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Maternal pre-pregnancy

obesity and offspring
hyperactivity-inattention
symptoms at 5 years in preterm
and term children: a multi-cohort
analysis

Courtney Dow®'™, Elsa Lorthe®%?, Laetitia Marchand-Martin®?, Cédric Galera®3*5,
Muriel Tafflet?, Pierre-Yves Ancel ®*, Marie-Aline Charles®* & Barbara Heude®*

The objective of this study was to determine the relationship between maternal pre-pregnancy body
mass index (BMI) and child hyperactivity-inattention symptoms (HIS) at 5 years, including preterm
and term-born children, and to determine whether this association varied with gestational age.
Maternal pre-pregnancy BMI and offspring HIS were assessed in 10,898 participants born =33 weeks
of gestation from the ELFE cohort and 2646 children born between 23 and 34 weeks from the EPIPAGE
2 cohort. Reported pre-pregnancy weight (kg) and measured height (m) were collected from mothers
atinclusion and used to classify BMI (kg/m?). Child HIS were evaluated using the Strengths and
Difficulties Questionnaire around 5 years of age. Logistic regression estimated odds ratios (OR) of a
high HIS score (=2 90th percentile) in the ELFE cohort and generalized estimated equations were used
in EPIPAGE 2 to account for non-independence of multiple births. As a negative control, paternal BMI
was also considered as an exposure of interest in sensitivity analyses. Maternal pre-pregnancy obesity
and overweight were associated with child HIS at 5 years in ELFE (adjusted OR [aOR] for obesity
1.27[1.06, 1.53]; overweight aOR 1.16 [1.00, 1.36]) and pre-pregnancy obesity was associated with
high HIS scores in preterm infants of EPIPAGE 2 (aOR 1.48 [1.06, 2.08]). In ELFE, the magnitude of
the association increased with decreasing gestational age (interaction p=0.02). High maternal pre-
pregnancy BMl is associated with greater likelihood of high HIS scores in both at-term and preterm
children at 5 years of age.

Despite the adverse consequences for both the mother and the child accompanying high maternal body mass
index (BMI) before and during pregnancy, rates of overweight and obesity in pregnancy continue to rise globally,
with estimated 10-year changes in some countries higher than 90%'. This leads to increasing concern as high
BMI before pregnancy has been associated with numerous obstetric complications including: gestational diabe-
tes, pre-eclampsia, congenital anomalies, and stillbirth?. Maternal pre-pregnancy obesity is also associated with
several long-term adverse effects for the offspring such as increased risk for obesity, cardiovascular disease and
type 2 diabetes’. High maternal pre-pregnancy BMI has also been linked to neurodevelopmental and psychiatric
disorders in the child such as attention-deficit hyperactivity disorder (ADHD), cognitive impairment, autism
spectrum disorder, anxiety, depression, schizophrenia and eating disorders*. ADHD is one of the most common
neurodevelopmental disorders in childhood and can have negative long-term effects on the children and their
families®. Children with ADHD have lower educational and professional attainment and poorer mental health®”.
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Families suffer from the strain of the condition and ADHD contributes to marital dysfunction®. Symptoms also
frequently persist into adulthood and more than half of these children have other comorbid conditions®, making
the underlying etiology of ADHD an important avenue of investigation.

Animal models support a causal link between maternal obesity and offspring hyperactivity®. Several large
cohort studies of children born at term have similarly observed an association between high maternal pre-
pregnancy BMI and ADHD or hyperactivity-inattention symptoms (HIS), which can often accurately estimate
an ADHD diagnosis outside of a clinical setting’. In a previous study conducted in a cohort of French children
born at term from the general population, we also reported an association between maternal pre-pregnancy
obesity and high HIS score trajectories in children from 3 to 8 years'. This association remained robust even after
adjustment for numerous factors such as maternal lifestyle, childcare, child sleeping habits and home stimulation.
However, the association between maternal obesity and HIS in premature children has been little explored. To
our knowledge, there exists only one study limited to children born extremely preterm (< 28 weeks)'! despite the
fact that children born preterm are already at increased risk of HIS/ADHD'? and the risk of neurodevelopmental
deficits appear to increase in a step-wise manner with decreasing gestational age'’. Compared to term-born
children, premature children are also at increased risk for infant mortality, neonatal morbidity and numerous
neurodevelopmental deficits'® that persist into adulthood as long-term disabilities and affect their educational
attainment and incomes'*. As maternal obesity is a state of chronic low-grade inflammation and inflammation
has been shown to have adverse effects on the developing brain®'*, it is possible that infants born premature, both
more functionally and immunologically immature than infants born at term, may be more sensitive to the insults
triggered by maternal obesity due to the heightened or dysregulated inflammatory state they may be exposed to
both in utero and after birth!®. Given that maternal obesity is also a major risk factor for preterm labour'” and
that this population is already highly vulnerable, it is imperative to identify and understand the consequences of
modifiable risk factors, such as maternal pre-pregnancy obesity, that can influence a healthy birth and childhood.

Thus, the primary objective of this study was to determine if high maternal pre-pregnancy BMI is associated
with child hyperactivity-inattention symptoms in both preterm and at-term infants. Secondarily, we aimed to
determine whether this association varied in conjunction with gestational age.

Methods
Study population. ELFE. The ELFE cohort (French Longitudinal Study since Childhood) was launched
in 2011 to study the determinants, from birth and throughout the life course, of child health, development and
socialization'®. Children were recruited at birth from 320 randomly selected maternity units throughout metro-
politan France who agreed to participate. This recruitment spanned 25 days in four periods throughout the year.
Eligibility criteria included: births >33 weeks of gestation, mothers > 18 years old, and no plan to leave metro-
politan France in the following 3 years. Information and consent documents were available in French, English,
Arabic and Turkish and written informed consent was obtained from parents or the mother alone at enrollment.
If not present at enrollment, the father was informed of his right to deny participation.

