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Abstract: Global brain connectivity (GBC) identifies regions of the brain, termed “hubs,” which are densely
connected and metabolically costly, and have a wide influence on brain function. Since obesity is associated
with central and peripheral metabolic dysfunction we sought to determine if GBC is altered in obesity. Two
independent fMRI data sets were subjected to GBC analyses. The first data set was acquired while participants
(n = 15 healthy weight and 15 obese) tasted milkshake and the second with participants at rest (1 = 33 healthy
weight and 28 obese). In the resting state and during milkshake consumption GBC is consistently decreased in
the ventromedial and ventrolateral prefrontal cortex, insula and caudate nucleus, and increased in brain
regions belonging to the dorsal attention network including premotor areas, superior parietal lobule, and visu-
al cortex. During milkshake consumption, but not at rest, additional decreases in GBC are observed in
feeding-related circuitry including the insula, amygdala, anterior hippocampus, hypothalamus, midbrain,
brainstem and somatomotor cortex. Additionally, GBC differences were not accounted for by age. These
results demonstrate that obesity is associated with decreased GBC in prefrontal and feeding circuits and
increased GBC in the dorsal attention network. We therefore conclude that global brain organization is altered
in obesity to favor networks important for external orientation over those monitoring homeostatic state and
guiding feeding decisions. Furthermore, since prefrontal decreases are also observed at rest in obese individu-
als future work should evaluate whether these changes are associated with neurocognitive impairments
frequently observed in obesity and diabetes. Hum Brain Mapp 38:1403-1420, 2017.  ©2016 Wiley Periodicals, Inc.
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INTRODUCTION

There is a growing literature documenting a variety of
brain changes associated with obesity [Babiloni et al., 2011;
Garcia-Garcia et al.,, 2012; Garcia-Garcia et al.,, 2013;

Kullmann et al., 2011; Kullmann et al., 2013; Le et al., 2007;
Marques-Iturria et al., 2015; McFadden et al., 2013; Raji et al.,
2010; Stanek et al., 2011; Stoeckel et al., 2009; Tregellas et al.,
2011; Verstynen et al., 2012; Xu et al., 2013], some of which
are linked to metabolic disturbances in central and
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peripheral insulin signaling and glucose metabolism [Gon-
zales et al., 2010; Kroemer et al., 2013; Page et al., 2011;
Zhang et al.,, 2015]. Many studies also demonstrate wide-
spread shrinkage in brain gray matter [Karlsson et al., 2013;
Marques-Iturria et al., 2015; Pannacciulli et al., 2006],
decreased white matter integrity [Verstynen et al., 2012; Xu
et al., 2013], altered cortical synchronization [Babiloni et al.,
2011; Olde Dubbelink et al., 2008; Wijngaarden et al., 2015]
and regional decrease in cerebral blood flow [Willeumier
et al., 2011] in obese compared to healthy weight individu-
als. Accordingly, deficits in cognitive function are consis-
tently observed [Coppin et al., 2014; Francis and Stevenson,
2013; Gunstad et al., 2007; Stoeckel et al., 2016].

Global brain connectivity (GBC) derived from functional
magnetic resonance imaging (fMRI) data, provides a sensitive
measure of brain network integrity by quantifying the num-
ber of connections each node (i.e., the basic unit of a network,
here a voxel) has with all other nodes within a network [Cole
et al., 2010; Eguiluz et al., 2005; Rubinov and Sporns, 2010].
Clusters of densely connected nodes, also called “hubs”
[Buckner et al., 2009; Cole et al., 2010; Eguiluz et al., 2005], are
metabolically costly [Fulcher and Fornito, 2016; Liang et al.,
2013; Tomasi et al., 2013] and are thought to mediate integra-
tive information processing [Crossley et al., 2013; Harriger
et al., 2012; van den Heuvel and Sporns, 2013]. Hubs have
been found to be stable across studies [Tomasi and Volkow,
2010], and brain states, (i.e., resting state and task based fMRI
data) [Buckner et al., 2009], but are consistently vulnerable to
disruption in aging [Cao et al., 2014; Hampson et al., 2012]
and disease, such as schizophrenia or dementia [Rubinov and
Bullmore, 2013a; Rubinov and Bullmore, 2013b; Zhou et al.,
2012]. They are also correlated with cognitive function [Cole
et al., 2012]. To date GBC has not been examined in obesity.
This is an important gap in the literature because obesity is
characterized by peripheral and central metabolic alterations,
such as insulin resistance [Grundy, 2016; Heni et al., 2015],
insensitivity to a variety of circulating hormones, peptides
and nutrients important for brain function and homeostasis
[Carter et al., 2013; le Roux et al., 2006; Page et al., 2011; Zig-
man et al., 2016], as well as cognitive dysfunction [Coppin
et al., 2014; Stoeckel et al., 2016]. In addition, obesity is highly
comorbid with neurological and psychiatric disorders [Barnes
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and Yaffe, 2011; Egan et al., 2013; Shiri et al., 2010; Shiri et al.,
2008; Tiihonen et al., 2009] where GBC is often used as a
marker of pathology [Anticevic et al., 2013; Anticevic et al.,
2014]. Taken together, these observations highlight the impor-
tance of clarifying the GBC signature unique to obesity.

We therefore used fMRI to examine the relationship
between GBC [Buckner et al., 2009; Cole et al., 2010; Egui-
luz et al., 2005; Scheinost et al., 2012] and body mass index
(BMI) while participants engaged in ingestive behavior
and while they were at rest. We hypothesized that obese
relative to healthy-weight subjects would have large-scale
altered GBC reflecting the deleterious influence of adiposi-
ty, diet, and metabolic dysfunction on brain circuits. The
prefrontal cortex and hippocampus were of particular
interest because structural and functional abnormalities
are consistently observed in these regions [Erion et al.,
2014; Gupta et al.,, 2015; Mueller et al., 2012; Willeumier
et al.,, 2011]. We further reasoned that, areas with loss of
GBC, reflecting reduced influence of widespread brain net-
works, may instead be preferentially connected to a
restricted set of regions involved in appetitive and habitu-
al behavior mirroring the increased response of these cir-
cuits to food cues in obesity [Dagher, 2012]. The following
questions were addressed: (1) what and where are the
effects of weight status (i.e., healthy weight vs. obese) on
GBC? (2) Might changes in GBC be accompanied by
altered seed based connectivity in feeding circuits? (3) Do
these effects differ if subjects are at rest compared to when
they are consuming a palatable and energy dense milk-
shake? (4) Does BMI account for more or similar variance
in GBC compared to age?

