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Abstract

Obesity is a major public health issue affecting nearly 40% of American adults and is associated with increased mortality
and elevated risk for a number of physical and psychological illnesses. Obesity is associated with impairments in executive
functions such as decision making and inhibitory control, as well as in reward valuation, which is thought to contribute to
difficulty sustaining healthy lifestyle behaviors, including adhering to a healthy diet. Growing evidence indicates that these
impairments are accompanied by disruptions in functional brain networks, particularly those that support self-regulation,
reward valuation, self-directed thinking and homeostatic control. Weight-related differences in task-evoked and
resting-state connectivity have most frequently been noted in the executive control network (ECN), salience network (SN)
and default mode network (DMN), with obesity generally being associated with weakened connectivity in the ECN and
enhanced connectivity in the SN and DMN. Similar disruptions have been observed in the much smaller literature
examining the relationship between diet and disordered eating behaviors on functional network organization. The purpose
of this narrative review was to summarize what is currently known about how obesity and eating behavior relate to
functional brain networks, describe common patterns and provide recommendations for future research based on the

identified gaps in knowledge.
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Introduction

Within the last several decades, the prevalence of obesity
has risen dramatically, with over one-third of American
adults meeting clinical criteria for the condition [body mass
index (BMI)>30; Ogden et al., 2014]. Numerous studies have
demonstrated an adverse effect of having overweight or obesity
on health and psychosocial functioning (Kopelman, 2000;
Wadden and Stunkard, 2002; Finkelstein et al., 2005; Cawley

and Meyerhoefer, 2012), making the rise in rates of obesity a
significant threat to public health. Obesity is associated with
higher mortality and increased rates of cardiovascular dis-
ease, diabetes, hypertension, metabolic syndrome, depression
(Stunkard et al., 2003), anxiety (Gariepy et al., 2010) as well as
neurological illnesses such as Alzheimer’s disease (Kivipelto
et al., 2005). Further, individuals with overweight and obesity
are more likely to experience discrimination in employment,
education and health care settings (Cawley and Meyerhoefer,
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2012). Obesity is one of the most costly conditions to treat, with
obesity-related illness comprising up to 21% of yearly healthcare
expenditures in the USA (Cawley and Meyerhoefer, 2012). These
findings highlight the fundamental importance of identifying
mechanisms underlying obesity to facilitate the development of
more effective prevention and treatment interventions.

Obesity is associated with deficits in executive functioning,
suggesting that functional differences in the brain regions that
support these functions may contribute to the etiology of obesity.
Executive function is defined as the ability to select appropriate
actions based on ongoing evaluation of environmental demands,
current goals, current emotional state, past experiences and
social norms and encompasses elements of decision making
and behavioral self-regulation (e.g. control of reward-driven
impulses; Baumeister and Heatherton, 1996; Heatherton and
Wagner, 2011). There is evidence that components of executive
functioning, such as self-regulation, as well as the exertion
of control over reward-driven impulses may be impaired in
obesity (Schag et al., 2013). For instance, individuals with obesity
exhibit difficulty inhibiting automatic responses on inhibitory
control tasks, tending to engage in habitual or overlearned
behaviors (Batterink et al., 2010; Davis et al, 2010; Gunstad
et al., 2007). Individuals with obesity also show a preference
for smaller, immediate rewards over larger, delayed rewards
relative to normal weight individuals (Weller et al., 2008).
Importantly, steeper discounting of delayed future rewards has
been associated with increased purchasing (Nederkoorn et al.,
2009) and consumption (Nederkoorn et al., 2009; Appelhans et
al., 2011) of highly palatable, calorie-dense foods, as well as
binge eating disorder (BED) (Davis et al., 2010). These findings
indicate that deficits in self-regulation and reward processing
may predispose some individuals to obesity by influencing
decisions regarding diet and exercise.

Poor self-regulation has also been shown to predict the
probability of treatment failure during a weight loss interven-
tion, with more impulsive individuals losing less weight than
those with a greater capacity for self-regulation (Nederkoorn
etal, 2007). Indeed, greater capacity for self-regulation has
been associated with more frequent consumption of healthy
low-calorie foods and regular engagement in physical activity,
both in healthy weight adults and adults with obesity (Wills
et al., 2007; Gerrits et al., 2010; Crescioni et al., 2011). Conversely,
impaired self-regulation is associated with consumption of high-
calorie foods and sedentary lifestyle, even during concerted
weight loss attempts (Crescioni et al., 2011). Moreover, one
study demonstrated that specifically targeting deficits in
self-regulation in a weight loss intervention promoted long-
term maintenance of weight loss (Wing et al., 2006). These
data highlight the central role of self-regulation and reward
processing in the etiology of obesity. These intervention studies
also provide evidence that deficits in self-regulation and reward
processing are modifiable via intervention and that mitigation
of these deficits improves weight loss and weight maintenance
outcomes.

In this review, we will first synthesize the literature on brain
networks and obesity among adults. We will focus specifically on
how functional network organization relates to obesity, as well
as aberrant eating behaviors such as binge eating. We will then
review what is known from longitudinal and clinical trial data
regarding the effects of weight loss and specialized diets (e.g.
the Mediterranean diet) on functional connectivity patterns. We
seek to address the following questions: (i) How are functional
brain networks that support self-regulation and reward pro-
cessing associated with obesity and maladaptive eating behav-

iors? (ii) Can weight loss (via any means) modify obesity- and
eating-related functional connectivity patterns? (iii) Are there
specific nutrient or dietary patterns that are more effective
than others for influencing brain connectivity patterns? This
review focuses on evidence from adults with overweight and
obesity, though it is important to note that there is a growing
literature exploring these questions in children and adolescents
(e.g. Chodkowski et al., 2016; Liang et al., 2014; Moreno-Lopez
et al., 2016) including prospective investigations of how regional
brain activation relates to future weight gain (e.g. Yokum et
al., 2011). This research, which is critical to understanding the
development of obesity and its impact on maturation, is beyond
the scope of this review.

Aberrant functional brain connectivity in obe-
sity
Task-evoked connectivity

The majority of fMRI studies of obesity have focused on isolated
brain regions, although complex processes like self-regulation
and reward valuation arise from interactions between brain
regions. Functional connectivity is one method of capturing
dynamic interactions between regions. Functional connectivity
analyses provide a metric of how anatomically distinct brain
regions are organized into coherent functional networks with
specific properties (e.g. highly efficient local connections). This
information can then be used to understand how variation in
network organization affects behavioral processes supported by
the network (Bullmore and Sporns, 2009; van den Heuvel and Pol,
2010). Moreover, characterizing how the functional organization
of the brain differs or is altered in conditions like obesity may
yield new insights about the neural mechanisms underlying
these conditions. This may lead to improvements in treatment
and prevention.

Obesity appears to be associated with variation in functional
connectivity during the processing of food and monetary
rewards, which may be related to altered self-regulation and
reward processing. Indeed, several studies have observed that
obesity is associated with increased connectivity between
regions involved in valuation in the presence of reward cues,
perhaps indicating that greater value is assigned to these
cues among individuals with obesity. For example, obesity has
been associated with stronger connectivity between the dorsal
striatum, amygdala and insula (Nummenmaa et al., 2012) and
increased strength in connectivity between regions involved
in salience detection such as the anterior insula and anterior
cingulate cortex (ACC) (Kullmann et al., 2013). Further, striatal
connectivity to parahippocampal regions and the cerebellum
in response to high calorie foods is greater in adults with
obesity compared to healthy weight individuals (Carnell et al.,
2014), which may suggest that individuals with obesity are
planning or imagining behaviors to obtain palatable food in
response to relevant environmental cues. Finally, obesity has
been associated with enhanced ventral striatal connectivity
with the insula following monetary loss during a probabilistic
learning task (Kube et al., 2018). These results indicate that
difficulty incorporating performance feedback into future
decisions in obesity may be related to increased connectivity
between regions involved in reward valuation and interoceptive
awareness.

