https://doi.org/10.1017/jns.2026.10086 Published online by Cambridge University Press

Journal of Nutritional Science

cambridge.org/jns

Research Article

Cite this article: Goulet D, Boivin M, Gravel CA,
Little J, Potter BK, and Dubois L (2026).
Interaction between polygenic scores

and dietary intake in relation to BMI in
Canadian children. Journal of Nutritional
Science 15: e19, 1-10. doi: 10.1017/
jns.2026.10086

Received: 19 November 2024
Revised: 13 December 2025
Accepted: 9 February 2026

Keywords:
Obesity; children’s health; moderation;
nutrition; longitudinal analysis; polygenic score

Corresponding authors: Michel Boivin; Email:
Michel.Boivin@psy.ulaval.ca; Lise Dubois;
Email: [dubois@uottawa.ca

© The Author(s), 2026. Published by Cambridge
University Press on behalf of The Nutrition
Society. This is an Open Access article,
distributed under the terms of the Creative
Commons Attribution-NonCommercial-
NoDerivatives licence (https://
creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use,
distribution, and reproduction in any medium,
provided that no alterations are made and the
original article is properly cited. The written
permission of Cambridge University Press or
the rights holder(s) must be obtained prior to
any commercial use and/or adaptation of the
article.

. The
=~ Nutrition
/ Society

CAMBRIDGE

UNIVERSITY PRESS

Interaction between polygenic scores
and dietary intake in relation to BMI in
Canadian children

Danick Goulet! @, Michel Boivin?, Christopher A. Gravel***°, Julian Little?,
Beth K. Potter! and Lise Dubois!

!School of Epidemiology and Public Health, University of Ottawa, Canada; 2Ecole de Psychologie, Université Laval,
Canada; 3Department of Epidemiology, Biostatistics and Occupational Health, McGill University, Canada;
“Department of Mathematics and Statistics, University of Ottawa, Canada and °Data Literacy Institute, University of
Ottawa, Canada

Abstract

The effect of dietary intake on body weight may vary based on individual genetic differences.
However, children are rarely used in such investigations. The aim was to identify possible
genetic moderation through polygenic scores (PGS) for BMI, of the association between dietary
intakes and BMI in children. The study sample included children who were part of a French-
Canadian birth-cohort study. BMI data was available on seven occasions between ages 4 and
13 years. FFQ (juice and fruit drinks, sweets and snack foods, meats, and fruits and vegetables)
and 24-h dietary recall (proteins, lipids, carbohydrates, total energy) data were available up to
4 years. Linear mixed models were used to account for repeated BMI measurements. The
consumption of juice and fruit drinks (in girls), sweets and snack foods, fruits and vegetables,
proteins, lipids, carbohydrates and total energy were associated with BMI. Associations
with BMI increased with age (kg/m? per year) for fruits and vegetables (f: —0.03, 95%CL:
—0.06;—0.01), lipids (B: 0.11, 95%CI: 0.01;0.22), carbohydrates (f: 0.05, 95%CI: 0.01;0.08), and
total energy (: 0.07, 95%CI: 0.02;0.12), and with higher values of a PGS (kg/m? per SD) for
proteins (B: 0.54, 95%CI: 0.03;1.06), lipids (B: 0.63, 95%CI: 0.12;1.13), and total energy (p: 0.32,
95%CI: 0.06;0.58). Using longitudinal data, we showed that the associations between specific
dietary intakes and BMI may vary depending on age and genetic susceptibility in childhood.

Introduction

The prevalence of obesity has increased continuously over the past decade for both adults and
children in Canada.*? This is concerning since obesity leads to numerous health comorbidities
in children, including hypertension, type 2 diabetes, or obstructive sleep apnoea, which were
previously thought to be present mostly in adults.’) Furthermore, obesity in childhood is
predictive of obesity in adulthood,”” worse cardiometabolic outcomes,”® and a higher risk of
premature mortality.((’)

Given that food consumption is directly related to energy input, promoting healthy dietary
habits are at the centre of childhood obesity prevention efforts.”) Specifically, the consumption
of sugar-sweetened beverages (SSB) is consistently associated with weight gain in childhood.
Indeed, a recent meta-analysis of prospective cohort studies and randomized controlled trials
confirmed the association between increased SSB intake and BMI gain, and that SSB reduction
interventions lead to a reduction in BML® This aligns with other results showing that children
and adolescents consuming more added sugar are at higher risk of overweight.®) Additionally, a
meta-analysis examining the effects of behavioural factors on childhood obesity observed that
higher consumption of fruits and vegetables, sweets, and snacks trended towards a lower risk of
obesity.!!”) The lack of prospective studies was an important limitation in the evidence.

In recent years, the conceptualization of obesity shifted to a perspective highlighting the role
of brain functions in the interaction between genetic predisposition and the environment in the
regulation of energy balance.!')) This approach is supported by the observation that genetic
variants associated with obesity are mainly expressed in brain regions related to food behav-
ioural rewards and addiction,'? and can be mapped to proteins located in the brain, some of
which involve eating behaviour regulation.'® Twin studies estimate that additive genetic factors
account for up to 80% of individual differences in BML ! Additionally, previous evidence
shows systematically more weight change variance between than within pairs of monozygotic
twins in response to overfeeding and negative energy balance, suggesting that genetic factors
modulate the weight change in response to dietary habits.(*

