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Abstract

This chapter reviews human neuroimaging
studies that investigate the neurobiology of
reward processing in eating disorders associated
with binge eating. Across the relatively small
research literature on binge-eating disorder
(BED) and bulimia nervosa (BN) using food
and nonfood stimuli, neuroimaging studies con-
sistently suggest alterations in brain reward
circuit response. Studies tend to identify height-
ened brain response to visual presentation of
reward cues, while reward receipt, including
unexpected receipt, is associated with lower
brain activation. Those results point toward spe-
cific neurotransmitter alterations associated
with binge eating pathophysiology. However,
there is still extensive heterogeneity across stud-
ies due to different study designs and analytic
approaches, and research that systematically
translates and studies basic science models in
humans will have the best chance of identifying
neurocircuitry that is specific to this pathology.
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Learning Objectives
In this chapter, you will learn:

• To understand the current state of
reward-focused neuroimaging research
in disorders associated with binge eating.

• To identify the gaps and limitations of
the current research.

• To discuss the potential future directions
of neuroimaging research on binge eating.

1 Introduction

The motivation to seek and consume food is
mediated by the brain’s reward circuitry. A form
of dysregulated food consumption is binge eating,
which has been associated with abnormalities of
the reward system in both animal models as well
as human research on eating disorders (Avena
2013; Wierenga et al. 2014; Berridge 2009b).
Binge eating is a cross-cutting behavior that is
characterized by recurrent episodes of eating very
large amounts of food in a short period of time
with a sense of lack of control (American Psychi-
atric Association 2013). Binge eating can be
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found most characteristically in binge-eating dis-
order (BED), and it is also a diagnostic criterion
for bulimia nervosa (BN) where those episodes
are followed by compensatory behaviors to avoid
weight gain. Anorexia nervosa can also present
with binge eating, but there it only defines a
subtype. Notably, an overweight or obese body
mass index (BMI) can often be found in BED
but it is not a diagnostic prerequisite, while
individuals with BN are commonly in the high
normal weight range.

Several reviews have surveyed the reward-
focused neuroimaging literature on BED, obesity,
and other eating disorders characterized by binge
eating behavior (Michaelides et al. 2012; Schag
et al. 2013; Wu et al. 2016; Boswell and Kober
2016). The research studies reviewed in this chap-
ter (Table 1) will particularly focus on the
emerging role of the brain’s reward processing
circuitry, including the striatum, frontal cortex,
and insula. Striatal structures are known to
respond to salient stimuli and encode prediction
errors during reward learning, contributing to
impulsivity in decision-making (Flagel et al.
2011). The medial prefrontal and orbitofrontal
cortex are important for reward valuation and
sensory-specific satiety, and code when to stop
eating a certain food, while other food might
still be valued and therefore of interest (Rolls
et al. 1981). The insula contains the primary
taste cortex and integrates somatosensory and
interoceptive processing, emotional, and cogni-
tive regulation, implicating a central role of the
insula in appetite control and hedonic food
reward processing (Uddin et al. 2017; Craig
2009; Frank 2013; Rolls 2016). The hyper- and
hypo-responsivity found across these regions
may reflect the imbalance of reward sensitivity
and inhibition/impulsivity thought to underlie
binge eating pathophysiology (Kessler et al.
2016; Wierenga et al. 2014). A key question that
remains to be answered is how neurotransmitter
systems drive binge eating and how can they be
manipulated to improve outcome of binge eating
associated pathology.

2 Functional Magnetic
Resonance Imaging (fMRI)

Functional magnetic resonance imaging (fMRI),
which measures the blood–oxygen level-
dependent (BOLD) signal, is the most common
functional neuroimaging modality used to study
binge eating neurobiology. This technique allows
the comparison of brain activity in response to
different stimuli during a brain scan. The follow-
ing study designs utilized both food-specific
stimuli that are directly relevant to binge eating,
and nonfood stimuli that explore generalized
reward processing.

