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BACKGROUND: Body mass index (BMI) shows strong continuity over childhood and adolescence and high childhood BMI is the
strongest predictor of adult obesity. Genetic factors strongly contribute to this continuity, but it is still poorly known how their
contribution changes over childhood and adolescence. Thus, we used the genetic twin design to estimate the genetic correlations
of BMI from infancy to adulthood and compared them to the genetic correlations of height.
METHODS: We pooled individual level data from 25 longitudinal twin cohorts including 38,530 complete twin pairs and having
283,766 longitudinal height and weight measures. The data were analyzed using Cholesky decomposition offering genetic and
environmental correlations of BMI and height between all age combinations from 1 to 19 years of age.
RESULTS: The genetic correlations of BMI and height were stronger than the trait correlations. For BMI, we found that genetic
correlations decreased as the age between the assessments increased, a trend that was especially visible from early to middle
childhood. In contrast, for height, the genetic correlations were strong between all ages. Age-to-age correlations between
environmental factors shared by co-twins were found for BMI in early childhood but disappeared altogether by middle childhood.
For height, shared environmental correlations persisted from infancy to adulthood.
CONCLUSIONS: Our results suggest that the genes affecting BMI change over childhood and adolescence leading to decreasing
age-to-age genetic correlations. This change is especially visible from early to middle childhood indicating that new genetic factors
start to affect BMI in middle childhood. Identifying mediating pathways of these genetic factors can open possibilities for
interventions, especially for those children with high genetic predisposition to adult obesity.
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INTRODUCTION
Obesity is one of the most important modifiable risk factors of
health in the modern world [1]. Especially worrying is the global
prevalence of adiposity in childhood and adolescence, which has
rapidly increased during the last decades [2]. These trends leveled
off in Western countries at a high level at the beginning of the 21st

century but continued in other parts of the world [3]. Childhood
adiposity predisposes for health risks in adulthood [4, 5], and thus
the high level of adiposity in childhood creates an underlying

threat to global health. However, this epidemic may be
preventable since high childhood body mass index (BMI) seems
to affect adult diseases especially through adult BMI [6]. Previous
studies have demonstrated that there is strong continuity of BMI
over childhood [7], and that high childhood BMI is the most
important risk factor for adult obesity [8]. Sustainable weight loss
in adulthood is very difficult to obtain because of several
psychological and physiological mechanisms preventing weight
loss and promoting weigh regain; in contrast, excess body fat in
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childhood can be lost without weight loss as the child grows and
develops [9]. Thus, effective interventions to slow or even
eliminate the development of obesity from childhood to
adulthood are important. To do so, we need to understand the
factors underlying the continuity of BMI during the growth period.
Based on the previous evidence, it is likely that genetic factors

are important in explaining the continuity of BMI during childhood
and adolescence. Twin studies have shown that genetic factors
explain a major proportion of BMI variation during childhood [10]
and adulthood [11]. Environmental factors shared by co-twins
affect BMI in early childhood, but their influence disappears during
middle childhood and is not present at all by adolescence [10].
The importance of genetic factors on BMI is further confirmed by
genome-wide-association (GWA) studies, which have identified a
large number of genetic variants affecting BMI variation in
childhood [12] and adulthood [13]. Previous longitudinal twin
studies from different countries [14–18] have estimated genetic
correlations between BMI at different ages over childhood and
adolescence (rG= 0.32–0.91 depending on the ages at the time of
measurements). Further, a GWA meta-analysis found a strong
genetic correlation of childhood BMI with adult BMI (rG= 0.76)
and somewhat weaker genetic correlations with waist-to-hip ratio
(rG= 0.39) and body-fat percentage in adulthood (rG= 0.46) [12].
Even when the previous studies have reported genetic

correlations between certain ages, a comprehensive set of
estimates is not available because single data files do not include
enough measures for all ages to estimate all these correlations
with adequate power. There is evidence on the changing genetic
variation from early to mid-childhood [19], which can affect
genetic correlations over ages if new genetic variation emerges.

The patterns of genetic correlations can give new information how
genetic factors contribute to the development of BMI from infancy
to adulthood. In this study, we will analyze this by using a very
large twin dataset allowing us to estimate all age-to-age genetic
correlations from 1 to 19 years of age separately for males and
females. We also compare these genetic correlations of BMI to the
genetic correlations of height. We expect that if a new genetic
component affecting BMI emerges, it will modify the age pattern
of BMI correlations but not height correlations. This information
would be important when identifying periods in childhood most
strongly associated with adulthood BMI, which can guide further
interventions to prevent the development of adult obesity and
subsequent health risks.

DATA AND METHODS
The data were derived from the COllaborative project of
Development of Anthropometrical measures in Twins (CODAT-
wins) database described in detail elsewhere [20, 21]. For this
study, we selected those participants having at least two
longitudinal measures between 1 and 19 years of age. Together,
we had 25 longitudinal twin cohorts including 82,080 twin
individuals (51% females) and representing 11 countries (the
cohort names are given in a footnote of Table 1). The large
majority of the participants came from six European countries
(Denmark, Finland, Italy, Netherlands, Sweden and the UK)
representing 79% of participants. Outside Europe, the biggest
representation came from Japan (9% of participants) and the USA
(7% of participants). Other countries having much smaller
representations were Australia (3% of participants), Canada (1%

Table 1. Number of observations and means and standard deviations of body mass index (kg/m2) and height (cm) by age and sexa.