The consumption of various types of foods (e.g. SSB, or fried foods) has been shown to
modify the effect of individual genetic variants on obesity risk.('®’ Polygenic scores (PGSs) are
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often used to measure genetic susceptibility to a trait by aggre-
gating the effect of individual genetic variants into a single index. A
lower consumption of fruits and vegetables and a higher con-
sumption of SSB are among the dietary factors with the most
evidence supporting the presence of a moderation effect with PGS
in relation to higher body weight.(!”) Nevertheless, there is still
conflicting results regarding those foods. Some studies reported
evidence that PGS moderated the association of the consumption
of SSB18-20) and fruits and vegetables®*-?? with BMI, while others
did not.?!2*?% There is a lack of studies examining the possible
role of PGSs in moderating the relation between food consumption
and BMI in children specifically. One study®? observed higher
associations of pizza and milk consumption with BMI z-score in
children with higher PGS values, and another®® found a statistically
significant interaction between the consumption of fibres (but not
fruits and vegetables) and a PGS in relation to BMI. Similarly,
inconsistent evidence has been observed when examining the
interaction of macronutrient and energy intake with PGSs. Obesity
PGSs were found to moderate the association between consumption
of lipids, proteins, carbohydrates, and total kilocalories and
adiposity-related measures in studies of adults.?*?” In contrast,
other studies did not observe such results.>*

Overall, studies on the interaction between PGSs and dietary
intakes in relation to adiposity-related measured, have thus far
focused almost exclusively on adult populations, used cross-
sectional designs, and only involved PGSs aggregating the effect of
a small subset of variants. Therefore, the main objective of the
present study was to estimate the association between dietary intakes
and BMI (mean and change with age) displayed in school-aged
children and examine the extent to which PGSs for BMI moderate
those associations. Linear mixed models applied to repeated
anthropometric measures obtained from a longitudinal study of
children from Quebec (Canada) were used to test the hypothesis that
food consumption (juice and fruit drinks, sweets and snack foods,
meats, and fruits and vegetables), macronutrient intakes (proteins,
lipids, carbohydrates) and energy intake are associated with BMI
throughout childhood and that PGSs derived from adult and child
summary statistics moderates those associations.

Methods
Study design and participants

Investigators recruited a total of 2120 children born from October
1997 to July 1998 to the Quebec Longitudinal Study of Child
Development (QLSCD) which is designed to be representative of the
regional birth distribution. From 5 months to 25 years, data col-
lection occurred every year or every other year by questionnaires or
interviews administered to the person most knowledgeable about
the child (usually the mother), questionnaires administered to
teachers, questionnaires administered to the child, or via direct
measurements by trained assistants. Data collection included family
characteristics (e.g. socioeconomic and demographic character-
istics), dietary habits (e.g. food frequency consumption, and eating
behaviours), anthropometric data (self-reported or directly mea-
sured), and genetic information. A cohort profile published pre-
viously provides comprehensive details related to the QLSCD.”)
The study sample for the food consumption analyses consisted
of 1793 participants with food consumption data, at least one BMI
measure, and complete covariate data. The study sample for the
analyses of macronutrient and energy intake included 1513 par-
ticipants with macronutrient and energy intake data, at least one
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BMI measure, and complete covariate data. The subsamples for
analyses including genetic data consisted of 706 (food con-
sumption) and 646 (macronutrient and energy intake) participants
with genetic data that passed quality control. A flow chart depicting
study samples is provided in Supplementary Figure 1.

This study was conducted according to the guidelines laid down in
the Declaration of Helsinki. The data collections from the QLSCD
were approved by the Ethics committees of the Institut de la
Statistique du Québec and the CHU Sainte-Justine Research Centre.
The secondary analysis of the data from the QLSCD was approved by
the University of Ottawa Research Ethics Board (ethics file number:
H-01-23-8018). Informed consent was obtained from parents before
each wave of the data collection until age 10. At this point, informed
consent was obtained directly from the participants themselves.

Anthropometric measurements

Anthropometric data were collected every one or two years
throughout the QLSCD, either reported by a parent, reported by
participants themselves, or directly measured by trained assistants.
In this study, we focused on directly measured anthropometric
data, which were obtained at ages 4, 6, 7, 8, 10, 12, and 13 years.
Trained assistants measured height and weight following a
standardized protocol. Height was assessed using a measuring tape
or a ruler, and weight was measured using a scale without shoes
and only light clothing. A minimum of two height and weight
measures were taken, with a third only necessary when the dif-
ference between the first two measures was higher than 0.5 cm or
0.5 kg. The final height and weight values were calculated as the
mean between the two closest measurements. The final individual
BMI values were calculated as weight (kg)/height (m)>.

Food consumption and macronutrient and energy intake

The parent most knowledgeable about the participant was
administered (interviewer-administered or self-administered) a
short FFQ for the average consumption per week of 14 food items
multiple times during follow-up. We used data from four ques-
tionnaires completed at ages 1, 2, 3 and 4 years to obtain an average
of the food consumption in early childhood. These questionnaires
asked the number of times per day/week the child ate specific
foods. The answers varied from: Never, 1-2, 3-4, 5-6 times per
week, and 1, 2+ times per day. Intake values were transformed to
the number of times a food was consumed per day as a continuous
scale by assuming the middle point for responses categorized as a
range (e.g. 3-4 times per week transformed to 0.5 times per day)
and assuming the minimum point for open-ended responses
(e.g. 2+ times per day transformed to 2 times per day). After
grouping certain food items, we included in our analyses the
(1) consumption of sweets and snack food (including pastry, sweets,
cookies, and potato chips), (2) juice and fruit drinks (excluding
carbonated beverages), (3) meats (including poultry, meat, and fish),
and (4) fruits and vegetables (including potatoes). The items were
summed to obtain the consumption per day for each food groups.
Food consumption for each of the four groups was then averaged over
each of the time points available per participant to obtain one con-
sumption measure per participant, per food group.

