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Abstract The eating disorders (EDs) anorexia nervosa (AN),
bulimia nervosa (BN), and binge eating disorder (BED) are
severe psychiatric disorders with high mortality. There are
many symptoms, such as food restriction, episodic binge eat-
ing, purging, or excessive exercise that are either overlapping
or lie on opposite ends of a scale or spectrum across those
disorders. Identifying how specific ED behaviors are linked
to particular neurobiological mechanisms could help better
categorize ED subgroups and develop specific treatments.
This review provides support from recent brain imaging re-
search that brain structure and function measures can be
linked to disorder-specific biological or behavioral variables,
which may help distinguish ED subgroups, or find common-
alities between them. Brain structure and function may
therefore be suitable research targets to further study the rela-
tionship between dimensions of behavior and brain function
relevant to EDs and beyond the categorical AN, BN, and BED
distinctions.
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Introduction

The eating disorders (EDs) anorexia nervosa (AN) and bulim-
ia nervosa (BN) are severe psychiatric disorders of unknown
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etiology. EDs usually begin during adolescence and occur
most commonly in females [1]. The diagnostic criteria for
AN include restriction of energy intake relative to require-
ments leading to significantly low body weight, intense fear
of gaining weight, and a disturbance in the way in which one’s
body weight or shape is experienced. The previous criterion of
loss of menses was dropped in the new edition of the diagnos-
tic and statistical manual for mental disorders (DSM-5). A
restricting type, marked by food restriction and commonly
over-exercising, has been distinguished from a binge eating/
purging type, where afflicted individuals regularly eat large
amounts of food in a relatively short period of time (“binge
eating”), or engage in behaviors to counteract weight gain,
such as self-induced vomiting or use of laxatives or diuretics
(“purging”). BN individuals are usually at normal weight, and
engage in recurrent binge eating and purging behavior at least
once a week for at least 3 months. Individuals with ED symp-
toms who did not meet full criteria for AN or BN were in the
past classified as ED not otherwise specified (NOS). A large
part of individuals with ED NOS would now be diagnosed
with “binge eating disorder” (BED), which is part of the ED
diagnostic categories in DSM-5. In DSM-5, patients who do
not meet the full AN, BN, or BED criteria could be diagnosed
with “other specified or unspecified feeding or eating disor-
der.” Importantly, research has shown that subthreshold EDs
are a “way station” between full ED syndromes and stages of
recovery [2]. It is therefore possible that (a) state of illness and
severity of ED symptoms are associated with degrees of alter-
ations of brain function [3], and (b) different ED characteristics
could be related to distinct neurobiological abnormalities
that contribute to overlap in symptoms across EDs. This has
not been specifically explored before. Dimensional research in
ED populations based on specific ED behaviors across tradi-
tional diagnostic categories could significantly advance our
ability to connect specific ED behaviors with brain mecha-
nisms and develop new treatments based on this improved
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neurobiological understanding. The complex interactions be-
tween state and possibly trait psychosocial and neurobiological
abnormalities in EDs have further limited the development of
neuroscience-based models of disease and treatments [3, 4],
and models are needed that include all those factors to better
describe ED subgroups and underlying psychopathology.

Here, I will review studies from the recent past that support
the notion that a dimensional research approach across EDs
may be beneficial to identify specific neurobiological targets
that characterize ED individuals; in addition, the article will
emphasize that state dependent factors will need to be taken
more into account to be able to acquire more consistent and
ED-relevant brain imaging results. Lastly, the review will
highlight the need for building complex models of disease to
better understand the prognosis and potentially therapeutic
needs of ED patients depending on the state of illness.

