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Abstract

Background—Body weight and adiposity are heritable traits. To date it remains unknown 

whether obesity-associated brain structural alterations are under a similar level of genetic control.

Methods—For this study we utilized magnetic resonance imaging (MRI) data from the Human 

Connectome Project. Voxel based morphometry (VBM) was used to investigate associations 

between body mass index (BMI) and regional gray matter volume (GMV) in a sample of 875 

young adults with a wide BMI range (386m/489f; age 28.8 ± 3.7y; BMI 26.6 ± 5.3 kg*m-2), that 

included 86 pairs of monozygotic twins and 82 pairs of dizygotic twins. Twin data were analyzed 

by applying the additive genetic, common environmental and residual effects (ACE) model to 

determine heritability of brain regions that were associated with BMI.

Results—We observed positive associations between BMI and GMV in the ventromedial 

prefrontal cortex and the right cerebellum and widespread negative associations within the 

prefrontal cortex, cerebellum, temporal lobes and distinct subcortical structures. Varying degrees 

of heritability were found for BMI-associated brain regions, with highest heritability estimates for 

cerebellar GMV and subcortical structures.
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Conclusions—These data indicate that brain regions associated with obesity are subject to 

differing levels of genetic control and environmental influences. Specific brain regions with high 

heritability might represent an inherent vulnerability factor for obesity.

Introduction

The rising prevalence of obesity remains unchecked in industrialized societies. As of 

2011/2012 70% of the adult US population were estimated to be overweight or obese with a 

body mass index (BMI) exceeding 25 kg/m2 1.

Accumulation of excess adipose tissue is generally a result of unhealthy eating patterns and 

chronically positive energy balance, further promoted by the western “obesogenic” 

environment, where an abundance of unhealthy energy dense foods is readily available at 

any time. Hence, increasing efforts are being made to enhance our understanding of the 

neurobiological underpinnings that may promote and/or follow unhealthy eating patterns and 

the development of obesity. Both animal and human studies have documented dysfunctional 

dopaminergic central pathways and the effects on reward-related and motivated behavior to 

be key neurophysiological contributors to the behavioral phenotype leading to obesity2–4. In 

addition, a number of neuroimaging studies have found obesity to be associated with 

functional and structural alterations of the brain including prefrontal cortical, insular and 

striatal regions critically involved in executive functioning, reward processing and 

interoception5–12. Intriguingly, reduced gray matter volume (GMV) of similar brain regions 

(i.e. insular and prefrontal cortex) was reported in subjects with high risk for obesity, 

possibly indicating that structural brain differences are predisposing to obesity13. Similar 

results were reported by Yokum et al., linking prefrontal GMV with future weight gain in a 

sample of young women14; however, reported brain regions of these studies differed with 

respect to the exact locations. Obesity and BMI have been shown to be highly heritable, 

generally on a polygenic basis15,16. Certain genetic variants are common and carry 

significant risk of increased adiposity; for example, variations in the FTO gene (i.e., fat mass 

and obesity associated protein), where those homozygous for the risk allele have an 

increased risk for obesity (HR 1.67), on average weighing 3–4 kg more than non-carriers17. 

In addition, evidence for a genetically determined behavioral phenotype with altered reward 

sensitivity (thus favoring unhealthy eating patterns) is provided by multiple studies that have 

linked genetic variants of the dopamine receptor D2 (DRD2) gene (i.e. the Taq1A A1 allele) 

and of the μ-opioid receptor (OPRM1) to obesity, binge eating disorder and addictive 

behavior in general18,19.

Given evidence of volumetric brain differences and genetic influences, an important 

question is the degree to which obesity-related structural brain differences are heritable. It is 

possible that at least some regional brain volume differences reflect central endophenotypes 

leading to unhealthy eating and excess adiposity. Twin studies provide a powerful approach 

for heritability analyses of complex traits, such as obesity, by comparing monozygotic and 

dizygotic twins. Previous twin studies have shown varying degrees of estimated heritability 

for regional brain volume, thus indicating differing susceptibilities with respect to genetic 

and environmental influences20.
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In this study, we aimed to investigate associations between regional GMV, body weight (i.e. 

BMI) and the heritability of obesity-associated structural brain alterations, hypothesizing 

high degrees of heritability – particularly for brain regions that form part in dopaminergic 

reward pathways. We utilized structural neuroimaging data from the Human Connectome 

Project, a large scale neuroimaging study with open access data that investigates human 

brain networks and behavioral correlates under consideration of genetic and environmental 

influences21. In a first step, we investigated associations between BMI and regional GMV in 

a sample of 875 healthy young adults, who were non-twin siblings, dizygotic or 

monozygotic twin pairs. In a second step, we estimated heritability of BMI and of 

predefined brain regions that we found to be associated with BMI, by using available twin 

data only.