Macronutrient (carbohydrates, proteins and lipids) and energy
intake data was gathered using 24-h multi-pass dietary recall
interviews®” conducted at home by trained dietitians when par-
ticipants were 4 years old. The mother was asked what type and
quantities of food the child had eaten in the past 24 hours. A
description of the process involved in deriving macronutrient and
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energy estimates from the dietary recall interview is available in an
previous publication.®") Macronutrient and energy intake values
represent the consumption reported as number of units per day
where a unit represents 100g for proteins, lipids, and carbohy-
drates, and 1000 for kilocalories.

Genotyping and polygenic score construction

DNA information was extracted from blood samples for a sub-
sample of 992 participants when they were 10 years old.
Genotyping was conducted using the Infinium PsychArray-24 v1.3.
Genotyping quality control was conducted in two stages, before and
after imputation of genotype data. Pre-imputation, variants with call
rates <98%, a minor allele frequency <1% were excluded. Then,
individuals with genotyping rates <95%, sex mismatches, genetic
duplicates, cryptic relatives, genetic outliers (distance from the
mean of >4 standard deviation in the first eight multidimensional
scaling ancestry components) were excluded before removing non-
autosomal variants and variants with call rates <98%, minor allele
frequency <5% or Hardy Weinberg Equilibrium test p-values
<1x 107 in remaining individuals. Genotype imputation was
performed using SHAPEIT v2 (r837)? and IMPUTE2 v2.3.2.5%
Post-imputation, a final round of quality control was applied with
exclusion criteria of minor allele frequency <1%, Hardy Weinberg
Equilibrium test p-values <1 X 107, and INFO metric <0.8.

Two distinct PGS of BMI were computed using the PRS-CS
(polygenic risk score using continuous shrinkage priors) method®*
with the global shrinkage parameter set at auto. One was derived
with summary statistics from a genome-wide association study of
BMI in children® and is referred as the ‘child-derived PGS’. The
other was constructed using publicly available summary statistics
from a genome-wide association study of BMI in adults®® and is
referenced as the ‘adult-derived PGS’. Even though the study
population is exclusively comprised of children, the adult-derived
PGS was also considered because available evidence suggests that
adult-derived PGSs are able to explain a higher proportion of BMI
variation than child-derived PGSs.®”) Both scores were standardized
and adjusted for population stratification with 613,732 genetic
variants for the adult-derived PGS, and 689,789 genetic variants for
the child-derived PGS.

Sociodemographic variables

Data on sex, birth weight, maternal education, household income,
and parent’s place of birth were gathered when the children were
5-months old using a questionnaire administered by a study
interviewer. Maternal education was categorized as having
received post-secondary education or not. Household income was
categorized as living in a household with sufficient income or not,
based on the threshold defined by Statistics Canada in 1997.

Statistical analysis

Baseline sociodemographic characteristics of the study participants
are summarized as proportions for categorical variables and means
(with standard deviation) for continuous variables. Baseline socio-
demographic characteristics were also compared between QLSCD
participants included in the study with genetic data and the QLSCD
participants excluded from the study (for both food consumption
and macronutrient intake analyses). Study participants’ character-
istics were compared to those of QLSCD non-participants using a

Chi-square test for categorical variables, and one-way ANOVA for
continuous variables.

The association between the child and adult-based PGS and
BMI (intercept) and changes in BMI with age (slope) was derived
using linear mixed models to account for the repeated BMI
measurements. Both models (Equation A) included BMI as the
outcome variable, with age, an order two polynomial for age,
the PGS, the interaction term between the PGS and age, and
five baseline covariates (sex, birth weight, maternal education,
household income, and whether the mother was born in Canada)
as predictor variables.

The predictive role of food, macronutrient and energy intake
in BMI was assessed using linear mixed models (Equation B). In
addition to the intake variables and their interaction with the first
polynomial of age, models also included an order two polynomial
for age and the five covariates. The estimated coefficient for the
interaction term between the intake variables and age corre-
sponds to its association with BMI slope. The estimated coef-
ficient for the intake variables represents the association with
BMI level. We also assessed the association between the intake
variables and BMI at specific time points by setting the intercept
at 4, 8 and 13 years of age. We examined whether the associations
between dietary intakes and BMI differed as a function of sex by
adding an interaction term to components already included in the
model: (1) dietary intakes and (2) the interaction between dietary
intakes and age. Stratified estimates are presented when
necessary.

We assessed whether the association between dietary intakes
and BMI differed based on a participant’s genetic susceptibility to
higher BMI. From the models displayed in Equation B, we added
the adult or the child-derived PGSs and an interaction term
between the PGS and the food consumption variables as shown in
Equation C. We examined if the interaction between dietary
intakes and the PGSs changed based on age or sex by adding three-
way interactions to dietary intake and PGS.

We further performed two supplementary analyses. First, we
added total energy intake as a covariate to the regression models
for the macronutrient intake variables to estimate associations
independently of the energy component. Second, inverse prob-
ability weighting was used to reduce the impact of informative
loss to follow up on the results. Individual propensity scores to
participation in the current study were estimated on the bases of
baseline characteristics (sex, maternal education, birth weight,
sufficient income and whether the mother was born in Canada).
Weights were estimated for each time point to allow differing
weights across time points to account for attrition. To obtain a
weighted study sample analog to the initial QLSCD sample, we
used the average treatment effect to estimate the propensity
scores using the R package ‘twang’.*® Statistical significance was
determined using the student’s t-test with a significance threshold
of 0.05. Statistical analyses were performed using R version
44.1.

