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ABSTRACT

Handling editor: Xavier Querol

Objectives: We investigated the association between outdoor air pollutants exposure in the first trimester of pregnancy, and growth and cardio-metabolic risk at four years of age, and evaluated the mediating role of birth weight.
Methods: We included mother-child pairs (N = 1,724) from the Spanish INMA birth cohort established in
2003–2008. First trimester of pregnancy nitrogen dioxide (NO2) and fine particles (PM2.5) exposure levels were
estimated. Height, weight, waist circumference, blood pressure, and lipids were measured at four years of age.
Body mass index (BMI) trajectories from birth to four years were identified.
Results: Increased PM2.5 exposure in the first trimester of pregnancy was associated with decreased z-scores of
weight (zWeight) and BMI (zBMI) (zWeight change per interquartile range increase in PM2.5 exposure = −0.12;
95% CI: −0.23, −0.01; zBMI change = −0.12; 95% CI: −0.23, −0.01). Higher NO2 and PM2.5 exposure was
associated to a reduced risk of being in a trajectory with accelerated BMI gain, compared to children with the
average trajectory. Birth weight partially mediated the association between PM2.5 and zWeight and zBMI. PM2.5
and NO2 were not associated with the other cardio-metabolic risk factors.
Conclusions: This comprehensive study of many growth and cardio-metabolic risk related outcomes suggests that
air pollution exposure during pregnancy may be associated with delays in physical growth in the early years
after birth. These findings imply that pregnancy exposure to air pollutants has a lasting effect on growth after
birth and require follow-up at later child ages.

Keywords:
Air pollution
Prenatal exposure
Childhood growth
Childhood obesity
Particulate matter
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1. Introduction

mediation role of birth weight in any association between air pollution
and growth and cardio-metabolic risk factors.

Air pollution represents the biggest environmental risk to health
affecting all regions, settings, socioeconomic groups, and ages (World
Health Organization, 2016). Several epidemiological studies indicate
that prenatal exposure to outdoor air pollution is associated with health
effects in children, such as lower birth weight, and adverse respiratory
and neurodevelopmental effects (Vrijheid et al., 2016). However, very
little is known about how prenatal air pollution exposure affects postnatal and early childhood physical growth (Clemente et al., 2017; Kim
et al., 2016), a fundamental, intrinsic aspect of childhood health (Cooke
et al., 2017).
Prenatal exposure to air pollution is robustly associated with fetal
growth restriction and low birth weight (Vrijheid et al., 2016), a risk
factor for altered growth trajectories and cardio-metabolic diseases
later in life (Nobili et al., 2008; Ramadhani et al., 2006; Barker, 2004).
For maternal smoking during pregnancy, the association found with
lower birth weight (Abel, 1980; Naeye, 1981; Meredith, 1975) seems to
be followed by increased body mass index (BMI) in childhood (Riedel
et al., 2014; Behl et al., 2013), through a reduction in height growth
(Howe et al., 2012). Although outdoor air pollution shares some mechanisms with smoking, e.g. inflammation and oxidative stress (Brook
et al., 2010; Yanbaeva et al., 2007), its effects on postnatal growth have
hardly been described. Air pollution interferes with the hypothalamicpituitaryadrenal axis, which directly affects growth and cardio-metabolic outcomes (Thomson, 2013; Miller et al., 2016; Thomson et al.,
2016). So far, two prospective studies have investigated the association
between prenatal exposure to air pollutants and height and weight in
infancy and early childhood (Clemente et al., 2017; Kim et al., 2016),
and both reported decreased weight associated with increased exposure
to air pollution. Another study exploring prenatal air pollution exposure
and postnatal weight gain between birth and six months of age
(n = 2,114) (Fleisch et al., 2015) found no association. Two further
studies investigating prenatal exposure to air pollutants and BMI trajectories from birth to 10 years (n = 1,649) (Fleisch et al., 2018) and
between 6 and 10 years (n = 2,318) (Kim et al., 2018) reported null
results. Evidence for an association between air pollution exposure and
childhood obesity is also limited and equivocal. Of the few studies
evaluating prenatal exposure to different air pollutants in relation to
childhood obesity (Huang et al., 2018; Chiu et al., 2017; Mao et al.,
2017; Fleisch et al., 2017; Frondelius et al., 2018), two found mixed
results (Huang et al., 2018; Mao et al., 2017), one a positive association
(Chiu et al., 2017), and two found no association (Fleisch et al., 2017;
Frondelius et al., 2018). In adults, there is good evidence that air pollution exposure is also related to other cardio-metabolic risk factors,
such as hypertension, dyslipidemia and diabetes (Yang et al., 2018;
Wallwork et al., 2017; Eze et al., 2015; Alderete et al., 2018; Cosselman
et al., 2015). In young children there is little study thus far, with only a
few previous reports of increased systolic blood pressure (SBP) (Zhang
et al., 2018), and alteration of the glucose metabolism (Fleisch et al.,
2017) with prenatal air pollution exposure.
The first trimester of pregnancy may be a particularly critical period
for cardio-metabolic health later in life, since it is characterized by
highest human development rates (Livingstone, 2001), includes the
embryonic phase and is fundamental for development of fetal cardiovascular and metabolic organs (Robinson, 1973). In our prior analysis
of the INMA birth cohort, exposure to air pollution in the first trimester
was associated with reduced height and weight in early life (Clemente
et al., 2017), but whether this effect persists at older age is unclear.
The aim of this study was to investigate the association between
exposure to traffic-related air pollutants, i.e. nitrogen dioxide (NO2)
and particulate matter with an aerodynamic diameter lower than
2.5 µm (PM2.5), in the first trimester of pregnancy, and growth and
cardio-metabolic risk outcomes (height, weight, BMI, BMI trajectories,
blood pressure (BP), waist circumference (WC), lipids, and a composite
cardiometaboloc score) in preschoolers. We further aimed to assess the