Interestingly, patterns of functional connectivity are modu-
lated by hunger and satiation, which may be associated with
approach motivation for high-calorie food cues. For instance,



one study found that fasting was associated with enhanced
connectivity between amygdala and ventral striatal seed regions
and motor planning regions, particularly among men (Atalayer
et al., 2014). In contrast, participants exhibited greater functional
connectivity between regions involved in salience detection and
valuation such as amygdala, insula and striatum and regions
involved in executive control and motor planning, including
the ACC, supplementary motor area and dorsomedial prefrontal
cortex (dmPFC) after consuming a full meal (Atalayer et al.,
2014). This finding may be interpreted as evidence that hunger
enhances the reward value of food and promotes communi-
cation between emotion and reward processing regions and
regions involved in executing movements, possibly to promote
food intake, and that communication between regions support-
ing regulation and those involved in emotion and reward pro-
cessing are strengthened when an individual is satiated. How-
ever, because this study did not include a normal weight com-
parison group, it is unclear if the observed patterns of functional
connectivity are specific to obesity. Further, regions such as
the ACC have complex functions that include aspects of both
valuation and regulation, making it difficult to interpret which
function is being engaged when an individual is processing high
calorie food cues. Yet, these results suggest that hunger and sati-
ation influence network-level signaling dynamics, which may
underlie hunger-related enhancement of the reward value of
food and the shift in motivation towards the immediate goal of
alleviating hunger.

In contrast to the studies reporting increased connectivity
between regions involved in stimulus valuation and motiva-
tional processes (Nummenmaa et al., 2012; Kullmann et al., 2013;
Atalayer et al., 2014; Carnell et al., 2014), there are other studies
that have observed obesity-related reductions in connectivity in
these regions. However, cross-study heterogeneity in the con-
ditions under which these patterns emerged may account for
these discrepancies. One study applied an effective connectiv-
ity approach to determine whether obesity is associated with
both the strength and the direction of communication between
brain regions. This approach examines the direction of signals
between regions, allowing inferences to be made regarding neu-
ral signal generated in one region on signal generated in another
(Friston, 2011). Using this approach, effective connectivity from
the amygdala to the nucleus accumbens (NAc) and orbitofrontal
cortex (OFC) was weaker among adults with obesity compared
to normal weight individuals when viewing high calorie foods
after a fasting period (Stoeckel et al., 2009). In contrast, the same
study also demonstrated that obesity was related to enhanced
effective connectivity between the OFC and NAc in response to
viewing high-calorie foods (Stoeckel et al., 2009). Reduced modu-
lation of NAc and OFC signaling by the amygdala in response
to food cues suggests that higher weight is associated with
reduced signals between regions that are involved in support-
ing affective valence and incentive value, while increased OFC
modulation of NAc is possibly indicative of greater subjective
value being assigned to high calorie food cues (Stoeckel et al.,
2009). However, it will be necessary to evaluate these hypothe-
ses by directly testing whether these patterns of effective con-
nectivity in response to food cues predict affect- and reward-
driven eating behavior. Obesity has also been associated with
reduced connectivity between the amygdala and hippocam-
pus, midbrain, thalamus and insula (Geha et al., 2017), though
this pattern emerged during the consumption of a milkshake
rather than the more typical passive viewing of high-calorie food
images while in a fasted state. Reduced signal coherence among
these regions may reflect impaired updating and/or integration
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of homeostatic and motivational signals during the intake of
high calorie food, which could contribute to overeating beyond
caloric needs. However, given that calorie intake in the paradigm
applied by Geha et al. (2017) was carefully titrated and not under
participants’ volitional control, this interpretation is speculative.
Further, as previously noted, hunger and satiation are associated
with functional network organization in response to food cues,
which may account for inconsistencies in the observed associa-
tions of obesity with indices of functional connectivity.

Another study demonstrated that connectivity strength
between medial and lateral PFC and regions serving visual
and motor functions was reduced in response to both food
and monetary reward cues in obese relative to lean individuals
(Garcia-Garcia et al., 2013). This latter finding is consistent with
the hypothesis that poor self-regulation and abnormal reward
valuation often observed in obesity may be associated with
weakened top-down neural communication from prefrontal
regulatory regions to regions involved in planning and exe-
cution of motivated behaviors. Weaker connectivity strength
between visual and motor regions, including extrastriate cortex,
precuneus and primary motor cortex, and regions involved
in inhibitory control like the IFG have also been observed
in obesity (Garcia-Garcia et al, 2013; Kullmann et al,, 2013;
Geha et al, 2017). This may reflect a relative disengagement
of PFC-mediated modulation of visuospatial attention and
motor output, which may promote biased attention to food and
execution of behaviors to obtain food.

Frontostriatal and frontoparietal connectivity are also
reduced in adults with obesity compared to normal weight
individuals, which may be related to craving and eating
of palatable food (Verdejo-Roméan etal, 2017). For instance,
weakened coupling within these networks was associated with
greater willingness to pay for palatable food relative to less-
appealing food of higher nutritional value, providing evidence
that such network level impairments may be associated with
real world decisions about which foods are purchased and
consumed. Interestingly, successful regulation of craving, as
well as successful response inhibition, are associated with the
opposite pattern of cortical-subcortical connectivity among
individuals with obesity, with stronger coupling being associated
with more successful attenuation of craving and response
inhibition (Tuulari et al., 2015; Dietrich et al., 2016; Filbey and
Yezhuvath, 2017). It is important to note that normal weight
individuals did not exhibit enhanced connectivity between
prefrontal and subcortical regions during successful craving
regulation or response inhibition, suggesting that individuals
with obesity might exhaust more cognitive resources when
regulating craving and behavior. This may explain why some
individuals experience frequent dietary self-regulation failures
despite having the desire to engage in healthy behaviors. In
general, findings from task-evoked connectivity analyses pro-
vide evidence that individuals with obesity exhibit differences
in connectivity patterns in response to high calorie palatable
food cues, which may underlie poor dietary self-regulation and
weight gain.

Resting-state connectivity

Although it is important to understand how differences in the
functional organization of the brain during the presentation of
food cues may relate to obesity, such studies do not answer
whether such differences are limited to the processing of food
cues or whether these areas are related to more domain-general
processes (i.e. reward processing). Investigating functional
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network connectivity while the brain is not engaged in
demanding tasks that require inhibitory control may afford
insight into the ‘intrinsic’ functional organization of the brain
(Fox and Raichle, 2007; Cole et al., 2014). This information may
then be used to draw inferences about obesity-related variations
in brain function that might be more domain general or at
least involved in several cognitive domains, including executive
functioning, attention, self-regulation and reward processing.

Obesity has been associated with differences in functional
connectivity at rest in many of the same regions and networks
that are modulated by food cues described above. However,
there is significant cross-study heterogeneity in the direction
of the associations between obesity and resting network archi-
tecture that is likely attributable to the differences in the spe-
cific networks that emerge in each study, as well as differ-
ences in sample characteristics and approaches to quantifying
resting connectivity (e.g. seed-based vs graph theory). Never-
theless, given what is known about how obesity is associated
with processes such as self-regulation and reward valuation, it
might be expected that obesity would be associated with weak-
ened resting connectivity between brain regions that support
self-regulation and those involved in valuation, but stronger
connectivity between those involved in valuation. Indeed, sev-
eral studies have observed this pattern among individuals with
obesity (Garcia-Garcia et al., 2013; Lips et al., 2014; Wijngaarden
et al., 2015b). For instance, individuals with obesity have been
shown to exhibit weaker amygdala connectivity with the inferior
frontal gyrus (IFG) at rest (Lips et al., 2014). Given the role of the
IFG in response inhibition and attentional control (Hampshire
et al, 2010) and of the amygdala in valence processing (Davis
and Whalen, 2001), it is possible that disrupted communication
between these regions may reflect impairments in top-down
control over attentional processing of cues in the environment.
Interestingly, this pattern of weakened amygdala-IFG connectiv-
ity at rest was accompanied by stronger connectivity between
the amygdala and insula (Lips et al., 2014), which may underlie
enhanced salience of motivational cues related to food. Simi-
larly, obesity has been associated with stronger ventral striatal
connectivity with ventromedial prefrontal cortex (vmPFC) (Con-
treras-Rodriguez et al., 2017) and anterior cingulate cortex (ACC)
at rest (Coveleskie et al.,, 2015), which may lead to the overvalu-
ation of food-related information that, in turn, leads to engage-
ment in obesogenic behaviors. It is important to note that the
attrition rate among individuals with obesity in Contreras-Ro-
driguez et al. (2017) was 28%, which may have produced biased
results. Given this caveat, it will be necessary for future studies
to replicate these findings.