BMI; = By+ BT+ B,T%;+ B3PGS; + PGS x T;
+ Bs 9Ci+ Soi + SuTy+ & (A)

BMI = By+ BT + ,32T2ij + BsIntake; + ByIntake x T;
+ Bs9Ci+ Soi + SuTy+ & (B)
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BMI; = By+ BT+ B,T%;+ Pslntake; + ByIntake x T;
+ ﬁSPGS, + ﬁGPGS X Ti + ﬂ71ntﬂke X PGS, + ﬁs,lzci
+ Soi + SuTy + &
©)

With
&ij ~ N(0, 0?),8y; ~ N(0, 03, ),and S;; ~ N(0, o3 )

where i=1,...,n individuals and j=1, ..., 7 measurements;
T: Age (years); PGS: Child or adult-derived PGS; Intake: Dietary
variable; C: Covariates: Sex, birthweight, maternal education,
sufficient income, mother born in Canada.

Results

A description of the sociodemographic characteristics of partic-
ipants included in the main analyses is presented in Table 1. In
both the food consumption and macronutrient and energy intake
samples, the sex distribution was similar (50.1% and 49.2% girls),
more than half of the participants had mothers with post-secon-
dary education (69.3% and 69.3%) and were part of a household
with an income below $60,000 (69.7% and 69.5%). Additionally,
most of the participants’ mothers were aged 20-34 years at delivery
(83.8% and 84.1%) and were born in Canada (90.7% and 91.3%).
Compared to non-participants, participants included in the
genetically informed analysis were mostly composed of girls, of
mothers with higher education, and from higher income house-
holds (Supplementary Tables 1 and 2).

The effect of the PGSs on BMI throughout childhood are
presented in Figure 1. Both the child-derived (Figure 1A) and the
adult-derived (Figure 1B) PGSs were associated with BMI slope,
meaning that genetic susceptibility predicted a BMI increase with
age. An increase in one SD in the child-derived PGS was associated
with a mean yearly BMI increase of 0.06 kg/m? (95% CI: 0.03; 0.09,
p <0.001), whereas a one SD increase in the adult-derived PGS
yielded a mean yearly BMI increase of 0.11 kg/m? (95% CI: 0.08;
0.14, p < 0.001). These associations did not differ between girls and
boys (not shown).

Age-specific associations between dietary intakes in early life
and BMI, and whether those associations changed with age (BMI
slope) are presented in Table 2. Only fruit and vegetable con-
sumption from ages 1-4 years was significantly negatively asso-
ciated with BMI slope. A one time increase per day in fruits and
vegetables consumption was associated with a yearly decrease in
BMI of —0.03 kg/m? (95% CI: —0.06; —0.01, p=0.012). The
association between fruit and vegetable consumption and BMI was
stronger (i.e. more negative) with increasing child age and sta-
tistically significant from —0.18 kg/m? (95% CI: —0.33; —0.03,
p=0.016) at 8 years, to —0.37 kg/m? (95% CI: —0.62; —0.11,
p =0.005) at 13 years. The consumption of meats, and sweets and
snack food were not associated with BMI slope, although a higher
consumption of sweets and snack food was significantly related to
lower BMI at 4 years (p: —0.36, 95% CI: —0.61; —0.12, p = 0.004)
(Table 2). With the exception of juice and fruit drinks (p = 0.036),
no food consumption association with BMI slope varied by sex.
A one time per day increase in juice and fruit drinks consumption
was associated with an increased BMI change with age of
0.08 kg/m? (95% CI: 0.02; 0.14, p = 0.008) per year and with an
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Table 1. Characteristics of study participants with food intake and macro-
nutrient and energy intake data available

Food intake Macronutrient
Characteristic N=1793 intake N =1513
Categorical variables, % (n)
Sex
Girl 50.1(898) 49.2(745)
Boy 49.9(895) 50.8(768)
Preterm birth
Yes 4.9(87) 4.8(73)
No 95.1(1706) 95.2(1440)
Maternal age at birth
<20 years 2.6(46) 2.3(35)
20-34 years 83.8(1502) 84.1(1272)
>35 years 13.7(245) 13.6(206)
Maternal education
Secondary education or less 43.2(775) 42.3(640)
Post-sec. education 56.8(1018) 57.7(873)
Household income
<30 000$ 28.2(505) 27.3(413)
30 000-<60 000 41.5(744) 42.2(638)
60 000-<80 000$ 15.7(281) 16.0(242)
>80 000$ 14.7(263) 14.5(220)
Born in Canada 90.7(1626) 91.3(1381)
Continuous variables,
mean = SD
Birth weight, kg 3.40+0.50 3.40£0.50
BMI at 4 years, kg/m? 15.76 +1.81 15.76 +1.81
BMI at 8 years, kg/m? 16.74 £2.59 16.74 £2.59
BMI at 13 years, kg/m? 20.96 +4.16 20.10 +4.02
Juice and fruit drinks 1.39+0.49 -
consumption times per day
Sweets and snacks 0.66 +0.34 -
consumption times per day
Meats consumption times per 1.03+0.30 -
day
Fruits and vegetables 2.74+0.81 -
consumption times per day
100 g of protein intake per day - 0.60+0.23
100 g of lipid intake per day - 0.58 +0.22
100 g of carbohydrate intake - 2.19+0.68
per day
1000 kcal intake per day - 1.61+0.46

N, sample size. SD, standard deviation. Kcals, kilocalories.