2. Materials and methods
2.1. Participants
Data from the INMA (Infancia y Medio Ambiente) sub-cohorts in
four Spanish regions (Asturias, Guipuzcoa, Sabadell, and Valencia)
were used. 2765 pregnant women were recruited in the first trimester
of pregnancy between 2003 and 2008 (Guxens et al., 2012). Inclusion
criteria were age at least 16 years, intention to give birth in the reference hospital, no problems in communication, singleton pregnancy,
and non-assisted conception. Follow-up visits were conducted during
the third trimester of pregnancy, at birth and at child ages one and four
years, and included interview-based questionnaires answered by the
mother. Children underwent a follow-up visit at four years that included height, weight and WC measurement and blood samples collection by trained personnel. In Asturias, Sabadell and Valencia SBP and
diastolic BP (DBP) were also measured. This study was approved by the
regional ethical committees of each cohort (Guxens et al., 2012) and
conducted according to principles of the Declaration of Helsinki. A
signed informed consent was obtained from all women at recruitment
and from parents at each follow-up visit.
2.2. Air pollution exposure assessment
NO2 exposure was assessed as previously described (Iñiguez et al.,
2009). Briefly, NO2 levels were measured in four 7-days sampling
periods using passive samplers distributed over each sub-cohort area
according to geographic criteria, expected pollution gradients and population density. Temporally adjusted land-use regression (LUR)
models were developed to estimate exposure to NO2 in different time
windows.
PM2.5 exposure was assessed in all sub-cohorts but Asturias using
land-use regression models temporally adjusted to measurements of
local back ground monitoring stations and averaged over the trimesters
of pregnancy, the whole pregnancy period and the first year. For
Sabadell we used a site-specific LUR model developed in the context of
the ESCAPE project (Eeftens et al., 2012). For Guipuzcoa and Valencia
we applied the ESCAPE European-wide LUR model (Wang et al., 2014).
Our main focus was on exposure in the first trimester of pregnancy,
a period that is characterized by the highest human development rates
(Livingstone, 2001), includes the embryonic phase and is fundamental
for development of fetal cardiovascular and metabolic organs
(Robinson, 1973), and may therefore be a critical period for cardiometabolic health later in life. We explored other exposure windows as
sensitivity analysis, i.e. second and third trimesters of pregnancy, entire
pregnancy period and first year of life. Exposures were assessed at
participants’ home addresses, taking into account changes in addresses
between pregnancy and first year of life.
2.3. Outcome assessment
Anthropometric measurements. Height, weight and WC were measured using standard protocols. Age- and sex-standardized z-scores of
height (zHeight), weight (zWeight) and BMI (zBMI) were calculated
using the World Health Organization (WHO) reference curves (de Onis
et al., 2009, World Health Organization, 2006). We calculated age-,
sex-, and sub-cohort-specific z-scores of WC (zWC), as previously described (Manzano-Salgado et al., 2017).
BMI trajectories. Five zBMI trajectories from birth until four years
were identified using latent class growth analysis (Fig. S1), (Slining
et al., 2013) based on medical records of height and weight as previously described: (Montazeri et al., 2018) class 1, characterized by
higher birth size followed by accelerated BMI gain; class 2, higher birth
2
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size, slower BMI gain; class 3, lower birth size, accelerated BMI gain;
class 4, average size at birth, average BMI gain (reference category in
our analyses); and class 5, lower birth size, average BMI gain.
BP score. A single BP measurement was taken after 5 min resting in
sited position using an automated oscillometric device and a special
cuff adjusted to the upper right arm size of each child, in all sub-cohorts
but Guipuzcoa. Age-, sex-, sub-cohort-, and height-specific SBP and DBP
z-scores were calculated, as previously described (Manzano-Salgado
et al., 2017). The mean of DBP and SBP z-scores was used for further
analyses.
Lipids score. In a subsample of 870 children triglycerides (TG) and
high-density lipoprotein (HDL) levels were measured in blood samples
(fasting for Valencia, n = 163; not-fasting for the other sub-cohorts)
using standard analytical techniques. We calculated age-, sex-, and subcohort-specific z-scores of TG (zTG) and HDL (zHDL), as previously
described (Manzano-Salgado et al., 2017). A lipid score was used for
further analyses, computed as the mean of zTG and zHDL, the latter
multiplied by −1 due to the inverse association with the cardio-metabolic risk.
Cardio-metabolic risk score. A continuous cardio-metabolic risk score
was calculated as proposed in the IDEFICS study (Ahrens et al., 2014),
and adapted to accommodate the lack of information on insulin resistance or glucose intolerance, as previously described (ManzanoSalgado et al., 2017). Briefly, a three-component cardio-metabolic risk
score was built summing zWC, BP score, and lipid score. A higher score
indicated a higher risk.

2.5. Statistical analysis
We tested the association between air pollution exposure during the
first trimester of pregnancy and our outcomes using linear regression
models for continuous outcomes, logistic regression for overweight/
obesity status and multinomial logistic regression for zBMI trajectories.
Linearity of relationships was checked and confirmed using penalized
splines in generalized additive models (Figs. S2-S3). Covariates were
selected using Directed Acyclic Graphs (Fig. S4). The final model included sub-cohort, season of birth, maternal age at delivery (continuous), maternal country of birth (Spain/not Spain), parity (nulliparous/primiparous/multiparous), maternal cigarette smoke exposure
at 12 weeks, categorized as previously described (Robinson et al., 2016)
and detailed in the Supplemental methods (non smoker/second hand
smoke/partial smoker/current smoker), maternal education (low,
≤11 years of education/medium, 12–15 years/high, > 15 years), maternal occupational class, based on the maternal current or last occupation before pregnancy or on the husband’s occupation, in the case of
unemployed women (manual, class IV-V of the Spanish adaptation of
the British Registrar General’s Social Class classification (DomingoSalvany et al., 2000)/non-manual, class I-III) (details in the Supplemental methods), maternal pre-pregnancy BMI (continuous), maternal
physical activity at 32 weeks, expressed as overall metabolic equivalent
of task levels (Ridley et al., 2008) (continuous), and rMED at 12 weeks
(continuous). Following pairwise deletion, complete data on all included variables were available in more than 95% children with BMI
and NO2 or PM2.5 data (Fig. 1).
Mediation analyses. To determine whether birth weight is a potential
mediator between air pollution exposure and outcomes we performed a
mediation analysis using the approach based on the counterfactual
framework (Robins and Greenland, 1992; Pearl, 2001), provided the
associations between exposure and outcome, exposure and mediator,
and mediator and outcome were all statistically significant. For the
mediation analysis to have a causal interpretation, the adjustment for
the following four types of confounding needs to be addressed: (1)
confounding of the exposure-outcome relationship; (2) confounding of
the mediator-outcome relationship; (3) confounding of the exposure-

2.4. Covariates and mediators
Child sex, date of birth, and birth weight were obtained from clinical records. Information on key covariates was collected during pregnancy using questionnaires, and included maternal socio-demographic
variables, pre-pregnancy BMI, physical activity, cigarette smoke exposure, and adherence to the Mediterranean diet assessed using the
relative Mediterranean Diet Score (rMED), derived from a food frequency questionnaire, as previously described (Fernández-Barrés et al.,
2016; Romaguera et al., 2010).