Methods

Study population

For this study, data were drawn from the publicly available Human Connectome Project 

(HCP) database (i.e., S500 and S900 data releases; www.humanconnectome.org) that 

included a total of n=875 healthy young to middle-aged adults with structural MRI (i.e. T1 

weighted MPRAGE) and BMI data. For additional information on eligibility criteria of the 

original study, we refer to previously published detailed descriptions21,22. The study 

population was composed of non-twin siblings (n=447), monozygotic (identical) twins 

(n=206) and dizygotic (fraternal) twins (n=222) from n=380 families. Structural MRI scans 

from both twin siblings were available for n=86 identical and n=83 fraternal twin pairs. All 

participants gave written consent and experimental procedures were approved by the 

institutional review board (IRB # 201204036; Title: ‘Mapping the Human Connectome: 

Structure, Function, and Heritability’). For our data analyses no additional approval was 

required by the local ethics commitee of the University of Leipzig.

Imaging procedures

Detailed descriptions of structural imaging protocols are provided on the website of the HCP 

(www.humanconnectome.org) and in previous publications21. In brief, two separate T1-

weighted, high resolution (0.7-mm isotropic voxels) anatomical images (i.e. 3D MPRAGE) 

were acquired on a customized Siemens 3-T Skyra system (Siemens, Germany) with a 32-

channel head coil, using the following parameters: FOV=224 mm, matrix=320, 256 sagittal 

slices per single slab, TR=2400 ms, TE=2.14 ms, TI=1000 ms, FA=8°, Bandwidth 

(BW)=210 Hz per pixel, Echo Spacing (ES) =7.6 ms. For this study we used anatomical 

images from the first scan only.

Data analysis

Voxel-based morphometry23 of T1-weighted MPRAGE images was performed with the 

Statistical Parametric Mapping package (SPM8, Wellcome Department of Imaging 

Neuroscience, London, UK; www.fil.ion.ucl.ac.uk/spm) and the VBM8 toolbox (http://

dbm.neuro.uni-jena.de/vbm.html). Images were preprocessed with default settings of the 

VBM8 Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra 

(DARTEL) toolbox, including high-dimensional DARTEL normalization algorithms and 
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modulation for non-linear components which accounts for interindividual differences in total 

brain volume. First, images were segmented into gray matter (GM), white matter, and 

cerebrospinal fluid, followed by normalization to the DARTEL template in MNI space 

(voxelsize: 1.5mm × 1.5mm × 1.5mm) and smoothing of GM data with an 8mm full-width-

half-maximum isotropic Gaussian kernel. All images were visually inspected prior to 

statistical analyses.

Multiple regression analyses of smoothed GM data were employed to investigate 

associations between regional GMV and BMI. As covariates of no interest we included age, 

gender, handedness [Edinburgh Handedness Questionnaire; ranging from −100 (lefthanded) 

to 100 (righthanded)], race (white/non-white), twinstatus and zygosity. ANOVA was used to 

test for gender*BMI interaction. In addition, we applied an absolute threshold to exclude 

voxels with a GM value of <0.1. Results were considered significant at a peak voxel 

threshold of p<0.05 corrected for the entire brain volume (FWE, family-wise error 

correction for multiple comparisons on the voxel-level). Since SPM8 by defaults only 

displays 3 peaks within a cluster we used the current cluster option to explore large clusters 

(>10.000 voxels).

In order to test whether associations of BMI with GMV are driven by educational 

background of intelligence, we ran additional post-hoc analyses including years of education 

(n=874) or measures of fluid intelligence (n=869; i.e. correct answers in the Penn 

Progressive Matrices) as further covariates.

Heritability analyses of BMI associated brain structures were performed on predefined 

regions of interests (ROI). These a priori ROIs were chosen based on previous publications 

and functional relevance and included the prefrontal cortex, including the ventromedial 

prefrontal cortex,5,6,12,24, cerebellum6,25,26, temporal6,25,27 and insular cortices6,25,28, 

anterior cingulate cortex6,25,29, hippocampal/parahippocampal cortex12,30, dorsal and ventral 

striatum5,9,31, midbrain3,32, amygdala3,6,33 and hypothalamus3,5. To do so, masks of the 

ROIs were generated with the WFU-Pickatlas toolbox (www.fmri.wfubmc.edu). Next, 

results of the whole brain analyses were masked for the respective ROI and GM data were 

extracted by centering a 3mm sphere on the peak locations34 of the overall regression 

analysis. Due to masking procedures, slight differences in the respective peak locations may 

occur, as compared to the whole brain analyses. Since no associations were found for the 

hypothalamus and right striatum (except for neighboring extranuclear structures), no 

heritability analyses were performed for these ROIs.

