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Abstract

From a life-course perspective, genetic and environmental factors driving childhood obesity may have a lasting influence on
health later in life. However, how obesity trajectories vary throughout the life-course remains unknown. Recently,
Richardson et al. created powerful early life and adult gene scores for body mass index (BMI) in a comprehensive attempt to
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separate childhood and adult obesity. The childhood score was derived using questionnaire-based data administered to
adults aged 40-69 regarding their relative body size at age 10, making it prone to recall and misclassification bias. We
therefore attempted to validate the childhood and adult scores using measured BMI data in adolescence and adulthood
among 66 963 individuals from the HUNT Study in Norway from 1963 to 2019. The predictive performance of the childhood
score was better in adolescence and early adulthood, whereas the predictive performance of the adult score was better in
adulthood. In the age group 12-15.9 years, the variance explained by the childhood polygenic risk score (PRS) was 6.7%
versus 2.4% for the adult PRS. In the age group 24-29.9 years, the variance explained by the adult PRS was 3.9% versus 3.6%
for the childhood PRS. Our findings support that genetic factors driving BMI differ at young age and in adulthood. Within the
framework of multivariable Mendelian randomization, the validated childhood gene score can now be used to determine

the consequence of childhood obesity on later disease.

Introduction

Although obesity has tripled among adults, childhood obesity
has increased more than 8-fold worldwide since 1975 (1). This
growing pandemic is cause for major public health concern
(2). From a life-course perspective, genetic and environmen-
tal factors driving childhood obesity may have lasting influ-
ence on health later in life (3). Several epidemiological stud-
ies suggest that childhood obesity is associated with morbid-
ity such as type 2 diabetes and cardiometabolic disease (4,5).
However, isolating the impact of childhood obesity from that
mediated by obesity later in life is difficult. Many children with
obesity carry their excess weight into adulthood (6), and we
lack knowledge on the genetic factors underpinning the obesity
trajectories (3).

Recently, Richardson et al. created a childhood polygenic risk
score (PRS) in an unprecedented attempt to separate the effects
of child-onset and adult obesity. The childhood score predicts
body mass index (BMI) better at age 10, whereas the adult score is
a stronger predictor of adult BMI. Although there is considerable
overlap in the genetic variants associated with BMI at each age,
the strength of their effect seems to vary across the lifespan (7).
Within the framework of multivariable Mendelian randomiza-
tion, combining childhood and adult scores could distinguish if
childhood obesity has a direct effect on disease risk or whether
the risk is conferred through adult obesity (7-11).

The aim of our study is to validate the childhood PRS
using measured BMI data of individuals in both adolescence
and adulthood from the HUNT Study in Norway. Further, we
aim to identify the ages at which predictive performance of
the early life and adult scores cross over. Richardson et al’s
childhood score was derived using questionnaire-based data
administered to adults aged 40-69 regarding their relative
body size at age 10, making this variable prone to recall and
misclassification bias (12). The validation of Richardson et al.’s
recent work in a study sample with measured BMI demonstrates
the use of genetics to better understand childhood and adult
obesity.

Results

The study sample for this validation study consists of 66963
participants aged 12-70 years with a total of 185078 BMI mea-
surements, keeping only the most recent observation per age
category left 97 879 observations to be included in analyses of
explained variance (Fig. 1).

The childhood and adult PRSs were only moderately corre-
lated in our dataset, with a correlation coefficient of 0.34. In the
age group 12-15.9 years, the variance explained by the childhood
PRS was 6.7% versus 2.4% for the adult PRS (Table 1). In the age
group 24-29.9 years, the variance explained by the adult PRS was

