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ABSTRACT

Genetic variations in FTO, a well-replicated gene locus of obesity, appear to be associated also
with reduced regional brain volumes in elderly. Here, we examined whether FTO is associated with total
brain-volume in adolescence, thus exploring possible developmental effects of FTO. We studied a
population-based sample of 598 adolescents recruited from the French-Canadian founder population in
whom we measured brain volume by magnetic resonance imaging. Total fat mass was assessed with
bioimpedance and body mass index was determined with anthropometry. Genotype-phenotype
associations were tested with Merlin under an additive model. We found that the G allele of FTO

(rs9930333) was associated with higher total body fat (p=0.002) and lower brain volume (p=0.005). The

same allele was also associated with higher lean body mass (p=0.03) and no difference in height (p=0.99).

Principal component analysis identified a shared inverse variance between the brain volume and total
body fat, which was associated with FTO at p=5.5x10°. These results were replicated in two independent
samples of 413 and 718 adolescents; in a meta-analysis of all three samples (n=1,729 adolescents), FTO
was associated with this shared inverse variance at p=1.3x10”. Co-expression networks analysis
supported the possibility that the underlying FTO effects may occur during embryogenesis. In conclusion,
FTO is associated with shared inverse variance between body adiposity and brain volume, suggesting that
this gene may exert inverse effects on adipose and brain tissues. Given the completion of the overall brain

growth in early childhood, these effects may have their origins during early development.
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INTRODUCTION

The fat mass and obesity-associated gene (FTO) is a well-replicated gene locus of obesity (1-4). It
was originally identified as a gene locus of type-2 diabetes; only later it was discovered that it increases
risk for this disease through its primary effect on adiposity (1). The mechanisms through which FTO may
increase adiposity are still not clear, however. In vitro studies suggest that FTO encodes 2-oxoglutarate-
dependent nucleic-acid demethylase, which may regulate gene expression (5-7). Beginning from early
embryogenesis, the gene is expressed throughout the body and the brain (5, 8, 9). The relatively high
expression of FTO in the adult hypothalamus, a brain structure regulating energy balance, suggested that
FTO might influence adiposity through its impact on energy homeostasis. Conflicting results of both
human and animal studies exist, however, as to whether the gene influences either food intake or energy
expenditure in a way that would increase risk for obesity (reviewed in (3, 4)).

Obesity is a major risk factor for cognitive decline (10). In part, this association may be mediated
through the cardio-metabolic sequelae of obesity that promote cerebro-vascular disease and subsequent
neuronal degeneration (11, 12). Recently, the FTO-risk allele for obesity has been associated with lower
regional volumes of (cortical) brain tissue in elderly (13). These differences were not, however,
associated with differences in cholesterol levels, hypertension or white-matter hyperintensities (13),
suggesting that other factors may be at play.

The aim of the present study was to investigate an association between FTO, brain and adiposity
in a developmental context. For this reason, we have focused on adolescence and used total brain volume
as the main dependent variable. Total brain volume reaches 83% of adult values by the end of the 2™ year
of post-natal life (14) and 95% by 6 years of age (15). Thus, values of the total brain volume obtained in
adolescence are likely to reflect mainly biological processes at play in utero and during early post-natal
years. We performed these studies in a sample of 598 adolescents recruited from the French-Canadian
founder population as part of the Saguenay Youth Study (SYS-Discovery), and replicated our findings in
413 adolescents who were recruited and phenotyped later in the same study (SYS-Replication) and in 718

adolescents of mixed-European background who were recruited as part of the IMAGEN study. In all three
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samples, brain volumes were assessed with magnetic resonance imaging (MRI) and a variant of FTO (i.e.

rs9930333) previously reported as associated with body mass index (BMI) (16) was studied.

