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The EDEN and PELAGIE cohorts were reviewed and approved prior to their conduct by ethical committees (Comité Consultatif pour la Protection des Personnes dans la Recherche Biomédicale du Kremlin Bicêtre, Comité Consultatif sur le Traitement de l'Information en Matière de Recherche dans le Domaine de la Santé) and the Data Protection Authority (Commission Nationale de l'Informatique et des Libertés). All participating women gave informed written consent for themselves and their future child at enrollment.

MAIN DOCUMENT 1. Introduction

In 2020, 71% of the European urban population was exposed to PM10 levels exceeding the WHO recommendations (European Environment Agency, 2022;World Health Organization, 2022). The percentage reached 96% for PM2.5 making this pollutant a major environmental contributor to human health burden [START_REF] Chowdhury | Global health burden of ambient PM2.5 and the contribution of anthropogenic black carbon and organic aerosols[END_REF][START_REF] Southerland | Global urban temporal trends in fine particulate matter (PM2•5) and attributable health burdens: estimates from global datasets[END_REF].

Several experimental and epidemiological studies suggest that chronic exposure to particulate matter (PM) has neurodevelopmental toxicity [START_REF] You | The pathogenic effects of particulate matter on neurodegeneration: a review[END_REF] and may be associated with cognitive impairment [START_REF] Chandra | Air Pollution and Cognitive Impairment across the Life Course in Humans: A Systematic Review with Specific Focus on Income Level of Study Area[END_REF], affecting abilities to remember, learn, perceive the environment, communicate or reason. Developing fetuses and infants may be more specifically at risk [START_REF] Spencer-Hwang | Adverse health outcomes in early childhood (birth to 5 years) and ambient air pollutant exposures: a systematic review[END_REF][START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF]. Indeed, in vitro, animal and epidemiological studies demonstrated the ability of air pollutants to distribute to multiple organs, including the brain, after crossing the bloodair, blood-brain and placental barriers [START_REF] Bongaerts | Translocation of (ultra)fine particles and nanoparticles across the placenta; a systematic review on the evidence of in vitro, ex vivo, and in vivo studies[END_REF][START_REF] Brockmeyer | How air pollution alters brain development: the role of neuroinflammation[END_REF]. These chemicals can trigger chronic oxidative stress and inflammation in the pregnant woman, the fetus and the child [START_REF] Chen | Particulate Matter, an Intrauterine Toxin Affecting Foetal Development and Beyond[END_REF][START_REF] Kelly | Oxidative stress: its role in air pollution and adverse health effects[END_REF]. The developing brain is particularly susceptible to such toxicity due to its rapid evolution, high demand in oxygen and immature detoxification system [START_REF] Brockmeyer | How air pollution alters brain development: the role of neuroinflammation[END_REF][START_REF] Ikonomidou | Neuronal death and oxidative stress in the developing brain[END_REF]. Brain development starts in the first weeks after conception and continues until adulthood [START_REF] Gibb | Chapter 1 -Brain Development[END_REF]. Any disturbance in this tightly controlled process may lead to long-lasting neurodevelopmental impairments whose nature and severity are likely to vary according to the timing of exposure.

Both prenatal [START_REF] Chiu | Prenatal particulate air pollution and neurodevelopment in urban children: Examining sensitive windows and sex-specific associations[END_REF][START_REF] Girardi | Association between Exposure to Particulate Matter during Pregnancy and Multidimensional Development in School-Age Children: A Cross-Sectional Study in Italy[END_REF][START_REF] Lertxundi | Prenatal exposure to PM2.5 and NO2 and sex-dependent infant cognitive and motor development[END_REF][START_REF] Loftus | Prenatal air pollution and childhood IQ: Preliminary evidence of effect modification by folate[END_REF][START_REF] Ni | Associations of Pre-and Postnatal Air Pollution Exposures with Child Behavioral Problems and Cognitive Performance: A U.S. Multi-Cohort Study[END_REF] and postnatal [START_REF] Binter | Urban environment and cognitive and motor function in children from four European birth cohorts[END_REF][START_REF] Ni | Associations of Pre-and Postnatal Air Pollution Exposures with Child Behavioral Problems and Cognitive Performance: A U.S. Multi-Cohort Study[END_REF][START_REF] Wang | Socioeconomic disparities and sexual dimorphism in neurotoxic effects of ambient fine particles on youth IQ: A longitudinal analysis[END_REF]) chronic exposures to PM2.5 or PM10 have been linked with lower total intellectual quotient (IQ) and various subscales related to verbal, memory, reasoning or attention skills in school-age children or adolescents. Long considered to be solely a marker of exposure to traffic-related air pollution, several studies now also highlight the intrinsic neurotoxicity of NO2. In 2020, a systematic review and meta-analysis showed that prenatal exposure to NO2 was associated with impaired neurodevelopment in children, with a specific decrease in global and fine psychomotor abilities [START_REF] Shang | Effects of prenatal exposure to NO2 on children's neurodevelopment: a systematic review and meta-analysis[END_REF]. Effects may occur for exposure levels within the WHO limits [START_REF] Spencer-Hwang | Adverse health outcomes in early childhood (birth to 5 years) and ambient air pollutant exposures: a systematic review[END_REF]. Some research suggests that neurodevelopmental effects of air pollutants might be sex-specific with males more vulnerable [START_REF] Ha | Air pollution and neurological development in children[END_REF][START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF]. However, several studies did not highlight significant adverse effects of PM or NO2 on cognitive function [START_REF] Freire | Association of traffic-related air pollution with cognitive development in children[END_REF][START_REF] Gonzalez-Casanova | Prenatal exposure to environmental pollutants and child development trajectories through 7 years[END_REF][START_REF] Harris | Prenatal and Childhood Traffic-Related Pollution Exposure and Childhood Cognition in the Project Viva Cohort (Massachusetts, USA)[END_REF][START_REF] Porta | Air Pollution and Cognitive Development at Age 7 in a Prospective Italian Birth Cohort[END_REF] or showed significant effects associated with some specific exposure periods [START_REF] Binter | Urban environment and cognitive and motor function in children from four European birth cohorts[END_REF][START_REF] Ni | Associations of Pre-and Postnatal Air Pollution Exposures with Child Behavioral Problems and Cognitive Performance: A U.S. Multi-Cohort Study[END_REF].

