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Abstract

Background: While the number of established genetic variants associated with adult body mass index (BMI) is growing, the
relationships between these variants and growth during childhood are yet to be fully characterised. We examined the
association between validated adult BMI associated single nucleotide polymorphisms (SNPs) and growth trajectories across
childhood. We investigated the timing of onset of the genetic effect and whether it was sex specific.

Methods: Children from the ALSPAC and Raine birth cohorts were used for analysis (n = 9,328). Genotype data from 32 adult
BMI associated SNPs were investigated individually and as an allelic score. Linear mixed effects models with smoothing
splines were used for longitudinal modelling of the growth parameters and measures of adiposity peak and rebound were
derived.

Results: The allelic score was associated with BMI growth throughout childhood, explaining 0.58% of the total variance in
BMI in females and 0.44% in males. The allelic score was associated with higher BMI at the adiposity peak (females =
0.0163 kg/m2 per allele, males = 0.0123 kg/m2 per allele) and earlier age (-0.0362 years per allele in males and females) and
higher BMI (0.0332 kg/m2 per allele in females and 0.0364 kg/m2 per allele in males) at the adiposity rebound. No gene:sex
interactions were detected for BMI growth.

Conclusions: This study suggests that known adult genetic determinants of BMI have observable effects on growth from
early childhood, and is consistent with the hypothesis that genetic determinants of adult susceptibility to obesity act from
early childhood and develop over the life course.
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Introduction

Twin and family studies have provided evidence that body mass

index (BMI) is strongly heritable [1,2,3,4]. Recent genome-wide

association studies (GWAS) have begun to uncover genetic loci

contributing to increases in BMI in adulthood [5,6,7,8,9,10,11].

The largest genome-wide meta-analysis of BMI published to-date

included 249,796 individuals from the Genetic Investigation of

Anthropometric Traits (GIANT) Consortium; which confirmed 14

previously-reported loci and identified 18 novel loci for BMI [5].

There has been one GWAS to date that has focused on a

dichotomous indicator of childhood obesity [12], but none looking

at BMI on a continuous scale in childhood.

Once adult height is attained, changes in BMI are largely driven

by changes in weight. In contrast, during childhood and

adolescence, changes in BMI are influenced by both changes in

height and weight. Therefore, genetic variants that affect adult

BMI may influence change in weight, height or both during

childhood. Previous studies of adult BMI single nucleotide

polymorphisms (SNPs) in relation to infant and child change in

PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e79547



growth have shown little evidence of an association with birth

weight [13,14,15], but have shown evidence that these loci are

associated with more rapid height and weight gain in infancy

[13,15], and higher BMI and odds of obesity at multiple ages

across the life course [13,14,15,16,17].

BMI growth over childhood and adolescence is complex;

children tend to have rapidly increasing BMI from birth to

approximately 9 months of age where they reach their adiposity

peak, BMI then decreases until about the age of 5-6 years at

adiposity rebound and then steadily increases again until just after

puberty where it tends to plateau through adulthood. The BMI

and timing at the adiposity peak [18] and adiposity rebound

[19,20,21,22,23,24] have been shown to be associated with later

BMI. Genetic variants could also affect features of the growth

trajectory and shape key developmental milestones, including the

adiposity peak [25], adiposity rebound, and onset of puberty

between 10 and 13 years [17,26,27,28]. Sovio et al [17] and Belsky

et al [15] have recently shown that SNPs associated with adult

BMI are also associated with earlier age and higher BMI at

adiposity rebound. Genetic influences on the adiposity peak

remain poorly understood. Understanding whether and how

genetic loci are associated with BMI and other anthropometric

measures differentially across the life course may shed light on the

biological pathways involved, as well as insights into the

development of obesity to inform the design of interventions.

To date, there has been no comprehensive study of how all

known genetic variants of adult BMI influence growth over

childhood and adolescence (BMI, height and weight) and related

growth parameters (age and BMI at the adiposity peak and

rebound). One of the limitations of previous studies is they have

not stratified by sex, despite some evidence that sex-specific

differences in body composition may be partly due to genetics

[29,30]. Therefore, in the current study we:

1. Examine the association between an allelic score of 32 adult

BMI associated alleles and BMI, weight and height growth

trajectories from birth to age 17 in two birth cohorts.

2. Assess whether the association between BMI trajectories and

the 32 individual genetic loci are sex specific.

Materials and Methods

Study Populations
ALSPAC. The Avon Longitudinal Study of Parents and

Children (ALSPAC) is a prospective cohort study. The full study

methodology is published elsewhere [31] (www.bristol.ac.uk/

alspac). Pregnant women resident in one of three Bristol-based

health districts with an expected delivery date between 1 April

1991 and 31 December 1992 were invited to participate.

Invitation cards indicated that study consent was ‘opt out’, i.e.

women not actively declining participation would be included in

future data collection follow-up. Follow-up included parent and

child completed questionnaires, links to routine health care data,

and clinic attendance. 7,868 individuals were included in this

study based on the following criteria: at least one parent of

European descent, live singleton birth, unrelated to anyone in the

sample, no major congenital anomalies, genotype data, and at

least one measure of BMI throughout childhood. Ethical approval

for the study was obtained from the ALSPAC Law and Ethics

Committee and the Local Research Ethics Committees.

Raine. The Western Australian Pregnancy Cohort (Raine)

Study [32,33,34] is a prospective pregnancy cohort where 2,900

mothers were recruited prior to 18-weeks’ gestation between 1989

and 1991 (http://www.rainestudy.org.au/). 1,460 individuals were

included in this study using the same criteria as in the ALSPAC

cohort. The study was conducted with appropriate institutional

ethics approval from the King Edward Memorial Hospital and

Princess Margaret Hospital for Children ethics boards, and written

informed consent was obtained from all mothers.