Age Males Females

N BMI Height N BMI Height

Mean SD Mean SD Mean SD Mean SD

1 14,860 17.1 1.40 73.9 4.43 14,978 16.8 1.42 72.5 4.47

2 12,379 16.5 1.41 86.8 4.31 12,134 16.2 1.42 85.6 4.36

3 14,835 15.9 1.42 96.1 4.40 15,279 15.7 1.48 95.1 4.50

4 7633 15.8 1.69 102.5 4.89 7737 15.7 1.81 101.3 4.86

5 6603 15.2 1.43 111.4 5.91 6564 15.1 1.54 110.7 6.05

6 2233 15.4 1.52 114.1 5.61 2065 15.3 1.60 113.2 5.57

7 11,856 15.4 1.77 124.4 6.50 12,305 15.4 1.98 123.5 6.50

8 5217 15.7 1.79 128.3 6.38 5192 15.7 2.03 127.6 6.40

9 5149 16.4 2.33 133.8 6.78 5120 16.5 2.62 133.0 6.97

10 9687 16.6 2.34 141.0 7.15 9940 16.7 2.62 140.6 7.30

11 7177 17.3 2.65 144.4 7.09 7357 17.5 2.83 144.8 7.47

12 9831 17.8 2.82 151.9 7.98 10,161 18.0 2.93 153.0 8.06

13 3474 18.4 2.90 158.4 8.94 3413 18.7 3.11 158.0 7.49

14 7250 19.5 3.07 165.7 8.84 7800 19.8 3.19 162.1 6.79

15 3270 19.9 3.20 172.1 8.42 3266 20.2 3.23 164.7 7.11

16 5540 20.7 2.89 175.7 7.39 6350 20.7 3.01 164.9 6.50

17 6125 21.2 2.86 177.8 7.12 6904 20.7 2.80 165.7 6.54

18 3692 21.7 2.98 178.8 7.28 3960 21.3 3.34 165.8 6.79

19 2901 22.0 2.87 179.3 7.29 3529 21.4 3.29 166.1 6.71
aIncludes the following individual twin cohorts: Boston University Twin Project, Child and Adolescent Twin Study in Sweden (CATSS), Colorado Twin Registry,
Danish Twin Cohort, FinnTwin12, FinnTwin16, Gemini Study, Guinea Bissau Twin Study, Japanese Twin Registry, Longitudinal Israeli Study of Twins, Michigan
Twins Project, Minnesota Twin Family Study, Netherlands Twin Cohort (children), Netherlands Twin Cohort (adults), Ochanomizu University Twin Project, Peri/
Postnatal Epigenetic Twins Study (PETS), Quebec Newborn Twin Study, Queensland Twin Register, Swedish Young Male Twins Study (children), Swedish Young
Male Twins Study (adults), TCHAD-study, University of Southern California Twin Study, Washington State Twin Registry, Twins Early Developmental Study
(TEDS), West Japan Twins and Higher Order Multiple Births Registry
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of participants), Israel (<1% of participants) and Guinea-Bissau
(<1% of participants). The pooled analysis was approved by the
ethical committee of Department of Public Health, University of
Helsinki, and the methods were carried out in accordance with the
approved guidelines. Only a limited set of observational variables
and anonymized data were delivered to the data management
center at University of Helsinki. All participants were volunteers
and they or their parents gave informed consent when
participating in their original studies. The measures were done
between the years 1959–2022 and 98% of them were done after
1980. Among the participating twins, there were 38,530 complete
twin pairs of which 38% were monozygotic (MZ) pairs, 33% same-
sex dizygotic (SSDZ) pairs and 29% opposite-sex dizygotic (OSDZ)
pairs. For these twins, we had 283,766 longitudinal height and
weight measures together (the number of observations for each
age and sex combination is given in Supplementary Table 1). BMI
was calculated as weight in kilograms divided by the square of
height in meters (kg/m2). The BMI distribution was normalized
using log-transformation producing roughly normal distributions
(skewness parameters from 0.17 to 0.85 at different ages). The
height distribution was close to the normal distribution without
transformation (skewness parameters from −0.14 to 0.14 at
different ages). Further, we adjusted BMI and height for exact age,
birth year and study cohort differences within each 1-year age and
sex group by calculating regression residuals.
The data were analyzed using classical twin modeling based on

the theory of quantitative genetics utilizing the different genetic
relatedness of MZ and DZ twins [22]. MZ twins have virtually the
same gene sequence whereas DZ twins share, on average, half of
the genetic variations in the same way as ordinary siblings. Based
on this design, it is possible to decompose the trait variation into
additive genetic variation (A) including the effects of all relevant
loci on the trait (correlation 1 within MZ and 0.5 within DZ co-
twins), shared environmental variation (C) including the effects of
all environmental factors making the co-twins similar (correlation
1 within both MZ and DZ co-twins) and unique environmental
variation (E) including the effects of all environmental factors
making the co-twins different including measurement error
(correlation 0 within both MZ and DZ co-twins). These compo-
nents were estimated using OpenMx package, version 3.0.2, of R
statistical software, and the 95% confidence intervals (CI) were
calculated using the maximum likelihood estimation [23]. OpenMx
software uses structural equation technique, and thus these
components are defined as random latent factors in the model
having the predefined correlation structure between co-twins. To
be able to estimate these latent components, we needed to
assume similar variances for MZ and DZ twins. We had previously
reported that the standard deviation (SD) of BMI at some ages in
childhood was somewhat higher than in MZ twins [24]. However,
the difference was small, 15% or less, and become statistically
significant because of the very large sample size. Thus, we needed
to assume that the genetic and environmental factors explain a
similar proportion of variation in MZ and DZ twins. For height, no
differences in SD was found. We also found that DZ twins are
slightly taller and heavier than MZ twins and thus used different
means for the zygosity groups [24]. There was some evidence for
sex-specific genetic effects on both BMI [10] and height [25] over
childhood and adolescence, and we therefore allowed for these
effects by estimating the genetic correlation in OSDZ twins, rather
than constraining it at 0.5 expected for SSDZ twins.
In this study, we utilized bivariate Cholesky decomposition,

