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Polygenic Risk, Appetite Traits,
and Weight Gain in Middle Childhood
A Longitudinal Study
Silje Steinsbekk, PhD; Daniel Belsky, PhD; Ismail Cuneyt Guzey, MD, PhD; Jane Wardle, PhD; Lars Wichstrøm, PhD

IMPORTANCE Genome-wide association studies have identified genetic risks for obesity.
These genetic risks influence development of obesity partly by accelerating weight gain in
childhood. Research is needed to identify mechanisms to inform intervention. Cross-sectional
studies suggest appetite traits as a candidate mechanism. Longitudinal studies are needed to
test whether appetite traits mediate genetic influences on children’s weight gain.

OBJECTIVE To test whether genetic risk for obesity predicts accelerated weight gain in middle
childhood (ages 4-8 years) and whether genetic association with accelerated weight gain is
mediated by appetite traits.

DESIGN, SETTING, AND PARTICIPANTS Longitudinal study of a representative birth cohort at
the Trondheim Early Secure Study, Trondheim, Norway, enrolled at age 4 years during 2007
to 2008, with follow-ups at ages 6 and 8 years. Participants were sampled from all children
born in 2003 or 2004 who attended regular community health checkups for 4-year-olds
(97.2% attendance; 82.0% consent rate, n = 2475). Nine hundred ninety-five children
participated at age 4 years, 795 at age 6 years, and 699 at age 8 years. Analyses included
652 children with genotype, adiposity, and appetite data.

MAIN OUTCOMES AND MEASURES Outcomes were body mass index and body-fat phenotypes
measured from anthropometry (ages 4, 6, and 8 years) and bioelectrical impedance (ages
6 and 8 years). Genetic risk for obesity was measured using a genetic risk score composed of
32 single-nucleotide polymorphisms previously discovered in genome-wide association
studies of adult body mass index. Appetite traits were measured at age 6 years with the
Children’s Eating Behavior Questionnaire.

RESULTS Of the 652 genotyped child participants, 323 (49.5%) were female, 58 (8.9%) were
overweight, and 1 (0.2%) was obese. Children at higher genetic risk for obesity had higher
baseline body mass index and fat mass compared with lower genetic risk peers, and they
gained weight and fat mass more rapidly during follow-up. Each SD increase in genetic risk
score was associated with a 0.22-point increase in BMI at age-4 baseline (for the intercept,
unstandardized path coefficient B = 0.22 [95% CI, 0.06-0.38]; P = .008. Children with higher
genetic risk scores also gained BMI points more rapidly from ages 4 to 6 years (B = 0.11 [95%
CI, 0.03-0.20]; P = .01 ; β = 0.12) and from 6 to 8 years (B = 0.09 [95% CI, 0.00-0.19]; P = .05;
β = 0.10), compared with their lower genetic risk peers. Children at higher genetic risk had
higher levels of alleged obesogenic appetite traits than peers with lower genetic risk at age
6 years, but appetite traits did not mediate genetic associations with weight gain. The sum of
the 5 indirect effects was B = −0.001 (95% CI, −0.02 -0.01); P = .86; β = 0.00.

CONCLUSIONS AND RELEVANCE Genetic risk for obesity is associated with accelerated
childhood weight gain. Interventions targeting childhood weight gain may provide one path
to mitigating genetic risk. However, middle childhood appetite traits may not be a promising
target for such interventions. Studies of early-childhood samples are needed to test whether
appetite traits explain how genetic risks accelerate growth earlier in development.
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C hildhood obesity damages health beginning early in life.1

Identifying modifiable factors contributing to the devel-
opment and continuity of unhealthy weight is needed to

address the personal and population-wide health burden of the
obesity epidemic.2 Family-based genetic studies indicate that ge-
netic factors influence the development of obesity.3 Genome-
wide association studies (GWAS) have begun to reveal the mo-
lecular roots of this heritability.4 Longitudinal studies following
up children over time indicate that GWAS-discovered risk vari-
ants influence the development of obesity in part by accelerat-
ing weight gain during infancy and childhood.5-7 Identification
of mechanisms through which genetic risks for obesity acceler-
ate weight gain in childhood can provide insight into the devel-
opmental pathogenesis of obesity and inform intervention.8

According to the behavioral susceptibility theory of obesity,
individual differences in appetite traits help explain why, among
individuals who share the same environment, some become
overweight and others do not.9,10 There is evidence for the heri-
tability of appetite traits in infancy as well as in childhood.11-13

Consistent with behavioral susceptibility theory, some genetic
variants associated with adiposity are also related to appetite
traits.14,15 Cross-sectional studies that measure appetite and obe-
sity at the same time find that appetite mediates a portion of the
observed association between the GWAS-discovered risk vari-
ants and obesity.15,16 Therefore, appetite traits may be targets of
interventions to protect children against the effect of genetic
predispositions to develop obesity. However, such a preventive
approach presupposes that appetitive traits indeed transmit the
genetic effect on later development of obesity. Cross-sectional
studies cannot establish whether appetite traits precede the de-
velopment of obesity or are caused by it. This is a critical piece
of information for clinicians seeking treatment targets to prevent
childhoodobesity.Thereissomeevidencethatappetitetraitsmay
precede accelerated weight gain in infancy.17 To our knowledge,
no data yet speak to whether this finding extends to older chil-
dren during or after the adiposity rebound, a period critically

linked to the development of pediatric obesity.18 Genetically in-
formed prospective studies among children around or after the
period of adiposity rebound (ages 4-7 years) are needed to dis-
entangle the relations between appetitive traits and weight gain
in middle childhood.