2.1 Food-Specific Reward Paradigms

2.1.1 Visual Cue Studies
Two studies have used visual and auditory food
cues across four groups of women: individuals
with subthreshold BED with and without obesity,
and individuals without binge eating with and
without obesity. The first study demonstrated
greater dorsal anterior cingulate cortex response
to high-calorie food cues in women with binge
eating compared to those without, regardless of
weight status (Geliebter et al. 2006). The second
study assessed the conservation of regional acti-
vation within group rather than comparing
regional activation between groups (Geliebter
et al. 2016). The five obese binge eaters exhibited
strict conservation of right premotor area
response to binge food stimuli, which was
interpreted to represent motor planning of eating
the food stimuli. The design of these studies is
strengthened by the inclusion of visual and audi-
tory food cues, different weight status in women
with and without binge eating, and a standardized
meal 3 h prior to the scan. Problematic though
are, as stated above, the small group sizes in those
studies. Several other studies have compared
visual food reward responses across BED, BN,
normal weight, and overweight/obese controls.
One group tested the brain response of fasted
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participants viewing high-calorie foods, disgust-
inducing items, and neutral items. Compared to
BN, normal weight, and overweight groups, BED
showed greater medial orbitofrontal cortex
response to food stimuli (Schienle et al. 2009).
In contrast, although the BN and BED groups
scored similarly in the degree of binge eating,
the BN group showed greater insula and anterior
cingulate cortex response to food stimuli than
the other three groups. These results implicate
distinct neural mechanisms in BED, BN, and
obesity, where altered orbitofrontal cortex
processing of food cues may underlie binge
eating in BED. However, a decoding analysis of
this data set later showed that BED could be
distinguished from normal weight controls, not
by the orbitofrontal cortex, but by insula response
to food cues and from obese controls with ventral
striatum response (Weygandt et al. 2012). The
same data set was further studied for brain vol-
ume across BED, BN, and controls in a voxel-
based morphometry (VBM) analysis (Schafer
et al. 2010). Groups showed no differences in
global gray matter, white matter, or cerebrospinal
fluid volume. However, regional gray matter vol-
ume differences in regions involved in food
reward processing were detected: both the obese
BED and BN groups showed greater orbitofrontal
cortex volume compared to controls, while BED
had larger anterior cingulate and BN larger ven-
tral striatal volumes compared to controls. The
BN group showed also higher orbitofrontal
cortex and striatal volumes compared to BED
participants. This same sample of individuals
with BED displayed greater medial orbitofrontal
cortex activation in response to food stimuli com-
pared to BN, overweight and normal weight
control groups (Schienle et al. 2009). The authors
suggest that the structural and functional
abnormalities of the orbitofrontal cortex could
underlie the altered self-regulation and habit
learning in BED. Brain volume could be different
across groups due to developmental differences in
growth and neuron pruning, and neuronal mass
could explain altered brain function. While these
are compelling findings, the combination of struc-
tural and functional imaging data will need to be
applied in future analyses to better understand

brain structure–function relationships (Frank
et al. 2018b).

In a reward incentive delay task that included
both visual food cues and monetary stimuli, brain
response was compared between 27 individuals
with BED, 28 with obesity, 29 with BN, and
27 normal weight controls (Simon et al. 2016).
That task tests brain activation during expectation
of rewards, while rewards vary in magnitude and
how long a person has to wait for a larger or
smaller reward. No group differences for brain
response in the monetary task were found. In
response to the notification that a food reward
had been earned, both BED and BN groups
exhibited heightened medial orbitofrontal cortex
activity compared to their respective control
groups. This hyper-responsiveness was further
correlated with increased food craving and exter-
nal eating scores, but not binge eating behavior,
in the BED and BN groups. That study suggested
that food reward circuitry was specifically hyper-
responsive in the binge eating study groups and
related to the drive to approach food.