Fig. 1. Flow chart of study population. Abbreviations: BMI, body mass index; NO2, nitrogen dioxide; PM2.5, particulate matter with an aerodynamic diameter lower
than 2.5 µm. a Cardio-metabolic risk score data not available for Guipuzcoa; b PM2.5 data not available for Asturias.
3
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mediator association; (4) mediator-outcome confounders also affected
by exposure (VanderWeele, 2016). To adequately address assumption
1, 2 and 3, we used DAGs for confounders selection to include all the
covariates that may confound these relationships (Fig. S4). To address
assumption 4, we ran a sensitivity analysis excluding maternal BMI
(which is possibly affected by prenatal air pollution exposure via a
backdoor pathway through pre-conceptional air pollution exposure)
from the list of mediator-outcome confounders. When assumptions of
the mediation analysis hold, the direct effect represents the effect of
exposure on the outcome after controlling for birth weight, and the
indirect effect is the estimated effect of exposure via birth weight
(Valeri and Vanderweele, 2013). The natural direct effect, the natural
indirect effect, and total effect were estimated fitting a causal mediation
framework with parametric regression models (STATA paramed command), not including an interaction term between exposure and mediator. The proportion of mediation was calculated as the ratio of indirect effect to total effect.
Sensitivity analyses. We ran a number of sensitivity analyses. (1) We
explored exposure to air pollution during the second and third trimesters of pregnancy, during the entire pregnancy period, and during the
first year of life. (2) Since z-scores were age- and sex-standardized,
these variables were not included in the final model. We ran a sensitivity analyses including them. (3) As developmental tracks for growth
and obesity vary by sex (Wang and Beydoun, 2007), we included an
interaction term between pollutant and sex, and stratified by sex when
p-values for interaction were lower than 0.1. (4) We computed subcohort-specific estimates and evaluated between-sub-cohort heterogeneity of associations using the I2 statistic as guidance (Higgins and
Thompson, 2002).
We interpreted our results as estimates (95% confidence interval,
CI) for an interquartile range (IQR) increase in the exposure. P-value
lower than 0.05 was considered statistically significant. Analysis were
conducted in STATA 14.0 and R x64 3.3.1.

Table 1
Characteristic of the study population.
Study population with NO2
(n = 1,724)
Child characteristics
Age at 4 years follow-up visit (years) [mean
(SD)]
Sex (%)
Female
Male
Birth weight (g) [mean (SD)]
Sub-cohort (%)
Asturias
Guipuzcoa
Sabadell
Valencia
Season of birth (%)
Winter
Spring
Summer
Fall
Growth and obesity outcomes at age 4 years
zHeight [mean (SD)]
zWeight [mean (SD)]
zBMI [mean (SD)]
Child overweight/obese status (%)
Normal or underweight
Underweight
Overweight or obese
Obese
BMI trajectorya (%)
Class 1 - Higher birth size, accelerated
BMI gain
Class 2 - Higher birth size, slower BMI
gain
Class 3 – Lower birth size, accelerated BMI
gain
Class 4 - Average birth size, average BMI
gain
Class 5 - Lower birth size, average BMI
gain
Cardio-metabolic risk outcomesb at age 4 years
Lipids score [mean (SD)]
zWC [mean (SD)]
BP score [mean (SD)]
Cardio-metabolic risk score [mean (SD)]
Maternal characteristics
Age at delivery (years) [mean (SD)]
Country of origin (%)
Spain
Not Spain
Occupation (%)
Non-manual/skilled
Manual
Education (%)
Low
Medium
High
Parity (%)
Nulliparous
One child
Two or more children
Cigarette smoke exposure (%)
No smoker
Second hand smoke
Partial smoker
Current smoker
Physical activity during pregnancy (METs/
hour/day) [mean (SD)]
Pre-pregnancy BMI (kg/m2) [mean (SD)]
Relative Mediterranean Diet Score [mean
(SD)]

3. Results
The main study population included 1,724 mother–child pairs with
NO2 exposure data available (Table 1). Mothers were predominantly of
Spanish origin (94.1%), with a mean age at delivery of 32.3 years. Most
mothers received secondary education or higher (78.4%), and approximately half belonged to the non-manual/skilled occupational class
(51.1%). The majority of mothers were nulliparous (57.8%) and 32.7%
were non-smokers during the first trimester of pregnancy. The prevalence of overweight/obesity was 31.5%, with 9.6% of the children
being obese (Table 1). The subpopulation with PM2.5 exposure data had
similar characteristics (Table S1). Median (IQR) levels of exposure to
NO2 and PM2.5 were 28.4 (20.2) µg/m3 and 15.6 (5.3) µg/m3 respectively (Table 2; exposure levels by cohort in Table S2). NO2 and PM2.5
levels were moderately correlated (Pearson’s r = 0.27) (Table 2).
Exposure to NO2 and PM2.5 during the first trimester of pregnancy
tended to be inversely associated with growth parameters, height,
weight, and BMI, although most associations did not reach statistical
significance. Higher exposure to PM2.5 in the first trimester of pregnancy was associated with a statistically significant decrease in zWeight
(beta for an IQR increase in exposure = −0.13; 95% CI: −0.23,
−0.02) and zBMI (beta = −0.12; 95% CI −0.23, −0.01) (Table 3,
unadjusted estimates in Table S3). Exposure to PM2.5 and NO2 was also
associated with reduced risk of being in a BMI trajectory characterized
by accelerated BMI gain, compared to the reference category, i.e.
children with average size at birth and average BMI gain (e.g. RRR for
an IQR increase in PM2.5 for class 1, higher birth size and accelerated
BMI gain = 0.62; 95% CI: 0.42, 0.91; and RRR for class 3, lower birth
size and accelerated BMI gain = 0.65; 95% CI: 0.45, 0.96) (Table 4,
unadjusted estimates in Table S4). Early life exposure to NO2 and PM2.5
was not associated with risk of overweight/obesity, BP score, lipid
score, WC, or the composite cardio-metabolic risk score (Tables 3 and 4,

4.41 (0.18)
48.6
51.4
3,266.56 (460.3)
21.4
22.4
24.3
32.2
26.3
23.3
24.7
25.7
−0.02 (0.94)
0.40 (1.02)
0.62 (1.07)
68.5
0.5
31.5
9.6
12.0
25.7
13.4
36.4
12.4
−0.01
−0.02
−0.05
−0.08

(0.78)
(0.96)
(0.88)
(1.52)

32.3 (4.06)
94.1
5.9
51.1
48.9
21.6
41.6
36.8
57.8
35.8
6.4
32.7
37.2
13.2
16.9
36.91 (3.54)
23.61 (4.29)
8.04 (2.57)

Abbreviations: BMI, body mass index; BP, blood pressure; MET, Metabolic
Equivalent of Task; SD, standard deviation; WC, waist circumference.
a
n = 1,714.
b
Only available for Asturias, Sabadell and Valencia (n = 639).
4
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We found evidence of sex interaction only for exposure to PM2.5 and
zWeight (p-value interaction = 0.09); following stratification, the association was negative in both sexes, but statistically significant only in
males (change in zWeight for an IQR increase in PM2.5 exposure = 0.19; 95% CI: −0.34, −0.03 in males; and −0.08; 95% CI: −0.23,0.08
in females). We observed little evidence for heterogeneity between the
INMA sub-cohorts in the association between PM2.5 exposure and zBMI
(I2 = 40.6) (Figs. S5–S6). To address the assumption of the mediation
analysis of no mediator-outcome confounder also affected by exposure,
we ran a sensitivity analysis excluding maternal BMI (possibly affected
by prenatal air pollution exposure) from the list of mediator-outcome
confounders in our mediation analyses, and the results did not differ
meaningfully.