EXPERIMENTAL PROCEDURES FOR
EXPERIMENT 1

Participants

Data for experiment 1 were pooled from 52 individuals
who participated in two different studies previously pub-
lished by our group [Geha et al., 2013; Veldhuizen et al.,
2013]. From this sample, 15 healthy weight individuals
(BMI <25), and 15 obese (BMI > 30) that were matched for
age and gender were selected (Table I). Participants were
not taking daily medications; had no history of loss of
consciousness; chronic medical illness, such as arthritis or
heart disease; psychiatric disorders, such as mood, psy-
chotic, anxiety or eating disorder; chemosensory impair-
ment; or food allergies. All participants filled out the
Three Factor Eating Questionnaire (TFEQ) [Stunkard and
Messick, 1985] and the Dutch Eating Behavior Question-
naire (DEBQ) [Van et al., 1986]. Subjects were between 18
and 45 years old. The studies were approved by the Yale
University Human Investigation Committee and subjects
provided informed consent. (see Online Supporting
Information).
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Stimuli, Task and Studies Design

Participants in study 1 were presented with oral boluses
of either a milkshake or a tasteless solution in the scanner
with a total of 20 presentations of each stimulus [Geha
et al., 2013]. Participants in study 2 were presented in each
trial with either a low calorie flavored beverage, milk-
shake, or tasteless solution with a total of 20 presentations
of each stimulus [Veldhuizen et al., 2013]. Stimuli, task
designs and fMRI data acquisition for both Study 1 and 2
have been described in detail previously [Geha et al., 2013;
Veldhuizen et al., 2013] and are reported here in the online
Supporting Information.

fMRI Analysis for Experiment |
Image preprocessing

Image analysis was performed on each subject’s data
using FMRIB Expert Analysis Tool (FEAT, Smith et al.,
2004], www.fmrib.ox.ac.uk/fsl). The pre-processing of each
subject’s time-series of fMRI volumes encompassed: (i) skull
extraction using BET; (ii) slice time correction; (iii) motion
correction; (iv) spatial smoothing using a Gaussian kernel of
full-width-half-maximum 5 mm; (v) non-linear high-pass
temporal filtering (128 seconds) and subtraction of the mean
of each voxel time-course from that time-course. Anatomical
and functional images were normalized to the standard
Montreal Neurological Institute (MNI) template brain
implemented in FMRIB Software Library (FSL). The six vec-
tors for head motion, in addition to the global signal calcu-
lated as the average signal intensity of all brain voxels at
each volume, were regressed out of the data to correct for
head motion and fluctuations in whole brain signal intensity
respectively [Fox et al., 2009]. Head motion can cause spuri-
ous but spatially structured changes in functional correla-
tions [Power et al., 2012]. To minimize these effects, all
subjects were movement-scrubbed [Power et al., 2012;
Power et al., 2014]. This procedure uses temporal masks to
remove motion-contaminated data from regression and cor-
relation calculations by excising unwanted data. Frames in
which collective displacement across all six rigid body
movement correction parameters exceeded FD>0.5 mm
(assuming 50 mm cortical sphere radius) were identified.
We excluded frames flagged by this criterion and replaced
them with linear interpolation [Carp, 2013] since some of
our data (experiment 1) had relatively short timeseries
(135 time points) and we did not want to lose degrees of
freedom. Subjects with 50% frames flagged were omitted
from analyses.

Construction of brain graphs

In order to investigate whether BMI is associated with
global changes in brain connectivity we used graph theory
to explore brain networks. The basic elements of the net-
works (i.e., nodes) were defined as the voxels. Individual

TABLE I. Demographic characteristics and internal
state ratings of subjects in experiment |

Healthy weight Obese P-value
N 15 15
Age (years) 274+17 27.7 +1.7 0.92
Gender 2 Males 2 Males
BMI (Kg/m?) 219+05 35309 <107°
Education (years) 16.3 0.6 154+04 0.21
Hunger 1.2+13 01*+14 0.55
Fullness —47+1.1 -04*13 0.02
TFEQ-Hunger 6.1+1.1 6.5+t0.9 0.74
TFEQ-Restraint 6613 109+1.3 0.03
TFEQ-Disinhibition 4.6+07 8.6*+0.8 <107°
DEBQ-EET 20+02 28+0.1 <1073
DEBQ-EEDE 25+0.2 3.0 =0.2 0.055
DEBQ-EECLE 1.8+0.2 2.7+0.19 <107°
DEBQ-EE 35+0.11 3.3+0.12 0.39
DEBQ-RE 22+0.2 3.0*+0.2 0.011

Abbreviations: DEBQ, Dutch Eating Behavior Questionnaire; EET, emo-
tional eating total; EEDE, emotional eating diffuse emotions; EECLE,
emotional eating clearly labeled emotions; EE, external eating; RE,
restraint eating; TFEQ, Three Factor Eating Questionnaire.

brain volumes were first transformed into an averaged
whole brain mask. Within this mask voxels not shared by
all subjects were zeroed to equate the number of nodes
across subjects and thus not bias our analysis by underly-
ing differences in gray matter volume. Finally, this mask
was multiplied by a standard gray matter mask available
in the FSL standard brains library. Only time-series from
voxels falling within this mask were used for construction
of brain graphs. The first step was calculating pair-wise
Pearson correlation coefficients among all pairs of voxel-
wise time-series. The whole timeseries was used without
regressing out any of the task components. Graph theory
constructs networks based on links between nodes. A link
refers to a correlation above a certain threshold or “wiring
cost” and multiple thresholds can be explored to reveal
networks with different characteristics. Furthermore, since
the actual degree of connectivity is unknown multiple
thresholds are typically used [Buckner et al., 2009; Bull-
more and Bassett, 2011; Tomasi and Volkow, 2010]. These
thresholds are frequently chosen to be large enough to
prevent false positive results but small enough to maintain
the important connections. An un-thresholded network
will have every node connected to every other node. By
using a wide range of network thresholds we are able to
test for connectivity at different levels of wiring costs
[Liang et al., 2013; Riedl et al., 2014; Tomasi et al., 2013].
Therefore, we calculated (1) pair-wise Pearson correlation
coefficients among all pairs of time-series [Vi(t), Vj(t)]
where Vi(t) and V(t), corresponds to the BOLD signal of
the i-th and j-th voxel respectively; (2) a link between a
pair of voxels (i, j) is included in the network if the abso-
lute value of the correlation V; and V; exceeds a specified
threshold 7, |Vi(t), Vi(t)| > 1. A randomly wired network
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with N nodes will have [N X (N —1)/2] links where every
node is connected to every other node. The wiring cost of
the brain network of the same size N, is therefore a frac-
tion of these possible edges. Accordingly, t is determined
for each run so that [N X (N —1)/2] is equal to 0.5, 1, 2.5,
5, and 10% respectively [Power et al., 2013]. GBC was then
obtained by assigning to each voxel the total number of
links with a Pearson correlation >t in the corresponding
network node. Next, we averaged GBC of different runs to
obtain one map per subject. Images were then transformed
into the standard MNI template for group analysis and
resampled into a 4 X 4 X 4 mm space to reduce the
number of voxels (i.e., nodes).