Another study investigated the effects of food
image interference in a Stroop-Match-to-Sample
task to investigate whether potentially reward
system activating food stimuli would interfere
with cognitive performance (Lee et al. 2017).
Compared to healthy controls, the BED group
showed greater ventral striatum response to food
images. Behaviorally, there was a nonsignificant
trend of impaired cognitive control over food
image interference in BED. These results suggest
the reward salience processing function of the
ventral striatum could interfere with top-down
attentional control in BED, but the groups were
small and the study likely underpowered.

One study investigated brain response during
viewing of palatable foods in full and subthresh-
old BN and compared a neutral versus a stress
condition (Wonderlich et al. 2018). That study,
which did not include a control group, showed
that brain response decreased to food cues follow-
ing the stress induction in the right and left ven-
tromedial prefrontal cortex, the right anterior
cingulate cortex, and left amygdala. Interestingly,
less change in brain response was associated with
greater negative and less positive affect prior to
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binge eating. That study suggests a direct rela-
tionship between negative affect and brain
response, which in turn could control the drive
to binge eat.

A recent review of the use of food images and
functional brain imaging in anorexia nervosa
found that using this approach resulted in more
consistent findings when targeting reward
pathways than other cognitive or emotional pro-
cesses (Lloyd and Steinglass 2018). Thus, this
approach may also have value to study reward
circuit activation in binge eating. Nevertheless,
presentation of food images frequently leads to
results that are difficult to relate to the underlying
neurobiology or neurochemistry that drives path-
ological eating behavior and more sophisticated
studies are needed to move this field forward.

2.1.2 Taste Cue Studies
Individuals with a BED diagnosis are yet to be
studied with fMRI while consuming real taste
stimuli. One study has investigated binge eating
behavior with taste stimuli in a single group of
26 individuals with a BMI over 25 kg/m2 and a
moderate binge eating score on a self-report mea-
sure (Filbey et al. 2012). Reward regions in the
brain (medial orbitofrontal cortex, ventral teg-
mental area, insula, caudate, putamen, nucleus
accumbens, and precuneus) were more respon-
sive to high-calorie taste stimuli compared to
water in this group. Higher binge eating
symptoms, but not BMI, were associated with
higher high-calorie brain taste responses. These
findings provide some evidence of taste reward
sensitivity underlying the increased motivation to
eat in BED. A study that applied milkshake or
control solution to women with full or subthresh-
old BN found that the BN group tended to have
less activation when expecting milkshake in the
right anterior cingulate, and in response to con-
sumption of milkshake lower activation in the left
middle frontal gyrus, posterior insula, precentral
gyrus, and mid-dorsal insula (Bohon and Stice
2011). However, the results were not statistically
significant, making the implications less clear.
One recent study compared sweet taste (sucrose)
with the aversive bitter stimulus quinine in BN
(Monteleone et al. 2018). In that study, the BN

group had a lower response to the bitter stimulus
in insula and amygdala, but sweet taste response
was normal. Sweet sucrose taste was also used
in a study from our group in BN that assessed
brain prediction error response, a model that has
been associated with brain dopamine function and
tests brain response to unexpected receipt or
omission of stimuli (Frank et al. 2011). The BN
group showed lower activation as well as predic-
tion error regression in insula, ventral putamen,
amygdala, and orbitofrontal cortex compared to
controls, suggesting a downregulation of the sen-
sitivity of the dopamine circuitry. Importantly,
higher binge eating frequency was negatively
correlated with brain prediction error response,
suggesting either a direct impact from eating dis-
order behavior on brain function or a premorbid
lower brain response that could drive binge eating
episodes. Any causal relationships need further
study. Brain imaging can also be used to test the
direction of activation between brain regions
using so-called effective connectivity analyses.
We used this approach in the above-described
sample of individuals with BN and controls that
we studied for prediction error response and
extracted data for the expected sucrose solution
taste condition (Frank et al. 2016). Controls
showed effective connectivity from the hypothal-
amus to the ventral striatum, while the BN group
had the opposite result; the direction of activation
was from cortical structures to ventral striatum
and hypothalamus. We hypothesized that sugar
as a fear-inducing stimulus may stimulate a path-
way that interrupts the eating drive via the ventral
striatal—hypothalamic circuitry (Frank et al.
2018a).