RESULTS
FTO associations with BMI and brain volume

Basic characteristics of the SYS-Discovery, SYS-replication and IMAGEN samples are provided
in Table 1. The prevalence of overweight or obesity was 23.9%, 32.7% and 19.0% in the SYS-Discovery,
SYS-replication and IMAGEN samples, respectively, which is similar to that of current adolescent
populations (17, 18). In the SYS, the G-allele of rs9930333 was associated with higher BMI (p=1.1x10"
and lower brain volume (p=0.005, Figure 1 and Table 2). Similar associations were observed in the
replication (SYS-Replication and IMAGEN) samples; the G allele was associated with higher BMI
(p=0.005 and p=1.2x10", respectively) and trends towards lower brain volume (p=0.05 and p=0.06,
respectively; Figure 1 and Table 2). In a meta-analysis involving 1,729 SYS-Discovery, SYS-Replication
and IMAGEN adolescents, the G allele was associated with higher BMI (p=8.9x10™'") and lower brain
volume (p=1.5x10"*, Table 3). These results suggest that FTO may impact inversely on BMI and brain

volume.

FTO associations with BMI determinants and intra-cranial and cerebrospinal volumes

Next, we tested whether the FTO association with BMI is mediated mainly through its association
with body adiposity. In the SYS, the G allele was associated with higher total body fat (TBF, p=0.002)
and lean body mass (LBM, p=0.03) and no difference in height (p=0.99, Table 2). Similar results were
observed in the replication samples. In SYS-Replication, the G allele was associated with higher TBF
(p=0.004), a trend towards higher LBM (p=0.11) and no difference in height (p=0.26, Table 2). In the
IMAGEN sample, the G allele was associated with higher body weight (p=0.003) and no difference in

height (p=0.72, Table 2). These results suggest that the FTO association with BMI is mediated mainly
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through its association with body adiposity (both SYS samples) and not with longitudinal growth (all
three samples).

Furthermore, we tested whether the FTO association with brain volume is similar to that with
intra-cranial volume (an index of cranium/head size) and ventricular volume. The G allele (associated
with lower brain volume) was associated with lower intra-cranial volume in the SYS-Discovery (p=0.03).
Similar but non-significant trends were observed in both replication samples (Table 2). In a meta-analysis
involving all three samples, the G allele was associated with lower intra-cranial volume at p=0.03 (Table
3). FTO was not associated with ventricular volume in any of the three samples (Table 2). These results
suggest that FTO association with brain volume is likely mediated through processes influencing the

growth of the brain and, to some degree, that of the cranium.

FTO association with shared variance between BMI determinants and brain volume

Since our results suggest FTO may influence both body adiposity and brain size, we performed
principal component analysis to examine whether shared variance exists between body adiposity and
brain volume that is independent of LBM and height. In the SYS sample, this analysis identified two
significant components capturing a total of 75.6% of variance shared among brain volume, TBF, LBM
and height. Component 1, which captured 50.6% of variance, was loaded positively by TBF, LBM and
height, whereas Component 2, which captured 25.0% of variance, was loaded positively by brain volume
and negatively by TBF (Figure 2). Consistent with the opposite effects of the G allele on TBF and brain
volume, this allele was strongly associated with Component 2 that captures the shared inverse variance
between TBF and brain volume (p=5.5x10") but not with Component 1 (p=0.10; see Figure 2). We
obtained similar results in both replication samples (SYS-Replication: Component 1: p=0.21, Component
2: p=5.9x10"*; IMAGEN: Component 1: p=0.56, Component 2: p=0.009; Figure 2). In a meta-analysis
involving all three samples, FTO was associated with Component 2 at p=1.3x10” (Table 3).

In addition, we performed a conditional analysis in the discovery sample in which we tested for

association between FTO and PC2, now including TBF as a covariate. This analysis continued to show a
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significant association between FTO and PC2 (effect size=-0.20, p=5x10"*), confirming that this

association is not driven entirely by TBF alone.

