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A B S T R A C T

Background: Air pollution exposure has been linked with increased risk of preterm birth, which is one of the
leading causes of infant mortality. Limited studies have attempted to explore these associations in low-polluted
areas. In this study, we aimed to assess the association between short-term exposure to ambient air pollution and
preterm birth in Sweden.
Method: In this population-based study we included preterm births between 2014 and 2019 from the Swedish
Pregnancy Register. We applied a spatiotemporal model to estimate daily levels of particulate matter <2.5 μm
(PM2.5), PM < 10 μm (PM10), nitrogen dioxide (NO2), and ozone (O3) at the residential address of each partic-
ipant. We applied a time-stratified case-crossover design with conditional logistic regression analysis to estimate
odds ratios (OR) of preterm birth per 10 μg/m3 (PM10, NO2, O3) and 5 μg/m3 (PM2.5) increase in air pollution
exposure at 0–6-day lag. Two-pollutant models were applied to evaluate the independent association of each
exposure on preterm birth. We also stratified by maternal characteristics to identify potential effect modifiers.
Results: 28,216 (4.5%) preterm births were included. An increase in O3 exposure was associated with increased
odds of preterm birth [OR = 1.06 per 10 μg/m3 (95% CI, 1.02; 1.10]. PM2.5 and PM10 were not significantly
associated with preterm birth, and NO2 displayed a negative nonlinear association with preterm birth. We did not
observe any notable effect modification, but we found suggestive larger associations between O3 and preterm
birth when stratifying by male sex, spontaneous delivery, and spring season.
Conclusions: Increased O3 exposure one week before delivery was associated with an increased risk of preterm
birth in Sweden, a country with levels of air pollution below the current World Health Organization air quality
guidelines. Increases in O3 levels with climate change make these findings especially concerning.

1. Introduction

Preterm birth, defined as born alive before 37 weeks of pregnancy, is
a common pregnancy outcome accounting for up to 10% of all births

globally (Ohuma et al., 2023). Despite significant improvements in
recent decades, preterm birth remains the leading cause of under-5 child
mortality (Cao et al., 2022). Infants born preterm, in particular the most
immature, are at increased risk of acute and long-term poor outcomes
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and may require prolonged care and monitoring which comes at a high
economic cost (Goldenberg et al., 2008; Platt, 2014). Despite improve-
ments in the last decades in the quality of neonatal care, sequelae can be
expected later in life. They include, for example, lower educational
achievement, behavioral disorders, and increased risk of unemployment
compared to children born to term (Crump et al., 2020, 2021; Ream and
Lehwald, 2017), which account for a significant societal loss, in poten-
tial tax revenue and decreased cost of benefits (Moster et al., 2008).
Despite identification of several risk factors for preterm birth, such as
advanced maternal age, short interpregnancy interval, previous preterm
birth, stress, low socioeconomic status and maternal comorbidities such
as chronic hypertension, diabetes mellitus and previous cervical surgery
for dysplasia, it has been estimated that the cause of preterm birth
cannot be determined in 66% of the cases (Ferrero et al., 2016). In recent
years, environmental factors such as ambient air pollution have been
identified as important risk factors for preterm birth (Song et al., 2023).

Current research on the role of ambient air pollution on preterm
birth is not fully conclusive, which may in part be due to methodological
differences between studies and varying quality of the data (Yu et al.,
2022). Existing studies have mainly focused on the effect of long-term
exposure with only a handful of studies trying to assess the acute ef-
fect air pollution may have on triggering preterm birth (Guan et al.,
2019; Ha et al., 2022; Lee et al., 2008; Li et al., 2018; Schifano et al.,
2013, 2016; Siddika et al., 2020; Stieb et al., 2019). To our knowledge,
there is only one study that has assessed the effect of acute exposure to
low levels of ambient air pollution on preterm birth, undertaken in
Finland (Siddika et al., 2020). They observed a positive association
between exposure to particulate matter <2.5 μm (PM2.5), particulate
matter <10 μm (PM10), nitrogen dioxides (NO2) and preterm birth, but
their findings are not generalizable because of a limited sample size (n =

2568) from a single city in Finland. Other studies exploring the
short-term effects of ambient air pollutants were based on small study
populations or specific cities or regions, limiting their study power (Yu
et al., 2022). Nationwide birth registries provide a unique research op-
portunity because of their potential higher statistical power, accurate
measurement of outcomes (e.g., gestational age), and information on
individuals in both urban, peri-urban and rural areas (de Bont et al.,
2022; Stephansson et al., 2018). Accounting for peri-urban and rural
areas is important especially for the effect of tropospheric ozone (O3)
because it is a secondary highly reactive air pollutant that can travel far
from where it was initially formed, and it peaks away from major urban
areas (Eljarrat et al., 2020). Moreover, increasing global temperatures
due to climate change increases levels of O3, with potential major
negative health consequences (Fann et al., 2021).

New research has shown that even low levels of air pollution expo-
sure, below the World Health Organization (WHO) guidelines, are
associated with an increased risk of adverse health outcomes in adults
such as cardiovascular complications, by in part increasing oxidative
stress and systemic inflammation, which could be implicated in the
pathogenesis of preterm birth (Dahlquist et al., 2022; Hunter et al.,
2023; Samuels et al., 2022; Wolf et al., 2021). More research is needed in
low-pollution settings to improve knowledge of the dose-response
relationship between air pollutants and maternal and neonatal health
outcomes. In this study, we aimed to evaluate the associations between
ambient air pollution a week before delivery and risk of preterm birth
using a nationwide population-based registry in Sweden.