which is a model free method to decompose all variation and co-
variation in the data into uncorrelated latent factors [26]. This
method was used to decompose the co-variation between the
measures at different ages into genetic and environmental
covariances. Standardizing these covariances provides us the
estimates of additive genetic (rA), shared environmental (rC) and
unique environmental (rE) correlations. The observed (phenotypic)

correlation (r) between two observation (P1 and P2) at different
ages is defined as r(P1, P2)= a1*rA*a2+ c1*rC*c2+ e1*rE*e2, where
a, c and e are the square roots of the variance components A, C
and E. Results for univariate models based on the same
CODATwins database have been reported previously for BMI
[10] and height [25]. Since we have found that shared environ-
mental variation affected BMI variation only in early childhood
[10], we applied an additive genetic/ unique environmental effect
(AE) model as the main model. However, we repeated the analyses
with an additive genetic/ shared environmental/unique environ-
mental effect (ACE) model to test whether estimating the shared
environmental component has an effect on the estimated genetic
correlations.

RESULTS
Table 1 presents the means and SDs of BMI and height at each age
in males and females from 1 to 19 years of age. The development
of BMI and height followed the expected patterns. BMI decreased
during early childhood and reached the nadir at 5 years of age
both in boys and girls, and then increased until 19 years of age.
Growth in height was very rapid in early childhood and again in
adolescence indicating the puberty. Mean BMI was very similar in
males and females at all ages. Males were taller than females at all
ages except 11 and 12 years of age indicating the earlier start of
puberty in females.
Figure 1 presents the BMI trait correlations between all age

combinations in males (upper triangular matrix) and females
(lower triangular matrix). The 95% CIs for these correlations are
presented in Supplementary Table 2. When the age difference
between the measures increased, the BMI correlations decreased.
However, there was a clear change in the size of correlations after
5 years of age when the BMI correlations with later ages become
systematically stronger. The size of BMI correlations was roughly
similar in males and females.
Next, we decomposed these bivariate BMI trait correlations into

additive genetic correlations (Fig. 2) and specific environmental
correlations (Fig. 3). The 95% CIs for these correlations are given in
Supplementary Tables 3 and 4, respectively. The additive genetic
correlations formed a similar pattern as the trait correlations, i.e.,
additive genetic correlations increased after 5 years of age, but
they were somewhat stronger than the trait correlations. The
unique environmental correlations were weaker than additive
genetic correlations but, with a few exceptions, positive.
We then conducted similar analyzes for height. Especially in

infancy, the height correlations with the measures at later ages
were stronger than for BMI (Supplementary Fig 1; 95% CIs
presented in Supplementary Table 5) and somewhat
decreased when the age between the measurements increased.
Similar to BMI, the additive genetic correlations of height were
somewhat stronger than the trait correlations (Supplementary Fig.
2; 95% CIs presented in Supplementary Table 6). The unique
environmental correlations were somewhat weaker than additive
genetic correlations but still generally higher than unique
environmental correlations for BMI (Supplementary Fig. 3; 95%
CIs presented in Supplementary Table 7).
Next, we tested whether the estimation of a shared environ-

mental component, i.e. fitting the ACE model instead of the AE
model, would affect the additive genetic correlations. In this model,
the additive genetic correlations both for BMI (Supplementary
Table 8) and height (Supplementary Table 9) were very similar to
those estimated in the AE model. For BMI, the shared environ-
mental correlations were found in early childhood, but after that
they largely vanished and could not be reliably estimated: many of
them were negative and 95% CIs included zero (Supplementary
Table 10). For height, the shared environmental correlations were
generally positive but lower than additive genetic correlations
(Supplementary Table 11). Unique environmental correlations were
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very similar for BMI (Supplementary Table 12) and height
(Supplementary Table 13) in the ACE and AE models.
Finally, we tested the universality of the patterns of genetic

correlations in two geographic areas we had enough data to
estimate most of the genetic correlations: Europe and Japan
representing East Asia. The correlation patterns for BMI were
roughly similar in Europe (Supplementary Fig. 4) and Japan
(Supplementary Fig. 5) showing deceasing correlations when the
age difference increased. Also for height, we did not find systematic
differences between Europe (Supplementary Fig. 6) and Japan
(Supplementary Fig. 7). The additive genetic correlations for height
in both regions were higher than estimated for BMI.

DISCUSSION
In this study based on a very large, pooled twin dataset, we were
able to estimate all age-to-age genetic correlations of BMI from
infancy to the onset of adulthood and compare them to the
corresponding correlations of height. Our results show that the
continuity of BMI and height over childhood and adolescence is
predominantly affected by genetic factors since the year-to-year
genetic correlations were systematically higher than the

corresponding trait correlations. Both for BMI and height, we found
that the genetic correlations decreased when the age difference
between the measures increased indicating that partly new genetic
factors start to act at each age. However, this decrease was stronger
for the genetic correlations of BMI than height. This may suggest
that there are more changes in the genetic regulation of weight
than height over childhood and adolescence. This can result from
the major changes in body composition during the growth period
[27], since it is known that somewhat different sets of genes affect
the development of different body tissues [28]. However, these
lower genetic correlations of BMI can also be affected by
environmental factors if they interact with genetic factors affecting
weight and thus modifying the genetic components [29].
The genetic correlations of BMI systematically increased from

