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pollution. Fine particulate matter (PM) can deposit in the 
maternal respiratory tract, with soluble components poten-
tially translocating into the bloodstream, thereby inducing 
systemic inflammation [4, 5]. This inflammatory response 
may adversely affect fetal development through various bio-
logical mechanisms [4, 5].

An extensive body of literature has shown that prenatal 
air pollution exposure, in particular PM with aerodynamic 
diameter < 2.5 μm (PM2.5), is associated with adverse birth 
outcomes including lower birthweight, preterm birth, and 
small for gestational age [4–14]. However, fewer studies 
have attempted to identify critical windows of susceptibility 

Introduction

Over recent decades, numerous regulatory policies have 
been implemented across Europe to reduce air pollution 
levels [1]. Despite these efforts, air pollution remains the 
leading environmental health challenge, constituting the 
primary environmental contributor to the global burden of 
disease and one of the most significant preventable causes 
of morbidity and mortality [2, 3]. Pregnant women and their 
fetuses represent particularly vulnerable populations. Dur-
ing pregnancy, rapid fetal development renders the fetus 
highly susceptible to environmental insults, including air 
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to PM exposure across pregnancy in relation to birthweight 
and small for gestational age using fine temporal resolution 
air pollution estimates instead of exploring a priori defined 
periods such as trimesters of pregnancy [15–21]. Revealing 
such susceptible periods is essential for informing both clin-
ical practice and public health policy aimed at safeguarding 
fetal growth and development. With regard to lower birth-
weight, most studies have identified the second and/or third 
trimester as periods of increased susceptibility [15–19]. In 
contrast, findings related to small for gestational age have 
been inconsistent [18, 20, 21].

In addition, socioeconomic status is a well-established 
determinant of adverse birth outcomes [22] and has also 
been associated with differential exposure to air pollution 
[23]. Beyond the confounding role of socioeconomic sta-
tus, it is crucial to investigate whether it modifies the rela-
tionship between air pollution exposure during pregnancy 
and birth outcomes. Such an understanding is essential for 
designing targeted and equitable interventions. However, 
it has been insufficiently investigated. A limited number of 
studies suggest that infants born to African-American or 
Black mothers and those born to mothers with lower edu-
cational attainment may be disproportionately affected [24, 
25]. However, mixed results have been shown on the iden-
tification of windows of susceptibility to PM exposure by 
socioeconomic factors [18, 26, 27].

Therefore, we aim to assess the relationship between 
pregnancy-average PM exposure and birthweight, birth-
weight at term, low birthweight at term, small for gesta-
tional age, and preterm birth. In addition, we aim to identify 
critical windows of susceptibility to PM exposure across 
pregnancy on birthweight and small for gestational age. 
Finally, we aim to assess the presence of socioeconomic 
inequalities on the association between prenatal exposure to 
PM and birth outcomes.

Methods

Study population

We established a nationwide, population-based cohort 
using the Spanish Birth Registry Statistics database of the 
National Statistics Institute. The initial population com-
prised singleton live births recorded across Spain (excluding 
Canary Islands, Ceuta, and Melilla) between January 2004 
and December 2016 (N = 5,493,972) (Fig. 1). We excluded 
births with missing information on air pollution exposure 
(due to unavailable maternal address at delivery), birth-
weight, gestational age, and implausible values for birth-
weight or gestational age. This resulted in a final sample 
of 3,678,445 birth records (67% of the initial population). 

We only had data on PM2.5 between 2009 and 2016, thus 
the final sample involving PM2.5 included 1,991,031 births 
from January 2010 to December 2016.

Air pollution concentration measures

We developed spatiotemporal land use random-forest mod-
els to estimate daily concentrations of PM10 and PM2.5 
across peninsular Spain and the Balearic Islands following 
a methodology previously applied in Italy and Sweden [28, 
29] (Methods S1). Briefly, these models estimated daily 
concentrations of PM10 between 2003 and 2016 and PM2.5 
between 2009 and 2016 over 1  x 1 km grid cells using spa-
tiotemporal and spatial predictors. Daily PM concentrations 
were obtained from the national air quality database. Spa-
tiotemporal predictors included daily remote sensing data 
on aerosol optical depth, meteorological data, normalized 
difference vegetation index, and Saharan dust advections. 
Spatial predictors included light at night, impervious sur-
face area, elevation, road, administrative boundaries, land 
cover data, slope, population, climate classification, and 
phytoclimatic types.

Maternal residential addresses at delivery were geocoded 
by the National Statistics Institute and anonymized by ran-
domly allocating coordinates within a 30  m buffer. Daily 
PM10 and PM2.5 concentrations were estimated at these geo-
coded locations for each day of gestation (i.e., from con-
ception until birth) using small-scale temporal and spatial 
predictors. We assumed that women did not change their 
residence during pregnancy. Daily PM10 and PM2.5 concen-
trations were aggregated to calculate pregnancy-average 
and weekly-average exposures.

Birth outcomes

Information on birthweight (in grams) and gestational age 
(in weeks) were obtained from the birth registry. We cal-
culated preterm birth, birthweight at term, low birthweight 
at term, and small for gestational age. Preterm birth was 
defined as having a gestational age at birth lower than 37 
weeks. Birthweight at term was defined as birthweight 
restricted to those children born from week 37 onwards 
[5]. Low birthweight at term was defined as having a birth-
weight below 2,500 g for those children born from week 37 
onwards [5]. Small for gestational age was defined as hav-
ing a birthweight below the 10th percentile considering its 
gestational age and sex [5].

Potential confounding variables

The birth registry provided data on maternal and paternal 
age (years), educational level (low, medium, high based on 
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primary or lower, secondary, university or higher), social 
class based on occupation (managers, technicians, skilled 
manual/non manual, semi-skilled/unskilled, homemakers, 
others), and nationality (Spain, Europe, Central and South 
America, Africa, Asia), maternal parity (0, 1, 2, 3 or more 
children) and civil status (married, unmarried), and child 
sex (female, male). We derived season of conception (win-
ter, spring, summer, autumn) based on the date of concep-
tion. We linked a small area-level deprivation index to the 
maternal residential addresses at delivery. This deprivation 
index, constructed from the 2011 Population and Housing 

Census of Spain, included 6 indicators: manual and tempo-
rary workers, unemployment, insufficient education overall 
and in young people [16–29 years], and no access to inter-
net. Deprivation levels were calculated for 35,917 census 
tracts [30]. Census tracts have a size that varies between 500 
and 2,000 inhabitants. This index was able to capture both 
urban and rural variation in deprivation level. Overall, the 
deprivation index showed a strong decreasing gradient from 
South-West to North-East regions, with specific deprivation 
index patterns within the big metropolitan areas. We cal-
culated the level of urbanicity (cities, towns/suburbs, rural 

Fig. 1  Flowchart of study 
participants
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of pregnancy-average PM2.5 exposure with birthweight and 
preterm birth below and above this threshold. Further, to 
assess the potential impact of individual-level lifestyle risk 
factors not measured in our birth registry, we applied the 
indirect adjustment method including data on smoking use 
during pregnancy and pre-pregnancy body mass index from 
an ancillary cohort, and indirectly adjusted for them in our 
analysis of birthweight [35]. To do this, we needed: (i) the 
estimated associations between these two variables and the 
exposure to each air pollutant after adjusting for the poten-
tial confounding variables included in our main model, and 
(ii) risk estimates of these two variables on birthweight. We 
estimated the first information from the INMA Project, a 
population-based birth cohort set up in Spain, using data 
from the regions of Valencia, Sabadell, Asturias, and Gipuz-
koa collected between 2003 and 2008 (N = 2,487) [36]. We 
extracted the second information from the literature [37, 
38].