2. Materials and methods

2.1. Data source and study population

In this study, patient data sourced from the Swedish Pregnancy
Register (SPR) were included. The SPR is a robust population-based
health registry covering over 92% of all births in Sweden (Ste-
phansson et al., 2018), collecting detailed health information from the
medical records of pregnant women in Sweden throughout the

pregnancy period, starting from the first antenatal care visit. The reg-
istry also contains data onmaternal health factors such as comorbidities,
smoking status, and sociodemographic factors among others (Ludvigs-
son et al., 2011). This cohort included all live singleton preterm births in
the Pregnancy Register between 2014 and 2019. Exclusion criteria were
defined as: the lack of a Swedish personal identification number,
gestational age <22 or >44 completed weeks, lacking information
regarding residential addresses and non-residential status in Sweden
during the 1-year period preceding conception. To obtain maternal and
neonatal health outcome data, we linked the SPR with the national
patient register using the maternal Swedish personal identity number.
The same number was used to link data from Statistic Sweden for so-
cioeconomic and residential address information. Approval for the study
was obtained from the regional Ethical Committee in Stockholm, Swe-
den (2020/00390).

2.2. Exposure assessment: air pollution

Daily levels of multiple air pollutants (PM2.5, PM10, NO2, O3) were
obtained using a hybrid spatiotemporal model which combined data on
daily air pollutant concentrations from routine monitoring networks,
satellite-derived measurements, dispersion models, meteorological
variables, and land-use parameters, to estimate daily air pollution con-
centrations at a 1 × 1 km2 spatial resolution across Sweden. The model
was evaluated through cross-validation procedures, by using 90% of all
monitors for training, and then projecting the model on the remaining
10% of monitors for testing and checking the performance of the model
fit on the excluded sites. The procedure was replicated 10 times by
changing the sets of testing monitors each time. The model predictions
had a cross validated R2 and root means square of 69% and 3.1 μg/m3 for
PM2.5, 64% and 7.2 μg/m3 for PM10, 74% and 8.3 μg/m3 for NO2, and
78% and 8 μg/m3 for O3 of the daily air pollutant variability in left-out
monitors. There were no major differences in performance across years
and season (Stafoggia et al., 2020). Modelled daily levels were used for
exposure assessment assigned at the geocoded residential address of the
pregnant mother.

2.3. Outcome assessment: preterm birth

Preterm birth, coded as a binary variable, was defined according to
the WHO as a live birth occurring before 37 completed weeks of
gestation (WHO, 2012). The SPR was used to obtain gestational age
information using multiple sources in the following hierarchical order:
a) the time of embryo transfer, b) ultrasonographic examinations, c) the
onset of the last menstrual cycle, and d) postnatal clinical assessments
and scoring. In Sweden, approximately 95% of pregnant women un-
dergo ultrasonography in the early second trimester to determine
gestational age. The classification of preterm births was refined into
three different sub-categories: births occurring before 28 gestational
weeks were named “extremely preterm”, those births between 28th and
32nd gestational week were labeled as “very preterm”, and births be-
tween 32nd and 37th gestational week were identified as “moderately
preterm”.

2.4. Covariates

Clinical variables were extracted from the SPR, including factors
such as the sex of the infant, the method of delivery (either medically
indicated, such as caesarean section or induced, or spontaneous), the
season of birth, the geographic location within Sweden, the mother’s age
at the time of delivery, and the mother’s level of education. The health
status of the women was evaluated using a range of variables, including
body mass index (BMI) at the first antenatal care visit, maternal smoking
habits before and during pregnancy, and the presence of pre-pregnancy
co-morbidities like chronic hypertension and diabetes. The urban or
rural nature (urbanicity) of the women’s residences was determined
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based on the definitions provided by the Swedish department of agri-
culture (The Swedish Agency for Growth Policy Analysis, 2014). Daily
ambient temperature levels across Sweden were estimated at a spatial
resolution of 1 × 1 km2 using a similar spatiotemporal machine learning
methodology as our air pollution exposure assessment. This methodol-
ogy integrated data from monitoring stations, satellite land surface
temperature, meteorological reanalysis data, and land-use predictors
such as vegetation indexes, climate zones, and land cover features (de
Bont et al., 2022).

2.5. Statistical analysis

We used a time-stratified case-crossover design to evaluate the im-
pacts of ambient air pollution in the weeks prior to delivery on the risk of
preterm birth. The case-crossover framework is a recognized design in
epidemiological studies that is commonly employed to evaluate the
impact of short-term exposures on health events with an abrupt onset
(Maclure, 1991). The key strength of the design is its self-matching
feature, in which each case serves as its own control. The control
period was defined as the same days of the week, within the same month
of childbirth. This approach ensures precise control over the day of the
week and other short-term temporal trends, given that cases and con-
trols are closely matched in time. This method efficiently accounts for
individual-level confounders, both known and unknown, that remain
constant or change minimally over time. These confounders include
factors like age, genetic predispositions, smoking behaviors, and
socio-economic status (Maclure, 1991). Furthermore, it is well suited to
analyze short-term effects with exposure assigned at the individual level,
in contrast with conventional time series designs. Our main exposure
window of interest was the mean exposure level during the week prior to
birth (lag 0–6 days) based on the current literature. This time frame is
sufficient to observe both the exposure and outcome of interest, while
minimizing the likelihood for exposure misclassification, and has been
used in prior studies on air pollution and preterm birth (Arroyo et al.,
2016; Sarizadeh et al., 2020; Stieb et al., 2019; Yu et al., 2022). We
applied conditional multivariate logistic regression analysis to estimate
odds ratios (ORs) and 95% confidence intervals (CI) of preterm birth per
10 μg/m3 (PM10, NO2, and O3) and per 5 μg/m3 (PM2.5) increase in
exposure, with air pollutants modelled with linear terms. First, we
applied single exposure models to evaluate the association between each
pollutant (PM2.5, PM10, NO2, O3) on preterm birth. Second, we used
two-pollutant models to evaluate the independent association of each
exposure on preterm birth (e.g. the association of O3 adjusted for NO2).
We did not run the two-pollutant model for PM2.5 and PM10 as they were
highly correlated (r= 0.76) and because one is included in the other. We
chose to only assess the effect of O3 during the spring and summer
seasons due to its strong seasonal pattern, through the impact of ultra-
violet radiation (Lippmann, 1989). Temperature was adjusted for by
modelling it with a natural spline in all models, as it is a well-established
confounder in short-term air pollution studies, with a non-linear expo-
sure-response function (Orru et al., 2017). We further evaluated the
dose-response curve of the association between air pollution and pre-
term birth through a natural spline with two inner knots. Results were
shown on a linear scale. If nonlinearity was evident, in the two-pollutant
model the nonlinear pollutant confounder was added in the model with
a spline.