In this context, recent literature reviews refrain from drawing firm conclusions about the effect of PM or NO2 exposure history on child cognition [START_REF] Ha | Air pollution and neurological development in children[END_REF][START_REF] Shang | Effects of prenatal exposure to NO2 on children's neurodevelopment: a systematic review and meta-analysis[END_REF][START_REF] Spencer-Hwang | Adverse health outcomes in early childhood (birth to 5 years) and ambient air pollutant exposures: a systematic review[END_REF][START_REF] Volk | Prenatal air pollution exposure and neurodevelopment: A review and blueprint for a harmonized approach within ECHO[END_REF][START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF]. They underline an insufficient number of studies, heterogeneity in methodological approaches and study design weaknesses. In particular, a limited number of studies assessed exposure on the long-term, taking into account the effect of both pre-and postnatal exposure, and very few shed light on sensitive windows of exposure at a fine temporal scale. Considering the robust associations observed between early cognitive skills and later performance [START_REF] Chen | Long-term prediction of academic achievement of American, Chinese, and Japanese adolescents[END_REF][START_REF] Johnson | Twenty-Year Follow-Up of Children With and Without Speech-Language Impairments: Family, Educational, Occupational, and Quality of Life Outcomes[END_REF][START_REF] Marchman | Speed of word recognition and vocabulary knowledge in infancy predict cognitive and language outcomes in later childhood[END_REF][START_REF] Sajaniemi | Early cognitive and behavioral predictors of later performance: a follow-up study of ELBW children from ages 2 to 4. Early Child[END_REF], this research area deserves further investigation. Besides, insights on potential sensitive windows of air pollution exposure are needed to better understand underlying biological mechanisms and improve prevention.

Based on the French EDEN and PELAGIE mother-child cohorts, this study aims to explore the temporal relationship of early life chronic exposure to ambient PM10, PM2.5 and NO2 with male and female cognitive abilities at 5-6 years. To address previously mentioned weaknesses, this work relies on high-resolution exposure models and the implementation of sex-stratified distributed lag models, taking into account the effect of both pre-and postnatal exposure to identify sensitive windows at a fine temporal scale.

Materials and methods

Study population

The study sample was drawn from two French prospective mother-child cohorts: EDEN ("Étude des Déterminants pré-et postnatals du développement et de la santé de l'Enfant") and PELAGIE ("Perturbateurs Endocriniens, Étude Longitudinale sur les Anomalies de la Grossesse, l'Infertilité et l'Enfance"). The former recruited 2002 pregnant women (less than 24 weeks of amenorrhea) from the Nancy and Poitiers hospital maternity wards between 2003 and 2006 [START_REF] Heude | Cohort Profile: The EDEN mother-child cohort on the prenatal and early postnatal determinants of child health and development[END_REF]. The latter included 3421 pregnant women (less than 19 weeks of amenorrhea) from Britany between 2002 and 2006 recruited through gynecologists [START_REF] Petit | Impact on fetal growth of prenatal exposure to pesticides due to agricultural activities: a prospective cohort study in Brittany, France[END_REF]. In EDEN, all participants were eligible to attend the cognitive tests. In PELAGIE, only a sub-sample of children were eligible: they were randomly selected from the live-born singletons aged between 6 years and 6 years and 3 months, excluding those with gestational duration less than 35 weeks amenorrhea, neonatal disorders (e.g., severe hypoglycemia, low Apgar score), neonatal hospitalization or reanimation, genetic abnormalities, child or mother death or child who had previously undergone neuropsychological tests (to avoid retest effect and bias). This sub-sample was very similar to the initial PELAGIE cohort in terms of socioeconomic and maternal behavioral characteristics [START_REF] Béranger | Prenatal Exposure to Glycol Ethers and Neurocognitive Abilities in 6-Year-Old Children: The PELAGIE Cohort Study[END_REF].

Because the EDEN and PELAGIE cohorts were very similar in terms of population characteristics, data collection periods and exposure data available, they were pooled. This study focused on 1271 mother-child pairs with available data on exposure to air pollutants during the period of interest and cognitive function at 5-6 years (Figure 1 and Table S1). It did not include premature children (with gestational duration less than 37 weeks amenorrhea) in order to assess the effect of air pollution itself (direct effect) on cognition and not a total effect that passes through the prematurity associated with the exposure.

Exposure assessment

Maternal home addresses, including any changes during the follow-up period, were geocoded using the software Mon Géocodeur from the National Institute of Geographic and Forest Information and Geocible. Over the 1003 EDEN participants and their 1702 geocoded addresses, 1529 addresses were geocoded at the street number level, 118 at the street level, 24 at the hamlet level and 31 at the city level.