Meta-analysis of FTO co-expression networks during development

In the present study, FTO is associated with a shared (inverse) variance between body adiposity
and total brain volume, suggesting that this gene may exert opposing effects on the growth of adipose and
brain tissues. As pointed out in the Discussion, we speculate that such effects may occur during early
embryogenesis when a single factor may influence developmentally distant tissues. FTO being expressed
during early embryogenesis (5, 8, 9) and encoding a nucleic-acid demethylase (5-7) may modulate
expression of such a factor. Based on the existing literature, we identified BMP4 (bone morphogenetic
protein 4) as a possible candidate for this role; BMP4 is critical for embryonic development (19) and
shows opposing effects on adipose and brain tissues (20, 21)(Supplementary Figure 1). To explore the
possibility that FTO may exert at least some opposing effects on body adiposity and brain volume via its
interaction with BMP4 during embryogenesis, we performed a meta-analysis of FTO co-expression
networks during development. We found that FTO and BMP4 exhibited the most significant positive or
negative co-expressions (p<0.01) in datasets annotated as ‘embryonic’, suggesting that the two genes may
interact in embryonic tissues. Next, we searched for genes whose correlation strength with FTO was
similar to that of FTO with BMP4. Ranking such “FTO co-expressed” genes in this way produced a list
that was enriched for functions related to the nervous system (e.g., synaptic transmission; corrected
p<0.01). The 165 top-ranking genes (r>0.25, p<0.01) showed significant modularity (p<0.01) in a
network constructed from the brain-derived expression data, but not in a network constructed from the
non-brain-derived expression data (size and platform matched). We noted that FTO exhibited particularly
strong interaction with the protocadherin a-gene cluster (Supplementary Figure 2), which is involved in

the regulation of neural-circuit assembly and neuronal survival (22, 23).
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FTO association with body fat, brain volume and shared variance between body fat and brain volume:
potentially confounding factors

All statistical analyses presented above were carried out while adjusting for age and sex. But
several other potentially confounding factors might influence adiposity and brain development. In all
discovery and replication samples, the participants were high-school students — therefore, the level of
education did not vary among them. Data on nutrition, exercise, maternal education and family income
were collected only in the SYS. Additional adjusting for these potentially confounding factors did not
change the FTO associations with total body fat, brain volume and the shared variance between the two

variables captured by Component 2 (Supplementary Table 2).

DISCUSSION

The results of the present study show that FTO is associated with shared inverse variance
between body adiposity and total brain volume, suggesting that this gene may exert inverse effects on
adipose and brain tissues. Given the completion of the overall brain growth in early childhood, it is
plausible these effects occur during development.

Early embryogenesis is a period of human development when such opposing effects of FTO on
adipose and brain tissues may take place. As described below, a single factor may influence
developmentally distant tissues, such as adipose tissue (derived from mesoderm) and brain tissue (derived
from ectoderm), and this influence may be of the opposite direction. FTO, as a gene encoding nucleic-
acid demethylase (5-7) and expressed during early embryogenesis (5, 8, 9), may act as a modulator of
such a factor. For example, BMP4 is a protein involved in the regulation of cell proliferation and
differentiation during embryonic development (reviewed in (19)); its inhibition in ectoderm is critical for
neural induction and the development of the brain (20), whereas its inhibition in mesoderm may attenuate
the development of adipose tissue (21). We speculate that a moderate increase in BMP4 expression, due
to greater demethylating activity of FTO, would lead to a decrease in allocating stem cells towards brain-

cell lineages and an increase in allocating stem cells towards adipose-tissue lineages (Supplementary
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Figure 1). Such relative differences in stem-cell allocation, and thus life-long potential for growth of the
respective tissues, would then result in a lower brain volume and a higher body-fat mass postnatally. The
former would be realized during major periods of brain development (prenatal and early postnatal period),
whereas the latter would become apparent gradually during postnatal life as a result of a chronic positive
energy balance (life-long risk for obesity) (24, 25). Our meta-analysis of co-expression networks provided
some support for (1) the possible existence of such FTO-BMP4 interactions during embryogenesis and (2)
the possibility these interactions are involved in the processes of brain development. It also suggested that
the latter might include the protocadherin a-gene cluster, which is critical for the regulation of neural-
circuit assembly and neuronal survival (22, 23). Further experimental studies are required to confirm
these findings.

