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Abstract

Objective—To characterize obesity-related sex-differences in intrinsic activity/connectivity of
the brain’s reward networks.

Methods—Eighty-six women (N=43) and men (N=43) completed a 10-minute resting functional
MRI scan. Sex differences and commonalities in BMI-related frequency power distribution and
reward seed-based connectivity were investigated using partial least squares analysis.
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Results

Whole Brain Activity: In both men and women, increased BMI was associated with increased
slow-5 activity in left globus pallidus and substantia nigra. In women only, increased BMI was
associated with increased slow-4 activity in right globus pallidus and bilateral putamen.

Seed-Based Connectivity: In women, increased BMI was associated with reduced slow-5
connectivity between left globus pallidus/putamen and emotion and cortical regulation regions, but
in men was /ncreased with medial frontal cortex. In both men and women, increased BMI was
associated with increased slow-4 connectivity between right globus pallidus/bilateral putamen and
emotion regulation and sensorimotor-related regions.

Conclusions—The stronger relationship between increased BMI and decreased connectivity of
core reward network components with cortical and emotion regulation regions in women may be

related to the greater prevalence of emotional eating. The present findings suggest the importance
of personalized treatments for obesity that consider the sex of the affected individual.

Keywords

sex differences; body mass index (BMI); resting state functional connectivity; reward regions;
sensorimotor regions; emotional regulation regions

Introduction

Over one third of American adults are now considered clinically obese (1). Moreover,
obesity rates are still rising, along with associated comorbid conditions including type 2
diabetes, cardiovascular diseases, depression and an increased risk of mortality (1). Despite
various efforts directed towards identifying the biological mechanisms underlying obesity,
our current understanding of human obesity remains limited. One barrier to progress
includes the inconsistent consideration of sex differences in underlying mechanisms.
Increasingly, sex is understood to be an important basic variable that influences the quality
and generalizability of biomedical research (2).

In the United States, the rates of obesity are similar in men and women unless stratified by
race, education, residential status, or inequalities (3). However, global studies show that
there are greater prevalence rates of obesity in women (4). Although women have an
increased propensity to gain total body fat, especially subcutaneous abdominal fat when
compared to men, men tend to have more visceral adipose tissue, which has been associated
with increased metabolic and cardiovascular disease (5). Sex differences in eating behaviors
have also been identified in both rodent and human experiments (6). Food cravings, whether
cue-induced, trait-related, or state-related, can lead to increased hedonic eating behaviors,
which has also been associated with increased risk of obesity (7). Differences between
women and men have been observed in the types of food craved (women crave sweets such
as chocolates, while men crave savory foods), in the intensity and frequency of the cravings
(women report more trait- and state-related cravings and show greater responses in the
orbital frontal cortex and insula in response to high calorie food cues), and in the ability to
cognitively regulate or restrain food cravings (more difficult for women)(7). These sex
differences can also be observed in eating behaviors, with men taking larger bites, and
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chewing faster and more forcefully when compared to women (8). These ingestive patterns
could translate to women eating more often and men consuming larger meals.

Recent neuroimaging studies have identified obesity-related alterations in brain activity and
connectivity, supporting the importance of brain alterations in the pathophysiology of
obesity (9, 10). These studies have demonstrated associations between increased weight and
structural and functional alterations in regions of the core reward network (e.g. nucleus
accumbens [NAcc], orbital frontal cortex) as well as the extended reward network, which
encompasses regions in the executive control, salience, emotional arousal, and sensorimotor
networks that interact with the core reward network (11). Furthermore, sex-specific
activations in response to food intake have been observed in cognitive, emotional, and
reward-related regions (12, 13). For example, women exhibit greater post-prandial activation
in the dorsal anterior cingulate cortex (dACC; a region of the salience and emotional-arousal
networks), while men exhibit greater post-prandial activation in the supplementary motor
area (SMA,; a region of the sensorimotor network), which may influence the risk of engaging
in maladaptive eating behaviors (14). Using graph theory, body mass was observed to impact
topological measures of centrality for regions of the reward and salience networks in
women, and in reward and sensorimotor networks in men (15). When viewed together, these
findings suggest the importance of investigating sex differences in obesity-related alterations
in the core and extended reward networks.