Among the 268 PELAGIE participants and their 448 geocoded addresses, 208 addresses were geocoded at the street number level, 101 at the street level, 119 at the hamlet level and 20 at the city level.

Daily PM10 and PM2.5 exposures at home addresses were estimated at a 1 km spatial resolution using a hybrid satellite based multi-stage ensemble model covering the continental French territory [START_REF] Hough | Gaussian Markov random fields improve ensemble predictions of daily 1 km PM2.5 and PM10 across France[END_REF]. This model combines data on aerosol optical depth (AOD), meteorology (temperature, air pressure, cloud cover, etc.), vegetation (normalized difference vegetation index based on MODIS data) and other spatiotemporal predictors (land cover, road and railway density, elevation, population, climatic region) using three base learners (mixed models, Gaussian Markov random fields and random forests) ensembled using a generalized additive model. The model shows good performance with a mean absolute error of 4.26 μg/m 3 and R 2 = 0.71 for PM10, and a mean absolute error of 2.72 μg/m 3 and R 2 = 0.76 for PM 2.5 .

Daily NO2 exposures at home addresses were estimated at a 4 km spatial resolution using a model combining measurements from the permanent monitoring network and the Chemistry Transport Model CHIMERE [START_REF] Real | Historical reconstruction of background air pollution over France for 2000-2015[END_REF]. This approach relying on a kriging procedure showed good performance in urban areas, with a bias not exceeding -3.5% but lower performance in rural areas with an overestimation by 60-80% depending on years due to a low number of monitoring stations.

Child cognitive function assessment

Child cognitive function was assessed with classic and well-validated tests in the two cohorts. In EDEN, the Wechsler Preschool and Primary Scale of Intelligence 3 rd version (WPPSI-III [START_REF] Wechsler | WPPSI-III: Échelle d'intelligence de Wechsler pour la période préscolaire et primaire[END_REF])) battery and several subtests from the NEuroPSYchological Assessment 2 nd version (NEPSY-II [START_REF] Korkman | NEPSY-Second Edition (NEPSY-II)[END_REF]) battery were administered at a median age of 5 years (InterQuartile Range [IQR]: 5.57, 5.72) by trained psychologists. The former covered the 7 main subtests (Block design, Information, Matrix reasoning, Vocabulary, Picture concepts, Word reasoning, Coding) while the latter included 4 subtests (Repetition of nonsense words, Phonological processing, Sentence repetition, Design copying). In PELAGIE, some parts of the Wechsler Intelligence Scale for Children 4 th version (WISC-IV [START_REF] Wechsler | WISC-IV: Echelle d'Intelligence de Wechsler pour Enfants[END_REF]) and of the NEPSY-II batteries were administered at 6 years (IQR: 6.04, 6.09) by trained psychologists. Six subtests from the WISC-IV (Block design, Similarities, Digit span, Vocabulary, Letter-number sequencing, Comprehension) and 8 subtests from the NEPSY-II (Design copying, Memory for faces, Tower, Auditory attention and response set, Arrows, Memory for names, Visual attention, Narrative memory) were used. Because the tests implemented by the two cohorts were partly different and administered at different ages, samples could not be pooled based on the cohort specific tests. Instead, scores similar to "g factors" [START_REF] Spearman | Theory of General Factor1[END_REF] were constructed separately within each cohort based on the standardized subtest scores using confirmatory factor analyses and the "lavaan" package (R; version 0.6-13). A two-factor second order structure was considered, distinguishing Verbal from Non-verbal abilities and assuming an underlying latent common factor representative of General abilities (Figures S1 andS2). Individuals with data for fewer than two subtests per Verbal or Non-verbal scores were excluded (i.e., 19 participants in the EDEN population with cognitive data). Because the data contained some missing data (affecting 26 EDEN and 35 PELAGIE participants in the populations with cognitive score), "full information" maximum likelihood estimation was computed (estimation of an unrestricted model [START_REF] Allison | Missing Data Techniques for Structural Equation Modeling[END_REF]). Modification indices were examined and additional residual correlations between subtests were included if they significantly improved the model fit in terms of chisquare test statistic. Model fits were assessed using the Comparative Fit Index (CFI) and the Root Mean Squared Error of Approximation (RMSEA) [START_REF] Hooper | Structural Equation Modelling: Guidelines for Determining Model Fit[END_REF]. To additionally check the consistency of the constructs, the direction of the associations between the three scores and known predictors (e.g. maternal education, schooling, etc.) was analyzed.

Covariates

Covariates were identified based on literature and a directed acyclic graph (Figure 2). Analyses were adjusted for the recruitment center ("Nancy", "Poitiers", "Brittany"), maternal education ("Baccalaureate or less", "Technology degree", "Bachelor or more"), maternal age at conception (continuous), maternal pre-pregnancy Body Mass Index (BMI; "Underweight", "Normal weight", "Overweight", "Obese", based on the WHO classification), maternal fish consumption before pregnancy ("Less than twice per week", "Twice per week or more"), parity ("Primiparous", "Non-primiparous"), child sex ("Female", "Male"), maternal smoking during pregnancy ("No", "Yes"), breastfeeding ("Breastfed less than 6 months", "Breastfed 6 months or more"), indicator of child stimulation at 24 months (based on weekly frequency of child-mother interactions including singing, reading story, playing games; continuous), Home Observation Measurement of the Environment at 5-6 years (HOME; continuous), method of child care ("Collective daycare facility", "Childminder or neighbor", "Family"), age at the cognitive test (continuous) and the French European Deprivation Index (EDI; at the neighborhood scale, for the 2007 year [START_REF] Pornet | Construction of an adaptable European transnational ecological deprivation index: the French version[END_REF]; continuous score ranging from -17.3 to 51.1).