There is evidence that obesity is associated with disruption
of the default mode network (DMN), a canonical resting-
state network that supports self-referential thinking, memory
encoding and retrieval and social reasoning (Greicius et al.,
2003). For example, a study of weight discordant monozygotic
twins observed enhanced connectivity of the DMN with
regions located in other networks such as the occipital cortex
among higher weight members of the twin pairs (Sadler et
al., 2018). Conversely, higher weight twins exhibited weakened
connectivity in regions of the salience network (SN), including
the ACC and anterior insula and the occipital pole compared
to their lower weight sibling (Sadler et al., 2018). These patterns
of weight-dependent connectivity may be related to decreased
sensitivity to homeostatic cues of hunger and satiety, as well as
altered reward processing. Interestingly, there is evidence that
functional connectivity within the DMN is reduced in obesity, a
pattern that was accompanied by increased integration between

DMN and other networks more centrally involved in processing
externally generated stimuli (e.g. sensorimotor network; Doucet
etal, 2017). Similar patterns have been observed in other
studies (Kullman et al., 2012; Garcia-Garcia et al., 2013; Geha et
al., 2017; Chao et al., 2018), including a recent study examining
the association of obesity with functional network organization
in over 500 individuals (Beyer et al., 2017). Disruption of the
DMN in obesity may reflect a diminished capacity of this
network to integrate information being generated by externally
driven and internally driven processing, which may be related
to impairments in attention, memory and meta-cognitive
processes.

Some studies have documented obesity-related reductions in
global connectivity strength, particularly between regions sup-
porting self-regulation in the PFC and regions involved in stim-
ulus valuation. For example, obesity has also been associated
with decreased global and local efficiency, as well as modularity
of functional networks throughout the brain (Baek et al., 2017;
Geha et al,, 2017; Chao et al., 2018), suggesting that network
architecture in obesity is characterized by reduced efficiency
of information transfer both within and between networks and
reduced functional segregation of networks. Moreover, there
is evidence that some network hubs have reduced influence
on neighboring regions in obesity, including the medial frontal
gyrus (MFG; Garcia-Garcia et al., 2015). The MFG is a region that
has been implicated in cognitive processes disrupted in obesity,
including motor planning, inhibitory control and conflict moni-
toring (Rushworth et al., 2004). This indicates that the functional
role of the MFG as a connective hub may be diminished in
obesity. Intriguingly, modification of biased attention for high-
calorie food cues through training increases MFG connectivity
among individuals with obesity (Mehl et al., 2019). This suggests
that MFG connectivity may be associated with weight through
variation in attentional control in the presence of highly salient
motivational cues such as palatable food.

Summary and limitations

There is growing evidence that obesity is associated with disrup-
tion of functional networks that are involved in cognitive, affec-
tive and behavioral self-regulation, as well as reward and inte-
roceptive and homeostatic processes, which may be associated
with weight-related impairments in these domains (see Table 1
for a summary of all studies of obesity). In particular, weight-
related differences in connectivity have most frequently been
noted in the executive control, salience and DMNs. Such global
patterns in functional network organization may be related to
many of the widespread cognitive and behavioral abnormalities
that have been documented in obesity. Despite these advances
in our understanding of the neural correlates of obesity, there
remain a number of unresolved questions, the most important
of which is the direction of causality. The majority of studies
to examine the relationship between obesity and functional
network organization have been cross-sectional, precluding any
definitive statements regarding whether excess weight causes
or is the consequence of disruption in these networks. Further,
the direction of the relationship between obesity and indices of
connectivity varies widely across studies, with some identifying
patterns of weakened connectivity and others finding enhanced
connectivity. Given that the behavioral consequences of net-
work disruption in obesity are poorly understood, it is difficult
to interpret the significance of these patterns of weakened or
enhanced connectivity beyond what is known about the function
of the affected networks or regions. Moreover, there have been



limited efforts to replicate findings and there is significant het-
erogeneity in sample characteristics, connectivity techniques,
and analytics approaches, making it difficult to evaluate the
robustness of reported relationships. In order to translate these
findings to improve treatment of obesity, additional research
is necessary to better characterize the mechanistic pathways
linking obesity with functional network disorganization.

Longitudinal and intervention effects on the
relationship between obesity and functional
networks

Task-evoked connectivity

Altered functional connectivity in response to palatable food
cues may be related to intentional weight loss, with networks
supporting self-regulation, reward processing and valuation and
self-referent thought appearing to be most strongly related to
alterations in weight. For example, individuals with overweight
and obesity examined after recent weight loss exhibited greater
connectivity in the DMN during passive viewing of food images
compared to normal weight individuals (Tregellas et al., 2011).
Given the hypothesized role of the DMN in self-referent thought
and internal monitoring, this may reflect a bias of attention to
internal states such as hunger and craving (Tregellas et al., 2011).
These results suggest that altered DMN connectivity during the
processing of food cues persists even after successful weight
loss, though it is important to note that responses to food in the
DMN prior to weight loss were not assessed in this study. It is
possible that this pattern of connectivity may promote eating
in response to food cues and may therefore underlie difficulty
with weight maintenance after successful weight loss. Another
study that examined the effect of two dietary interventions on
functional connectivity evoked by food cues found that total
meal replacement with reduced calorie shakes was associated
with reduced dorsolateral prefrontal cortex (dIPFC) connectiv-
ity with NAc, amygdala, OFC and insula in response to food
cues at post-intervention compared to pre-intervention among
individuals with obesity (Kahathuduwa et al., 2018). Interestingly,
this effect was not observed with a standard reduced calorie
diet typically administered for weight loss despite the fact that
both diets prompted weight loss and reduced food cravings
(Kahathuduwa et al., 2018), indicating that meal replacement
may exert a more robust effect on network organization. It
is important to highlight that the effect of meal replacement
on functional connectivity was evident after just 3 weeks of
intervention (Kahathuduwa et al.,, 2018), which suggests that
dietary interventions may prompt rapid reorganization of net-
works involved in self-regulation and reward-related decision
making.

Interestingly, there is experimental evidence that differences
in functional connectivity during the processing of food cues
that persist following weight loss is modified by leptin, a hor-
mone released by adipose tissue that acts on hypothalamic
receptors to signal weight status and regulate appetite (Fred-
erich et al, 1995; Maffei et al., 1995). Specifically, administra-
tion of leptin during dietary weight loss reduced hypothalamic
and NAc connectivity to the ACC, OFC and visual cortex but
increased connectivity with the insula during the processing of
high calorie foods (Hinkle et al.,, 2013). This may indicate that
leptin influences appetite and sensitivity to food cues through
downstream effects on connectivity between regions involved in
self-regulation, reward valuation and interoceptive functioning,
and could be a useful adjunctive treatment in weight loss inter-
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ventions if further research documents a relationship between
leptin-induced changes in functional connectivity and weight-
loss outcomes.

There is also evidence that patterns of connectivity prior to a
weight loss attempt may be related to the amount of weight lost,
with stronger connectivity between regions that support self-
regulation being associated with greater weight loss. For exam-
ple,amongindividuals with overweight and obesity, connectivity
between dIPFC and vmPFC at baseline has been associated with
the tendency to select the option to consume a larger portion
of a preferred meal at a later time rather than a small portion
immediately, despite being in a fasted state (Weygandt et al.,
2013). This finding suggests that enhanced connectivity between
the dIPFC and vmPFC facilitates dietary impulse control, which is
consistent with the role of these regions in self-regulation and in
reward and emotion processing, respectively. Alternatively, this
finding may also be interpreted as evidence that individuals who
exhibit enhanced connectivity between the dIPFC and vmPFC
simply assign more value to a higher calorie meal rather than
possess more impulse control per se. However, this alternative
explanation is weakened by the observation that stronger dIPFC-
vmPFC connectivity and selection of larger delayed meals at
baseline predicted weight loss following a dietary intervention
(Weygandet et al., 2013). Two tentative conclusions can be drawn
from these studies. First, the findings reported by Tregellas et al.
(2011) and Hinkle et al. (2013) suggest that some obesity-related
differences in network-level connectivity may not be attenuated
by weight loss. It is possible, therefore, that certain patterns of
functional connectivity in obesity may represent a stable marker
of the condition that may either increase risk for obesity or
facilitate maintenance of unhealthy weight. Alternatively, these
differences in functional connectivity may potentially increase
vulnerability for weight gain after a successful reduction in
weight. Second, given that patterns of connectivity associated
with enhanced impulse control predict the amount of weight
lost following a dietary intervention (Weygandt et al.,, 2013),
it may be argued that network-level connectivity patterns are
mechanistically linked to obesity through processes like self-
regulation and reward valuation and may therefore precede
the development of obesity. However, it will be necessary to
compare connectivity patterns before and after weight loss and
stable weight maintenance, as well as to measure connectivity
patterns in individuals at high risk for obesity, to evaluate these
hypotheses. See Table 1 for a summary of these studies.