Resting state or ‘resting-scan’ magnetic resonance imaging (rsMRI) capitalizes on the
wealth of connectivity versus activation information that can be extracted from the intrinsic
fluctuations of the BOLD signal, without requiring the presence of a task. The advantage of
this is that the investigation of intrinsic connectivity patterns can identify alterations in brain
organization and coordination. Specifically, the investigation of the amplitude of low
frequency fluctuations can identify brain areas with altered spontaneous neural activity and
abnormal local functioning (16, 17). The purpose of the current study was to identify
commonalties and differences between men and women in the relationship between body
mass index (BMI) and intrinsic activity/connectivity of the brain, using both amplitude- and
connectivity-based approaches, with a focus on regions within the core and extended reward
networks. Given our focus on both core and extended reward networks, which include
cortical and basal ganglia regions, we examined two frequency bands, slow-5 (0.01-0.027
Hz; Low-Frequency), slow-4 (0.027-0.073 Hz; Medium-Frequency), as these bands are
thought to represent different neuronal oscillation classes (18), and are differently distributed
across the brain, with slow-5 predominating in cortex and slow-4 predominating in basal
ganglia (23). We hypothesized that increased BMI would be associated with alterations in
the intrinsic connectivity between core and extended reward regions. Moreover, we
hypothesized that women show greater BMI-related alterations in reward, salience and
emotion regulation regions, while men show additional BMI-related alterations in
sensorimotor regions.
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Participant Selection

Forty-three healthy females (mean age, 31.79+10.62 years) and 43 healthy males (mean age,
29.84+7.45 years) were recruited through the University of California, Los Angeles and
local community advertisements. All subjects were classified as healthy by a nurse
practitioner after an examination and clinical assessment, including the MINI mental state
exam+5.0 and Hospital Anxiety and Depression (HAD) scale (19). Individuals with
substance abuse, tobacco dependence, psychiatric illness, or eating disorders, such as
anorexia or bulimia, were excluded. In addition, individuals who were pregnant or taking
medications that interfere with the central nervous system (full dose antidepressants
including SSRIs, NSRIs, sedatives or anxiolytics, and opioids) were excluded. Participants
were also excluded if they had undergone any obesity-reduction surgery. All subjects were
right-handed. All women were premenopausal and were scanned during the follicular phase
of the menstrual cycle (i.e., 4-12 days after the first day of the last menstrual period), as sex
hormones are known to affect brain structure and function. The subjects provided written
informed consent and all procedures were reviewed and approved by the UCLA Medical
Institutional Review Board.

Resting Scan MRI acquisition and preprocessing

Subjects underwent a 10-minute rsMRI scan while resting with their eyes closed. Images
were acquired on a Siemens 3 Tesla Trio scanner using an echo planar sequence with the
following parameters: TE = 28 ms, TR = 2000 ms, flip angel = 77 degrees, FOV = 220 mm,
slices = 40, slice thickness = 4.0mm. A standard T1-weighted magnetization prepared-rapid
acquisition gradient echo (MP-RAGE) scan was acquired with the following parameters: TE
= 3.26ms, TR = 2200ms, slices= 176, slice thickness = 1.0mm, voxel size = 1x1x1mm.