SAS Software (SAS Institute Inc, version 9.4, Cary, NC) was used for statistical analyses of 

non-imaging data and for heritability analyses of extracted GM data. For heritability 

analyses, we applied the additive genetic, common environmental and residual effects (ACE) 

model, as provided by Feng et al., with additional modifications to fit quantitative data [35. 

Heritability of BMI and GM data were estimated in n=336 twins (i.e. 86 monozygotic (MZ) 

and 82 dizygotic (DZ) twin pairs) from n=168 families using nonlinear mixed model 

analysis (i.e. PROC NLMIXED). Estimation of additive genetic and common environment 

random effects components (i.e., ACE model) was performed by the maximum likelihood 

method. Heritability was quantified as the ratio between estimated additive genetic variance 
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and the total variance of the trait. Values of GM volumes were log-transformed to 

approximate a normal distribution prior to analyses. Due to significant group differences 

between MZ and DZ, sex and age were included as covariates. A p<0.05 was considered 

statistically significant.

In addition, we employed the Biological Parametric Mapping Toolbox (BPM; 

www.ansir.wfubmc.edu) within the SPM5 framework (Wellcome Department of Imaging 

Neuroscience, London, UK; www.fil.ion.ucl.ac.uk/spm) to create descriptive correlation 

maps of twin pair GM data, thus allowing further quantification of concordance of regional 

GMV associated with BMI in MZ and DZ. This includes voxelwise correlation within MNI 

space to generate results for a homologous correlation field. BPM analyses were regionally 

restricted to a ROI based on the results from our VBM whole group analyses by using 

inclusive masks of regional GMV clusters we found to be associated with BMI. 

Correlational maps were not thresholded, in order to illustrate within twin pair correlations 

across the entire ROI. In addition we provide results of thresholded analyses (i.e. correlation 

coefficient of >0.5 and k=50 continuous voxels) as supplementary data.

Results

Characteristics of the study population and comparative group statistics of identical and 

fraternal twin pairs are listed in Table 1. No significant differences were found for BMI, 

race, education or fluid intelligence, yet identical and fraternal twins differed with respect to 

total body weight, height, age and gender.

VBM Analyses

Detailed results of the VBM analyses are listed in Table 2. Using the entire sample of 875 

subjects revealed distinct positive associations (Figure 1) within the ventromedial prefrontal 

cortex (VMPFC; pFWE<0.001; k=179; MNIxyz[2mm 21mm −26mm]) and the right 

cerebellum (pFWE=0.003; k=21; MNIxyz[27mm −45mm −42mm]). Negative associations 

were observed within widespread areas of the brain (Figure 2) with one large cluster 

comprising bilateral prefrontal and precentral cortices, cerebellum, bilateral temporal lobes 

including bilateral hippocampal/parahippocampal region and the bilateral amygdala, the 

bilateral insula, parts of the occipital cortex, bilateral thalamic regions and adjacent parts of 

midbrain (i.e. ventral tegmental area) and left dorsal and ventral striatum (pFWE<0.001; 

k=1179490; MNIxyz [-42mm 48mm −14mm]). In addition, several smaller clusters were 

found within the prefrontal and cingulate cortex, cerebellum and occipital cortex (for details 

please see Table 3). Additional adjustment for educational level (n=874) or fluid intelligence 

(measured by Penn Progressive Matrices; n=869) did not significantly change these results 

and separate analyses of n=380 non-siblings revealed a very similar pattern of positive and 

negative associations (data not shown).

Investigating differential effects of overweight and obesity on brain structure in males and 

females (i.e. gender*BMI interaction), only two small clusters were found within the left 

uncus/inferior temporal gyrus (pFWE=0.016; k=25; MNIxyz [−29mm 0mm −50mm]) and the 

right inferior temporal gyrus (pFWE=0.035; k=5; MNIxyz[32mm −6mm −45mm]) with 

stronger negative associations of BMI with regional GMV in males compared to females.
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Heritability analyses

Detailed results of the heritability analyses are listed in Table 3. Applying the ACE model 

for heritability analyses yielded high heritability of BMI (i.e. h2=0.73). For BMI-associated 

regional GMV, highest heritability estimates were found for bilateral cerebellar GMV 

followed by GMV of subcortical structures (i.e. bilateral midbrain, left putamen, left nucleus 

accumbens) and bilateral amygdala. Overall lower, yet still statistically significant 

heritability estimates, were observed for GMV of prefrontal cortical regions (i.e. left lateral 

OFC and right medial OFC), right ventromedial PFC, bilateral parahippocampus and insula. 