Resting-state connectivity

Several recent studies also provide prospective and intervention-
related evidence that resting-state functional connectivity
patterns both predict future weight gain and are modified
by weight loss, suggesting that differences in resting-state
functional connectivity may be mechanistically linked to
obesity. For instance, stronger dorsal striatal connectivity with
the somatosensory cortex at baseline was found to predict
additional weight gain at 12-week follow-up among individuals
with obesity (Contreras-Rodriguez et al., 2017), suggesting that
enhanced communication between regions involved in sensory
processes and those involved planning and execution of
motivated behaviors may promote engagement in behaviors
that lead to weight gain. However, as noted above, these findings
should be interpreted with caution given the high rate (28%) of
participant drop-out in this study. Cross-sectional comparisons
between normal-weight individuals, individuals with current
obesity and individuals who underwent gastric bypass surgery
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at least 1 year prior to enrollment revealed that connectivity
between the ACC, OFC and superior frontal gyrus was greater
among individuals with obesity compared to normal-weight
individuals and those who had undergone bariatric surgery
(Frank et al., 2014). A similar pattern was observed for resting-
state connectivity between regions involved with reward
and somatosensory processing (e.g. OFC and post-central
gyrus), such that individuals with obesity exhibited heightened
connectivity compared to normal-weight individuals and
individuals with obesity who had lost weight following surgery
(Li et al., 2018Db). Further, there were no significant differences in
connectivity strength between the normal weight and surgery
groups (Frank et al., 2014; Li et al., 2018a). As such, it is possible
that weight loss may induce changes in functional connectivity
that promote normalization of reward valuation and enhance
self-regulation. However, this interpretation is speculative
given that these studies did not assess baseline resting-state
connectivity or examine the relationship between resting-state
connectivity and cognitive and behavioral risk factors for obesity,
including reward processing, impulsivity or diet. Therefore, it is
currently unknown whether weight loss-induced variation in
resting-state connectivity relates to individual differences in
cognitive and behavioral processes that could influence the
extent of post-intervention weight regain. Additional research
is necessary to better understand how obesity and weight
loss affect resting-state connectivity and whether differences
in resting-state connectivity are associated with cognitive or
behavioral risk factors for obesity. Further, it will be important
to determine whether individual differences in resting-state
connectivity following weight loss predicts the extent of weight
regain after an intervention is complete.

Data from intervention and longitudinal studies provide
further support for the hypothesis that weight loss produces
changes in resting-state connectivity, particularly in the DMN.
Specifically, while evidence suggests that obesity is associated
with stronger DMN connectivity at rest (e.g. Sadler et al.,
2018), weight loss has consistently been associated with
reductions in DMN connectivity. For instance, following a
6 month physical activity intervention, participants exhibited
reduced connectivity between the precuneus and other regions
comprising the DMN relative to baseline (McFadden et al., 2013).
Similar results were reported by this group using data drawn
from the same sample but applying an effective connectivity
approach to quantify intervention related changes (Legget
etal., 2016). Further, greater reduction in DMN connectivity
strength over the course of the intervention predicted greater
reduction in fat mass and hunger ratings during and after a meal
(McFadden et al., 2013), indicating that changes in connectivity
may underlie improved behavioral self-regulation in the service
of meeting weight loss goals. Bariatric surgery has similarly
been shown to weaken resting connectivity between nodes of
the DMN, including the PCC, hippocampus and vmPFC, with
the extent of this reduction in connectivity strength being
associated with greater weight loss following surgery (Li et al.,
2018a). Individuals who have undergone bariatric surgery also
exhibit reduced connectivity between regions involved in value
assignment and motivational processes such as the vmPFC,
dmPFC and ACC (Li et al., 2018b), which may promote healthy
lifestyle behaviors necessary to maintain weight loss following
surgery.

Resting-state connectivity patterns in the DMN may also
vary according to the method of weight loss, suggesting that
some interventions may be more effective at modifying network
function to support weight loss efforts. Specifically, cross-
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sectional assessment of individuals who participated in a weight
loss intervention demonstrated that those who underwent
gastric bypass surgery exhibited increased superior parietal lobe
connectivity with the insula, superior temporal lobe and primary
motor cortex during a fasted state compared to individuals
who participated in a dietary restriction program (Lepping
et al., 2015). In addition, connectivity between these regions
weakened following the administration of a meal among gastric
bypass surgery patients, but not among individuals in the
dietary intervention (Lepping et al., 2015). This pattern of results
may be interpreted as evidence that behavioral weight loss
interventions attenuate biases in attention to signals of hunger
and promote awareness of satiety signals, an effect that may
be absent in surgical interventions due to their limited focus
on changing dietary-related cognitions and behaviors (Lepping
et al., 2015). It is possible that differences in DMN connectivity
across intervention methods may influence the degree to which
each intervention produces changes in dietary behavior and
weight. However, this study did not examine whether differences
in connectivity either before or after meal administration were
associated with degree of weight lost during the intervention,
with dietary behaviors outside of the laboratory, or with long-
term maintenance of lowered weight. Further, they were unable
to examine changes in connectivity from baseline to post-
intervention time points, information that could prove useful
for understanding mechanisms influencing treatment response.
Therefore, it is as of yet unclear whether differences in resting-
state connectivity between weight loss intervention groups
are related to the long-term efficacy of each intervention,
an interesting question warranting additional research. These
studies provide preliminary evidence that weight loss leads
to changes in resting-state connectivity that may facilitate or
mediate improved control of diet and physical activity. Moreover,
they suggest that altered resting-state connectivity patterns
may be one mechanism by which obesity develops and/or is
maintained (see Table 1).

Relationship between disordered eating behav-
iors and functional connectivity

The prevalence of eating psychopathology characterized by
binge eating [e.g. bulimia nervosa (BN) and BED] is elevated
among individuals with obesity (Kessler etal., 2013) and is
associated with the use of ineffective dieting strategies (e.g.
dietary restraint; Klesges et al., 1992). Moreover, rates of obesity
among individuals diagnosed with BN and BED significantly
exceed that of the general population (Villarejo et al.,, 2012).
Therefore, examining the relationship between functional
network organization and clinical eating phenotypes such
as binge eating and dietary restraint may yield additional
insights regarding the behavioral, psychological and neural
correlates of obesity. To date, only 11 studies have examined
the relationship between functional network organization
and clinical eating phenotypes most typically associated
with obesity. Of these, only two studies included individuals
with a BMI in the overweight or obese range (Geliebter et al,,
2016; Stopyra et al., 2019). Further, very little is known about
functional network organization in BED, the eating disorder
most frequently co-occurring with obesity. Nevertheless, these
studies may serve as a basis for additional research exploring
the relationship between functional network characteristics
and disordered eating among individuals with overweight
and obesity. A summary of these studies is provided in
Table 2.