Second, we applied distributed lag models (DLMs) to 
identify potential windows of susceptibility to PM expo-
sure across pregnancy in the association with birthweight 
and small for gestational age. DLMs concurrently estimate 
the exposure-response relationship and the lag-response 
relationship using a cross-basis, a bidimensional space of 
functions obtained from integrating two base functions over 
the lag dimension that represents the exposure-lag-response 
relationship. This method allows for the estimation of the 
time trend for the association between the exposure and 
the outcome by adjusting exposures at other time points, 
assuming that the changes are smoothly across weeks [39]. 
We used a penalized spline constraint to estimate the lag-
response relationship allowing 10 degrees of freedom [40]. 
Since we found a non-linear association of pregnancy-aver-
age PM2.5 exposure with birthweight, we further explored 
the shape of the association of the weekly PM2.5 exposure 
with birthweight. We found that all weekly exposure-
response association were linear and we considered them as 
linear in the DLMs (Figure S2). The equation of the model 
can be found in Methods S2. Since complete exposure data 
for the exact same weeks is required for this method, we 
included participants born from week 32 onwards (i.e., 
exposure up to week 31) in the main analyses (N = 3,646,482 
for PM10 and N = 1,973,883 for PM2.5) which excluded 
extreme and very preterm births [41]. The adjusted cumula-
tive effect estimates for periods of interest were calculated 
by aggregating effect estimates across adjacent lags. As 
sensitivity analysis, we repeated the models: (i) including 
participants born from week 28 onwards (i.e., exposure up 
to week 27) (N = 3,670,012 for PM10 and N = 1,987,222 for 
PM2.5) to investigate a possible selection bias when exclud-
ing very preterm births [41], and (ii) including participants 
born from week 36 onwards (i.e., exposure up to week 35) 

areas) at the maternal residential addresses at delivery using 
the 2014 DEGURBA classification created by the European 
Commission [31]. We assigned the Spanish NUTS 2 code to 
the maternal residential addresses at delivery, correspond-
ing to the 16 Autonomous Communities included in the 
study, to capture regional differences [32]. Finally, we esti-
mated weekly mean temperature at the maternal residential 
addresses at delivery using data provided by the European 
Centre for Medium-Range Weather Forecast at an hourly 
temporal resolution and a spatial resolution of 10  km x 
10 km.

Statistical analysis

We used the expectation-maximization imputation method 
using the “Amelia” R package v1.8.3 [33] to impute miss-
ing data on the potential confounding variables (Table S1). 
We obtained similar distributions between observed and 
imputed datasets (Table S2).

Participants included in the PM10 (N = 3,678,445) and 
PM2.5 (N = 1,991,031) analyses had a higher socioeco-
nomic status and a higher proportion of Spanish nationality 
compared to those not included (Table S3-S4). We applied 
inverse probability weighting to correct for potential selec-
tion bias as a result of only including those participants with 
exposure and outcome data available, so that results would 
be representative for the initial population [34]. This was 
done for the two study populations separately, the one of the 
PM10 analyses and the one of the PM2.5 analyses. We selected 
the variables that were most predictive of the probability of 
being included in the study to calculate the inverse of the 
probability of participation for each participant included. 
The selected variables were parental age and social class, 
maternal education level, nationality, parity, and civil status, 
area-level deprivation index, and urbanicity (Table S5). This 
inverse probability was assigned as two weights for each 
participant, one for the PM10 analysis and one for the PM2.5 
analyses, and used in all respective analyses.

First, we used linear regression models to estimate the 
association between pregnancy-average PM exposure 
and birthweight and birthweight at term. We used logistic 
regression models to estimate the association between preg-
nancy-average PM exposure and low birthweight at term, 
preterm birth, and small for gestational age. After checking 
the assumptions of the models, we observed a non-linear 
association of pregnancy-average PM2.5 exposure with 
birthweight and preterm birth, with a point of inflection 
around 10 µg/m3 (Figure S1). For these two associations, 
we also found that a natural spline model with 2 degrees 
of freedom provided better goodness-of-fit than the linear 
model (likelihood ratio test p-value < 0.001). Thus, as fol-
low-up analysis, we stratified the linear regression models 
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(N = 3,468,035 for PM10 and N = 1,880,547 for PM2.5) to 
investigate a possible selection bias when excluding all pre-
term births [41].

Third, all previous analyses were stratified by maternal 
educational level, area-level deprivation index (categorized 
in tertiles as low [<-0.687], moderate [-0.687 to 0.126], 
high [> 0.126]), and the combination of both variables in 4 
groups (high education and low deprivation, high education 
and high deprivation, low education and low deprivation, 
low education and high deprivation) to investigate whether 
socioeconomic inequalities were present.

As additional sensitivity analyses, we stratified all anal-
ysis by level of urbanicity of the maternal address since 
population in urban and rural areas might have different 
individual characteristics and be exposed to PM with dif-
ferent composition. Moreover, we investigated the associa-
tion of PM10 and PM2.5 with the gestational-age-adjusted 
birthweight z-score. Finally, we reran all models adjusting 
for child sex.

All statistical models were adjusted for the potential 
confounders described in the previous section. Pregnancy-
average temperature across pregnancy was included in the 
regression models. Weekly temperature across pregnancy 
was included in the distributed lag models using a natural 
cubic spline in both the exposure and lag dimension, with 
internal knots placed at the 25th and 75th percentiles of the 
temperature distribution and a knot at lag 50th percentile for 
the lag-response function. We corrected for multiple test-
ing by determining the eigenvalues to identify the effective 
number of tests using the ‘poolr’ package and ‘meff’ func-
tion in R [42]. The effective number of tests was three for the 
analyses of the pregnancy-average PM (two exposures and 
five birth outcomes) and one for the analyses of the weekly 
exposures to PM (two exposures and two birth outcomes) 
making the new statistical significance level 0.05/3 = 0.017 
for the pregnancy-average PM analyses, and 0.05/1 = 0.05 
for the weekly PM analyses. All analyses were carried out 
with R version 4.2.1 [43].

Results

Descriptive analysis

Table  1 presents the characteristics of the study popula-
tion. The mean age of pregnant women was 32 years, and 
that of their partner was 34 years. The majority of women 
had attained a secondary educational level (52%), and over 
half of the households were located in cities (56%). Mean 
concentrations of PM10 and PM2.5 during pregnancy were 
25.1  µg/m3 and 12.7  µg/m3, respectively (Table  1, Table 
S6, Figure S3). PM10 and PM2.5 were highly correlated 

Table 1  Characteristics of the study population (n=3,678,445)
Distribution (Percentage 
or mean (SD))

Maternal characteristics
Age (years) 31.8 (5.2)
Educational level
High 37.2
Medium 51.8
Low 11.0
Social class based on occupation
Managers 3.1
Technicians 24.8
Skilled manual/non-manual 43.0
Semi-skilled/unskilled 6.7
Homemakers 20.4
Others 2.1
Region of nationality
Spain 89.4
Europe 3.5
Central and South America 3.6
Africa 2.9
Asia 0.6
Civil status (married vs. no-married) 70.1
Parity
No children 54.9
1 child 36.5
2 children 6.8
3 or more children 1.9
Paternal characteristics
Age (years) 34.2 (5.6)
Educational level
University or higher 26.5
Secondary 60.0
Primary or lower 13.5
Social class based on occupation
Managers 5.3
Technicians 24.2
Skilled manual/non-manual 40.0
Semi-skilled/unskilled 27.0
Others 3.5
Household characteristics
Area-level deprivation indexa -0.21 (0.99)
Urbanicity
Cities 55.9
Towns or suburbs 33.9
Rural areas 10.2
Mean temperature across pregnancy 16.2 (2.9)
Particle matter concentrations (µg/m3)
PM10 25.1 (6.6)
PM2.5 12.7 (2.4)
PM10 particular matter with aerodynamic diameter less than 10 μm, 
PM2.5 particular matter with aerodynamic diameter less than 2.5 μm
aRange -2.6 to 4.9
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maternal education level strata were observed for preterm 
birth. Similar patterns were observed for PM2.5.