increase in age-specific BMI of 0.68 kg/m? (95% CI: 0.10; 1.27,
p =0.022) at 13 years for girls (Supplementary Table 3).
Consumption of higher amounts of proteins, lipids, carbohy-
drates, and kilocalories at age 4 years was significantly associated
with higher BMI from 4 years to 13 years (Table 2). Additionally,
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Table 2. Age-specific association between food, macronutrient and energy intake, and BMI at 4, 8, and 13 years, and association with change in BMI with age

(A) BMI 4 years (B) BMI 8 years (C) BMI 13 years (D) BMI slope
Model P (95% Cl) p-value P (95% Cl) p-value B (95% CI) p-value B (95% CI) p-value
Food intake
Juice and fruit —0.03 (—0.20, 0.14) 0.760 0.13 (—0.11, 0.36) 0.303 0.35 (—0.08, 0.78) 0.108 0.04 (—0.00, 0.09) 0.073
drinks
Sweets and —0.36 (—0.61, —0.12) 0.004 —0.33 (—0.67, 0.02) 0.062 —0.27 (—0.88, 0.34) 0.391 0.01 (—0.05, 0.08) 0.745
snacks
Meats —0.07 (—0.34, 0.21) 0.638 0.09 (—0.29, 0.48) 0.630 0.20 (—0.49, 0.90) 0.567 0.03 (—0.04, 0.10) 0.416
Fruits and —0.05 (—0.16, 0.06) 0.365  —0.18 (—0.33, —0.03) 0.016 —0.37 (—0.62, —0.11) 0.005  —0.03 (—0.06, —0.01) 0.012
vegetables
Macronutrient
intake
Proteins 0.81 (0.44, 1.18) <0.001 0.98 (0.43, 1.52) <0.001 1.19 (0.22, 2.17) 0.016 0.04 (—0.06, 0.14) 0.410
Lipids 0.76 (0.37, 1.15) <0.001 1.23 (0.67, 1.80) <0.001 1.79 (0.79, 2.79) <0.001 0.11 (0.01, 0.22) 0.031
Carbohydrates 0.31 (0.18, 0.44) <0.001 0.49 (0.30, 0.68) <0.001 0.72 (0.39, 1.05) <0.001 0.05 (0.01, 0.08) 0.009
Total energy 0.51 (0.32, 0.70) <0.001 0.79 (0.52, 1.06) <0.001 1.13 (0.65, 1.61) <0.001 0.07 (0.02, 0.12) 0.007

Estimated association between food, macronutrient and energy intakes and (A) BMI at 4 years, (B) BMI at 8 years, (C) BMI at 13 years, and (D) BMI slope (intake x age interaction) with 95% Cl using
linear mixed models. Corresponding measurement units for juice and fruit drinks, sweets and snacks, meats, and fruits and vegetables are consumption times per day. Corresponding

measurement units for proteins, lipids, and carbohydrates are 100g per day. Corresponding measurement unit for total energy is 1000 calories per day. All coefficients estimated are based on the
model described in Equation B, which includes the following covariates: sex, birthweight, maternal education, sufficient income, and whether the mother was born in Canada. Significance
threshold (bold) set at 0.05.

Child PGS

254

204

(B)

8 10 12
Age (years)

Adult PGS

14

254

204

BMI (kg/m?)

8 10 12

14

Age (years)

PGS -- High (+1 SD) — Mean - Low (-1 SD)

Figure 1. Predicted trajectories of BMI throughout childhood
by (A) the child-derived PGS, and (B) the adult-derived PGS.
Predicted value of BMI by age based on the value of PGS of —1 SD,
mean, +1 SD, based on Equation A.


https://doi.org/10.1017/jns.2026.10086

https://doi.org/10.1017/jns.2026.10086 Published online by Cambridge University Press

Danick Goulet et al.

Table 3. Coefficient for the interaction of food, macronutrient and energy intake with PGSs

Child-derived PGS

Adult-derived PGS

Model p (95% Cl) p-value B (95% Cl) p-value
Juice and fruit drinks 0.08 (—0.14, 0.31) 0.482 —0.14 (—0.38, 0.11) 0.285
Sweets and snacks 0.03 (—0.30, 0.37) 0.851 —0.13 (—0.49, 0.23) 0.474
Meats 0.07 (—0.33, 0.47) 0.741 0.46 (0.08, 0.85) 0.018
Fruits and vegetables —0.01 (—0.17, 0.14) 0.866 0.07 (—0.09, 0.23) 0.392
Proteins 0.05 (—0.50, 0.59) 0.866 0.54 (0.03, 1.06) 0.038
Lipids 0.53 (=0.07, 1.12) 0.083 0.63 (0.12, 1.13) 0.015
Carbohydrates 0.12 (—0.06, 0.31) 0.197 0.16 (—0.03, 0.36) 0.107
Total energy 0.19 (—0.09, 0.47) 0.178 0.32 (0.06, 0.58) 0.017

PGS, polygenic score. Estimated interaction of food, macronutrient and energy intakes with the child-derived and adult-derived PGS in relation to BMI level with 95% ClI using linear mixed models.
Corresponding measurement units for juice and fruit drinks, sweets and snacks, meats, and fruits and vegetables are consumption times per day. Corresponding measurement units for proteins,
lipids, and carbohydrates are 100g per day. Corresponding measurement unit for total energy is 1000 calories per day. All coefficients estimated based on the model described in Equation C, which
includes the following covariates: sex, birthweight, maternal education, sufficient income, and whether the mother was born in Canada. Significance threshold (bold) set at 0.05.

higher intakes of lipids, carbohydrates, and kilocalories were sig-
nificantly associated with increased BMI change with age (Table 2).
The association with the slope of BMI was 0.11 kg/m? (95% CI:
0.01; 0.22, p = 0.031), 0.05 kg/m? (95% CI: 0.01; 0.08, p = 0.009),
and 0.07 kg/m? (95% CIL: 0.02; 0.12, p=0.007) per daily intake
increases of 100g of lipids, 100g of carbohydrates, and 1000 kil-
ocalories, respectively. The associations between macronutrient
and energy intake and BMI did not differ by sex (all p > 0.05,
not shown). Additional analyses revealed that the association of
consumption of lipids and carbohydrates with BMI still
increased with age after taking into account total energy con-
sumption (Supplementary Table 4). However, the age-specific
associations of all three macronutrients (proteins, lipids, and
carbohydrates) with BMI were attenuated and were no longer
statistically significant when accounting for total energy con-
sumption, except for carbohydrates at 13 years (Supplementary
Table 4).