We followed up a representative sample of Norwegian chil-
dren from ages 4 to 8 years to test whether obesity-related ap-
petite traits prospectively mediated the effect of genetic risk
for obesity on weight-related outcomes. Although Norway has
less pediatric obesity than some other developed countries, it
is estimated that between 1 in 5 and 1 in 6 children are over-
weight or obese.19 The goal of this study was to provide, to our
knowledge, the first data examining a prospective relation-
ship between polygenic risk, appetite traits, and developmen-
tal phenotypes of adiposity in children.

Methods
Participants and Procedure
The Trondheim Early Secure Study (TESS) comprises mem-
bers of the 2003 and 2004 birth cohorts in Trondheim, Nor-

Key Points

Question: Do appetite traits mediate the link between genetic risk
for obesity and weight gain in children?

Findings: Using longitudinal data from a population sample of
Norwegian 4-year-olds followed up at ages 6 and 8 years, we
found that children at higher genetic risk for obesity gained
weight and body fat more rapidly compared with lower-risk peers,
but appetite traits did not mediate genetic associations with
weight gain.

Meaning: Interventions targeting childhood weight gain may
provide one path to mitigating genetic risk, but middle childhood
appetite traits may not be a promising target for such interventions.

Figure 1. Sample Recruitment and Follow-up
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way (n = 3456). A letter of invitation together with the Strengths
and Difficulties Questionnaire (SDQ)version 4-16,20 a screen-
ing assessment for emotional and behavioral problems, was
sent to the homes of all children in the 2 birth cohorts. The SDQ
was used because the primary aim of the TESS was to assess
mental health. Parents brought the completed SDQ when they
attended the well-child clinic for the routine health check at
age 4 years. As shown in Figure 1, almost all children in the 2
cohorts appeared at the checkup (97.2%); thus, the sample is
effectively a community sample. Parents were informed about
this study by the health nurse. The study was approved by the
Regional Committee for Medical and Health Research Ethics,
Mid-Norway. Written informed consent was obtained. As part
of the primary TESS focus, children were allocated to 4 strata
according to their SDQ scores (cutoffs: 0-4, 5-8, 9-11, and 12-
40), and the probability of selection increased with increas-
ing SDQ scores (0.37, 0.48, 0.70, and 0.89 in the 4 strata, re-
spectively). Of the 1250 children recruited into the TESS, 995
were successfully enrolled at time 1 (2007-2009), and the par-
ticipants’ mean (SD) age was 4.7 (0.30) years. At time 2 fol-
low-up (2009-2011), participants’ mean (SD) age was 6.7 (0.17)
years. At time 3 follow-up (2011-2013), participants’ mean (SD)
age was 8.8 (0.24) years. Analyses included 652 children with
available data on genotype and adiposity phenotypes. Char-
acteristics of the participants are presented in Table 1. The
sample, weighted to adjust for the oversampling just de-
scribed, is comparable with the Norwegian parent popula-
tion for the parents’ level of education21 and children’s body
mass index (BMI), calculated as weight in kilograms divided
by height in meters squared.22

Measures
Genotyping and Genetic Risk Score
Obesity is a complex phenotype; it is influenced by multiple
genetic and environmental factors.23 Information from
multiple genetic variants is needed to characterize genetic

susceptibility to obesity.8 Genetic risk scores are a well-
established method to aggregate information from across the
genome to summarize “genome-wide” genetic predisposi-
tion to a disease or trait.24,25 We calculated the TESS mem-
bers’ genetic risk scores for obesity based on 32 single-
nucleotide polymorphisms (SNPs) identified in the Genetic
Investigation of Anthropometric Traits Consortium genome-
wide association study mega-analysis of BMI in more than
250 000 adults.26 The list of SNPs is presented in eTable 1 in
the Supplement. Two milliliters of saliva were collected from
participants using the Oragene DNA saliva kit (DNA Genotek)
at the time 2 assessment (652 children provided valid DNA
samples). DNA was later extracted and stored according to the
manufacturer’s protocol. Genetic loci of interest were sent to
Illumina for generation of a Custom Oligo Assay Pool. Geno-
typing was performed at the Norwegian University of Science
and Technology Genomics Core Facility on GoldenGate Geno-
typing Universal-32 assays (Illumina), following manufactur-
er's protocol. The arrays were scanned on an Illumina HiScan
and processed with Illumina GenomeStudio.

Obesity genetic risk scores were calculated as the weighted
sum of risk alleles across the 32 SNPs. We calculated the weighted
sum by multiplying the number of obesity-associated alleles for
a SNP by the effect size reported for that SNP in the Genetic In-
vestigation of Anthropometric Traits Consortium’s GWAS mega-
analysis of adult BMI. We then summed the weighted counts
across the set of SNPs. The resulting score was normally distrib-
uted with a mean (SD) of 3.97 (0.56). We standardized the genetic
risk score to have a mean of zero and SD of 1 for analysis.