Table 2
Exposure levels to NO2 (n = 1,724) and PM2.5 (n = 1,390)a during the first
trimester of pregnancy and Pearson’s correlation coefficient (r).
Pollutant

Median (IQR)

5th perc − 95th perc

Pearson’s r
NO2

NO2 (µg/m3)
PM2.5 (µg/m3)

28.44 (20.19)
15.55 (5.31)

10.56–61.44
9.30–20.94

1
0.27***

Abbreviations: IQR, interquartile range; NO2, nitrogen dioxide; perc, percentile;
PM2.5, particulate matter with an aerodynamic diameter lower than 2.5 µm;
WC, waist circumference.
***p value < 0.001.
a
Available for Guipuzcoa, Sabadell and Valencia.

unadjusted estimates in Tables S3 and S4).
We tested whether birth weight was a mediator of the association
between PM2.5 exposure during the first trimester of pregnancy and
zBMI and zWeight at four years. We did not tested birth weight as a
mediator for BMI trajectories because the trajectories that we used included the weight of the child measured in the first days of life, which is
highly correlated with birth weight. An IQR increase in PM2.5 exposure
was associated with a 51.9 g (95% CI −11.32, −0.86) decrease in birth
weight. A 100 g increase in birth weight was associated with a 0.07
(95% CI 0.06, 0.08) increase in zWeight and a 0.04 (95% C.I. 0.03,
0.06) increase in zBMI at four years of age. In our mediation analysis
birth weight mediated 31% and 19% of the effects of PM2.5 on weight
and zBMI, respectively, although mediation estimates were only marginally significant (e.g. proportion of mediation for zWeight = 30.7%
(95% CI: −11.5; 133.4) (Fig. 2). The natural direct and indirect effects
were negative, although at most marginally significant (e.g. beta direct
effect of PM2.5 on zWeight = -0.10; CI −0.20, 0.002; and beta indirect
effect of PM2.5 on zWeight = -0.03; CI −0.07, 0.006) (Fig. 2).
In sensitivity analyses, we did not observe significant associations
between exposure to NO2 and PM2.5 during the second and third trimesters of pregnancy, the entire pregnancy period, and first year of life
and the investigated outcomes, except for an association between exposure to PM2.5 during the first year of life and zBMI (change in zBMI
for an IQR increase in PM2.5 = -0.07; CI: −0.15, −0.01) (Tables
S5–S6). Adjusting the model of PM2.5 in the first trimester of pregnancy
for PM2.5 in the first year of life did not change the direction and the
magnitude of the association (change in zBMI for an IQR increase in
PM2.5 exposure in the first trimester of pregnancy = -0.09; CI: −0.21,
−0.03). Further adjustment of our models for sex and exact age at four
years visit returned results similar to our main analyses (Tables S7–S8).

4. Discussion
In this prospective study we found that higher exposure of mothers
to PM2.5, a common traffic-related air pollutant, during the first trimester of pregnancy was associated with reduced weight and BMI of the
children at 4 years of age. Results for NO2 exposure were similar to
those of PM2.5, but did not reach statistical significance. Higher exposure to PM2.5 and NO2 was also associated with a reduced risk of the
child being in a BMI trajectory characterized by accelerated BMI gain
between birth and four years. The association between PM2.5 and
weight and BMI was partially mediated by a reduction in birth weight.
Prenatal exposure to NO2 and PM2.5 was not associated with other
cardio-metabolic outcomes in the children.
Our results are in keep with the only two studies available so far
investigating prenatal exposure to outdoor air pollutants and weight in
infants and children (Clemente et al., 2017; Kim et al., 2016). In a South
Korean multiregional prospective birth cohort study (n = 1,129),
higher prenatal (and postnatal) exposure to particles with an aerodynamic diameter lower than 10 µm (PM10) was associated with reduced weight from one year up to five years (Kim et al., 2016). In a
subset of our cohort (n = 336), prenatal NO2 exposure was associated
with an overall decrease in weight at 12 months (Clemente et al., 2017).
Our findings of an association between air pollution and lower BMI or
lower risk of being in an accelerated BMI trajectory (departing from
either low or high birth size) are in agreement with a large prospective
study conducted in Hong Kong (n = 7,301) that found higher prenatal
exposure to PM10 to be associated with reduced BMI attained at age 9
up to 15 years (Huang et al., 2018). On the contrary, in a small lowerincome birth cohort (mainly Hispanic and African-American)
(n = 239), exposure to PM2.5 in early pregnancy was significantly

Table 3
Estimated change (95% CI) in growth, obesity and cardio-metabolic risk outcomes for an IQR increase in NO2 (20.19 µg/m3) and PM2.5 (5.31 µg/m3) exposure in the
first trimester of pregnancy.
PM2.5a

NO2
Outcome
Growth and obesity outcomes
zHeight
zWeight
zBMI
Cardio-metabolic risk outcomesc
BP score
zWC
Lipids score
CMR score

N

Beta (95% CI)b

N

Beta (95% CI)b

1,724
1,724
1,724

−0.05 (−0.13, 0.03)
−0.07 (−0.15, 0.02)
−0.05 (−0.14, 0.03)

1,390
1,390
1,390

−0.07 (−0.17, 0.03)
−0.13 (−0.23, −0.02)
−0.12 (−0.23, −0.01)

639
639
639
639

0.07 (−0.04, 0.19)
0.02 (−0.11, 0.15)
−0.03 (−0.14, 0.07)
0.06 (−0.15, 0.26)

413
413
413
413

0.11 (−0.07, 0.29)
−0.06 (−0.23, 0.11)
−0.11 (−0.25, 0.03)
−0.07 (−0.36, 0.23)

Abbreviations: BMI, body mass index; BP, blood pressure; CI, confidence interval; CMR, cardio-metabolic risk; IQR, interquartile; NO2, nitrogen dioxide; PM2.5,
particulate matter with an aerodynamic diameter lower than 2.5 µm; WC, waist circumference.
a
Available for Asturias, Sabadell and Valencia.
b
Adjusted for sub-cohort, season of birth, and maternal age at delivery, country of origin, education, occupation, parity, cigarette smoke exposure during
pregnancy, physical activity during pregnancy, pre-pregnancy BMI, and adherence to the Mediterranean diet.
c
Available for Guipuzcoa, Sabadell and Valencia.
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Table 4
Odds ratio (95% CI) in overweight/obese status and relative risk ratio (95% CI) in child zBMI trajectory classes for an IQR increase in NO2 (20.19 µg/m3) and PM2.5b
(5.31 µg/m3) exposure in the first trimester of pregnancy.
PM2.5a

NO2
Outcome
Child overweight/obese status
Normal or underweight
Overweight/obese
zBMI trajectory class
Class 1: Higher birth size + accelerated BMI gain
Class 2: Higher birth size + slower BMI gain
Class 3: Lower birth size + accelerated BMI gain
Class 4: Average birth size + average BMI gain
Class 5: Lower birth size + average BMI gain