We conducted a sensitivity analysis to explore various lag patterns,
including a single-day lag (lag 0), a 2-day lag (lag 0–1), and a 4-day lag
(lag 0–3), in order to identify distinct windows of vulnerability. We also
evaluated if the relationship between air pollution and preterm birth
was influenced by certain effect modifiers such as season of birth, de-
livery type, infant sex, geographic area, urbanicity, maternal age,
maternal education, BMI, and smoking status. We evaluated effect
modification by stratified analysis and evaluating the p-value for
interaction with the likelihood ratio test. In these analyses, we only
included the preterm cases with complete data regardingmaternal social

and health factors. We excluded cases with missing data. Every analysis
was performed using the R programming language, specifically version
4.2.1, developed by the R Development Core Team. We used the pack-
ages “dlnm” and “ggplot”.

3. Results

We identified 620,866 singleton births, of which 560,723 had com-
plete data on outcome and exposure. 28,216 (4.5%) preterm births were
included in the study (Fig. S1). Among all preterm births, 6.7% were
categorized as extremely preterm, 9.3% as very preterm, and 83.8% as
moderately preterm. 78.0% of preterm births occurred spontaneously
and 22.0% were medically indicated. Descriptives of the study popula-
tion are shown in Table 1 and Table S1. PM2.5 and PM10 were positively

Table 1
Characteristics of singleton preterm live births in Sweden, 2014–2019.

Characteristics Preterm births n = 28,216

Infant Sex
Male 15,224 (54.0%)
Female 12,961 (45.9%)
Missing 31 (0.1%)

Mode of delivery
Medical indicated 6196 (22.0%)
Spontaneous 22,020 (78.0%)

Preterm category
Extremely preterm 1917 (6.8%)
Very preterm 2636 (9.3%)
Moderately preterm 23,663 (83.9%)

Season of birth *
Winter 6931 (24.6%)
Spring 7196 (25.5%)
Summer 7375 (26.1%)
Fall 6714 (23.8%)

Geographic area
North 2779 (9.8%)
Central 10,552 (37.4%)
South 14,885 (52.8%)

Urbanicity
Urban 20,823 (73.8%)
Rural 7393 (26.2%)

Maternal Age
≤ 24 3796 (13.5%)
25–29 8671 (30.7%)
30–34 8895 (31.5%)
≥ 35 6849 (24.3%)
Missing 5 (<0.1%)

Maternal BMI*
Underweight 820 (2.9%)
Normal 13,233 (46.9%)
Overweight 6747 (23.9%)
Obesity 4440 (15.7%)
Missing 2976 (10.5%)

Education Level
1–9 years 2119 (7.5%)
10–12 years 9497 (33.7%)
+12 years 10,894 (38.6%)
Missing 5706 (20.3%)

Smoking during pregnancy
Yes 1755 (6.2%)
No 22,267 (78.9%)
Missing 4194 (14.9%)

Chronic Hypertension
Yes 368 (1.3%)
No 26,023 (92.2%)
Missing 1825 (6.5%)

Diabetes Mellitus
Yes 987 (3.5%)
No 25,464 (90.2%)
Missing 1765 (6.3%)

Abbreviations: Winter, December–February; Spring; March–May; Summer,
June–August; fall, September–November; Underweight, BMI <18.5 kg/m2;
Normal, BMI ≥18.5–<25.0 kg/m2; Overweight, BMI ≥25.0–<30.0 kg/m2;
Obesity, BMI ≥30.0 kg/m2.
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correlated (r = 0.76), and both pollutants were weakly to moderately
correlated with NO2, (r [PM2.5] = 0.28) and (r [PM10] = 0.40) (Fig. S2).
O3 during the warm season was negatively correlated with NO2 (r =

−0.16), weakly correlated with PM10 (r = 0.25) and PM2.5 (r = 0.12).
Ambient temperature was not correlated with PM2.5 (r = 0.01) or PM10
(r = 0.04) exposure and was negatively correlated with NO2 (r = −0.24)
and with O3 (r = −0.11) (Fig. S2). The levels of the air pollutants were
lower than theWHO recommended maximum level of daily exposure for
PM2.5 (7.4 μg/m3 vs the recommended 15 μg/m3/24-h mean), PM10 (15
μg/m3 vs 45 μg/m3/24-h mean), NO2 (13.8 μg/m3 vs 25 μg/m3/24-h
mean), and O3 (54.5 μg/m3/24-h mean vs 100 μg/m3/8-h mean) (WHO,
2021) (Table S2). The pollutants showed some seasonal variation, with
PM2.5, PM10 and O3 concentrations peaking during the spring season and
NO2 concentrations peaking during the winter season (Table S3). We
observed similar air pollution levels during the case period and to the
control periods (Table S4). We observed some variability between the
control and case period as the correlation was moderately high (Pearson
correlation between 0.67 and 0.95).