Umami taste has been described as a savory
flavor, it is different than the other taste qualities,
sweet, sour, bitter or salty, and specific tongue taste
receptors exist (de Araujo et al. 2003). A study in
BN using this taste stimulus found that the BN
group had a stronger response to the umami taste
in the right insula compared to the control group
(Setsu et al. 2017). In addition, in the control group,
there was a significant inverse relationship between
insula response and subjective umami pleasantness
ratings, while there was no significant brain–
behavior response in the BN group.
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In summary, studies report higher or lower
brain responses to taste stimuli across study
designs that vary in taste quality and method of
application. The key to identifying biological
targets for treatment development will be that
studies use basic science models that can be
tested in humans and that allow identifying
neurotransmitters directly involved in specific
eating disorder behaviors. The prediction error
model is such a model that is based on dopamine
neuronal function and that can be studied
using specific dopamine receptor agonists and
antagonists. In addition, studies that test neurobi-
ology cross cutting the various eating disorder
groups may help identify circuitry that drives
binge eating behaviors and identify for instance
circuit alterations specific to binge eating versus
purging or high BMI. The NIMH Research
Domain Criteria provide a framework for such
studies (Cuthbert 2014).

2.2 Nonfood-Specific Reward
Paradigms

The first study to explore nonfood-specific reward
processing in BED compared brain activity during
a monetary incentive delay task in 19 individuals
with obesity and BED (OB BED), 19 with obesity
and without BED (OB), and 19 healthy weight
controls (Balodis et al. 2013). The BED group
displayed reduced ventrostriatal activity during
reward anticipation and reduced prefrontal cortex
and insula activity during reward outcome. The
BED group then went on to complete 4 months of
treatment with sibutramine (an appetite suppres-
sant) and/or cognitive behavioral therapy. Com-
pared to individuals in the group who successfully
responded to this treatment, individuals who
did not respond to treatment (i.e. continued to
binge eat) showed decreased ventral striatal and
inferior frontal gyrus response to reward anticipa-
tion and decreased medial prefrontal cortex
response to reward outcome pretreatment (Balodis
et al. 2014). These findings implicate hypo-
responsivity to nonfood reward stimuli in BED.

One study in BED-linked responses on a mon-
etary reward learning task with brain structure

(but not functional brain response) in subjects
who were obese with BED and subjects who
were obese without BED (Voon et al. 2015).
The obese BED group displayed a greater ten-
dency toward habit-based learning and persever-
ation and reduced left ventral striatal, bilateral
caudate, and orbitofrontal cortex gray matter vol-
ume compared to the OB group. Interestingly,
these regional volume differences were no longer
significant when researchers accounted for the
model-based parameter for the subjects’ habit-
based learning behavior. Furthermore, higher
binge eating scores were associated with a stron-
ger bias toward using a habit-based or “model-
free” (“trial and error”) strategy. These results
point to model-free reward learning as a
neurocomputational mechanism contributing to
the maladaptive habit formation involved in
binge eating behaviors. Importantly, the regional
volumes were different in the OB groups
depending on the presence of BED. Unfortu-
nately, the study did not include normal weight
controls, preventing comparison of its results with
the previous MRI study (Schafer et al. 2010).