Social Cognitive and Affective Neuroscience, 2020, Vol. 15, No. 10

1172

‘panunuod

SNING
‘K108
paas -U9S01BWOS
‘(snaund e Se 1SaI9]ul ‘lonuod
1y3u1 ay3 pue snih3 [eyrdoo JO jI0M)DU SATINDIXD
S[ppTwt 1Y3LI 3Y1) SeaI. [ENSIA OM] 8I=1u Uoea woij ‘@ouatres Jo DJ
pue x91100 d1en3ur 1o11s3sod (2) (€) :S[013U0D spou 3[3uls pue sisouderp $10Z
UYILM PUE {I0M]9U AI0SUISOIBWIOS 7T S[o1nuod € S[01IU0D Ayareay e 3ursn D3 Ng usamiaq “Iv 3
a1 UM yioq nJ 3unsaz Aqaresy Ayqaresy ‘91=u a1e)s-3unsal drysuoneraz [euonoas ouruSeaeT
pasea1dap e pamoys dnoid Ng {(2) 12 :Ng (s) €z :Nd e/U Ng paseq-pass YL -SS01D
‘9IBUUONSINYD
adeys Apog a3 Jo sa100s
I9ySIY YITM PIIB[DIIOD UDIYM
‘snaundaid pue x93110D 93e[n3UId
IOLI9]UE [BSIOP U3 U9aMm1dq X9110D
£31an5€ snouoIyduAs 193uons aren3um
pajensuowap sdnoid yiog IOLI9UE [esIop
"X9110D [e1UOIJ0)IGIO [RIPSW pUk a1 Jo D1
X9110D 91e[n3uId I0LIS}UE [eSIOp oz=u aje3s-3unsal
931 U22m13q KJIATIDOE SNOUOIYDUAS 'S[OI3U0D X9110 pue sisouserp
193uo1ns pamoys dnoid Ng a3 (6'1) (8°1) Aqaresy ar1e[n3umn I9pIOSIp
SeaIaYM ‘X9110D [eTus(dsonal pue 6'6T :S[01IU0D €'€¢ S[O1NU0D ‘oc=u IOLI9JUE [BSIOP 3unes
X9110D 91e[n3uId I0LI9}UE [eSIOp Aqareay {(g72) Aareay ‘(6°€) N ay3 Jo DI usamlaq $10Z
o3 Usamiaq AIIATIOR SnouoIYOULS 917 :Ng ‘(£'T) 6'27 :Nd ‘(z'%) ‘/T=U 91e)s-3unsal drysuonyeraz [euonOas “Iv 32 397
193u0ms pajqyxs dnoid Ny 09T NV 75T NV '/U NV paseq-pass Ay L -SS01D
'S191Ed PAUILIISAL
Buowre £juo 1nq A3oroyed NG
UIIM PIIBIDOSSE SEM AJIATIDDUUOD
91e3s-3unysal x91100 [ejuoijard ok X9110D
[e193e[0sI10p paseanu] ‘swoidwAs (S8'T) ¥0°1C vZ=u 91e)s-3unsal reruoyaxd
Ng 19y31Y 31m pajedosse (0s°2) T0°1T :S[OIIU0D IS[OI3U0D sidojowroy [e191e[0SI0D
Sem UDIYM ‘X3110D [ejuoijaid :S[OIIU0D Auyaresay Ayareay paloLIut a1 Jo DI
[eI93e[0SIOP 3] JO AIIATIDAUUOD {(8€72) {15°1) ‘cg=1u -[9x0A ‘D] pue £3oroyied 910z “Iv
SLIRYdSIWAYISUL PadNpal 60'T¢C :S191ed ¥/°0C :s191ed 19183 ajeys-3unsal I9pIOSIp [euondas 15 usyD
P3IqIYXD SI9Ied paurensay paurensay paurensay e/u paurensay paseq-pass 3uneg -8S01D
(as) (as) 1sa19IUl
s3urpurg IINg UBSIN a8e ueay uonuny N anbruypal D1 Jo S[qeLrep udsag oymny

191p pue 3unes paiaplosip ‘D usamiaq diysuone[al say3 3une3dnsaAul SSIpnis Jo Arewung g 9[qelL



1173

Donofry et al.

‘panunuod

*S3DI1I0D [BIUO0IJ0IIGI0 9T =u
pue [ejuoijaid [e19)e[osIop (91) :S[013U0D
ut DHNA Paonpal pamoys 1°TC :S[OIIU0D (9] Ayareay
syuaned Ng o[tym ‘snaundaid Ayaesy 1°9¢ :S[OIIUO0D ‘cT=u
pue e[NSUI ‘WN{[3G2ID ‘parrodai Aqareay {(0°2) NG /102 o
ur DHNA PaoNpal PaHqIyxa 10U N4 (9'T) /T N4 (9°T) ‘ST=u DHINA [euon309s 12 BUUED
syuened NV ‘DH 01 paredwio) 89T :NV €52 NV e/u NV DHNA a1e1s-3unsay -sS0ID
"dnoid Ng ay3 ut £11aT10® 8z=Uu
X9110D [eIUS[dS0I1391-X3110D 'S[OIIU0D
a1e[n3um IOLISIUE. [BSIOP (¥s¥) 85 (8v'01) Ov'6€ ySem
snouoIyduAs 193uoIls paeanal 'S[OI3U0D :S[O13U0D -1910
sisA[eue paseq-pass JI0MIdU 1ySemiaa0 1ySremiano ‘6z=u
UDeS UTYIIM DJ UT 1910 Yoed {08'17) s8'T¢ ‘(65°9) 98'9¢ S[013U0D sisougerp
woij parayip sdnoid Ng pue gIgd :S[013U0D :S[013U0D 1ySem 19pIOSIp
9I0WLISYHIN] "X9}H0D [eyuoijaid 1y3rom 1y3om Ayqaresy 3unes pue
[ETpPSW 33} UI SE [[9M SE ‘SI0M}dU Ayaesy Ayiresy ‘6z=u fyanosuuod
9DUSI[ES S} UM X9)I0D ‘(66'2) €c'TT ‘(ss°o1) Sb'Le N4 f1anosuuod a1e1s-3unsaz 6107 “10
s1en3urd IoUsIUR [BSIOP 3Y3 UL NE H(€T'D) N4 {(90°€T) ‘Lz=u areys-Sunsar u2am19q [euond9s 12 e1kdorg
D4 JuelIRqe pa1iquyxe syusned a1 $9'z¢ :qad 6€'8¢ :Igd '/U ‘a3d paseq-pass drysuoneray -SS0ID
*SS9UUIY} 10J SALIP PUE BIWING
JO $9100s Y3Im A3uedJTudis
Pa1E[a1I0D UYDIYM ‘SUOI3aI
orquuifered pue dIquuij [ed13100qNS
Zurajoaur £31an0auuod0dAy
pamoys ose dnoid stsouderp
Ng "X9110D [eIUO0IJ03IqI0 pue Snik3 Ng pue
redwrecoddiyered ‘snduresoddry £1oayy yderd
93 Se yans ‘suoidax Pp=1u BIA pOSSasse
[BO13102qNS [BISASS UI ISMO] INg #1) (#e) :S[01}U0D £1oayy ydeid fyanoauuod
‘snaundaid ay) se [[om Se suoIdax §°0C :S[OTIU0D 1°€¢ :S[OIIU0D Ayaresy BIA pIssasse a1e1s-3unsai /10210
[eNSIA pUE I0JOWILIOSUSS S} Ul Aqaresy Ayqaresy Yr=u fyanosuuod [$EEVINETe] [euonO9sS 12 Suepm
19y31y sem Ng Ul yi3uans [epoN {97) 01T :Ng ((¥¢) ¢z Ng e/u INg 91e1s-3unsay dysuoneray -S801D
(as) (as) 1saI9IUl
sBurpuig NG UeSN a8e ueapy uonuRy N snbruysal D Jo d[qeLep uSisaqg oyny

panunuoy °g d[qeL



Social Cognitive and Affective Neuroscience, 2020, Vol. 15, No. 10

1174

‘panunuod

*X9110D [B1U0IJ0}IQI0 [RIpaWL
Y3 UM SUOIIORISIUI JUBDIJTUSIS
Po1e1ISUOWLP B[NSUIL IOLIIUE 3]
a1 ‘dnoid Ng ay3 uJ "D 1ySu pue
ensul 3Y3LI 9Y3 YIIM SUOTIDBIDIUL