We observed that a 10 μg/m3 increase in O3 0–6 days before delivery
was associated with 5.90% increased odds of preterm birth [OR = 1.06
(95% CI, 1.02; 1.10)]. We did not observe associations for PM2.5 or PM10
exposures and preterm birth [OR (PM2.5 per 5 μg/m3) 1.02 (95% CI,
0.98; 1.06 and OR (PM10 per 10 μg/m3) 0.98 (95% CI, 0.93; 1.023),
respectively (Fig. 1). NO2 was associated with a decreased odds for
preterm birth [OR = 0.94 (95% CI, 0.88; 0.99)]. However, we also
observed a strong nonlinear association for NO2 exposure, as the shape
of the relationship showed a positive association until 11 μg/m3 levels of
NO2, but the association inverted with higher NO2 with a negative as-
sociation (Fig. S3). In the two-pollutant model, we observed similar ef-
fect estimates for each pollutant when adjusting for other pollutants
(Fig. 1).

We observed the strongest associations using the week before preg-
nancy (lag 0–6 days) for ozone and NO2. For PM2.5 and PM10 the esti-
mates remained similar when evaluating different lag patterns (Fig. S4).
We further did not observe any notable effect modification regarding
environmental and maternal health factors on preterm birth (Table S5).
For ozone, only maternal education had a p-value for interaction <0.05,
finding slightly higher estimates for women with higher levels of edu-
cation. In addition, we found slightly larger effect estimates (p-value
interaction >0.05) for O3 when stratifying by male sex, spontaneous

delivery, and spring season (Fig. 2 and Table S5). No effect modification
was observed for the other pollutants (Table S4). When stratifying by
sub-categories of preterm birth, both O3 and NO2 showed larger effect
estimates for moderate preterm births (Table S6).

4. Discussion

To our knowledge, this is the first nationwide case-crossover study
on the association between exposure to low levels of ambient air
pollution (PM2.5, PM10, NO2, O3) the week before delivery and the risk of
preterm birth. Our results suggest that O3 exposure the week prior to
delivery (lag 0–6) was associated with an increased risk for preterm
birth, based on a nationwide sample of singleton live births in Sweden
between 2014 and 2019. We found no associations between PM2.5 or
PM10 and preterm birth. We observed a nonlinear association between
NO2 exposure and preterm birth, and larger effect estimates between O3
and preterm birth during the spring season, among male infants, and
spontaneous deliveries.

Our results differ, in part, from previous studies on the risks of short-
term exposure to ambient air pollution on preterm birth. A similar case-
crossover study conducted in 8 counties in the San Joaquin Valley of
California, United States (US), (n = 196,970) found a positive associa-
tion between increased O3 exposure the week prior to delivery and
preterm birth during the warm season (May–October) with similar effect
estimates as our study OR (per 41.12 μg/m3) 1.09 (95% CI, 1.06, 1.11)
(Ha et al., 2022). This is despite the Californian study having signifi-
cantly higher levels of O3 compared to our study (mean 116.3 μg/m3 vs
mean 54.5 μg/m3). Our results therefore suggest that the association
between O3 on preterm birth can be seen even at low levels of exposure.
Other studies have similarly found an association between short-term O3
exposure and preterm birth across Canada, Rome (Italy) and Barcelona
(Spain), using time-to-event models. Similar to our study, no statistically
significant associations were found between PM2.5 and NO2 exposures
and preterm birth except for Barcelona where PM10 and NO2 showed a
statistically significant association for preterm birth (Schifano et al.,
2016; Stieb et al., 2019). In contrast, older time-series studies conducted
in Rome (2013), Ningbo (China) (2018), and London (England) (2008)
found no significant association between short-term O3 exposure and
preterm birth. However, the Ningbo study found an association between
PM2.5, PM10, NO2 exposure and preterm birth (Lee et al., 2008; Liu et al.,
2018; Schifano et al., 2013). Lastly, a study in Espoo (Finland) (n =

2568) found no association between O3 exposure and preterm birth, but
did find an association with PM2.5, PM10, and NO2 (Siddika et al., 2020).

All the aforementioned studies, except for the Espoo study, relied on
fixed monitoring stations to estimate daily air pollution levels, thereby
relying fully on temporal contrasts in exposure, and did not model in-
dividual air pollution exposures levels among the study population. The
differences in results between the studies could be due to methodolog-
ical differences. To our knowledge, our study is one of only two that
applied a case-crossover study design and individual spatio-temporal
modelling to evaluate the association of both temporal and spatial
short-term exposure to ambient air pollution on preterm birth. This al-
lows for effective control of time-invariant confounders among the study
population, while the previously mentioned studies could have been
subject to residual confounding in their analysis. Previous studies were
also limited to specific cities or regions compared to our nationwide
cohort, which increases the generalizability of results. Furthermore, as
O3 can travel with air masses, away from where it was initially formed,
previous studies may have underestimated the public health implica-
tions of O3 when only assessing associations in urban areas, which was
addressed in our study by including nationwide data (Eljarrat et al.,
2020).