Comparison of brain graphs between groups

Within-study effects of BMI on brain response to milk-
shake have been previously reported and are not
described here [Babbs et al., 2013; Nolan-Poupart et al.,
2013; Stice et al., 2008b; Sun et al.,, 2015]. To examine
between group differences in GBC we first performed sin-
gular value decomposition (SVD) to increase sensitivity
[Horn and Johnson, 1985]. All functional correlation analy-
ses are dominated by default mode network dynamics
[Cole et al., 2010] and its slow time scale [Fox et al., 2005],
which can obscure more subtle brain processes [Kelly
et al., 2008]. We have adopted SVD as a strategy to cope
with this problem [Andersen et al., 1999; Calhoun et al,,
2001]. When GBC maps are decomposed into independent
or uncorrelated patterns group comparisons are more sen-
sitive to subtler, but often significant differences.

The construction of brain graphs yields a matrix M with m
rows, where m = total number of voxels per subject, and n
subjects, where 1 = total number of subjects—in this case the
total number of healthy weight and obese participants. In
order to identify brain spatial components showing signifi-
cant differences between the groups (i.e., healthy weight vs.
obese) we used SVD to reduce the dimensionality of M. Spe-
cifically, a linear decomposition of M was performed, such
that M=UXSXVT, where U is an m X m unitary matrix
whose columns represent the singular spatial components, V
is an n X n unitary matrix whose columns correspond to the
projection or weight of each component on each subject, and
Sis an m X n diagonal matrix, whose 7 elements are non-
negative and correspond to the relative weight of each com-
ponent in explaining the variance of the data [Horn and John-
son, 1985]. The brain map for each individual k, represented
as a vector My over m voxels, can therefore be expressed as a
linear combination of the singular components:

Mk: Z SﬁVklji.

i=1n

In order to identify components that discriminate between
the healthy weight and obese groups sequential t-tests were
performed on each projected component. SVD produces
many components, most of which portray noise, because the

variance accounted for in each of the components decrease
exponentially from component 1 to n. To account for multi-
ple comparisons, we corrected the significance level for the
P-value of the projection on the i-th component as 0.05/i.
Therefore, P-values are reported as significant only if they
survived multiple comparison correction. Unless stated oth-
erwise, the t-tests were always calculated after correcting for
gender and age. The component maps were illustrated after
using mixture modeling with spatial enhancement as imple-
mented in FSL to ensure that voxels with similar patterns of
GBC form one network [Woolrich et al.,, 2005]. Mixture
modeling uses a spatial Markov random field to regularize
(smooth) the labeling of voxels into null, activated, or “de”-
activated, and hence allows us to answer the question: “Is
the activation bigger than the overall level of background
activation?” instead of answering the question “Is the activa-
tion zero or not?” Mixture modeling is a suitable method for
illustrating component maps since the threshold of these
maps is arbitrary. For our purpose we used a probability
threshold P > 0.8 meaning that a voxel passes threshold only
if its probability of belonging to activated or de-activated
voxels is > 0.8 compared to non-activation/null distribution.

Seed based analysis

Seed based connectivity was determined using a well
defined method [Fox et al., 2005]. To investigate whether
brain networks correlated with specific regional activity
(seed) as a function of group, seeds were defined as 10 mm
spheres from maxima of GBC (“hubs”) where significant dif-
ferences in GBC were found (see results section). Average
BOLD time course of all voxels within the ROIs were
extracted and then the correlation coefficient between this
time course and the time variability of all brain voxels were
computed using Matlab. Correlation coefficients were con-
verted to a normal distribution using the Fisher z-transform.
These values were then converted to z-scores (i.e., normalized
correlation values) by dividing by the square root of the vari-
ance, estimated as 1/df-3, where df represents the degrees of
freedom in our measurements (i.e., the number of volumes
acquired). Because the BOLD time courses of consecutive
samples are not statistically independent, the degrees of free-
dom were corrected by a factor according to Bartlet theory
[Jenkins and Watts, 1968]. Group differences in seed based
connectivity between healthy weight and obese subjects were
identified using permutation based inference [Nichols and
Holmes, 2002]) to allow rigorous comparisons of significance
within the framework of the general linear model with
P < 0.05. Group differences were tested against 5000 random
permutations, which inherently accounts for multiple com-
parisons, using Randomise part of FSL [Winkler et al., 2014].
Group contrast clusters were identified using threshold-free
cluster enhancement (TFCE) method [Smith and Nichols,
2009], which bypasses the arbitrary threshold necessary in
methods that use voxel-based thresholding.
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EXPERIMENTAL PROCEDURES
FOR EXPERIMENT 2

The above analyses were based on data collected during
consumption of a palatable and energy dense milkshake.
To determine if BMI also influences global connectivity at
rest we applied the same analysis described above to
resting state data from the 1000 Functional Connectome
Project [Nooner et al., 2012].

Participants

Resting state data was obtained from the 1000 Functional
Connectome Project (http://fcon_1000.projects.nitrc.org/
indi/pro/nki.html), which is part of an international neuro-
imaging data sharing initiative with available demographic
data including BMI, and fasting blood glucose [Nooner
et al., 2012]. From this data set we pre-preprocessed 125
healthy adult subjects. We identified 33 healthy-weight
(19 females, average BMI=23.1 +0.3 kg/m2), 28 obese (17
females, 32.8 = 0.5 kg/ m?) (Table II). Individuals were not
included if they had excessive head motion during scanning
(exceeding 2 mm of movement in any direction), erroneous
head positioning leading to brain regions being cut off, or if
they had missing BMI values.

Task & fMRI Acquisition

Please see online Supporting Information.

FMRI Analyses for Experiment 2

As described in experiment 1.