BMI was calculated from weight and height measurements in

both cohorts. Additional information on the measurements in each

cohort is provided in the supplementary material (see Methods

S1). Access to data and associated protocols from the two cohorts

needs to follow the cohort guidelines outlined on their respective

websites.

Genotyping and allelic score
Imputed genotypic data used in both cohorts has been

previously described [35,36] (details in supplementary material;

see Methods S1). Speliotes et al [5] reported 32 variants to be

associated with BMI, while Belsky et al [15] selected a tag SNP

from each LD block that had previously been shown to be

associated with BMI-related traits. We selected 32 SNPs that were

from either of these two manuscripts; SNPs reported in these two

manuscripts that were within the genes of interest were all in high

LD (r2.0.75) so one loci was selected to be included. All SNPs

imputed well (all R2 for imputation quality . 0.7, mean = 0.981),

therefore, dosages from the imputed data were used (i.e. the

estimated number of increasing BMI alleles). An ‘allelic score’ was

created by summing the dosages for the BMI-increasing alleles

across all 32 SNPs [37]. A sensitivity analysis was conducted

whereby the alleles were weighted by the published effect size for

adult BMI. The weighted score gave the same conclusions as the

unweighted score; therefore only the unweighted score is

presented.

Longitudinal Modelling and derivation of growth
parameters

Modelling BMI longitudinally from birth throughout childhood

is complex due to the two inflection points, adiposity peak in

infancy and adiposity rebound in childhood, and the increasing

variance in BMI throughout childhood. For this reason the

longitudinal models focused on data between 1 (when most

individuals will be post adiposity peak) and 17 years of age. A semi-

parametric linear mixed model, using smoothing splines to yield a

smooth growth curve estimate, was fitted to the BMI, weight and

height measures [38]. The basic model for the jth individual and at

the tth time-point is as follows:

Growthjt~b0z
X

i
bi(Agejt{Age)iz

X
k

ck((Agejt{Age){kk)i
zz

X
l
blCovariatelzu0jz

X
i
uij(Agejt{Age)iz

X
k

gkj((Agejt{Age){kk)i
zzejt

Where Growth is BMI, weight or height, Age is the mean age

over the t time points in the sample (i.e. 8 years), kk is the k-th knot

and (t 2 kk)+ = 0 if t # kk and (t 2 kk) if t . kk, which is known

as the truncated power basis that ensures smooth continuity

between the time windows and Covariate are the study specific

(time independent) covariates. Three knot points were used, placed

at two, eight and 12 years, with a cubic slope for each spline in the

BMI and height models; this model provided the best fit of the

data compared to other approaches [38]. The weight model had
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the same placement for the knots but a linear spline from 122

years, cubic slope for 228 years and 8212 years and finally a

quadratic slope for over 12 years provided a better fit to the data

based having the lowest Akaike Information Criterion (AIC). All

models assumed a continuous autoregressive of order 1 correlation

structure.

Age and BMI at adiposity rebound were derived by setting the

first derivative of the fixed and random effects from the BMI

model between 2 and 8 years of age for each individual to zero (i.e.

the minimum point in the curve). In addition, a second model was

fit in the ALSPAC cohort only, between birth and 5 years to derive

the adiposity peak; individuals with greater than 2 measures

throughout this period were included [18], with 93% of included

individuals having at least one measure of BMI between six and 12

months. Adiposity peak was derived by setting the first derivative

of the fixed and random effects between birth and 2.5 years to

zero.

Statistical Analysis
Implausible height, weight and BMI measurements (. 4SD

from the mean for sex and age specific category) were considered

as outliers and were recoded to missing. Genetic differences in the

trajectories were estimated by including an interaction between all

components of the spline function for age and the genetic variants.

The association between the allelic score and birth measures was

analysed using linear regression, adjusting for gestational age at

birth. Linear regression was used to investigate the associations of

the allelic score with age and BMI at adiposity peak and adiposity

rebound. In addition, we used the data from the final follow-up in

each of the cohorts (15217 years) to investigate, with linear

regression, the association between the adiposity peak and

adiposity rebound parameters with final BMI.

The growth data were collected using three measurement

sources in the ALSPAC cohort; clinic visits, routine health care

visits, and parental reports in questionnaires. Trajectory analyses

in ALSPAC adjusted for a binary indicator of measurement source

(parent reports versus clinic/health care measurements) as a fixed

effect to allow for differential measurement error. To assess

population stratification, principal components generated in the

EIGENSTRAT software [39]. These components revealed no

obvious population stratification and genome-wide analyses with

other phenotypes indicate a low lambda in the ALSPAC cohort;

however in the Raine cohort there was evidence of stratification so

all analyses were adjusted for the first five principal components.

FTO is the most replicated SNP for BMI, with the largest effect

size of the BMI-associated SNPs found to date, and has been

shown previously to effect childhood growth [16,17]. We therefore

repeated the analysis adjusting for the FTO locus. All results

remained unchanged indicating that the associations between

growth and the allelic score were not driven exclusively by the

FTO effect (data not shown).

We calculated the percentage of variation in BMI explained by

the allelic score at each time point in the ALSPAC cohort using

the residual sums of squares from the longitudinal BMI growth

model [40]. We did not calculate this in the Raine cohort as the

sample size was too small for accurate estimates.