early to middle childhood whereas for height we did not see a
clear age pattern and they were high even between infancy and
adulthood. In our previous study, we found that the genetic
variation of BMI increased after 5 years of age indicating that new
genetic factors start to affect BMI after that age [10]. This new
genetic component emerging after 5 years of age is consistent
with the decreasing year-to-year genetic correlations showing
partly different genetic factors affecting weight in early and
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Fig. 1 Trait correlations of BMI between different ages from 1 to 19 years in males (upper triangular matrix) and females (lower triangular matrix).
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middle childhood. There is also molecular level genetic evidence
on changing genetic factors affecting weight from early to middle
childhood. A GWA study of 300,000 participants found that the
associations between the polygenic score of BMI and measures of
BMI become stronger from early to middle childhood [19]. Further,
the variants in the first intron of the FTO gene – the most
important genetic variants associated with BMI in adulthood – are
not associated with BMI in infancy and this association emerges
after 4 years of age [30–32].
It is possible that the new genetic variation affecting BMI after 5

years of age is related to behavioral factors becoming more
important for the individual variation of weight in middle childhood
and later ages when children can more independently decide about
their eating and physical activity behavior affecting the develop-
ment of weight. Previous large-scale GWA studies of adult BMI have
found that the expression of genetic variants associated with higher
BMI are enriched in the brain – especially in the hypothalamus,
pituitary gland, hippocampus and limbic system [33, 34]. These brain
areas have important roles in appetite regulation, learning,
cognition, emotion and memory [35]. Thus, this new genetic
component can reflect the changing interaction between new

environments, such as school and participation in leisure time
activities, and the genetic background of the child. This is suggested,
for example, by the correlations in eating behavior and physical
activity between friends in childhood and adolescence [36]. For
eating behavior, there is also some direct evidence for this since the
polygenic risk score of BMI was found to be associated with
increasing tendency of overeating over childhood measured by
parental worries [37]. Also for physical activity, a common genetic
component affecting at different ages was found [38]. However,
there is only little direct evidence yet how physical activity is related
to genetic variants associated with BMI, and the association between
BMI and physical activity can also be reciprocal so that high BMI can
lead to physical inactivity [39].
Interestingly, this change in the genetic correlations coincides

with the timing of adiposity rebound at the age of 5 in our data.
Previous studies have associated early adiposity rebound with
higher risk of adult obesity [40]. A recent large GWA study found
strong genetic correlations of adult BMI with the timing of
adiposity rebound and BMI at that age, but much weaker
correlations with timing of infancy adiposity peak at the end of
the first year and BMI at that age [41]. It is thus possible that
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Fig. 2 Additive genetic correlations of BMI between different ages from 1 to 19 years in males (upper triangular matrix) and females (lower
triangular matrix).
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different developmental trajectories are associated with adult BMI,
and these associations are contributed by genetic factors.
However, we cannot study this hypothesis directly since it would
have needed more detailed longitudinal measures for same
individuals than available in our data.
We did not find any evidence that environmental factors shared

by co-twins would have affected the continuity of BMI after early
childhood. This is consistent with our previous study showing that
shared environmental factors have an effect on BMI only in early
childhood [10]. However, for height, shared environmental correla-
tions were found. This finding may be because nutritional deficit,
especially the lack of protein, during the two first years of life has
influence on height lasting until adulthood and is thus not fully
compensated if nutrition will improve later in life [42]. We have
previously reported that shared environmental factors explain nearly
40% of height variation in early childhood and from 10% to 20% in
middle childhood and adolescence [25]. Thus, shared environmental
factors contribute to the continuity of height even when their role is
weaker than for genetic factors. The lack of shared environmental
effects on BMI may be surprising when considering that there is
good evidence that socio-economic characteristics of childhood

family affect BMI [43]. However, this result can be because the family
environment may not affect BMI directly but rather interact with
genetic factors; if the environmental exposure is shared by co-twins,
the gene-environment interactions are modeled as additive genetic
factors since MZ twins react to the environmental exposure in a more
similar way than DZ twins [29]. There is previous evidence for the
interaction between genetic factors and parental education based
both in twin [44] and GWA studies [45]. However, in general, more
research in this area is needed to estimate how much of the genetic
influences involve interactions with environmental exposures.
It is also noteworthy that while specific environmental

correlations were much weaker than additive genetic correlations,
they were still moderate for BMI and even higher for height. As we
have reported earlier, unique environmental factors explain from
10% to 20% of BMI variation in childhood and adolescence [10],
and thus they do pay a role when considering factors important
for BMI. These correlations demonstrate that there can be long
lasting environmental exposures in childhood and adolescence
affecting BMI and differing between co-twins. Identifying these
factors may offer interesting opportunities to find possible targets
for early life interventions. However, it is also possible that these
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Fig. 3 Specific environmental correlations of BMI between different ages from 1 to 19 years in males (upper triangular matrix) and females
(lower triangular matrix).
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factors reflect random variation leading to co-twins to different
paths. For example, it is possible that higher BMI leads to physical
inactivity that further leads to higher BMI thus reinforcing these
differences [39]. Since measurement error is modeled as part of
unique environmental factors in our statistical model, it could, in
principle, contribute to these correlations as well. However, this
would require a correlated error of measurement affecting the
measures of the same twin individual done over several years.
The main limitation of our data was that we had only information