Image preprocessing and data analysis were performed using Statistical Parametric
Mapping-8 (SPM8) software (Wellcome Department of Cognitive Neurology, London) and
the Data Processing Assistant for Resting-State fMRI toolbox (DPARSF). The first two
volumes were discarded to allow for stabilization of the magnetic field. Data were slice-time
and motion corrected. All subjects were confirmed to have motion less than 3 mm in any
direction. In addition to motion correction, the framewise displacement (FD) was examined
to determine any spurious correlations between time courses, and potentially any group
differences (20). There were no significant differences between men and women for any of
the FD measures of motion during the scan (mean, number, and percent; all p’s>0.05). In
addition, there were no significant differences between BMI status (normal vs. overweight/
obese), and no significant interaction between sex and BMI status for any of the FD
measures of motion (mean, number, and percent; all p’s>0.05). Nuisance covariate
regression was performed to minimize physiological noise using six head motion
parameters, white matter signal and corticospinal fluid signal. Data was then spatially
normalized to the Montreal Neurological Institute (MNI) template using the structural scans.
Spatial smoothing with a 5 mm?3 Gaussian kernel occurred after the calculation of frequency
and connectivity maps (see below).
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Frequency Power Analyses (whole brain)

The BOLD signal was subdivided into 2 frequency bands, referred to as slow-5 (Low-
Frequency: 0.01-0.027 Hz) and slow-4 (Medium-Frequency: 0.027-0.073 Hz), using band-
pass filtering in the DPARSF toolbox. Relative power within each frequency band was
computed for each voxel (in the DPARSF toolbox) using the fractional amplitude of low
frequency fluctuations (FALFF) technique, which involves summing the oscillatory
amplitudes across a particular frequency range (i.e., 0.027-0.073 Hz), then dividing by the
amplitude summed across the total range (i.e., 0-.25 Hz). fALFF thereby assesses the ratio of
the power for a particular frequency band to the power of the entire frequency range. A gray
matter mask was applied to restrict analyses to gray matter regions.

Individual subject frequency power maps were then entered into partial least squares (PLS)
analyses to identify sex differences and/or commonalities in the relationship between BMI
and regional frequency power distribution. Separate PLS analyses were performed for the
slow-5 and slow-4 frequency bands. PLS (http://www.rotman-baycrest.on.ca) is a
multivariate statistical technique similar to principle component analysis (PCA), where
solutions are restricted to the part of the covariance structure that is attributable to covariate
measures (behavioral PLS)(21). Correlation maps representing the across-subject correlation
between BMI and frequency power for each voxel were calculated for men and for women.
The PLS analysis determines the most robust patterns (latent variables) in these across-
subject correlations maps, negating the need for specifying contrasts of interest (22). PLS is
considered a random effects model as it employs permutation tests (500 permutations) that
assess generalizability of the pattern and bootstrapping (500 samples) to identify the stable
or most reliable elements of the pattern (21, 22). Clusters with a peak voxel bootstrap ratio
(BSR) exceeding +3.3 (p<.001) and an extent of at least 60 voxels are reported.

In order to investigate the intersex similarities or differences in the high BMI group
(participants with BMls in the overweight/obese range) compared to the low BMI group
(participants with BMlIs in the normal range), supplementary analyses were run. Whole-
brain frequency power partial least squares (PLS) analyses separately on the subset of
participants with BMI in the overweight/obese range and then on participants in the normal
weight group, in order to examine whether similar BMI-related relationships as observed in
the full sample analysis would be obtained (See Supplementary Materials, Figure S1 and
Figure S2).

Reward seed-based intrinsic connectivity analyses

Core reward network regions displaying altered frequency power in the above analysis were
further examined for BMI-related intrinsic connectivity changes. Regions of Interest (ROISs)
were created from the cluster maps of the frequency power-based PLS analyses (Figure 1).
Intrinsic connectivity maps were created in the DPARSF toolbox using slow-5/slow-4
filtered timecourse data, as appropriate for the ROI. These frequency band-specific intrinsic
connectivity maps were then entered into PLS analyses (one for slow-5 ROIs and one for
slow-4 ROIs) to identify sex differences and/or commonalities in the relationship between
BMI and frequency-specific intrinsic connectivity of core reward regions. As in the above
analysis, latent variable significance was determined using 500 permutations and voxel
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reliability was assessed using 500 bootstrap samples. Clusters with a peak voxel bootstrap
ratio (BSR) exceeding +3.3 (p<.001) and an extent of at least 60 voxels are reported.

