N

N

Metabolic trade-offs in childhood: Exploring the
relationship between language development and body
growth
Sophie Bouton, Coralie Chevallier, Aminata Hallimat Cissé, Barbara Heude,

Pierre O. Jacquet

» To cite this version:

Sophie Bouton, Coralie Chevallier, Aminata Hallimat Cissé, Barbara Heude, Pierre O. Jacquet.
Metabolic trade-offs in childhood: Exploring the relationship between language development and
body growth. Developmental Science, 2024, 27 (4), pp.e13493. 10.1111/desc.13493 . hal-04616770

HAL Id: hal-04616770
https://hal.science/hal-04616770
Submitted on 5 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04616770
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Received: 9 November 2021

Revised: 21 February 2024

W) Check for updates

Accepted: 22 February 2024

DOI: 10.1111/desc.13493

REGISTERED REPORT

Developmental Science

Metabolic trade-offs in childhood: Exploring the relationship
between language development and body growth

Sophie Bouton? @ |
Barbara Heude* |

LInstitut Pasteur, Université Paris Cité, Inserm,
Institut de '’Audition, Paris, France

2Laboratoire de Sciences Cognitives et
Psycholinguistique, Ecole Normale Supérieure,
Université PSL, INSERM, Paris, France

3LNC?, Département d’études cognitives,
Ecole Normale Supérieure, Université PSL,
INSERM, Paris, France

4INSERM UMR 1153, Epidemiology and
Biostatistics Sorbonne Paris Cité Center
(CRESS), Developmental Origins of Health and
Disease (ORCHAD) Team, Paris Descartes
University, Villejuif, France

5Centre de recherche en épidémiologie et
santé des populations, Inserm U1018,
université Paris-Saclay, université Versailles
Saint-Quentin, Paris, France

6|nstitut du Psychotraumatisme de 'Enfant et
de ’'Adolescent, Conseil Départemental
Yvelines et Hauts-de-Seine et Centre
Hospitalier des Versailles, Versailles, France

Correspondence

Sophie Bouton, Institut Pasteur, Université
Paris Cité, Inserm, Institut de I'Audition,
F-75012 Paris, France.

Email: sophie.bouton@cnrs.fr

Funding information

Fyssen Foundation, Grant/Award Number:
[no-number]; Agence Nationale de la
Recherche, Grant/Award Numbers:
ANR-17-EURE-0017, ANR-22-CE28-0012-01,
ANR-21-CE28-0028; Fondation de I'’Audition,
Grant/Award Number: RD-2016-R

Coralie Chevallier?

|  Aminata Hallimat Cissé* |

Pierre O. Jacquet®>¢

Abstract

During human childhood, brain development and body growth compete for limited
metabolic resources, resulting in a trade-off where energy allocated to brain devel-
opment can decrease as body growth accelerates. This preregistered study explores
the relationship between language skills, serving as a proxy for brain development, and
body mass index at three distinct developmental stages, representing different phases
of body growth. Longitudinal data from 2002 children in the EDEN mother-child cohort
were analyzed using structural equation modeling. Our findings reveal a compelling
pattern of associations: girls with a delayed adiposity rebound, signaling slower growth
rate, demonstrated better language proficiency at ages 5-6. Importantly, this correla-
tion appears to be specific to language skills and does not extend to nonverbal cognitive
abilities. Exploratory analyses show that early environmental factors contributing to
enhanced cognitive development, such as higher parental socio-economic status and
increased cognitive stimulation, are positively associated with both language skills and
the timing of adiposity rebound in girls. Overall, our findings lend support to the exis-
tence of an energy allocation trade-off mechanism that appears to prioritize language

function over body growth investment in girls.
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Research Highlights

* The high energy demand of neurocognitive development leads to a trade-off in
human children between brain growth and other biological functions, including body
growth.

* Previous studies indicate that around age 5, when the brain energy consumption
peaks, children typically experience a decrease in body mass known as ‘adiposity
rebound’.

* A delayed adiposity rebound, indicating slower growth may be associated with

enhanced language abilities in children.

Barbara Heude and Pierre O. Jacquet contributed equally.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2024 The Authors. Developmental Science published by John Wiley & Sons Ltd.

Developmental Science. 2024;27:€13493. wileyonlinelibrary.com/journal/desc | 1of25

https://doi.org/10.1111/desc.13493


https://orcid.org/0000-0001-5496-4583
https://orcid.org/0000-0002-6495-5581
mailto:sophie.bouton@cnrs.fr
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/desc
https://doi.org/10.1111/desc.13493
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fdesc.13493&domain=pdf&date_stamp=2024-03-18

BOUTON ET AL.

Developmental Science

WILEY 20f25

* Our preregistered study confirms this correlation in girls and further associates

early cognitive stimulation with improved language skills and delayed adiposity

rebound time.

1 | INTRODUCTION

The importance of language proficiency for mental health and aca-
demic success is widely acknowledged (Henry et al., 2014; Miller et al.,
2018; Pace et al., 2018), but the variability in children’s language skills
remains largely unexplained (Kidd & Donnelly, 2020). One approach to
understand this variability is to investigate the interplay between the
metabolic demands of the developing brain and those of bodily growth,
as well as the environmental factors that influence these intricate
developmental processes.

Current theoretical frameworks suggest that language develop-
ment depends in part on how organisms trade their limited stock of
energy resources between competing biological functions (Kaplan &
Robson, 2002; Longman et al., 2017; Urlacher et al., 2019). The distri-
bution of energy between the brain and the rest of the body (Aiello &
Wells, 2002), particularly during periods of growth, is thought to be
a critical determinant of cognitive and physical development (Kaplan
et al.,, 2000; Kuzawa & Blair, 2019). Given the substantial and fluctu-
ating metabolic demands of the brain throughout childhood (Chugani,
1998; Leonard et al., 2003; Madsen et al., 1995; Madsen & Vorstrup,
1991), the organism must finely tune its energy budget to support cog-
nitive development adequately (Aronoff et al., 2022; Navarrete et al.,
2011).

In human children, a trade-off in resource allocation between brain
development and body growth has been shown at the population level
(Aronov et al., 2022; Kauzawa et al., 2014), with emerging studies
beginning to analyze data from individual children (Blair et al., 2019;
Rollins et al., 2021). These investigations propose that an inverse rela-
tionship between the rates of body growth and brain development
may manifest at various stages, especially during infancy and early
childhood. Infants typically have substantial body fat at birth, which
predominantly drives the energy cost of growth during the initial 6-
9 months (Kuzawa, 1998; Nilsson et al., 2017). At birth, the body’s
glucose utilization surpasses that of the brain; however, at around 9
months of age, the body’s metabolic expenditure starts to be limited
by the brain’s glucose consumption (Kuzawa et al., 2014), a growth
milestone referred to as the “infancy BMI peak” (Silverwood et al.,
2009; Wen et al., 2012). By around 18 months, the brain’s glucose con-
sumption exceeds that of the body, peaking at 5 years of age when it
accounts for approximately 65% of the organism’s metabolism at rest
(Holliday, 1986)—in comparison the brain accounts for ~20% of rest-
ing metabolic rate at adulthood (Mergenthaler et al., 2013). At age
five, when body growth slows to its lowest, a metabolic shift occurs,
redirecting resources to body growth during a phase known as the
“adiposity rebound” (Rolland-Cachera et al., 1984), which also marks
a decrease in the proportion of energy devoted to brain development
(Kuzawa et al., 2014).