RESULTS FOR EXPERIMENT |
Demographics

By design, BMI differed significantly between healthy
weight and obese groups pooled across the two studies
(mean BMI * standard error of the mean (SEM): healthy
weight, 21.9 + 0.5 Kg/m? obese, 35.3=0.9 Kg/m? n = 15
per group; P <10°, unpaired t-test). There was no group
difference in age (healthy weight, 27.4 + 1.7 years; obese,
27.7 = 1.7 years, P=0.92). Both healthy weight and obese
groups included two males (Table I). There was a significant
difference between the two groups on TFEQ-disinhibition
(P<107%), and DEBQ emotional eating total (P <10 7),
emotional eating clearly labeled emotions (P <10 %), and
restrained eating (P = 0.011) indicating increased disinhibition
and increased emotional eating with increasing BMI (Table I).

Internal State Ratings

Hunger ratings did not differ between healthy weight
and obese groups at the time of scanning (healthy weight,

TABLE Il. Demographic and metabolic characteristics of
subjects in experiment 2

Healthy weight Obese P-value
N 32 22
Age (years) 33.0%28 43.6+3.2 0.016
Gender 18 F 17 F 0.73
BMI (Kg/m?) 233+0.3 32.8+05 <107Y
BDI 34+06 28+07 0.58
TG (mg/dL) 854+ 6.7 1249 +24.6 0.18
FBS (mg/dL) 855+1.6 883+15 0.36
TFEQ-Hunger 43*0.6 46+09 0.80
TFEQ-Disinhibition 21+04 35+09 0.12
TFEQ-Restraint 54+08 6.6+0.9 0.36

Abbreviations. BDI, Becks depression index; TG, Triglycerides;
FBS, Fasting blood sugar. See also Table 1.

1.2+1.3; obese, 0.1 £1.4, P=0.55). However the obese
reported feeling more full than the healthy group (healthy
weight, —4.7 = 1.1; obese, —0.4 = 1.3, P =0.03) (Table I).

Global Connectivity During Milkshake
Consumption

GBC was calculated at 0.5%, 1%, 2.5%, 5% and 10% wiring
costs. SVD decomposition resulted in 30 components for
each wiring cost, 4 of which showed significant between
group differences. Components reflect patterns of GBC that
vary together or in the opposite direction. We depict these
patterns in the figures by assigning the same colors and sign
to regions where GBC covaries in the same direction (i.e.,
blue to light blue is negative and red to yellow is positive in
Fig. 1A). For example, the mean projection of the healthy
weight group is negative (Fig. 1A bar-plot) indicating that
their GBC decreases in areas depicted in red to yellow and
increases in areas depicted in blue to light blue (note that the
sign is arbitrary). Overall GBC was consistently decreased in
the obese participants during milkshake consumption with-
in brain areas implicated in feeding [Babbs et al., 2013; Corn-
ier et al., 2015; de et al., 2003; Geha et al., 2013; Kringelbach
et al., 2004; Kringelbach et al., 2003; Nolan-Poupart et al.,
2013; Smeets et al., 2006; Stice et al., 2011; Sun et al., 2015]
and increased in visual, premotor and medial part of the
superior parietal lobule (SPL).

More specifically, at a wiring cost of 1% the groups (Fig.
1A; Supporting Information Fig. S1) showed significant
differences on component 8 (mean healthy weight
projection = —0.091 = 0.035; mean obese projection = 0.07 =
0.040, P=0.0022). At a 2.5% wiring cost the groups
showed significant differences on component 8 of this
analysis (mean healthy weight projection = —0.094 = 0.034;
mean obese projection = 0.094 = 0.040, P = 0.0022; Fig. 1B;
Supporting Information Fig. S2). In both components (i.e.,
8 from the 1% analysis and 8 from the 2.5% analysis) the
midbrain, hypothalamus, thalamus, bilateral amygdala, hip-
pocampi, putamen, visual cortices [Brodmann Areas (BA)
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Figure I.

Brain network reorganization in obesity (n = 15 per group) dur-
ing milkshake receipt. (A) The histogram plot shows the average
(= SEM) projections of each group’s GBC maps unto the brain
component shown above obtained after SVD is applied to the
data at |% wiring cost. The obese group has an average positive
projection onto component 8. This indicates therefore that the
obese group has decreased GBC compared to the healthy
weight group within the feeding circuit and the DMN (areas
shown in blue to light blue). Areas in red to yellow have
increased GBC in the obese compared to the healthy weight
group. (B) and (C) At a higher wiring cost (2.5%) the obese

group exhibits loss of GBC within the feeding circuit also, and in
areas monitoring internal milieu. (D) At 5% wiring cost, the
obese group still shows decreased GBC within areas that
respond to milkshake like the insula and caudate. * P <0.05,
unpaired t-test, corrected for multiple comparisons; color bar,
heat map of probability values; numbers above slices, MNI coor-
dinates in mm; orientation follows radiological convention. Per-
centages indicate network-wiring cost. Abbreviations: GBC,
global brain connectivity; C8, component 8; C2, component 2.
[Color figure can be viewed at wileyonlinelibrary.com]
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517, and 18], insula/parietal-operculum, supra-marginal
gyri, primary and secondary sensory/motor cortices, and
right ventral lateral prefrontal cortex decreased GBC (areas
in blue to light blue) in the obese. An additional decrease in
GBC in the obese group was also observed within the
ventro-medial prefrontal cortex and precuneus at 1% wiring
cost. Both of these regions represent major hubs of the
default mode network (DMN) [Buckner et al., 2008; Fox
et al., 2005]. Increased GBC was observed in the obese group
at 1% and 2.5% wiring costs in the cerebellum, a distinct
region of the precuneus, the medial division of SPL, and the
posterior cingulate gyrus (PCC, BA31). The middle frontal
gyrus, bilateral supra-marginal gyrus, and tails of the
caudate showed increased GBC in the obese at 1% wiring
cost only.

Group differences were also observed on component 2
at 2.5% wiring cost (mean healthy weight projection =
—0.075 = 0.047; mean obese projection =0.075*0.041, P =
0.024; Fig. 1C; Supporting Information Fig. S3). This com-
ponent was characterized by (1) decreased GBC within the
bilateral insula, bilateral caudate and the ventro-medial
prefrontal cortex, and (2) increased GBC in bilateral visual
cortices, bilateral dorsal parietal areas, primary sensory
cortices, and supplementary motor area (SMA, BA6) in the
obese relative to the healthy weight group.

Finally, at 5% wiring cost the groups were significantly
different on component 2 (mean healthy weight projec-
tion= —0.078 =0.047; mean obese projection=0.078 =
0.040, P =0.017; Fig. 1D; Supporting Information Fig. S4).
This component was very similar to component 2 seen
at 2.5% wiring cost; however, only bilateral insula and
caudate showed decreased GBC in the obese group.