Results from the two cohorts were meta-analysed. For the allelic

score analyses, a fixed-effects inverse-variance weighted meta-

analysis was conducted using the beta coefficients and standard

errors from the two studies. No heterogeneity using Cochran’s Q

was detected between the cohorts (all P.0.05). The allelic score

was considered statistically associated with the growth parameter if

the P-value for the meta-analysis was less than 0.05. For the

analyses of the individuals SNPs with BMI, a P-Value meta-

analysis was conducted on the likelihood-ratio test (LRT) P-Values

from the two studies, without weighting, and a Bonferroni

significance threshold of 0.0016 was used to declare a statistically

significant association. All analyses were conducted in R version

2.12.1 [41], using the Spida library to estimate the spline

functions, the rmeta library for the effect-size meta-analysis and

the MADAM library for the P-Value meta-analysis.

Results

ALSPAC children had more BMI measures throughout

childhood than the Raine children with a median of 9

(interquartile range 5212) and 6 (interquartile range 527)

measures, respectively (Table 1). The minor allele frequency

(MAF) for the 32 SNPs ranged from 0.04 to 0.49 (Table 2). The

FTO loci had the largest effect on adult BMI, with an effect size of

0.39, while the effect size on adult BMI for the majority of the

remaining loci ranged from 0.06 to 0.2. All of the following results

are reported from the meta-analysis of the two cohorts, unless

otherwise specified.

Associations between the allelic score and growth
trajectories

The allelic score was associated with higher mean levels of BMI

at the intercept of 8 years (Female: b = 0.0061 units, P , 0.0001;

Male: b = 0.0044 units, P , 0.0001; Table S1) and faster BMI

growth over childhood in both sexes (all age by score interaction P

, 0.001). Due to the increasing rate of growth over time, the

trajectories of individuals with high and low allelic scores begin

together at age one but separate throughout childhood (Figure 1A

and 1B). In females, differences in BMI trajectories associated with

the allelic score were detectable from just after one year in the

ALSPAC cohort and approximately 2.5 years in the Raine cohort;

a difference was detected earlier in males, at 1 year in ALSPAC

and at 18 months in the Raine cohort.

To investigate whether the association of the allelic score with

BMI growth over childhood was due to skeletal growth or

adiposity, we tested associations between the allelic score and both

weight and height measurements. The allelic score was associated

with higher weight (Females: b= 0.0073 units, P,0.0001; Males

b= 0.0056 units, P,0.0001; Table S1) and faster rates of weight

gain over childhood in both males and females (all age by score

interaction P,0.001; Figure 1C and 1D). The association with

weight was seen earlier in males (by 1 year of age in ALSPAC)

than females (around 2 years of age in ALSPAC). The allelic score

was associated with increased height in females (b= 0.0949m,

P = 0.0002) and males (b= 0.0838m, P = 0.0008) (Table S1) and

also displayed evidence for an interaction with age (P,0.001 in

ALSPAC, P = 0.001 in Raine females and P = 0.015 in Raine

males; Figure 1E and 1F). The effect size of the allelic score on

height growth increased over childhood until around 10 years of

age in females and slightly later in males and then decreased until

it became statistically non-significant (Figure 2C). These results

suggest that the association of the allelic score with BMI growth

over childhood was due to both skeletal growth and adiposity.

Associations between the allelic score and birth
measures, adiposity peak and adiposity rebound

As expected, females were both lighter and shorter than males

at birth (Table 1). The allelic score was not associated with the

birth measures in either sex (Table 3). In addition, there was no

interaction between the allelic score and gestational age for either

weight or length at birth (data not shown).

BMI Allelic Score Associated with Childhood Growth
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Table 1. Phenotypic characteristics of the two birth cohorts used for analysis.

Age Stratum ALSPAC Raine

(years) (n = 7,868) (n = 1,460)

Sex [% male (N)] 7,868 51.25% (4,032) 1,460 51.58% (753)

N Mean (SD) N Mean (SD)

Number of BMI measures per person -- 8.75 (4.58) -- 5.94 (1.52)

Age 121.49 2,832 1.18 (0.18) 1,326 1.15 (0.09)

(years) 1.522.49 7,113 1.76 (0.25) 387 2.14 (0.13)

2.523.49 2,537 2.95 (0.28) 956 3.09 (0.09)

3.524.49 6,915 3.77 (0.23) 20 3.69 (0.17)

4.525.49 1,843 5.05 (0.33) 3 5.28 (0.14)

5.526.49 3,848 5.90 (0.24) 1,269 5.91 (0.17)

6.527.49 2,861 7.31 (0.30) 42 7.25 (0.38)

7.528.49 3,975 7.74 (0.33) 1,040 8.02 (0.27)

8.529.49 4,443 8.71 (0.22) 204 8.60 (0.12)

9.5210.49 6,777 9.94 (0.29) 303 10.44 (0.08)

10.5211.49 4,917 10.75 (0.23) 926 10.64 (0.15)

11.5212.49 5,240 11.82 (0.21) 4 11.91 (0.36)

12.5213.49 6,797 12.97 (0.22) 9 13.28 (0.17)

13.5214.49 4,690 13.89 (0.17) 1,196 14.06 (0.17)

14.5215.49 2,339 15.32 (0.15) 24 14.69 (0.17)

15.5216.49 1,645 15.72 (0.22) 2 16.16 (0.19)

.16.5 90 16.83 (0.24) 976 17.05 (0.24)

BMI 121.49 2,832 17.42 (1.51) 1,326 17.11 (1.39)

(kg/m2) 1.522.49 7,113 16.82 (1.49) 387 15.97 (1.19)

2.523.49 2,537 16.48 (1.40) 956 16.14 (1.23)

3.524.49 6,915 16.25 (1.39) 20 15.92 (1.41)

4.525.49 1,843 16.02 (1.70) 3 15.94 (1.43)