When we stratified by area-level deprivation index, we 
did not observe differences across strata for either PM10 or 
PM2.5, with overlapping confidence intervals for the associ-
ations observed in infants born to mothers residing in areas 
with low deprivation index and those with high deprivation 
index (Table 2 and S10).

When combining maternal educational level and area-
level deprivation index categories, we then observed stron-
ger associations of PM10 concentrations with birthweight, 
birthweight at term, and low birthweight at term in infants 
born to mothers with both lower education and residing in 
areas with high deprivation index compared to those with 
both higher education and residing in areas with low depri-
vation index (Table  2). Differences between these strata 
were only observed for PM2.5 concentrations in relation to 
birthweight.

Windows of susceptibility

We identified some windows of susceptibility to PM10 in 
relation to birthweight (Fig. 2, Table S13). Higher PM10 
exposure during the first 4 weeks of pregnancy was associ-
ated with lower birthweight (-1.3 g [95%CI -2.3; -0.3] per 
10  µg/m3 increase in PM10). Also, higher PM10 exposure 
between weeks 23 and 32 of pregnancy was associated with 
lower birthweight (-3.6 g [95%CI -4.9; -2.2] per 10 µg/m3 
increase in PM10). However, we did not identify windows 
of susceptibility to PM10 in relation to small for gestational 
age or to PM2.5 in relation to either birthweight or small 
for gestational age. Comparable results were observed when 
we excluded very preterm births (Figure S4) or all preterm 
births (Figure S5).

Stratified analyses by maternal educational level sug-
gested that the window of susceptibility to PM10 at the end 
of pregnancy in relation to birthweight was larger in infants 
born to mothers with lower education (Fig. 3, Table S14). 
For PM2.5, we identified a narrow window of susceptibil-
ity between weeks 18 and 23 in relation to birthweight in 
infants born to mothers with lower education.

When we stratified the analyses by area-level depriva-
tion index, the window of susceptibility to PM10 at the end 
of pregnancy in relation to birthweight appeared consistent 
across strata (Fig. 4, Table S14). For PM2.5, a narrow win-
dow of susceptibility between weeks 21 and 25 was iden-
tified in relation to birthweight in infants born to mothers 
residing in areas of high deprivation index.

Additionally, a large window of susceptibility to PM10 at 
the end of pregnancy in relation to birthweight was identi-
fied in infants born to mothers with both lower education 
and residing in areas of high deprivation index, and in mid 

(Pearson’s r = 0.85). A total of 89% of women were exposed 
to pregnancy-average PM2.5 concentrations above 10 µg/m3. 
Compared to those exposed to concentrations below 10 µg/
m3, these women more frequently had a slightly lower edu-
cational level, a slightly higher likelihood of being born out-
side Europe, and were more likely to reside in cities (Table 
S7). The distribution of birth outcomes is shown in Table 
S8. Mean birthweight was 3248 g and the prevalence of pre-
term birth was 5.7%. Correlations between birth outcomes 
ranged from low to moderate (Table S9).

Pregnancy-average exposure associations

Higher pregnancy-average PM10 concentrations were asso-
ciated with lower birthweight, lower birthweight at term, 
and an increased odds of preterm birth (e.g., -7.1  g in 
birthweight [95% Confidence Interval (CI) -8.5; -5.7] and 
OR 1.04 for preterm birth [95%CI 1.02; 1.05] per 10 µg/
m3 increase in PM10) (Table 2). Higher pregnancy-average 
PM2.5 concentrations were associated with lower birth-
weight and an increased odds of preterm birth (-3.8  g in 
birthweight [95%CI -5.9; -1.7] and OR 1.04 for preterm birth 
[95%CI 1.02, 1.06] per 5 µg/m3 increase in PM2.5). When 
pregnancy-average PM2.5 concentrations were stratified by 
10 µg/m3, we only observed an association with birthweight 
and preterm birth for PM2.5 concentrations above 10 µg/m3 
(-5.4 g in birthweight [95%CI -7.7; -3.1] and OR 1.06 for 
preterm birth [95%CI 1.04, 1.09] per 5 µg/m3 increase in 
PM2.5) compared to PM2.5 concentrations below 10 µg/m3 
(1.9 g in birthweight [95%CI -12.9; 16.7] and OR 0.90 for 
preterm birth [95%CI 0.79, 1.03] per 5 µg/m3 increase in 
PM2.5) (Table S10). When we applied indirect adjustment 
for smoking use during pregnancy and pre-pregnancy body 
mass index, we found similar results when indirectly adjust-
ing for body mass index, while effect estimates were slightly 
stronger and confidence intervals became wider when indi-
rectly adjusting for smoking (Table S11). When comparing 
the analytical cohort with the ancillary cohort used for the 
indirect adjustment, we observed that the analytical cohort 
had a lower proportion of population from a lower socioeco-
nomic position (e.g., low maternal and paternal educational 
level, semiskilled/unskilled occupations) and also included 
more population from towns/suburbs and rural areas (Table 
S12).

When we stratified by maternal educational level, asso-
ciations of PM10 with birthweight and birthweight at term 
were stronger in infants born to mothers with lower educa-
tion compared to those with higher education (e.g., -14.3 g 
in birthweight [95%CI -18.5; -10.2] vs. -4.1 g (95%CI -6.5; 
-1.8) per 10  µg/m3 increase in PM10), with non-overlap-
ping confidence intervals (Table 2). No differences across 
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Table 2  Adjusted association between pregnancy-average particle matter concentrations and birth outcomes, overall and according to maternal 
educational level and to area-level deprivation index

Birthweight Birthweight at term Low birthweight 
at term

Preterm birth Small for gesta-
tional age

B (95% CI) B (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
PM10 (∆ 10 μg/m3) (N=3,678,445) (N=3,468,035) (N=3,468,035) (N=3,678,445) (N=3,678,445)
Overall association -7.1 ( -8.5, -5.7)* -4.9 ( -6.1, 

-3.7)*
1.01 (0.99, 1.03) 1.04 (1.02, 1.05)* 1.01 (1.00, 1.02)

By maternal educational level
High -4.1 ( -6.5, -1.8)* -2.9 ( -5.0, 

-0.7)*
0.99 (0.96, 1.02) 1.03 (1.01, 1.05)* 1.02 (1.01, 

1.04)*
Medium -7.1 ( -8.9, -5.2)* -4.7 ( -6.4, 

-3.1)*
1.01 (0.99, 1.03) 1.03 (1.02, 1.07)* 1.00 (0.99, 1.01)

Low -14.3 (-18.5, 
-10.2)*

-10.4 (-14.1, 
-6.6)*

1.05 (1.01, 1.10) 1.06 (1.03, 1.12)* 1.01 (0.98, 1.03)

By area-level deprivation index
Low -3.5 ( -5.8, -1.2)* -2.0 ( -4.1, 0.1) 0.99 (0.96, 1.02) 1.02 (1.00, 1.04) 1.01 (0.99, 1.03)
Moderate -9.9 (-12.3, -7.5)* -7.5 ( -9.7, 

-5.4)*
1.00 (0.97, 1.03) 1.04 (1.02, 1.06)* 1.02 (1.00, 1.03)

High -8.4 (-10.6, -3.0)* -5.5 ( -7.7, 
-3.3)*

1.04 (1.01, 1.07) 1.06 (1.04, 1.08)* 1.00 (0.99, 1.02)

By maternal educational level & area-level deprivation index
High education/ Low 
deprivation

-2.2 ( -5.5, 3.7) -0.1 (-3.1, 2.9) 0.97 (0.92, 1.01) 1.04 (1.01, 1.08)* 1.01 (0.98, 1.03)

High education/High deprivation -2.1 ( -9.5, 5.8) -2.0 (-6.8, 2.8) 1.05 (0.98, 1.12) 1.02 (0.97, 1.07) 0.99 (0.95, 1.02)
Low education/Low deprivation -11.5 (-17.8, 17.6) -9.0 (-17.3, 