Non-significant and low heritability estimates were found for GMV of bilateral temporal 

lobes and the bilateral ACC.

BPM analyses

Unthresholded correlational maps of regional GMV negatively associated with BMI within 

identical and fraternal twin pairs are illustrated in Figure 3. Thresholded correlational 

analyses (i.e. r>0.5 and k=50 continuous voxels) showed strongest within twin pair 

correlations for cerebellar GMV, followed by (in descending order) subcortical structures 

(i.e. left caudate, right thalamus), mesiotemporal regions including the bilateral 

parahippocampal and lingual gyrus, prefrontal and limbic structures (i.e. bilateral cingulate) 

for identical twins (detailed results in supplementary table S1). Within fraternal twin pairs 

less extensive and overall weaker correlations were observed for (in descending order) right 

temporal cortex, cerebellar, occipital, mesiotemporal and prefrontal cortical regions (detailed 

results in supplementary table S2). Brain regions positively associated with BMI showed 

relatively strong positive correlations within identical twins (i.e. r=0.78 for VMPFC) 

whereas in fraternal twins no suprathreshold correlations were observed. Supplementary 

information is available at IJO’s website.

Discussion

Overall, our results show widespread and mostly negative associations of BMI with regional 

gray matter volume (GMV) in healthy young adults, particularly within prefrontal, temporal/

mesotemporal and cerebellar brain regions as well as distinct subcortical structures with 

only marginal differences between males and females. In addition, we find varying degrees 

of heritability for these brain regions, with highest heritability estimates for cerebellar GMV 

and subcortical structures.

Associations of BMI with GMV

A number of previous studies investigated the relationship between obesity and brain 

structure, mostly showing negative associations between measures of adiposity and brain 

gray matter volume, but results varied significantly with respect to the brain regions 

involved5,7,9–11. However, two recently published studies with larger samples demonstrated 

comparable patterns of adiposity related brain structural alterations. Analyzing two separate 

community based samples (1586 adults with a mean age of 46 years and 758 adults with a 

mean age of 50 years), Janowitz et al. showed largely overlapping negative associations 

between rGMV and waist circumference for both samples, that included bilateral frontal, 

temporal and occipital lobes, somatosensory and motor cortex, insula, cingulate gyrus, 
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hippocampal formation, subcortical structures (i.e., thalamus, caudate nucleus, putamen, 

globus pallidus) and the cerebellum6. Similar observations were made in a sample of 617 

older subjects (mean age 68 years), additionally linking these structural alterations to 

impaired memory performance8. Importantly, results of both studies were not significantly 

affected by obesity-associated comorbidities, such as type 2 diabetes, hypertension and 

dyslipidemia. In contrast to these reports with predominantly negative associations, 

Horstmann et al. demonstrated exclusively positive associations between BMI and GMV in 

the VMPFC, including neighboring parts of nucleus accumbens (NAcc) and left putamen, in 

a sample of 122 healthy young and middle aged adults5. While disparities between 

individual studies may be attributed to differences in sample size, age range, gender 

distribution and comorbidities of the respective study populations, the present analysis of 

this large sample of young adults confirmed both positive and negative associations reported 

from these previous studies. Importantly, these results were not driven by intelligence or 

education. However, minor differences were observed between males and females with 

stronger associations of BMI with GMV of the inferior and mesial temporal cortex. Both 

increases of fat mass and fat-free mass (FFM; i.e. all non-adipose tissues) are found in obese 

subjects and we previously found strong negative associations of fat-free mass with GMV of 

similar regions within the temporal cortex25. Compared to women, men usually have more 

FFM, hence, gender related differences in body composition may have contributed to this 

finding.

Heritability of BMI and BMI-associated GMV

Applying the ACE model for estimations of heritability in monozygotic and dizygotic twins, 

we found high heritability for BMI. The high heritability of BMI in our study (h2=0.72) is 

comparable to previous studies. A meta-analysis of 88 twin studies found heritability 

estimates ranging between 0.47 and 0.90 with a median of 0.75, thus closely resembling the 

results from our analysis15.