Statistical analysis a) Imputation

Missing data in the exposure datasets were imputed only if they affected the prenatal period and did not exceed 10 weeks per participant (three participants affected for PM10 and PM2.5 with up to two weeks of exposure imputed and four participants affected for NO2 with up to 10 weeks of exposure imputed for one of them). Individuals with 11 weeks missing or more or missing data during the postnatal period were excluded from the analyses. Missing data were imputed by the mean of the previous and next values or by the nearest observation carried forward or backward in case the missing data affected the first or last windows of exposure.

To increase the statistical power of the analyses and avoid selection bias, missing data in the covariates were replaced using single imputation (predictive mean matching method) relying on prediction from exposure, covariates and outcome using the "mice" package (R; version 3.15.0).

Imputed and non-imputed datasets were compared using bivariate analyses and did not significantly differ (Table S2).

b) DLNM analyses

Distributed Lag Non-linear Models (DLNM) were used to explore the relationships between exposure to ambient air pollution and child cognitive function [START_REF] Gasparrini | Distributed lag non-linear models[END_REF]. A model including simultaneously 1) prenatal exposure, encompassing the first 35 gestational weeks as weekly average concentrations (1 st cross-basis) and 2) postnatal exposure, covering the first 60 months of life as monthly average concentrations (2 nd cross-basis) was fitted for each pollutant (PM10, PM2.5, NO2) and each cognitive score (General, Verbal and Non-verbal abilities) using the "dlnm" package (version 2.4.7).

This strategy allowed exposure matrices of the same length for all participants and clearly distinguished between pre-and postnatal exposure.

The dose-response relationship between ambient air pollutant exposure and cognitive scores was assumed to be linear. A non-linear lag-response was considered, using natural cubic splines with 4 degrees of freedom (based on the Akaike information criterion, unconstrained lag-response relationship and parsimony) for both cross-bases. The lag-response (β and 95% confidence interval (95%CI)) curves were modelled for an increase of 10 μg/m 3 of air pollutant exposure. A time period was considered as a sensitive window of exposure as long as the 95% CI of the lag-specific effect did not cross β = 0.

c) Sensitivity analyses

To assess the robustness of the results, analyses were repeated after restricting to mother-child pairs with no or very few uncertainties on residential history, no or very few date imputations and no geocoding at the city level (n = 1192).

Analyses were carried out using the R software (version 4.0.4).

Results

Population characteristics

Median mother's age was 29 years (IQR: 26.7, 32.6) at conception (Table 1). 36% of the mothers studied 3 years or more after the baccalaureate. Median child's age at assessment was 5 years (IQR: 5.6, 5.9). Almost 80% had not been exposed to prenatal maternal smoking and 75% were breastfed less than six months.

Median ambient air pollution levels over the pre-and postnatal follow-up were on average 19.3 μg/m 3 (IQR: 18.3, 20.0) for PM10, 12.4 μg/m 3 (IQR: 11.6, 13.1) for PM2.5 and 16.9 μg/m 3 (IQR: 15.5, 19.7) for NO2 (Table 1). Estimated concentrations tended to be lower during the summer season compared with the winter season, especially for NO2 (Figure 3). Exposure levels were comparable for males and females. Moderate to high Spearman correlations were observed between PM10 and PM2.5 (ρ = 0.92), PM10 and NO2 (ρ = 0.58), PM2.5 and NO2 (ρ = 0.55) as well as between prenatal and postnatal exposure: PM10 (ρ = 0.50), PM2.5 (ρ = 0.58) and NO2 (ρ = 0.85).

The two-factor second order CFA provided reasonable to good fit models to describe cognitive abilities: for EDEN, the CFI and RMSEA reached 0.96 and 0.06, respectively while for PELAGIE, the CFI and RMSEA were 0.92 and 0.06, respectively. General, Verbal and Non-verbal abilities distribution did not significantly differ by sex (P-value >0.05; Figure S3).

Participants included in the present study lived in places with significantly higher PM10, PM2.5 and NO2 levels and in more deprived areas than participants not included. Included mothers were more frequently overweight or obese, more often breastfed 6 months or more and were more likely to use a collective childcare facility to look after their child. The EDEN cohort was also significantly more represented than the PELAGIE cohort among included participants (Table S1).

Ambient air pollution and child cognitive function

Because trends in lag-responses observed for males and females differed, sex-specific results are presented in the next paragraphs (Figures S5-S7 for non-sex-stratified results).

In males, increased maternal exposure (10 μg/m 3 ) to PM10 during the end of the second and early third trimesters of pregnancy was significantly associated with lower General and Non-verbal abilities (Figure 4). Significant sensitive windows ranged between the 24 th and 33 rd weeks of gestation. In particular, an increased exposure (10 μg/m 3 ) of PM10 at the peak of the window (weeks 28-29 after conception) was associated with a 0.07 point (95%CI: -0.13; -0.01) decrease in the General score derived from CFA. Similarly, higher maternal exposure to PM2.5 between the 17 th and 30 th weeks of gestation was related to lower General and Non-verbal abilities (Figure 5). Maternal exposure to NO2 was adversely associated with the three cognitive abilities, with sensitive windows occurring slightly earlier than PM, during the second trimester of pregnancy (Figure S4). Sensitive windows of exposure more specifically encompassed the 15 th and 22 nd weeks of gestation. Of note, maternal exposure to PM10 before the 11 th week of gestation was related to higher scores for the three cognitive abilities (Figure 4), with an increased exposure (10 μg/m 3 ) of PM10 at the peak of the window (weeks 4-5 after conception) associated with a 0.09 point (95%CI: 0.02; 0.16) increase in the General score derived from CFA.