Fullness

Given that the healthy weight subjects reported feeling
significantly less full than the obese participants (Table I),
we repeated the previous analyses correcting for fullness.
Differences remained significant on component 8 at 1% wir-
ing costs (P =0.003) and component 8 at 2.5% wiring cost
(P =0.003). However, components 2 at 2.5% and component
2 at 5% wiring cost were no longer significant (P = 0.041 at
2.5% and P = 0.048 at 5%) indicating that internal state influ-
ences GBC in these components. To further examine the pos-
sible effects of fullness on GBC we median split our
participants into those with low (- 7.0 = 0.5, n = 15) vs. high
fullness ratings (1.8 = 0.8, n=15) (P < 10~%). We then com-
pared the projections of the fullness groups on the compo-
nents depicted in Figure 1 using a general linear model
where group was an independent predictor and age and
gender were variables of no interest. Fullness groupings did
not result in any significant differences despite the fact there
was a trend for the full group to have a lower BMI (P = 0.07),
suggesting that the observed differences between healthy
weight and obese groups are better accounted for by BMI
than by internal state ratings.

Eating style

A similar procedure was followed for the eating style
subscales that differed between the groups (Table I).
Including these subscales (i.e., TFEQ-Disinhibition, DEBQ-
EET, DEBQ-EECLE, DEBQ-RE) into the main model ren-
dered the effect of BMI no longer significant on any com-
ponent. However, when we median split the groups
according to high (> median) or low (< median) score no
significant differences were observed on any of the compo-
nents that were significantly influenced by BMI (Support-
ing Information Table SI). Collectively these analyses
suggest that while fullness and eating style contributed to
some of the effect of BMI, BMI was nevertheless the stron-
gest predictor of differences in GBC.

Age

Since BMI and age are highly correlated [Reas et al,,
2007], and age is associated with changes in GBC at rest
[Hampson et al., 2012] we next explored the effect of age
using the same procedures as above. Subjects from experi-
ment 1 were split into a younger and an older group while
matching for BMI and gender [younger: average age =
22.5+0.6 years; older: 32.6 0.8 years, P<107% BMI
(P=0.16); two males each]. No significant effects of age
were observed. Therefore, we conclude that in this rela-
tively young cohort of subjects the effect of BMI on GBC
captures more variance than that of age.

Motion

Finally, it is possible that obese and healthy weight sub-
jects had different amounts of head motion, especially con-
sidering that this task involves swallowing. To rule out this
possibility, we compared average head displacement. There
was no significant difference between the groups in either
study (repeated measures ANOVA, P =0.25 for study 1 and
P =0.68 for study 2, Supporting Information Fig. S5A). In
addition, we compared the percentage of frames flagged as
affected by motion during movement scrubbing procedures
(i.e., FD > 0.5 mm) between the groups. There was no signifi-
cant difference: (%frames scrubbed in the healthy weight
subjects = 1.3 £ 0.6; % frames scrubbed in obese subjects =
0.58 = 0.37; P = 0.34, unpaired f-test).

Seed Based Connectivity During
Milkshake Consumption

The above analyses demonstrated different alterations in
GBC as a function of BMI. We next tested the prediction
that areas of decreased GBC within feeding circuitry might
show enhanced “focal” reward circuit connectivity reflect-
ing greater control of behavior by reward circuitry [Geha
et al., 2013; Murdaugh et al., 2012; Stice et al., 2008a;
Stice et al., 2008b; Stice et al., 2010; Stice et al., 2011]. ROIs
were derived from the peak probability scores of the
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Figure 2.
Whole brain seed based connectivity differences between healthy weight and obese groups (Healthy
weight > Obese, unpaired t-test, n =15 per group, P<0.05 corrected) using activity in left
amygdala/hippocampus (A), and right hippocampus (B) as seeds during milkshake consumption.
Color bar, heat map of T-values. [Color figure can be viewed at wileyonlinelibrary.com]

components depicted in Figure 1; including the hypothala-
mus, amygdala, hippocampus, insula, PCC and mPFC.
Contrary to our hypothesis we observed significant
increases in connectivity in the healthy weight compared to
the obese group in the left amygdala/hippocampus (ROI
centered around MNI coordinates in mm x= —26;
y=—10; z=—-20) and right hippocampus (ROI centered
around MNI coordinates in mm x =26; y = —10; z= —24).
Both ROIs showed increased connectivity with putamen,
amygdala, thalamus, midbrain, brainstem, right insula,
and cerebellum in the healthy weight group (Fig. 2A,B).
These results remained significant even after correcting
separately for fullness, and eating style (P <0.05,
corrected).

RESULTS FOR EXPERIMENT 2
Demographics

The healthy weight participants (1 = 32) were on average sig-
nificantly younger than the obese ones (n=28) (Healthy
Weight, 33.0 + 2.8 years, 18 females; Obese, 43.6 = 3.2 years
P =0.016, 17 females). No Group differences were observed on

the Beck Depression Inventory (P = 0.83), fasting blood glucose
(P=0.86), Triglyceride (P =0.10), TFEQ-hunger scores (P =
0.33), TFEQ-disinhibition (P =0.14) or TFEQ-restraint (P =
0.94). Demographic data for this cohort is presented in Table II.

Global Connectivity at Rest

GBC calculations and SVD were performed as described
in experiment 1. The healthy weight and obese groups
showed significant differences on two components identi-
fied at wiring costs of 5% (component 10: mean projection
of healthy weight = —0.055=*0.021; mean projection of
obese =0.063 =0.017; P<10™* and 10% (component 10:
mean projection of healthy weight=—0.04 +0.02; mean
projection of obese group = 0.046 + 0.019). Decreased GBC
in the obese group was observed in the ventromedial pre-
frontal cortex, bilateral ventral lateral prefrontal cortex and
frontal operculum, insula, primary and secondary sensory
cortices, parietal operculum, supra-marginal gyri, and pre-
cuneus (areas in blue to light blue) (Fig. 3A.B, Supporting
Information Figs. S6 and S7). At 10% wiring cost, we also
observed decreased GBC in the caudate and putamen in
the obese (Fig. 3B). Areas of increased GBC in the obese

¢ 1410


http://wileyonlinelibrary.com

¢ Obesity and Altered Brain Connectivity ¢

-1.0

- 0.8
Probability

0.8 I 1.0

0.10 - "
0.05 1

0.00 -

GBC C10

-0.05

-0.10 -
0.10 -

0.05 - %

0.00 -

GBC C10

-0.05{ |

-0.10 -

Ml Healthy Weight
[ Obese

Figure 3.