In total, 18,040 mothers agreed to participate in ELFE and gave birth to 18,329 infants (Fig. 1A). For 59
women, baseline data were withdrawn at her demand, resulting in an initial study population of 18,270 children.
Data were collected from telephone interviews and internet or paper questionnaires with one or both parents.

Epipage 2. EPIPAGE 2 is a large population-based French cohort of preterm infants designed to study the short
and long-term outcomes in preterm infants, the determinants of preterm birth, and to examine the impact of
the changes in medical care and practices on preterm infants'®. Live born, still born babies, and terminations
of pregnancy (TOP) between 22 and 34 weeks of gestation in all maternities in 25 of 26 French regions were
eligible. The recruitment period varied by gestational age group (extremely preterm [22-26 weeks of gesta-
tion], very preterm [27-31 weeks], moderately preterm [32-34 weeks]), with longer recruitment periods for the
smaller gestational age groups. Between March 2011 and December 2011, 7804 participants were recruited into
EPIPAGE 2 (Fig. 1B). A total of 4467 infants were discharged alive from neonatal care and 177 subsequently
withdrew (family refused or child died), resulting in a total of 4290 infants eligible for follow-up.

At birth and in the neonatal period, data were extracted from medical records. Follow-up information was
collected by questionnaires completed by parents, physicians, and assessments of health status and development
at regional exam centres.

Exposure assessment. Information about maternal pre-pregnancy height and weight were extracted from
medical records (EPIPAGE 2) or collected through face-to-face interviews by survey technicians at the time of
delivery (ELFE). Maternal pre-pregnancy BMI (kg/m?*) was subsequently categorized using the World Health
Organization classification: underweight (< 18.5), normal weight (18.5-24.9), overweight (25.0-29.9) and obese
(=30).

Outcome assessment. HIS were assessed using the Strengths and Difficulties Questionnaire (SDQ) at
5.5 years of age. In ELFE, the questionnaire was administered through a phone interview with one of the parents
(usually the mother), while in EPIPAGE 2 parents responded through a self-administered questionnaire. The
SDQ is a validated tool to detect problem behaviours and emotions in children®. It includes 5 domains (hyper-
activity-inattention, emotional symptoms, conduct problems, peer problems and prosocial behaviour), each
comprised of 5 items with responses ranging from “Not true (0 points)” to “A little true (1 point)” to “Very true
(2 points)”. The resulting score from each domain can range from 0 to 10. Data on HIS were collected for 11,247
children in ELFE and 2646 in EPIPAGE 2. A score >90th percentile in ELFE was considered “High”, which cor-
responded to a score of 7. This cut-off is in agreement with both the traditional SDQ threshold (which predicts a
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‘ No Attention/Hyperactivity Score at 5Y
‘ (Withdrew, death or lost to follow-up)
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Attention/Hyperactivity Score at 5Y
n=2646

Figure 1. (A) Flowchart of study participation in the ELFE cohort study. (B) Flowchart of study participation in
the EPIPAGE 2 cohort study.

substantially increased probability of an independently diagnosed psychiatric disorder) and the French-specific
threshold for “Abnormal”**?!, The same threshold was used in EPIPAGE 2.

Covariates. At baseline, covariates collected included maternal and paternal: age, country of birth, level of
education, employment status, region of residence, household income and cohabitation status. Factors collected
or calculated related to the pregnancy were: maternity unit, parity, folic acid intake before conception/from 0 to
12 weeks/ > 12 weeks (ELFE only), folic acid supplements around conception (EPIPAGE 2), gestational weight
gain (ELFE), type 1 or 2 diabetes history, gestational diabetes, hypertension during pregnancy, pre-eclampsia,
any psychiatric disorder before or during pregnancy, mode of delivery, cause of prematurity (EPIPAGE 2), ges-
tational age, birth weight, birth length and maternal anxiety score (EPIPAGE 2). Variables concerning maternal
lifestyle: smoking during pregnancy, alcohol consumption during pregnancy (ELFE), diet quality during preg-
nancy (score of adherence to the National Nutrition guidelines for pregnant women; ELFE)** and physical activ-
ity during pregnancy (score = metabolic equivalents (METS), iy X time (hours) x 7 (days); ELFE). Information
concerning current paternal anthropometrics (height, weight) was collected in the questionnaire 2 months post-
partum (ELFE) or at discharge from the hospital (EPIPAGE 2). In ELFE, the question was directed to the father
but could be responded to by the mother if the father did not respond. In EPIPAGE 2, the question was directed
to the mother. Lastly, variables related to the child included: sex, duration of breastfeeding, childcare from birth
to 5 years, sleep duration at 2 years, difficulties falling asleep at 2 years, duration of daily screentime at 2 years
(ELFE), and the HOME-SF (Home Observation Measurement of the Environment-Short Form) score, a meas-
urement of the quality and quantity of stimulation in the child’s home® at 5.5 years (EPIPAGE 2).

Statistical analysis. Missing data. In the complete ELFE cohort (n=18,329), missing data ranged from
0.3 to 46.3% from birth to 5.5 years (Supplementary Table S1a), while missing data ranged from 0 to 65% in EPI-
PAGE 2 (n=4467) (Supplementary Table S1b). Multiple imputation with chained equations was used to impute
missing data and generate 45 imputed datasets in ELFE and 65 in EPIPAGE 2. All variables listed above were
used in the multiple imputation, with the discriminant function method for categorical variables and predic-
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tive mean matching for quantitative variables. To validate the imputed datasets, the means and frequencies for
each imputation were compared to the original dataset to determine if they differed significantly**. The imputed
datasets did not significantly differ from the original dataset (results not shown).