NO2 exposure had a slight protective association on preterm birth,
but this should be interpreted with caution given the strong non-linear
shape of the relationship. Heterogenous results have been previously
observed in previous studies on preterm birth with similar protective

Fig. 1. Association between the exposure to ambient air pollution the
week before delivery and preterm birth in the two-exposure models. (OR
are shown per 5 μg/m3 for PM2.5 and per 10 μg/m3 for PM10, NO2, O3)
Abbreviations: PM2.5, Particulate Matter with aerodynamic diameter ≤2.5 μm;
PM10, Particulate Matter with aerodynamic diameter ≤10 μm, NO2, Nitrogen
dioxide; O3, Ozone; Temp, Temperature.
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and non-linear findings (Johnson et al., 2016; Lee et al., 2008; Qian
et al., 2016; Smith et al., 2020; Stieb et al., 2016). While unlikely that
NO2, with its known toxicity demonstrated in experimental studies,
could reduce the risk of preterm birth, the possibility of a protective
effect warrants further investigation (Li et al., 2010). The non-linear
association of NO2 could be explained through its negative correlation
with O3, as O3 in the presence of sunlight is formed through a reaction of
NO2 and O2, reducing the levels of NO2. When we accounted for O3 and
temperature in our models, the association of NO2 on preterm birth
became nonsignificant but the estimates remained similar. In addition,
no association was observed between PM2.5 and PM10 and risk of pre-
term birth. This result could be related to the low levels and lower
variability of PM exposure present in Sweden reducing our statistical
power. PM composition also varies across regions with different
contributory sources depending on the local environmental exposures
and geographic area, perhaps reflecting variable levels of toxicity. On
the other hand, O3 has the same chemical composition across Sweden
and the O3 exposure model had the best predictive value of the air
pollutants, which may have improved the likelihood of observing sig-
nificant associations. The increased risk for preterm birth during the
spring season can be explained by the increased O3 seen during the
spring season (Table S3) (Goldenberg et al., 2008). Future studies should
also consider the association of increased O3 levels with climate change
and model the portion of adverse outcomes attributable to climate
change.

The underlying biological mechanisms by which acute exposure to
O3 may trigger preterm birth are not well understood. A recent study,
conducted under a randomized double-blind design, discovered that

brief exposure to O3 led to notable alterations in coagulation, lipid
metabolism, fibrinolysis, and immune response mechanisms. A hyper-
coagulable state could potentially lead to vascular complications, such
as placental abruption, and induce preterm birth (Gargano et al., 2010;
Keren-Politansky et al., 2014). O3 exposure has also been linked to an
increased activation of the hypothalamic-pituitary-adrenal axis, which
is responsible for the secretion of cortisol (stress hormone), which plays
a crucial part in both term and preterm birth onset (Palmsten et al.,
2020). An increase in cortisol levels in both the mother and fetus could
potentially trigger the placenta to produce and release
corticotropin-releasing hormone into the circulatory systems of both the
mother and the fetus. Further, cortisol levels impact on time of delivery,
preterm birth, and short-term neonatal outcomes (Aucott et al., 2008;
Liggins, 1994; Ng et al., 2002). An dysregulation or premature initiation
of these processes could potentially contribute to the development of
preterm birth (Palmsten et al., 2020; Thomson et al., 2019). Cortisol
could also contribute to the oxidative stress that follows pollutant
exposure by increasing production of reactive oxygen species and
increasing susceptibility to infections by downregulating the immune
system (Moore et al., 2018). All of these potential pathways could
interact with each other and other unknown risk factors, increasing the
risk of a preterm birth.

The key strength of our study is the large study population. The SPR
is one of many national patient registries in Sweden covering 92% of all
births in Sweden (Stephansson et al., 2018). Health registries with high
level of coverage and quality of data such as those in the Nordic coun-
tries minimize the risk for selection bias, which increases the validity of
our findings. The large study population also made it possible to conduct

Fig. 2. Stratified analysis of effect modifiers in the associations between the exposure to O3 the week before delivery and risk of preterm birth. Abbre-
viations: CI, Confidence Interval; DM, Diabetes Mellitus; HT, Chronic hypertension; OR, Odds Ratio. * P-value for interaction <0.05.
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stratified analysis to evaluate potential modifiers, such as lifestyle fac-
tors and comorbidities. Additionally, previous studies have mainly
relied on air pollution data from fixed monitoring stations, whereas in
our study we were able to obtain daily exposure levels at a high reso-
lution using a nationwide spatiotemporal model. This allowed us to
study pollution levels across the country, including rural areas, which
further increases the validity of our findings. Furthermore, the
case-crossover design allowed for control of time-invariant confounders
while the time-stratified selection strategy effectively controls for sea-
sonality and time-trend bias (Maclure, 1991).

There are certain limitations that should be mentioned. First, the
exposure estimations were based on the residential addresses of the
mothers. This could potentially lead to inaccuracies in exposure classi-
fication, as it does not accurately consider daily routines of the pregnant
women such as indoor activities, time spent at work, or changes in
residence. However, we expect that this bias would most likely cause a
non-differential exposure misclassification, which would bias the results
towards the null and underestimate the true association. Additionally,
the case-crossover design allows for the estimation of the association of
short time periods of exposure to maintain validity in the results. This
could potentially mean that we missed longer periods of lag that may
have showed a delayed or stronger association between the air pollut-
ants and preterm birth. In addition, the sparse population distribution
across Sweden with relatively few people living in the northern regions
also means that there are fewer pollutant monitors that can be used to
calibrate the exposure model, which may contribute to lower accuracy
in rural areas compared to urban areas. Additionally, the uneven dis-
tribution of monitors in Sweden leads to an overall accuracy range of
64–78% for the exposure model (Stafoggia et al., 2020). The models
estimate O3 exposure based on a 24-h average rather than the typical 8-h
average which may make it difficult to compare our results with other
studies. Finally, in our study, we did not perform adjustments for mul-
tiple testing to account for falsely discovered significance. However,
given that our primary analysis relied on four separate models (one for
each pollutant), the impact of multiple testing is expected to be minimal.