on weight and height and thus could only calculate BMI. When
considering heritability, BMI is conceptually problematic since it is a
combination of height and several tissues contributing to weight.
Thus, the genetic variation of BMI reflects the genetic variation of all
these different body tissues, which are affected by partly different
sets of genes [28]. This is an especially important issue for children
since the body composition changes over the growth period [27].
However, BMI has found to correlate strongly with direct measures
of body fat from 10 to 18 years of age [46], and a substantial amount
of genetic variation is shared by BMI and waist circumference [47].
BMI can thus be regarded as a surrogate measure of direct measures
of body fatness in large scale epidemiological studies. This
complexity of BMI can explain why the genetic correlations of BMI
in our study are lower than the genetic correlations of height. Thus,
our results should be regarded as lower limits of genetic correlations
of body fatness, and if using direct measures of body fat, higher
estimates may be found.
Our data have also other limitations but also certain strengths. Our

data did not have detailed longitudinal measures of the same
individuals from infancy to adulthood. Thus, we were only able to
calculate correlations but not apply, e.g., parametric growth models
to analyze the growth curve patterns, which can also be associated
with adult obesity [40]. Thus, our very large data do not compensate
the need of repeated measures of same individuals over the growth
period. Since we did not have information on adopted twins or non-
twin relatives, we needed to assume random mating. There is
evidence suggesting non-random mating both for BMI and height,
which can lead to inflated shared environmental component if it
generates a genetic correlation between spouses [48]. However,
even though we found a shared environmental effect for height, we
did not find it for BMI after early childhood. A limitation was also that
the large majority of our datasets came from European countries and
nearly all other data represented North America, Australia and East
Asia. Thus, our results can be generalized only for higher-income
countries and mainly for Caucasian populations. However, to study
possible ethnic heterogeneity, we repeated all analyses on data from
Japan representing East Asia and could not find systematic
differences in the patterns of correlations as compared to European
cohorts. Our main strength is the very large sample size of
genetically informative data allowing us to estimate the genetic
correlations for all age and sex specific combinations, i.e., 342
correlation coefficients altogether. Thus, we were able to analyze the
pattern of BMI correlations from infancy to early adulthood and
compare this pattern to the pattern of height correlations. This is
especially important since there is no a priori hypothesis on how
these correlations would vary over the growth period.
In conclusion, genetic factors are the key determinants of the

continuity of BMI from childhood to the onset of adulthood. The
genetic correlations decreased after middle childhood; this may
indicate that new genetic factors start to affect BMI and suggests that
middle childhood is an important time to prevent adult obesity. We
need better understanding of the behavioral and biological pathways
through which these genetic factors affect BMI thus enabling
interventions for children having high genetic risk to obesity.

DATA AVAILABILITY
The data used in this study is owned by the third parties (the individual twin cohorts)
and made available to us in condition that they will be used only in this meta-

analysis. The data can be used based on the same principles as used in this study. All
computer codes are freely available from the corresponding author.

REFERENCES
1. GBD 2015 Risk Factors Collaborators. Global, regional, and national comparative

risk assessment of 79 behavioural, environmental and occupational, and meta-
bolic risks or clusters of risks, 1990–2015: a systematic analysis for the Global
Burden of Disease Study 2015. Lancet. 2016;388:1659–724.

2. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in body-mass index,
underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of
2416 population-based measurement studies in 128·9 million children, adoles-
cents, and adults. Lancet. 2017;390:2627–42.

3. Rokholm B, Baker JL, Sørensen TIA. The levelling off of the obesity epidemic since
the year 1999-a review of evidence and perspectives. Obes Rev. 2010;11:835–46.

4. Baker JL, Olsen LW, Sørensen TIA. Childhood body-mass index and the risk of
coronary heart disease in adulthood. N Engl J Med. 2007;357:2329–37.

5. Bjerregaard LG, Jensen BW, Ängquist L, Osler M, Sørensen TIA, Baker JL. Change
in overweight from childhood to early adulthood and risk of type 2 diabetes. N
Engl J Med. 2018;378:1302–12.

6. Lloyd LJ, Langley-Evans SC, McMullen S. Childhood obesity and risk of the adult
metabolic syndrome: a systematic review. Int J Obes. 2012;36:1–11.

7. Bayer O, Krüger H, von Kries R, Toschke AM. Factors associated with tracking of
BMI: a meta-regression analysis on BMI tracking. Obesity. 2011;19:1069–76.

8. 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;9:474–88.

9. Langeveld M, DeVries JH. The long-term effect of energy restricted diets for
treating obesity. Obesity. 2015;23:1529–38.

10. Silventoinen K, Jelenkovic A, Sund R, Hur YM, Yokoyama Y, Honda C, et al. Genetic
and environmental effects on body mass index from infancy to the onset of
adulthood: an individual-based pooled analysis of 45 twin cohorts participating
in the COllaborative project of Development of Anthropometrical measures in
Twins (CODATwins) study. Am J Clin Nutr. 2016;104:371–9.

11. Silventoinen K, Jelenkovic A, Sund R, Yokoyama Y, Hur YM, Cozen W, et al. Dif-
ferences in genetic and environmental variation in adult BMI by sex, age, time
period, and region: an individual-based pooled analysis of 40 twin cohorts. Am J
Clin Nutr. 2017;106:457–66.

12. Vogelezang S, Bradfield JP, Ahluwalia TS, Curtin JA, Lakka TA, Grarup N, et al.
Novel loci for childhood body mass index and shared heritability with adult
cardiometabolic traits. PLoS Genet. 2020;16:e1008718.

13. Yengo L, Sidorenko J, Kemper KE, Zheng Z, Wood AR, Weedon MN, et al. Meta-
analysis of genome-wide association studies for height and body mass index in
∼700000 individuals of European ancestry. Hum Mol Genet. 2018;27:3641–9.