A more recent study found that BED compared
to healthy controls exhibited reduced insula and
ventrolateral prefrontal cortex activation during
exploratory decisions using a monetary dynamic
choice task that tested a reinforcement learning
model (Reiter et al. 2017). The BED group further
displayed reduced ventromedial prefrontal cortex
activation associated with the prediction error
learning signature that incorporated alternative
choices. Although the study did not relate behav-
ioral or brain activation data to binge eating
symptoms, the findings suggest a neurocognitive
phenotype of BED, where deficient prefrontal cor-
tex activation during decision-making represents
a neural correlate of maladaptive switching
behavior. A study that investigated brain circuitry
for both neurocognition and reward recruited
adolescents with BN and controls and applied a
spatial orientation task in a virtual maze where
subjects could earn monetary rewards (Cyr et al.
2016). The BN group showed opposite responses
compared to controls. The BN participants
activated the right anterior hippocampus during
the receipt of unexpected rewards (control

Neuroimaging to Study Brain Reward Processing and Reward-Based Learning in. . . 129



condition), and deactivated the left superior fron-
tal gyrus and right anterior hippocampus during
expected reward receipt (learning condition).
Furthermore, hippocampal activation in the BN
during the unexpected rewards condition was
significantly related to BN behavior scores. Anxi-
ety and impulsivity are behavioral constructs that
have been associated with BN (Chase et al. 2017;
Xia et al. 2017; Vitousek and Manke 1994;
Wagner et al. 2006). The hippocampus has tradi-
tionally been found to be involved in
memory function but recent optogenetic research
implicated hippocampal serotonin neurons in
the modulation of anxiety and impulsivity
(Ohmura et al. 2019). It is possible that for
instance, hippocampal hyper-responsiveness dur-
ing an unexpectancy task condition can be a neu-
robiological correlate that is related to impulsivity
and tendency to binge eat in a person’s natural
environment. A different approach was taken in
a study that recruited adolescent girls from a
community sample and compared binge eating
participants with those without that behavior
(Bodell et al. 2018). In that study, the severity of
binge eating correlated positively with activation
in ventromedial prefrontal cortex and caudate dur-
ing winning money. This study further points
toward reward circuit abnormalities.

Taken together, nonfood reward tasks have led
to altered brain responses in groups with binge
eating behaviors. BED and BN tended to show
lower brain response in frontal or subcortical
brain response, although the described commu-
nity sample study indicated higher brain activa-
tion with more severe binge eating severity.
Lower response to unexpected stimuli could
point again to reduced dopamine circuit sensitiv-
ity as found in a sweet taste paradigm in BN
(Frank et al. 2011).

2.2.1 Drug Challenge Studies
The reward system involves the interaction of cor-
tical and subcortical brain regions and associated
connecting pathways to process desire, action to
approach and consume reward stimuli, and learning
from those experiences (Haber and Knutson 2010;
Kelley et al. 2005). The neurotransmitters dopa-
mine and opioids code key aspects of neural reward