5. Conclusion

In this large, low air pollution nationwide study including 28,216
preterm births between 2014 and 2019, we found that an increase of O3
exposure the week before delivery increased the risk of preterm birth.
These findings add to the evidence that increased levels of O3, even in a
setting with average O3 levels below the recommendedWHO guidelines,
may still negatively affect human health, highlighting the importance of
further research to better inform decision-maker and regulatory
agencies who shape public policies regarding acceptable levels of O3
exposure.
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of air pollution, noise and heat waves on preterm births in Madrid (Spain). Environ.
Res. 145, 162–168. https://doi.org/10.1016/j.envres.2015.11.034.

Aucott, S.W., Watterberg, K.L., Shaffer, M.L., Donohue, P.K., 2008. Do cortisol
concentrations predict short-term outcomes in extremely low birth weight infants?
Pediatrics 122, 775–781. https://doi.org/10.1542/peds.2007-2252.

Cao, G., Liu, J., Liu, M., 2022. Global, regional, and national incidence and mortality of
neonatal preterm birth, 1990-2019. JAMA Pediatr. https://doi.org/10.1001/
jamapediatrics.2022.1622.

Crump, C., Groves, A., Sundquist, J., Sundquist, K., 2021. Association of preterm birth
with long-term risk of heart failure into adulthood. JAMA Pediatr. 175, 689–697.
https://doi.org/10.1001/jamapediatrics.2021.0131.

Crump, C., Sundquist, J., Sundquist, K., 2020. Preterm birth and risk of type 1 and type 2
diabetes: a national cohort study. Diabetologia 63, 508–518. https://doi.org/
10.1007/s00125-019-05044-z.

Dahlquist, M., Frykman, V., Stafoggia, M., Qvarnström, E., Wellenius, G.A., Ljungman, P.
L.S., 2022. Short-term ambient air pollution exposure and risk of atrial fibrillation in
patients with intracardiac devices. Environmental Epidemiology 6, E215. https://
doi.org/10.1097/EE9.0000000000000215.

de Bont, J., Stafoggia, M., Nakstad, B., Hajat, S., Kovats, S., Part, C., Chersich, M.,
Luchters, S., Filippi, V., Stephansson, O., Ljungman, P., Roos, N., 2022. Associations
between ambient temperature and risk of preterm birth in Sweden: a comparison of
analytical approaches. Environ. Res. 213, 113586 https://doi.org/10.1016/j.
envres.2022.113586.

Eljarrat, E., Li, F., Jahangir Alam, M., Stavropoulou, E., Manisalidis, I., Stavropoulos, A.,
Bezirtzoglou, E., 2020. Environmental and health impacts of air pollution: a review.
Frontiers in Public Health | www.frontiersin.org 8, 14. https://doi.org/10.3389/
fpubh.2020.00014.

Fann, N.L., Nolte, C.G., Sarofim, M.C., Martinich, J., Nassikas, N.J., 2021. Associations
between simulated future changes in climate, air quality, and human health. JAMA
Netw. Open 4. https://doi.org/10.1001/jamanetworkopen.2020.32064.

Ferrero, D.M., Larson, J., Jacobsson, B., Renzo, G.C. Di, Norman, J.E., Martin, J.N.,
D’Alton, M., Castelazo, E., Howson, C.P., Sengpiel, V., Bottai, M., Mayo, J.A.,
Shaw, G.M., Verdenik, I., Tul, N., Velebil, P., Cairns-Smith, S., Rushwan, H.,
Arulkumaran, S., Howse, J.L., Simpson, J.L., 2016. Cross-Country individual
participant analysis of 4.1 million singleton births in 5 countries with very high
human development index confirms known associations but provides no biologic
explanation for 2/3 of all preterm births. PLoS One 11. https://doi.org/10.1371/
journal.pone.0162506.

N. Aziz et al. International Journal of Hygiene and Environmental Health 262 (2024) 114443 

6 

https://doi.org/10.1016/j.ijheh.2024.114443
https://doi.org/10.1016/j.ijheh.2024.114443
https://doi.org/10.1016/j.envres.2015.11.034
https://doi.org/10.1542/peds.2007-2252
https://doi.org/10.1001/jamapediatrics.2022.1622
https://doi.org/10.1001/jamapediatrics.2022.1622
https://doi.org/10.1001/jamapediatrics.2021.0131
https://doi.org/10.1007/s00125-019-05044-z
https://doi.org/10.1007/s00125-019-05044-z
https://doi.org/10.1097/EE9.0000000000000215
https://doi.org/10.1097/EE9.0000000000000215
https://doi.org/10.1016/j.envres.2022.113586
https://doi.org/10.1016/j.envres.2022.113586
https://doi.org/10.3389/fpubh.2020.00014
https://doi.org/10.3389/fpubh.2020.00014
https://doi.org/10.1001/jamanetworkopen.2020.32064
https://doi.org/10.1371/journal.pone.0162506
https://doi.org/10.1371/journal.pone.0162506


Gargano, J.W., Holzman, C.B., Senagore, P.K., Reuss, M.L., Pathak, D.R., Williams, M.A.,
Fisher, R., 2010. Evidence of placental haemorrhage and preterm delivery. BJOG
117, 445–455. https://doi.org/10.1111/j.1471-0528.2009.02472.x.

Goldenberg, R.L., Culhane, J.F., Iams, J.D., Romero, R., 2008. Epidemiology and causes
of preterm birth. Lancet. https://doi.org/10.1016/S0140-6736(08)60074-4.

Guan, T., Xue, T., Gao, S., Hu, M., Liu, Xin, Qiu, X., Liu, Xiaohong, Zhu, T., 2019. Acute
and chronic effects of ambient fine particulate matter on preterm births in Beijing,
China: a time-series model. Sci. Total Environ. 650, 1671–1677. https://doi.org/
10.1016/J.SCITOTENV.2018.09.279.