The interplay of early metabolic exchanges between the brain and
body has prompted researchers to formulate new theoretical propo-
sitions regarding the pace of cognitive development (Kuzawa & Blair,
2019). It is posited that the rate of body growth may inversely reflect
the allocation of resources towards developing high-level cognitive
functions. Recent empirical evidence suggests a trade-off where a
slower enhancement in executive functions from age 3 to 5 years is
associated with accelerated body growth, spanning from infancy (Blair
et al., 2019) through to adolescence (Rollins et al., 2021). Building upon
these findings, this article examines the relationship between specific
body growth milestones and language proficiency in early and mid-
dle childhood. The developmental interdependence of language and
executive functions is well-documented (Bohlmann et al., 2015; Daneri
& Blair, 2017), with the trajectory of executive functions being influ-
enced by early language development (Romeo et al., 2022; Slot &
von Suchodoletz, 2018). Consequently, it is plausible that more rapid
growth in the early years of life may correspond with language capabil-
ities. In this context, language proficiency, akin to executive functions,
serves as a metric of cognitive development, offering a lens through
which to infer the energetic demands of brain maturation.

Specifically, prioritizing early investment in body growth may be
indicative of atypical cognitive functioning in early to middle child-
hood. Given the rapid development of language during early childhood,
and particularly in the preschool years (i.e., ages 0-3 years) (Gervain,
2020), this study aims to explore the association between body-mass
index (BMI) trajectories and language abilities from birth to three
developmental milestones (Cole, 2004; Rolland-Cachera et al., 1984;
Silverwood et al., 2009; Wen et al., 2012). (i) the infancy BMI peak,
occurring around 9 months, marking the highest BMI value before it
begins to decline; (ii) the inflection point in BMI velocity, around 12
months, indicating when the rate of BMI change starts to slow down;
and (iii) the adiposity rebound, typically around 5-6 years, when BMI
starts to rise again after reaching its lowest point in a child’s lifetime.
The infancy BMI peak and the adiposity rebound are established risk
factors for obesity (Cole et al., 2004; Rolland-Cachera et al., 1984; Roy
et al.,, 2016), while the BMlI inflection point signals the shift from rapid
to more stable or slower growth patterns.

Three preregistered hypotheses are tested:

Hypothesis 1. states that the age at which infants reach their infancy
BMI peak (model1a), or the BMI magnitude at the time of infancy BMI
peak (model 1b), is predictive of their general language abilities at 5-6

years, as mediated by their vocabulary levels at 24 months.

Hypothesis 2. posits that the age at which infants reach the BMl inflec-
tion point (model 2a), or the BMI magnitude at the time of the inflection

point (model 2b), is correlated with their language abilities at 5-6 years.
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Hypothesis 3. proposes that the age at which children reach their adi-
posity rebound (model 3a), or the BMI magnitude at the time of the
adiposity rebound (model 3b), is associated with their language abilities
at 5-6 years.

We expect that earlier attainment of these key growth milestones
may be inversely related to language proficiency at 24 months and/or
5-6 years. Specifically, children who experience an early infancy BMI
peak should display weaker language abilities at 24 months, poten-
tially influencing language abilities at 5-6 years. A similar relationship
is expected between adiposity rebound (or BMI inflection point) and
language abilities, with an early adiposity rebound possibly leading to
poorer language outcomes at 5-6 years.

To test these hypotheses, we applied multivariate structural equa-
tion modelling (SEM) (Kline, 2016) on longitudinal data from the EDEN
mother-child study, a prospective cohort designed to assess pre- and
postnatal determinants of child health and development (Heude et al.,
2016).

2 | METHOD

The data were collected as part of the EDEN cohort project (Heude
et al, 2016). The methodology described in this report differs by
three points from the previously recorded report. A comprehensive
explanation of these modifications is provided in the supplementary

material.

2.1 | Participants

The EDEN mother-child study is a prospective cohort aimed at assess-
ing pre- and postnatal factors influencing children’s health and devel-
opment (Heude et al., 2016). The study received approval from the
ethics research committee of Kremlin-Bicétre Hospital (ID 0270 of 12
December 2012) and the Data Protection Authority (CNIL, ID 902267
of 12 December 2012), and adheres to the Declaration of Helsinki
(World Medical Association, 2013). Written informed consents was
obtained from both parents.

The cohort comprises 2002 mother-child pairs recruited between
2003 and 2006 from two university hospitals in Nancy and Poitiers,
France. Inclusion criteria required mothers to be before 24 weeks of
amenorrhea, while exclusion criteria included maternal age under 18,
multiple pregnancies, history of diabetes, illiteracy, and plans to move
out of the region within the next 3 years.

Among the 2002 children in the EDEN study, we focused on those
with complete data for one of three body growth milestones: age at
infancy BMI peak, age at BMI inflection point, and age at adiposity
rebound. This resulted in a sample of N = 1713 children with complete
data for age at infancy BMI peak, N = 1519 children for age at BMI
inflection point, and N = 1415 children for age at adiposity rebound.

BOUTON ET AL.

2.2 | Measures

Two types of measures are analyzed: (i) measures related to body
growth and (ii) measures related to language skills. We provide an
overview of the age range for each of the measuresin Table 1. In Table 2,
we present the descriptive statistics for the raw variables for boys and
girls, respectively. These tables provide a comprehensive summary of
our data, including mean values, standard deviations, and other key
statistical measures.

2.2.1 | Body growth

Anthropometric measurements

At birth, all weight and height measures were collected from health
records. At 4 and 8 months, and 2 and 4 years, mothers completed
mailed questionnaires in which they reported their infant’s weight and
length taken at routine health checkups. These measures were taken by
the family practitioner and documented in the infant’s personal health
record booklet. At ages 1, 3, and 5 years, the children were measured in
a standardized fashion, with height and weight being measured twice
and then averaged. This ensured that the measurements were as accu-
rate as possible. Height was measured to the nearest 0.1 cm using
wall-mounted stadiometers (Model 208; SECA, Hamburg, Germany)
as the children stood barefoot. Weight was measured to the nearest
0.2 kg with an electronic scale (Model 888; SECA, Hamburg, Ger-
many). The children wore light underwear during these measurements
to minimize any additional weight.

Measurement of BMI (Body Mass Index) and BMI curve indicators

BMI was calculated at each age by dividing weight in kilograms by the
square of height in meters. On average, children had 10 BMI measure-
ments between birth and 13 years. By collecting BMI measurements at
multiple points throughout childhood, we were able to track changes
in body mass composition over time and identify three developmental
points: the infancy BMI peak, the BMI curve inflection, and the adi-
posity rebound. To measure these points, we used data from specific
time periods. We used data from day 3 and 24 months to measure the
infancy BMI peak, data from 6 to 36 months to measure the BMI curve
inflection, and data from 18 months and the maximum age available to
measure the adiposity rebound.

We modeled separate BMI curves for each time period using a
cubic mixed-effects model with random effects for intercept, slope,
quadratic, and cubic terms (equation 1). The following equation
describes the general model applied for the ith individual at the tt time

point, whatever the period considered (Cissé et al., 2021).