sand pooj jo

JUeDIUSIS PIIBIISUOUWSP oz=u urssadoid ay3
e[nsur Joujue 3] ay3 ‘dnoid Nv :S[OIIU0D 1S2I91UT UO Suump ensur
93 UJ "B[NSUI I0LIS}UE }J3] SY3 UL (6'1) (8'1) Aqaresy uo13a1 3y} se IOLIS}UE Y}
£11AT1D€ PISEaIdUT PAEIISUOWSP 6'6T :S[OIIUO0D €€ :S[OIIU0D ‘oz=u B[NSUI IOLI9IUE Jo £11ATID9UUIOD
dnoid Ng pue dnoid NV a3 yioq Aqaesy (g2) Ayareay ‘(6°¢) N M 1dd EYNshENIEY
‘sadew1 pooj-uou 03 paredwiod 912 :Nd ‘(£'T) 6'7¢ N4 ‘(¢) ‘8T1=u ‘K1am1D3UU0D pue [euonduUnj [euonoas z10e
sadewt pooj 03 asuodsai uj 09T NV ST NV e/u NV paseq-pass POX0AS-3SEL -ss01D “Ip 30 Wy
'paA19sqo a1am JyStam £poq jo 1e9 93uiq oym
$103§J9 ON '[2A3] UIBIQ-3[OUM S} S[enpIarput
1€ JueDIJTUSIS 2I9M S1D9JJd S} Suowre
Jo auoN 'sniA8 [eurdreweidns S9ND pooj
pUB WN[[9G31ad ‘B[NSUT or=1u 01 asuodsail
pue X91100 91e[n3ur Iousjue (z2) (90) :S[01}U0D ur X91102
[esIop usamiaq AJIATIDIUUOD [’ [T :S[OIIU0D €1 :S[OIIU0D Ayareay aen3umn 910z
1918313 PIIIQIYXS SI91ed Aqaresy Ayaresy ‘or=u 1dd IOLIS}UE [BSIOP “Ip 32
a3u1q ‘sand pooj (s1107ed-MO] {(8's) ¥'LC e tee :3unes ‘£11Am109UU0D a3 Jo DA [euonoas 13192130
sn) autoed-y3y 03 asuodsai uj :3unes a8uig :Bunes a3urg e/U a3uig paseq-pass payoAS-3SeL -SS01D
sisouderp
‘B[NSUI JOLIS}UE [BI}USA g ue yim
01 [ESIOP pUE X3110D [BIU0IJ0}IGIO S[enpIATput
JIOLI9JUI O} S[PPIW ‘X110 Suowe
[€3U01J011qI0 IOLISJUT O} B[NSUT uonnjos
JIOLID}UE [BIFUSA WIOIJ 1] Y} aso1dns
U0 AJTIATIDOSUUOD DATIDRJJS PIMOYS e Jo uonsadur
Nd pue NV y3og ‘snwereyiodLy a3 Suunp
313 0} 219U} WO} PUE WINIBLIS plemal pue
[enuaa 03 1en3uId IoLIS}uE 9z=u SISB}SORWIOY
33 Wolj AJTADIUUOD DALY (tz1) 1912 (6v°€) 6€¥C 'S[O1U0D £81aud
pamoys sdnoid 1apiosip-3unes :S[013U0D :S[013U0D Ayaesy Ul PAA[OAUL
30q 9pIs Y31 93 UQ ‘A[[eIde[lq Aqaresy Ayqaresy ‘sg=u suoidail
WINJeLHS [BIIUSA 0} snurefeyiodAy ‘(68'5) 95°€T ‘(cze) 94T ‘Ng [sEEVINETe] 910z o
a3 woy uraned £11and9uu0d IN€ ‘(60°T) INd ‘(92°S) ‘9z=1u Ay1anpauuod fy1and9UU0D [euondas 1 Jueld
9AT}DRJJ9 UR peY S[0IFU0d Y3 A[UQ €791 NV €T'ST NV '/u NV 2ATIDRYT 2ATIDRYT -Ss01D
(as) (as) 1sa19)ul
sSurpuig INg uesiN 93e ueapy uonumny N anbruypal H3 Jo S[qeLrep udisaq oymy

penunuo) °g 9[qeL



1175

Donofry et al.

‘£31a1309UU0D D1d010WOY PAIOLITWI-[9XO0A ‘DHINA ‘AHATIDUU0D [eRUONDUN] ‘D] ‘uondeidul [edt3oorsAydoydAsd ‘1dd ‘1opiosip 3unes ‘qq 210N

‘(erep34wre) uonjows pue
(sndwesoddry) Arowawt ‘(x93100

Teruoija1d) UOTIDUNJ SATINDOXD uorssaidal 6102
11oddns ey3 suoidar urym XLIjew paseq “Iv 32
DJ Ul S9DUSISJIP [ENPIATPUT YIIm -9JUB)SIp f1anosuuod [euonoas TepynreL
PS1eIDOSSE 1M S[9AJ] € e3dWO (0'%) 09z (0'€) 069 B/U 96=N leURATI[NN ureiq-s[oyM -SS01D
-a1e[n3umn
Jousod Y3 pue 11 9y}
U29M19q AJTATIODUUOD PISEIIDP
pUE ‘X9}10D A10SU9S0}BWOS
93 pue x9110D [ejuoijaid o}
U29M19q AJIAT}DIUUOD PISEIIDIP
x91100 [erodwal 1y3LL 33
pue sni43 [ejuoij 1ouadns 3397 3y}
udam19q AITAT}DDUUOD PaseaIdap (dn
‘a1en3um Jo11s3sod [e1syefiq -MOT[0} (dnoi3
pue ‘xa1100 [ezodwal 1y3ut 9197dwod [onuod /102
Y3 pue x33100 [e1atred IoLajul j0u fyanoauuod ou) uon “1p 32
1J9[ 93 U22M13q DJ PaseaIdap PP €= N) paseq-pass -UaAI9]UL sa1eseD
SEM SIS} ‘UONIUSAISIUL S} IOYV (£%) sT'8¢ (cov) 1E°9% %8°ST 6I=N paseq-pass o1e1s-3unsay reurpniiduoy Bin3ih)
(suewny)
saIpnis DJ pue 1_IQ
'S3DI0YD POOJ PI[[OIIUOIUN
ur £31A130€ X31100 [ejuoiaid 104 jsel}
[eTpaWONUIA Y3im pajdnod (9g72) gz=1u 93 SE X9110D 90101 pooj ©
sem X3}10 [ejuoijaid [eI9)e[0SIop €'1Z :S[013U0d (0s72) :S[013U0D reruoiyaxd 3urmnp x9310d
a3 ur £11a1108 31 1B1) Ayareay €T :S[0TIU0D Ayareay [e191E[0SIOp Teauoayaid 810z v
pamoys SIsATeue DJ "Us1jO 10U {(s1°2) Ayqaresy ‘se=u M 1dd [e191e[0SI0D [euonIas 12 N9ASN
pooj Ayiesyun asoyd syusnied NG 66T :Ng (£8€) ¥ :Nd e/u Ng paseq-paas joDd -sS0ID
oeyYSH[IW
Jo 23Sk} Y} 10j punoj sem uraijed
aysoddo sy, "dnoid [o13u0d yeysy[I
a3 03 aAne[a1 dnoid Ng U3 Ut €I=u 91e[0D0D B
ayeysIw jo 1dreda1 pajeddnue (zv'2) 6T°€CT :S[013U0D 104 23 Jo 1d1edar pue
Zuump e[nsut pue usweind :S[O1}U0D payiodax Aqaresy se e[ep3Lwe uonedonue 2102
1J9 9} UI UOTIBATIOR 0] AJ1ATIOR Ayqareay 10U sueaW ‘cT=1u UM 1dd Suumnp ‘93115 pue
e[ep3Awe jo uone[a1 193ea1d {(z82) dnoi3qns NG £31AT309UU0D fy1anoauuod [euonoas uoyog
B pa[eaAdI sasA[eue £}1AT}DRUUOD €6'€C INd {(/8'T) €0C B/U  ploysaIyiqns paseq-pass pasona-3Se], -8S01D
(as) (as) 1sa19)ul
sSurpuig INg uesiN 93e ueapy uonumIy N anbruypal H1 JO 3[qeuren udisaq oymy

penunuo) ‘g 9[qeL



1176 | Social Cognitive and Affective Neuroscience, 2020, Vol. 15, No. 10

Task-evoked connectivity

Five of the 11 studies to examine functional network charac-
teristics among individuals who engage in binge eating have
interrogated whether and how functional networks are engaged
in the presence of food-related stimuli. Several of these stud-
ies have identified differences in connectivity of nodes in the
SN. For instance, participants with subthreshold BED exhibited
increased dorsal ACC connectivity with the anterior insula, cere-
bellum and supramarginal gyrus during visual and auditory
presentation of high-calorie food cues compared with partici-
pants who did not endorse binge eating (Geliebter et al., 2016).
These regions have been implicated in affective and interocep-
tive awareness, processes that allow the use of homeostatic
and motivational states to guide decision making (Craig, 2009;
Shenhav et al., 2013), suggesting that disrupted connectivity
between these regions may contribute to binge eating through
impaired self-awareness of affect, arousal and hunger. Individ-
uals with BN, a disorder that includes recurrent episodes of
binge eating accompanied by compensatory behaviors intended
to mitigate weight gain, were found to exhibit increased con-
nectivity between the anterior insula and the medial OFC in
response to high calorie-food cues (Kim et al., 2014). This pattern
was not present among those diagnosed with anorexia nervosa
(AN; Kim et al., 2014), an eating disorder in which binge eating
is more rarely observed and is instead characterized by extreme
caloric restriction and low body weight. This may indicate that
increased coupling of the insula and OFC during the processing
of high-calorie food cues is a distinct feature of binge eating.
Similarly, another study found that subthreshold BN was associ-
ated with increased amygdala connectivity with the insula and
putamen during anticipation of tasting a milkshake, highlighting
the importance of the insula in binge eating pathology (Bohon
and Stice, 2012). Finally, greater connectivity between the dIPFC
and vmPFC was associated with more frequent selection of
unhealthy calorie dense foods among individuals with BN, a
relationship that was not apparent among healthy individuals
(Neveu et al., 2018). Together, these findings suggest that binge
eating psychopathology is associated with differences in net-
work organization and regions that support reward valuation
and salience detection during the processing of food cues.