-0.7)
1.02 (0.91, 1.13) 1.04 (0.97, 1.12) 1.04 (0.98, 1.10)

Low education/High deprivation -16.2 (-25.7, -7.1)* -11.4 (-16.7, 
-6.1)*

1.08 (1.02, 1.14)* 1.08 (1.04, 1.12)* 1.02 (0.99, 1.06)

Birthweight Birthweight at term Low birthweight 
at term

Preterm birth Small for gesta-
tional age

B (95% CI) B (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
PM2.5(∆ 5 μg/m3) (N=1,991,031) (N=1,880,547) (N=1,880,547) (N=1,991,031) (N=1,991,031)
Overall association -3.8 ( -5.9, -1.7)* -1.4 ( -3.3, 0.4) 0.99 (0.96, 1.01) 1.04 (1.02, 1.06)* 1.01 (0.99, 1.02)
By maternal educational level
High -1.7 ( -5.0, 1.6) -0.1 ( -3.0, 2.8) 0.97 (0.92, 1.01) 1.05 (1.01, 1.08)* 0.99 (0.97, 1.02)
Medium -3.0 ( -6.1, 0.0) -0.9 ( -3.6, 1.7) 0.99 (0.95, 1.02) 1.03 (1.01, 1.06) 1.01 (0.99, 1.03)
Low -13.1 (-19.9, -6.3)* -7.0 (-13.0, 

-1.0)
1.03 (0.96, 1.10) 1.08 (1.03, 1.13)* 1.01 (0.97, 1.05)

By area-level deprivation index
Low 0.1 ( -3.4, 3.6) 0.5 ( -2.6, 3.7) 0.96 (0.92, 1.01) 1.01 (0.98, 1.05) 1.01 (0.98, 1.03)
Moderate -6.3 ( -9.0, -2.6)* -2.9 ( -6.1, 0.3) 0.99 (0.94, 1.03) 1.06 (1.03, 1.09)* 1.00 (0.98, 1.03)
High -6.7 (-10.6, -2.8)* -2.9 ( -6.3, 0.6) 1.02 (0.97, 1.06) 1.06 (1.03, 1.10)* 1.01 (0.99, 1.04)
By maternal educational level & area-
level deprivation index
High education/low deprivation -0.9 ( -5.5, 3.7) 0.4 ( -3.7, 4.6) 0.94 (0.88, 1.01) 1.05 (1.00, 1.09) 0.99 (0.95, 1.02)
High education/high deprivation -1.9 ( -9.5, 5.8) 1.2 ( -5.6, 8.0) 1.03 (0.93, 1.13) 1.10 (1.03, 1.17)* 1.00 (0.95, 1.06)
Low education/low deprivation -0.1 (-17.8, 17.6) -7.0 (-22.5, 8.5) 0.97 (0.79, 1.15) 1.03 (0.89, 1.17) 1.01 (1.01, 1.12)
Low education/high deprivation -16.4 (-25.7, -7.1)* -8.0 (-16.2, 0.3) 1.05 (0.96, 1.15) 1.11 (1.04, 1.18)* 1.01 (0.96, 1.06)
B Beta coefficient, CI Confidence interval, OR odds ratio, PM10 particular matter with aerodynamic diameter less than 10 μm, PM2.5 particular 
matter with aerodynamic diameter less than 2.5 μm
Adjusted for parental age, parental educational level, parental social class based on occupation, maternal nationality, maternal civil status, 
parity, area-level deprivation index, urbanicity, month and year of conception, mean temperature across pregnancy, and geographical region. 
Stratified models were not adjusted for the stratification variable (i.e., maternal educational level and/or area-level deprivation index)
In bold, associations with a p-value ≤ 0.05. *Associations that survive correction for multiple testing (p-value ≤ 0.017)
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Fig. 2  Adjusted lag-response association of weekly-average particle 
matter concentrations during pregnancy with birthweight and small 
for gestational age. CI confidence interval, OR odds ratio, PM10 par-
ticular matter with aerodynamic diameter less than 10 μm, PM2.5 par-
ticular matter with aerodynamic diameter less than 2.5 μm. Adjusted 
for parental age, parental educational level, parental social class based 
on occupation, maternal nationality, maternal civil status, parity, area-
level deprivation index, urbanicity, month and year of conception, 

weekly temperature across pregnancy, and geographical region. Dots 
represent the effect estimates of the association between the exposure at 
each specific lag and the outcome. Vertical gray, blue, and orange lines 
represent 95% CI and indicate no divergence from the null, significant 
divergence from positive association, and significant divergence from 
negative association, respectively. All associations survived correction 
for multiple testing (p-value ≤ 0.05)
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Fig. 3  Adjusted lag-response association of weekly-average PM10 and 
PM2.5 concentrations during pregnancy with birthweight and small 
for gestational age according to maternal educational level. CI, con-
fidence interval; OR, odds ratio; PM10, particular matter with aerody-
namic diameter less than 10 μm; PM2.5, particular matter with aerody-
namic diameter less than 2.5 μm. Adjusted for parental age, paternal 
educational level, parental social class based on occupation, maternal 
nationality, maternal civil status, parity, area-level deprivation index, 

urbanicity, month and year of conception, weekly temperature across 
pregnancy, and geographical region. Dots represent the effect esti-
mates of the association between the exposure at each specific lag and 
the outcome. Vertical gray, blue, and orange lines represent 95% CI 
and indicate no divergence from the null, significant divergence from 
positive association, and significant divergence from negative asso-
ciation, respectively. All associations survived correction for multiple 
testing (p-value ≤ 0.05)
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Additional sensitivity analysis

Stratifying by level of urbanicity of the maternal residen-
tial address at delivery did not reveal consistent patterns 
across strata (Table S16-S17, Figure S7). Moreover, analy-
sis of gestational-age-adjusted birthweight z-score showed 
that higher pregnancy-average PM10 concentrations were 
associated with a lower birthweight score (-0.004 (95%CI 
-0.007, -0.001) per 10  µg/m3 increase in PM10), whereas 
no association was observed with pregnancy-average PM2.5 

pregnancy in infants born to mothers with both lower educa-
tion and residing in areas of low deprivation index (Figure 
S6, Table S15). For PM2.5, the narrow window of suscepti-
bility between weeks 20 and 26 in relation to birthweight 
was identified only in infants born to mothers with both 
lower education and residing in areas of low deprivation 
index.

Fig. 3  (continued)
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Fig. 4  Adjusted lag-response association of weekly-average PM10 and 
PM2.5 concentrations during pregnancy with birthweight and small for 
gestational age according to area-level deprivation index. CI, confi-
dence interval; OR, odds ratio; PM10, particular matter with aerody-
namic diameter less than 10 μm; PM2.5, particular matter with aerody-
namic diameter less than 2.5 μm. Adjusted for parental age, parental 
educational level, parental social class based on occupation, maternal 
nationality, maternal civil status, parity, urbanicity, month and year of 

conception, weekly temperature across pregnancy, and geographical 
region. Dots represent the effect estimates of the association between 
the exposure at each specific lag and the outcome. Vertical gray, blue, 
and orange lines represent 95% CI and indicate no divergence from the 
null, significant divergence from positive association, and significant 
divergence from negative association, respectively. All associations 
survived correction for multiple testing (p-value ≤ 0.05)
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Discussion

In this large, population-based study using national birth 
registry data from Spain, we observed that exposure to 
higher concentrations of both PM10 and PM2.5 during preg-
nancy was associated with adverse birth outcomes, includ-
ing lower birthweight and increased odds for preterm birth. 
These associations varied by socioeconomic indicators 
at both individual and area levels, with overall stronger 
associations among infants born to mothers with lower 

concentrations (0.003 (95%CI -0.002, 0.007) per 5 µg/m3 
increase in PM2.5) (Table S18). Finally, effect estimates 
of pregnancy-average PM10 concentrations remain almost 
identical when we adjusted for child sex, while effect esti-
mates of PM2.5 concentrations moved slightly toward the 
null (Table S19, Figure S8).