None of the interactions between food, macronutrient, or
energy intake and the child-derived PGS in relation to BMI were
statistically significant. There were significant interactions between
the adult-derived PGS and the consumption of meats, proteins,
lipids, and kilocalories in relation to BMI (Table 3). A one SD
increase of the PGS moderated those associations so that such
consumption yielded 0.46 kg/m? (95% CI: 0.08; 0.85, p=0.018),
0.54 kg/m? (95% CI: 0.03; 1.06, p = 0.038), 0.63 kg/m? (95% CI:
0.12; 1.13, p=0.015), and 0.32 kg/m2 (95% CI: 0.06; 0.58,
p =0.017), respectively, across childhood. The interactions did not
differ by sex (p > 0.05, not shown) except for juice and fruit drinks
and the adult-derived PGS (p = 0.031), with a significant (negative)
interaction with the PGS in girls only (Supplementary Table 5). A
one SD increase of the PGS diminished the association between
juice and fruit drinks consumption and BMI by 0.35 kg/m? (95%
CL: —0.69; —0.01, p=0.044) in girls. Therefore, girls at lower
genetic risk were more susceptible to the effect of juice and fruit
drink consumption on BMI.

Table 4 displays the association between increased daily con-
sumption of meat (one more serving per day), protein (additional
100g per day), lipid (additional 100g per day), and kilocalorie (1000
additional kilocalories per day) and BMI, by age (4, 8, and 13
years), reported separately by selected values of the adult-derived
PGS (mean score —1 SD, mean score, mean score +1 SD). Higher
protein, lipid, and kilocalorie intakes were associated with

increased BMI at the mean PGS value and for the mean + 1 SD
value at all ages. The positive interactions between the adult-
derived PGS and the consumption of proteins and lipids in relation
to increases in BMI level were still retained once total energy intake
was included in the models (Supplementary Table 6). However,
age-specific associations between protein and lipid intakes and
BMI by PGS values were attenuated and not statistically significant
after adjusting for total energy intake, except for protein intake in
those of high genetic risk at 8 years (Supplementary Table 6).

Finally, applying inverse probability weighting to attenuate the
impact of informative loss to follow up did not change the overall
results, with only minimal effects on the estimated coefficients
(Supplementary Tables 7-9).

Discussion

The present study estimated the association between specific food
consumption, macronutrient and energy intakes assessed in early
childhood and BMI measured later in childhood and determined if
genetic susceptibility to higher BMI moderated these associations.
The consumption of sweets, and fruits and vegetables were asso-
ciated with lower BMI at 4 years and at 8 to 13 years, respectively.
In contrast, proteins, lipids, carbohydrates, and total energy intake
was associated with higher BMI from 4 years to 13 years. Most
notably, our findings revealed an increase with age of the asso-
ciations of fruits and vegetables, lipids, carbohydrates, proteins, and
energy intake with BML? that a low genetic susceptibility protects
from an increase in BMI associated with higher intakes of proteins,
lipids, and total energy, and® that taking into account total energy
intake dissipates most of the macronutrients contribution to mean
BMLI, but not the related slope of BMI and interaction with genetic
susceptibility.

The present study suggests that in childhood, the association
between juice and fruit drink consumption and BMI increases with
age in girls. Two recent meta-analyses of 40®® and 20'? studies,
including a large proportion of prospective cohorts supported the
association of a higher consumption of SSB with increased BMI
and risk of obesity in childhood. In the present study, the asso-
ciation with BMI was statistically significant only in older girls,
which was not explained by differences in sample sizes between
girls and boys. The two meta-analyses did not investigate
differences in associations by sex. However, similar results were
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Table 4. Age-specific association of food, macronutrient and energy intake with BMI by PGS value

PGS: mean score —1 SD

PGS: mean score PGS: mean score +1 SD

Model p (95% Cl) p-value B (95% Cl) p-value p (95% Cl) p-value
4 years

Proteins 0.47 (—-0.27, 1.21) 0.210 1.01 (0.47, 1.55) <0.001 1.55 (0.80, 2.30) <0.001
Lipids 0.28 (—0.47, 1.02) 0.468 0.90 (0.35, 1.45) 0.001 1.52 (0.77, 2.28) <0.001
Meats —0.49 (—1.05, 0.07) 0.087 —0.04 (—0.45, 0.38) 0.862 0.42 (—0.15, 0.99) 0.151
Total energy 0.27 (=0.10, 0.64) 0.154 0.58 (0.31, 0.86) <0.001 0.90 (0.52, 1.28) <0.001
8 years

