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Background: Peer relationships are an important aspect of child development that are often overlooked. Maternal pre-pregnancy body mass index (BMI) may influence peer relationships through intrauterine mechanisms affecting fetal neurodevelopment or through postnatal mechanisms including social discrimination of the obese mother/child. This study aimed to determine the relationship between maternal pre-pregnancy BMI and child peer-relationship problems around 5 years old, including preterm and term-born children.

Methods and findings: Maternal BMI and offspring peer-relationship problems were assessed in participants of three French birth cohorts: EDEN (n = 1,184 children born at term), ELFE (n = 10,889 children born ≥33 weeks of gestation) and EPIPAGE-2 (n = 2,646 children born 23–34 weeks of gestation). Reported or measured pre-pregnancy weight (kg) and height (m) were collected from mothers and used to calculate BMI (kg/m2). Offspring peer-relationship problems were assessed using the Strengths and Difficulties Questionnaire at 5.5 years. Logistic regression was used to estimate odds ratios (OR) of a high peer-relationship problem score (≥3) in EDEN and ELFE, and generalized estimated equations were used in EPIPAGE-2 to account for the large number of multiple births. Paternal BMI was used as a negative control in sensitivity analyses. Maternal pre-pregnancy obesity was associated with increased odds of a high peer-relationship problem score in all three cohorts, independent of confounding factors [adjusted OR 2.27 (1.32, 3.88); 1.52 (1.29, 1.78); 1.44 (1.04, 1.99); for EDEN, ELFE and EPIPAGE-2, respectively]. Additional analysis based on negative controls (i.e., adjusting for paternal BMI) showed the same pattern of associations.

Conclusion: High maternal pre-pregnancy BMI is associated with greater likelihood of a high peer-relationship trouble score in offspring around 5 years of age in both children born preterm and at term.
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Introduction

The perinatal period is an extremely important timeframe for neurodevelopment, sensitive to both environmental and biological stressors. Such stressors are believed to impair normal growth and development and create the basis for the Developmental Origins of Health and Disease (DOHaD), an approach in public health research focused on the role of the pre- and perinatal environment in determining the development of diseases in adulthood [1]. Maternal pre-pregnancy obesity is a potential stressor on fetal development that has been exponentially increasing in prevalence worldwide [2]. The exact mechanisms through which maternal obesity may cause insults to the developing fetus remain to be elucidated. However, metabolic changes, inflammation, variations in the steroid or hormonal environment and induced epigenetic changes (that may occur as a consequence of the previous factors) have been identified as likely culprits [3]. In particular, large epidemiological studies have linked maternal pre-pregnancy obesity to a host of neurodevelopmental issues for the offspring including autism spectrum disorder, schizophrenia, cognitive impairment, attention deficit hyperactivity disorder (ADHD), depression and anxiety [3]. Nevertheless, whether maternal obesity affects the development of peer-relationship problems in childhood has not been studied in detail, despite the significance of peer relationships in healthy development.

Peer relationships are an important aspect of child development that often seems to be overlooked. Yet, they represent an “absolute necessity for healthy cognitive and social development and socialization” [4]. Studies show that early peer relationships affect early adulthood social adjustment. Correlations have been observed between early relationships and externalizing symptoms such as aggressive, suicidal, and illegal behavior [5–7] and internalizing problems such as anxiety and depression [8]. Children with good peer relationships also tend to accomplish more academically, have greater emotional wellbeing, and value prosocial behavior more strongly than children with troublesome peer relationships [5, 9].

Though several studies have examined the role of maternal pre-pregnancy obesity on child behavior in general, many do not discriminate between domains. Yet, in the few that have examined different aspects of behavior separately, the associations observed are usually far from uniform across domains [10–12]. With regards to peer-relationship problems, some prospective cohort studies have noted a positive association between maternal pre-pregnancy obesity and peer problems in childhood with up to twofold increased odds [10, 13], while others have observed no association [12, 14, 15] and in one, the association varied depending on the reporter (parents or teacher) [11]. All of these studies were quite limited in the confounding factors they accounted for, some of which have been quite consistently linked to child neurodevelopment, such as the maternal diet and maternal alcohol intake [16, 17]. Other factors are likely important candidates for confounding, such as maternal physical activity and maternal mental health [18, 19] and were also not taken into account. In addition, none of these studies were able to evaluate the same children across time, yet the severity of symptoms may vary with time and depend strongly on the types of environments children are exposed to at different ages. Finally, to our knowledge, there are no studies that have examined the impact of maternal pre-pregnancy obesity on the development of peer problems in preterm offspring, who represent a developmentally unique group already at increased risk of neurodevelopmental deficits, including behavioral problems, compared to children born at term [20, 21].

Thus, the objective of our study was to determine whether maternal pre-pregnancy body mass index (BMI) was associated with peer-relationship problems in children between the ages of 3–8 years in three French birth cohorts, one of which is a large cohort of infants born moderately to extremely preterm (<34 weeks gestation) while simultaneously adjusting for important potential confounders of the relationship such as maternal lifestyle behaviors (diet, exercise, alcohol and tobacco consumption) and maternal mental state during pregnancy.



Materials and methods


Study populations
 
EDEN

EDEN is a mother-child cohort initiated in the French cities of Nancy and Poitiers in 2003 [22]. Its goal was to study both pre- and post-natal determinants of child health and development. A total of 2002 expecting mothers (<24 weeks of gestation) agreed to participate in the study and were recruited from two maternity clinics if they had singleton pregnancies, no known diabetes before pregnancy, were French literate and had no plans to move out of the region in the following 3 years. During pregnancy, 95 of these mothers withdrew from the study (Supplementary Figure 1a). Data collection was via questionnaires, clinical examinations and cognitive assessments from pregnancy to 12 years of age and is still ongoing. At study enrollment, written informed consent was obtained from parents.



ELFE

ELFE (French Longitudinal Study since Childhood) is a nationwide mother-child cohort that was initiated in 2011 to study the determinants of child health, development and socialization from birth and throughout the lifecourse [23]. Maternities throughout metropolitan France were randomly selected and 320 (92%) agreed to participate. Recruitment took place over 25 days divided into four periods during the year. Mothers were approached after delivery if they had: birth(s) ≥33 weeks of gestation, were at least 18 years old, and had no plan to leave metropolitan France in the following 3 years. Consent was obtained from parents or the mother alone (with the father informed of his right to oppose) at enrollment and all documents were available in French, English, Arabic and Turkish.

A total of 18,040 mothers agreed to participate in ELFE and gave birth to 18,329 babies (Supplementary Figure 1b). Since enrollment, 59 women asked to withdraw from the study, giving rise to an initial study population of 18,270 children. Data collection was via phone interview, internet and paper questionnaires with one or both parents, home visits and physician-filled questionnaires. Biological samples were also collected, school medical examination records were obtained and nursery schoolteachers completed questionnaires.



EPIPAGE-2

EPIPAGE-2 is a population-based French cohort of infants born preterm designed to study the determinants of preterm birth, short and long-term outcomes and the impact of changes in provided care and practices on preterm infants [24]. Participants were recruited from March to December 2011 in all maternities throughout 25 of 26 regions of France. Live born, stillborn, and terminations of pregnancy between 22 and 34 weeks of gestation were eligible. Participants were classified into one of three gestational age groups: extremely preterm (22–26 weeks of gestation), very preterm (27–31 weeks), or moderately preterm (32–34 weeks) and longer recruitment periods were undertaken for smaller gestational age groups. A total of 7,804 were enrolled in EPIPAGE-2, of these, 4,467 infants were discharged from neonatal care alive and 177 withdrew (family refused or child died), resulting in 4,290 infants eligible for follow-up (Supplementary Figure 1c).

Data were collected at birth and during the neonatal period by questionnaires completed by the obstetrical and neonatal teams or extracted from medical records. Information in the follow-up period was collected through questionnaires completed by parents, physicians, and/or health assessments at regional exam centers.




Ethics

Ethics approval for data collection in ELFE and EPIPAGE-2 was obtained from the French National Commission on Informatics and Liberty (CNIL), the Advisory Committee on Information Processing in Maternal Research in the Field of Health (CCTIRS) and the Committee for the Protection of People (CPP). The EDEN cohort was approved by the Bicêtre Hospital ethics committee and the CNIL.



Exposure assessment

In EDEN, maternal height was measured by midwives and pre-pregnancy weight was self-reported between 24 and 26 weeks of gestation. In ELFE, information on pre-pregnancy weight and height were collected in face-to-face interviews or self-administered questionnaires at the time of delivery. In EPIPAGE-2, information about pre-pregnancy weight and height were extracted from medical records. Pre-pregnancy BMI was calculated and classified as: underweight (<18.5kg/m2), normal (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2) and obese (≥30 kg/m2).