Weighting.  After excluding those for which baseline data could not be imputed in ELFE (n=59), inverse prob-
ability weighting (IPW) was used to attenuate the bias due to attrition in both ELFE and EPIPAGE 2. Models
were fit for baseline data associated with dropout before the 5-year follow-up (p <0.20). In ELFE, logistic regres-
sion models were used while in EPIPAGE 2 generalized estimating equations (GEE) models allowed us to take
into account the large number of multiple births. Stabilized weights were calculated from these models and
subsequently applied to further analyses. In general, attrition was more likely in younger parents who were not
born in France, with lower socioeconomic status, and mothers with more health problems or an unhealthier
lifestyle (Supplementary Table S2).

Data analysis. In ELFE, we excluded the small number of twins (n=349) and those missing HIS data at
5.5 years (n=7023), the final study population included 10,898 children (Fig. 1A). The final study population in
EPIPAGE 2 was 2646 children after excluding those with no HIS data at 5.5 years (Fig. 1B). Descriptive analyses
were performed on both 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 (= 90th percentile) HIS scores were compared using ANOVA or by chi? test, as appropriate. As high
pre-pregnancy BMIs have been associated with greater risk of perinatal death?, we also performed descriptive
analyses in the EPIPAGE 2 population between covariates and vital status (termination of pregnancys; stillbirth;
death in delivery room; death in neonatology; alive at discharge) to better understand the competing risks in
this vulnerable population.

An extensive literature review allowed the identification of potential confounding factors. We performed
logistic regression in ELFE and GEE models in EPIPAGE 2 to account for the non-independence of multiple
births. Univariate models were performed on all potential confounders and those associated with a high HIS
score were considered for inclusion in the multivariate model (p <0.20). Variables were retained in the multi-
variate model if they were considered essential based on the literature or if they changed the beta coefficients for
the BMI categories by more than 10%. We tested for interactions with sex, gestational weight gain (ELFE only),
gestational diabetes, hypertension and gestational age. All statistical analyses were performed on SAS 9.4 (SAS
Institute Inc, Cary, NC).

Sensitivity analyses. Sensitivity analyses were conducted: (1) using only complete cases to evaluate the
robustness of our findings with respect to the selection bias due to missing data; (2) Using the continuous HIS
score; (3) Adjusting for paternal BMI, using it as a negative control of unmeasured familial or genetic confound-
ing; (4) Additionally adjusting for gestational weight gain (ELFE only), as the role of gestational weight gain in
the relationship between maternal obesity and child neurodevelopment is not clear; (5) Testing for interactions
with sex, gestational weight gain and gestational age (continuous); (6) using the same adjustment factors for
models in both ELFE and EPIPAGE 2 (and excluding potential moderators or mediators of the relationship).

Ethics approval. Both ELFE and EPIPAGE 2 received ethics approval for data collection from the French
National Commission on Informatics and Liberty (CNIL), the Advisory Committee on Information Processing
in Material Research in the Field of Health (CCTIRS), and the Committee for Protection of People (CPP).

Results

Descriptive. The descriptive characteristics of the ELFE study population are summarized in Table 1. Chil-
dren with higher HIS scores were more likely to have slightly younger mothers with lower education, income,
and no previous children. Parents of children with higher HIS scores were more likely to be obese or under-
weight, and mothers were more likely during pregnancy to smoke, have a psychiatric disorder, and have a less
healthy diet. Children with higher HIS scores were more likely cared for by parents rather than in childcare
centres, had more difficulties falling asleep at 2 years, longer screentime durations at 2 years and were slightly
younger at evaluation.

Table 2 displays the descriptive characteristics of the EPIPAGE 2 study population by HIS scores. Children
with higher HIS scores were more likely to have younger parents and in very and moderately preterm children,
these mothers were more likely from a lower SES class and the children were more likely male. Very preterm
children with high HIS were more likely born to mothers from France, with higher BMI, more symptoms of
anxiety, and who were less likely to smoke during pregnancy. Very preterm children with HIS scores >7 were also
born with lower birth weight, breastfed for shorter periods of time, had a less stimulating home environment at
5.5 years and suffered more frequent night waking at 2 years.

Vital status by maternal BMI in EPIPAGE 2. Mothers with pre-pregnancy obesity were over-repre-
sented in the vital status categories: stillborn, died in delivery room and died in neonatology (Supplementary
Table S3). With regards to stillborns and infants that died in neonatology, women who were underweight before
pregnancy were also more prevalent.

Maternal BMI and hyperactivity-inattention symptoms in offspring. In bivariate logistic regres-
sion in ELFE, maternal pre-pregnancy obesity, overweight and underweight were significantly associated with
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SDQ hyperactivity-inattention score

Variable Study Population n=10,898 ‘ Score<7 n=9645 ‘ Score>7n=1253 | p-value®
Sociodemographics

Maternal age (at birth) (n=10,855) 30.9 [4.7] ‘ 31.0 [4.6] ‘ 30.1 [4.9] <0.001
Maternal Country of birth (n=10,895)

France 9861 (90.5) 8715 (90.4) 1146 (91.5) 0.40
EU 234 (2.1) 212 (2.2) 22(1.8)

Other 803 (7.4) 718 (7.4) 85(6.8)

Maternal education (at birth) (n=10,893)

High 7378 (67.7) 6666 (69.1) 712 (56.8) 0001
Medium 3038 (27.9) 2565 (26.6) 473 (37.7)

Low 480 (4.4) 412 (4.3) 68 (5.4)

Monthly income (n=10,402)

Ist quartile 2571 (24.7) 2173 (23.6) 398 (33.4)

2nd quartile 3578 (34.4) 3161 (34.3) 417 (35.0) <0.001
3rd quartile 2534 (24.4) 2285 (24.8) 249 (20.9)

4th quartile (highest) 1721 (16.5) 1594 (17.3) 127 (10.7)

Parental health

Maternal BMI category (n=10,749)