5.526.49 3,848 15.71 (1.87) 1,269 15.82 (1.62)

6.527.49 2,861 16.10 (1.98) 42 16.41 (2.43)

7.528.49 3,975 16.31 (2.01) 1,040 16.83 (2.38)

8.529.49 4,443 17.15 (2.40) 204 16.90 (2.44)

9.5210.49 6,777 17.67 (2.81) 303 18.91 (3.34)

10.5211.49 4,917 18.25 (3.10) 926 18.55 (3.16)

11.5212.49 5,240 19.04 (3.35) 4 16.78 (2.64)

12.5213.49 6,797 19.64 (3.35) 9 21.11 (3.75)

13.5214.49 4,690 20.31 (3.45) 1,196 21.39 (4.02)

14.5215.49 2,339 21.28 (3.48) 24 21.66 (4.23)

15.5216.49 1,645 21.41 (3.51) 2 20.14 (3.26)

.16.5 90 22.47 (3.40) 976 23.01 (4.28)

Birth Weight (kg) Males 3,001 3.52 (0.53) 752 3.42 (0.57)

Females 2,855 3.40 (0.47) 707 3.31 (0.55)

Birth Length (cm) Males 3,001 51.13 (2.40) 675 50.12 (2.34)

Females 2,855 50.41 (2.28) 616 49.31 (2.28)

Gestational Age (wks) Males 3,001 39.52 (1.64) 753 39.42 (1.99)

Females 2,855 39.65 (1.58) 707 39.42 (2.06)

BMI at Adiposity Males 4,030 18.03 (0.76) -- --

Peak (kg/m2) Females 3,792 17.45 (0.69) -- --

Age at Adiposity Peak Males 4,030 8.90 (0.33) -- --

(months) Females 3,792 9.36 (0.49) -- --

BMI at Adiposity Males 3,642 15.62 (1.04) 697 15.53 (0.93)

BMI Allelic Score Associated with Childhood Growth
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The estimated age and BMI at the peak were weakly correlated

in females (r= 0.08) and males (r= 20.30). Later age at adiposity

peak was associated with higher BMI at age 15217 in females but

not males. In addition, higher BMI at adiposity peak was

associated with higher BMI at age 15217 years in both sexes.

The allelic score was not associated with age of adiposity peak in

females or males (Table 3). However, the allelic score was

associated with a higher BMI at the peak (Females: b= 0.0163 kg/

m2, P = 0.0002; Males: b= 0.0123 kg/m2, P = 0.0033). Adjust-

ment for age at the peak did not substantively alter the magnitude

Table 1. Cont.

Age Stratum ALSPAC Raine

Rebound (kg/m2) Females 3,225 15.53 (1.06) 647 15.42 (0.95)

Age at Adiposity Males 3,642 6.07 (1.02) 697 5.30 (1.05)

Rebound (years) Females 3,225 5.61 (1.16) 647 4.64 (1.10)

doi:10.1371/journal.pone.0079547.t001

Table 2. Descriptive statistics of the single nucleotide polymorphisms included in the allelic score.

Chr Nearest Gene SNP

Alleles (Effect
Allele / Non-
effect Allele)

GWAS Effect
Size for BMI Effect Allele Frequency

ALSPAC Raine

1 NEGR1 rs2568958 A/G 0.13 0.5956 0.6218

TNNI3K rs1514175 A/G 0.07 0.4249 0.4360

PTBP2 rs1555543 C/A 0.06 0.5905 0.5942

SEC16B rs543874 G/A 0.22 0.2075 0.2021

2 TMEM18 rs2867125 C/T 0.31 0.8325 0.8303

RBJ, ADCY3, POMC rs713586 C/T 0.14 0.4888 0.4841

FANCL rs887912 T/C 0.1 0.2904 0.2929

LRP1B rs2890652 C/T 0.09 0.1669 0.1627

3 CADM2 rs13078807 G/A 0.1 0.2025 0.2089

ETV5, DGKG, SFRS10 rs7647305 C/T 0.14 0.7924 0.7934

4 SLC39A8 rs13107325 T/C 0.19 0.0764 0.0723

GNPDA2 rs10938397 G/A 0.18 0.4342 0.4359

5 FLJ35779, HMGCR rs2112347 T/G 0.1 0.6401 0.6347

ZNF608 rs4836133 A/C 0.07 0.4949 0.4920

6 TFAP2B rs987237 G/A 0.13 0.1770 0.1897

9 LRRN6C rs10968576 G/A 0.11 0.3167 0.3062

LMX1B rs867559 G/A 0.24 0.1983 0.1968

11 RPL27A, TUB rs4929949 C/T 0.06 0.5390 0.5210

BDNF rs6265 C/T 0.19 0.8122 0.8119

MTCH2, NDUFS3, CUGBP1 rs3817334 T/C 0.06 0.4000 0.4213

12 FAIM2 rs7138803 A/G 0.12 0.3592 0.3675

13 MTIF3, GTF3A rs4771122 G/A 0.09 0.2304 0.2154

14 PRKD1 rs11847697 T/C 0.17 0.0467 0.0414

NRXN3 rs10150332 C/T 0.13 0.2112 0.2183

15 MAP2K5, LBXCOR1 rs2241423 G/A 0.13 0.7850 0.7699

16 GPRC5B, IQCK rs12444979 C/T 0.17 0.8620 0.8541

SH2B1, ATXN2L, TUFM, ATP2A1 rs7359397 T/C 0.15 0.4166 0.3791

FTO rs9939609 A/T 0.39 0.3933 0.3835

18 MC4R rs12970134 A/G 0.23 0.2680 0.2547

19 KCTD15 rs29941 G/A 0.06 0.6848 0.6606

TMEM160, ZC3H4 rs3810291 A/G 0.09 0.6941 0.6438

QPCTL, GIPR rs2287019 C/T 0.15 0.8123 0.8127

doi:10.1371/journal.pone.0079547.t002
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of the association of the allelic score with BMI at the peak

(Females: b= 0.0157 kg/m2, P = 0.0003; Males: b= 0.0135 kg/

m2, P = 0.0007).