Consistent with the above hypothesis, previous research in experimental animals and humans
suggests that FTO effects observed in childhood and adulthood may stem from its effects during early
development. Fto deletion in mice results in growth retardation present already at birth, and a significant
reduction in fat mass and, less so, in lean body mass (26, 27). Similarly, a loss-of-function mutation in the
human FTO results in severe growth retardation and development of multiple malformations, including
those affecting the brain (8). In addition, duplication of a chromosomal region including FTO in humans
leads to obesity and mental retardation (28).

In the present study, FTO was associated with brain and cranium volumes but not with height (an
index of axial growth). These results are consistent with the fact that (1) the brain and cranium versus
axial skeleton exhibit different developmental growth patterns: while most of the brain and cranium
growth is completed during the first few years of life, the axial skeleton shows major growth during
adolescence; and (2) most of the cranium but not the axial skeleton is of the same ectodermal origin as the
brain (29). In agreement with this closer developmental relationship of the cranium with the brain than of
the cranium with the axial skeleton, we show here that intra-cranial volume correlates much closer with
brain volume (r’=0.75) than it does with height (r*=0.12); note also that height is only weakly associated

brain volume (r’=0.04; Supplementary Figure 3). Taken together there are likely a number of factors that
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influence the growth and development of the brain and cranium but not that of the axial skeleton (e. g.,
FTO), and vice versa. Also supporting our results, it has been shown previously that FTO is not
associated with height despite being strongly associated with BMI (24). Whether FTO impacts primarily
growth of the skull and only secondarily growth of the brain is also a possibility that requires further
developmental studies.

In summary, our results suggest that FTO may exert inverse effects on adipose and brain tissues.
Given the fact that these effects are detected already in adolescence, they may occur during early

development.

MATERIAL AND METHODS
Adolescent samples

Discovery sample (SYS-Discovery) included 598 SYS adolescents recruited between November
2003 and June 2009 and Replication sample 1 (SYS-Replication) included 413 SYS adolescents recruited
between September 2009 and February 2012. Both SYS samples were white Caucasian adolescents (aged
12 to 18 years) drawn from the French-Canadian genetic founder population living in the Saguenay-Lac
St. Jean region of Quebec, Canada (30). The SYS is a population-based, cross-sectional study of
cardiovascular, metabolic and mental health in adolescence; recruitment and selection criteria have been
described previously (30). Written consent of the parents and assent of the adolescents were obtained
before the commencement of data collection. The Research Ethics Committee of the Chicoutimi Hospital
approved the study protocol.

Replication sample 2 was the IMAGEN Study involving white Caucasian adolescents (n=718;
aged 13 to 15 years) of mixed European background (German, English, Irish and French). The IMAGEN
Study is a European multi-center study on impulsivity, reinforcement sensitivity and emotional reactivity
in adolescents. The IMAGEN sample comprises 718 healthy adolescents recruited between 2008 and
2010 in local schools from eight participating sites in Germany (Berlin, Dresden, Hamburg, Manheim),

United Kingdom (London and Nottingham), France (Paris) and Ireland (Dublin). All participants and
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their parents provided informed written assent and consent, respectively. The local ethics committees
approved the study protocol (31).

Basic characteristics of all three samples are provided in Table 1. Adolescents were defined as
obese or overweight if their BMI was >85th age- and sex-specific percentile of the Centers for Disease

Control and Prevention BMI curves (http://www.cdc.gov/growthcharts). The prevalence of overweight or

obesity was 23.9%, 32.7% and 19.0% in the SYS-Discovery, Sys-Replication and IMAGEN sample
(Table 1), which is similar to that in the Canadian (2004 Canadian Community Health Survey) and

European adolescent populations (17, 18).