Research on Brain Volume

Recent advances in the field of brain research using
neuroscience-based imaging paradigms have made great
progress with respect to linking brain regions and circuits to
emotional and cognitive processes that may be altered in psy-
chiatric illness including eating disorders, for instance, path-
ways that are involved in processing of fear including fast
activation of the amygdala in response to potentially danger-
ous stimuli followed by conscious appraisal in the frontal cor-
tex [5]. Furthermore, a circuitry between the ventrolateral pre-
frontal and cingulate cortex and hippocampus and amygdala
has been identified in emotion processing and emotion regu-
lation relevant to the study of mood disorders [6, 7]. The
insula as primary taste cortex receives afferent taste stimula-
tion and stimulates the ventral striatum to modulate food ap-
proach, which is further aided by or “fine tuned” by input
from the orbitofrontal cortex that computes quality and value
of reward stimuli including food [8—10]. Cognitive flexibility
is largely processed in the frontal cortical regions [11].

A recent systematic review of structural studies in EDs
[12¢] suggested variably reduced gray matter volume in an-
orexia nervosa in the insula, frontal operculum, occipital, me-
dial temporal, or cingulate cortex, while one recent study
found increased gray matter volume in the dorsolateral pre-
frontal cortex [13—16]. Others found global reductions in gray
matter volume across the cerebellum, temporal, frontal, and
occipital lobes, including a study suggesting that this measure
may correlate with illness duration [17]. A recent study in AN
and BN indicated less gray matter in AN compared to both
healthy controls and BN in the cerebellum, temporal, frontal,
and occipital cortex, but reduced caudate volume in BN com-
pared to AN and controls; furthermore, that study also found
bilaterally increased somatosensory cortex volume in AN and
BN groups [18]. One study in BN suggested increased
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localized gray matter volume in the orbitofrontal cortex and
striatum [12¢¢]. A new study that investigated cortical thick-
ness in BN found widespread brain surface volume reductions
in the frontal and temporo-parietal areas [19].

Those studies did not find a common theme with respect to
functionally important regions that could specifically drive
ED behavior [12¢¢], although it appears that the underweight
and malnourished state of AN is associated with smaller gray
and white matter volume. Only some studies corrected for age
or overall brain volumes, some studies distinguished
restricting from binge eating/purging anorexia nervosa while
others did not, and the effects of comorbid diagnoses or med-
ication were often not taken into account [12¢¢]. Furthermore,
the effects of acute dehydration and starvation [20] as well as
excessive exercise [21] most likely have significant confound-
ing effects that may not be directly related to the underlying
ED-specific pathophysiology. Importantly, the global effects
of malnutrition may obscure particularly in studies that
showed widespread alterations across large cortical regions
brain pathology that drives ED behavior.

To avoid such confounds, we recently studied a sample of
currently ill ED individuals in a nutritionally highly controlled
environment. In addition, we controlled for age, depression,
anxiety, medication use, and brain volume. In that study, brain
gray matter volume could identify shared abnormalities
among ED groups but also distinguish AN from BN individ-
uals [22¢]. The sample consisted of individuals with restricting
type currently ill (n=19) or recovered AN (n=24), ill BN (n=
19) and healthy control women (n=24) showed in the three
ED groups increased gray matter volume of the medial
orbitofrontal cortex gyrus rectus compared to controls. In ad-
dition, ill and recovered AN had increased right, while BN
individuals had increased left insula gray matter volumes
compared to controls, while dorsal striatum volumes were
reduced in BN and recovered AN, and predicted sensitivity
to reward in all ED groups. In a follow up study in adolescents
with AN (n=19) and controls (n=22), with similar methods,
AN adolescents showed increased left orbitofrontal and right
insular gray matter volumes similarly to AN adults and com-
pared to controls [23¢¢]. In contrast, in adults with obesity, a
condition typically associated with ongoing excessive food
intake without significant periods of food restriction or com-
pensatory behaviors to prevent weight gain, we found reduced
orbitofrontal cortex gyrus rectus volume [24] using the same
methods as in the studies described above in AN and BN.