Earlier age and higher BMI at the adiposity rebound were both

associated with higher BMI at age 15217 years. The allelic score

was associated with an earlier age at the adiposity rebound for

females (b= 20.0362years, P,0.0001) and males

(b= 20.0362years, P,0.0001) (Table 3). The effect size was

attenuated after adjusting for BMI at the rebound (Females:

b= 20.0122years, P = 0.0018; Males: b= 20.0096 years,

P = 0.0022). The allelic score was also associated with higher

BMI at the rebound in females (b= 0.0332 kg/m2, P,0.0001) and

males (b= 0.0364 kg/m2, P,0.0001). Again, the effect size

attenuated when adjusting for age at the rebound (Females:

b= 0.0094 kg/m2, P = 0.0078; Males: b= 0.0109 kg/m2,

P = 0.0004).

There was a strong positive correlation between BMI at the

adiposity peak and the adiposity rebound (Female r= 0.65,

p,0.0001; Male r= 0.59, p,0.0001). BMI at the adiposity

rebound explains more of the variation in BMI at age 15217

(45%) than the BMI at the adiposity peak (10%). Nevertheless, the

allelic score remains associated with BMI at the adiposity rebound

after adjusting for the BMI at the adiposity peak in both females

(b= 0.0171 kg/m2, P,0.0001) and males (b= 0.0269 kg/m2,

P,0.0001).

Variance explained by the allelic score
We calculated the percentage of variation in BMI explained by

the allelic score at each time point in the ALSPAC cohort using

the residual sums of squares from the longitudinal BMI growth

model [40]. We did not calculate this in the Raine cohort as the

sample size was too small for accurate estimates. The allelic score

explained 0.58% of the variance in BMI across childhood overall

in females and slightly less in males (0.44%) in ALSPAC, but this

percentage varied with age (Figure 3). This is approximately a

third of the variance in adult BMI explained by these SNPs in the

Figure 1. Population average curves for individuals with 27, 29 or 31 BMI risk alleles in females (A, C and E) and males (B, D and F)
from the ALSPAC cohort. Predicted population average BMI (A and B), weight (C and D) and height (E and F) trajectories from 1 – 16 years for
individuals with 27 (lower quartile), 29 (median), and 31 (upper quartile) BMI risk alleles in the allelic score.
doi:10.1371/journal.pone.0079547.g001
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Figure 2. Associations between the allelic score and BMI, weight and height at each follow-up in females (A, C and E) and males (B,
D and F) from the ALSPAC cohort. Regression coefficients (95% CI) derived from the longitudinal model at each year of follow-up between 1 and
16 years.
doi:10.1371/journal.pone.0079547.g002

Table 3. Cross-sectional association analysis results for birth measures, BMI and age at adiposity peak (AP) and BMI and age at
adiposity rebound (AR) in the ALSPAC and Raine cohorts.

Females Males

Beta (95% CI) P-Value Beta (95% CI) P-Value

Birth weight (kg) 20.0004 (20.0043, 0.0035) 0.8283 0.0026 (20.0017, 0.0069) 0.2334

Birth length (cm) 20.0158 (20.0352, 0.0036) 0.1111 20.0002 (20.0190, 0.0186) 0.9840

BMI at AP (kg/m2) 0.0163 (0.0079, 0.0248) 0.0002 0.0123 (0.0041, 0.0204) 0.0033

Age at AP (months) 0.0074 (20.0002, 0.0151) 0.0566 0.0028 (20.0025, 0.0080) 0.3020

BMI at AR (kg/m2) 0.0332 (0.0237, 0.0427) ,0.0001 0.0364 (0.0277, 0.0451) ,0.0001

Age at AR (years) 20.0362 (20.0467, 20.0257) ,0.0001 20.0362 (20.0450, 20.0274) ,0.0001

doi:10.1371/journal.pone.0079547.t003
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study that identified them [5]. Figure 3 displays the estimates over

childhood in females and males.

The allelic score accounted for a similar percentage of BMI at

the adiposity peak in both females (0.42%) and males (0.22%).

However, for the measures at the adiposity rebound, the allelic

score accounts for up to 122% of the variation in the two cohorts

(Age: 0.87% in ALSPAC females, 2.70% in Raine females, 1.46%

in ALSPAC males and 0.89% in Raine males; BMI: 1.01% in

ALSPAC females, 1.87% in Raine females, 1.46% in ALSPAC

males and 1.14% in Raine males). This is twice as much of the

variation in BMI than was able to be accounted for at the time of

the adiposity peak or in the overall trajectory.

Single SNP analyses
In females, five of the 32 individual loci (RBJ, FTO, MC4R,

CADM2 and MTCH2) reached a Bonferroni significance threshold

of 0.0016 in the meta-analysis (Table S2). In males, four of the 32

individual loci (SEC16B, TMEM18, MC4R and FTO) were

associated with BMI trajectory at the Bonferroni significance

threshold (Table S3). Only FTO and MC4R reached statistical

significance in both males and females.

Sex differences
In analyses combining males and females, there was no evidence

for sex interactions for any of the 32 loci after Bonferroni

correction; however we report the following result here as an

exploratory finding. The sex interaction for the NRXN3 loci,

rs10150332 (including interaction with the spline function), had a

P-Value of 0.0039.