Outcome assessment

The Strengths and Difficulties Questionnaires (SDQ) is a validated tool used to assess behavioral difficulties in children [25]. It includes five domains: peer-relationship troubles, hyperactivity-inattention, emotional symptoms, conduct problems and prosocial behavior. Each domain is comprised of 5 items, the following are the items included in the peer-relationship domain: (1) rather solitary, tends to play alone; (2) has at least one good friend; (3) generally liked by other children; (4) picked on or bullied by other children; (5) gets on better with adults than other children. The responses vary on a 3-point Likert scale from “Not true (0 points)” to “A little true (1 points) to “Very true (2 points).” This results in a score ranging from 0 to 10 for each domain.

The SDQ was administered to parents when children were aged 3, 5.5 and 8 in the EDEN cohort, and 5.5 years in ELFE and EPIPAGE-2. In ELFE, SDQ data were collected for 11,247 children and after excluding the small number of twins, the study sample was comprised of 10,889 children. In EPIPAGE-2, SDQ data were collected for 2,646 children. The mean scores were: 1.2, 1.2 and 1.5 for EDEN, ELFE and EPIPAGE-2, respectively. A score ≥90th percentile in EDEN and ELFE was considered “high-risk” for all three cohorts, which corresponded to a score ≥3. This threshold corresponded to the 88th percentile in EPIPAGE-2 and is consistent with the classic SDQ cut-off, which considers the extreme 10% of the population as the “high-risk” group [25].



Covariates

Covariates collected from parents in all cohorts included parental: age, level of education, country of birth, employment status, household income or socioeconomic status, cohabitation and region of residence. Variables related to the pregnancy were: folic acid intake before conception, parity, gestational weight gain (GWG; EDEN/ELFE), gestational diabetes (GDM), pre-existing diabetes (ELFE), hypertension in pregnancy, pre-eclampsia, psychiatric problem before or during pregnancy (EDEN/ELFE) or anxiety score during pregnancy (EPIPAGE-2), maternity center, cause of prematurity (EPIPAGE-2), type of delivery, and duration of breastfeeding. Maternal lifestyle covariates encompassed: smoking in pregnancy, alcohol intake in pregnancy (EDEN/ELFE), dietary profile score during pregnancy (EDEN) [26]/score of adherence to the National Nutrition guidelines for pregnant women (ELFE) [27] and physical activity score [EDEN: ad-hoc from principal component analysis; ELFE: score derived from the Pregnancy Physical Activity Questionnaire = metabolic equivalents (METS)activity × time (hours) × 7 days] [28]. Lastly, variables related to the child were: gestational age at birth, sex, birth weight, childcare from birth to 5 years, sleep duration at 2 years (EDEN/ELFE), night waking at 2 years (EDEN/EPIPAGE-2), difficulty falling asleep (ELFE only, at 2 years), duration of weekly screentime at 2 years (ELFE) and the HOME (Home Observation Measurement of the Environment) questionnaire (5.5 years) which measures the level of stimulation in the child's home environment (EDEN/EPIPAGE-2) [29].



Statistical analyses
 
Missing data and weighting

Missing data were imputed using multiple imputation with chained equations, generating 60 datasets in EDEN, 45 in ELFE and 65 in EPIPAGE-2. The number of imputed datasets was chosen based off the fraction of missing information in the parameters included in the procedure. The variables included in the multiple imputation were all those listed previously. To impute categorical variables, the discriminant function method was employed, and predictive mean matching was used to impute quantitative variables.

We previously observed differences in attrition by baseline characteristics in EDEN [30]. Inverse probability weighting was used to correct this bias due to loss to follow-up. Logistic regression (EDEN and ELFE) or generalized estimating equations (GEE; to take into account the large proportion of multiple births; EPIPAGE-2) were fit for baseline data associated with not having available data for the SDQ (p < 0.20) to calculate stabilized weights. The best models were chosen based on parsimony and by comparing Akaike information criterion (AIC) between nested models.



Data analysis

Descriptive analyses were performed on all populations to describe the overall distribution of characteristics. In EPIPAGE-2, the descriptive statistics were weighted to account for the recruitment scheme. Characteristics of participants with low and high (≥3) peer-relationship trouble scores were compared using ANOVA or chi2 test, as appropriate.

A thorough review of the literature and the construction of a DAG identified potential confounding factors. Logistic regression was then used to analyze the association between maternal pre-pregnancy BMI and either a high score on the peer-relationship trouble domain (EDEN, ELFE, EPIPAGE-2) or a high peer-relationship trouble score trajectory (EDEN) for all children with follow-up. Models were adjusted for all potential confounding factors identified in the literature review and confounders were retained if they contributed to lowering the AIC, if they modified the beta coefficients (>10%) or if they were considered essential to adjust for (i.e., sex). All statistical analyses were completed in SAS 9.4 (SAS Institute Inc, Cary, NC).




Sensitivity analyses

First, linear regression was conducted in all cohorts between maternal pre-pregnancy BMI and the continuous score on the SDQ peer-relationship problem domain. Next, complete case analyses were conducted using only mother-child pairs with no missing data for the exposure, outcome or covariates. Third, we tested for interactions with sex, gestational age, singleton pregnancy (ELFE and EPIPAGE-2) and cause of prematurity (EPIPAGE-2).

Fourth, paternal BMI can provide valuable information as a negative control. Using paternal BMI could provide support for a direct, causal association of maternal BMI if paternal BMI does not have a similar magnitude as maternal BMI with child peer-relationship problems [31]. We both adjusted for paternal BMI in the same model with maternal pre-pregnancy BMI, as well as ran analyses with paternal BMI separately, considered as the main exposure. Due to the high amount of missing data for paternal BMI in ELFE (31.0%) and EPIPAGE-2 (64.9%) we also ran complete-case analyses using only observations for which paternal BMI was not imputed.

Fifth, as we had SDQ data available at three time points in EDEN [3 (n = 1,307), 5.5 (n = 1,184), and 8 years (n = 875)], we conducted group-based trajectory modeling, which allowed the identification of specific clusters of children with similar developmental patterns over the time period. These clusters were not based on a set of pre-defined characteristics, but rather the scores of the SDQ [32]. Each child with at least one SDQ assessment was included, resulting in a study population of 1,428 children. The procedure used to derive the trajectories has been detailed previously [33]. Briefly, trajectories were derived using semi-parametric mixed models with censored-normal distributions. To identify the best models, the Bayesian Information Criterion was used to single out the ideal models with respect to the number of groups and polynomial order. The quality of the model was evaluated by maximizing the posterior probability of group membership according to recommendations (≥0.7) [32]. Three groups of peer-relationship problems were derived: low (17.7%), medium (75.5%), and high (6.8%), which were subsequently classified into high vs. other. We also conducted individual analyses in children at 3 and 8 years.




Results


Descriptive

The descriptive characteristics of the EDEN population are shown in Table 1A. Children with higher peer-relationship trouble scores were more likely to be the first born, to have mothers with psychological problems during pregnancy and to have a smaller gestational age. The descriptive characteristics of the ELFE and EPIPAGE-2 populations are displayed in Tables 1B,C. In both cohorts, children with higher peer-relationship problem scores at 5 years had slightly younger mothers, who were more likely foreign-born, with lower socioeconomic status, and primiparous. In ELFE, children with more peer-relationship problems were more likely born to underweight or overweight/obese mothers, who were more likely to have GDM, hypertension, psychological problems, smoke during pregnancy and have worse diet quality. The children were also more likely to have their parents care for them than professionals and to have a higher weekly duration of screentime and more sleep difficulties. In EPIPAGE-2, higher scores were observed more often in children with lower birthweight, who were born more premature, in mothers without normal BMI, in mothers without hypertension, and mothers with higher anxiety scores during pregnancy. The children were more often cared for by parents, had more frequent night waking at 2 years, and had less stimulating home environments.


Table 1A. Descriptive characteristics of the EDEN study population overall and by SDQ peer-relationship score at 5.5 years (n = 1,184).

[image: Table 1]


Table 1B. Descriptive characteristics of the overall population and by SDQ peer-relationship trouble score in ELFE (n = 10,889).
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Table 1C. Descriptive characteristics of the overall population and by SDQ peer-relationship trouble score in the EPIPAGE-2 study (n = 2,646) weighted by gestational age group.
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Maternal BMI and offspring peer-relationship problems

In unadjusted logistic regression, maternal pre-pregnancy obesity was associated with more than two-fold increased odds of a high peer-relationship problem score at 5.5 years in EDEN and two-fold increased odds of a high score at 5.5 years in ELFE (Table 2). The magnitude of the unadjusted relationship in infants born premature was relatively smaller [OR 1.62 (1.19, 2.20)]. In all three cohorts, adjustment for covariates slightly attenuated the magnitude of the association, however, the association remained statistically significant in the final models.