Consistent with previous twin studies of brain morphology, our results show a wide range of 

heritability estimates for BMI-associated GMV (0.21 – 0.82). Previous volumetric analyses 

found overall high correlations within monozygotic twins (n=12) for cerebral and cerebellar 

volumes, followed by subcortical structures (i.e. thalamus, caudate, putamen), while 

measures of surface morphology showed less concordance between twins, indicating a 

significant impact of environmental influences on cortical brain regions36. Analyses of 

cerebral gray matter distribution in monozygotic and dizygotic twins (n=40) yielded highly 

varying heritability estimates for distinct frontal, temporal and sensorimotor cortices, again 

indicating region-specific genetic influences on brain structure and susceptibilities to 

environmental influences respectively37. In our study highest heritability estimates of BMI-

associated GMV were found for the cerebellum and for distinct subcortical structures (i.e. 

midbrain, left putamen, left nucleus accumbens, bilateral amygdala). Numerous 

structural6–9,11,25,38 and functional39–42 imaging studies have highlighted the cerebellum in 

the context of obesity and eating behavior. Cerebellar function was once believed to be 

limited to motor, but increasing evidence indicates a far more diverse role including non-

motor cognitive processes in the context of emotion, executive function and addictive 

behavior43,44.
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The midbrain – and the ventral tegmental area (VTA) in particular – gives origin to the 

mesolimbic dopaminergic “reward pathway” via projections to the ventral striatum (i.e. 

NAcc) which is considered a key structure in reward related and addictive behavior3, while 

reward based learning – processed in the dorsal striatum – may further habituate behavioral 

patterns that ultimately lead to obesity45. The amygdala, on the other hand, together with the 

thalamus, ventral and dorsal striatum, midbrain and operculum is part of a network that 

guides cue-potentiated eating behavior (i.e. food intake elicited via reward predicting 

cues)46.

Overall lower, but still significant, heritability estimates were obtained for prefrontal cortical 

regions, the bilateral hippocampal region and insula, while heritability estimates for 

temporal cortical regions and the anterior cingulate were low and did not reach statistical 

significance. This comparably wide distribution of heritability estimates for BMI-associated 

GMV has important implications with respect to the neurobiology of obesity. First, highly 

heritable brain structural correlates of BMI (i.e. cerebellar and subcortical structures) 

represent potential endophenotypes of obesity and – starting from an early age – potentially 

facilitate weight gain by altered sensitivity to rewarding stimuli. On the other hand, brain 

regions with moderate to low heritability estimates of GMV (i.e. frontal, mesiotemporal 

insular and temporal cortex, ACC), appear to be more prone to environmental influence. 

Thus, negative associations of BMI within less heritable brain regions are more likely to 

represent neuroplastic changes that may occur during the time course of the developing 

obese phenotype. Considering the consistent detection and functional relevance of many of 

these regions in the context of obesity and eating behavior12, it seems plausible that obesity 

and the related behavioral phenotype may be further consolidated by subsequent structural 

and functional brain changes arising from the negative health effect of obesity.

Corroborative data are provided by longitudinal weight loss studies, demonstrating increases 

in hippocampal and insular GMV – brain regions with moderate to low heritability estimates 

– after 3 months of strenuous physical exercise in overweight and obese individuals47. 

Similar effects were recently demonstrated by Prehn et al. during the course of a dietary 

weight loss intervention with increased GMV of the HC and the inferior frontal gyrus48. 

Analyses of brain structural changes in obese subjects undergoing bariatric surgery yielded 

increases of GMV in frontal and posterior brain regions. However these brain structural 

changes only partially overlapped with preoperative gray matter differences49.

Since no longitudinal data are available for our study population, no final conclusion can be 

drawn whether these associations represent origin or consequence of obesity. Consequently, 

we have to acknowledge the cross-sectional nature of this study as important limitation. 

Other limitations of this study include the use of ROI-based approached of our heritability 

analyses that may have concealed other potentially relevant brain regions; therefore, these 

findings must be considered preliminary. Furthermore, our study is limited by the use of 

BMI as surrogate of adiposity due to its inability to precisely measure body fat content. 

Also, the inherent structure of the HCP dataset with twin and non-twin siblings may have 

influenced our results. Nevertheless, we did attempt to adjust for these factors in our analysis 

and additional analyses of a smaller sample of unrelated subjects yielded very similar 

results. Obesity is a complex disorder, accompanied by a variety of comorbidities that are 
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not accounted for in our analyses. Nevertheless, our study population is comparably young 

(mean age = 29 years) and did not include subjects with significant health issues. However, 

the widespread pattern of mainly negative associations between GMV and BMI suggests a 

relationship between adiposity and brain structure beyond food intake, energy homeostasis 

and reward related behavior that could not be accounted for in these analyses.

Conclusions

In this sample of 875 healthy young adults we found widespread negative associations 

between BMI and regional GMV comprising the prefrontal cortex, cerebellum, temporal 

lobes and subcortical structures. Anatomically distinct positive associations were also 

observed within the right ventromedial prefrontal cortex and the right cerebellum. 