There is also evidence that effective connectivity between
regions involved in reward processing and salience detection
is altered in eating disorders. Interestingly, one study found
that individuals without an eating disorder showed heightened
effective connectivity from the hypothalamus to the ventral
striatum while tasting a sucrose solution (Frank et al., 2016). In
contrast, communication between these two regions was shown
to flow in the opposing direction among individuals with AN
and BN, with the ventral striatum exerting influence over the
hypothalamus (Frank et al., 2016). Individuals with BN exhibited
a unique pattern of heightened effective connectivity from the
ACC to medial OFC in response to sucrose (Frank et al., 2016).
These results suggest that eating disorder psychopathology not
only is associated with differences in signal coherence between
regions involved in reward and salience detection but also may
alter the direction in which signals are propagated.

Resting-state connectivity

The majority (n=6) of studies to investigate variation in
functional connectivity among individuals with binge eating
psychopathology have focused on intrinsic functional networks.
BN has been associated with differences in resting-state

networks that support self-referential processing, detection
of and orientation toward salient cues in the environment,
assignment of value to experience and somatosensory pro-
cesses, including the SN, the somatosensory network, and the
DMN. For instance, individuals with BN exhibited stronger nodal
strength of regions in somatosensory and occipital cortex, as
well as the precuneus, compared to those without an eating
disorder (Wang et al., 2017). This suggests that regions involved
in body awareness and sensation might be more integrated in
BN, which may be associated with body image distortions and
enhanced responsiveness to food cues. Similarly, BED has also
been linked to enhanced resting connectivity between regions
of somatosensory cortex (Stopyra et al., 2019). Moreover, the
strength of connectivity was positively correlated with the
frequency of binge episodes (Stopyra et al., 2019), providing
evidence that stronger coupling of these regions represents
a neural signature of binge eating. However, it is important
to note that another investigation of intrinsic connectivity of
somatosensory regions observed reduced rather than enhanced
coherence among individuals with BN (Lavagnino et al.,, 2014),
which presents some interpretive difficulties regarding the role
of these regions in binge eating.

Nodal strength has been shown to be altered in regions that
are critical for salience detection, reward and affective processes
and memory, including the OFC, striatum, putamen, amygdala,
insula and hippocampus (Wang et al., 2017). This finding is
consistent with other studies demonstrating that binge eating
phenotypes are associated with differences in the SN at rest,
particularly the dorsal ACC and anterior insula (Stopyra et al.,
2019; Lee et al., 2014). For instance, women with BN were shown
to exhibit enhanced connectivity between the dorsal ACC and
medial OFC, a pattern that was not observed in AN (Lee et
al., 2014). Moreover, stronger resting connectivity between the
dorsal ACC and precuneus was related to more severe weight
and shape concerns among both eating disorder subgroups (Lee
et al.,, 2014), suggesting that disruptions in the SN and DMN
may be associated with body image distortions common to both
diagnoses. Connectivity of the dIPFC has also been shown to
be altered among individuals high in dietary restraint, a com-
mon transdiagnostic feature of eating disorders. Specifically,
dietary restraint was associated with reductions in connectivity
between the dIPFC and regions involved in reward processing
(e.g. vmPFC) and self-directed thinking and memory (PCC; Chen
et al., 2016), which may contribute to episodes of disinhibited
eating frequently experienced by individuals high in dietary
restraint. This hypothesis is supported by the observation that
reductions in dIPFC connectivity were associated with symp-
toms of BN among those characterized as restrained eaters
(Chen et al., 2016). Finally, interhemispheric connectivity of the
dIPFC and the OFC has been shown to be diminished in BN
(Canna et al.,, 2017), providing further evidence that networks
supporting cognitive control and reward processes are disrupted
in conditions such as BN.

Summary and limitations

Overall, there have only been 11 studies to investigate the
relationship between functional connectivity and clinical
eating phenotypes most commonly documented in obesity
(Table 2). Nevertheless, these studies have identified a number of
networks that may be disrupted among individuals with eating
psychopathology, particularly the salience, somatosensory,
reward and DMNs. However, because only two of the studies



described above included individuals who were overweight or
obese (Geliebter et al., 2016; Stopyra et al.,, 2019), it is difficult
to draw inferences based on these findings regarding eating
psychopathology and network connectivity specifically in
this population. Additional research examining whether the
relationship between eating psychopathology and functional
network organization is modified by weight status or moderates
the efficacy of weight loss interventions is warranted.

Relationship between nutrient intake profiles
and functional connectivity

The evidence summarized in the sections above suggests that it
is not only the state of obesity but also specific eating behaviors
(e.g. binge eating) that are related to functional connectivity
networks. This raises the question as to whether there are
certain nutrients or macronutrient intake profiles (i.e. diets) that
are associated with functional connectivity and cognitive health.
Such information could lead to mechanistic research examining
personalized dietary interventions for individuals with obesity
that are designed to target the most disrupted brain networks.

Accumulating evidence suggests that one particular nutrient
family, long-chain polyunsaturated omega 3 fatty acids (w-3FAs),
specifically docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), are associated with both structural and functional
brain health. In fact, one of these fatty acids, DHA, is the prin-
ciple w-3FA comprising brain gray matter (Calder, 2016), so there
is good reason to suspect that supplementing concentrations
of w-3FAs would affect the functioning of brain networks. As
with most intervention research, much of the initial ground-
work regarding the effects of specific nutrients or entire diets
on functional connectivity has been conducted using animal
models. Studies of functional connectivity using animal models
almost exclusively examine resting-state connectivity patterns
for practical reasons (i.e. because animals are typically sedated
in order to undergo fMRI).

Diet and resting-state networks in animals

Using a macaque model, Grayson et al. (2014) examined the
effects of a w-3FA-deficient diet on functional brain development
in monkeys that had been placed on control diets providing
DHA or a non-DHA w-3FA, or to an experimental group pro-
viding no w-3FAs (‘w-3FA-deficient’) in early life. Monkeys that
were raised on the w-3FA-deficient diet demonstrated much
weaker connectivity between nodes in the early visual path-
way compared to the other groups. The deficient monkeys also
had weaker, less segregated connectivity within higher-order
association networks thought to support executive functioning
in humans, as well as reduced global efficiency across brain
networks. These functional connectivity differences were linked
to behavioral deficits in visual acuity and attention in the w-3FA-
deficient monkeys compared to those consuming w-3FAs (Reis-
bick et al., 1994). Importantly, monkeys consuming the non-DHA
-3FA diet had intermediary connectivity strength patterns to
those fed the DHA-rich diet. These results not only demonstrate
a sustained effect of w-3FA deficiency on functional connectivity
but also provide evidence supporting that »-3FA supplementa-
tion (esp. with DHA) relates to more developmentally favorable
functional connectivity patterns in brain networks supporting
both basic (i.e. visual) and higher-order (sustained attention)
cognitive processes. Thus, nutrient intake profiles higher in -
3FA may optimize the development and ultimate functioning
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of key brain networks supporting both higher order and basic
functions.

Importantly, the evidence for the positive effects of w-3FA
supplementation does not appear to be limited to early life. A
study by Weismann et al. (2016) demonstrated that DHA supple-
mentation can have beneficial effects in older animals exhibiting
signs of pathological aging. Older mice carrying the APOE-e4
allele, a genetic risk factor for Alzheimer’s disease, were fed a
diet enriched with vitamins and DHA. Importantly, these mice
were exhibiting structural and functional signs of Alzheimer’s
disease, including weakened functional connectivity in several
age-vulnerable regions (e.g. the hippocampus) and histological
profiles indicating neural distress. Compared to a group of APOE-
e4 mice fed with a typical diet, those fed with the enhanced
diet showed increased hippocampal and visual cortex functional
connectivity. In fact, their functional connectivity networks were
more similar to mice not carrying the APOE-e4 allele. Thus,
supplementation of a diet rich in »w-3FAs may be able to ‘res-
cue’ aberrant functional connectivity patterns associated with
disease and delay or reverse neural changes associated with
pathological aging. Intriguingly, some of the same regions most
sensitive to the effects of aging and »-3FA supplementation (e.g.
the hippocampus and sensory regions) are also among those
implicated in obesity in humans, suggesting some degree of
shared mechanisms between weight regulation, eating behav-
iors and aging.