TABLE 2 Association between maternal pre-pregnancy body mass index and high peer-relationship problem scores at 5.5 years in the EDEN, ELFE, and EPIPAGE-2 cohorts.

[image: Table 2]

Maternal pre-pregnancy overweight was not associated with high offspring peer-relationship problem scores in EDEN or EPIPAGE-2 [aOR 1.06 (0.66, 1.69); aOR 1.03 (0.77, 1.38), respectively]. In ELFE, maternal overweight was associated with 20% increased odds of a high peer-relationship problem score at 5.5 years in adjusted analyses.

Maternal pre-pregnancy underweight was not associated with peer-relationship problem scores in EDEN [aOR 1.14 (0.61, 2.13)], but it was associated with 30% increased odds of a high peer-relationship problem score in ELFE and near the limit of statistical significant in EPIPAGE-2 [aOR 1.51 (0.98, 2.31)].



Sensitivity analyses

Linear analyses in both EDEN and ELFE supported a positive association between maternal pre-pregnancy obesity and high offspring peer-relationship problem scores around 5 years of age (Supplementary Table 1). In EPIPAGE-2, a positive relationship between maternal obesity and increasing peer-problem scores was observed in univariate analyses but attenuated below the threshold of statistical significance after adjustment for confounders [aβ 0.19 (−0.04, 0.41)]. Maternal overweight was not associated in linear analyses with increasing peer-relationship problem scores in any of the three cohorts. But, maternal underweight was associated with increasing peer-relationship problem scores in ELFE [aβ 0.12 (0.02, 0.23)] and showed a higher, though non-statistically significant magnitude in EPIPAGE-2 [aβ 0.24 (−0.06, 0.52)].

In complete-case analyses the associations observed changed little from those observed in the main results (Supplementary Table 2). None of the interactions tested were significant in EDEN or ELFE (p > 0.10). On the other hand, in EPIPAGE-2, we observed a significant interaction between maternal BMI and the cause of prematurity (p = 0.04; Supplementary Table 3). When the cause of prematurity was due to a vascular pathology, isolated placental abruption or isolated intrauterine growth restriction (IUGR) the odds of an increased peer problem score in offspring of both underweight and obese mothers was much higher [aOR 3.16 (1.22, 8.91); 2.57 (1.57, 4.21) for underweight and obese, respectively]. There was no association between maternal pre-pregnancy BMI and offspring peer-relationship problems in women with preterm labor [aOR 1.06 (0.58, 1.94); 1.37 (0.78, 2.41) for underweight and obese, respectively]. On the other hand, we observed an inverse, though non-statistically significant, association between pre-pregnancy obesity and offspring peer-relationship problems when the cause of prematurity was preterm premature rupture of the membranes [PPROM; aOR 0.50 (0.23, 1.06)].

Adjustment for paternal BMI did not change estimates in any cohort (Figure 1). When paternal BMI was modeled separately without maternal BMI it was not associated with offspring peer-relationship problems [aOR 1.40 (0.69, 2.88); aOR 1.20 (0.96, 1.51); aOR 1.13 (0.70, 1.82); for paternal obesity in EDEN, ELFE, and EPIPAGE-2, respectively].
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FIGURE 1
 Adjusteda odds ratios for a high peer-relationship score trajectory from 3 to 8 years (EDEN, n = 1,428), a high peer-relationship score at 5.5 years (ELFE, n = 10,889) and a high peer-relationship score at 5 years in EPIPAGE-2 (n = 2,646). aAdjusted for study center (EDEN), maternal education, household monthly income (ELFE), household socioeconomic status (EPIPAGE-2), parity, sex, psychological problems during pregnancy (EDEN + ELFE), maternal age at birth, singleton pregnancy (EPIPAGE-2), maternal physical activity during pregnancy (EDEN + ELFE), maternal diet in pregnancy (EDEN + ELFE), maternal alcohol intake during pregnancy (EDEN + ELFE), maternal smoking during pregnancy, maternal anxiety during pregnancy (EPIPAGE-2), gestational age, child age at evaluation, childcare at 2 years, cause of prematurity (EPIPAGE-2) and paternal BMI.


Similar relationships between maternal obesity and underweight with offspring peer-relationship problem score trajectories (3–8 years) were observed as those at 5.5 years in EDEN (Supplementary Table 4). The magnitude of the relationship with maternal overweight was higher but statistically non-significant with the 3–8 year peer-relationship problem score trajectories. In individual analyses at 3 years in EDEN, none of the maternal pre-pregnancy BMI classes were associated with high offspring peer-relationship problem scores. At 8 years, none of the estimates reached statistical significance but were similar in magnitude to those estimated in ELFE at 5.5 years.




Discussion

Using data from three French birth cohort studies, including a large study of infants born premature, we found that children whose mothers were obese before pregnancy were much more likely to have adverse peer-relationship problems at 5 years of age than children whose mothers had a healthy pre-pregnancy BMI. The fact that we observed this relationship in three separate cohorts with children around the same age, using both clinically significant thresholds and continuous scores further strengthens our results. Our findings were also robust to adjustment for a variety of important confounding factors that previous studies did not take into account, such as maternal diet, physical activity, and alcohol intake. Paternal BMI was not associated with peer-relationship problem scores and did not change our estimates when it was included in the model, in favor of a direct intrauterine effect of maternal BMI on the offspring rather than residual confounding by genetics or the postnatal environment.

Our findings are consistent with previous studies that also observed an increased risk of social problems in children born to mothers with pre-pregnancy obesity [10, 11, 13]. However, not all of these studies are completely in accordance. Jo et al. [10] only observed this relationship among mothers in obesity class II/III (≥35 kg/m2) and the relationship showed no association with obese class I [OR = 1.01 (0.57, 1.78)]. On the other hand, Mikkelsen et al. [13] observed a significant association in both overweight and obese mothers. Menting et al. [11] only reported a significant association between teacher-rated peer-relationship problems and maternal pre-pregnancy obesity, but not mother-rated social problems. Finally, several other studies did not observe any relationship with maternal obesity and peer-relationship problems in offspring [12, 14, 15]. One reason for the variability in the results could be the age of evaluation, ages ranged from 4 to 8 years and a child at ages 3/4 vs. 5/6 or 7/8 years old are at very different developmental stages with regards to social and emotional development [34]. Indeed, we observed no association at 3 years in EDEN, despite observing a non-statistically significant association at 8 years of similar magnitude to that of ELFE and EPIPAGE-2 at 5 years. There may also be disparity in the results due to the wide range of countries across these studies, as the impact of maternal obesity may differ across ethnic groups [35].

In EDEN, we observed the strongest association between high maternal pre-pregnancy BMI and offspring peer problems at 5.5 years. Peer problems may not yet be as evident in children as young as 3 years old, as social development is still quite immature. To our knowledge, the youngest age that peer problems have been examined in association with maternal pre-pregnancy BMI is around 4 years old [12]. This study did not observe a relationship between mothers with severe pre-pregnancy obesity (≥40 kg/m2) and offspring peer-relationship problems, however, the cohort was relatively small. On the other hand, at 8 years, our results suggest a tendency toward increased peer-relationship problems that was not statistically significant. This could be due to a lack of statistical power in our 8-year population, but Robinson et al. [14] did not observe a relationship between obesity or severe obesity and child-relationship problems in children at 7–8 years. Conversely, Menting et al. [11] observed increased likelihood of teacher-reported peer-relationship problems in children between 5 and 7 years. In preterm children, socio-emotional or internalizing problems evaluated at 2 years old have been found to predict peer relationship problems at 5 years and psychiatric diagnoses at 11 years [21]. More studies are required to examine the longitudinal effects of maternal pre-pregnancy BMI on peer-relationship problems.

Only one other study that found a link between maternal obesity and offspring peer-relationship problems was able to use paternal BMI as a negative control. In this large Danish cohort, an association of similar magnitude was observed with both maternal and paternal BMI and peer-relationship problems [13]. We found that adjustment for paternal BMI did not change the association between maternal BMI and offspring peer-relationship problems nor was paternal BMI independently associated with peer-relationship troubles in our imputed and weighted models, in favor of a direct intrauterine effect of maternal BMI rather than residual confounding by genetics or the environment. Other studies have not observed a significant association between paternal BMI and offspring behavior [14, 36, 37] but one found a stronger, though non-significant, relationship with paternal than maternal BMI [38]. A recent Mendelian randomization study supports the hypothesis the link between maternal obesity and offspring hyperactivity-inattention symptoms may have both genetic and environmental origins [39], however the association with peer-relationship problems has not been investigated using genetic markers.