N

OR or RRRb (95% CI)

N

OR or RRRb (95% CI)

1,180
544

1.00 (reference)
0.93 (0.77, 1.13)

964
426

1.00 (reference)
0.89 (0.70, 1.14)

206
441
230
624
213

0.85
1.15
0.72
1.00
1.02

158
366
156
519
183

0.62
1.03
0.65
1.00
1.08

(0.64, 1.14)
(0.93, 1.43)
(0.54, 0.96)
(reference)
(0.78, 1.34)

(0.42, 0.91)
(0.78, 1.37)
(0.45, 0.96)
(reference)
(0.76, 1.55)

Abbreviations: BMI, body mass index; CI, confidence interval; NO2, nitrogen dioxide; OR, odds ratio; PM2.5, particulate matter with an aerodynamic diameter lower
than 2.5 µm; RRR, relative risk ratio.
a
Available for Guipuzcoa, Sabadell and Valencia.
b
Adjusted for sub-cohort, season of birth, and maternal age at delivery, country of origin, education, occupation, parity, cigarette smoke exposure during
pregnancy, physical activity during pregnancy, pre-pregnancy BMI, and adherence to the Mediterranean diet.

associated with higher BMI in boys but not in girls at preschool age
(Chiu et al., 2017). Three studies reported null associations between
prenatal exposure to PM2.5 and obesity and growth outcomes in children around pre-school age (Fleisch et al., 2018; Mao et al., 2017;
Fleisch et al., 2017). In a low-income birth cohort, no association was
found between prenatal exposure to PM2.5 and risk of overweight/
obesity status in children between 2 and 6 years of age (Mao et al.,
2017). In another cohort, no association was observed between prenatal
PM2.5 exposure and either BMI at 3.3 and 7.7 years (n = 1,418) (Fleisch

A

et al., 2017), or BMI trajectories from birth up to 10 years (n = 1,649)
(Fleisch et al., 2018). We should note though that the exposure levels
reported in these three studies were lower than in our study, which may
explain the null associations. The sizes of our estimates were comparable to those from previous studies, e.g. (Huang et al., 2018).
This is the first study investigating the mediation role of birth
weight in the association between PM2.5 and weight and BMI. Our results showed that roughly one third and one fifth of the association
between prenatal exposure to PM2.5 and weight and BMI respectively

IE: -0.03 (-0.07, 0.006)a
Birth weight

Proportion of mediation:
30.7% (-11.5%, 133.4%)a
IQR increase in PM2.5

exposure during 1st
trimester of pregnancy

DE: -0.10 (-0.20, 0.002)

zWeight
at 4 years

a

IE: -0.02 (-0.05, 0.003)a

B

Birth weight

Proportion of mediation:
18.7% (-11.8%, 105.8%)a
IQR increase in PM2.5

exposure during 1st
trimester of pregnancy

DE: -0.10 (-0.23, 0.01)

zBMI
at 4 years

a

6

Fig. 2. Mediation through birth weight of the effect
of PM2.5 exposure during the first trimester of
pregnancy on zWeight (A) and zBMI (B) at four
years (n = 1,390). The figures show the estimated
effect (95% CI) of an IQR increase in PM2.5 exposure during the first trimester of pregnancy on
the outcomes at four years, through birth weight.
The estimates of indirect effect and of the direct
effect, and the proportion of mediation are provided. Abbreviations: CI, confidence interval; DE,
direct effect; IE, indirect effect; IQR, interquartile
range; PM2.5, particulate matter with an aerodynamic diameter lower than 2.5 µm. aModels adjusted for sub-cohort, season of birth, and maternal
age at delivery, country of origin, parity, cigarette
smoke exposure during pregnancy, education, occupation, physical activity during pregnancy, prepregnancy BMI, and adherence to the
Mediterranean diet.
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was potentially mediated through birth weight. This proportion should
be taken with caution because it was only marginally significant and
both direct and indirect effects were small and did not reach statistical
significance, probably due to limited variability and sample size.
However, our results for BMI trajectories support this potential partial
mediation through birth weight, and also suggest other mechanisms
independent of birth weight could operate, as we found a reduction in
the risk of being in the trajectories of accelerated BMI gain departing
from either lower or higher birth sizes.
Overall, our results suggest that, if the observed associations are
indeed causal, fetal growth restriction caused by exposure to air pollution (Vrijheid et al., 2016) could lead to impaired growth trajectories
beyond infancy and up to four years. Results from some studies suggest
that effects of prenatal exposure on growth may vary according to child
age (Mao et al., 2017; Nikolić et al., 2014); thus, follow up studies until
later ages in childhood and adolescence will be important.
The biological mechanisms underlying the adverse effects of air
pollution on children's growth are still unclear. The hypothesized mechanisms proposed so far include oxidative stress and inflammation
(Clemente et al., 2017; Kim et al., 2016), interference with thyroid
hormones (Kim et al., 2016), increased risk of respiratory related diseases and other health problems that could delay growth (Kim et al.,
2016; Nikolić et al., 2014), and induction of cell apoptosis due to DNA
damage (Nikolić et al., 2014). Oxidative stress is also one of the mechanisms proposed for the effects of air pollution on birth weight (Li
et al., 2019), and this fits with the results of our mediation analysis.
The fact that our study observes associations mainly with child
anthropometry, but not with other cardio-metabolic outcomes, may be
due to the young age of children, since at this young age the prevalence
of cardio-metabolic risk factors is still low (Margolis et al., 2014). The
low prevalence of pediatric cardio-metabolic syndrome in young children (Ahrens et al., 2014), and the lack of clinical measures of glucose
metabolism and insulin resistance in our study may also explain the null
results for cardio-metabolic risk score. Further, we note that our analyses of cardio-metabolic outcomes had a smaller sample size, and this
could have prevented us to find significant associations. Therefore,
larger studies with follow up at an older age are required to fully understand whether there are any potential adverse cardio-metabolic effects of air pollution exposure in children.
The main strengths of this study are its prospective design and the
follow up of our study population from birth to four years of age that
allows examining the effects of prenatal exposure to pollutants across
the whole early childhood period. Further, this study includes a uniquely comprehensive range of multiple outcomes related to growth
and cardio-metabolic risk. The use of strict protocols for collection of
anthropometric variables, BP and blood samples for lipids measurement, and the use of structured questionnaires ensured high-quality
outcome, exposure and covariate data. Another strength is the use of
causal mediation analysis that allowed us to study the potential role of
birth weight in the associations of interest (Valeri and Vanderweele,
2013), although the method only provide estimates of direct, indirect
and total effects. The validity of our mediation analysis is based on the
assumption that we have adequately controlled the following three
types of confounding: (1) confounding of the exposure–mediator relationship; (2) confounding of the exposure–outcome relationship; and
(3) confounding of the mediator–outcome relationship. We used DAGs
for confounders selection and, as far as possible, we included all the
covariates that may confound these relationships, however we cannot
exclude residual confounding from unknown factors related to our exposure, outcome or mediator. Our study has some limitations. Exposure
was only assessed at residential address; air pollution at residency is,
however, a commonly used tool in epidemiological research (Jerrett
et al., 2005). Also, PM2.5 exposure was estimated using different
methods in different cohorts, which may have given rise to different
levels of measurement error, but is unlikely to explain our overall associations.