3.9% versus 3.6% for the childhood PRS. Results were similar in
analyses excluding the proxy single nucleotide polymorphism
(SNPs) (Supplementary Material, Fig. S1, Supplementary Mate-
rial, Table S1). Thus, the crossover in terms of explained variance
occurs in adolescence and early adulthood. This finding holds
true for all years combined and when studying 1995-97 sepa-
rately, yet is more uncertain for earlier times (Supplementary
Material, Figs S2 and S3). The results among older adults in 1960
70 should be interpreted with caution as they require survival to
and participation in genetic testing in the 1990 or 2000 (Supple-
mentary Material, Table S1). Correspondingly, the receiver oper-
ating characteristic (ROC) curve analyses indicate that the child-
hood score is superior to the adult score in predicting overweight
in the age group 12-15.9, whereas there is no difference between
the two scores in the age group 16-17.9 (Fig. 2, Supplementary
Material, Fig. S4, Supplementary Material, Tables S2 and S3).
Interestingly, the marginal effect of the childhood score on BMI,
i.e. how much BMI increases per standard deviation of the gene
score, is relatively constant throughout the life-course, whereas
the marginal effect of the adult score on BMI increases with
age (Fig. 3). The marginal effects of the two scores cross in early
adulthood yet their confidence intervals overlap in adolescence
and early adulthood. This implies that neither score is better at
predicting BMI in this age range. Redoing the analyses with FaT
mass and Obesity-associated protein SNP (FTO) alone showed an
increasing explained variance with age, however, results for the
1960 and 1970 were more uncertain (Supplementary Material,
Table S4).

Discussion

In this study, we validated the new British childhood and adult
gene scores for BMI with repeated BMI measurements of a large
Norwegian population aged 12-70 over six decades. Our study
confirmed that both PRSs are valid instruments. Comparable to
the British study (7), the age of crossover in terms of strength of
prediction for the early life score to the adult score occurred in
adolescence and young adulthood.

Strength and limitations of this study

The British and Norwegian study populations are well matched
in terms of ethnicity and have comparable cohorts that were
children and middle aged in the same decades. The British
score for childhood BMI is unprecedented in statistical power
yet this comes at a cost. Although the adult score is derived
from measured BMI in middle-aged adults of the UK Biobank
(UKBB), the childhood score is derived from the same adults’
self-reported adiposity at age 10 making it prone to recall and
misclassification bias (7). Appropriately, the validation of both
scores with standardized BMI measurements of adolescents and
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Figure 1. Flowchart of study participants and criteria for inclusion in study sample. «Linkage to data from the tuberculosis screening program 1963-75 required
participation in any part of the Trgndelag Health Study.

Table 1. Additional variance explained by the childhood and adult gene scores after accounting for age, sex, genetic principal components,
genotyping batch and time in all years combined as well as in 1963-75 and 1995-97. The gene scores include proxies for most of the missing

SNPs

Year Age Incremental P-value Confidence interval (%) Incremental P-value Confidence interval (%) Difference in
R2 adult R2 R2 adult grs
grs (%) childhood vs. childhood

grs (%) grs (%)

All years 12-15.9 24 <0.001 14 35 6.7 0 5.0 8.3 -4.3

16-17.9 3.1 <0.001 1.9 4.4 4.0 0 2.7 5.3 -0.9
18-23.9 31 <0.001 2.6 3.7 3.9 0 3.2 4.5 -0.8
24-29.9 3.9 <0.001 34 4.4 3.6 0 31 4.1 0.3
30-69.9 3.6 <0.001 3.3 3.8 1.9 0 1.7 21 1.7
1963-75 12-15.9 2.7 <0.001 14 4.1 6.5 0 4.6 8.4 -3.8
16-17.9 33 <0.001 1.8 4.8 4.7 0 3.0 6.3 -1.4
18-23.9 3.1 <0.001 22 4.1 4.0 0 2.9 5.1 -0.9
24-29.9 4.2 <0.001 3.1 53 4.3 0 3.2 5.4 -0.1
30-69.9 3.4 <0.001 2.8 4.0 3.5 0 2.9 4.1 -0.1
1995-97 12-15.9 2.0 0.017 04 3.7 7.0 0 3.9 10.1 -5.0
16-17.9 2.7 0.023 0.4 5.1 2.2 0.066 -0.1 4.6 0.5
18-23.9 35 <0.001 2.3 4.8 4.2 0 2.8 55 -0.7
24-29.9 5.1 <0.001 3.9 6.3 4.3 0 3.2 5.5 0.8
30-69.9 3.6 <0.001 33 4.0 2.6 0 2.3 29 1.0