In ELFE, maternal underweight was associated with increased odds of high peer-relationship problem scores. There exists little literature on the role of maternal underweight in offspring peer problems as many studies do not analyze the role of maternal underweight at all [11, 12, 36, 37] or group it with normal BMI [14]. However, maternal underweight has been associated with twofold increased odds of teacher-rated difficulties in group situations at 5 years in one study [15], though not with peer-relationship problem scores at 6 years in another [10]. Results are also conflicting concerning other behavioral outcomes. In other studies, it has not been associated with problem behaviors in children 8–9 years old [35] but has been associated with externalizing problems in boys at 9–11 [40]. The results are equally contradictory concerning the association of maternal underweight with cognitive or psychomotor developmental outcomes. In some studies, there is no association between maternal underweight and cognitive or psychomotor development in offspring [38], but others find it associated with decreased cognitive scores and suggest there may be a U-shaped association between BMI and cognitive outcomes [41, 42]. Maternal underweight may be an indicator for inadequate prenatal micronutrient status and has been linked with fetal growth restriction, preterm birth, low birth weight, and increased risk of undernutrition in offspring, all of which are strong risk factors for adverse neurodevelopment [43, 44]. The role of maternal underweight represents an important avenue for future studies to investigate.

To our knowledge, this is the first study analyzing the relationship between maternal pre-pregnancy BMI and child peer-relationship problems in preterm infants. However, one previous study has analyzed the relationship between maternal pre-pregnancy BMI and offspring hyperactivity-inattention symptoms in children born preterm. In a population of 10-year-old children born extremely preterm (<28 weeks gestation), Van der Burg et al. [45] observed an increased risk in parent-rated, but not teacher-rated, hyperactivity-inattention symptoms for children whose mothers were overweight or obese before pregnancy. Children born preterm are a unique group already at increased risk of neurodevelopmental deficits compared to children born at term [20]. It is pertinent to determine whether high maternal pre-pregnancy BMI confers an additional, preventable risk to an already high-risk group. The risk of neurodevelopmental deficits appears to increase in a dose-response manner with decreasing gestational age [20]. However, with regards to peer-relationship problems, we did not find any interactions with gestational age in either EPIPAGE-2 or ELFE. This phenomenon could be explained by the fact that maternal obesity is also associated with increased neonatal mortality, which also rises with decreasing gestational age [46]. The competing risk of neonatal mortality may diminish the observed magnitude of association between maternal obesity and offspring behavioral deficits in preterm infants. As obese women are also at increased risk of preterm birth [47], the observed association maybe greater than what we have estimated.

We observed an interaction between the cause of prematurity and maternal pre-pregnancy BMI in EPIPAGE-2, suggesting that the positive association observed with the extremes of maternal BMI are driven by premature births caused by vascular pathologies, isolated placental abruption, or isolated IUGR. The association with premature labor was not statistically significant and conversely, PPROM showed a non-significant negative association. We are unsure how to explain this negative association, as infants born PPROM usually show similar risks of neonatal morbidity as those born due to spontaneous preterm labor and higher risks of acute antenatal complications and infections [48, 49].

It is believed that maternal obesity may directly affect the developing fetus through inflammation. Obese women have higher levels of proinflammatory factors than women of normal weight, and proinflammatory cytokines have been linked to oxidative stress in the placenta, placental inflammation and changes in fetal gene expression [3]. Inflammation has been found to disturb brain development and evidence suggests that multiple or sustained intermittent episodes of perinatal inflammation are more damaging to the brain than a single episode [50]. However, there are other mechanisms through which maternal obesity may influence behavioral development in offspring, including changes in the steroid or hormonal environment and behaviourally induced epigenetic modification [3, 51]. High paternal BMI may also contribute to increased risk of neurodevelopmental problems through epigenetic modification, though our results did not support this mechanism [52]. A few studies have attempted to determine the mechanisms of action. Both cytokine levels in cord blood and at 5 years old have been associated with behavioral problems, including peer-relationship issues, in children at 5 years in the EDEN cohort [53, 54]. In extremely preterm infants, levels of proinflammatory cytokines were higher in infants born to obese or overweight mothers in babies with induced preterm birth than infants delivered spontaneously [55]. This could indicate a contribution of maternal BMI to an inflammatory state, but possibly represents another competing risk situation [55]. Finally, one study observed an association between increasing cord blood leptin and decreased hyperactivity-inattention symptoms at 5 years, but no association with inflammatory cytokines such as TNF-α and IL-6 [56]. Further investigation into the roles of possible mediating factors is warranted, especially as the results concerning leptin are contrary to expected.

Other mechanisms of action between maternal obesity and child peer-relationship problems may not be as biological in nature. Social stigmatization of obese parents may play a role, and mothers may be subject to more stigma than fathers [57]. Social stigma may act by inducing psychological stress and consequently impacting fetal development in utero [58, 59] or maladaptive social networks and supports experienced by the parents may also be experienced by the offspring. The maternal social network has been significantly associated with offspring cognitive development at 2 years and thus may extend to child social development [60], possibly by providing more opportunities for playdates or social activities. In addition, as children of overweight mothers are more likely to be overweight themselves [61] they may be directly subject to increased social stigma by their peers [62]. Future studies are needed to quantify the role of child BMI as a potential mediator.

Our study has some limitations. Pre-pregnancy weight was self-reported in EDEN and ELFE and may have induced measurement error. However, weight is more likely to be under-reported than over-reported and would have attenuated our estimates rather than inflate them [63]. Ascertainment of peer-problems relied on parental reporting and teacher input may be valuable as they tend to observe children in much different social settings than parents. Indeed, poor/fair agreement between parent and teacher ratings have been reported for the SDQ [64]. However, the highest agreement between parents and teachers were observed for the peer-relationship problem and hyperactivity-inattention scales and the SDQ has proven a validated and reliable tool to distinguish behavioral problems [64, 65]. Finally, despite our adjustments we cannot rule out residual confounding.

Our study also has several strengths. We were able to evaluate an important aspect of behavioral development across three large birth cohorts, using the same tool, and around the same age, while adjusting our models for a wide range of important confounding factors not previously available to other studies. To our knowledge, this was the first study to evaluate the role of maternal BMI on social development in preterm infants and we were able to use paternal BMI as a negative control. Multiple imputation and inverse probability weighting also allowed us to increase efficiency, statistical power, and reduce bias due to attrition.

In conclusion, we observed that maternal pre-pregnancy obesity was associated with increased peer-problem scores at 5 years in three large birth cohorts, including a large cohort of infants born preterm. This association was not influenced by adjustment for maternal lifestyle or psychological problems. However, residual confounding by the postnatal environment or genetics may explain part of the association we observed. Given the current body of evidence, potential mediating factors and Mendelian randomization could support whether this association is causal in nature.

Efforts should be strengthened to ensure women of childbearing age have healthy weights before pregnancy, both with respect to reproductive counseling and with respect to more general healthy weight-based public health interventions. As randomized controlled trials have shown that behavioral and social skills of children can be ameliorated with intervention, healthcare providers should also be made aware of the potentially increased risk of pre-pregnancy obesity on child peer-relationship problems [21]. This could allow more timely identification of children at risk of behavioral problems and can provide more opportunities to improve their social skills during what may be the most modifiable period of their lives.



Data availability statement

The datasets generated during and analyzed during the current study are not publicly available due to privacy laws set by the Commission nationale de l'informatique et des libertés (CNIL). Anonymized data may be made available upon reasonable request to any public or private research team and with permission of the EDEN, ELFE and EPIPAGE 2 scientific committees Requests to access the datasets should be directed at: Data requests concerning EDEN can be made through the website: http://eden.vjf.inserm.fr/en/page/25/submit-a-research-project. Data requests concerning ELFE can be made through the website: https://pandora-elfe.inserm.fr/public/index.php. Data requests concerning EPIPAGE 2 can be made using through the email: accesdonnees.epipage@inserm.fr by using information provided on the data access website: https://epipage2.inserm.fr/index.php/en/related-research/265-data-access-and-questionnaires.



Ethics statement

The studies involving human participants were reviewed and approved by French National Commission on Informatics and Liberty (CNIL), and/or the Advisory Committee on Information Processing in Maternal Research in the Field of Health (CCTIRS), Committee for the Protection of People (CPP), or the Bicêtre Hospital Ethics Committee. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



Author contributions

Conceptualization: CD, EL, CG, M-AC, and BH. Data curation: CD, MT, and LM-M. Formal analysis and writing original draft: CD. Funding acquisition: CD, P-YA, M-AC, and BH. Investigation and methodology: CD, EL, M-AC, and BH. Writing (reviewing and editing): CD, EL, CG, MT, LM-M, P-YA, M-AC, and BH. All authors contributed to the article and approved the submitted version.