Weight-Related Outcomes
The health nurse measured weight and height at the ordinary
community health checkup for 4-year-olds (time 1) using sta-
diometers and analog scales. At subsequent assessments,
height and weight were measured using digital scales, and body
fat was measured by bioelectrical impedance using a body com-
position analyzer (heightronic digital stadiometer: QuickMedi-
cal [Model 235A] and Tanita BC420MA). Correction for light
indoor clothing (0.5 kg) was applied. Body mass index and BMI
SD score were estimated,27-29 and percentage of body fat was
calculated as fat mass (kilograms) × 100/body weight. De-
tails on weight-related outcomes are presented in Table 2.

Appetite Traits
Appetite traits at age 6 years were measured by the Norwe-
gian version of the parent-completed Children’s Eating Behav-
ior Questionnaire (CEBQ).30 Response options are measured
on a 5-item Likert scale ranging from “never” to “always.” The
CEBQ has shown good validity31 and test-retest reliability.30

Children’s Eating Behavior Questionnaire scores in the TESS
cohort (Table 2) are similar to those reported in previous
studies.32,33 We analyzed 5 CEBQ subscales linked with obe-
sity in previous studies10,34,35: enjoyment of food, eg, “My child
looks forward to mealtimes” (4 items, α = .81); food respon-
siveness, eg, “If allowed to, my child would eat too much”) (5
items, α = .65); emotional overeating, eg, “My child eats more
when worried” (4 items, α = .75), slowness in eating, eg, “My
child takes more than 30 minutes to finish a meal” (4 items,

Table 1. Sample Characteristics at Baseline

Characteristics (n = 652) No. (%)
Sex of the child

Male 329 (50.5)

Female 323 (49.5)

Weight status

Overweight 58 (8.9)

Obese 1 (0.2)

Sex of the parent informant

Male 101 (15.5)

Female 551 (84.5)

Racial/ethnic origin of mother

Norway 593 (92.8)

Western country 25 (4.0)

Other country 20 (3.2)

Racial/ethnic origin of father

Norway 573 (90.5)

Western country 42 (6.7)

Other country 17 (2.8)
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α = .71); and satiety responsiveness, eg, “My child gets full eas-
ily” (5 items, α = .70).

Statistical Analyses
To test whether genetic risk predicted change in BMI, we used
piecewise growth modeling within a structural equation frame-
work. The model estimated an intercept (BMI at age 4 years)
and 2 slope parameters. The first slope reflected growth in BMI
from ages 4 to 6 years. The second slope reflected growth in
BMI from ages 6 to 8 years. Slopes for growth in weight and
body fat were parameterized as yearly change. Residuals were
set to zero. Slopes and intercepts were regressed on the GRS.

Body fat was measured at ages 6 and 8 years only; thus, only
1 slope was estimated for this outcome.

Mediation analyses were conducted with a path model using
bootstrapping with 1000 draws to compute confidence
intervals.36 As depicted in Figure 2, the model tested paths from
the genetic risk score to appetite traits at age 6 years (path A) and
from the appetite traits to change in BMI from age 6 to 8 years
(path B). Because our research question pertained to appetite
traits generally rather than to any specific appetite trait, we used
a multiple-mediator model that jointly tested mediation of the
genetic effect by the full set of appetite traits. The total media-
tion effect (Figure 2) was calculated as the sums of the products
of A and B paths, 1 product for each of the 5 appetite traits. The
indirecteffectcapturestheportionofthegeneticeffectongrowth
in BMI that is mediated by appetite traits. The model was satu-
rated and therefore fit the data completely (ie, 0 df).

Thirty-two of the participants had 1 parent, and 4 had 2 par-
ents with non-European ancestry (from Asia, Africa, or South
America). Because of prior evidence that the obesity genetic
risk score studied here predicts BMI and obesity similarly in
white and African-American adolescents37 and because of the
relatively small number of children in this group meant that
they would not unduly influence results, we retained these chil-
dren in the sample.

Analyses were performed in Mplus 7.038 using a robust
maximum likelihood estimator. Observations were weighted
to reflect the general population. Specifically, weights were pro-
portional to the number in each population stratum divided
by the number of participating children in that stratum.

Results
Do Children With Higher Genetic Risk Scores Gain Weight
More Rapidly Than Their Peers?
Children with higher genetic risk scores had higher BMI, BMI
SDs, and percentage of body fat compared with children with

Table 2. Descriptives of Study Variables

Study Variables Mean (95% CI)
Weight-related outcomes

Age 4 y

BMI 15.87 (15.77-15.97)

BMI SDS 0.14 (0.06-0.22)

Age 6 y

BMI 15.60 (15.43-15.69)

BMI SDS −0.09 (−0.18 to −0.22)

Body fat, % 18.49 (17.78-18.39)

Age 8 y

BMI 16.63 (16.39-16.74)

BMI SDS 0.13 (0.01-0.17)

Body fat, % 17.32 (15.70-16.44)

Appetite traits at age 6 y

Enjoyment of food 3.45 (3.40-3.49)

Emotional overeating 1.43 (1.40-1.47)

Food responsiveness 1.90 (1.86-1.94)

Satiety responsiveness 2.91 (2.87-2.95)

Slowness in eating 2.52 (2.48-2.58)

Abbreviations: BMI, body mass index; SDS, standard deviation score.