Fig. 4  (continued)
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the first trimester (between 12 weeks before conception and 
the week 13 of pregnancy) [20], or found no susceptible 
periods [21]. For PM10, susceptibility during the third tri-
mester (between weeks 22 and 30) has been reported in rela-
tion to lower birthweight [19]. Fewer studies investigated 
these associations with small for gestational age, showing 
inconsistent findings [18, 20, 21]. Our findings corroborate 
the third trimester as a key period of susceptible to PM10 in 
relation to birthweight. Little is known on the differential 
biological pathways of PM exposure at different timings of 
pregnancy. While the first trimester is crucial for organogen-
esis, fetal growth and maturation takes place mostly in the 
last two trimesters of pregnancy when oxygen and nutrients 
demand increase substantially [45]. Plausible biological 
mechanisms for the observed associations include placental 
dysfunction, oxidative stress, inflammation, and epigenetic 
changes [5], which may exert more pronounced effects in 
the second half of pregnancy. Our findings underscore the 
importance of targeted public health interventions to mini-
mize PM exposure, particularly during the latter stages of 
pregnancy.

A limited number of studies have explored the role of 
socioeconomic inequalities in the association between preg-
nancy-average PM exposure and birth outcomes. Most have 
focused on race and ethnic disparities, with evidence sug-
gesting greater vulnerability among infants born to African-
American or Black mothers [24, 25]. Our study contributes 
additional evidence demonstrating stronger associations in 
infants born to mothers with lower educational attainment, in 
particular when combined with residence in more deprived 
areas. Although prior previous research has suggested simi-
lar patterns [24, 25], limited sample sizes and challenges in 
harmonizing educational attainment categories across stud-
ies have hindered robust conclusions. In addition, one study 
examining employment status as a proxy for socioeconomic 
position reported no differential effects on low birthweight 
or small for gestational age [46]. Studies that attempted to 
identify critical windows of susceptibility of PM exposure 
on adverse birth outcomes across different individual or 
area-level socioeconomic inequality strata yielded mixed 
results [18, 26, 27]. One study identified early- to mid-preg-
nancy as susceptible windows to PM2.5 and PM10 exposure 
in relation to lower birthweight among pregnant women 
residing in areas with higher neighborhood-level cumulative 
burden [27], while others found that PM2.5 exposure from 
weeks 7 and 11 and from weeks 27 and 37 was related to 
lower birthweight in pregnant women residing in areas with 
lower neighborhood-level vulnerability [26], or observed 
no differential effects [18]. Further research is warranted to 
better understand the role of socioeconomic inequalities on 
the association between air pollution and birth outcomes to 
inform the design of efficient equitable interventions.

educational attainment or those with both lower educational 
attainment and residing in more deprived areas. Further, the 
third trimester emerged as the period of higher susceptibility 
to PM10 exposure, with a pattern of effect modification by 
socioeconomic indicators consistent with that observed for 
pregnancy-average exposure. In contract, we did not iden-
tify windows of higher susceptibility to PM2.5.

Extensive epidemiological evidence has provided sup-
port for an association between pregnancy-average air 
pollution exposure, in particular PM2.5, and adverse birth 
outcomes [4–14]. In our study, we observed larger effect 
estimates for PM10 compared to PM2.5, and a window of 
susceptibility was only identified for PM10. These findings 
were unexpected, given that smaller particles are generally 
considered more harmful due to their greater capacity for 
deep lung penetration and systemic inflammation [4, 5]. Of 
note, our results suggest that the association between PM2.5 
and birthweight may be largely attributable to reduced ges-
tational duration (i.e., results were stronger for preterm birth 
or birthweight compared to birthweight at term or small 
for gestational age, and no association was observed with 
gestational-age-adjusted birthweight z-score). Thus, PM2.5 
effects seem to be more related to gestational age than to 
growth restriction of the fetus. In contrast, associations 
with PM10 appeared to extend beyond gestational dura-
tion. These findings differ from some earlier studies that 
reported stronger associations with fetal growth restriction 
[5], although direct comparisons are limited as most studies 
did not examine these outcomes in parallel [4, 6–9]. Fur-
thermore, most of our pregnant women were exposed to air 
pollution concentrations below the EU regulatory limits in 
place at the time of the study (40 µg/m3 for PM10 and 25 µg/
m3 for PM2.5). Our findings provide additional evidence on 
the need to lower these limits as indicated in the new WHO 
air quality guidelines of 2021 [3] and by the new EU air 
quality standards [44].

Most previous studies assessed average air pollution 
exposure over pregnancy or within clinically defined tri-
mesters. These approaches limit the ability to detect suscep-
tible periods of exposure, which are essential for designing 
targeted interventions. The fetal period comprises a series of 
dynamic developmental phases, each potentially sensitive 
to environmental insults depending on the timing, duration, 
and intensity of exposure. Some recent studies employed 
temporally resolved exposure models to examine daily or 
weekly PM concentrations in relation to birthweight and 
small for gestational age, leading to heterogeneous results 
[15–21]. Most studies identified the second and/or third 
trimesters (between weeks 13 and 39, depending on the 
study) as susceptible periods for PM2.5 exposure in relation 
to lower birthweight [15–19], though some also observed 
earlier exposures, including the preconception period and 
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limiting temporal representativeness. However, spatial pat-
terns of deprivation in Spain might be relatively stable over 
time, suggesting that this measure remains informative. 
Fifth, although DLMs offer advantages for identifying time-
specific association, they require multiple specifications and 
assumptions that may influence results. Our main findings 
remained unchanged after the different sensitivity analysis, 
but results should be interpreted with caution, in particular 
the analysis stratifying by maternal educational level where 
groups become smaller. Lastly, 33% of the initial sample 
lacked information on the maternal residential address at 
delivery or on birthweight and gestational age and could not 
be directly included in the analysis. These participants were 
disproportionately from lower socioeconomic backgrounds, 
potentially introducing selection bias. We applied inverse 
probability weighting to mitigate this bias. However, we 
might have missed relevant predictors to properly estimate 
the weights and not have been able to fully eliminate this 
bias, leading to an underestimation of the true association. 
This is particularly relevant for the stratified analysis on 
socioeconomic variables, where the included population of 
infants born to mothers with lower levels of education and 
residing in more deprived areas was under represented.

In conclusion, we found that pregnancy-average expo-
sure to PM was associated with low birthweight and preterm 
birth, with stronger associations among infants of socioeco-
nomically disadvantaged mothers. Our findings also suggest 
that the third trimester of pregnancy may represent a critical 
window of susceptibility to PM10 in relation to birthweight, 
and this susceptibility might be also more pronounced in 
socioeconomically disadvantaged populations. These find-
ings underscore the need for structural policies to reduce 
current PM levels in pregnancy women and socioeconomic 
inequalities. Future research should continue to investi-
gate the role of socioeconomic inequalities on the expo-
sure to PM to inform equitable and effective public health 
interventions.
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This study has several strengths. It is based on a large, 
nationwide sample size spanning multiple years, with 
spatially and temporally resolved PM exposure estimates 
derived from a standardized and validated methodology, 
and the inclusion of spatial confounding indicators. The 
availability of both individual- and area-level socioeco-
nomic indicators allowed for a comprehensive analysis of 
socioeconomic inequalities. The use of DLM enabled iden-
tification of susceptible periods of exposure without relying 
on predefining arbitrary periods, while minimizing issues 
related to multiple testing due to the concurrent estimation 
of the lag-exposure-outcome association.