middle-aged adults in the Norwegian HUNT Study population
can help address this limitation. Our findings should be taken
together with results from the extensive simulation analyses
conducted by Richardson et al. to investigate measurement error
in the self-reported childhood score. Their results suggest that
misclassification would only mask an effect of the adult score if
it were to influence a disease outcome in the same direction as
the childhood score.

Our study widens the age range for assessment of the scores
(7) and is able to identify at what ages the crossover in terms of
strength of prediction from the early life score to the adult score
occurs. Limited by the current knowledge of genetic variation
underlying each trait, we acknowledge that this may in part
contribute to the observed difference between the two scores.

The generalizability of the British childhood score could also be
questioned being derived from data of older cohorts that were
children approximately half a century ago (7,13). Our dataset
contains both genetic material and repeated BMI measurements
for a large sample of individuals from 12 to 70 years of age
over six decades. Hence, being able to show that the British
childhood gene score is still associated with childhood BMI in
younger cohorts from the HUNT Study is a defining strength
of our study. We validate that Richardson et al.’s childhood PRS
for BMI is a predictor of childhood obesity in the past and the
present. Notably, the differences in the crossover age for these
two groups could potentially be explained by how comparable
they are to the original UK Biobank population, which the scores
were derived from.
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Figure 2. Receiver operator characteristics curves to compare the predictive ability of the childhood and the adult gene scores for overweight at age 12-15 and age

16-17 in the HUNT Study.
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Figure 3. Marginal effects with 95% confidence intervals of the childhood and
adult gene scores on BMI as a function of age.

Comparison with other studies

The factors driving the various obesity trajectories throughout
the life-course remain unknown. Genetic studies show promis-
ing attempts in separating childhood and adult obesity. Although
some studies justify the adult gene score as a valid instrument
for life-long BMI (14-16), others support the use of a more age
appropriate gene score in children (17-22). Although largely
limited by statistical power, previous childhood gene scores
uncovered novel variants associated with infant and childhood
adiposity (3,17,18) and showed that many variants represent age-
related differences in strength of association with BMI (17-19,21).

Richardson et al’s PRS for childhood BMI is unprecedented
in terms of its statistical power. It includes 295 genetic variants
associated with a measure of childhood BMI reported by 453 169
participants of the UK Biobank (7,13). Our validation study could
only include 289 of these 295 genetic variants, marginally reduc-
ing its strength (Supplementary Material, Table S5). Regardless,
the new childhood score explains an additional 7% of variance
in BMI for individuals aged 12-16 when applied to our dataset,
which is roughly triple that of comparable childhood scores