Heritability analyses of prespecified regions of interest showed highest heritability estimates 

for regional GMV of the cerebellum and subcortical structures and lowest for regional GMV 

of the temporal lobes. These findings indicate that brain regions associated with obesity are 

subject to differing levels of genetic determination and environmental influences. Some 

characteristics increase initial vulnerability to obesity while others arise from the negative 

health effects of the condition.
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Figure 1. 
T-score maps of regional GMV positively associated with BMI (A ventromedial prefrontal 

cortex; B cerebellum) superimposed on high resolution rendered images of the brain within 

the sagital, coronal and axial plane (left to right). Maps are thresholded at p<0.05 whole 

brain corrected on the voxel-level (FWE); VMPFC ventromedial prefrontal cortex; Crbl 

cerebellum; Color bar indicates T-score;
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Figure 2. 
T-score maps of regional GMV negatively associated with BMI superimposed on high 

resolution rendered images of the brain (A) and on slices within the axial plane (B) with 

corresponding locations on the z-axis below; Maps are thresholded at p<0.05 whole brain 

corrected on the voxel-level (FWE); Color bar indicates t-score;

Weise et al. Page 13

Int J Obes (Lond). Author manuscript; available in PMC 2017 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Correlational maps of within intra-pair correlations of regional GMV in identical (top) and 

fraternal (bottom) twin pairs. Maps are masked for brain regions we found negatively 

associated with BMI in the whole group VBM analysis. Color bar indicates correlation 

coefficient (r);
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Table 1

Characteristics of study population

Entire sample (N=875)

Age, years 28.8 ± 3.7 (22.0 – 37.0)

Sex (m/f)* 386/489

Race (white/non-white)* 638/237

Handedness 65.3 ± 45.0 (−100 – 100)

BMI 26.6 ± 5.3 (16.5 – 47.8)

Height, cm 171.0 ± 10.0 (147.3 – 203.2)

Weight, kg 78.2 ± 18.1 (42.2 – 138.3)

Education, years (n=874) 14.9 ± 1.8 (11.0 – 17.0)

Fluid Intelligence (PMAT; n=869) 16.6 ± 4.9 (4.0 – 24)

Twin pairs only MZ (n=172) DZ (n=164) p

Age, years 29.9±3.3 28.9±3.4 0.01

Gender (m/f)* 48/124 71/93 0.004✦

Race (white/non-white)* 141/31 128/36 0.41

Handedness 68.9±45.6 63.9±43.9 0.31

BMI 26.3±4.8 26.6±5.3 0.58

Height, cm 167.8±8.8 172.1±9.4 <0.001

Weight, kg 74.1±15.6 79.1±19.0 0.01

Education, years 15.0±1.8 15.0±1.9 0.81

Fluid Intelligence (PMAT) 16.2±4.6 17.0±4.8 0.13

Characteristics are listed as mean ± SD with corresponding ranges, except for*. Two Sample t-Tests and ✦Fisher’s Exact Test were used for group-
wise statistics. PMAT Penn Progressive Matrices number of correct responses.

Int J Obes (Lond). Author manuscript; available in PMC 2017 June 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Weise et al. Page 16

Ta
b

le
 2

A
ss

oc
ia

tio
ns

 o
f 

re
gi

on
al

 g
ra

y 
m

at
te

r 
vo

lu
m

e 
w

ith
 B

M
I

B
ra

in
 R

eg
io

n
cl

us
te

r 
ex

te
nt

pF
W

E
*

T

M
N

I 
(m

m
)

x
y

z

B
M

I 
po

s.

R
 R

ec
ta

l G
yr

us
17

9
<0

.0
01

5.
70

2
21

−2
6

R
 R

ec
ta

l G
yr

us
0.

00
3

5.
17

11
24

−
23

R
 C

er
eb

el
lu

m
, T

on
si

l
21

0.
00

3
5.

44
27

−4
5

−4
2

B
M

I 
ne

g.

L
 M

id
dl

e 
F

ro
nt

al
 G

yr
us

11
79

49
0

<0
.0

01
12

.8
6

−4
2

48
−1

4

L
 S

up
er

io
r 

Fr
on

ta
l G

yr
us

<
0.

00
1

11
.9

1
−

33
56

−
15

L
 C

er
eb

el
lu

m
, I

nf
er

io
r 

Se
m

i-
L

un
ar

 L
ob

ul
e

<
0.

00
1

11
.2

9
−

14
−

73
−

48

L
 C

er
eb

el
lu

m
, U

vu
la

<
0.