Regarding postnatal exposure, significant sensitive windows were only observed for PM2.5. Higher child exposure to PM2.5 between the 35 th and 52 nd months of life (i.e. 3-4 years) was associated with lower General, Verbal and Non-verbal abilities (Figure 5). Among females, an adverse relationship was only highlighted for PM2.5 and Non-verbal abilities for exposure occurring between the 28 th and 32 nd gestational weeks (Figure 5). Apparent protective associations were observed for exposure occurring before the 3 rd gestational week between NO2 and General and Verbal abilities (Figure S4) as well as for exposure occurring before the 6 th month of child life between PM2.5 and all the three cognitive abilities (Figure 5).

Sensitivity analysis

When restricting to participants with no or very few residential history uncertainties (n = 1192), the curves of the lag-response relationships were highly similar to the main analyses (Figures S8-S10, Figures S11-S13 for non-sex-stratified results). The significance and the length of the sensitive windows of the associations observed in the main analyses varied very little in the sensitivity analyses. Consistent with the main results, increased mid-pregnancy exposure to PM10, PM2.5 and NO2 exposure as well as PM2.5 child exposure at 3-4 years tended to be associated with lower cognitive abilities in males.

Sensitivity analyses further suggested some adverse effects of PM2.5 exposure at 2-3 years on General and Nonverbal abilities on females.

Of note, participants excluded for the sensitivity analysis were more frequently from the PELAGIE cohort, took the cognitive tests at a slightly older age and were exposed to lower levels of air pollution than the included participants (Table S3).

Discussion

This study explored the temporal relationship of pre-and postnatal exposure to PM10, PM2.5 and NO2 based on fine resolution PM exposure models with three scores of cognitive abilities among 1271 children from the French EDEN and PELAGIE mother-child cohorts. Lower males' General and Nonverbal abilities in relationship with increased exposure to PM10, PM2.5 and NO2 during mid-pregnancy was observed. Prenatal exposure to NO2 was related to lower males' Verbal abilities too. In addition, increased males' exposure to PM2.5 around 3-4 years was associated with lower General, Verbal and Non-verbal abilities. In females, an adverse association was solely highlighted between increased PM2.5 exposure during end-pregnancy and Non-verbal abilities. Some protective associations were punctually observed for the very first gestational weeks or months of life for both males and females, the different pollutants and cognitive scores.

Air pollution is pervasive and current research suggests that there is no safe level of air pollution exposure for human health [START_REF] Marks | Misuse of Pollution Reference Standards: No Safe Level of Air Pollution[END_REF]. In this work, participating women and children were exposed to PM and NO2 concentrations largely exceeding the WHO recommendations (PM10: 15 μg/m 3 ; PM2.5: 5 μg/m 3 ; NO2: 10 μg/m 3 annual mean): 19.3 μg/m 3 (IQR: 18.3, 20.0) for PM10, 12.4 μg/m 3 (IQR: 11.6, 13.1) for PM2.5 and 16.9 μg/m 3 (IQR: 15.5, 19.7) for NO2 (Table 1). In France, the sources of PM10 distribute as follows: 36% from the residential and tertiary sectors, 26% from industry, 25% from agriculture and 14% from transport. PM2.5 are mainly released by the residential and tertiary sectors (57%) while NOx are mainly attributed to transport (53%) [START_REF] Boullanger | Bilan de la qualité de l'air extérieur en France en[END_REF].

Increased exposure to PM10 between the 24 th and the 33 rd weeks of gestation was related to lower males' General, Non-verbal abilities in the main analysis. A few past studies observed adverse associations between prenatal PM10 exposure and similar cognitive measurements but also for other abilities. Loftus et al. concluded that prenatal exposure to PM10 was related to lower full-scale IQ, verbal IQ, fluid reasoning and quantitative reasoning scores at 4-6 years in American children [START_REF] Loftus | Prenatal air pollution and childhood IQ: Preliminary evidence of effect modification by folate[END_REF]. In Italy, lower cognitive scores assessed at 5-8 years through the Developmental Profile 3 were noticed for increased maternal exposure to PM10 during the second, third trimesters and overall pregnancy [START_REF] Girardi | Association between Exposure to Particulate Matter during Pregnancy and Multidimensional Development in School-Age Children: A Cross-Sectional Study in Italy[END_REF]. Of note, distributed lag models implemented in the Southern California Mother's Milk Study highlighted adverse associations between PM10 exposure during the 5 th and 6 th months of pregnancy (a sensitive window close to ours) and composite cognitive score assessed through the Bayley-III scale in 2-year-old children [START_REF] Morgan | Prenatal exposure to ambient air pollution is associated with neurodevelopmental outcomes at 2 years of age[END_REF]. Such detrimental association was not detected in a large study based on six European birth cohorts which followed younger children, assessed exposure at birth and used various neuropsychological batteries [START_REF] Guxens | Air pollution during pregnancy and childhood cognitive and psychomotor development: six European birth cohorts[END_REF].