Figure 2. Path Model Showing Hypothesized Mediation of Genetic Influence on Children’s Adiposity Gain by Appetite Traits

Genetic risk
score

A BAppetite
traits

BMI intercept at
age 6 y

BMI slope from
age 6-8 y

Source
Enjoyment of food

Emotional overeating

Food responsiveness

Satiety responsiveness

Slowness in eating

Sum of GRS-to-

appetite-traits paths

Data Table Showing A and B Path Coefficients and Indirect Effect Estimates

0.04 (–0.06 to 0.13)

0.05 (–0.02 to 0.12)

0.07 (–0.01 to 0.15)

0.08 (–0.01 to 0.17)

–0.12 (–0.21 to –0.04)

0.31 (0.16 to 0.63)

A paths from genetic
risk score to appetite
traits

B (95% CI)
0.03 (–0.08 to 0.14)

–0.06 (–0.21 to 0.10)

0.03 (–0.12 to 0.17)

0.11 (–0.01 to 0.23)

–0.01 (–0.08 to 0.07)

–0.10 (–0.31 to 0.11)

B paths from appetite
traits to BMI growth

B (95% CI)
0.001 (–0.004 to 0.006)

0.003 (–0.012 to 0.060)

0.002 (–0.008 to 0.012)

–0.003 (–0.012 to 0.006)

–0.001 (–0.008 to 0.010)

–0.001 (–0.017 to 0.014)

Indirect effects:
products of A and
B paths

B (95% CI)

Figure 2 shows a visual schematic of the path model used to test mediation of
genetic associations with adiposity gain by appetite traits. The mediation model
included 5 appetite traits: enjoyment of food, emotional overeating, food
responsiveness, satiety responsiveness, and slowness in eating. We calculated
the portion of the genetic association with growth mediated by appetite traits
(the total indirect effect) as the sum of product terms (A path × B path) for each
appetite trait. The data table shows coefficient estimates and product terms for

each of the A and B paths used to test mediation. To calculate the sums of A and
B paths, we reversed path coefficients for satiety responsiveness and slowness
in eating because these appetite traits are protective of obesity (ie, higher
values indicate lower obesity risk). 95% CI estimates that do not include zero
indicate statistically significant estimates at P < .05. Coefficients for additional
model paths are reported in eTable 3 in the Supplement. BMI indicates body
mass index; GRS indicates Genetic Risk Score.
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lower genetic risk score at all measurement points (Table 3).
Growth analysis estimated each SD increase in genetic risk score
was associated with a 0.22-point increase in BMI at age-4 base-
line (for the intercept, unstandardized path coefficient B = 0.22
[95% CI, 0.06-0.38]; P = .008). In effect-size terms, each SD
increase in a child’s genetic risk score predicted a 0.1-SD in-
crease in their age-4 BMI (standardized path coefficient,
β = 0.10). Children with higher genetic risk scores also gained
BMI points more rapidly from ages 4 to 6 years (B = 0.11 [95%
CI, 0.03-0.20]; P = .01; β = 0.12) and from 6 to 8 years (B = 0.09
[95% CI, 0.00-0.19]; P = .05; β = 0.10), compared with their
lower genetic risk peers.

The accelerated BMI growth from age 6 to 8 years experi-
enced by children at higher genetic risk reflected increase in
fat mass. Growth analysis of body fat percentage showed that
children with higher genetic risk scores had elevated body fat
at age 6 years (B = 0.75 [95% CI, 0.21-1.29]; P = .007; β = 0.13)
and gained fat more rapidly through age 8 years (B = 0.43 [95%
CI, 0.11-0.75]; P = .009; β = 0.15) compared with lower ge-
netic risk peers. Full growth model results are presented in
eTable 2 in the Supplement.

Do Appetite Traits Mediate Genetic Associations
With Adiposity and Weight Gain?
Children with higher genetic risk scores were rated as having
lower levels of slowness of eating, which indicates they have
a higher eating rate. Genetic associations with other appetite
traits were in the expected direction, although they were not
statistically significant (Table 3). Test of mediation did not sup-
port the hypothesis that appetite traits mediate genetic influ-
ences on BMI growth from age 6 to 8 years. The sum of the 5
indirect effects was B = −0.001 (95% CI, −0.02 -0.01); P = .86;

β = 0.00. Notably, this indirect effect is different from A×B in
Figure 2 (A×B = 0.31× 0.10 = 0.03) because A×B is the prod-
uct of the sums and not the sum of the product and effec-
tively comprises 25 paths (5 As × 5 Bs). Additional coefficient
estimates from the mediation path model are presented in
eTable 3 in the Supplement. We also tested a single mediator
model with slowness in eating as the mediator because this trait
was the only appetite trait showing a statistically significant
association with the genetic risk score. Again, we did not find
evidence to support the mediation hypothesis (for the indi-
rect effect, B = 0.001 [95% CI, −.01-0.01]; P = .89; β = 0.01).

Discussion
We tested whether genetic risk for obesity was associated with
rapid childhood BMI growth and whether this genetic effect
was mediated by appetite traits. We analyzed data from a co-
hort of Norwegian children followed from age 4 years through
age 8 years. Children with higher genetic risk scores for obe-
sity had higher BMI and fat mass compared with lower–
genetic risk peers, and they gained weight more rapidly over
the 4 years of follow-up. The relationship between genetic risk
and accelerated weight gain was not mediated by children’s ap-
petite traits.