There are several important new insights that can be gained
from those studies. First, altered orbitofrontal cortex could
contribute to food avoidance in EDs [25]. The orbitofrontal
cortex processes how much food of a certain kind we have
eaten and when to stop that type of food, while still being
interested in other types of food (for instance not being inter-
ested in more meat after having eaten a steak, yet still being
interested in a desert) [26]. Thus, larger orbitofrontal cortex
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volume in AN and BN could send a satiety signal earlier than
maybe physiologically needed and contribute to food restric-
tion in those disorders. In obesity, a smaller volume could
send such satiety signals too late or maybe with too little
intensity, and thus insufficiently control food intake after a
physiological need is satisfied. Binge eating/purging behav-
iors of BN individuals compared to the restricting type AN
group in this sample could be driven by insula differences
between the two disorders [27, 28]. The left insula receives
information on gastric distention [29] and self-reported full-
ness [30], and it is possible that a disturbed processing of this
gastric input could “enable” excessive eating during binges.
On the other hand, the right anterior insula has been associated
with self-recognition, the “abstract representation of oneself”
[31] and interoceptive awareness [32], and a fixed perception
of being fat while severely underweight in especially
restricting type AN [33] could thus be related to increased
right-sided anterior insula volume, maybe resulting in faulty
information processing from the body’s somatic perceptual
input. Second, these studies suggest that when studying cur-
rently ill ED individuals, it is most likely imperative to control
for nutritional state as well as comorbidity and medication use
in order to be able to get more consistent results. This will help
identify brain alterations that are important for relevant ED
behavior as opposed to results that could be mostly related
to quickly changing effects of starvation. And third, it is pos-
sible that increased orbitofrontal cortex volume is a neurobi-
ological disease marker for AN and BN, while smaller
orbitofrontal cortex volume is such a marker for obesity.
Thus, orbitofrontal cortex volume could be a target for re-
search along dimensions of body mass or chronic food intake
patterns. Whether such alterations are premorbid traits that
become functionally important in the context of other factors
such as anxiety, food restriction, or overeating remains to be
seen. Alternatively, they could be results from the extremes of
eating behavior. However, this may be less likely, especially in
the AN groups, as the increased orbitofrontal and insula vol-
umes were already seen in adolescent AN who had a much
lower illness duration compared to the adult sample.

A direction that we are now pursuing is to study brain
structure of relatives of individuals with EDs to test whether
we can identify any biological traits. The results of that study
will help us identify whether the alterations we have found are
potential biomarkers for EDs.

Brain Function and Taste-Reward Processing

There is a complex interplay between cognitive, emotional,
and energy homeostasis maintaining mechanisms between
brain and body that drives food intake [34]. A cognitive or
cephalic phase that involves desire or craving, as well as a
consummatory phase involving the hedonic experience have

been distinguished. The neurotransmitter dopamine has been
associated with “wanting” or the drive to approach a reward,
while the opioid system processes “liking” or the hedonic
experience during food consumption [35, 36]. Those process-
es are regulated by the brain reward system, integrating more
basic metabolic hunger signals with higher-order processing
of'taste and cognitive-emotional factors that drive whether we
approach or not approach food stimuli [37]. A network of
brain regions regulates those processes. The insula is the pri-
mary taste cortex and central gateway to the dopaminergic
basal ganglia and midbrain; to higher-order brain centers in-
cluding the prefrontal and cingulate cortices that integrate
cognition and emotions; the orbitofrontal cortex, which deter-
mines when to stop eating a type of food; and the amygdala
that associate stimuli with emotional experience and that are
thought to modulate dopamine circuitry in the midbrain and
striatum [38—40].