3 3
log (BMliy) = o + D BiAgei) + bo; +

biAge +&¢ (1)
j=1 ji=1

where:
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TABLE 1
cohort study.
Birth 4 months 8 months
Demographic
characteristics

Sex X — —
Recruitment center X - -
Perinatal adversity — —
Gestational age X - -
Household income X — —
Alcohol during pregnancy X — —
Tobacco during pregnancy X — —
Breastfeeding (ever) X - -
Parental education level X — —
Household density X - -
Live with the father X — —
Body growth
Weight X X X
Height X X X

Language development

CDI-2 - - -
NEPSY - — —
WPPSI-III - - -

Developmental Science

Data collected on children’s body growth, language development, and socio-economic status in the French EDEN Mother-Child

1year 2 year 3year 4 year 5-6years 8year
X X X X X

X X X X X X

_ X _ _ _ _

_ _ _ _ X _

_ _ _ _ X _

Note: The table specifies whether information was not collected at this follow-up (=), or collected at this follow-up (x).
Abbreviations: CDI-2, MacArthur-Bates Communicative Development Inventory at 2 years; NEPSY, NEuroPSYchological assessment; WPPSI-11l, Wechsler

Preschool and Primary Scale of Intelligence-Third Edition.

* Bo, B1, B2, B3 are the parameters for the fixed effects,
* bgj, by, by, bg; are the parameter estimates for the random effects
on the polynomial coefficients for each individual.

This equation allowed us to obtain individual period-specific BMI
curves for each child.

We then calculated the first and second derivatives functions for
each curve, which provide information about the rate of change in BMI
over time. Specifically, the first derivative, or velocity, helps us pin-
point when the BMI growth rate is at its peak or when it reaches a
rebound. The second derivative, or acceleration, is crucial for identi-
fying inflection points in the BMI curve that signal transitions in the
growth trajectory.

Thus, to determine the age at which the infancy BMI peak occurred,
we looked for the point at which the first derivative was zero, and
the second derivative was negative or zero (Figure S1a-b). Similarly, to
determine the age at which the adiposity rebound occurred, we looked
for the point at which the first derivative was zero, and the second
derivative was positive or zero (Figure Slc-d). After the infancy BMI
peak, the BMI decreased rapidly until it reached an inflection point
where the decrease slowed down and the BMI velocity increased. The
inflection point was assessed as the age at which the second derivative
of the BMI curve was zero and the third derivative was positive (Figure
Sle-f).

2.2.2 | Language abilities

The language proficiency was assessed using the following measures at
different ages.

At 2 years of age

Expressive vocabulary was evaluated using the short French version of
the MacArthur-Bates Communicative Development Inventory (CDI-2)
(Kern et al.,, 2010; Kern & Gayraud, 2010; Peyre et al., 2014). Parents
were asked to indicate which words from a list of 100 words their chil-
dren could say spontaneously, and the child’s score was the sum of the
words produced. This measure of vocabulary growth is important as
early word production is one of the earliest reliable indicators of lan-
guage acquisition and is a stable linguistic trait in childhood (Rowe et al.,
2012).

At 5-6 years of age

Trained psychologists administered neuropsychological tests from the
Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III)
(Wechsler, 1967) and the Developmental NEuroPSYchological Assess-
ment (NEPSY) (Korkman et al., 2003) to assess each child’s cognitive
skill. The WPPSI-111 subtests were used to assess several skills con-
tributing to verbal intelligence, which is an overall score of linguistic
ability. In contrast, the subtests of the NEPSY were designed to provide
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a score on a specific language skill, namely, the ability to manipulate
short units of speech.

Conceptualization (WPPSI-IIl). This subtest is used to assess a child’s
ability to understand and use abstract concepts and relationships. The
test measures a child’s ability to categorize and group objects based on
their similarities and differences. The test involves showing to the child
a series of pictures and asking them to describe how they are related
or how they are different. The subtest conceptualization is a measure
of a child’s ability to think abstractly and use reasoning skills to solve

problems.

Vocabulary (WPPSI-111). This subtest is used to measure a child’s ability
to understand and use language. The subtest consists of a series of pic-
tures, and the child is asked to name the objects or actions depicted
in the pictures. The child’s responses are then evaluated to determine

their level of vocabulary knowledge and understanding.

Verbal reasoning (WPPSI-111). This subtest consists of a series of ques-
tions that require the child to use their language and reasoning skills to
identify similarities and differences between objects, to complete sen-
tences and to identify missing words. The questions are designed to be
progressively more difficult, so that the child’s level of verbal reasoning

can be accurately assessed.

Nonword repetition (NEPSY). This subtest assesses a child’s phonolog-
ical processing and verbal short-term memory skills. In this task, the
child is asked to repeat a series of pseudowords, which have been
designed to be progressively more difficult. The subtest measures the
child’s ability to accurately repeat the sounds and syllables of the
pseudowords.

Phonological processing (NEPSY). This subtest is composed of two tasks
designed to assess a child ability to process and manipulate the sounds
of language (i.e., phonological awareness). In the word segment recog-
nition task, the child is asked to identify words from short sentences. In
the phonological segmentation task, the child is asked to repeat a word
and then to create a new word by omitting a syllable or a phoneme, or

by substituting one phoneme for another.

Sentence repetition (NEPSY). This subtest is designed to assess the
ability to repeat sentences of increasing complexity and length. The
child is read a series of sentences and asked to recall each sentence

immediately after it is presented.

2.2.3 | Covariates

Structural equation models used in this study were adjusted for three
factors potentially associated with cognitive development and/or body
growth. Firstly, children’s sex was included as a grouping factor to
address any disparities between boys and girls in the relationships

between body growth and language proficiency (Girls = 1; Boys = 0).
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Secondly, the respondents’ recruitment center was taken into account
(Poitiers = 1; Nancy = 0). Previous research has shown differences in
language outcomes among children recruited from these two hospital
centers within the EDEN cohort (Peyre et al., 2016). Finally, we created
an adjustment variable using a composite score reflecting the level of
adversity experienced by children before and immediately after birth.
This composite score encompassed nine factors known to affect early
childhood diet (Gentner & Leppert, 2019; Lindsay et al., 2019) as well
as neural, cognitive, and behavioral development (Bath, 2020; Franken-
huis et al,, 2020). These factors included gestational age at birth (in
weeks), exposure to alcohol and cigarette smoking during pregnancy
(no = 1), breastfeeding (yes = 1), father absence (no = 1), monthly
household income at birth (in €), education levels of both mothers and
father (each scored from 1 = did not attend school to 9 = university,
based on the French school system), and household density (number
of adults and children living in the house divided by the number of
rooms). Scores for these nine variables were z-scored, allowing their
cumulative sum to reflect the degree of perinatal adversity. A higher
score on this composite variable indicated greater exposure to perina-
tal adversity. Our approach of summing z-scores is grounded in both
theoretical and empirical research. Current models suggest that fac-
tors contributing to adversity vary in nature and do not necessarily
correlate with each other (McLaughlin et al., 2021; Ellis et al., 2022)
(Figure S2). Such emergent variables have been effectively modelled
in prior studies using sums of z-scored indicators (Baptista et al., 2023;
Brumbach etal.,2009; Jacquet et al.,2019; Mell et al., 2018). Moreover,
this composite scoring approach inherently assigns greater weight to
more dispersed indicators, which represent rarer adverse events.