5. Conclusions
This study suggests that air pollution exposure during pregnancy
may be associated with a reduction of growth outcomes, particularly
weight and BMI at preschool age, and in the risk of being in a trajectory
with accelerated BMI gain between birth and four years. These findings
imply that pregnancy exposure to air pollutants has a lasting effect on
growth after birth and require follow-up at later child ages.
CRediT authorship contribution statement
Serena Fossati: Conceptualization, Methodology, Formal analysis,
Writing - original draft, Writing - review & editing. Damaskini Valvi:
Investigation, Writing - review & editing. David Martinez:
Investigation, Formal analysis, Writing - review & editing. Marta
Cirach: Investigation, Formal analysis, Writing - review & editing.
Marisa Estarlich: Investigation, Writing - review & editing. Ana
Fernández-Somoano: Investigation, Writing - review & editing.
Mònica Guxens: Investigation, Writing - review & editing. Carmen
Iñiguez: Investigation, Writing - review & editing. Amaia Irizar:
Investigation, Writing - review & editing. Aitana Lertxundi:
Investigation, Writing - review & editing. Mark Nieuwenhuijsen:
Investigation, Writing - review & editing. Ibon Tamayo: Investigation,
Writing - review & editing. Jesus Vioque: Investigation, Writing - review & editing. Adonina Tardón: Investigation, Writing - review &
editing. Jordi Sunyer: Supervision, Writing - review & editing.
Martine Vrijheid: Conceptualization, Writing - review & editing.
Declaration of Competing Interest
The authors have no conflicts of interest relevant to this article to
disclose.
Acknowledgements
This study was funded by grants from the Eulji University (grant
numbers ESCAPE project FP7-ENV-2007-1-211250, DENAMIC project
FP7-ENV-2011-282957, HELIX project FP7-ENV-2012-308333, and
MEDALL project HEALTH.2010.2.4.5-1), from the Spanish Instituto de
Salud Carlos III (grant numbers Red INMA G03/176; CB06/02/0041;
PI03/1615 incl. FEDER funds, PI04/1112 incl. FEDER funds, PI041436,
PI04/1509 incl. FEDER funds, PI04/1931 incl. FEDER funds, PI042018
incl. FEDER funds, PI05/1079 incl. FEDER funds, PI05/1052 incl.
FEDER funds, FIS-PI06/0867, PI06/1213 incl. FEDER funds, PI07/0314
incl. FEDER funds, PI081151 incl. FEDER funds, FIS-PI09/00090, PI09/
02311 incl. FEDER funds, PI09/02647 incl. FEDER funds, PI11/01007
incl. FEDER funds, PI11/02591 incl. FEDER funds, PI11/02038 incl.
FEDER funds, PI13/1944 incl. FEDER funds, PI13/2032 incl. FEDER
funds, PI13/02429 incl. FEDER funds, PI14/00891 incl. FEDER funds,
PI14/01687 incl. FEDER funds, PI15/00118 incl. FEDER funds, PI16/
1288 incl. FEDER funds, and PI17/00663 incl. FEDER funds, PI18/
00547 incl. FEDER funds, PI18/00909 incl. FEDER funds; CP11/00178
, CP15/00025, and CPII16/00051; MS13/00054 incl. FEDER funds),
CIBERESP, Department of Health of the Basque Government (grant
numbers 2005111093, 2013111089), Generalitat de Catalunya-CIRIT
(grant numbers 1999SGR 00241), Generalitat Valenciana: FISABIO
(grant numbers UGP 15-230, UGP-15-244, and UGP-15-249),
Provincial Government of Gipuzkoa (grant number DFG06/002), Alicia
Koplowitz Foundation 2017, Fundació La marató de TV3 (grant number
090430), Obra Social Cajastur/Fundación Liberbank, Universidad de
Oviedo, and annual agreements with the municipalities of the study
area of the Gipuzkoa sub-cohort (Zumarraga, Urretxu , Legazpi,
Azkoitia, Azpeitia and Beasain). ISGlobal is a member of the Agency for
the Research Centres of Catalonia (CERCA) Programme, Generalitat de
Catalunya.
The authors are indebted to all participants, without whom this
7

Environment International 138 (2020) 105619

S. Fossati, et al.

work would not have been possible. We acknowledge Ms Sandra
Marquez for statistical support.