Ha, S., Martinez, V., Chan-Golston, A.M., 2022. Air pollution and preterm birth: a time-
stratified case-crossover study in the San Joaquin Valley of California. Paediatr.
Perinat. Epidemiol. 36, 80–89. https://doi.org/10.1111/PPE.12836.

Hunter, P.J., Awoyemi, T., Ayede, A.I., Chico, R.M., David, A.L., Dewey, K.G., Duggan, C.
P., Gravett, M., Prendergast, A.J., Ramakrishnan, U., Ashorn, P., Klein, N., Black, R.
E., Lawn, J.E., Ashorn, U., Hofmeyr, G.J., Temmerman, M., Askari, S., 2023.
Biological and pathological mechanisms leading to the birth of a small vulnerable
newborn. Lancet. https://doi.org/10.1016/S0140-6736(23)00573-1.

Johnson, S., Bobb, J.F., Ito, K., Savitz, D.A., Elston, B., Shmool, J.L.C., Dominici, F.,
Ross, Z., Clougherty, J.E., Matte, T., 2016. Ambient fine particulate matter, nitrogen
dioxide, and preterm birth in New York City. Environ. Health Perspect. 124,
1283–1290. https://doi.org/10.1289/ehp.1510266.

Keren-Politansky, A., Breizman, T., Brenner, B., Sarig, G., Drugan, A., 2014. The
coagulation profile of preterm delivery. Thromb. Res. 133, 585–589. https://doi.
org/10.1016/j.thromres.2014.01.018.

Lee, S.J., Hajat, S., Steer, P.J., Filippi, V., 2008. A time-series analysis of any short-term
effects of meteorological and air pollution factors on preterm births in London, UK.
Environ. Res. 106, 185–194. https://doi.org/10.1016/j.envres.2007.10.003.

Li, H., Han, M., Guo, L., Li, G., Sang, N., 2010. Oxidative stress, endothelial dysfunction
and inflammatory response in rat heart to NO 2 inhalation exposure. https://doi.
org/10.1016/j.chemosphere.2010.11.055.

Li, X., Liu, Y., Liu, F., Wang, Y., Yang, X., Yu, J., Xue, X., Jiao, A., Lu, Y., Tian, L.,
Deng, S., Xiang, H., 2018. Analysis of short-term and sub-chronic effects of ambient
air pollution on preterm birth in central China. Environ. Sci. Pollut. Control Ser. 25,
19028–19039. https://doi.org/10.1007/S11356-018-2061-8/FIGURES/3.

Liggins, G.C., 1994. The role of cortisol in preparing the fetus for birth. Reprod. Fertil.
Dev. 6 (2), 141–150. https://doi.org/10.1071/rd9940141. PMID: 7991781.

Lippmann, M., 1989. HEALTH effects of ozone A critical review. JAPCA 39, 672–695.
https://doi.org/10.1080/08940630.1989.10466554.

Liu, W.Y., Yu, Z. Bin, Qiu, H.Y., Wang, J.B., Chen, X.Y., Chen, K., 2018. Association
between ambient air pollutants and preterm birth in Ningbo, China: a time-series
study. BMC Pediatr. 18 https://doi.org/10.1186/s12887-018-1282-9.

Ludvigsson, J.F., Andersson, E., Ekbom, A., Feychting, M., Kim, J.L., Reuterwall, C.,
Heurgren, M., Olausson, P.O., 2011. External review and validation of the Swedish
national inpatient register. BMC Publ. Health 11. https://doi.org/10.1186/1471-
2458-11-450.

Maclure, M., 1991. The case-crossover design: a method for studying transient effects on
the risk of acute events. Am. J. Epidemiol. 133 (2), 144–153. https://doi.org/
10.1093/oxfordjournals.aje.a115853. PMID: 1985444.

Moore, T.A., Ahmad, I.M., Zimmerman, M.C., 2018. Oxidative stress and preterm birth:
an integrative review. Biol. Res. Nurs. 20, 497–512. https://doi.org/10.1177/
1099800418791028.

Moster, D., Lie, R.T., Markestad, T., 2008. Long-term medical and social consequences of
preterm birth. N. Engl. J. Med. 359, 262–273. https://doi.org/10.1056/
NEJMoa0706475.

Ng, P.C., Lam, C.W.K., Lee, C.H., Ma, K.C., Fok, T.F., Chan, I.H.S., Wong, E., 2002.
Reference ranges and factors affecting the human corticotropin-releasing hormone
test in preterm, very low birth weight infants. J. Clin. Endocrinol. Metab. 87,
4621–4628. https://doi.org/10.1210/jc.2001-011620.

Ohuma, E.O., Moller, A.B., Bradley, E., Chakwera, S., Hussain-Alkhateeb, L., Lewin, A.,
Okwaraji, Y.B., Mahanani, W.R., Johansson, E.W., Lavin, T., Fernandez, D.E.,
Domínguez, G.G., de Costa, A., Cresswell, J.A., Krasevec, J., Lawn, J.E.,
Blencowe, H., Requejo, J., Moran, A.C., 2023. National, regional, and global
estimates of preterm birth in 2020, with trends from 2010: a systematic analysis.
Lancet 402, 1261–1271. https://doi.org/10.1016/S0140-6736(23)00878-4.

Orru, H., Ebi, K.L., Forsberg, B., 2017. The interplay of climate change and air pollution
on health. Curr Environ Health Rep. https://doi.org/10.1007/s40572-017-0168-6.

Palmsten, K., Palmsten, K., Bandoli, G., Bandoli, G., Vazquez-Benitez, G., Xi, M.,
Johnson, D.L., Xu, R., Xu, R., Chambers, C.D., Chambers, C.D., 2020. Oral
corticosteroid use during pregnancy and risk of preterm birth. Rheumatology 59,
1262–1271. https://doi.org/10.1093/rheumatology/kez405.