Underweight (< 18.5 kg/m?) 755 (7.0) 667 (7.0) 88(7.1)

Normal (18.5-25 kg/m?) 7252 (67.4) 6492 (68.3) 760 (61.0) <0.001
Overweight (25-30 kg/mz) 1774 (16.5) 1530 (16.1) 244 (19.6)

Obese (=30 kg/m?) 971 (9.0) 818 (8.6) 153 (12.3)

Paternal BMI category (n=9383)

Underweight (< 18.5 kg/m?) 72 (0.8) 63 (0.8) 9(0.9)

Normal (18.5-25 kg/m?) 5221 (55.6) 4671 (56.0) 550 (52.8) <0.001
Overweight (25-30 kg/m?) 3378 (36.0) 3005 (36.0) 373 (35.8)

Obese (=30 kg/m?) 716 (7.6) 607 (7.3) 109 (10.5)

Parity (n=10,755)

0 4964 (46.1) 4293 (45.1) 671(54.0)

1 3921 (36.4) 3519 (37.0) 402 (32.4) <0.001
2 1405 (13.1) 1280 (13.5) 125 (10.1)

>3 468 (4.4) 424 (4.5) 44 (3.5)

Gestational weight gain (kg) (n=10,682) 13.2 [5.2] 13.2 [5.1] 13.4 [5.7] 0.25
History of diabetes (n=10,600)

No 10,241 (96.6) 9078 (96.7) 1163 (95.6) 0.09
Type I/Type II 101 (1.0) 85(0.9) 16 (1.3)

Previous gestational diabetes 258 (2.4) 220 (2.3) 38(3.1)

Gestational diabetes (n=10,384)

No 9674 (93.3) 8567 (93.3) 1107 (93.3) 0.99
Yes 690 (6.7) 611 (6.7) 79 (6.7)

Hypertension during pregnancy (n=10,596)

No 10,386 (98.0) 9205 (98.1) 1181 (97.4) 0.08
Yes 210 (2.0) 178 (1.9) 32 (2.6)

Any psychiatric disorder (during pregnancy) (n=10,797)

No 9487 (87.8) 8429 (88.2) 1058 (84.8) <0.001
Yes 1313 (12.2) 1123 (11.8) 190 (15.2)
Maternal lifestyle

Maternal smoking in pregnancy (n=10,792)

No 9015 (83.5) 8039 (84.2) 976 (78.2) <0.001
Yes 1780 (16.5) 1508 (15.8) 272 (21.8)

Maternal alcohol intake in pregnancy (n=10,153)

Light (< 3 units) 6103 (60.1) 5370 (59.8) 733 (62.8) 0.06
Moderate (3-7 units) 3967 (39.1) 3545 (39.5) 422 (36.1)

Heavy (=7 units) 84 (0.8) 71(0.8) 13 (1.1)

Pregnancy diet quality score (n=9796) 7.7 [0.8] 7.7 [0.8] 7.6 [0.8] <0.001
Physical activity score (3rd Trimester) (n=9853) 174.5 [84.7] 173.9 [84.6] 179.0 [85.4] 0.06

Continued
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SDQ hyperactivity-inattention score
Variable Study Population n=10,898 | Score<7 n=9645 | Score>7 n=1253 | p-value®
Pregnancy/delivery
Gestational age (weeks) (n=10,586) 39.6 [1.4] 39.6 [1.4] 39.7 [1.4] 0.51
Birth weight (g) (n=10,532) 3340 [479] 3338 [479] 3352 [479] 0.35
Child characteristics
Duration of any breastfeeding (n=9094)
None 2920 (32.1) 2603 (32.3) 317 (31.0) 041
<6 months 4313 (47.4) 3831 (47.5) 482 (47.1)
>6 months 1861 (20.5) 1636 (20.3) 225 (22.0)
Sex of child (n=10,645)
Male 5522 (51.9) 4879 (51.8) 643 (52.6) 0.60
Female 5123 (48.1) 4543 (48.2) 580 (47.4)
Childcare at 2Y (n=10,404)
Parents 2630 (25.3) 2285 (24.8) 345 (29.0)
Relatives 779 (7.5) 688 (7.5) 91 (7.7) 0.01
Professional 4595 (44.1) 4091 (44.4) 504 (42.4)
Childcare Centre 2404 (23.1) 2155 (23.4) 249 (20.9)
Difficulties falling asleep (2Y) (n=10,370)
Never 5517 (53.2) 4947 (53.8) 570 (48.3) 0001
Sometimes 3262 (31.4) 2867 (31.2) 395 (33.4)
Often 1596 (15.4) 1380 (15.0) 216 (18.3)
(Tr‘l’fll (S))Ci‘;;‘)“ime duration (hours/day) (2Y) 0.41 [0.5] 0.41 [0.5] 0.47 [0.6] <0.001
Child’s age at 5Y follow-up (months) (n=10,895) 66.5 [1.8] 66.5 [1.8] 66.3 [1.7] <0.001

Table 1. Descriptive characteristics of the overall population (N [%] or mean [STD]) by SDQ hyperactivity-
inattention score in the ELFE study (n=10,898). *Difference by hyperactivity-inattention score, by ANOVA or
by chi? test. BMI body mass index.

increased odds of a high HIS score in children at 5 years (unadjusted odds ratio [OR] 1.42 [95% CI 1.19, 1.69];
OR 1.28 [1.10, 1.49]; OR 1.27 [1.03, 1.56]; for obesity, overweight, and underweight, respectively) (Table 3).
Adjustment for confounding factors attenuated the relationship between maternal obesity and high offspring
HIS scores slightly (adjusted OR [aOR] 1.27 [1.06, 1.53]) and those for maternal overweight to the threshold of
statistical significance (aOR 1.16 [1.00, 1.36]). After adjustment maternal underweight was no longer statistically
significant, (aOR 1.14 [0.92, 1.41]).