Proteins 0.73 (—0.16, 1.61) 0.107 1.25 (0.53, 1.98) 0.001 1.78 (0.89, 2.68) <0.001
Lipids 0.65 (—0.25, 1.55) 0.155 1.26 (0.52, 2.00) 0.001 1.87 (0.96, 2.77) <0.001
Meats —0.27 (—0.94, 0.40) 0.427 0.16 (—0.39, 0.71) 0.577 0.58 (—0.09, 1.26) 0.092
Total energy 0.66 (0.22, 1.10) 0.003 0.97 (0.61, 1.33) <0.001 1.28 (0.83, 1.73) <0.001
13 years

Proteins 1.05 (=0.34, 2.43) 0.138 1.60 (0.31, 2.88) 0.015 2.14 (0.75, 3.54) 0.003
Lipids 1.09 (—0.32, 2.50) 0.130 1.72 (0.40, 3.04) 0.011 2.34 (0.93, 3.76) 0.001
Meats —0.10 (=1.14, 0.95) 0.855 0.37 (—0.60, 1.35) 0.453 0.85 (=0.21, 1.90) 0.116
Total energy 1.13 (0.44, 1.82) 0.001 1.45 (0.80, 2.09) <0.001 1.76 (1.07, 2.46) <0.001

PGS, polygenic score. Estimated association of food, macronutrient and energy intakes with BMI according to age and the adult-derived PGS with 95% CI using linear mixed models.
Corresponding measurement unit for meats is consumption times per day. Corresponding measurement units for proteins and lipids are 100g per day. Corresponding measurement unit for total
energy is 1000 calories per day. All coefficients estimated based on the model described in Equation C, which includes the following covariates: sex, birthweight, maternal education, sufficient

income, and whether the mother was born in Canada. Significance threshold (bold) set at 0.05.

observed in a previous study“” reporting that an increased con-
sumption of soft drinks and fruit juices (driven by fruit juices) was
associated with an increase in BMI exclusively in girls. Increased
consumption of SSB throughout childhood was also associated
with higher BMI and risk of overweight in early adulthood
exclusively in women in another study.“" Our findings should be
interpreted with caution as the consumption of juice and fruit
drinks in our study, which was measured up to age 4 years, did not
include carbonated beverages.

Our observation that a higher consumption of snacks was
associated with a lower BMI at early age aligns with previous
evidence. Other observational studies have shown similar results of
higher consumption of sweets and snacks associated with higher
risk of overweight.'%#? This observation seems counter-intuitive
due to the added sugar contained in sweets and snack foods. It has
been hypothesized that sweets and snacks consumption between
meals could lead to a lower food consumption at subsequent meals
as compensation.'” However, given that energy compensation
between snacks and meals may only happen partially,*® that
current evidence for the relation between snacks consumption and
lower body weight is parse and heterogeneous,*” and that high
added sugar consumption is associated with worse cardiometabolic
outcomes in children,* our result should be interpreted with
caution.

Furthermore, the association between higher fruits and vege-
tables consumption and lower BMI grew stronger with age. The
consumption of fruits and vegetables is encouraged in children to
decrease the risk of obesity.”) However, systematic reviews found
only weak or unclear evidence for an association between a higher
consumption of fruits and vegetables and lower BMI or risk of
obesity in children.('**>) Thus, our study adds robust evidence in

favour of higher fruits and vegetables consumption recom-
mendations in childhood.

Our study showed a clear association of higher intakes of
proteins, lipids, carbohydrates, and total energy at age 4 years with
higher BMI throughout childhood. It is generally accepted that
energy intakes play an important part in the aetiology of the
accumulation of body fat. Beyond the contribution to increased
energy intake, there are hypotheses related to the individual
contribution of macronutrients on BMI variation. For example,
energy balance may be influenced by carbohydrates through
hormonal pathways,*® or protein intake through satiety mecha-
nisms.“”) However, there is still uncertainty about the extent to
which macronutrients contribute to the build-up of body fat in the
body.”) Although there is evidence that carbohydrate and lipid
intake affect weight change in adults,***”) the current literature
concerning the effect of the composition of macronutrients in diets
on body weight in childhood is limited.*” Our study suggests that
the association between the consumption of macronutrients
(lipids, carbohydrates, and proteins) and BMI is seemingly present
only when not accounting for energy intake. This aligns with a
previous meta-analysis that reported that the proportion of car-
bohydrates in a diet is not significantly associated with the risk of
obesity,*”) suggesting that most of the attributed risk of increased
consumption of carbohydrates is related to the increase in energy
intake. Energy intake may attenuate the associations between
macronutrients and BMI, but the associations with the slope of
BMI remained unchanged. As the explanation behind the con-
servation of the associations with BMI slope, but not the associ-
ations with age-specific BMI, remains elusive, future research will
be needed to investigate this question in more detail. Finally, the
absence of significant association of protein intake at age 4 years
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with BMI slope in conjunction with strong associations from 4 to
13 years also aligns with the literature. Higher consumption of
protein in the first years of life (0-24 months) was associated with
higher BMI later in childhood in two recent meta-analyses of
prospective studies.*"*?

Not everyone that are exposed to the same modern obesogenic
environment characterized by easily accessible unhealthy eating
options and a sedentary lifestyle develops obesity. This likely stems
from the complex interplay between environmental and genetic
factors.*?) Identifying interactions between genetic susceptibility
and dietary factors could be important in revealing individuals who
are more likely to benefit from specific dietary interventions or
prevention methods. We found that the adult-derived PGS
modified the association between consumption of proteins, lipids,
and total energy and BMI. Other than the previously reported
results showing that genetic variants associated with macro-
nutrient consumption are also related to metabolism and
obesity,*® the interaction between genetic factors and macro-
nutrient intake the interactions observed in our study could be
explained by epigenetic modifications in response to diet var-
iations.*® Previous studies on the interaction between PGS for
obesity and macronutrients are mixed: some studies observed
significant interactions with proteins,?® lipids,?"?¢?”) and
energy intake,?® and others did not.?*?® Our results offer
valuable insights considering that only one of the afore-
mentioned studies was prospective®”) and all examined dietary
intake and BMI data in adulthood. Our study aligns with the only
other study®® that found interactions with total protein and
lipid intake after adjustment for total energy intake. Our
observation that genetic susceptibility also modified the asso-
ciation between the consumption of meat and BMI could stem
from the interaction with protein intake.