00
1

10
.8

2
−

12
−

79
−

44

L
 S

up
er

io
r 

Fr
on

ta
l G

yr
us

<
0.

00
1

10
.5

3
−

27
62

−
6

R
 R

ec
ta

l G
yr

us
<

0.
00

1
10

.4
8

6
51

−
27

L
 M

id
dl

e 
Fr

on
ta

l G
yr

us
<

0.
00

1
10

.4
3

−
44

50
−

2

L
 S

up
er

io
r 

Fr
on

ta
l G

yr
us

<
0.

00
1

10
.2

7
−

23
63

−
9

L
 I

nf
er

io
r 

Te
m

po
ra

l G
yr

us
<

0.
00

1
10

.1
6

−
33

−
7

−
50

L
 C

er
eb

el
lu

m
, P

yr
am

is
<

0.
00

1
10

.0
5

−
11

−
82

−
41

R
 S

up
er

io
r 

Fr
on

ta
l G

yr
us

<
0.

00
1

9.
95

9
60

−
24

R
 M

id
dl

e 
Te

m
po

ra
l G

yr
us

<
0.

00
1

9.
91

63
−

43
3

R
 C

er
eb

el
lu

m
, I

nf
er

io
r 

Se
m

i-
L

un
ar

 L
ob

ul
e

<
0.

00
1

9.
90

17
−

75
−

47

R
 S

up
er

io
r 

Fr
on

ta
l G

yr
us

<
0.

00
1

9.
86

32
56

−
15

R
 M

id
dl

e 
Fr

on
ta

l G
yr

us
<

0.
00

1
9.

85
48

48
−

12

R
 C

er
eb

el
lu

m
, T

ub
er

<
0.

00
1

9.
83

21
−

84
−

38

L
 C

er
eb

el
lu

m
, P

yr
am

is
<

0.
00

1
9.

61
−

15
−

84
−

39

R
 C

er
eb

el
lu

m
, P

yr
am

is
<

0.
00

1
9.

50
24

−
79

−
41

R
 C

er
eb

el
lu

m
, I

nf
er

io
r 

Se
m

i-
L

un
ar

 L
ob

ul
e

<
0.

00
1

9.
47

21
−

72
−

50

R
 C

er
eb

el
lu

m
, I

nf
er

io
r 

Se
m

i-
L

un
ar

 L
ob

ul
e

<
0.

00
1

9.
40

38
−

64
−

48

L
 C

er
eb

el
lu

m
, T

on
si

l
<

0.
00

1
9.

37
−

27
−

58
−

56

R
 U

nc
us

<
0.

00
1

9.
37

29
−

6
−

47

Int J Obes (Lond). Author manuscript; available in PMC 2017 June 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Weise et al. Page 17

B
ra

in
 R

eg
io

n
cl

us
te

r 
ex

te
nt

pF
W

E
*

T

M
N

I 
(m

m
)

x
y

z

R
 C

er
eb

el
lu

m
, I

nf
er

io
r 

Se
m

i-
L

un
ar

 L
ob

ul
e

<
0.

00
1

9.
33

29
−

66
−

53

R
 I

nf
er

io
r 

Te
m

po
ra

l G
yr

us
<

0.
00

1
9.

24
33

−
7

−
48

R
 C

er
eb

el
lu

m
, P

yr
am

is
<

0.
00

1
9.

16
29

−
76

−
44

R
 C

er
eb

el
lu

m
, U

vu
la

<
0.

00
1

9.
04

35
−

79
−

32

L
 M

id
dl

e 
Fr

on
ta

l G
yr

us
<

0.
00

1
9.

03
−

39
54

6

R
 I

nf
er

io
r 

Te
m

po
ra

l G
yr

us
<

0.
00

1
9.

03
38

−
6

−
50

L
 S

up
er

io
r 

Fr
on

ta
l G

yr
us

<
0.

00
1

8.
94

−
30

59
7

R
 C

er
eb

el
lu

m
, U

vu
la

<
0.

00
1

8.
90

15
−

79
−

42

R
 P

ar
ah

ip
po

ca
m

pa
l G

yr
us

<
0.

00
1

8.
74

23
−

37
−

8

L
 P

re
ce

nt
ra

l G
yr

us
12

75
<0

.0
01

7.
16

−3
6

−2
2

55

L
 P

re
ce

nt
ra

l G
yr

us
<

0.
00

1
5.

81
−

44
−

13
45

L
 C

in
gu

la
te

 G
yr

us
11

6
<0

.0
01

5.
66

−9
−1

3
33

L
 M

id
dl

e 
O

cc
ip

it
al

 G
yr

us
52

0.
00

1
5.