Higher maternal exposure to PM2.5 between the end of the second and early third trimesters (17 th -30 th gestational weeks) was significantly associated with lower males' General and Non-verbal abilities, which tends to be consistent with PM10 results. A significant sensitive window at the same period was observed among females for Non-verbal abilities solely. An American multi-cohort study showed significant relationship between higher exposure to PM2.5 during the second trimester and lower IQ in 4-6-year-old males [START_REF] Ni | Associations of Pre-and Postnatal Air Pollution Exposures with Child Behavioral Problems and Cognitive Performance: A U.S. Multi-Cohort Study[END_REF]. Also, higher exposure to PM2.5 around 20-40 weeks gestation has been associated with lower IQ and attention among 6-year-old American males while increased exposure around 8-27 weeks gestation was related to lower visual memory, attention-concentration and general memory scores among females [START_REF] Chiu | Prenatal particulate air pollution and neurodevelopment in urban children: Examining sensitive windows and sex-specific associations[END_REF]. Similarly, increased PM2.5 exposure between the 6 th and 8 th months of pregnancy was associated with lower composite cognitive score in 2-year-old children from the Southern California Mother's Milk Study [START_REF] Morgan | Prenatal exposure to ambient air pollution is associated with neurodevelopmental outcomes at 2 years of age[END_REF]. In the INMA cohort, average exposure during pregnancy has been related to lower verbal and memory scores at 4-6-years among males [START_REF] Lertxundi | Prenatal exposure to PM2.5 and NO2 and sex-dependent infant cognitive and motor development[END_REF]. For its part, postnatal exposure to PM2.5 at age 3-4 years was related to lower males' scores for all three cognitive abilities investigated in the present study. Of note, significant sensitive windows were observed for postnatal exposure to PM2.5 at 2-3-year and General, Non-verbal abilities among females in sensitivity analyses. Such exposure assessed at school 2-3 years before cognitive tests has been linked with decreasing working memory in 11-years old Spanish children [START_REF] Forns | Longitudinal association between air pollution exposure at school and cognitive development in school children over a period of 3.5 years[END_REF] while postnatal exposure measured at home 1-2 years before cognitive tests was related to diminished performance IQ (through the matrix reasoning subscale) or the verbal IQ similarities subscale among 9-20 years old American [START_REF] Wang | Socioeconomic disparities and sexual dimorphism in neurotoxic effects of ambient fine particles on youth IQ: A longitudinal analysis[END_REF]. Using distributed lag models covering both pregnancy and the first seven years of life, Rivas et al. showed deleterious associations between exposure at 6-7 years to PM2.5 and lower working memory in males, and executive attention assessed in males and females at 8 years [START_REF] Rivas | Association between Early Life Exposure to Air Pollution and Working Memory and Attention[END_REF]. Of note, a trend for protective associations was observed between prenatal and early life exposure to PM2.5 and attentiveness. One study analyzing both pre-and postnatal exposure highlighted lower cognitive measurements among 4-5 years children for postnatal exposure only (with no sex-stratification [START_REF] Binter | Urban environment and cognitive and motor function in children from four European birth cohorts[END_REF]). Some past works did not highlight significant association between pre-or postnatal exposure to PM2.5 and child cognitive function [START_REF] Guxens | Air pollution during pregnancy and childhood cognitive and psychomotor development: six European birth cohorts[END_REF][START_REF] Harris | Prenatal and Childhood Traffic-Related Pollution Exposure and Childhood Cognition in the Project Viva Cohort (Massachusetts, USA)[END_REF][START_REF] Porta | Air Pollution and Cognitive Development at Age 7 in a Prospective Italian Birth Cohort[END_REF].

Maternal exposure to NO2 between the 15 th and 22 nd weeks of gestation was consistently associated with General, Verbal and Non-verbal abilities among males. A recent meta-analysis showed significant association between prenatal exposure to NO2 and lower global and fine psychomotor abilities but no significant relationship with language and cognitive development [START_REF] Shang | Effects of prenatal exposure to NO2 on children's neurodevelopment: a systematic review and meta-analysis[END_REF].

Unexpectedly, our results showed punctual protective associations between early pregnancy or postnatal exposure to PM10, PM2.5 or NO2 and the three cognitive measurements in males and females.

To the best of our knowledge, no biological hypothesis supports a favorable effect of air pollution exposure on cognitive function. These positive associations are unlikely to be causal. Protective associations observed for prenatal exposure might be attributed to chance or live-birth bias. Such bias has been frequently observed and described when examining prenatal environmental exposure and developmental outcomes, including in studies linking NO2 exposure and autism [START_REF] Leung | Bias due to Selection on Live Births in Studies of Environmental Exposures during Pregnancy: A Simulation Study[END_REF][START_REF] Raz | Live-Birth Bias and Observed Associations Between Air Pollution and Autism[END_REF] or perfluoroalkyl substances and attention-deficit/hyperactivity disorder [START_REF] Liew | Bias from conditioning on live birth in pregnancy cohorts: an illustration based on neurodevelopment in children after prenatal exposure to organic pollutants[END_REF].

It may also have occurred in a study very similar to the present work, which highlighted, among others, a protective association between average exposure to NO2 during pregnancy and Verbal IQ and no significant association for PM10 and PM2.5 in teenagers from the Dutch Generation R cohort [START_REF] Kusters | Air pollution exposure during pregnancy and childhood, cognitive function, and emotional and behavioral problems in adolescents[END_REF]. Indeed, the inevitable restriction of the analyses to live births may have excluded the most vulnerable fetuses as well as those exposed to both high air-pollution levels and other unmeasured causes of reduced fetal survival and cognitive function (known as collider) leading to distorted associations.