Behavioral analyses

Behavioral analyses were performed using Statistical Package for the Social Sciences
(SPSS) software (version 19, Armonk, NY, IBM Corp). Group differences in age, BMI, and
behavioral measure scores (anxiety and depression) were evaluated using independent
sample t-tests.

Results

Sample and behavioral characteristics

Mean age, BMI, and anxiety and depression ratings are provided in Table 1. The BMI range
for female subjects was 18.2 - 43.6 kg/m?; for male subjects, the BMI range was 19.2-34.7
kg/mZ2. There were no significant sex differences in age, BMI, HAD anxiety scores, or HAD
depression scores (tg4) > .05). There were 45 normal weight subjects (<25 kg/m?), of which
27 were female and 18 were male. There were 41 subjects who were overweight or obese (=
25kg/m?), of which 16 were female and 25 were male.

Sex Differences in Frequency power analyses (whole brain)

Slow-5 (Low Frequency) activity—The first latent variable (accounting for 65.24% of
the cross-block correlation; p<0.001) reflected similar (in the same direction) correlations
between BMI and slow-5 frequency power in men (r=0.48) and women (r=0.81), which was
expressed in a set of regions including the left globus pallidus (GP) and left substantia nigra
(SN) (Table 2A; Figure 2A). Although the correlation between BMI and the latent variable
was in the same direction for men and women, it was significantly stronger in women
(Figure 2A). The left GP and left SN were chosen as slow-5 ROIs (Figure 1).

Slow-4 (Medium Frequency) activity—The first latent variable (accounting for 64.24%
of the cross-block correlation; p=0.002) reflected a significant correlation between BMI and
slow-4 frequency power in women (r=0.76), but not men (r=0.08), which was expressed in a
set of regions including the right GP and bilateral putamen (Table 2B; Figure 2B). The right
GP and bilateral putamen were chosen as slow-4 ROIs (Figure 1).

Sex Differences in Reward seed-based functional connectivity analyses

Slow-5 (Low Frequency) connectivity—The first latent variable (accounting for
55.64% of the cross-block correlation; p=0.012) reflected significant sex differences in the
correlation between BMI and slow-5 intrinsic connectivity of the left GP and left SN (Figure
3A). In women, increased BMI was weakly associated with decreased left GP/SN slow-5
intrinsic connectivity (left GP, r=-0.16; left SN, r=-0.27) with a set of regions including
emotion regulation regions (such as bilateral anterior cingulate cortex [ACC]) and with the
posterior mid cingulate cortex, and with frontal cortical regions (such as the medial orbital
cortex and inferior frontal cortex) (Table 3A, Figure 3A). In contrast, in men, increased BMI
was associated with increased left GP/SN slow-5 intrinsic connectivity (left GP, r=0.42; left

Obesity (Silver Spring). Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al.

Page 7

SN, r=0.31) with a set of regions, largely consisting of the medial frontal cortex (Table 3A,
Figure 3A).

Slow-4 (Medium Frequency) connectivity—The first latent variable (accounting for
75.22% of the cross-block correlation; p<0.001) reflected sex commonalities in the
correlations between BMI and slow-4 intrinsic connectivity of the right GP and bilateral
putamen (Figure 3B). In men and women, increased BMI was associated with increased GP/
putamen slow-4 intrinsic connectivity (right GP, r=0.37; left putamen, r=0.49; right putamen,
r=0.34) with a set of regions, largely consisting of sensorimotor regions such as bilateral
precentral gyrus, bilateral postcentral gyrus, supramarginal gyrus, and posterior insula, but
also including emotion regulation regions such as amygdala, medial orbital frontal cortex,
and precuneus (Table 3B, Figure 3B).