body mass index: evidence from Hong Kong’s “Children of 1997” birth cohort. Int. J.
Obes. https://doi.org/10.1038/s41366-018-0070-9.
Iñiguez, C., Ballester, F., Estarlich, M., et al., 2009. Estimation of personal NO2 exposure
in a cohort of pregnant women. Sci Total Environ. 407 (23), 6093–6099. https://doi.
org/10.1016/j.scitotenv.2009.08.006.
Jerrett, M., Arain, A., Kanaroglou, P., et al., 2005. A review and evaluation of intraurban
air pollution exposure models. J. Expo Sci. Environ. Epidemiol. 15 (2), 185–204.
https://doi.org/10.1038/sj.jea.7500388.
Kim, J.S., Alderete, T.L., Chen, Z., et al., 2018. Longitudinal associations of in utero and
early life near-roadway air pollution with trajectories of childhood body mass index.
Environ. Heal. 17 (1), 64. https://doi.org/10.1186/s12940-018-0409-7.
Kim, E., Park, H., Park, E.A., et al., 2016. Particulate matter and early childhood body
weight. Environ. Int. 94, 591–599. https://doi.org/10.1016/j.envint.2016.06.021.
Li, Z., Tang, Y., Song, X., Lazar, L., Li, Z., Zhao, J., 2019. Impact of ambient PM 2.5 on
adverse birth outcome and potential molecular mechanism. Ecotoxicol. Environ. Saf.
169, 248–254. https://doi.org/10.1016/j.ecoenv.2018.10.109.
Livingstone, C., 2001. Human Embryology. 3rd. (Elsevier, ed.).
Manzano-Salgado, C.B., Casas, M., Lopez-Espinosa, M.-J., et al., 2017. Prenatal Exposure
to Perfluoroalkyl Substances and Cardiometabolic Risk in Children from the Spanish
INMA Birth Cohort Study. Environ. Health Perspect. 125 (9), 097018. https://doi.
org/10.1289/EHP1330.
Mao, G., Nachman, R.M., Sun, Q., et al., 2017. Individual and Joint Effects of Early-Life
Ambient PM2.5 Exposure and Maternal Pre-Pregnancy Obesity on Childhood
Overweight or Obesity. Environ. Health Perspect. 125 (6) pp. 067005–1-10 10.1289/
EHP261.
Margolis, K.L., Greenspan, L.C., Trower, N.K., et al., 2014. Lipid Screening in Children
and Adolescents in Community Practice: 2007 to 2010. Circ. Cardiovasc. Qual.
Outcomes. 7 (5), 718–726. https://doi.org/10.1161/CIRCOUTCOMES.114.000842.
Meredith, H.V., 1975. Relation between tobacco smoking of pregnant women and body
size of their progeny: a compilation and synthesis of published studies. Hum. Biol. 47
(4), 451–472.
Miller, D.B., Ghio, A.J., Karoly, E.D., et al., 2016. Ozone exposure increases circulating
stress hormones and lipid metabolites in humans. Am. J. Respir. Crit. Care Med. 193
(12), 1382–1391. https://doi.org/10.1164/rccm.201508-1599OC.
Montazeri, P., Vrijheid, M., Martinez, D., et al., 2018. Maternal metabolic health parameters during pregnancy in relation to early childhood BMI trajectories. Obesity 26
(3), 588–596. https://doi.org/10.1002/oby.22095.
Naeye, R.L., 1981. Influence of maternal cigarette smoking during pregnancy on fetal and
childhood growth. Obstet. Gynecol. 57 (1), 18–21.
Nikolić, M., Stanković, A., Jović, S., Kocić, B., Bogdanović, D., 2014. Effects of air pollution on growth in schoolchildren. Coll. Antropol. 38 (2), 493–497.
Nobili, V., Alisi, A., Panera, N., Agostoni, C., 2008. Low birth weight and catch-up-growth
associated with metabolic syndrome: a ten year systematic review. Pediatr.
Endocrinol. Rev. 6 (2), 241–247.
Pearl, J., 2001. Direct and indirect effects. In: Seventeenth Conference in Uncertainty in
Artificial Intelligence, 2001, pp. 411–420.
Ramadhani, M.K., Grobbee, D.E., Bots, M.L., et al., 2006. Lower birth weight predicts
metabolic syndrome in young adults: The Atherosclerosis Risk in Young Adults
(ARYA)-study. Atherosclerosis 184 (1), 21–27. https://doi.org/10.1016/j.
atherosclerosis.2005.03.022.
Ridley, K., Ainsworth, B.E., Olds, T.S., 2008. Development of a compendium of energy
expenditures for youth. Int. J. Behav. Nutr. Phys. Act. 5 (1), 45. https://doi.org/10.
1186/1479-5868-5-45.
Riedel, C., Schönberger, K., Yang, S., et al., 2014. Parental smoking and childhood obesity: higher effect estimates for maternal smoking in pregnancy compared with paternal smoking–a meta-analysis. Int. J. Epidemiol. 43 (5), 1593–1606. https://doi.
org/10.1093/ije/dyu150.
Robins, J.M., Greenland, S., 1992. Identifiability and exchangeability for direct and indirect effects. Epidemiology 3 (2), 143–155. https://doi.org/10.1097/00001648199203000-00013.
Robinson, H.P., 1973. Sonar measurement of fetal crown-rump length as means of assessing maturity in first trimester of pregnancy. Br. Med. J. 4 (5883), 28–31.
Robinson, O., Martínez, D., Aurrekoetxea, J.J., et al., 2016. The association between
passive and active tobacco smoke exposure and child weight status among Spanish
children. Obesity (Silver Spring). 24 (8), 1767–1777. https://doi.org/10.1002/oby.
21558.
Romaguera, D., Norat, T., Vergnaud, A.-C., et al., 2010. Mediterranean dietary patterns
and prospective weight change in participants of the EPIC-PANACEA project. Am. J.
Clin. Nutr. 92 (4), 912–921. https://doi.org/10.3945/ajcn.2010.29482.
Slining, M.M., Herring, A.H., Popkin, B.M., Mayer-Davis, E.J., Adair, L.S., 2013. Infant
BMI trajectories are associated with young adult body composition. J. Dev. Orig.
Health Dis. 4 (01), 56–68. https://doi.org/10.1017/S2040174412000554.
Thomson, E.M., 2013. Neurobehavioral and metabolic impacts of inhaled pollutants.
Endocr. Disrupt. 1 (1), e27489. https://doi.org/10.4161/endo.27489.
Thomson, E.M., Pal, S., Guénette, J., et al., 2016. Ozone inhalation provokes glucocorticoid-dependent and -independent effects on inflammatory and metabolic pathways. Toxicol. Sci. 152 (1), 17–28. https://doi.org/10.1093/toxsci/kfw061.
Valeri, L., Vanderweele, T.J., 2013. Mediation analysis allowing for exposure-mediator
interactions and causal interpretation: theoretical assumptions and implementation
with SAS and SPSS macros. Psychol. Methods 18 (2), 137–150. https://doi.org/10.
1037/a0031034.
VanderWeele, T.J., 2016. Mediation analysis: a practitioner’s guide. Annu. Rev. Public
Health 37 (1), 17–32. https://doi.org/10.1146/annurev-publhealth-032315-021402.
Vrijheid, M., Casas, M., Gascon, M., Valvi, D., Nieuwenhuijsen, M., 2016. Environmental
pollutants and child health—a review of recent concerns. Int. J. Hyg. Environ. Health
219 (4–5), 331–342. https://doi.org/10.1016/j.ijheh.2016.05.001.