14. Silventoinen K, Pietiläinen KH, Tynelius P, Sørensen TIA, Kaprio J, Rasmussen F.
Genetic and environmental factors in relative weight from birth to age 18: the
Swedish Young Male Twins Study. Int J Obes. 2007;31:615–21.

15. Silventoinen K, Bartels M, Posthuma D, Estourgie-van Burk GF, Willemsen G, van
Beijsterveldt TCEM, et al. Genetic regulation of growth in height and weight from
3 to 12 years of age: a longitudinal study of Dutch twin children. Twin Res Hum
Genet. 2007;10:354–63.

16. Cornes BK, Zhu G, Martin NG. Sex differences in genetic variation in weight: a long-
itudinal study of body mass index in adolescent twins. Behav Genet. 2007;37:648–60.

17. Haworth CMA, Carnell S, Meaburn EL, Davis OSP, Plomin R, Wardle J. Increasing
heritability of BMI and stronger associations with the FTO gene over childhood.
Obesity. 2008;16:2663–8.

18. Silventoinen K, Kaprio J, Yokoyama Y. Genetic regulation of pre-pubertal devel-
opment of body mass index: a longitudinal study of Japanese twin boys and girls.
Behav Genet. 2011;41:234–41.

19. Khera AV, Chaffin M, Wade KH, Zahid S, Brancale J, Xia R, et al. Polygenic prediction
of weight and obesity trajectories from birth to adulthood. Cell. 2019;177:587–.e9.

20. Silventoinen K, Jelenkovic A, Sund R, Honda C, Aaltonen S, Yokoyama Y, et al. The
CODATwins Project: The cohort description of COllaborative Project of Devel-
opment of Anthropometrical Measures in Twins to study macro-environmental
variation in genetic and environmental effects on anthropometric traits. Twin Res
Hum Genet. 2015;18:348–60.

21. Silventoinen K, Jelenkovic A, Yokoyama Y, Sund R, Sugawara M, Tanaka M, et al.
The CODATwins Project: The current status and recent findings of COllaborative
Project of Development of Anthropometrical Measures in Twins. Twin Res Hum
Genet. 2019;22:800–8.

22. Posthuma D, Beem AL, de Geus EJC, van Baal GCM, von Hjelmborg JB, Iachine I,
et al. Theory and practice in quantitative genetics. Twin Res. 2003;6:361–76.

23. Neale MC, Hunter MD, Pritikin JN, Zahery M, Brick TR, Kirkpatrick RM, et al.
OpenMx 2.0: Extended structural equation and statistical modeling. Psychome-
trika. 2016;81:535–49.

K. Silventoinen et al.

1907

International Journal of Obesity (2022) 46:1901 – 1909



24. Jelenkovic A, Yokoyama Y, Sund R, Honda C, Bogl LH, Aaltonen S, et al. Zygosity
differences in height and body mass index of twins from infancy to old age: A
study of the CODATwins project. Twin Res Hum Genet. 2015;18:557–70.

25. Jelenkovic A, Sund R, Hur YM, Yokoyama Y, Hjelmborg JVB, Möller S, et al. Genetic
and environmental influences on height from infancy to early adulthood: An
individual-based pooled analysis of 45 twin cohorts. Sci Rep. 2016;6:28496.

26. Kaprio J, Silventoinen K. Advanced methods in twin studies. Methods Mol Biol.
2011;713:143–52.

27. Malina M, Bouchard C, Bar-Or O. Growth, Maturation and Physical Growth. 2.
Champaign, IL, USA: Human Kinetics; 2004.

28. Hasselbalch AL, Benyamin B, Visscher PM, Heitmann BL, Kyvik KO, Sørensen TIA.
Common genetic components of obesity traits and serum leptin. Obesity.
2008;16:2723–9.

29. Purcell S. Variance components models for gene-environment interaction in twin
analysis. Twin Res. 2002;5:554–71.

30. Sovio U, Mook-Kanamori DO, Warrington NM, Lawrence R, Briollais L, Palmer CNA,
et al. Association between common variation at the FTO locus and changes in
body mass index from infancy to late childhood: the complex nature of genetic
association through growth and development. PLoS Genet. 2011;7:e1001307.

31. Warrington NM, Howe LD, Paternoster L, Kaakinen M, Herrala S, Huikari V, et al. A
genome-wide association study of body mass index across early life and child-
hood. Int J Epidemiol. 2015;44:700–12.

32. Helgeland Ø, Vaudel M, Juliusson PB, Lingaas Holmen O, Juodakis J, Bacelis J,
et al. Genome-wide association study reveals dynamic role of genetic variation in
infant and early childhood growth. Nat Commun. 2019;10:4448.

33. Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, et al. Genetic studies of
body mass index yield new insights for obesity biology. Nature. 2015;518:197–206.

34. Turcot V, Lu Y, Highland HM, Schurmann C, Justice AE, Fine RS, et al. Protein-
altering variants associated with body mass index implicate pathways that
control energy intake and expenditure in obesity. Nat Genet. 2018;50:26–41.

35. Lenard NR, Berthoud HR. Central and peripheral regulation of food intake and
physical activity: pathways and genes. Obesity. 2008;16:S11–22.

36. Mehlig K, Holmberg C, Bogl LH, Erhardt E, Hadjigeorgiou C, Hebestreit A, et al.
Weight status and BMI-related traits in adolescent friendship groups and role of
sociodemographic factors: The European IDEFICS/I.Family Cohort. Obes Facts.
2021;14:121–30.

37. Herle M, Abdulkadir M, Hübel C, Ferreira DS, Bryant-Waugh R, Loos RJF, et al. The
genomics of childhood eating behaviours. Nat Hum Behav. 2021;5:625–30.