Discussion

In the current study, we examined the relationship between BMI and low frequency resting
state activity/connectivity in men and women. We examined two low frequency bands,
slow-5 (0.01-0.027 Hz), slow-4 (0.027-0.073 Hz), which are largely found in gray matter
and are thought to reflect different neuronal classes (23). Consistent with previous reports
that slow-5 predominates in cortex, while slow-4 predominates in basal ganglia (23), we
found more widespread BMI-related alterations involving the basal ganglia in the slow-4
band compared to that in the slow-5 band. For both women and men, increased BMI was
associated with increased slow-5 frequency power in the left GP and SN; however, the
correlation was stronger in women compared to that in men. In addition, with increasing
BMI, increased slow-4 frequency power in the right GP and bilateral putamen was observed
in women, but not in men. Sex-related similarities and differences were observed in BMI-
related alterations in resting state activity/connectivity of the core reward network. To our
knowledge, this is the first study demonstrating the influence of sex on BMlI-related
alterations associated with resting state activity/connectivity in two different low frequency
bands.

Sex differences in the associations between frequency power distribution and BMI

Past research has shown that individuals with obesity (both men and women) have more low
frequency power in subcortical regions of the reward circuitry including the putamen,
claustrum, and insula (24, 25). Furthermore, several neuroimaging studies have
demonstrated functional alterations in the reward network in relationship to ingestive
behaviors and obesity, especially in core reward regions such as the basal ganglia (9). The
basal ganglia (putamen, caudate nucleus, globus pallidum, and nucleus accumbens), along
with the corticostriatal pathways, are a critical component of the reward network (26), and
influence memory and value assessment processes attributed to hedonic ingestion and
obesity (27). According to the reward-deficiency model, hedonic eating occurs as a result of
decreased dopamine receptor availability in the reward regions with increased BMI (9).
Together with the present results, a body of evidence supports the concept that similar to
drug addiction, key regions of the reward network are activated (9, 10), as a way to

Obesity (Silver Spring). Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al.

Page 8

compensate for a dopamine deficiency, and therefore, are responsible for an increased drive
in pleasure-seeking rewarding behaviors, food intake, and hedonic eating (28).

In addition to these insights, the present results demonstrate for the first time that the
correlations between frequency power distribution in the reward regions (GP and putamen)
and BMI are especially strong in women. Multiple female-specific studies (7, 13) have
reported increased low frequency-activity in obese women in reward regions, such as the
putamen, compared to normal-weight counterparts, which is not modulated by food intake.
Coveleskie et al. (29) also reported greater low frequency-activity in the medium frequency
band in obese women in several reward regions. Furthermore, alterations in resting state
fMRI have been associated with eating behaviors and have been used to predict weight gain
in women (30). The dorsal striatum (consisting of the putamen and caudate nucleus) is a key
relay region, receiving input from the prefrontal cortical regions and projecting to other
portions of the basal ganglia and sensorimotor cortex, and influences reward-related
behaviors (9, 26). In addition, reduced dopamine signaling in the striatum is associated with
reinforcing the rewarding properties (31) and the value of food (9, 26). In fact, it appears that
alterations in dopamine availability in the striatum are an important factor driving greater
impulsivity and hedonic eating in preschool girls (32). Our results suggest that women
experience less restraint and self-regulation, which may start at an early age and may play a
role in the persistence of hedonic eating behavior later in life. These findings have important
implications for understanding the increased risk of obesity and hedonic ingestion in
women, especially in the context of an obesogenic environment with easy access to highly
palatable and energy-dense foods. Past neuroimaging studies have highlighted that greater
activity in regions involved with interoception and awareness of body states (particularly
fullness) in men (10, 33). This points to a different mechanism in males where compulsive
eating related to obesity is dictated by the integration of information from the autonomic
system (10, 15, 34). It is possible that we were unable to detect these differences due to
limited BMI ranges and unbalanced samples in the overweight/obese versus normal BMI
groups.

Sex differences in associations between reward seed-based connectivity and BMI

For women, with increasing BMI, slow-5 connectivity between the left GP/SN and cortical
regions decreased in several frontal regions (including the medial orbital and inferior frontal
cortices) as well as in emotion regulation regions (including the ACC and posterior mid
cingulate cortices). On the other hand, for men, increased BMI was associated with
increased slow-5 connectivity between the left GP/SN and the medial frontal cortex.