Brain networks reorganization in obesity during resting state
scans. (A) At rest, the obese group shows decreased GBC with-
in bilateral insula, lateral and ventral medial prefrontal cortex
and visual areas (blue to light blue areas); increased GBC is
observed within the supplementary motor area compared to

included the supplementary motor area (SMA BA6), bilat-
eral superior frontal gyri (encompassing the frontal eye
field), superior parietal lobules, visual cortices (BA 17),
parahippocampal gyri/hippocampi (areas in red to yel-
low), and right putamen.

Since fullness ratings were unavailable and eating style
did not differ between groups, follow-up analyses were
conducted to examine contributions of age and movement.

Age

Following the procedures outlined in study 1 we split
our cohort at the median age, which was 34 years. The
younger group had an average age of 23.7*+0.7 years
(n=30) and the older group of 52.3*+2.3 years (n=30)
(P<10"'%). The younger group had 15 females and the
older group 20 females (P = 0.19), but BMI was significant-
ly higher in the older group (younger average BMI=
26.1+1.0 kg/m? older group BMI=29.4+0.9 kg/m?
P =0.014). We found an effect of age (corrected for BMI)
at two wiring costs 1% and 5% respectively (Fig. 4A,B and
Supporting Information Figs. S8-10 and Supporting

the healthy weight group. (B) At a higher wiring cost, similar
changes occur with additional decreases in GBC in the caudate
and increases in the visual areas. [Color figure can be viewed at
wileyonlinelibrary.com]

Information Table S2). Age was associated with increased
GBC in the bilateral striatum, hippocampi, posterior thala-
mi, and temporal lobes (Fig. 4A). These results reproduce
previously published effects of age on GBC (Hampson
et al.,, 2012]. Furthermore, increased age was associated
with decreased GBC in a widespread network of cortical
areas including dorsal-frontal parietal, sensory/motor, and
DMN areas in addition to bilateral insula, thalamus, brain-
stem and cerebellum, young group (Fig. 4B).

Motion

To rule out the possibility that obese and healthy weight
subjects had different amounts of head motion that could
have contributed to our results we compared their average
head displacement. There was no significant difference
between the groups (repeated measures ANOVA, P =0.83,
Supporting Information Fig. S5B). However, there was a
difference in the percentage of frames flagged as affected
by motion (FD>0.5 mm) between the groups (%frames
scrubbed in healthy weight subjects =1.4 = 0.4; % frames
scrubbed in obese subjects =9.7 =2.2; P =0.001, unpaired
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Figure 4.
Changes in GBC with aging calculated at a network wiring cost of 5% (A) Component | where
older show only increases in GBC compared to the younger participants in the whole striatum,
hippocampi, amygdalae, brain stem and cerebellum. (B) Component 3 where older participants
show loss of GBC in widespread fronto-parietal and sensory/motor networks, including dorsal
attention network, the DMN, bilateral insulae, and SMA. [Color figure can be viewed at wileyon-

linelibrary.com]

t-test). These frames could not have affected the results
though because they were excised and replaced by linear
interpolation [Carp, 2013].

Seed Based Connectivity at Rest

Similar to the milkshake consumption data, we tested
the prediction that areas with decreased GBC within the
DMN might also show altered seed based connectivity.
ROIs were derived from the peak probability scores of the
component depicted in Figure 2; the list of seeds included
the ventro-medial prefrontal cortex, the rostral ACC
(BA32) left middle frontal gyrus, right dorso-lateral pre-
frontal cortex, the left and right insula, and the precuneus.
The rostral ACC seed only (centered on x=10; y=238;
z=8 MNI coordinates in mm) showed significant differ-
ences between the healthy weight and obese groups (Fig.
5). The healthy weight group showed increased connectivi-
ty between rostral ACC and medial, dorso-medial and
right dorso-lateral prefrontal cortex; in contrast, the obese
group showed increased connectivity between rostral ACC

and bilateral superior parietal lobules, bilateral premotor
motor areas, SMA and mid-ACC.

Table III summarizes the changes observed in GBC dur-
ing both milkshake ingestion and during rest.

DISCUSSION

Our results demonstrate alterations of GBC in obese
individuals. In the resting state and during milkshake con-
sumption GBC is consistently decreased in the ventrome-
dial and ventrolateral prefrontal cortex, insula and caudate
nucleus, and increased in the premotor areas, superior
parietal lobule, and visual cortex (Table (1 and 3); Figs. 1
and 3). Condition specific effects are also present. While at
rest, but not while consuming milkshake, GBC in the dor-
sal and ventral lateral prefrontal cortex and caudate nucle-
us is decreased in the obese group. In contrast, during
milkshake consumption, but not at rest, GBC is decreased
in feeding-related circuitry of obese individuals including
the primary somatosensory/motor cortices, bilateral
insula, amygdala, anterior hippocampus, hypothalamus,
midbrain and brainstem [Babbs et al., 2013; Cornier et al.,
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Figure 5.
Seed based connectivity differences between healthy weight and obese groups (Healthy
weight > Obese in blue to light blue; Obese > Healthy Weight in red to yellow unpaired t-test,
n =32 healthy weight subjects, n =28 obese subjects, P <0.05 corrected) using activity in the
rostral ACC as seed. Color bars, heat maps of T-values. [Color figure can be viewed at wileyonli-

nelibrary.com]

2015; de et al., 2003; Geha et al., 2013; Kringelbach et al.,
2004; Kringelbach et al., 2003; Nolan-Poupart et al., 2013;
Smeets et al., 2006; Stice et al., 2011; Sun et al., 2015]. Col-
lectively these findings suggest that obesity is associated
with a state-independent alteration in the balance of GBC
between regions monitoring the oral sensory and

TABLE Ill. Summary of changes in GBC during milk-
shake ingestion and during rest

Milkshake Rest

DMN (VMPEC & PCC)

Dorsal Attention Network

9
<€

Ventral Attention Network
VMPEC
SMA

Insula

€€

Thalamus

Dorsal Striatum

Ventral Striatum

Hippocampus
Amygdala
Hypothalamus
Mid-brain

€Ceecereeer €€
9
«

2

Arrows indicate direction of change of GBC in obesity.