38. Aaltonen S, Kujala UM, Kaprio J. Factors behind leisure-time physical activity
behavior based on Finnish twin studies: the role of genetic and environmental
influences and the role of motives. Biomed Res Int. 2014;2014:931820.

39. Schnurr TM, Stallknecht BM, Sørensen TIA, Kilpeläinen TO, Hansen T. Evidence for
shared genetics between physical activity, sedentary behaviour and adiposity-
related traits. Obes Rev. 2021;22:e13182.

40. Péneau S, González-Carrascosa R, Gusto G, Goxe D, Lantieri O, Fezeu L, et al. Age
at adiposity rebound: determinants and association with nutritional status and
the metabolic syndrome at adulthood. Int J Obes. 2016;40:1150–6.

41. Couto Alves A, De Silva NMG, Karhunen V, Sovio U, Das S, Taal HR, et al. GWAS on
longitudinal growth traits reveals different genetic factors influencing infant,
child, and adult BMI. Sci Adv. 2019;5:eaaw3095.

42. Switkowski KM, Jacques PF, Must A, Fleisch A, Oken E. Associations of protein
intake in early childhood with body composition, height, and insulin-like growth
factor I in mid-childhood and early adolescence. Am J Clin Nutr. 2019;109:1154–63.

43. Shrewsbury V, Wardle J. Socioeconomic status and adiposity in childhood: a
systematic review of cross-sectional studies 1990–2005. Obesity. 2008;16:275–84.

44. Silventoinen K, Jelenkovic A, Latvala A, Yokoyama Y, Sund R, Sugawara M, et al.
Parental education and genetics of BMI from infancy to old age: A pooled ana-
lysis of 29 twin cohorts. Obesity. 2019;27:855–65.

45. Hüls A, Wright MN, Bogl LH, Kaprio J, Lissner L, Molnár D, et al. Polygenic risk for
obesity and its interaction with lifestyle and sociodemographic factors in Eur-
opean children and adolescents. Int J Obes. 2021;45:1321–30.

46. Bell JA, Carslake D, O’Keeffe LM, Frysz M, Howe LD, Hamer M, et al. Associations of
body mass and fat indexes with cardiometabolic traits. J Am Coll Cardiol.
2018;72:3142–54.

47. Nelson TL, Brandon DT, Wiggins SA, Whitfield KE. Genetic and environmental
influences on body-fat measures among African-American twins. Obes Res.
2002;10:733–9.

48. Silventoinen K, Kaprio J, Lahelma E, Viken RJ, Rose RJ. Assortative mating by body
height and BMI: Finnish twins and their spouses. Am J Hum Biol. 2003;15:620–7.

ACKNOWLEDGEMENTS
We are grateful for Professor Syuichi Ooki (†2019) for generously sharing Japanese
Twin Registry data with the CODATwins project.

AUTHOR CONTRIBUTIONS
KS, WL, AJ, RS, YY, SA, MP, MS, MT, SM, LB, CT, PT, FR, JC, RS, GW, MB, CB, NM, SM, GM,
PL, RK, MM, SP, KC, AS, KK, KJS, LD, MiB, MB, GD, FV, VU, CA, PM, RC, BH, AKN, DM, LA,
CH, RP, MBA, HBN, MS, GD, DB, SAB, KK, CL, AF, DB, TS, JK designed the work. YY, MS,
MT, SM, LB, CT, PT, FR, JC, RS, GW, MB, CB, NM, SM, GM, PL, RK, MM, SP, KC, AS, KK, KJS,
LD, MiB, MB, GD, FV, VU, CA, PM, RC, BH, AKN, DM, LA, CH, RP, MBA, HBN, MS, GD, DB,
SAB, KK, CL, AF, DB, TS, JK acquired the data. KS, WL, AJ, DB, TS, JK drafted the
manuscript. RS, YY, SA, MP, MS, MT, SM, LB, CT, PT, FR, JC, RS, GW, MB, CB, NM, SM,
GM, PL, RK, MM, SP, KC, AS, KK, KJS, LD, MiB, MB, GD, FV, VU, CA, PM, RC, BH, AKN, DM,
LA, CH, RP, MBA, HBN, MS, GD, DB, SAB, KK, CL, AF revised the manuscript. All authors
approved the final version and agreed to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity of any part of the work
are appropriately investigated and resolved.

FUNDING
This study was conducted within the CODATwins project. Support for collaborators:
Colorado Twin Registry is funded by NIDA funded center grant DA011015, &
Longititudinal Twin Study HD10333; Author Huibregtse is supported by National Institute
on Drug Abuse (5T32DA017637) and National Institute on Aging (5T32AG052371).
Finnish Twin Cohort is supported by the Academy of Finland (grants 312073 and 336823)
and the Sigrid Juselius Foundation. Michigan State University Twin Registry was
supported by National Institute of Mental Health (NIMH) (R01-MH081813, R01-
MH0820–54, R01-MH092377-02, R21-MH070542-01, R03-MH63851-01, 1R01-MH118848-
01), Eunice Kennedy Shriver National Institute for Child Health and Human Development
(NICHD) (R01-HD066040) and MSU Foundation (11-SPG-2518). PETS was funded by the
Australian National Health and Medical Research Council (grant numbers 437015 and
607358); the Bonnie Babes Foundation (grant number BBF20704); the Financial Markets
Foundation for Children (grant number 032-2007); and the Victorian Government’s
Operational Infrastructure Support Program. We acknowledge The Swedish Twin Registry
for access to data. The Swedish Twin Registry is managed by Karolinska Institutet and
receives funding through the Swedish Research Council under the grant no 2017-00641.
TEDS was supported by a program grant to RP from the UK Medical Research Council
(MR/M021475/1 and previously G0901245), with additional support from the US National
Institutes of Health (AG046938). The West Japan Twins and Higher Order Multiple Births
Registry was supported by Grant-in-Aid for Scientific Research (B) (grant number
20H04019) from the Japan Society for the Promotion of Science. Open Access funding
provided by University of Helsinki including Helsinki University Central Hospital.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41366-022-01202-3.