Discussion

We investigated the association of variants in genes known to be

associated with increased BMI in adulthood with growth measures

over childhood from two extensively characterized longitudinal

birth cohorts. Similar to previous studies [13,14,15,16,17], we

have shown that an allelic score of known adult BMI-associated

SNPs is not associated with birth measures but is associated with

BMI growth throughout childhood and adolescence, weight

changes, and also height changes (though with weaker associa-

tions). Previous work by Elks et al [13] in the ALSPAC cohort

investigated the association of an 8 SNP allelic score with growth

trajectories from birth to 11 years of age. We have extended their

work by including an additional cohort, and by increasing the age

period over which the trajectories are examined and the number

of SNPs investigated. By extending the age range, we have shown

that the association between the allelic score and weight changes

increases in magnitude with age, whereas the association of the

allelic score with height growth stops after the onset of puberty.

Belsky et al [15] are the only other investigators to look at an allelic

score using the same set of SNPs; our conclusions are similar to

theirs in terms of the growth trajectories throughout childhood,

but we extend their work by i) having more detailed early growth

measurements, enabling us to show that the allelic score starts to

be associated with growth trajectories at an early age and to assess

Figure 3. A smooth curve of the estimates from the longitudinal models of the proportion of BMI variation explained (R2) at each
time point in females and males from the ALSPAC cohort. R2 derived from the longitudinal model at each year of follow-up between 1 and 16
years.
doi:10.1371/journal.pone.0079547.g003
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associations between the allelic score and the adiposity peak in

infancy, and ii) some exploratory findings regarding sex specific

genes effecting BMI growth. The GIANT consortium found a

SNP 30,000 bp upstream from the RBJ loci and a SNP in the

MC4R gene to be associated with adult height [42], but the full

functional relevance of the 32 loci, and which of them affect

height, fat accumulation or both, is not yet understood, and our

study does not have sufficient power to address this. A useful

extension to the current study would be to investigate whether any

of the individual SNPs in the allelic score largely influence child

height growth rather than weight; however a larger sample size

would be required to consider this.

Although the effect sizes presented appear relatively small, they

are consistent with those previously reported in the adult studies.

At age 15, an increase of one BMI risk allele increases BMI by

approximately 0.15 kg/m2, which is equivalent to some of the

mid-range effect sizes from adult GWAS studies as reported in

Table 2. It is widely known that the genetic basis of obesity is still

largely unknown, with only 1.45% of the variation in BMI due to

genetics having been described [5]; however, this study sheds more

light on the mechanisms behind how these genetic variants

influence childhood growth, rather than describing particularly

large effects sizes from any individual SNP.

Our results suggest that known adult BMI increasing alleles

have a detectable effect on childhood growth as early as one year.

In addition, we investigated the association between the allelic

score and features of the growth curve thought to be associated

with later obesity and cardiovascular health [23,24,43,44,45]; the

allelic score was positively associated with higher BMI at the

adiposity peak, but only weakly associated with age at adiposity

peak. This contrasts the findings for the association between the

FTO gene and adiposity peak shown in the Northern Finnish Birth

Cohort from 1966 [25], where the age but not BMI at adiposity

peak was associated with the FTO variant; however, subsequent

analysis in this cohort as part of a meta-analysis showed the

association was not statistically significant [17]. The explanation

for these differences are unclear; both of the cohorts investigated

had limited data available in the first few years of life, and

although data availability was greater than in previous studies and

we were able to estimate the emergence of the genetic association

and the parameters around the adiposity peak, it would be

beneficial to replicate this finding in cohorts with more regular

measurements in early infancy. Likewise, we saw differences in the

timing of the adiposity rebound between the ALSPAC and Raine

cohorts, with an earlier rebound being found in the Raine cohort.

This could be due to the lack of data between three and five and a

half years where the rebound is expected to occur. In contrast, the

ALSPAC cohort had an adequate number of measurements

throughout the adiposity rebound period although a portion of

them came from parental report questionnaires which have been

shown to be less accurate than the clinic measures [46]. Therefore,

the precision of the estimate for the BMI and age at the adiposity

rebound is very similar between the two cohorts, as seen by the

standard deviations in Table 1. In addition, we do not believe this

has influenced the genetic results as the effect sizes of the allelic

score were similar between the ALSPAC and Raine cohorts for

both the age and BMI at the adiposity rebound (data not shown).

Previous studies investigating the association between adult BMI

associated SNPs and childhood growth adjusted their analyses for

sex [13,14,15,16,17]; only Hardy et al [16] tested for a sex

interaction and found it to be non-significant. We detected a

statistically significant sex interaction for the allelic score, so

conducted sex specific analyses. We found that the allelic score

begins to be associated with BMI and weight earlier in males than

females, but around the same age for height. Furthermore, other

than the FTO and MC4R SNPs, we found different genes

associated with childhood BMI trajectory in males and females.

However, these differences could not be replicated in the formal

interaction analysis and therefore further investigation in larger

sample sizes is required to confirm this observation. Our findings

provide additional evidence that there may be different, but

partially overlapping, genes that contribute to the body shape of

males and females from early childhood.

In conclusion, we have conducted an association analysis in a

large childhood population to investigate the effect of known adult

genetic determinants of BMI on childhood growth trajectory. We

have shown that the genetic effect begins very early in life, which is

consistent with the life course epidemiology hypotheses – the

determinants of adult susceptibility to obesity begin in early

childhood and develop over the life course.