Funding

CD's salary was funded by a grant from the Fondation pour la Recherche Médicale (the French Foundation for Medical Research): SPF201909009122. The EDEN study acknowledges the following sources of funding: Foundation for Medical Research (FRM), National Agency for Research (ANR), National Institute for Research in Public Health (IRESP: TGIR cohorte santé 2008 program), French Ministry of Health (DGS), French Ministry of Research, Inserm Bone and Joint Diseases National Research (PRO-A) and Human Nutrition National Research Programs, Paris–Sud University, Nestle', French National Institute for Population Health Surveillance (InVS), French National Institute for Health Education (INPES), the European Union FP7 programmes (FP7/2007–2013, HELIX, ESCAPE, ENRIECO, Medall projects), Diabetes National Research Program [through a collaboration with the French Association of Diabetic Patients (AFD)], French Agency for Environmental Health Safety (now ANSES), Mutuelle Générale de l'Education Nationale (MGEN), French National Agency for Food Security, and the French-speaking association for the study of diabetes and metabolism (ALFEDIAM). Funders had no influence of any kind on analyses or result interpretation. The Elfe survey is a joint project between the French Institute for Demographic Studies (INED) and the National Institute of Health and Medical Research (INSERM), in partnership with the French blood transfusion service (Etablissement français du sang, EFS), Santé publique France, the National Institute for Statistics and Economic Studies (INSEE), the Direction générale de la santé (DGS, part of the Ministry of Health and Social Affairs), the Direction générale de la prévention des risques (DGPR, Ministry for the Environment), the Direction de la recherche, des études, de l'évaluation et des statistiques (DREES, Ministry of Health and Social Affairs), the Département des études, de la prospective et des statistiques (DEPS, Ministry of Culture), and the Caisse nationale des allocations familiales (CNAF), with the support of the Ministry of Higher Education and Research and the Institut national de la jeunesse et de l'éducation populaire (INJEP). Via the RECONAI platform, it receives a government grant managed by the National Research Agency under the Investissements d'avenir programme (ANR-11-EQPX-0038 and ANR-19-COHO-0001). EPIPAGE 2: The French National Institute of Public Health Research (IRESP TGIR 2009–01 programme)/Institute of Public Health and its partners [the French Health Ministry, the National Institute of Health and Medical Research (INSERM), the National Institute of Cancer, the National Solidarity Fund for Autonomy (CNSA)], the National Research Agency through the French programme of investments for the future (grants no. ANR-11-EQPX-0038 and ANR-10-COHO-0001) and the PremUp Foundation. Additional funding was obtained from the Fondation pour la Recherche Médicale (SPF 20160936356) and Fondation de France [00050329 and R18202KK (Grand Prix)].



Acknowledgments

The authors would like to thank the participants and the families of the EDEN, ELFE, and EPIPAGE-2 cohorts for their continued contribution in these studies.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frcha.2022.971743/full#supplementary-material



References

 1. Gluckman PD, Buklijas T, Hanson MA. The developmental origins of health and disease (DOHaD) concept. In: Rosenfeld CS, editor. The Epigenome and Developmental Origins of Health and Disease. Amsterdam: Elsevier (2016), p. 1–15. doi: 10.1016/B978-0-12-801383-0.00001-3

 2. Chen C, Xu X, Yan Y. Estimated global overweight and obesity burden in pregnant women based on panel data model. PLoS ONE. (2018) 13:e0202183. doi: 10.1371/journal.pone.0202183

 3. Edlow AG. Maternal obesity and neurodevelopmental and psychiatric disorders in offspring. Prenat Diagn. (2017) 37:95–110. doi: 10.1002/pd.4932

 4. Johnson DW. Group processes: influences of student-student interaction on school outcomes. In: McMillan JH, editor. Social Psychology of School Learning. New York, NY: Academic Press (1980), p. 123–68.

 5. Woodward LJ, Fergusson DM. Childhood peer relationship problems and later risks of educational under-achievement and unemployment. J Child Psychol Psychiatry. (2000) 41:S002196309900520X. doi: 10.1017/S002196309900520X

 6. Davis AA, Allen JP. Peer acceptance and rejection in childhood and adolescence. In: Reference Module in Biomedical Sciences. Amstaerdam: Elsevier (2021). doi: 10.1016/B978-0-12-818872-9.00041-8

 7. Witvliet M, van Lier PAC, Cuijpers P, Koot HM. Testing links between childhood positive peer relations and externalizing outcomes through a randomized controlled intervention study. J Consult Clin Psychol. (2009) 77:905–15. doi: 10.1037/a0014597

 8. Biggs BK, Nelson JM, Sampilo ML. Peer relations in the anxiety–depression link: test of a mediation model. Anxiety Stress Coping. (2010) 23:431–47. doi: 10.1080/10615800903406543

 9. Wentzel K. Peer relationships, motivation, and academic performance at school. In:Elliot A, Dweck C, Yeager D, editors. Handbook of Competence and Motivation: Theory and Application. New York, NY: The Guilford Press (2017), p. 586–603.

 10. Jo H, Schieve LA, Sharma AJ, Hinkle SN Li R, Lind JN. Maternal prepregnancy body mass index and child psychosocial development at 6 years of age. Pediatrics. (2015) 135:e1198–209. doi: 10.1542/peds.2014-3058

 11. Menting MD, van de Beek C, de Rooij SR, Painter RC, Vrijkotte TGM, Roseboom TJ. The association between pre-pregnancy overweight/obesity and offspring's behavioral problems and executive functioning. Early Hum Dev. (2018) 122:32–41. doi: 10.1016/j.earlhumdev.2018.05.009

 12. Mina TH, Lahti M, Drake AJ, Denison FC, Räikkönen K, Norman JE, et al. Prenatal exposure to maternal very severe obesity is associated with impaired neurodevelopment and executive functioning in children. Pediatr Res. (2017) 82:47–54. doi: 10.1038/pr.2017.43

 13. Mikkelsen SH, Hohwü L, Olsen J, Bech BH, Liew Z, Obel C. Parental body mass index and behavioral problems in their offspring: a Danish National Birth Cohort Study. Am J Epidemiol. (2017) 186:593–602. doi: 10.1093/aje/kwx063

 14. Robinson SL, Ghassabian A, Sundaram R, Trinh M-H, Lin T-C, Bell EM, Yeung E. Parental weight status and offspring behavioral problems and psychiatric symptoms. J Pediatr. (2020) 220:227–36.e1. doi: 10.1016/j.jpeds.2020.01.016

 15. Rodriguez A. Maternal pre-pregnancy obesity and risk for inattention and negative emotionality in children. J Child Psychol Psychiatry Allied Discip. (2010) 51:134–43. doi: 10.1111/j.1469-7610.2009.02133.x

 16. Sagiv SK, Epstein JN, Bellinger DC, Korrick SA. Pre- and postnatal risk factors for ADHD in a nonclinical pediatric population. J Atten Disord. (2013) 17:47–57. doi: 10.1177/1087054711427563

 17. Borge TC, Aase H, Brantsæter AL, Biele G. The importance of maternal diet quality during pregnancy on cognitive and behavioural outcomes in children: a systematic review and meta-analysis. BMJ Open. (2017) 7:e016777. doi: 10.1136/bmjopen-2017-016777

 18. Álvarez-Bueno C, Cavero-Redondo I, Sánchez-López M, Garrido-Miguel M, Martínez-Hortelano JA, Martínez-Vizcaíno V. Pregnancy leisure physical activity and children's neurodevelopment: a narrative review. BJOG Int J Obstet Gynaecol. (2018) 125:1235–42. doi: 10.1111/1471-0528.15108

 19. Koutra K, Chatzi L, Bagkeris M, Vassilaki M, Bitsios P, Kogevinas M. Antenatal and postnatal maternal mental health as determinants of infant neurodevelopment at 18 months of age in a mother–child cohort (Rhea Study) in Crete, Greece. Soc Psychiatry Psychiatr Epidemiol. (2013) 48:1335–45. doi: 10.1007/s00127-012-0636-0

 20. Pierrat V, Marchand-Martin L, Marret S, Arnaud C, Benhammou V, Cambonie G, et al. Neurodevelopmental outcomes at age 5 among children born preterm: EPIPAGE-2 cohort study. BMJ. (2021) 373: n741. doi: 10.1136/bmj.n741

 21. Arpi E, Ferrari F. Preterm birth and behaviour problems in infants and preschool-age children: a review of the recent literature. Dev Med Child Neurol. (2013) 55:788–96. doi: 10.1111/dmcn.12142

 22. Heude B, Forhan A, Slama R, Douhaud L, Bedel S, Saurel-Cubizolles MJ, et al. Cohort profile: the EDEN mother-child cohort on the prenatal and early postnatal determinants of child health and development. Int J Epidemiol. (2016) 45:353–63. doi: 10.1093/ije/dyv151

 23. Charles MA, Thierry X, Lanoe JL, Bois C, Dufourg MN, Popa R, et al. Cohort profile: the French national cohort of children (ELFE): Birth to 5 years. Int J Epidemiol. (2021) 49:368–9. doi: 10.1093/ije/dyz227