Phenotyping

Anthropometry and bioimpedance: In the SYS-Discovery, SYS-Replication and IMAGEN
samples, weight (0.1-kg precision) and height (1-mm precision) were measured and BMI was calculated
as weight in kilograms divided by squared height in centimeters. In both SYS samples but not in the
IMAGEN sample, TBF and LBM were assessed using multi-frequency bioimpedance analysis (Xitron
Technologies, Inc., San Diego, CA, USA).

MRI of the brain: In the SYS-Discovery and SYS-Replication samples, structural magnetic
resonance (MR) images of the brain were collected on a Phillips 1.0-T superconducting magnet. High-
resolution anatomical T1-weighted images were acquired using the following parameters: 3-dimensional
radiofrequency-spoiled gradient echo scan with 140-160 sagittal slices, 1-mm isotropic voxel size, time
repetition (TR) =25 ms, echo time (TE) = 5 ms, flip angle = 30°. In the IMAGEN study, structural MR
images were obtained using 3 Tesla scanners (Siemens, Philips and General Electric). The details of the
entire MR protocol are described elsewhere (31). High-resolution T1-weighted anatomical images were
acquired using a 3D Magnetization Prepared Rapid Acquisition Gradient Echo sequence with 160 or 170
sagittal slices (depending on manufacturer), 1.1-mm isotropic voxel size, TR = 2300 ms, TE = 2.8 ms,
inversion time (TI) = 900 ms, flip angle = 9°. In all three samples, total brain and ventricular volumes

were derived using FreeSurfer (32) and intra-cranial volumes were estimated using the whole
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cranium/face model as described previously (33). For the latter, brains were removed from all MR images
using the BET algorithm and all individual images were normalized in the same space to the average
linear dimensions of the entire group. The first population average was then created via voxel-by-voxel
averaging. A hierarchical iterative model-building step was then initiated where each image was
nonlinearly registered to the populating average and subsequently to the model created in the previous
nonlinear registration step. At each iteration, finer resolution nonlinear transformations were estimated.
One of the outputs at the end of the model building process is a nonlinear transformation that maps each
individual to the average of the group has been estimated. All transformations were estimated using the

minc suite of software tools (http://www.bic.mni.mcgill.ca/ServicesSoftware/HomePage) (34, 35). The

intracranial space was manually defined on the resulting population model by one of the authors (MMC)
and then transformed to fit each individual using the inverse transformation previously described (34, 35).

An example of intra-cranial mask is shown in Supplementary Figure 4.

FTO genotyping

Both the SYS-Discovery and IMAGEN samples were genotyped with the [llumina Human610-
Quad BeadChip (Illumina, San Diego, CA). The genotyping was conducted at the Centre National de
Génotypage (Paris, France). The SYS-Replication sample was genotyped with the HumanOmniExpress
BeadChip (Illumina, San Diego, CA). The genotyping was conducted at the Genome Analysis Centre of
Helmholtz Zentrum Miinchen (Munich, Germany). In all three samples, SNPs with call rate <95% and
minor allele frequency <0.01, and SNPs that were not in Hardy-Weinberg equilibrium (p<1x10*) were
excluded. A variant of FTO that showed the most significant association with BMI in our previously
reported genome-wide association study (i.e. rs9930333) (16) was then tested for association with other
outcomes in the SYS-Discovery sample and with all outcomes in the replication samples (SYS-
Replication and IMAGEN). This variant was in linkage disequilibrium (LD) with, and showed the same

direction of effect on BMI, as the previously reported FTO SNPs (1, 2, 36).
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Statistical methods

Genotype-phenotype association tests were conducted with Merlin (version 1.1.2) under an
additive model (37, 38). With Merlin, a simple regression model is fitted to each studied outcome and a
variance component approach is used to account for correlation between different observed phenotypes
within each family (if required). For all primary and derived traits, values outside mean+3 SDs were
excluded. Variables were log-transformed if they did not follow normal distribution. Age and sex were
included as potential confounders for all variables, except for principal components that were already
adjusted for age and sex prior to principal component analysis. To combine the evidence for association
from the SYS-Discovery, SYS-Replication and IMAGEN samples, we used METAL (39), which
converts the direction of effect and P-value observed in each study into a signed Z-score combined across
samples in a weighted sum, with weights proportional to the square-root of the sample size for each study
(39).