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2020.105619.
References
Abel, E.L., 1980. Smoking during pregnancy: a review of effects on growth and development of offspring. Hum. Biol. 52 (4), 593–625.
Ahrens, W., Moreno, L.A., Mårild, S., et al., 2014. Metabolic syndrome in young children:
definitions and results of the IDEFICS study. Int. J. Obes. (Lond.) 38 (Suppl 2),
S4–S14. https://doi.org/10.1038/ijo.2014.130.
Alderete, T.L., Chen, Z., Toledo-Corral, C.M., et al., 2018. Ambient and traffic-related air
pollution exposures as novel risk factors for metabolic dysfunction and Type 2 diabetes. Curr. Epidemiol. Reports 5 (2), 79–91. https://doi.org/10.1007/s40471-0180140-5.
Barker, D.J.P., 2004. The developmental origins of adult disease. J. Am. Coll. Nutr. 23 (6
Suppl), 588S–595S.
Behl, M., Rao, D., Aagaard, K., et al., 2013. Evaluation of the association between maternal smoking, childhood obesity, and metabolic disorders: a national toxicology
program workshop review. Environ. Health Perspect. 121 (2), 170–180. https://doi.
org/10.1289/ehp.1205404.
Brook, R.D., Rajagopalan, S., Pope, C.A., et al., 2010. Particulate matter air pollution and
cardiovascular disease: an update to the scientific statement from the American Heart
Association. Circulation 121 (21), 2331–2378. https://doi.org/10.1161/CIR.
0b013e3181dbece1.
Chiu, Y.H., Hsu, H.H., Wilson, A., et al., 2017. Prenatal particulate air pollution exposure
and body composition in urban preschool children: examining sensitive windows and
sex-specific associations. Environ. Res. 158 (March), 798–805. https://doi.org/10.
1016/j.envres.2017.07.026.
Clemente, D.B.P., Casas, M., Janssen, B.G., et al., 2017. Prenatal ambient air pollution
exposure, infant growth and placental mitochondrial DNA content in the INMA birth
cohort. Environ. Res. 157, 96–102. https://doi.org/10.1016/j.envres.2017.05.018.
Cooke, D.W., Divall, S.A., Radovick, S., 2017. Normal and Aberrant Growth in Children.
In: Melmed, S., Polonsky, K.S., Larsen, P.R., Kronenberg, H.M., (Eds.) Williams
Textbook of Endocrinology. Thirteenth. Elsevier, 2017, pp. 964–1073. doi:10.1016/
B978-0-323-29738-7.00024-1.
Cosselman, K.E., Navas-Acien, A., Kaufman, J.D., 2015. Environmental factors in cardiovascular disease. Nat. Rev. Cardiol. 12 (11), 627–642. https://doi.org/10.1038/
nrcardio.2015.152.
de Onis, M., Garza, C., Onyango, A.W., Rolland-Cachera, M.-F., 2009. le Comité de nutrition de la Société française de pédiatrie. [WHO growth standards for infants and
young children]. Arch. Pediatr. 16 (1), 47–53. https://doi.org/10.1016/j.arcped.
2008.10.010.
Domingo-Salvany, A., Regidor, E., Alonso, J., Alvarez-Dardet, C., 2000. Proposal for a
social class measure. Working Group of the Spanish Society of Epidemiology and the
Spanish Society of Family and Community Medicine. Aten primaria 25 (5), 350–363.
Eeftens, M., Beelen, R., de Hoogh, K., et al., 2012. Development of Land Use Regression
models for PM(2.5), PM(2.5) absorbance, PM(10) and PM(coarse) in 20 European
study areas; results of the ESCAPE project. Environ. Sci. Technol. 46 (20),
11195–11205. https://doi.org/10.1021/es301948k.
Eze, I.C., Schaffner, E., Foraster, M., et al., 2015. Long-term exposure to ambient air
pollution and metabolic syndrome in adults. Cormier SA, ed. PLoS One, vol. 10, 6 ,
e0130337. doi:10.1371/journal.pone.0130337.
Fernández-Barrés, S., Romaguera, D., Valvi, D., et al., 2016. Mediterranean dietary pattern in pregnant women and offspring risk of overweight and abdominal obesity in
early childhood: the INMA birth cohort study. Pediatr. Obes. https://doi.org/10.
1111/ijpo.12092.
Fleisch, A.F., Rifas-Shiman, S.L., Koutrakis, P., et al., 2015. Prenatal exposure to traffic
pollution: associations with reduced fetal growth and rapid infant weight gain.
Epidemiology. 26 (1), 43–50. https://doi.org/10.1097/EDE.0000000000000203.
Fleisch, A.F., Luttmann-Gibson, H., Perng, W., et al., 2017. Prenatal and early life exposure to traffic pollution and cardiometabolic health in childhood. Pediatr. Obes. 12
(1), 48–57. https://doi.org/10.1111/ijpo.12106.
Fleisch, A.F., Aris, I.M., Rifas-Shiman, S.L., et al., 2018. Prenatal exposure to traffic
pollution and childhood body mass index trajectory. Front. Endocrinol. (Lausanne) 9,
771. https://doi.org/10.3389/fendo.2018.00771.
Frondelius, K., Oudin, A., Malmqvist, E., 2018).. Traffic-related air pollution and child
BMI-A study of prenatal exposure to nitrogen oxides and body mass index in children
at the age of four years in Malmö, Sweden. Int. J. Environ. Res. Public Health 15 (10).
https://doi.org/10.3390/ijerph15102294.
Guxens, M., Ballester, F., Espada, M., et al., 2012. Cohort Profile: The INMA—INfancia y
Medio Ambiente—(Environment and Childhood) Project. Int. J. Epidemiol. 41 (4),
930–940. https://doi.org/10.1093/ije/dyr054.
Higgins, J.P.T., Thompson, S.G., 2002. Quantifying heterogeneity in a meta-analysis. Stat.
Med. 21 (11), 1539–1558. https://doi.org/10.1002/sim.1186.
Howe, L.D., Matijasevich, A., Tilling, K., et al., 2012. Maternal smoking during pregnancy
and offspring trajectories of height and adiposity: comparing maternal and paternal
associations. Int. J. Epidemiol. 41 (3), 722–732. https://doi.org/10.1093/ije/dys025.
Huang, J.V., Leung, G.M., Schooling, C.M., 2018. The association of air pollution with

8

Environment International 138 (2020) 105619

S. Fossati, et al.
World Health Organization, 2006. WHO Child Growth Standards: Length/Height-for-Age,
Weight-for-Age, Weight-for-Length, Weight-for-Height and Body Mass Index-for-Age:
Methods and Development. World Health Organization, Geneva.
World Health Organization. Ambient Air Pollution: A Global Assessment of Exposure and
Burden of Disease, 2016. (World Health Organization, ed.).
Wallwork, R.S., Colicino, E., Zhong, J., et al., 2017. Ambient fine particulate matter,
outdoor temperature, and risk of metabolic syndrome. Am. J. Epidemiol. 185 (1),
30–39. https://doi.org/10.1093/aje/kww157.
Wang, M., Beelen, R., Bellander, T., et al., 2014. Performance of multi-city land use regression models for nitrogen dioxide and fine particles. Environ. Health Perspect. 122
(8), 843–849.
Wang, Y., Beydoun, M.A., 2007. The obesity epidemic in the United States gender, age,
socioeconomic, racial/ethnic, and geographic characteristics: a systematic review

and meta-regression analysis. Epidemiol. Rev. 29 (1), 6–28. https://doi.org/10.1093/
epirev/mxm007.
Yanbaeva, D.G., Dentener, M.A., Creutzberg, E.C., Wesseling, G., Wouters, E.F.M., 2007.
Systemic effects of smoking. Chest. 131 (5), 1557–1566. https://doi.org/10.1378/
chest.06-2179.
Yang, B.-Y., Qian, Z., (Min), Li S, et al., 2018. Long-term exposure to ambient air pollution
(including PM1) and metabolic syndrome: the 33 Communities Chinese Health Study
(33CCHS). Environ. Res. 164, 204–211. https://doi.org/10.1016/j.envres.2018.02.
029.
Zhang, M., Mueller, N.T., Wang, H., Hong, X., Appel, L.J., Wang, X., 2018. Maternal
Exposure to Ambient Particulate Matter ≤2.5 µm During Pregnancy and the Risk for
High Blood Pressure in Childhood. Hypertension 72 (1), 194–201. https://doi.org/
10.1161/HYPERTENSIONAHA.117.10944.

9