 24. Lorthe E, Benhammou V, Marchand-Martin L, Pierrat V, Lebeaux C, Durox M, et al. Cohort profile: the etude epidémiologique sur les petits ages gestationnels-2 (EPIPAGE-2) preterm birth cohort. Int J Epidemiol. (2021) 50:1428–9. doi: 10.1093/ije/dyaa282

 25. Goodman R. Psychometric properties of the strengths and difficulties questionnaire. J Am Acad Child Adolesc Psychiatry. (2001) 40:1337–45. doi: 10.1097/00004583-200111000-00015

 26. Baïz N, Just J, Chastang J, Forhan A, de Lauzon-Guillain B, Magnier A-M, et al. Maternal diet before and during pregnancy and risk of asthma and allergic rhinitis in children. Allergy Asthma Clin Immunol. (2019) 15:40. doi: 10.1186/s13223-019-0353-2

 27. Kadawathagedara M, Kersuzan C, Wagner S, Tichit C, Gojard S, Charles MA, et al. Adéquation des consommations alimentaires des femmes enceintes de l'étude ELFE aux recommandations du Programme national nutrition santé. Cahi Nutr Diét. (2017) 52:78–88. doi: 10.1016/j.cnd.2016.12.001

 28. van der Waerden J, Nakamura A, Pryor L, Charles M-A, El-Khoury F, Dargent-Molina P. Domain-specific physical activity and sedentary behavior during pregnancy and postpartum depression risk in the French EDEN and ELFE cohorts. Prevent Med. (2019) 121:33–9. doi: 10.1016/j.ypmed.2019.02.012

 29. Bradley RH, Caldwell BM, Corwyn RF. The Child Care HOME inventories: assessing the quality of family child care homes. Early Child Res Q. (2003) 18:294–309. doi: 10.1016/S0885-2006(03)00041-3

 30. Dow C, Galera C, Charles M-A, Heude B. Maternal pre-pregnancy BMI and offspring hyperactivity–inattention trajectories from 3 to 8 years in the EDEN birth cohort study. Eur Child Adolesc Psychiatry. (2022). doi: 10.1007/s00787-022-02047-x. [Epub ahead of print].

 31. Ness AR, Griffiths AE, Howe LD, Leary SD. Drawing causal inferences in epidemiologic studies of early life influences. Am J Clin Nutr. (2011) 94:1959S−63S. doi: 10.3945/ajcn.110.001461

 32. Nagin D. Group-Based Modeling of Development. Cambridge, MA: Harvard University Press (2005). doi: 10.4159/9780674041318

 33. Galera C, Heude B, Forhan A, Bernard JY, Peyre H, van der Waerden J, et al. Prenatal diet and children's trajectories of hyperactivity-inattention and conduct problems from 3 to 8 years: The EDEN mother-child cohort. J Child Psychol Psychiatry Allied Discip. (2018) 59:1003–11. doi: 10.1111/jcpp.12898

 34. Malik F, Marwaha R. Developmental Stages of Social Emotional Development in Children. Treasure Island, FL: StatPearls. (2022).

 35. Tanda R, Salsberry PJ. Racial differences in the association between maternal prepregnancy obesity and children's behavior problems. J Dev Behav Pediatr. (2014) 35:118–27. doi: 10.1097/DBP.0000000000000007

 36. Daraki V, Roumeliotaki T, Koutra K, Georgiou V, Kampouri M, Kyriklaki A, et al. Effect of parental obesity and gestational diabetes on child neuropsychological and behavioral development at 4 years of age: the Rhea mother–child cohort, Crete, Greece. Eur Child Adolesc Psychiatry. (2017) 26:703–14. doi: 10.1007/s00787-016-0934-2

 37. Brion MJ, Zeegers M, Jaddoe V, Verhulst F, Tiemeier H, Lawlor DA, Smith GD. Intrauterine effects of maternal prepregnancy overweight on child cognition and behavior in 2 cohorts. Pediatrics. (2011) 127:e202–11. doi: 10.1542/peds.2010-0651

 38. Casas M, Forns J, Martínez D, Guxens M, Fernandez-Somoano A, Ibarluzea J, et al. Maternal pre-pregnancy obesity and neuropsychological development in pre-school children: a prospective cohort study. Pediatr Res. (2017) 82:596–606. doi: 10.1038/pr.2017.118

 39. Karhunen V, Bond TA, Zuber V, Hurtig T, Moilanen I, Järvelin M. The link between attention deficit hyperactivity disorder (ADHD) symptoms and obesity-related traits : genetic and prenatal explanations. Transl Psychiatry. (2021) 11:1−8. doi: 10.1038/s41398-021-01584-4

 40. Deardorff J, Smith LH, Petito L, Kim H, Abrams BF. Maternal prepregnancy weight and children's behavioral and emotional outcomes. Am J Prev Med. (2017) 53:432–40. doi: 10.1016/j.amepre.2017.05.013

 41. Hinkle SN, Schieve LA, Stein AD, Swan DW, Ramakrishnan U, Sharma AJ. Associations between maternal prepregnancy body mass index and child neurodevelopment at 2 years of age. Int J Obes. (2012) 36:1312–9. doi: 10.1038/ijo.2012.143

 42. Huang L, Yu X, Keim S, Li L, Zhang L, Zhang J. Maternal prepregnancy obesity and child neurodevelopment in the Collaborative Perinatal Project. Int J Epidemiol. (2014) 43:783–92. doi: 10.1093/ije/dyu030

 43. Neggers Y, Goldenberg RL. Some thoughts on body mass index, micronutrient intakes and pregnancy outcome. J Nutr. (2003) 133:1737S−40S. doi: 10.1093/jn/133.5.1737S

 44. Li C, Zhu N, Zeng L, Dang S, Zhou J, Pei L, et al. Effect of maternal pre-pregnancy underweight and average gestational weight gain on physical growth and intellectual development of early school-aged children. Sci Rep. (2018) 8:12014. doi: 10.1038/s41598-018-30514-6

 45. van der Burg JW, Jensen ET, van de Bor M, Joseph RM, O'Shea TM, Kuban K, et al. Maternal obesity and attention-related symptoms in the preterm offspring. Early Hum Dev. (2017) 115:9–15. doi: 10.1016/j.earlhumdev.2017.08.002

 46. Marchi J, Berg M, Dencker A, Olander EK, Begley C. Risks associated with obesity in pregnancy, for the mother and baby: a systematic review of reviews. Obesity Reviews. (2015) 16:621–38. doi: 10.1111/obr.12288

 47. Cnattingius S, Villamor E, Johansson S, Bonamy A-KE, Persson M, Wikström A-K, et al. Maternal obesity and risk of preterm delivery. JAMA. (2013) 309:2362. doi: 10.1001/jama.2013.6295

 48. Bénin A, Blanc M, Chollat C, Jarreau P-H, Goffinet F, Tsatsaris V, et al. The cause of birth is associated with neonatal prognosis in late preterm singletons. J Gynecol Obstet Hum Reprod. (2020) 49:101920. doi: 10.1016/j.jogoh.2020.101920

 49. Furman B, Shoham-Vardi I, Bashiri A, Erez O, Mazor M. Clinical significance and outcome of preterm prelabor rupture of membranes: population-based study. Eur J Obstet Gynecol Reprod Biol. (2000) 92:209–16. doi: 10.1016/S0301-2115(99)00257-2

 50. Oldenburg KS, O'Shea TM, Fry RC. Genetic and epigenetic factors and early life inflammation as predictors of neurodevelopmental outcomes. Semin Fetal Neonatal Med. (2020) 25:101115. doi: 10.1016/j.siny.2020.101115

 51. Banik A, Kandilya D, Ramya S, Stünkel W, Chong Y, Dheen S. Maternal factors that induce epigenetic changes contribute to neurological disorders in offspring. Genes. (2017) 8:150. doi: 10.3390/genes8060150

 52. McPherson NO, Fullston T, Aitken RJ, Lane M. Paternal obesity, interventions, and mechanistic pathways to impaired health in offspring. Ann Nutr Metab. (2014) 64:231–8. doi: 10.1159/000365026

 53. Barbosa S, Khalfallah O, Forhan A, Galera C, Heude B, Glaichenhaus N, et al. Immune activity at birth and later psychopathology in childhood. Brain Behav Immun Health. (2020) 8:100141. doi: 10.1016/j.bbih.2020.100141

 54. Barbosa S, Khalfallah O, Forhan A, Galera C, Heude B, Glaichenhaus N, et al. Serum cytokines associated with behavior: a cross-sectional study in 5-year-old children. Brain Behav Immun. (2020) 87:377–87. doi: 10.1016/j.bbi.2020.01.005

