spring or winter. Olsson et al. also observed that
the effects of O3 exposure during the first trimester on PTB was modified by season,
with a significantly increased risk of PTB found during spring, summer or winter
(Olsson et al., 2012).
6.3.3 Joint effects of air pollution exposure on the risk of preterm
birth
Systematically multipollutant models were applied to adjust for potential
confounding by exposure to other pollutants, as well as to elaborate potential joint
effects for pollutants with independent effects. A systematic literature search did
not identify any previous study that has examined the joint effect of different air
pollutants on the risk of PTB. Some previous studies have elaborated the concurrent
effects of several pollutants using different analytical approaches. Padula et al. used
a multipollutant approach by applying cumulative pollutant scores from 1 to 5 (i.e.,
those who lived in a place with the highest quartile of at least one pollutant) to
investigate the cumulative effects of multiple air pollutants (Padula et al., 2014).
They found that higher levels of multiple pollutants were associated with an
increased risk of PTB. However, this method does not reveal which combinations
of pollutants are the most harmful. Coker et al. applied yet another type of
methodological approach in a study conducted in Los Angeles (LA), USA (Coker
et al., 2016). They calculated pollutant exposure profiles as well as neighborhood
contextual profiles to estimate the risk of term LBW. Pollutant clusters of elevated
NO2, NO, and PM2.5 concentrations were found to increase the risk of term
LBW. The observation that multiple pollutant clusters increase the risk of low birth
weight suggests the idea of joint effects but does not identify the pollutant(s) of
importance nor quantify excess risks due to interactions.
Systematically multipollutant models were applied to adjust for potential
confounding by other pollutants (Hwang et al., 2005), as well as to elaborate
potential joint effects between two pollutants that are not correlated to each other.
Based on a systematic literature search, this is the first study that reports on the
joint effect of prenatal exposure to PM and O3 or any other air pollutant
combinations on the risk of PTB. This study found that high levels of PM2.5 and O3
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exposure during the entire pregnancy increase the risk of PTB synergistically with
an excess risk of 230% above the additive effects. However, this study did not find
any significant joint effects of short-term exposure (during the week prior to the
delivery) to different air pollutants on the risk of PTB. Here, the study focused on
the triggering effect by assessing the effects of concurrent exposures. When
studying the effect of exposure during the entire pregnancy, it is possible that
adverse effects of different air pollutants occur in different phases of pregnancy and
may therefore have synergistic effects related to exposure during the entire
pregnancy.
6.3.4 Effects of ambient air pollution on stillbirth
A 1.4% (summary EE= 1.014, 95% CI 0.948, 1.085) increased risk of stillbirth per
10 µg/m3 increase in PM10 exposure during the entire pregnancy was observed,
albeit this was not statistically significant. In 2004, Glinianaia et al. reported little
evidence of an association between exposure to PM and stillbirth risk (Glinianaia
et al., 2004). They concluded that there was insufficient evidence to assess a
possible association between PM and stillbirth.
For PM2.5, Zhu et al. indicated that there was no evidence of a statistically
significant effect (OR=1.18, 95% CI: 0.69, 2.04) on stillbirth in relation to an
increase of 10 µg/m3 (Zhu et al., 2015). This result is consistent with the results
from this systematic review, which revealed an EE of 1.021 (95% CI: 0.996, 1.046)
with an increase of 4 µg/m3 in PM2.5. In contrast, two recent studies conducted in
China by Zang et al. (Zang et al., 2019) and Yang et al. (Yang et al., 2018) reported
a significant increase in the risk of stillbirth (RR= 1.14; 95% CI: 1.08, 1.20 and
OR=1.60; 95% CI: 1.34, 1.91, respectively, per 10 µg/m3 increase) due to prenatal
exposure to high level PM2.5 during the entire pregnancy. Ebisu and colleagues also
reported a significant association between stillbirth and per interquartile range
increase in PM2.5 total mass and the OR was 1.06; 95%CI:1.01, 1.11 (Ebisu, Malig,
Hasheminassab, Sioutas, & Basu, 2018). They also found that different causes of
stillbirth were associated with different PM2.5 sources and/or other chemical
constituents. For example, disturbed fetal growth was associated with a 23% (OR=
1.23; 95% CI: 1.06, 1.44) increase in the risk of stillbirth per interquartile range
increase in PM2.5 total mass.
Yang et al. found that high levels of PM10, SO2, NO2 and CO increase the risk
of stillbirth (Yang et al., 2018), which is consistent with the findings of this
systematic review and meta-analysis. They also reported that the most susceptible
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gestational period of exposure to ambient air pollution was the third trimester of
pregnancy. This systematic review and meta-analysis did not find any significant
association between exposure to O3 during the entire pregnancy or any of the
trimesters and stillbirth. However, in 2019, Zang et al. reported that per 10 μg/m3
increase of O3 in the first trimester (RR= 1.05, 95%CI 1.01, 1.09) and in the third
trimester (RR= 1.04, 95% CI: 1.00, 1.08) were associated with an increased
stillbirth rate (Zang et al., 2019).
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7

Conclusions

The population-based cohort study conducted in Espoo, Finland, provides a novel
finding that long-term exposure to individual air pollutants, such as PM2.5 and O3,
jointly increase the risk of PTB more than what would have been expected based
on their independent effects, i.e., they act synergistically potentiating each other's
adverse effects. However, there were no significant joint effects between short-term
exposure to different air pollutants on the risk of PTB during the week just before
delivery. This study also provides evidence that long-term exposure during the
entire pregnancy to O3 independently increases the risk of PTB. Furthermore,
evidence was found that short-term exposure during the week just before delivery
to PM (both PM2.5 and PM10) and NO2 independently triggers premature birth,
particularly during the cold season. In summary, these results strengthen the
evidence that prenatal exposure to air pollution may cause premature birth even
among people living in an area with relatively low average concentrations of air
pollution. In addition, the systematic review and meta-analysis results provide
suggestive evidence that ambient air pollution is a risk factor for stillbirth. This
evidence was strengthened by three studies conducted after the systematic review.
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Recommendations and policy implications

Since the main objective was to assess the independent and joint effects of
exposures to air pollutants during the entire pregnancy and in the last week before
delivery, potential critical windows of exposure during pregnancy were not
evaluated. It is recommended that future studies should concentrate on the effects
of air pollutants on the risk of PTB in shorter windows of gestation, for example,
by using a distributed lag nonlinear model (DLNM). Understanding the adverse
effects of low-level air pollution is essential in order to make improvements in
perinatal health even in those less polluted regions of the world. Since air quality
standards today are mainly based on a summary of the scientific evidence on the
health impact of each pollutant separately, in order to prevent air pollution-induced
adverse pregnancy outcomes such as PTB and stillbirth, among future infants, this
study suggests that future research should identify potential interactions between
different air pollutants. It would also be essential to identify potential threshold
pollutant levels. A better understanding of the independent and
synergistic/antagonistic effects of several air pollutants on human health is
mandatory for (a) designing effective public health preventive strategies, which
could be targeted especially on vulnerable populations such as pregnant women,
and for (b) promoting policies aimed at reducing air pollution levels and setting
standards for combinations of air pollutants, as well as for setting standards for
emission sources at the same time. The public health sector should promote
awareness and engage other sectors that contribute to ambient air pollution (such
as the housing sector, The Transport and Communications Agency sector, industries,
and the energy sector), in order to develop and implement policies, including
measures such as the control of vehicular emissions, fuel quality improvement, and
the control of industrial waste emission to reduce the risk related to air pollutants.
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