(17). There is large overlap in genetic variants associated with
obesity in children and adults. However, only the independent
SNPs most significantly associated with measures of BMI were
included in the gene scores. FTO, one of the SNPs with the
strongest effect size, shows an increasing explained variance
with age. However, trends for 1960 and 1970 were more uncer-
tain (Supplementary Material, Table S4). Several genetic vari-
ants appear to have a stronger influence on BMI at different
ages suggesting that the genetic background for child-onset
and adult obesity can be separated (7). Our study supports this
notion as the variance explained by the childhood score was
greater in adolescence and early adulthood, whereas the vari-
ance explained by the adult score was greater in adults (Fig. 3,
Supplementary Material, Fig. S2, Table 1). Similarly, there was
a distinct difference in the ROC plots for obesity in adulthood
and for overweight in the younger age categories (Fig. 2, Supple-
mentary Material, Figs S5 and S6). The corresponding estimated
area under the curves is presented in Supplementary Material,
Table S2. The ROC plots for overweight from age 18 to 70 appear
to show an equal effect of both scores on BMI (Supplementary
Material, Figs S7 and S8). This is somewhat misleading and
is rather a reflection of the high prevalence of overweight in
the HUNT Study population. Interestingly, the childhood score
is a better predictor of BMI in adolescence in both the HUNT
Study and the Avon Longitudinal Study of Parents and Children
(ALSPAC) cohorts (7). Correspondingly, the adult score is a better
predictor of BMI in adulthood, likely in part reflecting the effects
of puberty. That two large studies confirm a similar age range
as a cross-point separating the genetics of childhood and adult
obesity is novel and could lay groundwork for future research.
Richardson et al. used multivariable Mendelian Randomization
to show that childhood body size does not increase risk of coro-
nary artery disease and type 2 diabetes after taking into account
adulthood body size. In light of these findings, we have proposed
a window in the life course concerning the critical age where
the negative impact of obesity from early life no longer can be
mitigated with respect to later life disease. The effect of the
childhood score is relatively constant throughout the life-course,
whereas the effect of the adult score on BMI increases with
age (Fig. 3). Although we acknowledge the difference in normal
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range of BMI in children and adults, this does not change the
interpretation of our findings. Comparatively, the genome-wide
polygenic score for BMI is vastly more powerful than both the
childhood and adult scores created by Richardson et al. Although
its effect on weight also emerges in early life, this effect increases
into adulthood making it a better predictor of BMI in adults (23).

Validation of separate gene scores for adult and childhood
BMI enables us to study childhood obesity and its relation to
later health. The question of whether childhood obesity has a
direct effect on disease risk or if the risk is conferred through
adult obesity is baffling and has led to conflicting results (24).
Previous observational studies and phenome-wide Mendelian
randomization studies have found associations with high BMI
in early life and increased risk for morbidity (25,26) including
coronary artery disease (4,26), type 2 diabetes (5,26) and several
types of cancer such as breast cancer (27,28). Other studies imply
that high BMI in childhood does not have a direct effect on risk
for later disease unless it is sustained throughout adulthood
(29,30). This argument is supported clinically as severely obese
adolescents have shown reversal of type 2 diabetes and improve-
ments in cardiovascular risk factors after surgical weight loss
(31).

Richardson et al’s (7) attempt to distinguish childhood obe-
sity’s relation to later disease is the most comprehensive to
date. Using the childhood and adult PRSs as separate genetic
instruments, they distinguish the causal role of childhood obe-
sity within the framework of multivariable Mendelian random-
ization (8,9). After validating the childhood and adult PRSs for
BMI with the HUNT population, Richardson et al’s analytical
approach can now be used to test a multitude of disease out-
comes. Most previous studies have focused on the impact of
childhood obesity on the risk for disease later in life; however,
this approach should also consider the impact of childhood obe-
sity on pediatric outcomes. Previous Mendelian randomization
studies have found causal associations of childhood obesity on
type 1 diabetes (20) and childhood asthma (21). The results of
these and other Mendelian randomization studies should now
be reevaluated using the more powerful childhood gene score in
a multivariable framework.

Generalizability of the findings

Genetic risk is likely to differ among child populations through-
out the world as genetic variants associated with childhood
BMI may vary between ethnicities (32). Regardless, all child pop-
ulations are likely to have age-related differences in strength
of association between genetic variants and BMI. Furthermore,
the HUNT Study with BMI measurements in adolescents and
adults over six decades is an appropriate dataset for validat-
ing increasingly powerful childhood gene scores for BMI in the
future.