Children in the TESS sample who had higher genetic risk
scores had higher BMI, BMI SD scores, and body fat percent-
ages at all ages compared with their lower genetic risk peers.
Effect sizes were in the range of 0.1 to 0.2, consistent with es-
timates from cohorts in Great Britain, New Zealand, and the
United States.6,16,37 Consistency of findings across developed
countries with markedly different health systems and vary-
ing cultural norms around diet and physical activity is note-
worthy. In the domain of obesity prevention, it directs atten-
tion to developmental risk factors that are common across
developed countries, such as high-energy-dense diets, in-
creased sedentary behavior, and diminished physical activ-
ity requirements. Further, it suggests that successful efforts
to mitigate genetic risks can have global implications.5,16

Children with higher genetic risk scores gained weight
more rapidly from ages 4 to 6 years and from ages 6 to 8 years
compared with lower–genetic risk peers. Although other stud-
ies have reported genetic associations with weight gain dur-
ing childhood,6,7,39 to our knowledge, these are the first data
that quantify genetic effects on BMI change during this sen-
sitive developmental period. Each SD increase in a child’s ge-
netic risk score predicted an increase in year-to-year BMI
change of roughly two-tenths of 1 point. Furthermore, we
showed that this accelerated BMI growth is paralleled by an
accelerated increase in body fat. Although the absolute mag-
nitude of genetic effects is small, they are developmentally
significant.

A previous genetic study that measured appetite traits and
BMI at the same time16 suggested that appetite might be one
mechanism through which genetic risk for obesity influ-
enced children’s development. In this study, we used a longi-
tudinal design to test whether differences in appetite ac-
counted for higher genetic risk children gaining weight more

Table 3. Correlations Between the Obesity Genetic Risk Score
and Adiposity and Appetite Phenotypes

Correlation With
Obesity Genetic
Risk Score, r (95% CI) P Value

Adiposity and appetite phenotypes

BMI

Age 4 y 0.10 (0.03-0.18) .009

Age 6 y 0.15 (0.06-0.25) <.001

Age 8 y 0.15 (0.06-0.25) .002

BMI SDS

Age 4 y 0.09 (0.01-0.18) .02

Age 6 y 0.15 (0.06-0.24) .002

Age 8 y 0.18 (0.09-0.27) <.001

Body fat, %

Age 6 y 0.14 (0.05-0.23) .002

Age 8 y 0.20 (0.09-0.30) <.001

Appetite traits at age 6 y

Slowness in eating −0.11 (−0.19 to −0.03) .005

Food responsiveness 0.09 (−0.01 to 0.18) .07

Emotional overeating 0.06 (−0.03 to 0.15) .16

Enjoyment of food 0.04 (−0.06 to 0.13) .46

Satiety responsiveness −0.03 (−0.11 to 0.06) .54

Abbreviations: BMI, body mass index; SDS, standard deviation score.
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rapidly than their peers. Our findings did not support appe-
tite as a mediator of genetic influences on children’s weight gain
during middle childhood. Clinically, these findings do not di-
minish the potential value of appetite measures as markers of
risk for obesity. We previously showed that TESS children’s obe-
sity-related appetite traits predicted increased weight gain from
ages 6 to 8 years.40 However, our current findings do not sup-
port appetite as a pathway through which genetic risk for obe-
sity manifests, at least in middle childhood.

We acknowledge limitations. First, data were right cen-
sored. We do not know whether children growing rapidly dur-
ing the middle childhood period observed in this study will go
on to develop obesity during adolescence/young adulthood.
Second, we had only 3 time points of BMI data. Continued fol-
low-up of this cohort is needed. We were not able to examine
developmental phenotypes, such as the adiposity rebound,
which would require multiple and more closely spaced mea-
sures of BMI around the years of the rebound. Third, the TESS
sample is of European descent (only 0.5% of the participating
parents in our study were of non-European origin). Replica-
tion of findings in non-European populations is needed. Fourth,
appetite traits were measured using a survey rather than labo-
ratory tools, and therefore, social desirability may bias par-
ent ratings. The advantage of using questionnaires rather than
laboratory tests is the cost-effectiveness in the context of large
samples and the potential to tap consistent behavioral style
rather than behavior on a single occasion.9 The CEBQ does
show substantial agreement with laboratory measures.31 Ad-

ditionally, in previous work, we showed that TESS children’s
CEBQ scores predicted their BMI and weight gain.40 Fifth, it
is possible that mediating effects of appetite traits were too
small to be detected in our study. However, the TESS sample
is adequately powered (>80%) to detect effects of size range
greater than 0.1. Finally, our 32-SNP genetic risk score pro-
vides an incomplete summary of genetic variation contribut-
ing to the development of obesity. As larger genome-wide as-
sociation studies uncover additional loci and/or gene-gene
interaction effects contributing to the development of obe-
sity, it may be possible to refine genetic measures of obesity
risk.41 Additionally, environmental factors may modify ge-
netic influences on appetite and growth. Once gene-
environment interactions are identified, incorporating this in-
formation into analyses such as ours may improve precision.