The majority of functional studies that tested brain re-
sponse to food stimuli used visual food cues. Several studies
found lower activity in the parietal cortex, orbitofrontal cortex,
and lateral prefrontal cortex compared to controls, while the
medial prefrontal cortex tended to show increased activation
[41]. The underlying mechanisms for those responses are un-
certain but it was hypothesized that anxiety may trigger
heightened medial prefrontal activation. Interestingly, one
group found that serum oxytocin predicted lower brain re-
sponse including the insula and orbitofrontal cortex in AN
[42]. A few studies exist in BN that indicated reduced activa-
tion compared to controls in the temporal, parietal, and occip-
ital lobe, but higher response compared to controls in the
insula and lateral prefrontal cortex [41]. The literature on food
cue stimulation and binge eating disorder is small. For in-
stance, one study found increased medial prefrontal cortex
activation in that group compared to controls [43], and another
suggested that the activation pattern in the striatum could dis-
tinguish BED subjects from individuals with BN [44]. And a
study that exposed individuals with high BMI to visual food
cues indicated a positive correlation between BMI and brain
response and binge eating symptoms [45], suggesting that
potentially overweight or binge eating frequency alter brain
function, although the opposite could also be true. Quite in-
terestingly, a pilot investigation using a monetary incentive
task suggested that ventral striatum activity during reward
cue anticipation, and activation in the medial prefrontal cortex
during reward outcome predicted inversely binge eating absti-
nence after treatment [46]. However, it is uncertain yet wheth-
er monetary reward and food reward stimuli elicit similar re-
sponses in ED groups.

Taste reward using actual taste stimuli has been studied in a
variety of studies in EDs. Some studies used basic taste stimuli
such as sugars; others used more complex tastes such as
milkshakes with added flavors. The less complex and less
appetitive stimuli may be more suited to identify more basic
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taste processing while the more complex and “real food” stim-
uli may activate also strongly cognitive and emotional re-
sponse. In paradigms that applied sugars or aversive taste
stimuli, individuals recovered from AN had reduced brain
response to repeated but increased response to randomly ap-
plied taste stimuli [47¢, 48, 49]. In those studies, the insula,
striatum, or orbitofrontal cortex response distinguished the
groups. Importantly, those results in opposite directions
suggest that unpredictable and predictable stimulus pre-
sentation activate differently circuits or neurotransmitter
systems, when studying AN.

Application of the more complex stimulus chocolate
milk one study found in restricting type AN in the right
amygdala and left medial temporal gyrus greater activa-
tion compared to controls when hungry contrasted
against the satiety state [50], which could indicate
heightened vigilance and anxiety in that group as hav-
ing the chocolate milk breaks the fasting and promotes
weight gain. Another study that applied chocolate
milkshake found that women with BN had a positive
correlation between negative affect and activity in the
putamen, caudate, and pallidum during milkshake antic-
ipation [51]. It was hypothesized that negative affect
may increase the reward value of food in BN but it
may be more likely that negative affect became a con-
ditioned response to palatable food as it is associated
with weight gain. Those approaches could be further
tested across the spectrum of EDs and tried to separate
the more subconscious taste reward aspects from anxiety
and conditioned emotional response.

From a pharmacological standpoint, the treatment de-
velopment goal is to identify molecular targets that are
associated with illness behavior and for which a medi-
cation can be used to improve that behavior. Such tar-
gets could be for instance serotonin or dopamine recep-
tors that could be blocked or stimulated [52¢¢]. The
dopamine neurotransmitter system is of particular inter-
est for ED research as it is involved in food reward
processing [53]. Past research in AN when ill and after
recovery indicated dopamine alterations [54-57], but we
know little how such alterations may be clinically
important.

The brain dopamine system has been well studied, and
dopamine neuron activity can be modeled based on environ-
mental stimuli and learning [53]. Dopamine neurons exhibit a
phasic burst of activation in response to presentation of an
unexpected rewarding stimulus (the primary, unconditioned
reward stimulus US). After repeated presentation of an addi-
tional arbitrary conditioned stimulus (CS) preceding the US,
the phasic activation of dopamine neurons transfers in time to
the presentation of the CS. Thus, the CS elicits a conditioned
dopamine response. This conditioned response is thought to
reflect a prediction regarding upcoming rewards. As it is
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thought to be a prediction, such a prediction can be violated.
Ifthe CS (and therefore the conditioned dopamine response) is
not followed by the expected reward (US), then there is a
violation of the prediction, and as a consequence at the time
of expected but omitted reward, there is a dip in dopamine
tone. This relationship between CS and US is termed
“prediction error,” the difference between the value of the
reward stimulus received and that predicted [58]. This model
also takes into account experience from previous trials and
includes an individual’s learning rate.