In univariate analyses in EPIPAGE 2, maternal obesity was associated with increased odds of a high HIS
score (OR 1.39 [1.02, 1.89]), while overweight and underweight were not. After adjustment for covariates, the
magnitude of the relationship became slightly stronger (aOR 1.48 [1.06, 2.08]) (Table 3).

Sensitivity analyses. Complete case analyses. In complete case analyses in ELFE, we observed similar,
though somewhat stronger in magnitude, relationships between maternal pre-pregnancy obesity and overweight
with high HIS scores. Univariate models including 10,640 participants without missing data found comparable
estimates to the imputed and weighted datasets (Supplementary Table S4a). After adjustment for confounding
factors, the odds ratios were attenuated but remained significantly associated with a high HIS score in a popula-
tion of 7185 children. Univariate complete case analyses in EPIPAGE 2 included 2465 participants (Supplemen-
tary Table S4b). Maternal pre-pregnancy obesity was associated with 1.5x increased odds of a high HIS score in
offspring. After adjustment for covariates and the population decreased to 1232, the estimates were attenuated
to 1.4x.

Linear regression analyses. In adjusted linear models for ELFE, both pre-pregnancy obesity and overweight
were strongly associated with HIS scores as a continuous variable (p <0.001 for obese mothers; p<0.001 for
overweight mothers) (Supplementary Table S5). Pre-pregnancy underweight was not associated with HIS scores
in offspring at 5 years (p=0.35). In adjusted linear models in EPIPAGE 2, only maternal obesity was associated
with higher HIS scores (p <0.001).

Paternal BMI.  In ELFE, when paternal BMI was added to the model with maternal BMI, though the relation-
ship with maternal obesity with offspring HIS did not change (aOR 1.24 [1.02, 1.49]), paternal obesity was also
significantly associated with offspring HIS, with similar magnitude (aOR 1.30 [1.02, 1.64]) (Fig. 2). In EPIPAGE
2, the association between maternal obesity and a high HIS score did not significantly change when the model
was adjusted for paternal BMI (aOR 1.53 [1.04, 2.24]) and paternal obesity was not associated with HIS symp-
toms (aOR 1.08 [0.70, 1.27]).
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Variable ‘ Study population n=2646 ‘ Hyperactivity-inattention score <7 n=2084 ‘ Hyperactivity-inattention score>7 n=562 | p-value®
Sociodemographics

Maternal age (at birth) (n=2646) ‘ 30.6 [0.1] ‘ 30.9 [0.2] ‘ 29.3 [0.3] <0.001
Maternal Country of birth (n=2640)

France 2169 (84.7) 1687 (84.1) 481 (87.2) 024
EU 314 (9.9) 267 (10.6) 47 (7.4)

Other 157 (5.3) 123 (5.3) 33 (5.4)

Maternal education (birth) (n=2569)

High 1351 (54.0) 1107 (55.9) 244 (46.6) 0,02
Medium 528 (20.4) 410 (19.9) 118 (22.6)

Low 690 (25.6) 509 (24.3) 180 (30.8)

Household SES (n=2541)

Mangerial 661 (27.3) 562 (29.7) 99 (17.5)

Intermediate 632 (25.8) 504 (26.2) 128 (24.1)

Administrator, company director, civil serv- 647 (25.2) 501 (24.0) 146 (30.0) <0.001
ant, student

Domestic or sales employee 309 (11.3) 211 (9.9) 96 (16.8)

Labourer 249 (8.7) 190 (8.5) 59 (9.7)

Without profession 43 (1.7) 32(1.7) 11(1.9)

Parity (n=2622)

0 1502 (56.8) 1162 (55.2) 340 (63.3) 0.03

1 632 (25.4) 505 (26.1) 127 (22.7)

22 488 (17.8) 398 (18.7) 88 (14.0)

Parental health/lifestyle

Maternal BMI category (n=2465)

Underweight (< 18.5 kg/m?) 180 (6.7) 136 (6.2) 44 (8.8) 0.10
Normal (18.5-25 kg/m?) 1430 (58.8) 1149 (60.2) 281 (53.2)

Overweight (25-30 kg/m?) 488 (20.1) 390 (19.9) 98 (209)
Obese (=30 kg/m?) 367 (14.3) 264 (13.6) 103 (17.1)

Paternal BMI category (n=975)

Underweight (< 18.5 kg/m?) 5(0.4) 5(0.6) 0

Normal (18.5-25 kg/m?) 545 (56.7) 434 (58.1) 111 (51.2) N/A*
Overweight (25-30 kg/m?) 323 (30.7) 250 (29.4) 73 (29.4)

Obese (=30 kg/m?) 102 (12.1) 79 (11.9) 23 (13.0)

Any diabetes in pregnancy (n=2452)

No 2201 (88.2) 1728 (88.0) 471 (88.9) 0.69
Yes 251 (11.8) 196 (12.0) 55(11.1)

Gestational diabetes (n=2469)

No 2256 (90.2) 1771 (90.1) 483 (90.6) 0.82
Yes 213 (9.8) 166 (9.9) 47 (9.4)

Hypertension during pregnancy (n=2491)

No 2079 (85.3) 1641 (85.6) 437 (84.3) 0.57
Yes 412 (14.7) 318 (14.4) 93 (15.7)

Maternal smoking in pregnancy (n=2556)

No 2080 (83.2) 1682 (84.6) 397 (77.3) <0.01
Yes 476 (16.8) 334 (15.4) 142 (22.7)

Anxiety score in pregnancy (STAI-T) (n=1781)

Weak 1409 (81.7) 1128 (83.1) 281 (76.3) 0.05
Moderate 222 (11.0) 167 (10.4) 55(13.3)

High 150 (7.3) 108 (6.5) 42 (10.4)
Pregnancy/delivery
Gestational age (n=2646) <0.001
<27 weeks 329 (4.6) 237 (4.1) 92 (6.5)