 55. van der Burg JW, Allred EN, McElrath TF, Fichorova RN, Kuban K, O'Shea TM, et al. Is maternal obesity associated with sustained inflammation in extremely low gestational age newborns? Early Hum Dev. (2013) 89:949–55. doi: 10.1016/j.earlhumdev.2013.09.014

 56. Minatoya M, Itoh S, Araki A, Tamura N, Yamazaki K, Miyashita C, Kishi R. Association between fetal adipokines and child behavioral problems at preschool age: the Hokkaido study on environment and children's health. Int J Environ Res Public Health. (2018) 15:120. doi: 10.3390/ijerph15010120

 57. Sattler KM, Deane FP, Tapsell L, Kelly PJ. Gender differences in the relationship of weight-based stigmatisation with motivation to exercise and physical activity in overweight individuals. Health Psychol Open. (2018) 5:205510291875969. doi: 10.1177/2055102918759691

 58. Puhl RM, Heuer CA. Obesity stigma: important considerations for public health. Am J Public Health. (2010) 100:1019–28. doi: 10.2105/AJPH.2009.159491

 59. Lautarescu A, Craig MC, Glover V. Prenatal stress: effects on fetal and child brain development. Int Rev Neurobiol. (2020) 150:17–40 doi: 10.1016/bs.irn.2019.11.002

 60. Shin EK, LeWinn K, Bush N, Tylavsky FA, Davis RL, Shaban-Nejad A. Association of maternal social relationships with cognitive development in early childhood. JAMA Netw Open. (2019) 2:e186963. doi: 10.1001/jamanetworkopen.2018.6963

 61. Heslehurst N, Vieira R, Akhter Z, Bailey H, Slack E, Ngongalah L, et al. The association between maternal body mass index and child obesity: a systematic review and meta-analysis. PLoS Med. (2019) 16:e1002817. doi: 10.1371/journal.pmed.1002817

 62. Haqq AM, Kebbe M, Tan Q, Manco M, Salas XR. Complexity and stigma of pediatric obesity. Child Obes. (2021) 17:229–40. doi: 10.1089/chi.2021.0003

 63. Headen I, Cohen AK, Mujahid M, Abrams B. The accuracy of self-reported pregnancy-related weight: a systematic review. Obes Rev. (2017) 18:350–69. doi: 10.1111/obr.12486

 64. Fält E, Wallby T, Sarkadi A, Salari R, Fabian H. Agreement between mothers', fathers', and teachers' ratings of behavioural and emotional problems in 3-5-year-old children. PLoS ONE. (2018) 13:1–17. doi: 10.1371/journal.pone.0206752

 65. Hall CL, Guo B, Valentine AZ, Groom MJ, Daley D, Sayal K, Hollis C. The validity of the Strengths and Difficulties Questionnaire (SDQ) for children with ADHD symptoms. PLoS ONE. (2019) 14:e0218518. doi: 10.1371/journal.pone.0218518



OPS/images/frcha-01-971743-t004.jpg
Variable Unadjusted OR Model 1 [95%CI] Model 2° [95%CI] Model 3° [95%CI]

[95%CI)
EDEN (1= 1,184)
Obese (=30 kg/m?) 230 (138, 3.82] 2.28(1.35,3.84] 225(1.33,381] 227(1.32,3.88)
Overweight (25-29.9 kg/m?) 113(0.72,1.77) 1.08 (0.68, 1.71] 109 (0.69, 1.73] 1.05(0.66,1.67)
Normal (18.5-24.9 kg/m?) REF REF REF REF
Underweight (<18.5 kg/m?) 125070, 221] 118 (0.65, 2.13] 1.10 (060, 2.00] 115 (0.63,2.11]
ELFE (n= 10,889)
Obese (230 kg/m?) 1.93[1.65,2.25) 157 (134, 1.85] 1.53 (130, 1.80] 152(1.29,178)
Overweight (25-29.9 kg/m?) 136 (119, 156 122(1.07, 141 1.21(1.05,1.39] 120(1.05,139]
Normal (18.5-24.9 kg/m?) REF REF REF REF
Underweight (<18.5 kg/m?) 140 [1.16, 1.69] 1.29 (1,06, 1.56] 130 [1.08, 1.58] 130 (1,08, 1.58)
EPIPAGE-2 (n = 2,646)
Obese (=30 kg/m?) 1.62 [1.19, 2.20] 1.45 (1.06, 1.99] 1.4 [1.05, 1.98] 1.44[1.04, 1.99]
Overweight (25-29.9 kg/m?) 1.07 (081, 142) 1.01(0.75,135] 1.00 (075,133 1.03(0.77,138)
Normal (18.5-24.9 kg/m?) REF REF REF REF
Underweight (<18.5 kg/m?) 167 [1.08, 2.57) 146 (0.95,2.24) 148 (0.96, 2.28) 151(0.98,2.31)

*Adjusted for study center (EDEN), maternal education, houschold monthi ELEE), household socioeconomic status (EPIPAGE-2), parity, sex, psychological problems during

), maternal alcohol intake during pregnancy (EDEN
ty dnrmg pregnancy (EPIPAGE-

al age, child age at evaluation, childcare at 2 years, cause of prematurity (EPIPAGE-2).

<Additionally adjusted for gestati






OPS/images/frcha-01-971743-t002.jpg
Variable

Sociodemographics
Maternal age at childs birth (n = 10,849)
Maternal education (birth) (n = 10,887)
High
Medium
Low
Monthly revenue (n = 10,399)

It quartile (lowest)

2nd quartile

3rd quartile

4th quartile (highest)
Parity (n = 10,749)

0

1

2

23

Parental health/lifestyle
Maternal BMI category (n = 10,743)
Underweight (<18.5 kg/m?)
Normal (18.5-24.9 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (=30 kg/m?)
Paternal BMI category (n =9,379)
Underweight (<18.5 kg/m?)
Normal (18.5-24.9 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (=30 kg/m?)
Gestational weight gain (kg) (n = 10,676)

Any psychiatric disorder (during pregnancy) (n = 10,791)

No
Yes
Smoking in pregnancy (1 = 10,786)
No
Yes
Alcohol intake in pregnancy (n = 10,147)
None
Light (<3 units)
Moderate/heavy (=3 units)
Pregnancy diet quality score (1= 9,791)
Physical activity score in 3rd trimester (1 = 9,848)
Child characteristics
Gestational age (n = 10,580)
<37 weeks (preterm)
37-38 weeks (early term)
239 weeks (term)
Birth weight (g) (n = 10,526)
Sexof child (1 = 10,639)
Male
Female
Childcare at 2 years (n = 10,399)
Parents
Relatives
Professional
Childcare center

Childsage at 5 years follow-up (1 = 10,889)

Study population SDQ peer-relationship problem score

N =10,889

309(47)

7,374 (67.7)
3,036 (27.9)
477 (44)

1,719 (16.5)
2,534 (24.4)
3,575 (34.4)
2,571(24.7)

4,963 (46.2)

3919 (36.5)

1,400 (13.0)
467 (4.3)

755 (7.0)
7,244 (67.4)
1774 (16.5)

970 (9.0)

72(08)

5221(55.7)

3371359
715(7.6)
132[52)

9,479 (87.8)
1,312(12.2)

9,006 (83.5)
1,780 (16.5)

6,097 (60.1)
3,966 (39.1)
84(08)
7.7(08)
174.5(84.7)

771(7.1)
2,082 (19.1)
8,036 (73.8)
3,339 [478.7]

5519 (51.9)
5,120 (48.1)

2,628 (25.3)
779(7.5)
4,592 (44.2)
2,400 (23.1)
66.5[1.8]

ip trouble score, by ANOVA or by chi® test.