Interestingly, increased risk of stillbirth has been associated with PM exposure [START_REF] Sarovar | A case-crossover study of short-term air pollution exposure and the risk of stillbirth in California, 1999-2009[END_REF][START_REF] Xue | Estimation of stillbirths attributable to ambient fine particles in 137 countries[END_REF]. Also, the fetus may be more sensitive to air pollution in the first weeks of gestation, leading to a more noticeable live-birth bias for exposure in early pregnancy than later pregnancy. Indeed, it is estimated that around 80% of all cases of pregnancy loss occur within the first trimester [START_REF] Wang | Conception, early pregnancy loss, and time to clinical pregnancy: a population-based prospective study[END_REF][START_REF] Wilcox | Incidence of early loss of pregnancy[END_REF]. The protective associations may also be partly due to residual confounding by socioeconomic factors and parents' intelligence. Large cities may concentrate high air pollution levels but also families with high educational attainments and income as well as stimulating extra-curricular activities. More generally, the results of this study may be affected by chance leading to spurious associations.

The ability of PM and NO2 to induce oxidative stress and inflammation have been identified as key mechanisms underpinning their neurotoxicity by in vitro, animal and epidemiological studies [START_REF] Costa | Neurotoxicants are in the air: convergence of human, animal, and in vitro studies on the effects of air pollution on the brain[END_REF][START_REF] Kelly | Oxidative stress: its role in air pollution and adverse health effects[END_REF]. These mechanisms may occur in the mother, in the developing fetus and in the child and may be both systemic and localized in the brain after pollutants crossed the blood-air, blood-placental and blood-brain barriers or directly crossed the nasal olfactory mucosa [START_REF] Bongaerts | Translocation of (ultra)fine particles and nanoparticles across the placenta; a systematic review on the evidence of in vitro, ex vivo, and in vivo studies[END_REF][START_REF] Brockmeyer | How air pollution alters brain development: the role of neuroinflammation[END_REF][START_REF] Costa | Effects of air pollution on the nervous system and its possible role in neurodevelopmental and neurodegenerative disorders[END_REF]. Oxidative stress and inflammation can impair the placenta function and subsequently fetal development including brain structures and circuits, with lifelong consequences [START_REF] Saenen | Air pollution-induced placental alterations: an interplay of oxidative stress, epigenetics, and the aging phenotype?[END_REF][START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF]. Alterations are diverse including placental epigenic changes [START_REF] Abraham | Pregnancy exposure to atmospheric pollution and meteorological conditions and placental DNA methylation[END_REF][START_REF] Saenen | Air pollution-induced placental alterations: an interplay of oxidative stress, epigenetics, and the aging phenotype?[END_REF], release of pro-inflammatory cytokines, neurotransmitter imbalance partly mediated by microglial activation (which modulates, among others, neurogenesis and angiogenesis) and astrocytes, oligodendrocytes dysfunction, white matter changes [START_REF] Allen | Cognitive Effects of Air Pollution Exposures and Potential Mechanistic Underpinnings[END_REF][START_REF] Morimoto | Role of the Immune System in the Development of the Central Nervous System[END_REF][START_REF] Morris | Early life exposure to air pollution impacts neuronal and glial cell function leading to impaired neurodevelopment[END_REF]. These alterations may possibly be amplified by mitochondrial dysfunction [START_REF] Morris | Early life exposure to air pollution impacts neuronal and glial cell function leading to impaired neurodevelopment[END_REF].

The developing fetus and the young child are particularly vulnerable because of the rapid neural development, the high metabolic demand of brain, its rich lipid composition, its antioxidant deficiencies and child's higher respiratory rate to body size, specific behavior, etc. [START_REF] Ha | Air pollution and neurological development in children[END_REF]Xu et al., 2016).

Because of the sequential development of the brain, any disruption in the process may successively affect various structural regions and different cognitive domains depending on the timing, the dose of exposure and the sensitivity of the regions [START_REF] Herting | Outdoor Air Pollution and Brain Structure and Function From Across Childhood to Young Adulthood: A Methodological Review of Brain MRI Studies[END_REF][START_REF] Volk | Prenatal air pollution exposure and neurodevelopment: A review and blueprint for a harmonized approach within ECHO[END_REF]. This may support differential effects across cognitive abilities [START_REF] Peyre | Differential effects of factors influencing cognitive development at the age of 5-to-6 years[END_REF].