Consumption of SSB is the type of food that has been the most
observed to interact with a PGS related to BML(81%%) PGSs for
BMI have also been shown to modify the association of fruit and
vegetable consumption®? or a more broadly healthy eating diet
with adiposity measures.?>21:>”) The consumption of juice and
fruit drinks, sweets and snack foods, and fruits and vegetables
was not found to interact with genetic susceptibility in our
study. This could be explained by differences across studies in
how the consumption of food was measured; for example, our
beverage variable incorporated juice and fruit drinks but not
carbonated sweetened beverages, as noted. Also, previous
results were obtained in studies of adults, whereas our sample
was composed of children. For instance, in another rare study of
children, there was no interaction between consumption of
fruits and vegetables and a PGS in relation to BMI in children
aged 2 to 16 years. Overall, we found that only the PGS derived
from adult data, but not from children, modified the relation-
ship between dietary intakes and BMI. This is consistent with
the observation that an adult-derived PGS may be able to
capture higher BMI variation compared to child-derived PGS as
early as 3 years of age.”)

Generally, interaction studies provide clarity to what sub-group
of a population or in what circumstances an exposure influences a
trait.*> Our results suggest that protein, lipid and energy intake
affect body weight, especially in genetically susceptible children.
Considering obesity interventions could be better tailored to
individuals for better results,*® genetic susceptibility may indicate
which individuals to target. Still, the use of PGS in a clinical setting
to identify individuals at higher risk of obesity is not common. PGS
predicting BMI cannot identify individuals at higher risk of obesity

Danick Goulet et al.

with appropriate accuracy.®” However, the presence of an
interaction between dietary intakes and a PGS in relation to BMI
implies that it may be possible to reduce the effect of genetic factors
on body weight by acting on the dietary habits of children. Thus,
understanding which foods and macronutrients could have even
more impact on genetically susceptible children remains an
important undertaking.

The use of a longitudinal design is an important strength of the
study that allowed us to portray the influence of dietary intake on
body weight throughout childhood in more detail, as a cross-
sectional design would have missed crucial patterns of associations.
We also used PGSs that were derived using a method incorporating
hundreds of thousands of genetic variants, capturing a more
diverse array of biological mechanisms related to obesity compared
to methods limited to a few dozen variants. The observation of
interactions between dietary intake variables and the adult-derived
PGS, but not the child-derived PGS highlights the importance
of the choice of score used to represent genetic susceptibility.
Additionally, completing the analyses adjusting for total energy
intake revealed important distinctions that are often omitted when
simply using one of the two possibilities. Although self-report
measures of food consumption were used with FFQs, we leveraged
multiple time points to obtain a more robust estimate. In addition,
we used 24-h dietary recall interviews to estimate macronutrient
and energy intake, which produce good estimations of population
dietary intakes and are a cornerstone of national nutrition surveys
in Canada.(®”

We also note some limitations. First, despite adjusting
regression models with potential confounders and opting for a
weighted approach to mitigate attrition bias, unmeasured factors
that could not be included as covariates (e.g. level of physical
activity) or in the weighting approach could still bias the resulting
associations. Second, although BMI is commonly used to represent
fat accumulation in the body, it remains an imperfect measure that
hardly differentiates between lean and fat mass and is blind to the
location of fat mass, which can have a different impact on health
outcomes. Additionally, our results specifically pertain to BMI and
the change in BMI with time. These may not translate to stand-
ardized adiposity measures commonly used in children (e.g. BMI
z-score), but use of such measures would have introduced addi-
tional uncertainties into the analyses because of the established
limitations of reference growth curves.®” Third, although we
tested if sex modified the associations we studied, some of those
tests were three-way interactions (e.g. PGS, energy intake, sex)
which usually require large sample sizes to obtain sufficient power.
Therefore, larger studies may be needed to explore these questions
more specifically. Fourth, the present study was more exploratory
driven. Due to the high number of statistical tests performed,
additional studies will be needed to confirm the results observed.
Fifth, although FFQs and 24-h recall are commonly used nutri-
tional assessment methods, they have some limitations, including
the risk of misclassification due parental recall. For instance,
under-reporting of dietary intakes in 24-h recall is more common
among parents of children of higher BML(®? Finally, considering
we used a PGS based on summary statistics from populations of
European ancestry, our results may not be generalizable to pop-
ulations of non-European ancestry.

Conclusion

Overall, using a longitudinal design and incorporating genetic
factors in our study provide a robust approach to investigating the
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association between dietary intakes and BMI change in childhood.
We observed that lower consumption of fruits, and vegetables as
well as a higher consumption of macronutrients (proteins, lipids,
carbohydrates), and total energy was associated with higher BMI at
different points throughout childhood. We also note that the
association between some dietary intakes and BMI increased with
age (fruits and vegetables, lipids, carbohydrates, and total energy),
or increased with genetic susceptibility (proteins, lipids, and total
energy). Those results highlight that the effectiveness of obesity
prevention efforts that target dietary intake may depend on
individual genetic susceptibility to higher BMIL
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