The prediction error model was first validated in ro-
dents [59] and later adapted for human brain imaging
[60, 61], and a significant amount of research has focused
on how this brain response can be related to internal per-
ception and behavior. Studies found that those circuits are
critically associated with providing signals regarding the
presence and amplitude of rewards [53, 62]. Such signals
facilitate reinforcement learning [63], and code the value
of stimuli [64, 65], maybe even including metabolic
values of food [66], which could be disturbed in ED in-
dividuals. The prediction error model provides a compu-
tational theoretical framework for reward learning that is
based on brain dopamine response in the ventral tegmen-
tal area and anteroventral striatum and allows making in-
ferences on in vivo brain dopamine function [67]. This
dopamine signal is functionally important to learn from
past experience and to drive approach rewards, including
food based on prior exposure to reward stimuli [36]. In
light of the suspected dopamine alterations in EDs and the
relevance of dopamine to drive eating, this model could
be a valuable tool to study dopamine function in EDs.
Also important is that the dopamine system can be mod-
ulated by extremes of eating patterns. Food restriction has
been associated with heightened brain reward activation
[68—70], while overeating appears to downregulate those
pathways [71, 72]. This suggested that disordered eating
may be associated with abnormal brain reward and dopa-
mine function, which could be trait abnormalities or a
lasting effect from a particular eating behavior.

We applied the above-described prediction error task in 21
underweight, restricting-type AN (age M 22.5, SD 5.8 years),
19 obese without BED (age M 27.1, SD 6.7 years), and 23
healthy control women (age M 24.8, SD 5.6 years), using
blood oxygen level-dependent (BOLD), functional magnetic
resonance brain imaging (fMRI) [73¢]. Subjects learned to
associate different visual stimuli with sweet taste or receiving
no taste stimulus. At times, this prediction was violated, that is
after seeing the sugar solution predicting stimulus no taste
followed, or the conditioned cue that predicting no taste stim-
ulus the sweet taste was delivered. Results were controlled for
medication use and comorbidity, and subjects were studied
under tight nutritional control as described above. The dopa-
mine prediction error model reward-learning signal
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distinguished groups in the anteroventral striatum, insula, and
prefrontal cortex with brain responses that were greater in the
AN group, but lesser in the obese group, compared with con-
trols. These results suggest that brain reward circuits are more
responsive to food stimuli in AN, but less responsive in obese
women, supporting in humans the possibility of altered pre-
diction error response in the context of under- or overeating.
We conducted a similar study in adults with BN [28]. In that
group, we found reduced prediction error response in the
insula, anteroventral striatum, and frontal cortex. In addition,
higher binge/purge frequency predicted lower prediction error
response, supporting that this construct may play a role in BN.
BN has been associated with addiction disorders [74] due to
the episodic and often compulsive binging on palatable foods.
The same neural pathways that reinforce motivation to ap-
proach food are also activated in response to addictive drugs
[75]. This has lead to the hypothesis that prone individuals
could get “addicted” to food, including increased tolerance
as well as reduction of dysphoria, and such behaviors could
be related to altered reward processing [76, 77]. A possible
underpinning of the reduced prediction error response could
be that repeated binge eating downregulates dopamine neuron
activity somewhat similar as in obesity, but not to the same
degree.