Dorsal attention network includes: Superior parietal lobule, fronal
eye fields (premotor area), visual areas. Ventral Attention network
includes: right frontal eye field, ventral lateral prefrontal cortex,
and right Temporo-parietal junction (supra-marginal gyrus).
Abbreviations: DMN, default mode network; SMA, supplementa-
ry motor area; VMPFC, ventro-medial prefrontal cortex.

rewarding properties of food (ventral medial prefrontal
and insular cortex) and those orienting to stimuli in the
external world (premotor, parietal and visual areas). Unex-
pectedly, GBC in the fusiform gyrus differed depending
on BMI group and condition. Greater connectivity in the
obese was observed during milkshake consumption and
lower connectivity at rest.

We also examined seed based connectivity to determine
whether the widespread loss of global influence on the lim-
bic system is replaced by enhanced local influences from
other limbic regions. Contrary to our hypothesis during
milkshake consumption, seed based connectivity was also
decreased in the obese group such that the amygdala and
the hippocampus were less connected to the midbrain, thal-
amus, amygdala, putamen and insula. Similarly, the rostral
ACC showed decreased connectivity to the medial, medio-
dorsal prefrontal cortex and dorso-lateral prefrontal cortex
while at rest in the obese group. However, increased seed
based connectivity was observed in the obese while at rest
between the rostral ACC and the dorsal attention network
and salience network [Corbetta et al., 2008; Corbetta and
Shulman, 2002; Menon and Uddin, 2010] including bilateral
superior frontal gyrus specifically in the premotor areas,
and bilateral superior parietal lobules, the SMA and the
mid-ACC. Altered seed connectivity at rest in the obese
group is consistent with the changes in GBC observed dur-
ing both milkshake consumption and rest where we
observed loss of GBC in the medial and lateral prefrontal
cortex and increased GBC in the dorsal attention network.

Implications of Altered GBC in Obesity

Although brain organization has been previously exam-
ined in relation to obesity [Babiloni et al.,, 2011; Garcia-
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Garcia et al., 2012; Garcia-Garcia et al., 2013; Kullmann et al.,
2011; Le et al., 2007; Marques-Iturria et al., 2015; McFadden
et al.,, 2013; Stanek et al., 2011; Stoeckel et al., 2009; Tregellas
et al., 2011; Verstynen et al., 2012; Xu et al., 2013] the current
study is the first to show alterations during food consump-
tion and to compare network organization at rest and during
eating. Further, since subjects were neither hungry nor full
we capture GBC at a time when the alterations in function
are more likely to be related to eating in the absence of hun-
ger. GBC is associated with cognitive function [van den
Heuvel and Sporns, 2013] and cerebral metabolism [Fulcher
and Fornito, 2016; Liang et al., 2013; Tomasi et al., 2013],
both of which are compromised in obesity [Coppin et al.,
2014; Grundy, 2016; Heni et al., 2015; Stoeckel et al., 2016].
For example, GBC is directly correlated with measures of
cerebral blood flow [Liang et al., 2013], neuronal glucose
uptake [Tomasi et al., 2013], and with transcription of genes
regulating oxidative brain metabolism and ATP synthesis
[Fulcher and Fornito, 2016]. Obesity is associated with brain
insulin resistance [Heni et al., 2015], insensitivity to a variety
of nutrients, hormones and peptides and abnormal brain
glucose uptake [Marques et al., 2014; Orava et al., 2014; Vol-
kow et al., 2008]. Consequently, altered GBC in obesity may
reflect altered brain metabolism and insensitivity to meta-
bolic signals. Since prefrontal hubs are critical for efficient
information transfer supporting key cognitive functions
[Cole et al., 2010; Tomasi and Volkow, 2010; van den Heuvel
and Sporns, 2013] it is possible that altered GBC provides a
link between metabolic dysfunction and the cognitive and
behavioral deficits consistently observed in obesity [Coppin
et al.,, 2014; Gunstad et al., 2007; Vainik et al., 2013]. For
instance, dorso-lateral prefrontal cortex GBC, which we
demonstrate is decreased in obesity, positively predicts
executive control [Cole et al., 2012], which is the most consis-
tent cognitive deficit observed in studies of the neuropsy-
chology of obesity [Stoeckel et al., 2016].

The current findings also agree with a host of studies
showing altered brain function and structure with increased
body weight. Obese individuals exhibit shrinkage of grey
matter [Gunstad et al., 2008; Marques-Iturria et al., 2013;
Pannacciulli et al., 2006; Raji et al., 2010], decreased directed
water flow in white matter [Verstynen et al., 2012; Xu et al.,
2013], and decreased activation and cerebral blood flow in
the prefrontal cortex [Le et al., 2006; Le et al., 2007; Willeum-
ier et al., 2011]. Results also accord with findings from stud-
ies using different methods to assess connectivity in obesity.
Independent component analyses revealed decreased DMN
and increased striatal connectivity in obesity [Garcia-Garcia
et al., 2012; Garcia-Garcia et al., 2013] while examination of
eigenvector centrality (a measure of hub connectivity) iden-
tified decreased connectivity in the same region of dorsolat-
eral prefrontal cortex [Garcia-Garcia et al., 2015] where we
observed decreases in GBC. This same method was also
used to show a negative relationship between visceral adi-
pose tissue and eigenvector centrality from resting state data
in the primary somatosensory/motor areas and cerebellum

[Raschpichler et al., 2013] in older participants. We did see
decreased GBC in somatosensory/motor regions at rest and
during milkshake consumption. In contrast, we observed
increased cerebellar GBC during milkshake consumption
only, albeit in a different region. The reason for the discrep-
ant finding is not clear; however, it could be related to age or
the use of BMI vs. adiposity, differences in participants’
hunger and fullness levels between the two studies, or the
use use of data collected at rest vs. during milkshake
consumption.

Extending prior literature the overall pattern of change in
GBC that we observe indicates that the balance in GBC is
altered between regions monitoring the internal milieu (i.e.,
ventro- medial prefrontal cortex and insula) and those moni-
toring the external world (i.e superior frontal gyrus, lateral-
prefrontal cortex, mid-ACC, SMA, superior parietal lobule,
supra-marginal gyri and visual cortices). The areas showing
increased GBC and increased seed based connectivity in
obesity are part of the dorsal attention network (superior
parietal lobule, middle frontal gyrus, and visual cortices)
[Corbetta et al., 2008; Corbetta and Shulman, 2002], which is
involved in top-down control of attention and orienting to
relevant stimuli in the external world [Corbetta et al., 2000].
Furthermore, the SMA and mid-ACC are part of a network
responding to stimulus salience [Menon and Uddin, 2010].
Interestingly, GBC was decreased in the ventral attention
network (supra-marginal gyrus, ventral lateral prefrontal
cortex/anterior insula) which is involved in reorienting
attention following breaches of expectation [Corbetta et al.,
2008]. Hence our results suggest that obese individuals have
a disruption in monitoring the internal milieu and reduced
flexibility in switching behavior despite unexpected out-
comes [Davis, 2009; Vainik et al., 2013].