3 | PRE-REGISTERED ANALYSES
3.1 | Structural equation models

Our study employed structural equation modeling (SEM) to conduct
multivariate analyses on our three samples. These SEMs were carried
outusing R (https://www.r-project.org/) with R Studio using the R pack-
age lavaan (Rosseel, 2012). These SEMs involved a measurement model
that relates observed indicators to a smaller set of unobservable latent
variables, and a structural model that estimates the strength of the
link between latent variables and single indicators by specifying paths
between them. The detailed specifications of the measurement and
structural models of each SEM used in our analysis are provided in
supplementary materials section “Supplementary Methods. Detailed
specification of the structural equation models”.

We specified three sets of SEMs: Models 1a and 1b test Hypoth-
esis 1 on Sample 1, Models 2a and 2b test Hypothesis 2 on Sample
2, and Models 3a and 3b test Hypothesis 3 on Sample 3. Each model
involved one reflective latent variable aimed at capturing language
proficiency in 5-6-year-old children, which was modeled either as the
indirect (Model 1) or direct (Models 2 and 3) outcome of body growth
parameters. Models 1a and 1b incorporated a variable assessing early

vocabulary size, as a mediator of the association between body growth
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parameters and language proficiency. Moreover, if we observe a rela-
tionship between adiposity rebound and language proficiency at 5-6
years, a complementary model testing whether the effect of the adi-
posity rebound is specifically related to language skills, or whether it
can be generalized to nonverbal cognitive functioning, will be fitted.

These SEMs allowed us to examine whether and how variations
in the timing of the infancy BMI peak (model 1), the BMI inflection
point (model 2), and the adiposity rebound (model 3)—influences lan-
guage acquisition in boys and girls, while adjusting for recruitment
center and perinatal adversity. To achieve this, we utilized a multigroup
approach. First, sex differences were qualitatively assessed by examin-
ing the associations between body growth milestones and the language
proficiency latent factor in both groups. Next, they were quantita-
tively assessed using a Chi-squared difference test, which compared
the goodness of fit of a first model where all parameters were freely
estimated to the goodness of fit of a second model where the parame-
ters estimating the associations between body growth milestones and
the language proficiency latent factor were constrained to be equal
between girls and boys. A significant improvement in fit for the first
model indicated that girls and boys differ with respect to how body
growth is related to language proficiency.

To minimize the risk of overfitting, all coefficients, standard errors
and their 95% confidence intervals were estimated using a non-
parametric bootstrapping procedure, which involved 1000 random
samplings with replacement for each model (MacKinnon et al., 2004;
Preacher & Hayes, 2008). This approach does not rely on normal-
ity assumptions and allows for the calculation uncertainty in any
confidence interval of any kind of distribution.

3.2 | Missing data

Two approaches were used to explore assumptions related to miss-
ing data. Firstly, we conducted Little’s test (Little, 1988) to examine
whether the data conformed to the “Missing Completely At Ran-
dom” (MCAR) assumption, which postulates that the absence of data
are independent of any observed and unobserved variable). The test
results rejected the null hypothesis of MCAR (;(2(1463) = 2361.6,
p < 0.001). Secondly, we investigated patterns of missingness by con-
ducting pairwise comparisons. For continuous data, we used Kruskal-
Wallis tests, while for discrete data, we used Chi squared tests.
These comparisons examined the relationship between missingness
and explanatory variables for the six indicators of language proficiency
at 5-6 years. After controlling for the false discovery rate (FDR) using
the Benjamini-Hochberg approach (Benjamini & Hochberg, 1995), we
found a systematic relationship between the missingness of data and
BMI at the rebound, as well as with two out of nine indicators of peri-
natal adversity (Tables S1-S3). Specifically, children with missing scores
on the language proficiency indicators exhibited higher BMI at the
rebound and greater adversity indicators.

Thus, the missingness of our data are unlikely to satisfy the “Miss-
ing Completely At Random” (MCAR) assumption, where missingness

is independent of any studied variable. While we cannot entirely rule
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out the potential for the “Missing Not At Random” (MNAR) assump-
tion (where missingness is related to the unobserved study factors), it
is more pragmatic and parsimonious to adopt the “Missing At Random”
(MAR) assumption. This assumption hypothesizes that the missingness
of data are related to the observed variables (e.g., the demographic
characteristics or the recruitment center) and not to the unobserved
factors we aim to study (e.g., the BMI trajectories or the latent vari-
able ‘language proficiency at 5-6 years’). To handle missing data, we
employed a statistical technique known as full information maximum
likelihood estimation (FIML). Previous research has indicated that
FIML performs relatively well in several situations, even in scenarios
where data may be MNAR. It demonstrates reduced bias and sampling
variability when compared to ad hoc methods (Muthén et al., 1987;
Enders & Bandalos, 2001; Baraldi & Enders, 2010).

It is important to note that FIML cannot be applied to SEMs with
exogenous variables that are nonrandom, resulting in the automatic
deletion of missing values. In our case, perinatal adversity is one such
nonrandom covariate subject to this deletion procedure. Models 1, 2
and 3 were fitted on dataset consisting of 1498 children (757 girls, 741
boys), 1334 children (674 girls, 660 boys), and 1259 children (647 girls,
612 boys), respectively. Note that the fit indices and estimated param-
eters described below are replicated in the Supplementary Material
(Tables S8-516), with models fitted on the complete cases (Models 1:
N =849; Models 2: N =881; Models 3: N = 931).

3.3 | Fitting procedure

Thefitting of all the models described above was accomplished by using
a Maximum Likelihood estimator (ML) coupled with a Full Information
Maximum Likelihood (FIML) algorithm, as this method is able to handle
Missing At Random (MAR) data. The goodness of fit was assessed by
considering several statistics, namely, 2, Comparative Fit Index (CFl),
Root Mean Square Error of Approximation (RMSEA) and standardized
Root Mean Square Residual (SRMR) statistics. In general,amodel’s fitis
considered excellent when the RMSEA is close to 0.05, the CFl is close
to 0.95 and SRMR is close to 0.08 (Hu & Bentler, 1999).

4 | RESULTS OF THE PRE-REGISTERED ANALYSES

The results reported in Table 3 indicate that all models exhibit good-to-
excellent fit indices (with CFI values greater than 0.93, RMSEA values
around 0.03, and SRMR values < = 0.08). The models performed bet-
ter than their null versions, which included only the variance of the
indicators as parameters.

Parameter estimates are reported in the main text for Models 1a,
2a and 3a (Tables 4-6) and in the supplementary information for Mod-
els 1b, 2b, and 3b (Tables S4-S6). These tables contain standardized
coefficients and standard deviations extracted from the measure-
ment and structural parts of each model, expressed in terms of their
bootstrapped means, for girls and boys. The tables also provide the

95% confidence intervals (Cl) and exact p-values, which represent
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TABLE 3 Fitindices for Models 1,2 and 3.

Fit indices Model 1a Model 1b Model 2a Model 2b Model 3a Model 3b
ntotal 1498 1498 1334 1334 1259 1259

chisq 240.615 231.18 199.114 180.596 191.957 204.067
baseline.chisq 3459.691 3037.003 2513.081 2480.142 2521.092 2628.432
cfi 0.944 0.938 0.934 0.941 0.937 0.935
rmsea 0.068 0.069 0.077 0.073 0.079 0.081
srmr_mplus 0.035 0.032 0.033 0.028 0.031 0.032

the proportion of bootstrap samples whose estimated Cl includes

zero.