Principal component analysis was used to identify components of shared variance between
individual BMI determinants and brain volume. In the SYS-Discovery and SYS-Replication samples, the
BMI determinants were TBF, LBM and height. In the IMAGEN sample, only body weight and height
were available. Principal component analysis is a multivariate statistical technique used to extract shared
variance from correlated data (40). It transforms a number of possibly correlated variables into a number
of uncorrelated variables, so called principal components. Each principal component represents a different
linear combination of the original correlated variables. The original variables are first normalized to their
respective means and then used to generate a correlation matrix. Principal component analysis is then
performed by eigenvalue decomposition of the correlation matrix. Loadings of significant principal
components are described in terms of eigenvectors. The significant principal components were tested for
association with the studied FTO SNP (rs9930333) as described above.

Meta-analysis of FTO co-expression networks: To identify genes frequently co-expressed with
FTO, we assembled 721 diverse publicly available expression datasets containing a total of 34,019

microarrays (http://www.chibi.ubc.ca/Gemma). Using these data, we conducted co-expression analysis as
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previously described (41). In brief, correlations between FTO-expression profile and expression profiles
of 14,184 genes (identified as all genes present in at least 500 datasets) were determined for each dataset.
These correlations were then ranked to give a score of similarity between FTO-expression profile and
expression profiles of all other genes in each dataset. Next, each dataset was annotated from a set of 128
terms (describing factors such as the tissue, treatment, developmental stage and/or disease); an annotation
was given if the term was present in at least 5 (and up to 25) datasets. Finally, analysis of gene-function
enrichment was applied to test for enrichment across dataset annotations (42). Further details on co-
expression methods and results are available in Supplementary Information and at

http://www.chibi.ubc.ca/FTO.
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FIGURE LEGENDS
Figure 1. FTO associations with BMI and brain volume in the SYS-Discovery, SYS-Replication and
IMAGEN samples. Associations between FTO (rs99930333) and the body and brain variables were

tested with Merlin-1.1.2 under an additive model.

Figure 2. FTO and shared variance between brain volume and BMI determinants in the SYS-
Discovery, SYS-Replication and IMAGEN samples. (A) Two significant components (and their
respective loadings) identified with principal component analysis involving four variables (i.e., brain
volume, total body fat, lean body mass and height) in the SYS-Discovery and SYS-Replication samples
and three variables (i.e., brain volume, body weight and height) in the IMAGEN sample are presented.
Component 1 explained 50.6%, 54.9% and 54.5% of variance in the SYS-Discovery, SYS-Replication
and IMAGEN samples, respectively. Component 2 explained 25.0%, 22.6% and 31.0% of variance in the
SYS-Discovery, SYS-Replication and IMAGEN samples, respectively. (B) Association between FTO

(rs9930333) and each of the two significant components were tested with Merlin-1.1.2.
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Table 1. Basic characteristics of studied participants
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Outcome SYS-Discovery SYS-Replication IMAGEN