Supporting Information

Table S1 Longitudinal allelic score association analysis results

for BMI, weight and height in ALSPAC and Raine, in addition to

the meta-analysis summary

(XLSX)

Table S2 Longitudinal association analysis results for each of the

32 BMI SNPs against BMI, weight and height in females from

ALSPAC and Raine, in addition to the meta-analysis summary

(XLSX)

Table S3 Longitudinal association analysis results for each of the

32 BMI SNPs against BMI, weight and height in males from

ALSPAC and Raine, in addition to the meta-analysis summary

(XLSX)

Methods S1 Additional information regarding the collection of

phenotypic measurements and genotyping methods in the

ALSPAC and Raine cohorts. Furthermore, additional details

regarding the longitudinal modelling and derivation of growth

phenotypes are provided.

(DOC)

Acknowledgments

ALSPAC: We are extremely grateful to all the families who took part in this

study, the midwives for their help in recruiting them, and the whole

ALSPAC team, which includes interviewers, computer and laboratory

technicians, clerical workers, research scientists, volunteers, managers,

receptionists and nurses.

Raine: The authors are grateful to the Raine Study participants, their

families, and to the Raine Study research staff for cohort coordination and

data collection. The authors gratefully acknowledge the assistance of the

Western Australian DNA Bank (National Health and Medical Research

Council of Australia National Enabling Facility).

Author Contributions

Conceived and designed the experiments: NMW LDH KT LJP DAL LB.

Analyzed the data: NMW. Contributed reagents/materials/analysis tools:

LDH YYW. Wrote the paper: NMW LDH DAL LB. Aquired data: CEP

JN GDS LJP LJB SJL DAL. Interpreted results and reviewed manuscript:

YYW NJT KT CEP JN GDS LJP LJB SJL. Approved manuscript for

submission: NMW LDH YYW NJT KT CEP JN GDS LJP LJB SJL DAL

LB.

BMI Allelic Score Associated with Childhood Growth

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e79547



References

1. Maes HH, Neale MC, Eaves LJ (1997) Genetic and environmental factors in

relative body weight and human adiposity. Behav Genet 27: 3252351.
2. Haworth CM, Carnell S, Meaburn EL, Davis OS, Plomin R, et al. (2008)

Increasing heritability of BMI and stronger associations with the FTO gene over
childhood. Obesity (Silver Spring) 16: 266322668.

3. Wardle J, Carnell S, Haworth CM, Plomin R (2008) Evidence for a strong

genetic influence on childhood adiposity despite the force of the obesogenic
environment. Am J Clin Nutr 87: 3982404.

4. Parsons TJ, Power C, Logan S, Summerbell CD (1999) Childhood predictors of
adult obesity: a systematic review. Int J Obes Relat Metab Disord 23 Suppl 8:

S12107.

5. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, et al. (2010)
Association analyses of 249,796 individuals reveal 18 new loci associated with

body mass index. Nat Genet 42: 9372948.
6. Liu JZ, Medland SE, Wright MJ, Henders AK, Heath AC, et al. (2010)

Genome-wide association study of height and body mass index in Australian
twin families. Twin Res Hum Genet 13: 1792193.

7. Thorleifsson G, Walters GB, Gudbjartsson DF, Steinthorsdottir V, Sulem P, et

al. (2009) Genome-wide association yields new sequence variants at seven loci
that associate with measures of obesity. Nat Genet 41: 18224.

8. Willer CJ, Speliotes EK, Loos RJ, Li S, Lindgren CM, et al. (2009) Six new loci
associated with body mass index highlight a neuronal influence on body weight

regulation. Nat Genet 41: 25234.

9. Loos RJ, Lindgren CM, Li S, Wheeler E, Zhao JH, et al. (2008) Common
variants near MC4R are associated with fat mass, weight and risk of obesity. Nat

Genet 40: 7682775.
10. Fox CS, Heard-Costa N, Cupples LA, Dupuis J, Vasan RS, et al. (2007)

Genome-wide association to body mass index and waist circumference: the
Framingham Heart Study 100K project. BMC Med Genet 8 Suppl 1: S18.

11. Frayling TM, Timpson NJ, Weedon MN, Zeggini E, Freathy RM, et al. (2007)

A common variant in the FTO gene is associated with body mass index and
predisposes to childhood and adult obesity. Science 316: 8892894.

12. Bradfield JP, Taal HR, Timpson NJ, Scherag A, Lecoeur C, et al. (2012) A
genome-wide association meta-analysis identifies new childhood obesity loci. Nat

Genet 44: 5262531.

13. Elks CE, Loos RJ, Sharp SJ, Langenberg C, Ring SM, et al. (2010) Genetic
markers of adult obesity risk are associated with greater early infancy weight gain

and growth. PLoS Med 7: e1000284.
14. Mei H, Chen W, Jiang F, He J, Srinivasan S, et al. (2012) Longitudinal

replication studies of GWAS risk SNPs influencing body mass index over the
course of childhood and adulthood. PLoS One 7: e31470.

15. Belsky DW, Moffitt TE, Houts R, Bennett GG, Biddle AK, et al. (2012)

Polygenic risk, rapid childhood growth, and the development of obesity:
evidence from a 4-decade longitudinal study. Arch Pediatr Adolesc Med 166:

5152521.
16. Hardy R, Wills AK, Wong A, Elks CE, Wareham NJ, et al. (2010) Life course

variations in the associations between FTO and MC4R gene variants and body

size. Hum Mol Genet 19: 5452552.
17. Sovio U, Mook-Kanamori DO, Warrington NM, Lawrence R, Briollais L, et al.