N (%) or mean [STD]
“Low-risk’ n= “High risk’ n =
9,309 1,580
310 (46] 306 (5.1]
6,497 (69.8) 877 (55.5)
2470 (26.5) 566 (35.8)
340(37) 137(8.7)
1,529 (17.1) 190 (12.9)
2224 (24.9) 310 21.0)
3,114 (34.9) 461 (31.3)
2,058 (23.1) 513 (348)
4,146 (45.1) 817 (52.4)
3,449 (37.5) 470 (30.2)
1,212 (13.2) 188 (12.1)
384 (42) 83(53)
638(6.9) 117(7.5)
6,304 (68.6) 940 (60.4)
1,481 (16.1) 293 (18.8)
763 (83) 207 (13.3)
61(0.8) 11(0.9)
4,540 (56.1) 681 (52.9)
2,900 (35.8) 471 (36.6)
590 (7.3) 125(9.7)
132(5.1] 130(57)
8,168 (88.5) 1,311 (838)
1,058 (11.5) 254 (16.2)
7,752 (84.0) 1,254 (803)
1,473 (16.0) 307 (19.7)
5,154 (59.3) 943 (64.5)
3,465 (39.9) 501 (34.3)
67(08) 17(12)
7.7(0.8) 7.6 (0.8)
173.6 (81.9) 1796 (99.9)
664 (7.1) 107 (6.8)
1,798 (19.3) 284 (18.0)
6,847 (73.6) 1,189(75.3)
3,339 (480.7) 3,339 (466.9]
4,733 (52.0) 786 (50.9)
4,361 (48.0) 759 (49.1)
2,141 (24.0) 487 (32.7)
669 (7.5) 110(74)
4,004 (44.9) 588 (39.5)
2,096 (23.5) 304 (20.4)
665 (18] 664(18]

p-value®

<001

<0001

<0001

<0001

<0001

010

011

<0001

<0.001

<0.001

<0.001
001

036

0.99

039

<0001

0.04
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Variable

Sociodemographics
Maternal age at childs birth (n = 2,646)
Maternal education (birth) (n = 2,569)
High
Medium
Low
Household SES (n

Managerial
Intermediate
Administrator, director, civil servant, student
Domestic or sales employee
Laborer
Without profession
Parity (n.=2,622)
0

=2
Parental health/lifestyle
Maternal BMI category (n = 2,465)
Underweight (<18.5 kg/m?)
Normal (18.5-24.9 kg/m’)
Overweight (25-29.9 kg/m?)
Obese (230 kg/m?)
Paternal BMI category (1 = 975)
Underweight (<18.5 kg/m?)
Normal (18.5-24.9 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (230 kg/m?)
Maternal smoking in pregnancy (n = 2,556)
No
Yes
Anxiety score in pregnancy (STAI-T) (n = 1,781)
Weak
Moderate
High
Pregnancy/delivery
Gestational age (n = 2,646)
>32-34 weeks
27-31 weeks
23-26 weeks
Birth weight (g) (1 = 2,646)
Cause of prematurity (n = 2,415)
Preterm labor
PPROM
Vascular pathology, isolated placental abruption or isolated
IUGR
Child characteristics
Sex of child (n = 2,646)
Male
Female
Childcare at 2years (n = 2,490)
Parents
Relatives/employee at home
Professional/childcare center
Maternal assistant
Other

Childsage at 5 years follow-up (1 = 2,646)

*Difference by peer-relationship trouble score, by ANOVA or by ch
PPROM, preterm premature rupture of the membranes; STAIT,

, State-Trait Anxiety Inve

Study population SDQ peer-relationship problem score

N=2646

30.6[0.14]

1,351 (54.0)
528 (20.4)
690 (25.6)

661 (27.3)
632 (25.8)
647 (25.2)
309 (11.3)
249 (8.7)
43(1.7)

1,502 (56.8)
632(25.4)
488 (17.8)

180 (6.7)
1,430 (58.8)
488 (20.1)
367 (14.3)

5(0.4)
545 (56.7)
323(307)
102 (12.1)

2,080 (83.2)
476 (16.8)

1,409 (81.7)
222 (11.0)
150 (7.3)

658 (64.3)
1,659 (31.2)
329 (46)
1712 [125)

1,086 (48.4)
592 (23.5)
737 (282)

1,421 (55.5)
1,225 (44.5)

1,022 (38.9)
173(69)
423 (18.0)
626 (27.9)
246 (8.2)
67.3(0.1]

N (%) or mean [STD]
“Low-risk’ n= “High risk’ n =
2,056 590
30.7[0.15] 30[033]
1,102 (57.7) 249 (395)
407 (20.0) 122 (22.4)
490 223) 197 (38.1)
553 (29.4) 107 (18.7)
504 (27.4) 128 (19.5)
496 (24.1) 151 (29.5)
218 (10.1) 90 (16.3)
176 (7.9) 73 (12.1)
26 (1.1) 17 (4.0)
1,159 (56.2) 341 (58.7)
503 (25.9) 130 (24.2)
376 (17.9) 111(17.1)
130 (6.4) 50 (8.0)
1,148 (60.6) 281(51.7)
384 (203) 105 (19.8)
257 (127) 108 (20.6)
2(04) 3(07)
435 (58.6) 110 (49.6)
237 (30.1) 86.(33.1)
73 (109) 28 (16.6)
1,621 (83.4) 457 (82.1)
362 (16.6) 114 (17.9)
1,135 (84.3) 275 (70.6)
162(95) 59(17.3)
106 (6.2) 44 (12.1)
536 (26.1) 123 (208)
1,280 (62.3) 378 (64.1)
240(11.7) 89 (15.1)
1,724 [13.7) 1,666 [29.5]
856 (48.6) 229 (47.1)
464 (23.9) 127 21.5)
561 (21.1) 176 (31.3)
1,085 (54.9) 336 (58.2)
971 (45.1) 254 (41.8)
758 (37.2) 265 (46.3)
135(7.2) 38(58)
336 (18.4) 86(16.2)
523(298) 103(203)
186 (7.4) 58(11.4)
673(01] 67.4(01]

tory; IUGR, intrauterine growth restriction.

p-Value®

<001

<0001

<0001

072

<001

018

058

<0.001

<001

0.02

046

030

<0.001

039
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Variable

Socioeconomic factors
Center (n = 1,184)
Poitiers
Nancy
Mother's age at delivery (years) (= 1,184)
Maternal education (birth) (= 1,180)
High
Medium
Low
Parental lifestyle/health characteristics
Parity (including stillbirths) (n = 1,182)
0
1
2
=3
Maternal BMI category (n = 1,164)
Underweight (<185 kg/m?)
Normal (18.5-24.9 kg/m?)
Overweight (25-29.9kg/m?)
Obese (230 kg/m?)
Paternal BMI category (n = 1,109)
Underweight (<18.5 kg/m?)
Normal (18.5-24.9 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (30 kg/m?)
Smoking during pregnancy (1 = 1,179)
No
Yes
Alcohol intake during pregnancy (n = 1,184)
No
Yes

Exercise during pregnancy (score) (n = 1,142)

Western diet during pregnancy (score) (1 = 1,028)

Gestational weight gain (kg) (2 = 1,161)

Any psychiatric disorder (during pregnancy) (n = 1,184)

No
Yes
Child characteristics
Gestational age (n = 1,184)
<37 weeks (preterm)
37-38 weeks (early term)
239 weeks (term)
Birth weight (g) (n = 1,184)

Sex of the child (n = 1,184)
Male

Female

Childcare (2 years) (n = 1,165)
Parents
Relatives
Professional/childcare center
Maternal assistant

Ageat 5 years follow-up (months) (n = 1,184)

aDifference among BMI categories, by ANOVA or by chi® test.

Study population SDQ peer-relationship problem score

N=1,184

629 (53.1)
555 (46.9)
30.1(4.7)

715 (60.6)
414 (35.1)
51(4.3)

549 (46.4)
415 (35.1)
162 (13.7)
56(4.7)

91(7.8)

763 (65.5)

207 (17.8)
103 (8.8)

9(0.8)
574 (51.8)
425 (383)

101 (9.1)

926 (78.5)
253 (21.5)

565 (47.7)
619(52.3)
00(1.0]
—0.1[0.9]
13.1 (48]

1,112(93.9)
72(6.1)

68(5.7)
215(18.2)
901 (76.1)

3,202 (515.7]

626 (52.9)
558 (47.1)

293(252)
151 (13.0)
226 (19.4)
495 (42.5)
67.1[19]

N (%) or mean [STD]
“Low-risk” “High risk”
n=1,014 n=170
540 (533) 89 (524)
474 (46.7) 81 (47.6)
302 (4.6] 209(5.1]
632 (62.5) 83.(49.1)
339 (33.5) 75 (44.4)
40 (4.0) 11(65)
458 (15.3) 91 (53.5)
370 (36.6) 45(265)
136 (13.4) 26(15.3)
48 (4.7) 8(47)
770.7) 14(83)
666 (66.9) 97 (57.7)
176 17.7) 31(185)
77(.7) 26 (155)
7(07) 2(13)
491 (51.7) 83 (52.2)
370 (38.9) 55 (34.6)
82(8.6) 19.(11.9)
799 (79.0) 127 (76.0)
213 (21.0) 40 (24.0)
480 (47.3) 85(50.0)
534 (52.7) 85 (50.0)
0.1[1.0) —0.1[1.0]
~0.1(09) 00(1.0)
132 (46] 13.1(55)
954 (94.1) 158 (92.9)
60 (5.9) 12(7.1)
54(5.3) 14(8.2)
182 (18.0) 33 (194)
778 (76.7) 123 (72.3)
3,289 [501.6] 3,315 [594.1]
532(52.5) 94(55.3)
482 (47.5) 76 (44.7)
244(24.5) 49(29.2)
118 (11.8) 33(19.6)
207 (20.8) 19(11.3)
428 (42.9) 67/(39.9)
67.1(1.9] 67.2(2.0]

p-value®

083

008

<001

043

040
052
<001

005
08

056

026

054

049

<0.01

045
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