Reduced impulse control has been associated with alterations in cortical regions, including
the orbital frontal cortex and ACC, corresponding to lower self-restraint with higher BMI
(35, 36). Activation of the inferior frontal cortices is associated with top-down control and
inhibition processes involved in the self-regulation of food cravings and impulses associated
with hedonic ingestion (37). A negative association between frontal cortical-basal ganglia
functional connectivity has been linked to reduced hunger control (9, 10), increased weight
gain (14) and appetite (6, 8) in obesity. When viewed together, our results may explain why
the modulation of impulse control is more associated with increased hedonic ingestion and
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obesity in women than in men. Impulsivity is a major predictor for the development of
obesity, and explains more of the variance associated with increased hedonic ingestion than
genetic factors (such as FTO, alpha-ketoglutarate dependent dioxygenase)(38). This
important role of impulsivity may relate to the observed sex differences in functional
connectivity between the striatum and the cortical regions. Reduced connectivity in
prefrontal and anterior cingulate cortical regions has been implicated in increased cravings
and desire to eat high-fat foods, and decreased self-control over eating (39). In addition,
alterations in the posterior cingulate cortex have been implicated in self-referential processes
involving body appearance (40). One may speculate that reduced functional connectivity in
reward, cortical, and emotion regulation regions reflects alterations in body image and self-
perception in women with higher BMIs. Furthermore, sex differences in hedonic eating and
impulse control may result in greater emotional eating observed in women.

Sex commonalities in associations between reward seed-based connectivity and BMI

Limitations

Contrary to our hypothesis, increased BMI in both men and women was associated with
increased slow-4 connectivity between the right GP/putamen and a wide range of cortical
regions, including the precuneus, amygdala, and sensorimotor-related regions. Although the
correlations between BMI and right GP/putamen connectivity with sensorimotor-related
regions displayed a general pattern of being slightly stronger in men than in women, the
differences in the correlations were not significant.

Abnormal connectivity of the precuneus has been related to hunger ratings and to restrictive
eating scores (41). Another key region in the central control of eating behaviors is the
amygdala which is closely connected to key homeostatic and reward regions such as the
hypothalamus, nucleus of the solitary tract, ventral tegmental area, NAcc, and parabrachial
nucleus (42). The amygdala is also connected with striatal and sensorimotor cortical regions,
including the postcentral gyrus, precentral gyrus, and supplementary motor area (11, 15, 43),
which have been associated with disinhibited eating (44). Together, these regions play
important roles in the regulation of feeding behaviors and satiation (45).

Although we collected data for women in the follicular phase of the menstrual cycle by self-
report, we did not measure female sex hormone levels. Future studies should evaluate
associations between the observed BMI-related brain alterations and eating behaviors, eating
preferences, and diet information. All our findings represent associations rather than causal
relationships. In order to address the issue of causality between the observed brain changes
and obesity, future longitudinal and mechanistic studies linking the brain to peripheral
markers (e.g. the gut microbiome/metabolites and inflammatory factors) and psychosocial
variables (e.g. stress, race) are required to determine whether the observed BMI-related brain
alterations reflect a premorbid state or are a consequence of remodeling secondary to
obesity. When whole-brain frequency power PLS analyses were performed in a subset of
participants with BMI in the overweight/obese range and in the normal range, we found that
our whole-brain results are more clearly evident among those with BMI in the overweight/
obese range than in those with BMI in the lean range, suggesting that some nonlinearities
may exist/the more limited range in the lean analysis may have affected power. This would

Obesity (Silver Spring). Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al.