27-31 weeks 1659 (31.2) 1312 (30.7) 347 (32.9) 0.02
>32 weeks 658 (64.3) 535 (65.2) 123 (60.6)
Birth weight (g) (n=2646) 1713 [12] 1725 [14] 1663 [30] 0.01
Continued
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Variable ‘ Study population n=2646 | Hyperactivity-inattention score <7 n=2084 | Hyperactivity-inattention score>7 n=562 | p-value*
Cause of prematurity (n=2415)

Preterm labour 1086 (48.4) 865 (48.6) 221 (47.5)

Preterm PROM 592 (23.5) 467 (23.8) 125 (22.2) 084
Vasculgr pathology or isolated placental 581 (21.9) 451 (21.5) 130 (23.3)

abruption

Isolated TUGR 156 (6.3) 114 (6.1) 42 (6.9)

Child characteristics

Duration of breastfeeding (n=2383)

None 837 (34.1) 637 (32.8) 200 (39.6) 0.02
<6 months 1465 (62.7) 1170 (63.6) 295 (59.2)

>6 months 81(3.1) 72 (3.5) 8(1.2)

Sex of child (n=2646)

Male 1420 (55.5) 1050 (52.2) 370 (68.8) <0.001
Female 1226 (44.5) 1034 (47.8) 192 (31.2)

Childcare at 2Y (n=2490)

Parents 1022 (38.9) 795 (38.5) 226 (40.6)

Relatives/employee at home 173 (6.9) 128 (6.5) 45 (8.8) 052
Professional/Childcare Centre 423 (18.0) 332 (18.1) 91 (17.5)

Maternal assistant 626 (27.9) 511 (28.3) 115 (26.4)

Other 246 (8.2) 198 (8.6) 47 (6.7)

Night waking (2Y) (n=2457)

Never 829 (35.4) 687 (36.7) 141 (30.0)

Once/night or less 945 (39.3) 761 (39.7) 183 (37.6) 0.02
Twice/night 563 (20.7) 408 (19.4) 155 (26.1)

>Three times/night 120 (4.6) 82 (4.2) 38 (6.3)

HOME score (n=2460) 23 [0.1] 23.1[0.1] 22.6 [0.2] <0.01
glhil‘;ﬁs iy at 5Y follow-up (months) 67.3[0.1] 673 [0.07] 67.5 [0.14] 0.21

Table 2. Weighted descriptive characteristics of the overall population (N [%] or mean [STD]) and SDQ
hyperactivity-inattention score in the EPIPAGE 2 study (n =2646). Characteristics are weighted using sampling
weights that take into account the different periods of recruitment by gestational age group. *Difference by
hyperactivity-inattention score, by ANOVA or by chi? test. BMI body mass index, IUGR intrauterine growth
restriction, HOME Home Observation Measurement of the Environment-Short Form, PROM premature
rupture of the membranes. *Chi? test statistic not calculated due to the 0 cell.

Variable ‘ Unadjusted OR [95%CI] ‘ p-value ‘ Adjusted OR?* [95%CI] ‘ p-value
ELFE

Obese (>30 kg/m?2) 1.42 [1.19, 1.69] <0.001 | 1.27 [1.06, 1.53] 0.01
Overweight (25-30 kg/m?) 1.28 [1.10, 1.49] <0.01 |1.16[1.00, 1.36] 0.05
Normal (18.5-25 kg/m?) REF REF

Underweight (< 18.5 kg/m?) 1.27 [1.03, 1.56] 0.03 | 1.14[0.92, 1.41] 0.24
EPIPAGE 2

Obese (=30 kg/m?) 1.39 [1.02, 1.89] 0.03 | 1.48 [1.06, 2.08] 0.02
Overweight (25-30 kg/m?) 0.91 [0.68, 1.20] 0.50 | 0.96[0.72, 1.30] 0.81
Normal (18.5-25 kg/m?) REF REF

Underweight (< 18.5 kg/m?) 1.29 [0.83, 2.02] 0.26 | 1.07 [0.69, 1.67] 0.75

Table 3. Association between maternal pre-pregnancy body mass index and offspring hyperactivity-
inattention symptoms (SDQ score>7) in ELFE (n=10,898) and EPIPAGE 2 (n=2646) at 5.5 years. *Adjusted
for maternal age at birth, maternal education, household income (ELFE), household socioeconomic category
(EPIPAGE 2), parity, sex, psychological problems during pregnancy (ELFE), anxiety symptoms (EPIPAGE 2),
singleton pregnancy (EPIPAGE 2), maternal physical activity during pregnancy (ELFE), maternal healthy diet
score during pregnancy (ELFE), maternal alcohol intake during pregnancy (ELFE), maternal smoking during
pregnancy, child age at evaluation, gestational age, breastfeeding, cause of prematurity (EPIPAGE 2), childcare
at 2 years, screentime at 2 years (ELFE), HOME score (EPIPAGE 2), difficulties falling asleep at 2 years (ELFE)
and frequent night waking at 2 years (EPIPAGE 2). Missing covariates are imputed and weighted using IPW.
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Figure 2. Adjusted odds ratios for a high hyperactivity-inattention symptom score (=7) in 5.5 year old