4,0.1 | Hypothesis 1 - Models 1a and 1b

Measurement model

The measurement parts of Models 1a and 1b showed that the six
language-related indicators were positively correlated with the latent
variable language proficiency, indicating that children who scored high
on the latent variable also scored high in conceptualization, vocabu-
lary, verbal reasoning, nonword repetition, sentence repetition and, to
alesser extent, phonological processing. This association was observed

in both girls and boys.

Structural model

The structural parts of both models indicated that children with a
larger vocabulary size at 24 months tended to exhibit higher lan-
guage proficiency scores at 5-6 years. However, no significant linear
or quadratic associations were found between the age at infancy BMI
peak and latent language proficiency at 5-6 years for either boys or
girls (Table 4). Interestingly, in Model 1b, a weakly negative and signifi-
cant indirect quadratic association emerged between boys’ BMI values
at the age peak and language proficiency at 5-6 years. This associa-
tion was mediated by vocabulary size at 24 months (Table S4). Notably,
this association was not observed in girls (Table S4). To further investi-
gate potential sex differences, we conducted a Chi-squared difference
test comparing the goodness of fit of a free model to a constrained
model. The free model, where all parameters were freely estimated, did
not provide a better fit compared to the constrained model, where the
parameters of the indirect association were constrained to be equal
between girls and boys (df = 38 vs. 39, Chi-squared = 228.64 vs.
234.56, Chi-squared diff = 5.92, p = 0.116). This finding indicates
that the observed qualitative sex difference was not statistically
significant.

Overall, we provide evidence that early vocabulary size is a strong
predictor of later language proficiency in both boys and girls (an estab-
lished fact, (Lee, 2011; Peyre et al., 2014)), but our analyses failed to
verify that the infancy BMI peak is related to later language proficiency

(at 2 or 5—6 years).

4.0.2 | Hypothesis 2-Models 2a and 2b

Measurement model

The measurement part of Models 2a and 2b showed results that were
fully identical to those reported for Models 1a and 1b, indicating high
correlations between the latent language proficiency at 5—6 years and
5 out of its 6 indicators (a smaller correlation is again observed for the
phonological processing indicator). This pattern was observed in both
girls and boys (Table 5, Table S5).

Structural model
The structural part of both models showed no significant linear or
quadratic associations between the age at BMI inflection (or the BMI
value at that age) and language proficiency at 5-6 years, for either boys
or girls.

Therefore, Models 2a and 2b did not validate Hypothesis 2, that the
BMl infection point is related to later language skills (at 5-6 years).

4.0.3 | Hypothesis 3-Models 3a and 3b

Measurement model

The measurement part of Models 3a and 3b showed the same results as
the previous models, indicating a high correlation between the latent
language proficiency at 5-6 years and its indicators for both girls and
boys. Specifically, high scores on the latent language proficiency at 5-6
years were associated with high scores in conceptualization, vocabu-
lary, verbal reasoning, nonword repetition, sentence repetition and, to

a lesser extent, phonological processing.

Structural model

The structural parts of these models show no quadratic association
between the age at adiposity rebound (or the BMI magnitude at that
age) and language proficiency at 5-6 years for both girls and boys
(Table 6, Table Sé). Interestingly, a modest albeit significant linear asso-
ciation is observed in Model 3a between the age at adiposity rebound
and language proficiency at 5-6 years for girls only (Table 6). This sug-
gests that girls who reach the nadir of their body growth at a later age
are more likely than others to express better language proficiency at

5-6 years than those who reach it earlier.
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(a) Model 3a. Conceptuali-
Girls = 647 (top pannel) vs Boys = 660 (bottom panel); zation
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FIGURE 1 Association between age at adiposity rebound and language skills at age 5-6, estimated by the structural equation Models 3a (a)
and 3b (b). Standardized parameter values (and standard deviation reported in brackets) are shown for girls (top panels) and boys (bottom panels)
in each path. Ellipses represent latent variables; rectangles represent indicators, and paths between them indicate factor loadings. Paths between
the composite variable and the latent variable represent regressions. Significant paths are depicted with brown arrows and asterisks (*p < .05,
*p <.01,"*p <.001). Our findings suggest that girls experiencing adiposity rebound at a later age exhibit superior language proficiency at 5-6

years compared to those experiencing it earlier.

To further investigate the observed sex difference, we also ran
a Chi-squared difference test to compare the fit of a free model
with a constrained model. The analysis revealed a significant dif-
ference between girls and boys in the relationship between their
age at adiposity rebound and language proficiency at 5-6 years. The
free model demonstrated a superior fit compared to the constrained
model (df = 38 vs. 39, Chi-squared = 189.09 vs. 193.83, Chi-squared
diff =4.75,p =0.029).

In summary, Model 3a validates Hypothesis 3 for girls only, indicat-
ing alinear association between age at adiposity rebound and language
proficiency at 5-6 years in girls (Figure 1). Results from the comple-
mentary model suggest that this association is specific to language
development and does not extend to nonverbal cognitive functioning
(Table S7).

404 | Complementary model. Is adiposity rebound
specifically tied to language proficiency at 5-6 years
or does it extend to more general cognitive
functioning?

In this complementary model, our aim was to investigate whether the

relationship between adiposity rebound and language proficiency, as

observed in Model 3a extends to other cognitive measures. Due to
the observed sex effect in Model 3a, we focused on analyzing data
exclusively from the sample of girls. This model does not involve a
measurement component as no latent variable is being estimated.
Therefore, absolute and comparative fit indices are not informative.

The analysis did not reveal a significant association between age at
adiposity rebound and girls’ processing speed. However, a positive lin-
ear trend was observed with the nonverbal performance score. This
association was qualitatively weaker compared to the significant one
found with the verbal score (Table S7).

To further quantify this relationship, we fitted two additional models
called Complementary Model PERF and Complementary Model VERB.
In Complementary Model PERF, the regression parameter linking age
at adiposity rebound and the nonverbal performance score was fixed
at zero, while all other parameters were freely estimated. The same
approach was applied in Complementary Model VERB, with the param-
eter linking age at adiposity rebound and the verbal score fixed to zero.
We then compared the fit of each model with the original model using a
chi-squared difference test. The rationale behind these comparisons is
that fixing a parameter that significantly contributes to variance expla-
nation to zero should result in a decrease in model fit compared to
the original model. Therefore, if the age at adiposity rebound is specifi-

cally tied to language ability, then only the fit of Complementary Model
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VERB should be significantly degraded. On the other hand, if the age at
adiposity rebound generalizes its effect on nonverbal cognition, then
the fit of Complementary Model PERF should also be degraded.

The chi-squared difference tests showed a degraded fit for Com-
plementary Model VERB (df = O vs. 2, Chi-squared = 0 vs. 7.86,
Chi-squared diff = 7.86, p = 0.02), but not for Complementary Model
PERF (df = O vs. 2, Chi-squared = 0 vs. 3.57, Chi-squared diff = 3.57,
p = 0.17). These results suggest a specific association between body
growth and language development.