Su
an

Supplement

Page 10

ggest future studies focused on wider BMI ranges and more balanced breakdown of males
d females in the overweight/obese and normal BMI groups.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary and Clinical Implications

The present results confirm the hypothesis that high BMI is associated with alterations in
the reward network in both men and women, and emphasizes the importance of
considering sex-related differences in these alterations. The decreased connectivity of
reward regions with cortical and emotion regulation regions in women with higher-BMI
may explain the greater prevalence of emotional and compulsive behavior related to
increased hedonic ingestion in women. Sex and sex hormones are known to modulate
responses of the mesolimbic dopamine system (involved in reward) to stress and drug
use, and are thought to underlie sex differences in the pathophysiology of drug addiction.
The present results suggest that similar sex effects on the mesolimbic reward system may
also be at play in obesity. However, longitudinal studies are needed to determine whether
a high BMI and associated metabolic changes play a causal role rewiring brain circuits,
or if is genetic and epigenetic factors influence brain development in a way to increase
the vulnerability to develop maladaptive eating behaviors in the context of easy access to
high caloric foods. These findings may have implications for more effective treatments
for obesity, which take sex related differences in eating behavior into consideration.
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What is already known about this subject?

. Neuroimaging studies have shown evoked functional brain alterations in
homeostatic and reward-related brain networks in individuals with obesity.

. Sex differences have been observed in individuals with obesity, with women
having an increased propensity to gain total body fat, and men having more
visceral adipose tissue.

. Sex differences in eating behaviors, food cravings, and types of food craved
have been identified, which could reflect sex-specific activations in cognitive,
emotional, and reward-related brain regions.

What does this study add?

. This manuscript identifies sex-related commonalities and differences in
obesity-related alterations in the intrinsic brain activity and connectivity of
key regions of the reward, salience, and sensorimotor networks, which
previous neuroimaging studies have identified as contributing to eating
behaviors that override homeostatic needs, overeating, and obesity.

. The effects of sex hormones on modulating responses of the mesolimbic
dopamine system (involved in reward) to stress and drug use, are similar to
the sex-differences observed in the pathophysiology of obesity and hedonic
ingestion.

. These sex-difference findings in the brain’s extended reward system have
implications for more effective treatments for obesity, which take sex-related
differences in eating behavior into consideration.
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Figure 1. Regions of Interest used in the seed connectivity analyses
Slow 5: Left globus pallidus (GP) and left substantia nigra (SN)

Slow 4: Right globus pallidus (GP) and bilateral putamen
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Figure 2. Whole-Brain BMI-related intrinsic activity/connectivity in men and women
A: BMlI-related slow-5 (low frequency) activity. The first latent variable in the partial lest

squares analysis reflected sex similarities in the relationship between slow-5 power and
BMI. However, the relationship between BMI and slow-5 power was significantly stronger
in women compared to men.

Red, positive correlation between BMI and frequency power; Blue, negative correlation
between BMI and frequency power

B: BMI-related slow-4 (medium frequency) activity. The first latent variable in the partial
lest squares analysis reflected sex differences in the relationship between slow-4 power and
BMI. The identified brain regions (top of the figure) were correlated with BMI in women but
not in men. Red, positive correlation between BMI and frequency power; Blue, negative
correlation between BMI and frequency power

Obesity (Silver Spring). Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al.

Pearson’s r

Pearson's r

Page 17

Low-Frequency

Men

1 T

B Wormen

Figure 3. Reward seed-based frequency connectivity with BMI in men and women
A: BMlI-related slow-5 (low frequency) reward seed-based connectivity. The first latent

variable in the partial lest squares analysis reflected sex differences in the relationship
between BMI and slow-5 connectivity of the left globus pallidus (GP) and substantia nigra
(SN). Positive correlation between BMI and connectivity in men, negative/zero correlation
between BMI and connectivity in women

B: BMI-related slow-4 (medium frequency) reward seed-based connectivity. The first
latent variable in the partial lest squares analysis reflected sex commonalities in the
relationship between BMI and slow-4 connectivity of the right globus pallidus (GP) and
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bilateral putamen. Purple, positive correlation between BMI and connectivity in men and
women
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