processing. Dopamine neurons code motivation
(“wanting”), reward approach and learning, and
the opioid system codes pleasurable experience
from rewards (“liking”) (Berridge 2009a; Kelley
and Berridge 2002). Functional magnetic reso-
nance brain imaging (fMRI) tests brain activation
across brain regions and circuits, such as reward or
anxiety pathways. Those studies usually do not test
brain neurotransmitters directly, but the response
during tasks that test specific behaviors might help
in understanding neurotransmitters involved in the
brain response (Frank 2011). Although fMRI does
not allow for direct measurement of neurotransmit-
ter levels, drugs can be administered to pharmaco-
logically manipulate neurotransmitter systems.
Several fMRI studies have used drugs to challenge
specific neurotransmitter systems in BED. The first
measured brain response to high- and low-calorie
food images after placebo or a dopamine D3
receptor antagonist in 26 individuals who were
overweight/obese and had binge eating behaviors
(Dodds et al. 2012). Binge eating behavior was
assessed with a self-report questionnaire and
subjects fasted 15 h prior to scanning. While
high-calorie food images did elicit stronger
responses than low-calorie food images in reward
processing regions (caudate, insula, nucleus
accumbens, putamen, amygdala), this was unaf-
fected by the dopamine D3 receptor antagonist
GSK598809. These results do not support a direct
role of D3 receptor function on the processing of
food reward images in individuals with binge
eating. However, as noted by the authors, the
task only assessed reward-cue responsivity and
did not require reward learning processes which
would rely more on the dopamine system. The
second drug challenge study also measured
fasted brain response to high- and low-calorie
food images, but targeted the opioid system
(Cambridge et al. 2013) and included individuals
with BED rather than just binge eating behavior
with no prior history of eating disorders. Com-
pared to placebo, the mu-opioid receptor antago-
nist, GSK1521498, reduced both behavioral
motivation to view high-calorie food images as
well as right pallidum and putamen response to
high-calorie food images. This provides evidence
of the opioid system’s involvement in food-related
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motivational processes in BED. If the opioid sys-
tem were to be targeted for treatment purposes
as suggested by the authors, future studies
should measure more direct effects on binge
eating behaviors. A third study used the
catecholamine-depleting agent, alpha-methyl-
paratyrosine (AMPT), together with the mone-
tary incentive delay (MID) task during fMRI in
healthy controls and women with BN (Mueller
et al. 2018). The results suggested that the BN
group was less sensitive in terms of dopamine-
dependent brain response and supported the
notion of a dopamine downregulation in BN
(Frank et al. 2011).

3 Positron Emission Tomography
(PET) Imaging

Positron emission tomography (PET) imaging
allows researchers to more directly probe the
involvement of neurotransmitter systems, which
are central to the rewarding effects of eating and
have been shown to be altered in eating disorders
(Frank and Kaye 2005; Bailer et al. 2013). A
caveat is that those studies can tell about neuro-
transmitter receptor distribution and thus about
up- or downregulation in numbers, but connecting
those to brain response during tasks that test
illness-specific pathophysiology has been more
challenging. To date, only a few studies have
utilized PET imaging in individuals diagnosed
with BN or BED. Earlier studies showed elevated
serotonin 1A receptor binding in BN when ill and
after recovery, but lower serotonin 2A receptors
compared to controls when recovered, and recep-
tor binding was frequently associated with anxiety
(Frank 2015). Serotonin receptors may have a
specific impact on reward processing across psy-
chiatric disorders and further study on how this
pervasive neurotransmitter system is involved in
binge eating warrants further study (Hayes and
Greenshaw 2011). A study that investigated dopa-
mine receptor binding did not show significant
dopamine D2 receptor group differences between
BN and controls, but striatal dopamine release
was lower in BN, which was inversely associated
with binge eating frequency (Broft et al. 2012).

One study investigated striatal dopamine changes
in 10 subjects who were obese with BED
(OB BED) and eight subjects who were obese
without BED (OB) (Wang et al. 2011). This cross-
over design study included 2 days of scanning.
On the first day, participants completed a neutral
condition scan with placebo and then a food-
stimulation scan with oral methylphenidate
(MPH) to block dopamine reuptake (i.e., enhance
dopamine signaling). On the second day, they
completed a food-stimulation scan with a placebo
and then a neutral condition scan with MPH.
Subjects fasted overnight before both scan days.
In the food stimulation condition, subjects viewed
and smelled fresh, warm food (selected based on
prior subject preference ratings), and then tasted
the food indirectly via cotton swabs. Only the
OB BED group displayed significant increases in
caudate and putamen in response to the food stim-
ulation condition. Across both groups, greater
binge eating scores, but not BMI, were associated
with caudate dopamine increases in response to
food stimulation. This provides further evidence
of the importance of dopamine in BED reward
processing and self-reported severity of binge
eating behavior. It is likely that neurotransmitters
and receptors are in part trait alterations that could
contribute to the development of eating disorder
behaviors including binge eating, but also adapt to
the effects of behaviors and hinder recovery
(Frank 2016). With the same food stimulation
task, another PET study explored striatal dopa-
mine changes and attitudes toward food, such
as restraint and emotionality, in a small sample
of ten healthy, nonobese, and non-BED subjects
(Tomasi and Volkow 2013). The group found that
increased dorsal striatum DA responsivity to food
stimulation correlated with higher restraint scores.
No significant correlations were found between
striatal DA responsivity to food stimulation and
BMI. The authors’ interpretation of these findings
is that the increased DA changes signal greater
saliency of the food stimuli and that those subjects
utilize restrained eating as a compensatory
strategy.