5 | UNREGISTERED ANALYSES

To further investigate the association evidenced in girls between the
age at adiposity rebound and language proficiency at 5-6 years, an
additional SEM was designed and fitted to the sample of girls. The
model aimed to take both the age at adiposity rebound and language
proficiency at 5-6 years, estimating a correlational parameter between
them. Our hypothesis posits that a metabolic trade-off (a latent mecha-
nism dictating resource allocation between two traits) influences their
relationship. Within the SEM framework, such a hidden factor can be
modelled by a parameter that accounts for the residual variance in
the regression, reflecting a partial correlation. Consequently, we use
this parameter as an index to ascertain whether an unobserved trade-
off mechanism moderates the observed relationship between the age
at adiposity rebound and language abilities at 5-6 years. We suppose
here that early life environmental factors might increase the energy
demand of the brain through direct or indirect stimulation of language
functions (Farah et al., 2008; Tooley et al., 2021). Subsequently, the
high-energy demands of a proficient language functioning at 5-6 years
of age is made possible at the cost of a delayed investment in body
growth. Crucially, our dataset allows for building five environmental
constructs:

Parents’ socio-economic status (SES) is determined by the combined
scores of three items, which include the educational level of both
the mother and the father, as well as the household density and
yearly household income collected at the child’s 24t months of life. A
higher sum of z-scores indicates a higher socio-economic status for the
parents, that is, a higher level of education and a more affluent life.

Cognitive stimulation reflects the sum of scores obtained on nine
items of the HOME inventory (Home Observation Measurement of the
Environment) (Bradley et al., 1992), which assesses the quality of cog-
nitive stimulation and emotional support provided by the child’s family.
The number of times per week the mother and father engaged with
their child in activities based on active linguistic interactions through
singing, telling stories and playing indoor games, at 2 and 3 years of
age, are reported. The higher the sum of z-score, the more the par-
ents stimulated the child’s cognitive and language functions at these
ages.

Physical stimulation reflects the sum of scores obtained on six items
of the HOME inventory that assesses the number of times per week
the mother and father engaged in physical activities with their child
through walking or playing outdoor games (e.g., ball play), at 2 and

Developmental Science

3 years of age. The higher the sum of z-score, the more the parents
stimulate the child’s physical capacities at these ages.

Primary needs is a construct that reflects the sum of scores obtained
on six items of the HOME inventory, which measures how frequently
the mother and the father independently met their child’s primary
needs at the age of 2. These six items evaluate three aspects of pri-
mary needs, namely, basic hygiene, food intake, and bedtime. The sum
of z-scores indicates the extent to which the parents are personally
engaged in fulfilling their child’s primary needs, with a higher z-score
indicating greater parental involvement.

Physiological stress is measured by the combined scores of four items,
namely, tobacco and alcohol exposure during gestation, gestational
age, and absence of breastfeeding. These items assess the level of
exposure to factors that may impact the child’s physiological develop-
ment during gestation and immediate postnatal period. A higher sum
of z-scores indicates a greater level of exposure to physiological stress
during this critical period.

The model fitting procedure used in this analysis was identical to
the one employed in the preregistered SEMs. Missing values of endoge-
nous variables (i.e., the six indicators of the latent factor) were handled
using a FILM method, while missing cases of exogenous variables (i.e.,
the five early environmental variables described above) were auto-
matically removed, resulting in a sample size of N = 442 girls. All
coefficients, standard errors, and 95% confidence intervals estimated
by the model were obtained using a nonparametric bootstrapping pro-
cedure, with 1000 random samplings with replacement (MacKinnon
et al., 2004; Preacher & Hayes, 2008).

5.0.1 | Unregistered Model. Is there a link between
environmental factors that stimulate cognition in
children aged 2-3 years, their language proficiency at
5-6 years, and the age at which adiposity rebound
occurs?

Specification of the measurement model
Language proficiency at 5-6 years of age is modelled as an endogenous
latent factor, which captures the shared variance of six indicators: con-
ceptualization, vocabulary, verbal reasoning, nonword repetition, sen-
tence repetition, and phonological processing. These indicators were
scored and z-transformed such that higher scores indicate greater lan-
guage proficiency, and the variance of this latent variable was scaled to
1. Additionally, the age at adiposity rebound was entered as the second
endogenous outcome, with a greater score indicating a later rebound.
All indicators were adjusted for the effect of Recruitment center.

The exogenous predictors of the two outcomes, including parental
socio-economic status (SES), cognitive stimulation, physical stimula-
tion, primary needs, and physiological stress, were also entered in this

model.

Specification of the structural model
Our unregistered hypothesis was tested through the estimation of sev-

eral parameters, including: (i) a parameter that captures the partial
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FIGURE 2 Scatterplots illustrating the relationship between environmental factors and language proficiency scores (top row) or age at
adiposity rebound (bottom row) in girls. The environmental factors examined include cognitive stimulation, physical stimulation, basic needs
provision, prenatal stress and perinatal SES. All scores were standardized (z-scores) to facilitate comparability. We observed positive associations
between parental provision of cognitive and physical stimulation, as well as socio-economic status, and language proficiency at age 5-6. In
contrast, neither parental contribution to meeting basic physiological needs nor prenatal and perinatal physiological stress levels were
significantly related to language proficiency scores. Furthermore, among the five early life environmental factors analyzed, only parental SES
showed a significant relationship with the age of adiposity rebound, indicating that higher SES was associated with delayed adiposity rebound.

TABLE 7 Unregistered model. Girl sample. Fit indices.

Fit indices Ungregistered Model
ntotal 442

chisq 93.289

baseline.chisq 106.654

cfi 0.946

rmsea 0.056

srmr_mplus 0.029

correlation between the residuals of the language proficiency latent
variable and the residuals of the age at adiposity rebound, ii) a set of five
regression parameters that estimate the effect of each environmental
factor on each of the two outcomes (Figure 2).

5.0.2 | Results of the unregistered analysis

The goodness of fit of the model is reported in Table 7, which shows
that the model had good-to-excellent fits, as indicated by the CFl val-

ues > 0.94, RMSEA values < 0.06, and SRMR values < 0.03. Table 8
reports all the parameter estimates that corroborate the description of
the unregistered model. It contains the standardized coefficients and
standard deviations extracted from the measurement and the struc-
tural parts of the model, expressed in terms of their bootstrapped
means, as well as the bootstrap 95% confidence intervals (Cls) and

exact p-values.

Measurement model

The results of the measurement model were similar to those reported
in the registered model’s description. Girls who scored high on the
latent language proficiency at 5-6 years also scored high in conceptu-
alization, vocabulary, verbal reasoning, nonword repetition, sentence

repetition and, to a lesser extent, phonological processing.

Structural model

The structural model (Table 8) first supports the hypothesis of a hidden
mechanism mediating between age at adiposity rebound and the latent
variable of language proficiency at 5-6 years, as suggested by a pos-
itive residual correlation between the two variables (Figure 3). More

specifically, parental socio-economic status (SES) is positively related
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TABLE 8 Unregistered model. Girl sample. Results.