Implications for disease states

GBC has been repeatedly shown to be altered in disease
states [Rubinov and Bullmore, 2013a; Rubinov and Bull-
more, 2013b). In addition, a current and very hotly debat-
ed hypothesis postulates that major psychiatric disorders
and aging are associated with abnormalities of brain net-
works characterized mostly by disconnection [Liang et al.,
2006] and hub disruption [Rubinov and Bullmore, 2013a;
Rubinov and Bullmore, 2013b). Most mental conditions in
which these disruptions have been demonstrated are high-
ly associated with obesity [Barnes and Yaffe, 2011; Egan
et al., 2013; Tiihonen et al., 2009]; however, most, if not all
of these studies failed to control for BMI [Alexander-Bloch
et al.,, 2013; Anticevic et al.,, 2013; Anticevic et al., 2014;
Baliki et al., 2014; Bassett et al., 2008; Bassett et al., 2012;
Fornito et al., 2011; Seeley et al., 2009; van den Heuvel
et al., 2010; van den Heuvel et al., 2013; Wang et al., 2012;
Zhang et al., 2012; Zhou et al., 2012]. Schizophrenia in par-
ticular has been recently characterized by brain hub dis-
ruption and “disconnection” [Fornito et al., 2012] in
regions overlapping with the ones we show to be less con-
nected in obese subjects such as lateral and medial
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prefrontal cortex and striatum [Anticevic et al., 2013; Bas-
sett et al., 2012; Rubinov and Bullmore, 2013b). However,
the prevalence of obesity and metabolic derangements in
schizophrenic patients is much higher than the general
population [Brown et al., 2010; De Hert et al., 2006; De
et al., 2012]. Our data suggests that differences in BMI
between healthy control groups and schizophrenic patients
could contribute to these findings. It is therefore impera-
tive that BMI be accounted for when examining GBC in
disease states.

Decreased GBC and Seed Connectivity in Brain
Circuits Regulating Ingestive Behavior

During milkshake consumption, but not at rest GBC was
reduced in the midbrain, hypothalamus, amygdala and
hippocampus. However, during both rest and milkshake con-
sumption GBC was decreased in the ventral medial and ven-
tral lateral prefrontal cortex, insula and caudate. All of these
regions play critical roles in regulating ingestive behavior
[Abizaid et al., 2006; Dagher, 2012; Saper et al., 2002] and are
frequently activated in neuroimaging studies examining
brain response to food consumption [Babbs et al., 2013; Corni-
er et al.,, 2015; de et al., 2003; Geha et al., 2013; Kringelbach
et al.,, 2004; Kringelbach et al., 2003; Nolan-Poupart et al.,
2013; Smeets et al., 2006; Stice et al., 2011; Sun et al., 2015].
Contrary to our hypothesis this decreased global connectivity
was also accompanied by decreased seed based connectivity
between ingestive behavior nodes. Specifically, the hippo-
campus and amygdala showed reduced connectivity with
midbrain, thalamus, amygdala, striatum and insula during
milkshake consumption.

The amygdala and hippocampus play important roles in
regulating food intake [Davidson et al., 2009; Petrovich,
2011] and animal models have implicated both regions in
overeating. For example, the amygdala has been associated
with hunger-enhanced memory for food stimuli [Morris and
Dolan, 2001], is sensitive to the orexigenic hormone ghrelin
[Alvarez-Crespo et al., 2012], is hyper-responsive to food
cues in Prader-Willis syndrome, which is characterized by
extreme hyperphagia [Holsen et al., 2012], and the enhanced
activation is associated with weight gain [Sun et al., 2015].

The hippocampus projects to the hypothalamus [Cen-
quizca and Swanson, 2006; Cenquizca and Swanson, 2007],
nucleus accumbens and ventral medial prefrontal cortex
[Haber and Knutson, 2010] and expresses receptors for
many metabolic hormones including leptin, ghrelin, and
insulin [Davidson et al.,, 2009; Ferrini et al., 2009; Lathe,
2001]. Davidson and colleagues have argued that hippo-
campal representations of internal state serve as contextual
cues during food selection so that responding for food is
commensurate with homeostatic need [Davidson et al.,
2007]. As such, lesions of the hippocampus lead to weight
gain in animals [Davidson et al., 2009] and insensitivity to
internal state in humans [Hebben et al., 1985]. The famous
patient H.M. who had bilateral hippocampal resection for

the treatment of epilepsy and consequent anterograde
amnesia, was also insensitive to internal state. For exam-
ple, 10 minutes following a meal H. M. would happily
consume a second lunch as he had neither awareness of
fullness nor memory of eating. There is also evidence that
hippocampal modulation by satiety remains abnormal in
the post-obese, suggesting a causal role for this region in
obesity [DelParigi et al., 2004]. Recently work in animals
has also shown that exposure to a “western” diet can dam-
age hippocampal circuits and impair hippocampal-
dependent functions [Kanoski and Davidson, 2011], thus
leading to a vicious cycle of both obesity and cognitive
decline [Kanoski, 2012]. Our finding of reduced global and
focal hippocampal connectivity is consistent with this
argument and compliments prior work showing reduced
hippocampal volume in obese individuals [Mueller et al.,
2012; Raji et al., 2010].

Age and BMI

A unique aspect of our study is that we evaluated GBC
as a function of age and BMI. Age influences a variety of
measures of brain structure and function including GBC
[Hampson et al., 2012]. More specifically, GBC decreases
in cortical regions and increases in subcortical regions
[Hampson et al., 2012]. Here we reproduce this finding in
the resting state data (Fig. 4) and show that the association
between GBC and BMI remains after correcting for age
suggesting the existence of different mechanisms leading
to a similar phenotype (i.e., loss of GBC). We did not
observe an effect of age on GBC during milkshake con-
sumption but this is likely because our sample was rela-
tively young. Most importantly our data indicate that BMI
and age produce independent effects on GBC.

SUMMARY

In conclusion, we demonstrate that obesity is associated
with decreased GBC within the lateral and medial prefrontal
cortex, insula and limbic system, and increased GBC within
visual, parietal and premotor areas. This finding adds to the
emerging literature supporting an association between obe-
sity and brain dysfunction, and provides a potential link
between cognitive dysfunction and brain changes observed
in obesity. Our approach points to a new biomarker of brain
changes with obesity and emphasize the importance of
accounting for BMI when studying brain networks.
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