Correspondence and requests for materials should be addressed to Karri
Silventoinen .

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

K. Silventoinen et al.

1908

International Journal of Obesity (2022) 46:1901 – 1909

https://doi.org/10.1038/s41366-022-01202-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1Population Research Unit, Faculty of Social Sciences, University of Helsinki, Helsinki, Finland. 2Center for Twin Research, Osaka University Graduate School of Medicine,
Osaka, Japan. 3Department of Physiology, Faculty of Medicine and Nursing, University of the Basque Country, Leioa, Spain. 4Department of Public Health, University of
Helsinki, Helsinki, Finland. 5Institute of Clinical Medicine, University of Eastern Finland, Kuopio, Finland. 6Department of Public Health Nursing, Osaka Metropolitan
University, Osaka, Japan. 7Institute for Molecular Medicine Finland FIMM, Helsinki, Finland. 8UKK Institute – Centre for Health Promotion Research, Tampere, Finland. 9Faculty
of Human Studies, Shirayuri University, Tokyo, Japan. 10Center for Forensic Mental Health, Chiba University, Chiba, Japan. 11Institute for Education and Human Development,
Ochanomizu University, Tokyo, Japan. 12Department of Psychology, University of Southern California, Los Angeles, CA, USA. 13School of Law, Psychology and Social Work,
Örebro University, Örebro, Sweden. 14Department of Global Public Health, Karolinska Institutet, Stockholm, Sweden. 15The Institute for Mental and Physical Health and
Clinical Translation (IMPACT), Deakin University School of Medicine, Geelong, Australia. 16Murdoch Childrens Research Institute, Royal Children’s Hospital, Parkville, Victoria,
Australia. 17Department of Paediatrics, University of Melbourne, Parkville, Victoria, Australia. 18Netherlands Twin Register, Department of Biological Psychology, Vrije
Universiteit, Amsterdam, Amsterdam, Netherlands. 19Genetic Epidemiology Department, QIMR Berghofer Medical Research Institute, Brisbane, Australia. 20Institute for
Molecular Bioscience, The University of Queensland, Brisbane, Australia. 21Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden.
22Department of Psychology, University of Minnesota, Minneapolis, MN, USA. 23Department of Psychology, University of California, Riverside, Riverside, CA 92521, USA. 24The
Danish Twin Registry, Department of Public Health, Epidemiology, Biostatistics & Biodemography, University of Southern Denmark Odense, Odense, Denmark. 25Department
of Clinical Biochemistry and Pharmacology and Department of Clinical Genetics, Odense University Hospital, Odense, Denmark. 26Department of Clinical Research,
University of Southern Denmark, Odense, Denmark. 27Odense Patient data Explorative Network (OPEN), Odense University Hospital, Odense, Denmark. 28Boston University,
Department of Psychological and Brain Sciencies, Boston, MA, USA. 29School of Epidemiology and Public Health, University of Ottawa, Ottawa, Ontario, Canada. 30École de
psychologie, Université Laval, Québec, Canada. 31Département de psychologie, Université du Québec à Montréal, Montréal, Québec, Canada. 32École de psychoéducation,
Université de Montréal, Montréal, Québec, Canada. 33Division of Obstetrics and Gynecology, Department of Clinical Science, Intervention and Technology (CLINTEC),
Karolinska Institutet, Stockholm, Sweden. 34Theme Women’s Health, Karolinska University Hospital, Karolinska University Hospital, Stockholm, Sweden. 35Pediatric Allergy
and Pulmonology Unit at Astrid Lindgren Children’s Hospital, Karolinska University Hospital, Stockholm, Sweden. 36Institute for Behavioral Genetics, University of Colorado,
Boulder, Colorado, USA. 37Department of Psychology and Neuroscience, University of Colorado, Boulder, Colorado, USA. 38The Hebrew University of Jerusalem, Jerusalem,
Israel. 39Hadassah Hospital Obstetrics and Gynecology Department, Hebrew University Medical School, Jerusalem, Israel. 40School of Psychological Science, University of
Bristol, Bristol, UK. 41Social Genetic and Developmental Psychiatry Centre, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, UK.
42Bandim Health Project, INDEPTH Network, Bissau, Guinea-Bissau. 43Department of Endocrinology, Hospital of Southwest Jutland, Esbjerg, Denmark. 44Department of
Endocrinology, Odense University Hospital, Odense, Denmark. 45Department of Infectious Diseases, Odense University Hospital, Odense, Denmark. 46Washington State Twin
Registry, Washington State University - Health Sciences Spokane, Spokane, WA, USA. 47Department of Psychology, Michigan State University, East Lansing, Michigan, USA.
48Department of Behavioural Science and Health, Institute of Epidemiology and Health Care, University College London, London, UK. 49Novo Nordisk Foundation Centre for
Basic Metabolic Research, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark. 50Department of Public Health (Section of
Epidemiology), Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark. ✉email: karri.silventoinen@helsinki.fi

K. Silventoinen et al.

1909

International Journal of Obesity (2022) 46:1901 – 1909

mailto:karri.silventoinen@helsinki.fi

	Changing genetic architecture of body mass index from infancy to early adulthood: an individual based pooled analysis of 25 twin cohorts
	Introduction
	Data and methods
	Results
	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