One other study measured regional cerebral
blood flow (rCBF) with single photon emission
tomography (SPECT) in three groups of adult
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women: eight subjects who were obese with BED
(OB BED), 11 who were obese without BED
(OB non-BED), and 12 healthy normal weight
controls (Karhunen et al. 2000). Participants were
scanned after an overnight fast once while viewing
a control image of a landscape and on a second day
while viewing a portion of real food which they
selected. In the food exposure condition, the OB
BED group exhibited a significantly greater
increase in rCBF in the left frontal and prefrontal
cortices compared to the OB non-BED and healthy
controls. Furthermore, only the OB-BED group’s
increase in hunger ratings, but not desire to eat,
during food exposure correlated with greater left
frontal and prefrontal rCBF. The prefrontal
cortex’s role in reward expectancy, specifically
the orbitofrontal cortex’s response to food reward
value estimation, is therefore suggested to be
potentially involved in BED. The inclusion of
the OB non-BED comparison group is a strength
of this study, although these particular control
subjects had completed an active weight reduction
program before scanning. Weight stability may be
an important variable to control for in such a
group (Frank et al. 2018c).

4 Limitations and Future
Directions

When interpreting the rather small brain imaging
literature on reward processing and binge eating
behaviors, it is important to take several
considerations into account. First, these studies
used several different self-report questionnaires
and combinations of scores, while others used a
structured clinical interview to identify BED.
Some applied DSM-IV criteria and other
DSM-5. Because the DSM-5 requires reduced
frequency (1 day a week instead of 2) and dura-
tion (3 months instead of 6) of binge eating to
meet BN and BED criteria, earlier studies using
DSM-IV criteria may include subjects with
slightly more severe symptoms. Future studies
should further clarify the potential relationships
between binge eating symptom severity and

neurobiological measures. Moreover, BMI was
not correlated with brain function in several stud-
ies reviewed here, supporting the inclusion of
nonobese individuals with BED in future work.
Second, menstrual cycle phase was not consis-
tently controlled for in the studies described here.
Future investigations should take sex hormones
into account given the evidence of structural and
functional effects in areas of the brain that medi-
ate reward processing, appetite, emotion, and
cognition (Frank et al. 2018b). Third, not all the
studies reviewed here included males with BED
and none included men with BN. Significant
effects of sex were not reported in these studies
and sample sizes were too small to compare
males and females within BED groups. Neverthe-
less, some evidence suggests sex differences in
cortical response to food images and therefore
emphasizes the need for further examination
(Michaelides et al. 2012).

5 Conclusion

In summary, the still sparse literature on reward
system function and binge eating yield some
themes that deserve further exploration. Height-
ened response to visual food cues may indicate
hyper-arousal to those stimuli and it could be
tested in the laboratory and natural environment
whether for instance mindfulness techniques
could normalize such a response. Lower brain
activation to taste stimuli, and especially to tasks
where reward cues were received unexpectedly,
point toward altered dopamine brain circuit func-
tion, which could become an important target
for pharmacological intervention for binge eating.
PET imaging and neurotransmitter receptor-
specific drugs before fMRI can be used to study
neurotransmitter circuits directly. The ideal solu-
tion may be multimodal imaging approaches
that combine techniques and study binge eating
pathophysiology across patient populations that
exhibit that behavior to be able to identify specific
brain circuit function that drives this behavior.
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