Conclusions
Our findings suggest that accelerated weight gain during middle
childhood is one path through which genetic risks may lead
to obesity. But they do not support middle childhood appe-
tite traits as a mediating mechanism. Appetite traits are asso-
ciated with the development of BMI and thus may still pro-
vide targets for interventions to prevent obesity. Studies of early
childhood samples are needed to test whether appetite traits
explain how genetic risks accelerate growth in the first years
of life.

ARTICLE INFORMATION

Published Online: February 1, 2016.
doi:10.1001/jamapediatrics.2015.4472.

Author Contributions: Drs Steinsbekk and
Wichstrøm had full access to all of the data in the
study and takes responsibility for the integrity of
the data and the accuracy of the data analysis.
Study concept and design: Steinsbekk, Belsky,
Guzey, Wichstrøm.
Acquisition, analysis, or interpretation of data: All
authors.
Drafting of the manuscript: Steinsbekk, Wichstrøm.
Critical revision of the manuscript for important
intellectual content: All authors.
Statistical analysis: Steinsbekk, Wichstrøm.
Obtained funding: Belsky, Wichstrøm.
Administrative, technical, or material support:
Steinsbekk, Guzey.
Study supervision: Guzey, Wardle, Wichstrøm.

Conflict of Interest Disclosures: None reported.

Funding/Support: Grants 213793 and 191144/V50
from the Research Council of Norway funded this
research.

REFERENCES

1. Skinner AC, Perrin EM, Moss LA, Skelton JA.
Cardiometabolic risks and severity of obesity in
children and young adults. N Engl J Med. 2015;373
(14):1307-1317.

2. Singh AS, Mulder C, Twisk JWR, van Mechelen W,
Chinapaw MJM. Tracking of childhood overweight
into adulthood: a systematic review of the
literature. Obes Rev. 2008;9(5):474-488.

3. Yang W, Kelly T, He J. Genetic epidemiology of
obesity. Epidemiol Rev. 2007;29:49-61.

4. Fall T, Ingelsson E. Genome-wide association
studies of obesity and metabolic syndrome. Mol Cell
Endocrinol. 2014;382(1):740-757.

5. Elks CE, Heude B, de Zegher F, et al. Associations
between genetic obesity susceptibility and early
postnatal fat and lean mass: an individual
participant meta-analysis. JAMA Pediatr. 2014;168
(12):1122-1130.

6. Belsky DW, Moffitt TE, Houts R, et al. Polygenic
risk, rapid childhood growth, and the development
of obesity: evidence from a 4-decade longitudinal
study. Arch Pediatr Adolesc Med. 2012;166(6):
515-521.

7. Warrington NM, Howe LD, Wu YY, et al.
Association of a body mass index genetic risk score
with growth throughout childhood and
adolescence. PLoS One. 2013;8(11):e79547.

8. Belsky DW. Appetite for prevention: genetics
and developmental epidemiology join forces in
obesity research. JAMA Pediatr. 2014;168(4):
309-311.

9. Carnell S, Wardle J. Appetitive traits and child
obesity: measurement, origins and implications for
intervention. Proc Nutr Soc. 2008;67(4):343-355.

10. Carnell S, Wardle J. Appetite and adiposity in
children: evidence for a behavioral susceptibility
theory of obesity. Am J Clin Nutr. 2008;88(1):22-29.

11. Wardle J, Carnell S. Appetite is a heritable
phenotype associated with adiposity. Ann Behav Med.
2009;38(suppl 1):S25-S30.

12. Llewellyn CH, van Jaarsveld CHM, Boniface D,
Carnell S, Wardle J. Eating rate is a heritable
phenotype related to weight in children. Am J Clin
Nutr. 2008;88(6):1560-1566.

13. Llewellyn CH, van Jaarsveld CHM, Plomin R,
Fisher A, Wardle J. Inherited behavioral
susceptibility to adiposity in infancy: a multivariate
genetic analysis of appetite and weight in the
Gemini birth cohort. Am J Clin Nutr. 2012;95(3):
633-639.

14. Carnell S, Wardle J. Appetitive traits in children.
New evidence for associations with weight and a
common, obesity-associated genetic variant.
Appetite. 2009;53(2):260-263.

15. Wardle J, Carnell S, Haworth CMA, Farooqi IS,
O’Rahilly S, Plomin R. Obesity associated genetic
variation in FTO is associated with diminished
satiety. J Clin Endocrinol Metab. 2008;93(9):
3640-3643.

16. Llewellyn CH, Trzaskowski M, van Jaarsveld
CHM, Plomin R, Wardle J. Satiety mechanisms in
genetic risk of obesity. JAMA Pediatr. 2014;168(4):
338-344.

17. van Jaarsveld CHM, Llewellyn CH, Johnson L,
Wardle J. Prospective associations between
appetitive traits and weight gain in infancy. Am J
Clin Nutr. 2011;94(6):1562-1567.

18. Taylor RW, Grant AM, Goulding A, Williams SM.
Early adiposity rebound: review of papers linking
this to subsequent obesity in children and adults.
Curr Opin Clin Nutr Metab Care. 2005;8(6):607-612.