56
−3

8
−7

6
4

R
 M

ed
ia

l F
ro

nt
al

 G
yr

us
26

0.
00

5
5.

09
17

38
30

L
 M

id
dl

e 
Te

m
po

ra
l G

yr
us

46
0.

00
5

5.
08

−3
5

−8
4

24

L
 I

nf
er

io
r 

F
ro

nt
al

 G
yr

us
10

1
0.

00
5

5.
06

−5
7

9
16

R
 A

nt
er

io
r 

C
in

gu
la

te
96

0.
00

6
5.

02
0

29
6

L
 A

nt
er

io
r 

C
in

gu
la

te
75

0.
01

2
4.

88
−6

39
18

L
 S

up
er

io
r 

F
ro

nt
al

 G
yr

us
7

0.
02

4
4.

72
−6

36
57

R
 C

in
gu

la
te

 G
yr

us
3

0.
03

1
4.

66
9

−2
1

33

R
 I

nf
er

io
r 

F
ro

nt
al

 G
yr

us
1

0.
03

6
4.

62
53

0
28

L
 I

nf
er

io
r 

F
ro

nt
al

 G
yr

us
3

0.
03

8
4.

61
−5

0
8

34

L
 A

nt
er

io
r 

C
in

gu
la

te
2

0.
04

4
4.

57
−9

29
28

R
 C

er
eb

el
lu

m
, C

ul
m

en
2

0.
04

7
4.

56
38

−3
6

−3
5

M
N

I:
 M

on
tr

ea
l N

eu
ro

lo
gi

ca
l I

ns
tit

ut
e.

* R
es

ul
ts

 s
ig

ni
fi

ca
nt

 a
t a

 th
re

sh
ol

d 
of

 p
<

0.
05

 F
W

E
 c

or
re

ct
ed

 o
n 

th
e 

vo
xe

l-
le

ve
l;

B
ol

d 
da

ta
 in

di
ca

te
 p

ri
m

ar
y 

pe
ak

 w
ith

in
 a

 c
lu

st
er

; N
on

-b
ol

d 
da

ta
 in

di
ca

te
 s

ec
on

da
ry

 p
ea

ks
.

Int J Obes (Lond). Author manuscript; available in PMC 2017 June 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Weise et al. Page 18

Table 3

Heritability estimates for BMI and regional GMV

Variable Heritability (95% CI Bounds) pACE

BMI 0.73 (0.35 – 1.10) 0.0002

Regional GMV [MNIxyzmm]

L Cerebellum [−14 −73 −48] 0.82 (0.75 – 0.88) <0.0001

R Cerebellum [17 −75 −47] 0.79 (0.48 – 1.10) <0.0001

R Midbrain [8 −15 −5] 0.77 (0.69 – 0.86) <0.0001

R Amygdala [−30 −3 −18] 0.74 (0.36 – 1.13) 0.0002

L Putamen [−33 −4 3] 0.71 (0.61 – 0.81) <0.0001

L Midbrain [−5 −12 −3] 0.70 (0.60 – 0.81) <0.0001

L Amygdala [−30 −3 −20] 0.68 (0.36 – 1.13) 0.0008

L Nucleus Accumbens [−11 6 −8] 0.65 (0.54 – 0.77) <0.0001

R Orbitofrontal Cortex [9 53 −26] 0.57 (0.13 – 1.01) 0.01

L Orbitofrontal Cortex [−42 48 −14] 0.56 (0.13 – 1.00) 0.01

R Parahippocampal Gyrus [23 −37 −8] 0.56 (0.10 – 1.02) 0.02

R Ventromedial Prefrontal Cortex [2 21 −26] 0.54 (0.13 – 0.94) 0.01

L Parahippocampal Gyrus [−21 −37 −11] 0.51 (0.04 – 0.98) 0.03

L Insula [−44 −19 3] 0.50 (0.06 – 0.94) 0.03

R Insula [39 −19 −8] 0.45 (0.06 – 0.83) 0.02

R Middle Temporal Gyrus [63 −43 3] 0.42 (−0.06 – 0.89) 0.08

R Anterior Cingulate [8 54 10] 0.38 (−0.16 – 0.92) 0.16

L Anterior Cingulate [−9 53 −2] 0.22 (−0.31 – 0.75) 0.41

L Inferior Temporal Gyrus [−32 −3 −50] 0.21 (−0.13 – 0.55) 0.22

Heritability estimates (ACE model) for BMI and regional GMV of selected ROIs with corresponding 95% confidence intervals. The respective 
peak location for each ROI is specified in squared brackets. MNI: Montreal Neurological Institute.
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