There are some limitations that should be considered. 
First, PM concentrations were estimated based on the 
maternal residential address at delivery, assuming no resi-
dential mobility during pregnancy. Although previous data 
suggested low mobility in a previous birth cohort study in 
Spain (i.e., 6%) [47, 36], pregnant women that moved might 
have different socioeconomic characteristics which would 
lead to a differential misclassification error. This could 
affect the results, in particular in the stratified analysis by 
socioeconomic inequalities, in which effect estimates could 
be biased either toward or away from the null. In addition, 
we could not account for individual commuting patterns, 
or locations where pregnant women could have spent their 
time (e.g., at work). This may have resulted in exposure mis-
classification, although a previous study in Spanish preg-
nant women showed almost no change in nitrogen dioxide 
concentrations when time spent at work was included in 
the air pollution estimation [48]. Second, we did not have 
information on lifestyle and behavioral individual variables 
such as maternal smoking or body mass index. While these 
are well-known risk factors for adverse birth outcomes, 
they are not expected to be directly associated with air pol-
lution exposure, once contextual socioeconomic variables 
are adjusted for. It would have been relevant to adjust for 
them under the assumption of being indirectly related to the 
exposure as proxies of socioeconomic status, although this 
is debatable for body mass index that can be considered a 
potential mediator. In order to overcome this limitation, we 
applied an indirect adjustment method including data on 
smoking during pregnancy and body mass index from an 
ancillary cohort which yielded to similar results. The use 
of the INMA birth cohort as ancillary cohort, even if it is 
the largest population-based birth cohort in Spain, could 
have introduced residual confounding in the indirect adjust-
ment analysis due to the lack of representativeness. How-
ever, we do not expect this to be high since we carefully 
adjusted for area-level confounding. Third, we lacked expo-
sure models for nitrogen dioxide or nitrogen oxides, which 
are also relevant to birth outcomes [5, 7, 8, 12]. Fourth, the 
area-level deprivation index was only available for 2011, 

1 3

1118

https://doi.org/10.1007/s10654-025-01274-1
https://doi.org/10.1007/s10654-025-01274-1


Particulate matter exposure during pregnancy and birth outcomes: exposure windows of susceptibility and…

7.	 Li C, Yang M, Zhu Z, Sun S, Zhang Q, Cao J et al. Maternal 
exposure to air pollution and the risk of low birth weight: A meta-
analysis of cohort studies. Environ Res. 2020;190.

8.	 Simoncic V, Enaux C, Deguen S, Kihal-Talantikite W. Adverse 
birth outcomes related to NO2 and PM exposure: European 
systematic review and Meta-Analysis. Int J Environ Res Public 
Health. 2020;17(21):8116.

9.	 Yuan L, Zhang Y, Gao Y, Tian Y. Maternal fine particulate matter 
(PM2.5) exposure and adverse birth outcomes: an updated sys-
tematic review based on cohort studies. Environ Sci Pollut Res 
Int. 2019;26(14):13963-13983.

10.	 Grabowski B, Feduniw S, Orzel A, Drab M, Modzelewski J, 
Pruc M, et al. Does Exposure to Ambient Air Pollution Affect 
Gestational Age and Newborn Weight?-A Systematic Review. 
Healthcare(Basel). 2024;12(12):1176.

11.	 Parasin N, Amnuaylojaroen T, Saokaew S. Prenatal PM2.5 Expo-
sure and Its Association with Low Birth Weight: A Systematic 
Review and Meta-Analysis. Toxics. 2024;12(7):446.

12.	 Hung TH, Chen PH, Tung TH, Hsu J, Hsu TY, Wan GH. Risks 
of preterm birth and low birth weight and maternal exposure 
to NO2/PM2.5 acquired bydichotomous evaluation: a sys-
tematic review and meta-analysis. Environ Sci Pollut Res Int. 
2023;30(4):9331–9349.

13.	 Blanc N, Liao J, Gilliland F, Zhang J (Jim), Berhane K, Huang G, 
et al. A systematic review of evidence for maternal preconception 
exposure to outdoor air pollution on Children’s health. Environ 
Pollut. 2023;318:120850.

14.	 Liu J, Chen Y, Liu D, Ye F, Sun Q, Huang Q, et al. Prenatal 
exposure to particulate matter and term low birth weight: sys-
tematic review and meta-analysis. Environ Sci Pollut Res Int. 
2023;30(23):63335–63346.

15.	 Dong M, Liu X, Xiao J, Sun X, Ye Y, Feng B, et al. Associations 
between prenatal exposure to fine particulate matter and birth 
weight and modifying effects of birth order related to a new baby 
boom: a prospective birth cohort study in guangzhou, China. 
Atmos Environ. 2020;231:117523.

16.	 Johnson M, Shin HH, Roberts E, Sun L, Fisher M, Hystad P, et 
al. Critical Time Windows for Air Pollution Exposure and Birth 
Weight in a Multicity Canadian Pregnancy Cohort. Epidemiol-
ogy. 2022;33:7–16.

17.	 Wu H, Jiang B, Zhu P, Geng X, Liu Z, Cui L, et al. Associations 
between maternal weekly air pollutant exposures and low birth 
weight: a distributed lag non-linear model. Environ Res Lett. 
2018;13:024023.

18.	 Yitshak-Sade M, Kloog I, Schwartz JD, Novack V, Erez O, Just 
AC. The effect of prenatal temperature and PM2.5 exposure on 
birthweight: weekly windows of exposure throughout the preg-
nancy. Environ Int. 2021;155:106588.

19.	 Yuan L, Zhang Y, Wang W, Chen R, Liu Y, Liu C et al. Criti-
cal windows for maternal fine particulate matter exposure and 
adverse birth outcomes: the Shanghai birth cohort study. Chemo-
sphere. 2020;240:124904.

20.	 Deyssenroth MA, Rosa MJ, Eliot MN, Kelsey KT, Kloog I, 
Schwartz JD et al. Placental gene networks at the interface 
between maternal PM2.5 exposure early in gestation and reduced 
infant birthweight. Environ Res. 2021;199:111342.

21.	 Liao J, Zhang Y, Yang Z, Qiu C, Chen W, Zhang JJ, et al. Identify-
ing critical windows of air pollution exposure during preconcep-
tion and gestational period on birthweight: a prospective cohort 
study. Environ Health. 2023;22(1):71.

22.	 Ramraj C, Pulver A, O’Campo P, Urquia ML, Hildebrand V, 
Siddiqi A. A scoping review of socioeconomic inequalities in 
distributions of birth outcomes: through a conceptual and meth-
odological Lens. Matern Child Health J. 2020;24:144–52.

23.	 Samoli E, Stergiopoulou A, Santana P, Rodopoulou S, Mitsakou 
C, Dimitroulopoulou C, et al. Spatial variability in air pollution 

cluding FEDER funds). Mònica Guxens and Carmen Freire were fund-
ed by a Miguel Servet II fellowship (CPII18/00018, CPII21/00014) 
awarded by the Spanish Institute of Health Carlos III. Anne-Claire 
Binter was funded by a project from the European Union’s Horizon 
2020 research and innovation programme (Grant Agreement 874583). 
This publication reflects only the authors’ view and the European 
Commission is not responsible for any use that may be made of the 
information it contains.

Declarations

Competing interests  The authors have no relevant financial or non-
financial interests to disclose.

Ethical approval  This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Ethics 
Committee of the Spanish Institute of Health Carlos III (No CEI PI 
29_2019-v2.).

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 European Environment Agency. Managing air quality in Europe. 
[Internet]. 2023. Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​e​a​.​​e​u​r​o​​p​a​.​​e​u​/​​p​u​b​​l​
i​c​​a​t​i​o​​n​s​​/​m​a​​n​a​g​i​​n​g​-​​a​i​r​​-​q​u​a​l​i​t​y​-​i​n​-​e​u​r​o​p​e

2.	 Cohen AJ, Brauer M, Burnett R, Anderson HR, Frostad J, Estep 
K, et al. Estimates and 25-year trends of the global burden of dis-
ease attributable to ambient air pollution: an analysis of data from 
the global burden of diseases study 2015. Lancet. 2017;389:1907.