19. Norwegian Institute of Public Health.
Overweight and obeisty in Norway: fact sheet.

Research Original Investigation Polygenic Risk, Appetite Traits, and Weight Gain in Childhood

6/7 JAMA Pediatrics February 2016 Volume 170, Number 2 (Reprinted) jamapediatrics.com

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamapediatrics.2015.4472&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2015.4472
http://www.ncbi.nlm.nih.gov/pubmed/26422721
http://www.ncbi.nlm.nih.gov/pubmed/26422721
http://www.ncbi.nlm.nih.gov/pubmed/18331423
http://www.ncbi.nlm.nih.gov/pubmed/17566051
http://www.ncbi.nlm.nih.gov/pubmed/22963884
http://www.ncbi.nlm.nih.gov/pubmed/22963884
http://www.ncbi.nlm.nih.gov/pubmed/25329327
http://www.ncbi.nlm.nih.gov/pubmed/25329327
http://www.ncbi.nlm.nih.gov/pubmed/22665028
http://www.ncbi.nlm.nih.gov/pubmed/22665028
http://www.ncbi.nlm.nih.gov/pubmed/24244521
http://www.ncbi.nlm.nih.gov/pubmed/24535111
http://www.ncbi.nlm.nih.gov/pubmed/24535111
http://www.ncbi.nlm.nih.gov/pubmed/18715519
http://www.ncbi.nlm.nih.gov/pubmed/18614720
http://www.ncbi.nlm.nih.gov/pubmed/19730964
http://www.ncbi.nlm.nih.gov/pubmed/19730964
http://www.ncbi.nlm.nih.gov/pubmed/19064516
http://www.ncbi.nlm.nih.gov/pubmed/19064516
http://www.ncbi.nlm.nih.gov/pubmed/22277555
http://www.ncbi.nlm.nih.gov/pubmed/22277555
http://www.ncbi.nlm.nih.gov/pubmed/19635515
http://www.ncbi.nlm.nih.gov/pubmed/18583465
http://www.ncbi.nlm.nih.gov/pubmed/18583465
http://www.ncbi.nlm.nih.gov/pubmed/24535189
http://www.ncbi.nlm.nih.gov/pubmed/24535189
http://www.ncbi.nlm.nih.gov/pubmed/22071702
http://www.ncbi.nlm.nih.gov/pubmed/22071702
http://www.ncbi.nlm.nih.gov/pubmed/16205460
http://www.jamapediatrics.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2015.4472


Copyright 2016 American Medical Association. All rights reserved.

http://www.fhi.no/eway/default.aspx?pid=240&trg
=MainContent_6894&Main_6664=6894:0
:25,7585:1:0:0:0:0&MainContent_6894=6706:0
:25,7612:1:0:0:0:0. Accessed March 11, 2015.

20. Crone MR, Vogels AGC, Hoekstra F, Treffers
PDA, Reijneveld SA. A comparison of four scoring
methods based on the parent-rated Strengths and
Difficulties Questionnaire as used in the Dutch
preventive child health care system. BMC Public
Health. 2008;8:106.

21. Statistics Norway. Population's level of
education. http://www.ssb.no/en/utdanning
/statistikker/utniv/aar. Accessed June 18, 2013.

22. Júlíusson PB, Roelants M, Nordal E, et al.
Growth references for 0–19-year-old Norwegian
children for length/height, weight, body mass index
and head circumference. Ann Hum Biol. 2013;40
(3):220-227.

23. McCarthy MI. Genomics, type 2 diabetes, and
obesity. N Engl J Med. 2010;363(24):2339-2350.

24. Belsky DW, Moffitt TE, Caspi A. Genetics in
population health science: strategies and
opportunities. Am J Public Health. 2013;103(suppl
1):S73-S83.

25. Dudbridge F. Power and predictive accuracy of
polygenic risk scores. PLoS Genet. 2013;9(3):
e1003348.

26. Speliotes EK, Willer CJ, Berndt SI, et al; MAGIC;
Procardis Consortium. Association analyses of
249,796 individuals reveal 18 new loci associated
with body mass index. Nat Genet. 2010;42(11):
937-948.

27. Cole TJ, Freeman JV, Preece MA. Body mass
index reference curves for the UK, 1990. Arch Dis
Child. 1995;73(1):25-29.

28. Cole TJ, Freeman JV, Preece MA. British 1990
growth reference centiles for weight, height, body
mass index and head circumference fitted by
maximum penalized likelihood. Stat Med. 1998;17
(4):407-429.

29. LMSgrowth [computer program]. Version 2.77.
Harlow Printing Limited; 2012.

30. Wardle J, Guthrie CA, Sanderson S, Rapoport L.
Development of the children’s eating behaviour
questionnaire. J Child Psychol Psychiatry. 2001;42
(7):963-970.

31. Carnell S, Wardle J. Measuring behavioural
susceptibility to obesity: validation of the child
eating behaviour questionnaire. Appetite. 2007;48
(1):104-113.

32. Mallan KM, Nambiar S, Magarey AM, Daniels
LA. Satiety responsiveness in toddlerhood predicts
energy intake and weight status at four years of
age. Appetite. 2014;74:79-85.

33. Ashcroft J, Semmler C, Carnell S, van Jaarsveld
CHM, Wardle J. Continuity and stability of eating
behaviour traits in children. Eur J Clin Nutr. 2008;
62(8):985-990.