Conclusion and implications

Our findings support that genetic factors driving BMI differ at
young age and in adulthood. This creates ample opportunity to
study the life-course trajectories and consequences of obesity.
Within the framework of multivariable Mendelian randomiza-
tion, the validated childhood PRS can now be used to determine
causality (7). It could resolve whether childhood obesity is an
early metabolic derangement where most risk evolves in adult-
hood (30) or whether childhood obesity impacts risk for later dis-
ease directly. Guided by Richardson et al.’s recent results for type
2 diabetes and coronary artery disease, it is plausible that obesity

only presents a risk for somatic diseases after adolescence and
early adulthood. It seems, however, likely that childhood obesity
has lasting effects on later well-being and psychiatric disease.
This validation study confirms the essence of the timing of
obesity in a life-course. Both the UK Biobank and the HUNT Study
identify adolescence as a critical age that separates the genetics
of childhood and adult obesity. This new knowledge could be
an important clue in uncovering the mechanisms underlying
the global disease. Although efforts to alleviate obesity should
be pursued at all ages, using human genetics to disentangle
the contribution of childhood and adult BMI to disease risk can
be an attractive and cost-effective approach to help improve
prevention strategies.

Materials and Methods

Our findings are based on 66 963 individuals of European descent
aged 12-70 years. The study population consists of participants
from the HUNT Study (1984-2019) linked to previous height
and weight measurements in the tuberculosis screening pro-
gram (1963-75). Established in 1943, the tuberculosis screening
program contributed to the surveillance of tuberculosis in the
general Norwegian population (33). The HUNT Study is a large
population-based study with data based on clinical examina-
tions, self-reported health characteristics, assays of biological
samples and genotyping. The entire adult population of the
former Nord-Trgndelag county was invited to participate, and
the HUNT Study was conducted in four waves: HUNT1 (1984-86),
HUNT?2 (1995-97), HUNT3 (2006-08) and HUNT4 (2017-19). Simi-
larly, the Young-HUNT Study was conducted in 1995-97,2000-01,
2006-08 and 2017-19 and recruited all teenagers aged 13-19 from
the same region. The HUNT Study is considered representative
of the Norwegian population despite participation decline from
88% in HUNT1 to 70% in HUNT2 and subsequently 54% in HUNT3
and HUNT4 (34).

The derivation of the study sample is shown in Supple-
mentary Material, Figure S1. Nearly all participants with BMI
measured before the age of 18 also had at least one additional
BMI measured later in adulthood (Supplementary Material, Table
S6).

BMI assessment

BMI was calculated as weight in kilograms per height in meters
squared. Weight was measured to the nearest half kilogram with
the participants wearing light clothes and no shoes and height
was measured to the nearest centimeter (35). The World Health
Organization defines overweight as BMI greater than or equal
to 25 and obesity as BMI greater than or equal to 30 (36). BMI
strongly relates to longitudinal growth. To define corresponding
cut-offs for obesity and overweight for participants younger than
18 years, we calculated their BMI z-score using age- and sex-
specific references from the International Obesity Task Force
(37).

Genotyping and computation of the child and adult
PRSs

Genetic analyses were performed on blood samples collected
from adults participating in HUNT2 and HUNTS3 (34). Genotyping
was carried out with one of three different lllumina HumanCore-
Exome arrays (HumanCoreExome12 v1.0, HumanCoreExome12
v1.1, and UM HUNT Biobank v1.0, llumina, CA), as described
previously (38,39). Imputation was performed using Minimac3
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from a panel combined from the Haplotype Reference Consor-
tium and 2202 HUNT low-pass sequenced individuals with indel
calling.