3.	 World Health Organization. WHO global air quality guidelines 
[Internet]. Geneva. 2021. Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​w​​h​o​.​​i​n​t​/​​p​
u​b​​l​i​c​​a​t​i​​o​n​s​​/​i​/​i​​t​e​​m​/​9​7​8​9​2​4​0​0​3​4​2​2​8

4.	 US EPA. Integrated Science Assessment (ISA) for Particulate 
Matter (Final Report, 2019) [Internet]. 2019. Available from: ​h​t​t​p​​
s​:​/​​/​w​w​w​​.​e​​p​a​.​​g​o​v​/​​i​s​a​​/​i​n​​t​e​g​​r​a​t​​e​d​-​s​​c​i​​e​n​c​​e​-​a​s​​s​e​s​​s​m​e​​n​t​-​​i​s​a​​-​p​a​r​​t​i​​c​u​l​a​t​
e​-​m​a​t​t​e​r

5.	 HEI Panel on the Health Effects of Long-Term Exposure to Traf-
fic-Related Air Pollution. Systematic Review and Meta-analysis 
of Selected Health Effects of Long-Term Exposure to Traffic-
Related Air Pollution| Health Effects Institute [Internet]. 2022. 
Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​h​​e​a​l​​t​h​e​f​​f​e​c​​t​s​.​​o​r​g​​/​p​u​​b​l​i​c​​a​t​​i​o​n​​/​s​y​s​​t​e​
m​​a​t​i​​c​-​r​​e​v​i​​e​w​-​a​​n​d​​-​m​e​​t​a​-​a​​n​a​l​​y​s​i​​s​-​s​​e​l​e​​c​t​e​d​​-​h​​e​a​l​​t​h​-​e​​f​f​e​​c​t​s​​-​l​o​n​g​-​t​e​r​
m​-​e​x​p​o​s​u​r​e​-​t​r​a​f​f​i​c

6.	 Ghosh R, Causey K, Burkart K, Wozniak S, Cohen A, Brauer 
M. Ambient and household PM2.5 pollution and adverse peri-
natal outcomes: a meta-regression and analysis of attributable 
global burden for 204 countries and territories. PLoS Med. 
2021;18(9):e1003718.

1 3

1119

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.eea.europa.eu/publications/managing-air-quality-in-europe
https://www.eea.europa.eu/publications/managing-air-quality-in-europe
https://www.who.int/publications/i/item/9789240034228
https://www.who.int/publications/i/item/9789240034228
https://www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter
https://www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter
https://www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter
https://www.healtheffects.org/publication/systematic-review-and-meta-analysis-selected-health-effects-long-term-exposure-traffic
https://www.healtheffects.org/publication/systematic-review-and-meta-analysis-selected-health-effects-long-term-exposure-traffic
https://www.healtheffects.org/publication/systematic-review-and-meta-analysis-selected-health-effects-long-term-exposure-traffic


M. Guxens et al.

36.	 Guxens M, Ballester F, Espada M, Fernáández MF, Grimalt JO, 
Ibarluzea J, et al. Cohort Profile: the INMA--INfancia y Medio 
Ambiente--(Environment and Childhood) Project. Int J Epide-
miol. 2012;41:930–40.

37.	 Fleten C, Stigum H, Magnus P, Nystad W. Exercise during preg-
nancy, maternal prepregnancy body mass index, and birth weight. 
Obstetrics and Gynecology. 2010;115:331–7.

38.	 Juáárez SP, Merlo J. Revisiting the Effect of Maternal Smoking 
during Pregnancy on Offspring Birthweight: A Quasi-Experimen-
tal Sibling Analysis in Sweden. PLoS One.2013;8:e61734.

39.	 Gasparrini A, Armstrong B, Kenward MG. Distributed lag non-
linear models. Stat Med. 2010;29(21):2224-34.

40.	 Gasparrini A, Scheipl F, Armstrong B, Kenward MG. A penal-
ized framework for distributed lag non-linear models. Biometrics. 
2017;73:938–48.

41.	 Ohuma EO, Moller AB, Bradley E, Chakwera S, Hussain-Alkha-
teeb L, Lewin A, et al. National, regional, and global estimates of 
preterm birth in 2020, with trends from 2010: a systematic analy-
sis. The Lancet.2023;402:1261–71.

42.	 Galwey NW. A new measure of the effective number of tests, a 
practical tool for comparing families of non-independent signifi-
cance tests. Genet Epidemiol. 2009;33:559–68.

43.	 R Core Team. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. Vienna, Austria; 
2020.

44.	 European Parliament News. Air pollution: Parliament adopts 
revised law to improve air quality [Internet]. [cited 2024 May 2]. 
Available from: ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​e​​u​r​o​​p​a​r​​​l​.​e​​u​r​o​​​p​a​​.​​e​u​​/​n​​e​​w​s​​​/​e​n​​/​p​​r​​e​s​s​-​​​r​
o​​o​m​/​​2​0​2​​4​0​4​1​​9​I​​P​R​​2​​0​5​8​​​7​/​a​​i​r​-​​p​o​l​​​l​u​t​​i​o​n​​-​p​a​​r​l​​​i​a​m​e​​n​t​​-​​a​d​​o​p​t​​s​-​​r​​e​v​​i​​s​e​​​
d​-​l​a​w​-​t​​o​-​i​m​​p​r​o​v​e​-​a​i​r​-​q​u​a​l​i​t​y

45.	 Cunningham FG, Leveno KJ, Dashe JS, Hoffman BL, Spong CY, 
Casey BM. Williams obstetrics. 26th ed. New York: McGraw Hill 
Medical; 2014.

46.	 Choe SA, Jang J, Kim MJ, Jun YB, Kim SY. Association between 
ambient particulate matter concentration and fetal growth restric-
tion stratified by maternal employment. BMC Pregnancy Child-
birth. 2019;19:246.

47.	 Guxens M, Ballester F, Espada M, Fernández MF, Grimalt JO, 
Ibarluzea J, et al. Cohort profile: the INMA–INfancia y medio 
ambiente–(environment and childhood) project. Int J Epidemiol. 
2012;41:930–40.

48.	 Iñiguez C, Ballester F, Estarlich M, Llop S, Fernandez-Patier R, 
Aguirre-Alfaro A, et al. Estimation of personal NO2 exposure in a 
cohort of pregnant women. Sci Total Environ. 2009;407:6093–9.

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

exposure in relation to socioeconomic indicators in nine Euro-
pean metropolitan areas: A study on environmental inequality. 
Environ Pollut. 2019;249:345–53.

24.	 Heo S, Fong KC, Bell ML. Risk of particulate matter on birth 
outcomes in relation to maternal socio-economic factors: a sys-
tematic review. Environ Res Lett. 2019;14(12):123004.

25.	 Thayamballi N, Habiba S, Laribi O, Ebisu K. Impact of mater-
nal demographic and socioeconomic factors on the association 
between particulate matter and adverse birth outcomes: a system-
atic review and Meta-analysis. J Racial Ethn Health Disparities. 
2021;8:743–55.

26.	 Demateis D, Keller KP, Rojas-Rueda D, Kioumourtzoglou MA, 
Wilson A. Penalized distributed lag interaction model: Air pollu-
tion, birth weight, and neighborhood vulnerability. Environmet-
rics. 2024;35(4):e2843.

27.	 Niu Z, Habre R, Chavez TA, Yang T, Grubbs BH, Eckel SP, et al. 
Association Between Ambient Air Pollution and Birth Weight by 
Maternal Individual- and Neighborhood-Level Stressors. JAMA 
Netw Open. 2022;5:e2238174.

28.	 Stafoggia M, Johansson C, Glantz P, Renzi M, Shtein A, de Hoogh 
K et al. A Random Forest Approach to Estimate Daily Particulate 
Matter, Nitrogen Dioxide, and Ozone at Fine Spatial Resolution 
in Sweden. Atmosphere 2020, Vol 11, Page 239. 2020;11:239.