34. Webber L, Hill C, Saxton J, Van Jaarsveld CHM,
Wardle J. Eating behaviour and weight in children.
Int J Obes (Lond). 2009;33(1):21-28.

35. Croker H, Cooke L, Wardle J. Appetitive
behaviours of children attending obesity treatment.
Appetite. 2011;57(2):525-529.

36. MacKinnon D. Introduction to Statistical
Mediation Analysis. Hoboken, NJ: Taylor and Francis;
2012.

37. Domingue BW, Belsky DW, Harris KM, Smolen
A, McQueen MB, Boardman JD. Polygenic risk
predicts obesity in both white and black young
adults. PLoS One. 2014;9(7):e101596.

38. Muthèn LK, Muthèn BO. Mplus User’s guide.
Sixth Edition. Los Angeles: Muthen & Muthen;
1998-2010.

39. Elks CE, Loos RJF, Hardy R, et al. Adult obesity
susceptibility variants are associated with greater
childhood weight gain and a faster tempo of
growth: the 1946 British Birth Cohort Study. Am J
Clin Nutr. 2012;95(5):1150-1156.

40. Steinsbekk S, Wichstrøm L. Predictors of
change in BMI from the age of 4 to 8. J Pediatr
Psychol. 2015;40(10):1056-1064.

41. Locke AE, Kahali B, Berndt SI, et al; LifeLines
Cohort Study; ADIPOGen Consortium; AGEN-BMI
Working Group; CARDIOGRAMplusC4D
Consortium; CKDGen Consortium; GLGC; ICBP;
MAGIC Investigators; MuTHER Consortium; MIGen
Consortium; PAGE Consortium; ReproGen
Consortium; GENIE Consortium; International
Endogene Consortium. Genetic studies of body
mass index yield new insights for obesity biology.
Nature. 2015;518(7538):197-206.

Polygenic Risk, Appetite Traits, and Weight Gain in Childhood Original Investigation Research

jamapediatrics.com (Reprinted) JAMA Pediatrics February 2016 Volume 170, Number 2 7/7

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

http://www.fhi.no/eway/default.aspx?pid=240&trg=MainContent_6894&Main_6664=6894:0:25%447585:1:0:0:0:0&MainContent_6894=6706:0:25%2C7612:1:0:0:0:0
http://www.fhi.no/eway/default.aspx?pid=240&trg=MainContent_6894&Main_6664=6894:0:25%447585:1:0:0:0:0&MainContent_6894=6706:0:25%2C7612:1:0:0:0:0
http://www.fhi.no/eway/default.aspx?pid=240&trg=MainContent_6894&Main_6664=6894:0:25%447585:1:0:0:0:0&MainContent_6894=6706:0:25%2C7612:1:0:0:0:0
http://www.fhi.no/eway/default.aspx?pid=240&trg=MainContent_6894&Main_6664=6894:0:25%447585:1:0:0:0:0&MainContent_6894=6706:0:25%2C7612:1:0:0:0:0
http://www.ncbi.nlm.nih.gov/pubmed/18394152
http://www.ncbi.nlm.nih.gov/pubmed/18394152
http://www.ssb.no/en/utdanning/statistikker/utniv/aar
http://www.ssb.no/en/utdanning/statistikker/utniv/aar
http://www.ncbi.nlm.nih.gov/pubmed/23414181
http://www.ncbi.nlm.nih.gov/pubmed/23414181
http://www.ncbi.nlm.nih.gov/pubmed/21142536
http://www.ncbi.nlm.nih.gov/pubmed/23927511
http://www.ncbi.nlm.nih.gov/pubmed/23927511
http://www.ncbi.nlm.nih.gov/pubmed/23555274
http://www.ncbi.nlm.nih.gov/pubmed/23555274
http://www.ncbi.nlm.nih.gov/pubmed/20935630
http://www.ncbi.nlm.nih.gov/pubmed/20935630
http://www.ncbi.nlm.nih.gov/pubmed/7639544
http://www.ncbi.nlm.nih.gov/pubmed/7639544
http://www.ncbi.nlm.nih.gov/pubmed/9496720
http://www.ncbi.nlm.nih.gov/pubmed/9496720
http://www.ncbi.nlm.nih.gov/pubmed/11693591
http://www.ncbi.nlm.nih.gov/pubmed/11693591
http://www.ncbi.nlm.nih.gov/pubmed/16962207
http://www.ncbi.nlm.nih.gov/pubmed/16962207
http://www.ncbi.nlm.nih.gov/pubmed/24316574
http://www.ncbi.nlm.nih.gov/pubmed/17684526
http://www.ncbi.nlm.nih.gov/pubmed/17684526
http://www.ncbi.nlm.nih.gov/pubmed/19002146
http://www.ncbi.nlm.nih.gov/pubmed/21658420
http://www.ncbi.nlm.nih.gov/pubmed/24992585
http://www.ncbi.nlm.nih.gov/pubmed/22456663
http://www.ncbi.nlm.nih.gov/pubmed/22456663
http://www.ncbi.nlm.nih.gov/pubmed/26050242
http://www.ncbi.nlm.nih.gov/pubmed/26050242
http://www.ncbi.nlm.nih.gov/pubmed/25673413
http://www.jamapediatrics.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2015.4472