Platt, M.J., 2014. Outcomes in preterm infants. Publ. Health 128 (5), 399–403. https://
doi.org/10.1016/j.puhe.2014.03.010. Epub 2014 May 1. PMID: 24794180.

Qian, Z., Liang, S., Yang, S., Trevathan, E., Huang, Z., Yang, R., Wang, J., Hu, K.,
Zhang, Y., Vaughn, M., Shen, L., Liu, W., Li, P., Ward, P., Yang, L., Zhang, W.,
Chen, W., Dong, G., Zheng, T., Xu, S., Zhang, B., 2016. Ambient air pollution and
preterm birth: a prospective birth cohort study in Wuhan, China. Int. J. Hyg Environ.
Health 219, 195–203. https://doi.org/10.1016/j.ijheh.2015.11.003.

Ream, M.A., Lehwald, L., 2017. Neurologic consequences of preterm birth. Curr. Neurol.
Neurosci. Rep. 18 (8), 48. https://doi.org/10.1007/s11910-018-0862-2. PMID:
29907917.

Samuels, L., Nakstad, B., Roos, N., Bonell, A., Chersich, M., Havenith, G., Luchters, S.,
Day, L.T., Hirst, J.E., Singh, T., Elliott-Sale, K., Hetem, R., Part, C., Sawry, S., Le
Roux, J., Kovats, S., 2022. Physiological mechanisms of the impact of heat during
pregnancy and the clinical implications: review of the evidence from an expert group
meeting. Int. J. Biometeorol. https://doi.org/10.1007/s00484-022-02301-6.

Sarizadeh, R., Dastoorpoor, M., Goudarzi, G., Simbar, M., 2020. The association between
air pollution and low birth weight and preterm labor in Ahvaz, Iran. Int J Womens
Health 12, 313–325. https://doi.org/10.2147/IJWH.S227049.

Schifano, P., Asta, F., Dadvand, P., Davoli, M., Basagana, X., Michelozzi, P., 2016. Heat
and air pollution exposure as triggers of delivery: a survival analysis of population-
based pregnancy cohorts in Rome and Barcelona. Environ. Int. 88, 153–159. https://
doi.org/10.1016/j.envint.2015.12.013.

Schifano, P., Lallo, A., Asta, F., De Sario, M., Davoli, M., Michelozzi, P., 2013. Effect of
ambient temperature and air pollutants on the risk of preterm birth, Rome 2001-
2010. Environ. Int. 61, 77–87. https://doi.org/10.1016/j.envint.2013.09.005.

Siddika, N., Rantala, A.K., Antikainen, H., Balogun, H., Amegah, A.K., Ryti, N.R.I.,
Kukkonen, J., Sofiev, M., Jaakkola, M.S., Jaakkola, J.J.K., 2020. Short-term prenatal
exposure to ambient air pollution and risk of preterm birth - a population-based
cohort study in Finland. Environ. Res. 184 https://doi.org/10.1016/J.
ENVRES.2020.109290.

Smith, R.B., Beevers, S.D., Gulliver, J., Dajnak, D., Fecht, D., Blangiardo, M.,
Douglass, M., Hansell, A.L., Anderson, H.R., Kelly, F.J., Toledano, M.B., 2020.
Impacts of air pollution and noise on risk of preterm birth and stillbirth in London.
Environ. Int. 134 https://doi.org/10.1016/j.envint.2019.105290.

Song, S., Gao, Z., Zhang, X., Zhao, X., Chang, H., Zhang, J., Yu, Z., Huang, C., Zhang, H.,
2023. Ambient fine particulate matter and pregnancy outcomes: an umbrella review.
Environ. Res. https://doi.org/10.1016/j.envres.2023.116652.

Stafoggia, M., Johansson, C., Glantz, P., Renzi, M., Shtein, A., Hoogh, K. de, Kloog, I.,
Davoli, M., Michelozzi, P., Bellander, T., 2020. A random forest approach to estimate
daily particulate matter, nitrogen dioxide, and ozone at fine spatial resolution in
Sweden. Atmosphere 11. https://doi.org/10.3390/atmos11030239.

Stephansson, O., Petersson, K., Björk, C., Conner, P., Wikström, A.K., 2018. The Swedish
Pregnancy Register – for quality of care improvement and research. Acta Obstet.
Gynecol. Scand. 97, 466–476. https://doi.org/10.1111/AOGS.13266.

Stieb, D.M., Chen, L., Hystad, P., Beckerman, B.S., Jerrett, M., Tjepkema, M., Crouse, D.
L., Omariba, D.W., Peters, P.A., van Donkelaar, A., Martin, R.V., Burnett, R.T.,
Liu, S., Smith-Doiron, M., Dugandzic, R.M., 2016. A national study of the association
between traffic-related air pollution and adverse pregnancy outcomes in Canada,
1999-2008. Environ. Res. 148, 513–526. https://doi.org/10.1016/j.
envres.2016.04.025.

Stieb, D.M., Lavigne, E., Chen, L., Pinault, L., Gasparrini, A., Tjepkema, M., 2019. Air
pollution in the week prior to delivery and preterm birth in 24 Canadian cities: a
time to event analysis. Environ. Health 18. https://doi.org/10.1186/s12940-018-
0440-8.

The Swedish Agency for Growth Policy Analysis, 2014. Better statistics for better
regional and rural policy [WWW Document]. URL. https://www.tillvaxtanalys.
se/in-english/publications/reports/reports/2014-04-04-better-statistics-for-better-r
egional-and-rural-policy.html. accessed 12.15.22.
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