Number MeantSD  Number  MeantSD  Number Mean+SD
Age (years) 592 15.1£1.9 416 14.4£1.8 710 14.5+0.4
Sex (males/females) 592 282/310 416 210/206 718 348/370
Height (cm) 590 163.319.5 415 163.149.5 663 168.418.0
Body weight (log kg) 581 1.7£0.1 412 1.8+0.1 669 1.840.1
BMI (log kg/m?) 582 1.340.1 413 1.340.1 658 1.310.01
Overweight/obesity (y/n) 582 139/443 413 135/278 654 124/530
Total body fat (log kg) 559 1.0+£0.3 397 1.0+£0.3 N/A N/A
Lean body mass (log kg) 566 1.7£0.1 389 1.7£0.1 N/A N/A
Brain volume (cm®) 562 1301£119 395 1235+112 712 1195+113
IC volume (cm’) 529 1813.5£156 355 1811.5£151 653 1818.1£156
Ventricular volume (log cm®) 558 1.0+0.2 401 1.0+0.2 708 1.1£0.2
MAF (1s99930333) 594 0.31 422 0.36 717 0.34

BMI: body mass index, IC volume: intra-cranial volume, MAF: minor allele frequency
Ventricular volume is defined as the sum of volumes of the left lateral, right lateral, third and fourth

ventricles
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Table 2. Associations between FTO (rs9930333) and body and brain outcomes
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Outcome Effect size+SE (G-allele) P-value
SYS SYS IMAGEN SYS SYS IMAGEN
Discovery Replication Discovery Replication
BMI (log kg/m?) 0.017+0.004 0.017+0.006 0.016+0.004 1.1x10™ 0.005 1.4x10°
Body weight (log kg) 0.016+0.005 0.021+0.007 0.013+0.004 0.003 0.004 0.003
TBF (log kg) 0.052+0.016 0.063+0.022 - 0.002 0.004 -
LBM (log kg) 0.008+0.004 0.008+0.005 - 0.05 0.11 -
Height (cm) 0.001+0.488 0.60+0.53 -0.00140.004 1.00 0.26 0.72
Brain volume (cm’) -16.8+6.0 -12.846.6 -9.8+5.2 0.005 0.05 0.06
IC volume (cm”) -17.448.0 -3.8+10.0 -8.5+7.4 0.03 0.70 0.25
Ventricular volume (log cm’) 0.002+0.010 0.003£0.01 0.006+0.009 0.84 0.81 0.50
Component 1 0.160.09 0.1540.12 0.05+0.07 0.10 0.21 0.51
Component 2 -0.29+0.06 -0.25+0.07 -0.15+0.06 5.5x10° 5.9x10™ 0.007

Associations were tested with Merlin-1.1.2.

SE: standard error
* Percent of heritability explained by the tested locus.

BMI: body mass index, TBF: total body fat, LBM: lean body mass, IC: intra-cranial

Ventricular volume is defined as the sum of volumes of the left lateral, right lateral, third and fourth ventricles

Components 1 and 2: principal components 1 and 2 from principal component analysis of brain volume and BMI determinants (i.e. total body fat,

lean body mass and height)
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Table 3. Meta-analysis of FTO associations in the SYS (discovery and replication) and IMAGEN
samples

Outcome Effect size+SE P-value HetlSq Heterogeneity
(G-allele) P-value

BMI (log kg/m?) -0.020+0.003 8.9x10™" 0.0 0.98

Body weight (log kg) -0.015+0.003 8.1x10° 0.0 0.60

Brain volume (cm®) 12.8+3.4 1.5x10™ 0.0 0.68

IC volume (cm®) 10.6+4.8 0.03 0.0 0.53

Component 2 0.22+0.04 1.3x107 32.1 0.23

Meta-analysis was performed with METAL

SE: standard error

HetISq: I” statistic which measures heterogeneity on scale of 0-100%

BMI: body mass index, IC volume: intra-cranial volume

Component 2: principal component 2 from principal component analysis (PCA) of brain volume and BMI
determinants (i.e. total body fat, lean body mass and height)
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ABBREVIATIONS

FTO - fat mass and obesity-associated gene
SYS — Saguenay Youth Study

MRI — magnetic resonance imaging

BMI — body mass index

TBF — total body fat

LBM - lean body mass

BMP4 - bone morphogenetic protein 4 gene
TR — time repetition

TE — time echo

MR — magnetic resonance

TI — time inversion

SNP — single nucleotide polymorphism
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