(2011) 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 7: e1001307.
18. Silverwood RJ, De Stavola BL, Cole TJ, Leon DA (2009) BMI peak in infancy as

a predictor for later BMI in the Uppsala Family Study. Int J Obes (Lond) 33:

9292937.
19. Adair LS (2008) Child and adolescent obesity: epidemiology and developmental

perspectives. Physiol Behav 94: 8216.
20. Dietz WH (1994) Critical periods in childhood for the development of obesity.

Am J Clin Nutr 59: 9552959.

21. He Q, Karlberg J (2002) Probability of adult overweight and risk change during
the BMI rebound period. Obes Res 10: 1352140.

22. Rolland-Cachera MF, Deheeger M, Bellisle F, Sempe M, Guilloud-Bataille M,
et al. (1984) Adiposity rebound in children: a simple indicator for predicting

obesity. Am J Clin Nutr 39: 1292135.

23. Rolland-Cachera MF, Deheeger M, Maillot M, Bellisle F (2006) Early adiposity
rebound: causes and consequences for obesity in children and adults. Int J Obes

(Lond) 30 Suppl 4: S11217.

24. Whitaker RC, Pepe MS, Wright JA, Seidel KD, Dietz WH (1998) Early

adiposity rebound and the risk of adult obesity. Pediatrics 101: E5.
25. Sovio U, Timpson NJ, Warrington NM, Briollais L, Mook-Kanamori D, et al.

(2009) Association Between FTO Polymorphism, Adiposity Peak and Adiposity
Rebound in The Northern Finland Birth Cohort 1966. Atherosclerosis 207:

e42e5.

26. Elks CE, Perry JR, Sulem P, Chasman DI, Franceschini N, et al. (2010) Thirty
new loci for age at menarche identified by a meta-analysis of genome-wide

association studies. Nat Genet 42: 107721085.
27. Dvornyk V, Waqar ul H (2012) Genetics of age at menarche: a systematic

review. Hum Reprod Update 18: 1982210.

28. Wen X, Kleinman K, Gillman MW, Rifas-Shiman SL, Taveras EM (2012)
Childhood body mass index trajectories: modeling, characterizing, pairwise

correlations and socio-demographic predictors of trajectory characteristics.
BMC Med Res Methodol 12: 38.

29. Zillikens MC, Yazdanpanah M, Pardo LM, Rivadeneira F, Aulchenko YS, et al.
(2008) Sex-specific genetic effects influence variation in body composition.

Diabetologia 51: 223322241.

30. Comuzzie AG, Blangero J, Mahaney MC, Mitchell BD, Stern MP, et al. (1993)
Quantitative genetics of sexual dimorphism in body fat measurements. American

Journal of Human Biology 5: 7252734.
31. Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, et al. (2012) Cohort Profile:

The ’Children of the 90s’--the index offspring of the Avon Longitudinal Study of

Parents and Children. Int J Epidemiol.
32. Newnham JP, Evans SF, Michael CA, Stanley FJ, Landau LI (1993) Effects of

frequent ultrasound during pregnancy: a randomised controlled trial. Lancet
342: 8872891.

33. Williams LA, Evans SF, Newnham JP (1997) Prospective cohort study of factors
influencing the relative weights of the placenta and the newborn infant. BMJ

314: 186421868.

34. Evans S, Newnham J, MacDonald W, Hall C (1996) Characterisation of the
possible effect on birthweight following frequent prenatal ultrasound examina-

tions. Early Hum Dev 45: 2032214.
35. Paternoster L, Zhurov AI, Toma AM, Kemp JP, St Pourcain B, et al. (2012)

Genome-wide association study of three-dimensional facial morphology

identifies a variant in PAX3 associated with nasion position. Am J Hum Genet
90: 4782485.

36. Taal HR, St Pourcain B, Thiering E, Das S, Mook-Kanamori DO, et al. (2012)
Common variants at 12q15 and 12q24 are associated with infant head

circumference. Nat Genet 44: 5322538.
37. Janssens AC, Aulchenko YS, Elefante S, Borsboom GJ, Steyerberg EW, et al.

(2006) Predictive testing for complex diseases using multiple genes: fact or

fiction? Genet Med 8: 3952400.
38. Warrington NM, Wu YY, Pennell CE, Marsh JA, Beilin LJ, et al. (2013)

Modelling BMI Trajectories in Children for Genetic Association Studies. PLoS
One 8: e53897.

39. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, et al. (2006)

Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 38: 9042909.

40. Xu R (2003) Measuring explained variation in linear mixed effects models. Stat
Med 22: 352723541.

41. Ihaka R, Gentleman R (1996) R: a language for data analysis and graphics.
Journal of Computational and Graphical Statistics 5: 2992314.

42. Lango Allen H, Estrada K, Lettre G, Berndt SI, Weedon MN, et al. (2010)

Hundreds of variants clustered in genomic loci and biological pathways affect
human height. Nature 467: 8322838.

43. Bhargava SK, Sachdev HS, Fall CH, Osmond C, Lakshmy R, et al. (2004)
Relation of serial changes in childhood body-mass index to impaired glucose

tolerance in young adulthood. N Engl J Med 350: 8652875.

44. Eriksson JG, Forsen T, Tuomilehto J, Osmond C, Barker DJ (2003) Early
adiposity rebound in childhood and risk of Type 2 diabetes in adult life.

Diabetologia 46: 1902194.
45. Taylor RW, Grant AM, Goulding A, Williams SM (2005) Early adiposity

rebound: review of papers linking this to subsequent obesity in children and

adults. Curr Opin Clin Nutr Metab Care 8: 6072612.
46. Dubois L, Girad M (2007) Accuracy of maternal reports of pre-schoolers’

weights and heights as estimates of BMI values. Int J Epidemiol 36: 1322138.

BMI Allelic Score Associated with Childhood Growth

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e79547