Using summary statistics from the genome-wide association
study in the UK Biobank (7), we constructed both childhood
and adult gene scores for BMI with data from the HUNT Study
participants. For the childhood and adult scores respectively,
we first multiplied the number of risk alleles for each of the
common variants with the estimated effect size of that partic-
ular variant on BMI published by Richardson et al. (7), and then
summarized overall common variants in respective scores to
create a weighted PRS (40). We accepted proxy SNPs with an
R?>0.8 as well as a D' >0.95 using publicly available reference
haplotypes of a European British in UK and Scotland population
from Phase 3 (Version 5) of the 1000 Genomes Project. We were
unable to locate proxy SNPs for 11 of 39 missing SNPs from
the adult score and 6 of 17 SNPs from the childhood score
(Supplementary Material, Table S5). After ascertainment that the
forward strand was analyzed in both the UKBB and the HUNT
Study, we included all palindromic SNPs. For comparison, we
generated scores excluding the proxy SNPs as well as imputed
SNPs with an r? <0.8 (nine adult score SNPs and one childhood
score SNP).

Richardson et al’s childhood and adult PRSs include 295 and
557 common variants identified to be associated with childhood
and adult BMI, respectively. We included 289 of the 295 common
variants in the childhood score, whereof 11 were proxies for 17
of the common variants excluded due to lacking information in
the HUNT dataset. Correspondingly, we included 546 of the 557
common variants in the adult score, whereof 28 were proxies for
39 of the common variants excluded due to lacking information
(Supplementary Material, Table S5).

Statistical analyses

We used the gene scores including palindromic SNPs in the main
analyses. First, in order to check the overlap in genetic predis-
position to obesity as defined by the two scores, we calculated
the Pearson’s correlation coefficient between the childhood and
adult gene scores for all ages combined, using only one observa-
tion per individual. The main validation analyses involved linear
regression between measures of BMI with both the childhood
and adult scores adjusted for age (included as a continuous vari-
able), sex, time of measurement (as indicator variables for each
time period), 20 genetic principal components and genotyping
batch. We performed these analyses separately by age groups
12-15.9, 16-17.9, 18-23.9, 24-29.9 and 30-70, and we included
only the most recent observation for each individual per age
group. We calculated the difference in explained variance by
comparing the variance explained by models with and without a
gene score, and performed bootstrapping with 1000 replications
to have confidence intervals for the differences in explained
variance. We performed analyses with BMI measured in the
HUNT Study as well as in the tuberculosis screening program in
the 1960 and 1970 both separately and over all times combined to
evaluate the ability of both scores to predict the BMI both overall
and at specific time points. To describe the age of crossover in
strength of association between each score and BMI, we included
all available BMI measurements and performed linear mixed
models with observations nested in individuals. Adjustment
models were similar to the linear models described earlier, but
rather than analyzing separately over age groups, we included
interaction terms between gene scores (as continuous variables)
and age groups (as an indicator variable in 3-year bands). We
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subsequently estimated the marginal effects of gene scores on
BMI over age, using the user written spost13 package for Stata. In
additional analyses, we also included interaction terms between
gene scores and time of measurement (as an indicator variable)
and between age groups (as indicator variable) and time point (as
an indicator variable). We estimated the marginal effects of gene
scores on BMI over both age and time of measurement. We then
generated ROC plots as undertaken in Richardson et al.’s study
(7) to investigate the ability of both scores to predict overweight
and obesity in different age categories. Because obesity was rare
among adolescents in our sample, we present ROC plots for
overweight in the main results. We redid the analyses using only
the FTO SNP to explore its role over six decades. We performed
additional analyses using scores without proxy SNPs and exclud-
ing SNPs with poorer imputation quality to confirm consistent
results. The gene scores were generated using R version 3.6.2 and
all subsequent analyses were performed using Statalé.

Supplementary Material

Supplementary Material is available at HMG online.

Data Sharing

Data from the HUNT Study used in research projects will when
reasonably requested by others be made available upon request
to the HUNT Data Access Committee (hunt@medisin.ntnu.no).
The HUNT data access information (available here: http://www:.
ntnu.edu/hunt/data) describes in detail the policy regarding
data availability. The Norwegian Institute of Public Health will
consider applications for data from the Tuberculosis screening
program (https://www.fhi.no/en/op/data-access-from-health-
registries-health-studies-and-biobanks/).
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