children of the ELFE (n=10,898; black points) and EPIPAGE 2 cohorts (n=2646; grey points). *Adjusted for
maternal age at birth, maternal education, household income (ELFE), household socioeconomic category
(EPIPAGE 2), parity, sex, psychological problems during pregnancy (ELFE), anxiety symptoms (EPIPAGE 2),
singleton pregnancy (EPIPAGE 2), maternal physical activity during pregnancy (ELFE), maternal healthy diet
score during pregnancy (ELFE), maternal alcohol intake during pregnancy (ELFE), maternal smoking during
pregnancy, child age at evaluation, gestational age, breastfeeding, cause of prematurity (EPIPAGE 2) childcare at
2 years, screentime at 2 years (ELFE), HOME score (EPIPAGE 2), difficulties falling asleep at 2 years (ELFE) and
frequent night waking at 2 years (EPIPAGE 2). *Missing covariates are imputed and weighted using IPW.
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Figure 3. Adjusted Odds ratios for maternal pre-pregnancy obesity and high hyperactivity-inattention
symptom scores (>7) by gestational age group in children 5 years old from the ELFE (n=10,898) and EPIPAGE
2 (n=2646) cohort studies .*Adjusted for maternal age at birth, maternal education, household income (ELFE),
household socioeconomic category (EPIPAGE 2), parity, sex, psychological problems during pregnancy
(ELFE), anxiety symptoms (EPIPAGE 2), singleton pregnancy (EPIPAGE 2), maternal physical activity during
pregnancy (ELFE), maternal healthy diet score during pregnancy (ELFE), maternal alcohol intake during
pregnancy (ELFE), maternal smoking during pregnancy, child age at evaluation, gestational age, breastfeeding,
cause of prematurity (EPIPAGE 2) childcare at 2 years, screentime at 2 years (ELFE), HOME score (EPIPAGE
2), difficulties falling asleep at 2 years (ELFE) and frequent night waking at 2 years (EPIPAGE 2). "Missing
covariates are imputed and weighted using IPW.

Gestational weight gain adjustment and interactions. Additional adjustment for gestational weight gain did
not significantly change the odds ratios between maternal obesity or overweight and a high HIS score in ELFE.
A significant interaction between gestational age and maternal BMI was observed in ELFE (p=0.02), but not
EPIPAGE 2 (p=0.77). In ELFE, we observed a stronger association between maternal pre-pregnancy obe-
sity and high HIS scores with decreasing gestational age (Fig. 3). Children born preterm (32-37 weeks) had
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2.3xincreased odds of a high HIS score if born to an obese mother (aOR 2.29 [0.83, 6.33]), while children born
between 37 and 39.9 weeks had 1.4x greater odds of a high HIS score (aOR 1.36 [1.04, 1.77]) and children born
at full-term (=40 weeks) did not display a significantly increased odds of a high HIS score if born to an obese
mother (aOR 1.18 [0.90, 1.56]). None of the other interactions tested were significant (p >0.20).

Similar adjustment factors. Using the same adjustment factors in both ELFE and EPIPAGE 2 did not change
our estimates from the fully adjusted models (Supplementary Table S6).

Discussion

Maternal pre-pregnancy obesity was associated with higher HIS scores in offspring at 5.5 years. The magnitude
of the association appears to vary by gestational age, with a more pronounced effect in children born preterm.
This is the first study to examine this association in a large cohort of preterm infants and to compare the mag-
nitude of the association among gestational age groups. The trends remained after adjustment for paternal BMI,
maternal lifestyle variables and factors characterizing the postnatal environment which most previous studies
could not account for.

Our results are in accordance with previous studies, which have reported a relationship between HIS and
maternal obesity or both obesity and overweight®. We also previously reported a positive association between
maternal obesity and child HIS trajectories from 3 to 8 years in the French EDEN cohort study'®. The magnitude
of the association in both ELFE and EPIPAGE 2 is somewhat smaller than that of EDEN, where we observed
almost two-fold increased odds of a high HIS score trajectory with maternal obesity. Overall, meta-analyses
suggest that high maternal pre-pregnancy BMI is associated with child ADHD/HIS®. However, several studies
have not observed an association between high maternal BMI and child ADHD or HIS*?, and in others the
association was not robust among assessment types or evaluators'?**. To our knowledge, this is the first study
to investigate whether the association between maternal obesity and HIS extends to very, moderate and late
preterm infants, and to compare the magnitude across a range of gestational ages, including both infants born
at term and preterm. In a study of extremely preterm infants (born <28 weeks), van der Burg et al. found more
than 2 x increased odds of parent-reported, but not teacher-reported, HIS in children at 10 years old born to
mothers who were obese before pregnancy compared to mothers with a normal pre-pregnancy BMI'!. This study
was severely limited in the potential confounding factors it took into account and it is likely the small sample
size also played a role (n <200). Unfortunately, we did not have enough infants born before 28 weeks to be able
to stratify our analyses and our results cannot be directly compared to this study.

In studies considering siblings born at term, positive associations were observed when considering the study
population as a whole, but the relationship was attenuated to null in family-level analyses®"*2, suggesting unmeas-
ured familial confounding may be responsible for the overall association observed in many other studies. In this
case, paternal BMI is a valuable negative control, as an association between paternal BMI and child HIS could
suggest bias from familial lifestyle, genetics, or shared exposures rather than a direct intrauterine effect of mater-
nal BMI. Indeed, several social factors have been associated with ADHD in offspring such as financial difficulties,
social housing tenure and single parent status, which may act through mediators such as parent involvement and
adversity risk®*. However, in contrary to sibling studies, almost all studies adjusting for paternal BMI did not
find any association between offspring HIS and paternal BMI?”**-%, including our own results in the EPIPAGE
2 or EDEN cohorts'. Only Mikkelson et al. observed an association between paternal obesity and child HIS, and
observed the greatest behavioural difficulties in children when both parents were overweight or obese, suggest-
ing some influence of the shared familial environment or genetics on the development of HIS*. The fact that we
observed an association with paternal BMI in ELFE indicates that we cannot attribute the effects on increased
HIS solely to an intrauterine mechanism in this study population. A very recent study conducted a Mendelian
randomization analysis to test the hypothesis of a causal association between maternal BMI during pregnancy
and offspring HIS*. The authors observed that the positive association between maternal BMI and offspring
HIS remained, though slightly attenuated, after adjusting for both BMI and ADHD polygenic risk scores. This
is consistent with the hypothesis that prenatal exposure to high maternal BMI may affect the offspring’s HIS risk
through both shared genetic factors and intrauterine mechanisms.