Unreg. Model.
Girl sample

NV 0N oA WN e

=
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Variable
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
language.ability
age.AR

age.AR

age.AR

age.AR

age.AR
conceptualization.5y
vocabulary.5y
verbal.reasoning.5y
rep.pseudo.5y
syll.seg.5y
rep.phrases.5y
age.AR
language.ability
conceptualization.5y
vocabulary.5y
verbal.reasoning.5y
rep.pseudo.5y
syll.seg.5y
rep.phrases.5y
age.AR
cognitive.stimulation
cognitive.stimulation
cognitive.stimulation
cognitive.stimulation
cognitive.stimulation
cognitive.stimulation
physical.stimulation
physical.stimulation
physical.stimulation

physical.stimulation

Variable
conceptualization.5y
vocabulary.5y
verbal.reasoning.5y
rep.pseudo.5y
syll.seg.5y
rep.phrases.5y
language.ability
cognitive.stimulation
physical.stimulation
primary.needs
physiological.stress
parent.ses
cognitive.stimulation
physical.stimulation
primary.needs
physiological.stress
parent.ses

center

center

center

center

center

center

center

age.AR
conceptualization.5y
vocabulary.5y
verbal.reasoning.5y
rep.pseudo.5y
syll.seg.5y
rep.phrases.5y
age.AR
cognitive.stimulation
physical.stimulation
primary.needs
physiological.stress
parent.ses

center
physical.stimulation
primary.needs
physiological.stress

parent.ses

Developmental Science

Bootstrap
mean std BootstrapSD  2.5%
coeff std coeff Bootstrap Cl
0.839 0.02 0.799
0.754 0.029 0.696
0.812 0.024 0.762
0.594 0.045 0.509
0.253 0.065 0.125
0.72 0.028 0.662
0.802 0.04 0.714
0.251 0.054 0.145
—-0.204 0.057 -0.311
0.078 0.052 —-0.025
—-0.083 0.059 -0.2
0.268 0.058 0.153
0.098 0.064 —-0.022
0.007 0.06 —0.108
—-0.052 0.053 -0.151
—0.033 0.052 -0.132
0.115 0.054 0.006
—-0.013 0.05 -0.112
0.188 0.053 0.08
0.068 0.054 —-0.039
-0.127 0.056 -0.231
—-0.03 0.057 -0.135
0.229 0.047 0.138
—0.034 0.053 —-0.134
0.109 0.053 0.004
0.296 0.033 0.235
0.372 0.041 0.297
0.325 0.038 0.255
0.637 0.053 0.528
0.929 0.034 0.852
0.402 0.041 0.325
0.958 0.018 0.92
1 0 1
0.522 0 0.522
0.255 0 0.255
—0.086 0 —0.086
0.153 0 0.153
0.199 0 0.199
1 0 1
0.211 0 0.211
0.036 0 0.036
-0.118 0 -0.118

97.5%

Bootstrap
Cl

0.875
0.809
0.857
0.681
0.382
0.773
0.871
0.35
—-0.096
0.179
0.032
0.38
0.223
0.126
0.063
0.072
0.22
0.087
0.297
0.175
-0.02
0.084
0.323
0.068
0.21
0.363
0.454
0.4
0.731
0.982
0.485
0.986
1
0.522
0.255
—0.086
0.153
0.199

0.211
0.036
-0.118

Bootstrap
pval

0

o O O o o o o

0.14
0.166

0.114
0.898
0.302
0.516
0.036
0.784

0.208
0.028
0.59

0.534
0.044

O O O O O O O O O o o o o o o o

(Continues)
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TABLE 8 (Continued)
Unreg. Model.
Girl sample Variable Param. Variable
43 physical.stimulation ~~ center
44 primary.needs ~~ primary.needs
45 primary.needs ~~ physiological.stress
46 primary.needs ~~ parent.ses
47 primary.needs ~~ center
48 physiological.stress ~~ physiological.stress
49 physiological.stress ~~ parent.ses
50 physiological.stress ~~ center
51 parent.ses ~~ parent.ses
52 parent.ses ~~ center
53 center ~~ center
54 conceptualization.5y  ~1
55 vocabulary.5y ~1
56 verbal.reasoning.5y ~1
57 rep.pseudo.5y ~1
58 syll.seg.5y ~1
59 rep.phrases.5y ~1
60 age.AR ~1
61 cognitive.stimulation  ~1
62 physical.stimulation ~1
63 primary.needs ~1
64 physiological.stress ~1
65 parent.ses ~1
66 center ~1
67 language.ability ~1

to both language proficiency and BMI rebound, such that the higher
the parents’ SES, the later the adiposity rebound and the higher the
language skills (Figure 2, panels A and F). A similar trend is observed
with the cognitive stimulation factor, which shows a positive correla-
tion with language skills and with age at adiposity rebound (Figure 2,
panels B and G), although the level of confidence that this latter asso-
ciation is actually greater than zero is closer to 90% than 95% (note
that the mean bootstrapped 95% Cl does not include zero when only
data from complete cases are analyzed, see Table S16). In addition, we
found that the amount of physical stimulation produced by the par-
ents was negatively related to language skills, so that the more intense
the physical stimulation, the lower the language skills (Figure 2c).
On the contrary, neither the parents’ contribution to satisfying the
child’s basic needs, nor the amount of prenatal and perinatal physio-
logical stress are related to language proficiency or adiposity rebound
(Figure 2, panels D, E, | and J). Together, the model shows that early
life environments that provide the child a large amount of cognitive
information, whether through the parents’ educational practices or

their socio-economic capital, have a positive influence on brain devel-
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Bootstrap 97.5%
mean std BootstrapSD  2.5% Bootstrap Bootstrap
coeff std coeff BootstrapCl  CI pval

0.095 0 0.095 0.095 0

1 0 1 1 0

0.029 0 0.029 0.029 0

0.046 0 0.046 0.046 0
-0.091 0 -0.091 -0.091 0

1 0 1 1 0
-0.135 0 -0.135 -0.135 0
—0.307 0 —0.307 —-0.307 0

1 0 1 1 0

0.09 0 0.09 0.09 0

1 0 1 1 0
—0.001 0.15 —0.293 0.299 0.97
—0.455 0.147 —-0.74 -0.154 0
-0.171 0.156 —0.468 0.14 0.274

0.313 0.161 —0.009 0.629 0.056

0.047 0.154 —0.242 0.341 0.746
-0.76 0.139 -1.031 —-0.475 0

0.132 0.166 —0.178 0.445 0.444
—0.018 0 —0.018 —0.018 0

0.095 0 0.095 0.095 0
-0.029 0 —-0.029 -0.029 0
—-0.22 0 -0.22 -0.22 0

0.331 0 0.331 0.331 0

2.958 0 2.958 2.958 0

0 0 0 0 0

opment through the acquisition of language, which slows the growth of
BMI.