Consistently with past reviews [START_REF] Ha | Air pollution and neurological development in children[END_REF][START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF], adverse significant associations were mainly observed for males in the present study. Sexual dimorphism in brain structure, function development and neurodevelopmental disorders has been widely documented and males' greater vulnerability to certain factors is established [START_REF] Geschwind | Cerebral Lateralization: Biological Mechanisms, Associations, and Pathology: I. A Hypothesis and a Program for Research[END_REF][START_REF] López-Ojeda | Sexual Dimorphism in Brain Development: Influence on Affective Disorders[END_REF][START_REF] Pallayova | Update on Sexual Dimorphism in Brain Structure-Function Interrelationships: A Literature Review[END_REF][START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF]. The underlying biological mechanisms are still speculative; they may be linked with the sex chromosomes and hormones. In particular, in females, estrogens exert anti-inflammatory activity that might regulate inflammation initiated in response to air pollution [START_REF] Shivers | Estrogen alters baseline and inflammatory-induced cytokine levels independent from hypothalamic-pituitaryadrenal axis activity[END_REF]. Besides, animal studies suggested neurodevelopmental disorder and cognitive impairment may be linked with changes in gene expression notably related to serotonin signaling, endocytosis, Gαi, cAMP signaling, as well as inflammatory pathways in males specifically [START_REF] Yi | In-utero exposure to air pollution and early-life neural development and cognition[END_REF]. Differences in male and female microglia (morphology and number) may also partly explain sex-differences [START_REF] Hanamsagar | Sex differences in neurodevelopmental and neurodegenerative disorders: Focus on microglial function and neuroinflammation during development[END_REF]. More generally, it has been demonstrated that male embryos show a greater vulnerability to environmental factors which may be related to a lower immune compatibility in maternal-fetal interactions compared with female embryos, leading to a possible higher immune response and proinflammatory state in male fetuses [START_REF] Capriati | Genome-wide analysis of sex-specific differences in the mother-child PELAGIE cohort exposed to organophosphate metabolites[END_REF].

Limitations should be acknowledged. First, as previously mentioned, bias due to selection on live births, residual confounding or chance finding may have occurred. Second, covariates were not always collected with the same degree of detail for EDEN and PELAGIE which often resulted in a loss of information during pooling. Despite the implementation of a dedicated pooling approach for cognitive data, one should keep in mind that child intelligence was assessed using different tests and at slightly different ages in the two cohorts. Maternal IQ was not available for the two cohorts and therefore could not be adjusted for. Third, measurement error in the air pollutant estimates exists. Change in the measurement techniques used by the national air quality monitoring stations to include semi-volatile PM in 2007 for PM10 and in 2008-2009 for PM2.5 resulted in an underestimation of PM concentrations before these dates [START_REF] Hough | Gaussian Markov random fields improve ensemble predictions of daily 1 km PM2.5 and PM10 across France[END_REF]. This change may have affected the postnatal trajectory of exposure to PM and our ability to detect significant sensitive windows. Also, the NO2 model spatial resolution was lower (4 km) and tended to overestimate concentrations in rural areas [START_REF] Real | Historical reconstruction of background air pollution over France for 2000-2015[END_REF].

Besides, exposure was assessed at participants' home address solely, without taking into account pregnant women and their child's travel or indoor pollution. All these elements may lead to nondifferential error resulting in an underestimation of the risk. Fourth, this work did not consider PM chemical composition that may vary geographically [START_REF] Van Donkelaar | Regional Estimates of Chemical Composition of Fine Particulate Matter Using a Combined Geoscience-Statistical Method with Information from Satellites, Models, and Monitors[END_REF] and may differently affect health [START_REF] Park | Differential toxicities of fine particulate matters from various sources[END_REF]. Due to the correlation between PM and NO2 levels and to model complexity, the present work also did not implement multi-pollutant models to rule out co-pollutant confounding. It did not adjust for noise because of a lack of valid data.

This work shows several strengths, however. This is one of the first studies considering air pollution exposure on the long term, taking into account both pre-and postnatal exposure at a fine temporal resolution (weeks and months). Both air pollution models covered the EDEN and PELAGIE cohorts homogeneously in time and space. The PM models notably rely on an innovative multi-stage ensemble model showing good performance (with a mean absolute error of 4.26 μg/m 3 and R 2 = 0.71 for PM10, and a mean absolute error of 2.72 μg/m 3 and R 2 = 0.76 for PM2.5; [START_REF] Hough | Gaussian Markov random fields improve ensemble predictions of daily 1 km PM2.5 and PM10 across France[END_REF]). DLNM make use of these data to explore sensitive windows, with no a priori, dealing with the correlation of exposure over time and lagged effects. Second, child cognitive function was assessed using several standardized and validated neuropsychological testing tools, implemented by trained psychologists, according to rigorous protocols. Finally, the analyses took advantage of two distinct French motherchild cohorts with highly similar protocols. Pooling these two cohorts improved the representativity of the sample in terms of participants' characteristics, exposure levels and also increased the sample size and so the statistical power.

Conclusion

This work expands research on the effect of early life exposure to air pollution on child cognitive development. Analyzing the time dimension of the exposure-response relationship, it suggests deleterious associations between PM10, PM2.5 and NO2 exposure during mid-pregnancy and to PM2.5 around 3-4 years and General, Verbal and Non-verbal abilities in school-age males. It shows also unexpected protective associations possibly due to live-birth bias, residual confounding or chance finding. The effects could be substantial at the population level considering the ubiquitous exposure to air pollution. 
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 123 Figure 1: Flow chart of the study populationAll EDEN participants were eligible to take the cognitive tests while in PELAGIE only a sub-sample were selected to take the cognitive tests.
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 4 Figure 4: Sex-stratified lag-specific effect of a 10 μg/m 3 increase in PM10 concentration on children's cognitive abilities -Main analyses Shaded areas represent the 95% CI of the estimate. Abbreviations: CI: Confidence Interval. Models adjusted for the recruitment center, maternal education, maternal age at conception, maternal prepregnancy Body Mass Index, maternal fish consumption before pregnancy, parity, child prenatal tobacco exposure, breastfeeding, child stimulation through maternal interactions, Home Observation Measurement of the Environment, method of child care, age at the cognitive test and the French European Deprivation Index. n = 1271 mother-child pairs from the EDEN and PELAGIE cohorts.
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