There are several theories of possible biological mechanisms in the relationship between high maternal pre-
pregnancy BMI and offspring hyperactivity. Obesity is a state of chronic inflammation and obese women have
higher levels of pro-inflammatory factors compared to women with normal weight**. Proinflammatory cytokines
have been linked to oxidative stress and inflammation in the placenta, altered cytokine expression, and changes
in fetal brain gene expression®*. Some cytokine levels, at birth (cord blood) or cross-sectionally at 5 years old, have
also been associated with behavioural problems in children*-*2. In a cross-sectional study of 5-year-old French
children, Barbosa et al. found that low levels of the cytokine C-C motif chemokine ligand (CCL)2, responsible for
monocyte recruitment to sites of inflammation*?, were associated with higher HIS scores*. However, cord blood
cytokines were not associated with HIS scores in children at 5 years®. On the other hand, in a follow-up study
of infants born extremely preterm (< 28 weeks) previously mentioned, van der Burg et al. found that offspring of
overweight or obese mothers were more likely to have increased concentrations of proinflammatory cytokines
shortly after birth, but only among infants delivered for maternal or fetal indications and not among infants
spontaneously born preterm*!. As pregnancy disorders related to early spontaneous births are more likely to have
inflammatory features than disorders leading to preterm delivery for maternal or fetal indications, they concluded
that the role of maternal obesity may be obscured by the inflammation associated with spontaneous indications.

Behavioural development could also be altered by changes to the fetal steroid or hormonal environment
due to increased levels of leptin and leptin resistance in obese women*. Higher maternal leptin levels have been
correlated to higher leptin levels in the placenta, umbilical cord and fetus®. Leptin is believed to have a role in
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fetal brain development, specifically behavioural regulation®. In a Japanese cohort, Minatoya et al. observed a
positive relationship between maternal pre-pregnancy obesity and high total behavioural problems*. In a later
study, they unexpectedly found a significant association between increased cord blood leptin and decreased HIS
SDQ scores*. Future studies are needed to examine the relationship between leptin levels and hyperactivity,
as leptin has been shown to vary greatly by ethnicity and could explain the surprising results observed in this
Japanese cohort®s.

However, the effects of maternal pre-pregnancy obesity may not be linked to single metabolites, but rather the
effect on the entire maternal metabolome. Girchenko et al. found 43 metabolites were significantly associated with
early pregnancy BMI®. This profile was significantly associated with higher hazards of any mental and behav-
ioural disorder in children up to 12 years old, as well as higher risk of increasing comorbid disorders*. Mediation
analyses suggested that up to 60% of the effects of maternal BMI on offspring mental health could be attributed
to the metabolomic profile*’. Further mediation analyses are needed to confirm this potential indirect pathway.

There are several limitations in our study. As both cohorts are observational, there is a possibility that unmeas-
ured confounding remains. We were also not able to adjust for precisely the same factors in both cohorts, which
may account for some of the differences in the magnitudes of our estimates. In ELFE, pre-pregnancy weight
relied on maternal self-report at delivery and could have caused some measurement error. However, maternal
self-reported weight has been found to correlate highly with clinically assessed pre-pregnancy weight™. In addi-
tion, pre-pregnancy weight is more likely to be under-reported and thus would have attenuated our estimates
rather than inflate them®!. Symptoms of hyperactivity-inattention relied on parental report rather than clinical
diagnoses. These scores may reflect biases that vary by evaluator, ethnicity, gender, or socioeconomic factors, but
adjustment for maternal country of birth yielded similar results and the interaction between country of birth
and SDQ scores was not significant. The SDQ has also been found to be a valid and reliable tool and we used
a French-specific threshold for a probable clinical diagnosis score?®?!. Finally, it's possible that we observed a
smaller risk of HIS symptoms in preterm infants than is true due to the competing risk of neonatal death. High
pre-pregnancy BMI is associated with greater risk of perinatal death?® and descriptive analyses support this
phenomenon in EPIPAGE 2. By conditioning on both live birth and survival to 5 years, the association between
maternal obesity and offspring HIS may be distorted and diminished in preterm infants®2.

This is the first large study of the effect of maternal pre-pregnancy BMI on the development of HIS symptoms
in preterm and term infants. Other study strengths include the longitudinal follow-up of two large, nationwide
cohort studies. We were able to improve efficiency and reduce bias due to missing data and loss to follow-up using
multiple imputation and inverse probability weighting. This is also one of the few studies with available data on
important confounders such as maternal diet, physical activity, alcohol consumption, child sleeping patterns
and home stimulation. We also had data on paternal BMI available to allow us to use it as a negative control.

Conclusion

Maternal pre-pregnancy obesity was associated with increased odds of a high hyperactivity-inattention symptom
score in both preterm and term children around 5 years of age. The magnitude of the association appears to
increase with decreasing gestational age. Paternal BMI was also associated with child HIS scores in ELFE, sug-
gesting that not all of the observed effect can be attributable solely to intrauterine programming due to maternal
obesity. Given the growing proportion of obesity in pregnancy, future studies should focus on elucidating pos-
sible biological mechanisms involved, such as inflammation and leptin signaling. Efforts should be strengthened
to ensure healthy weights in women of child bearing age, and health-care providers should be made aware of
the possible increased risk of hyperactivity in the offspring of obese women in order to provide more timely
management of the disorder.

Data availability

The datasets generated during and analysed during the current study are not publicly available due to privacy
laws set by the Commission nationale de '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 ELFE and
EPIPAGE 2 scientific committees. 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://epipa
ge2.inserm.fr/index.php/en/related-research/265-data-access-and-questionnaires.
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