6 | DISCUSSION

The results of this preregistered study are consistent with a theorized
energy allocation trade-off mechanism (Leonard et al., 2003; Said-
Mohamed et al., 2018), which suggests a prioritization of language
proficiency over the investment in body growth. This extends founda-
tional theoretical and empirical research that posits a competition for
metabolic resources between the development of higher-order cogni-
tive functions (i.e., executive functions) and physical growth (Kuzawa
& Blair, 2019; Blair et al., 2019; Rollins et al., 2021). Our investigation
focused on the association between the timing and magnitude of the
infancy BMI peak, BMI inflection point, BMI at adiposity rebound, with
language proficiency at 5-6 years. The analysis revealed no significant
link between the infancy BMI peak or inflection point, and language

skills, but a positive association between the age at adiposity rebound
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Unregistered model. Girl sample. N = 442; CFl = 0.95; RMSEA = 0.06; SRMR = 0.03

Parents Cognitive Physical Primary Prenatal physiol
SES 2-3y stimulation 2-3y | | stimulation 2-3y needs 2-3y stress

0.12* 027 010  0.25"** 001 -020%*  -003 008 003 -008

(0.05)  (0.05) (0.06) (0.05) (0.06) (0.06) (0.05) (0.05) (0.05)  (0.06)

~N

Age at
Adiposity Rebound
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(0.05)

/ Conceptualization
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(0.02) /‘
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«« W Verbal reasoning
Language %8;2)
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FIGURE 3 Results of the unregistered model examining the association between environmental factors and the relationship between age at
adiposity rebound and language proficiency at age 5-6 in girls. Standardized parameter values (and standard deviation in brackets) for the sample
of girls are shown for each path. Ellipses represent latent variables, rectangles represent indicators, and paths between them indicate factor
loadings. Paths between the composite variable and the latent variable represent regressions. Significant paths are depicted with brown arrows
and asterisks (*p < .05, **p < .01, ***p <.001). Among the five early life environmental factors examined, we found a significant positive association
between parents’ socio-economic status and both the age at adiposity rebound and language skills, as well as between cognitive stimulation at 2-3

years and language skills at 5-6 years.

and language skills in girls. Specifically, girls experiencing a later adi-
posity rebound demonstrated greater proficiency across language
dimensions measured in the EDEN cohort (including conceptualiza-
tion, vocabulary, verbal reasoning, phonological processing, nonword
repetition, and sentence repetition). Importantly, this correlation did
not extend to nonverbal cognitive abilities such as performance 1Q or
processing speed.

The absence of a correlation between body mass index and indi-
cators of nonverbal cognitive skills may reflect the specific role of
language in human development. Yet, the development of another cog-
nitive domain, executive functions, has been linked to BMI variations
throughout early, middle and late childhood (Blair et al., 2019; Rollins
et al, 2021). This link is further supported by evidence of deficits
in executive functions, such as problem-solving, decision-making, and
impulse control among obese individuals (Yang et al., 2018). Devel-
opmental studies have consistently shown that the development of
language and executive functions are closely intertwined (Bohlmann
et al., 2015; Daneri & Blair, 2017), with early language abilities signif-
icantly influencing the trajectory of executive function development
(Romeo et al., 2022; Slot & von Suchodoletz, 2018). There remains,
however, a substantial research agenda to fully understand the com-

plex interplay between body growth and cognitive development. From

this perspective, the elaboration of comprehensive models that encap-
sulate multiple cognitive domains (i.e., executive functions, language
skills, and nonverbal cognitive abilities) could prove to be a fruitful line
of inquiry.

Contrary to previous work (Blair et al., 2019; Farkas & Jacquet,
2023; Kuzawa et al., 2014; Kuzawa & Blair, 2019; Rollins et al., 2021),
our study found that the trade-off between neurocognitive develop-
ment and body growth was only observed in girls. This result is not
only statistically significant, but also of substantial magnitude. The
divergent developmental paths of girls and boys may reflect the role
of energy trade-offs in regulating differential reproductive strategy.
Previous research has established a link between childhood fat accu-
mulation, including the timing of adiposity rebound, and the onset of
puberty (Brix et al., 2020; O’Keeffe et al., 2020; Williams & Goulding,
2009), potentially due to hormonal influences. Estrogens, for instance,
facilitate the conversion of surplus calories to fat, while leptin over-
sees both appetite and the distribution of energy for reproductive
purposes (Moschos et al., 2002; Rosenbaum & Leibel, 1999). In girls,
the early storage of energy reserves as adipose tissue might antici-
pate the substantial demands of future reproductive events, such as
pregnancy and lactation (Kaplowitz, 2008). Conversely, the interplay

between body growth and reproductive physiology in boys is less clear
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(Kaplowitz, 2008). This disparity may stem from methodological chal-
lenges in pinpointing the onset of puberty in boys, alongside theoretical
considerations suggesting that fat reserves play a less crucial role in
male reproductive functions. For example, unlike females, males do not
bear the energetic burdens of pregnancy and lactation, and the emer-
gence of male secondary sexual characteristics tends to rely more on
the accrual of lean mass.

Another noteworthy finding in our study is the significant corre-
lations between early environmental factors that promote cognitive
stimulation, language skills in girls and the timing of adiposity rebound.
Specifically, children from higher educational and socio-economic
backgrounds, who are exposed to language-stimulating activities at
ages 2-3, tend to delay adiposity rebound and express better language
skills by ages 5-6. This echoes the patterns reported by Farkas and
Jacquet (2023), where limited access to various resources at age 6
was a strong predictor of later growth trajectories, both somatic and
cognitive. Altogether, these findings provide empirical support for the
hypothesis put forth in Kuzawa and Blair (2019), that an environment
rich in information in early life can enhance brain energy demands,
thereby enhancing language development.

Contrastingly, environmental factors less directly associated with
cognitive enrichment, such as parental investment in primary needs or
prenatal stress levels, seemingly have no bearing on the energy trade-
off between body growth and brain development. Additionally, our
data suggest a possible negative correlation between physical stimula-
tion at ages 2-3 and language proficiency at ages 5-6, hinting that early
physical activities may temporarily divert resources from language
development. The observation that environmental factors promot-
ing physical skills might potentially interfere with cognitive functions
such as language presents an evolutionary paradox. Inhibiting neu-
rocognitive development during infancy and childhood could increase
mortality risks, which are notably high in the first 15 years. This might,
for instance, slow down the acquisition of cognitive strategies essential
for achieving efficient resource productivity (see Burger et al., 2012;
Gurven & Kaplan, 2007).

The approach we used to investigate the energy trade-off between
brain development and body growth could benefit from several
improvements. Firstly, adding data on children’s dietary habits, includ-
ing the amount of nutrient-dense and processed foods consumed
would refine the model, given that such dietary choices can impact
body mass trajectories (Ip et al., 2017; Saldanha-Gomes et al., 2022).
While our preregistered models partially account for dietary effects
by including a covariate for perinatal adversity (which captures fam-
ily socioeconomic status and indirectly, dietary quality, often poorer
in lower-income, disadvantaged households (Fernandez-Alvira et al.,
2015)), direct dietary measures would offer a more precise adjust-
ment. A second challenge lies in the complex nature of genetic
heritability, which plays a significant role in determining the timing
of adiposity rebound (Cissé et al., 2021; Couto Alves et al., 2019;
Meyre et al., 2004). While our models account for social adversity
and socioeconomic status and their links to cognitive development-

factors less influenced by genetics-the relationship between adiposity

BOUTON ET AL.

rebound and cognition functions might be more directly affected
by genetic factors. Thirdly, we might consider employing an alter-
native index to BMI for a nuanced depiction of body composition,
particularly in boys, where lean mass is a more prominent contrib-
utor to BMI than in girls (Franklin, 1999; Gallagher et al., 1996;
Horlick, 2001; Van Eyck et al., 2021). Lastly, integrating direct mea-
sures of neural activity, such as electrophysiological markers of neu-
ronal maturation, would offer a more immediate evaluation of brain
development.

In this study, we analyzed data from a large sample and obtained
results that align with a trade-off mechanism between brain develop-
ment and body growth. Using the BMI trajectories as an indicator of
body growth and language proficiency as a metric for cognitive devel-
opment, we also demonstrate that environmental factors promoting
cognitive stimulation at ages 2 and 3 concurrently influenced the tim-
ing of adiposity rebound and the language skill levels measured three

years later.
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