Diet and resting-state networks in humans

Although the positive effects of w-3FA supplementation on
cognitive and brain structural development in humans is well
established (for review see Lauritzen et al., 2016), evidence for
its effects on brain functional connectivity specifically is more
sparse. However, a growing number of human resting-state fMRI
studies are reporting findings consistent with the animal studies
of w-3FA rich diets summarized above.

Garcia-Casares et al. (2017) examined the effects of a 6 month
weight loss intervention involving Mediterranean diet (a diet rich
in »-3FAs) and physical activity on functional connectivity in
adult women with obesity. All individuals in the sample success-
fully lost weight during the intervention. Further, at follow-up,
connectivity between regions involved in networks affected by
obesity (e.g. DMN, salience, orexigenic and sensory motor net-
works) was altered. These results were interpreted as showing
a normalizing functional connectivity pattern in a sample with
obesity following successful weight loss. However, there were
several notable limitations of this study that make firm conclu-
sions tenuous. First, the study did not include a control group,
and so it is not possible to tell whether functional connectivity
patterns became more similar to healthy-weight females, or just
changed more generally. Secondly, it is not possible to isolate
the effects of Mediterranean diet from PA or caloric restriction in
this study since, in addition to partaking in a Mediterranean diet,
participants were also encouraged to increase their PA levels and
decrease their caloric intake.

Fortunately, the results of other studies have more firmly
linked differences in functional connectivity patterns to w-3FA
acid intake. In a cross-sectional study of 96 older adults, Talukdar
et al. (2019) conducted a comprehensive connectome-wide study
on which functional connections are associated with individual
differences in w-3FA levels. They found that »-3FAs are associ-
ated with increased functional connectivity within frontal lobe
regions underlying executive functioning, as well as among tem-
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poral lobe regions involved in memory and emotional salience.
Further, the strength of these connections was associated with
measures of intelligence. These results suggest that certain brain
connections are sensitive to w-3FA levels and are associated
with cognitive operations (i.e. intelligence) linked to executive
functioning, attention and memory.

Limitations of human work on diet and functional
connectivity

To date, most of the work linking specific diets or dietary sup-
plements to functional connectivity have been cross sectional in
nature, and those with multiple time points have not included a
control group. This is likely for practical reasons given the dif-
ficulty of controlling diet in humans. Nonetheless, randomized
controlled trials will be important to make causal links between
diet, or specific nutrients, and functional connectivity. Further,
there have been no studies to examine the effect of diet on
task-evoked functional connectivity in adults. Although resting-
state connectivity patterns have been shown to be behaviorally
meaningful, it is also important to understand how diet might
modulate task-evoked connectivity patterns, particularly during
tasks in which individuals with obesity or disordered eating
show behavioral performance deficits. Finally, the majority of
work on relating diet to functional connectivity is Omega-3 cen-
tric. However, there are other popular diets, such as the ketogenic
diet, that are already key therapeutic tools in other clinical
contexts, such as epilepsy (Henderson et al., 2006; Lutas and
Yellen, 2013) and are emerging as effective for weight loss in the
larger wellness industry (Masood and Uppaluri, 2019). However,
to our knowledge, no studies have systematically examined the
relationship of this or other diets to functional brain health in
the context of obesity. Relatedly, there have been no studies to
examine the effect of problematic dietary intake patterns such
as the consumption of ultra-processed foods on functional net-
work characteristics, an important future direction for research
given evidence that these foods are becoming the predominant
global food source (Monteiro et al., 2013) and have been shown to
be particularly detrimental to health (Hall et al., 2019; Monteiro
et al., 2013).

Summary and conclusions

There is strong evidence to suggest that obesity is associated
with differences in network signaling dynamics, both in the
context of specific task demands (e.g. valuation of food cues)
and at rest and that these signaling variations may relate to
variation in weight because they are involved in supporting self-
regulation and reward processing. Further, there is emerging evi-
dence that disruptions of networks involved in salience detec-
tion, self-referential thought, reward processing and executive
control may be related to eating patterns that promote obesity.
Fortunately, data drawn from the scant but growing weight loss
intervention literature suggests that these patterns of func-
tional connectivity are modifiable and may facilitate weight loss
through improvements in self-regulation and dietary decision
making. These findings provide a more complete understanding
of the neural correlates of obesity and suggest that functional
brain patterns might predict eating behaviors but might also be
affected by weight gain.

Despite these advances, there remain a number of open ques-
tions that warrant additional research. First, the relationship
between obesity and functional connectivity is highly complex,

with there being evidence of both enhanced and weakened
connectivity depending on the network or networks being exam-
ined, the context in which connectivity is being observed (i.e. at
rest or in response to a task), and the specific characteristics of
the study and sample in which these patterns emerged. At this
stage of the research, it is difficult to determine whether these
complex patterns are meaningful or represent artifacts that are
unrelated to behaviors known to co-occur with or be related to
obesity. Further, few studies have examined task-evoked and
task-independent intrinsic functional connectivity within the
same sample. This approach would provide some indication as
to whether obesity-related abnormalities in functional connec-
tivity are constrained to the evaluation of food or represent more
fundamental, context-independent differences in the functional
organization of the brain. Relatedly, a majority of studies to
examine the relationship between obesity and network connec-
tivity evoked by a specific stimulus or task have used food cues.
Although this approach provides valuable information about
how networks respond to food cues among individuals with
overweight and obesity, it remains unclear whether the network
disruptions summarized above extend to other potentially rele-
vant cognitive domains that may be affected in obesity (e.g. exec-
utive control, emotion regulation and attention). Future studies
should consider including an extensive cognitive, psychological
and behavioral assessment battery to help contextualize neu-
roimaging results in obesity-relevant processes. Likewise, identi-
fying modifiable factors that moderate the relationship between
body mass and functional connectivity (e.g. sleep disruption, life
stress, depressive symptoms and physical activity) will allow for
better understanding of individual differences in vulnerability.
More thorough characterization of research samples has the
potential to facilitate the identification of subgroups within the
clinical construct of obesity based on phenotypic differences in
one or more domains, an important advancement that would
not only generate new hypotheses about the etiology/etiologies
of obesity but also help to refine and personalize treatments
according to individual functional profiles.

An additional limitation is that there have been relatively
few studies to examine the impact of dietary intake and eating
patterns on functional network organization, leaving it unclear
how the major behavioral determinant of obesity influences
functional characteristics of the brain and vice versa. Although
rigorous assessment of dietary intake remains challenging, it
will be important to explore how both nutritional content of
diet and patterns of eating affect functional networks in obesity
so as to refine dietary interventions and guidelines. Finally, a
crucial limitation of the existing literature is that the majority of
research examining the relationship between obesity and func-
tional network organization has been cross-sectional, aimed at
first establishing whether and how obesity relates to network
signaling dynamics. At present, the limited availability of inter-
vention and longitudinal studies of functional connectivity as it
relates to weight gain and weight loss precludes the drawing of
any firm inferences about whether excess weight is the cause or
consequence of changes in functional network dynamics. This
in turn limits the translation of findings to the clinical context,
impeding efforts to mitigate rising rates of obesity and obesity-
related disease. In order to determine the direction of causality
between obesity and functional network organization, it will be
imperative to conduct longitudinal and intervention research
to monitor the temporal dynamics of changes in weight and
changes in the brain over time, including during childhood and
adolescence prior to the development of obesity. It will also
be imperative to include extended follow-up assessments of



individuals who have participated in a weight loss intervention
to determine whether weight loss-induced variation in func-
tional network characteristics predicts individual differences in
weight regain following the cessation of the active phase of
intervention. Using a development framework to assess the rela-
tionship between functional brain networks and obesity across
the lifespan is critical to enhancing understanding of the mech-
anisms underlying the development and maintenance of obe-
sity, as well as weight regain following successful weight loss,
information which may be leveraged to improve the efficacy of
treatment and prevention.
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