29.	 Stafoggia M, Bellander T, Bucci S, Davoli M, de Hoogh K, de’ 
Donato F, et al. Estimation of daily PM10 and PM2.5 concentra-
tions in italy, 2013–2015, using a Spatiotemporal land-use ran-
dom-forest model. Environ Int. 2019;124:170–9.

30.	 Duque I, Domínguez-Berjón MF, Cebrecos A, Prieto-Salceda 
MD, Esnaola S, Calvo Sánchez M, et al. [Deprivation index by 
enumeration district in spain, 2011]. Gac Sanit. 2021;35:113–22.

31.	 Dijkstra L, Poelman H. A harmonised definition of cities and rural 
areas: the new degree of urbanisation [Internet]. Brussel; 2014. 
Available from: ​h​t​t​p​​s​:​/​​/​e​c​.​​e​u​​r​o​p​​a​.​e​u​​/​r​e​​g​i​o​​n​a​l​​_​p​o​​l​i​c​y​​/​e​​n​/​i​​n​f​o​r​​m​a​t​​
i​o​n​​/​p​u​​b​l​i​​c​a​t​i​​o​n​​s​/​w​​o​r​k​i​​n​g​-​​p​a​p​​e​r​s​​/​2​0​​1​4​/​a​​-​h​​a​r​m​​o​n​i​s​​e​d​-​​d​e​f​​i​n​i​​t​i​o​​n​-​o​
f​​-​c​​i​t​i​​e​s​-​a​​n​d​-​​r​u​r​​a​l​-​​a​r​e​​a​s​-​t​​h​e​​-​n​e​w​-​d​e​g​r​e​e​-​o​f​-​u​r​b​a​n​i​s​a​t​i​o​n

32.	 EUROSTAT. Regions in the European Union Nomenclature of 
territorial units for statistics (NUTS). Luxembourg; 2024.

33.	 Honaker J, King G, Blackwell M. AMELIA II: a program for 
missing data. Version 1. (6), 2. ​h​t​t​p​​s​:​/​​/​r​.​i​​q​.​​h​a​r​​v​a​r​d​​.​e​d​​u​/​d​​o​c​s​​/​a​m​​e​l​
i​a​​/​a​​m​e​l​i​a​.​p​d​f. 2022.

34.	 Weisskopf MG, Sparrow D, Hu H, Power MC. Biased exposure-
health effect estimates from selection in cohort studies: are envi-
ronmental studies at particular risk? Environ Health Perspect. 
2015;123:1113–22.

35.	 Shin HH, Cakmak S, Brion O, Villeneuve P, Turner MC, Gold-
berg MS, et al. Indirect adjustment for multiple missing vari-
ables applicable to environmental epidemiology. Environ Res. 
2014;134:482–7.

1 3

1120

https://www.europarl.europa.eu/news/en/press-room/20240419IPR20587/air-pollution-parliament-adopts-revised-law-to-improve-air-quality
https://www.europarl.europa.eu/news/en/press-room/20240419IPR20587/air-pollution-parliament-adopts-revised-law-to-improve-air-quality
https://www.europarl.europa.eu/news/en/press-room/20240419IPR20587/air-pollution-parliament-adopts-revised-law-to-improve-air-quality
https://ec.europa.eu/regional_policy/en/information/publications/working-papers/2014/a-harmonised-definition-of-cities-and-rural-areas-the-new-degree-of-urbanisation
https://ec.europa.eu/regional_policy/en/information/publications/working-papers/2014/a-harmonised-definition-of-cities-and-rural-areas-the-new-degree-of-urbanisation
https://ec.europa.eu/regional_policy/en/information/publications/working-papers/2014/a-harmonised-definition-of-cities-and-rural-areas-the-new-degree-of-urbanisation
https://r.iq.harvard.edu/docs/amelia/amelia.pdf
https://r.iq.harvard.edu/docs/amelia/amelia.pdf


Particulate matter exposure during pregnancy and birth outcomes: exposure windows of susceptibility and…

Authors and Affiliations

Mònica Guxens1,2,3,4,5  · Núria Botella1,2  · Massimo Stafoggia6  · Marcelle Canto7,8  · Sami Petricola1,2  · 
Antònia Valentín1,2  · Aitana Lertxundi3,9,10  · Ana Fernández-Somoano3,11  · Carmen Freire3,12,13  ·  
Anna García-Altés3,14  · Elia Diez3,15  · Marc Marí-Dell’Olmo3,15,16  · Carmen Iñiguez3,17  ·  
María José López2,3,15,16  · Rebeca Ramis3,18  · Anne-Claire Binter1,2

	
 Mònica Guxens
monica.guxens@isglobal.org

1	 ISGlobal, Barcelona, Spain
2	 Universitat Pompeu Fabra, Barcelona, Spain
3	 Spanish Consortium for Research on Epidemiology and 

Public Health (CIBERESP), Instituto de Salud Carlos III, 
Madrid, Spain

4	 Department of Child and Adolescent Psychiatry/Psychology, 
Erasmus MC, University Medical Centre, Rotterdam, The 
Netherlands

5	 ICREA, Barcelona, Spain
6	 Department of Epidemiology, Lazio Region Health Service 

ASL ROMA 1, Rome, Italy
7	 Doctoral Program in Biomedical Sciences and Public Health, 

International Doctorate Program, National University of 
Distance Education (UNED), Madrid, Spain

8	 Department of Preventive Medicine and Quality 
Management, Hospital General Universitario Gregorio 
Marañon, Madrid, Spain

9	 Department of Preventive Medicine and Public Health, 
University of the Basque Country (UPV/EHU), Leioa, 
Bizkaia, Spain

10	 Group of Public Health and Environmental Epidemiology, 
Biogipuzkoa Health Research Institute, Donostia-San 
Sebastián, Spain

11	 Department of Medicine, University Institute of Oncology of 
the Principality of Asturias (IUOPA), University of Oviedo, 
Asturias, Spain

12	 Department of Legal Medicine, Toxicology, and Physical 
Anthropology, University of Granada, Granada, Spain

13	 Instituto de Investigación Biosanitaria de Granada (ibs.
granada), Granada, Spain

14	 Agency for Heath Quality and Assessment of Catalonia 
(AQuAS), Barcelona, Spain

15	 Public Health Agency of Barcelona, Barcelona, Spain
16	 Institut de Recerca Sant Pau (IR SANT PAU), Barcelona, 

Spain
17	 Department of Statistics and Operational Research, 

Universitat de València, Valencia, Spain
18	 Cancer and Environmental Epidemiology Unit, Chronic 

Diseases Department, National Centre for Epidemiology, 
Carlos III Institute of Health, Madrid, Spain

1 3

1121

http://orcid.org/0000-0002-8624-0333
https://orcid.org/0000-0003-1941-4310
https://orcid.org/0000-0003-2843-2908
https://orcid.org/0000-0002-9375-0147
https://orcid.org/0000-0002-0432-0664
https://orcid.org/0000-0002-9275-7101
https://orcid.org/0000-0002-9421-6237
https://orcid.org/0000-0002-8135-9079
https://orcid.org/0000-0001-7370-1842
https://orcid.org/0000-0003-3889-5375
https://orcid.org/0000-0002-0353-3916
https://orcid.org/0000-0003-4345-4988
https://orcid.org/0000-0003-3471-4928
https://orcid.org/0000-0003-4402-2239
https://orcid.org/0000-0001-6154-9142
https://orcid.org/0000-0003-2645-4230

	﻿Particulate matter exposure during pregnancy and birth outcomes: exposure windows of susceptibility and socioeconomic inequalities
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study population
	﻿Air pollution concentration measures
	﻿Birth outcomes
	﻿Potential confounding variables
	﻿Statistical analysis

	﻿Results
	﻿Descriptive analysis
	﻿Pregnancy-average exposure associations
	﻿Windows of susceptibility
	﻿Additional sensitivity analysis

	﻿Discussion
	﻿References