In summary, prediction error brain response is on opposite
ends between AN, BN, and obese groups and promises to be
an excellent construct to model brain reward function in EDs
in a dimensional approach. This could capture brain response
on a trajectory dependent on type or severity of ED-related
behavior. Aside from BMI, food restriction, and frequency of
binge/purge episodes, behaviors such as sensitivity to punish-
ment and reward [28, 78] as well as emotion regulation [79,
80] are altered in EDs and are promising targets for investiga-
tion to test whether they relate to biological correlates in the
brain [81-84]. Also very much needed are studies that include
individuals with BED, as we have almost no information on
brain function in this population. A hypothesis could be that
their prediction error response is even lower compared to
obese without BED.

With respect to clinical utility, we are still not able to use
those techniques as tools in treatment [85]; however, we are
currently exploring the predictive value of brain function on
treatment outcome. At this point, it seems as if reward predic-
tion error response predicts early weight gain in treatment but
this needs further study (unpublished data).

Dimensional Research and Complex Model Building

Most groundbreaking pharmacological discoveries have been
made by serendipity, which may be due to the fact that the
brain is more complex than other organs in the human body
[86]. As Insel and others pointed out, “the field needs to focus

on clinically meaningful differences between relevant clinical
populations, rather than hypothesis-rejection versus normal
controls,” which is an important underpinning of NIMH’s
Research Domain Criteria Project (RDoC) [87¢¢]. The goal
of RDoC is to define basic dimensions of functioning that
have been validated in basic research (such as fear circuitry,
valence systems), relate those to psychiatric disease, and then
study those dimension across multiple “units of analysis,”
such as behavior, physiology, brain circuits, molecules, and
genes [88]. Identifying such underlying biological constructs
that drive pathologic behavior would help identify biological
markers that could be common across or distinguish disorders
[89]. In those models, there can be so called bridge symptoms
identified that go across diagnostic boundaries and that could
help identify biological or genetic overlap between disorders
[90]. Figure 1 describes how research in EDs might be able to
apply those concepts.

There are five domains in the RDoC matrix: Negative
Valence Systems, Positive Valence Systems, Cognitive
Systems, Systems for Social Processes, and Arousal/
Regulatory Systems [88]. This matrix contains columns that
specify Units of Analysis used to study the Constructs, and
include genes, molecules, cells, circuits, physiology (e.g.,
heart rate or event-related potentials), behavior, and self-re-
ports. The matrix also has a separate column to specify well-
validated paradigms used in studying each construct [88].
Using the RDoC constructs, we may identify psychobiologi-
cal dimensions relevant to EDs, such as reward- or anxiety-
related circuits. The next step would then be to identify or
develop behavioral tasks relevant to EDs that (a) measure
those dimensions of behavior in humans, and (b) that are sol-
idly associated with certain biological functions based on ba-
sic science research. The application of those tasks could then
be used to tests specific hypotheses on neurotransmitter func-
tion in EDs. This would take us a step further from higher or
lower activation strength in most of our functional studies,
toward identifying molecular targets that could be altered in
EDs in relation to specific behavior. Lastly, when such a target
is identified, one could test whether a pharmacologic interven-
tion can ameliorate the biological alteration as well as ED
behavior. The above-described prediction error paradigm is
one of the RDoC identified concepts and paradigms to test
motivation to approach rewards as well as reward learning
[88]. Our above-described functional data suggest individuals
with AN have a heightened while BN and OB have a reduced
response. Dopamine and serotonin receptors have been iden-
tified as molecular targets to study in the reward approach and
learning constructs. In fact, a significant amount of brain im-
aging has identified altered dopamine and serotonin receptor
alterations across EDs. Studies in EDs suggested lower cere-
brospinal fluid (CSF), serotonin (5-HT), and dopamine (DA)
metabolite levels, neurotransmitters involved in the regulation
of eating, mood, and anxiety among other functions, but
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Fig. 1 A model on how to
approach dimensional research in
eating disorders. Such a strategy
may help better characterize
biologically subgroups of eating
disorders as well as promote
development of pharmacological
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higher 5-HT metabolite levels after recovery suggested that
this could be a trait alteration [91]. More recent research in
EDs using brain imaging implicated neurotransmitter recep-
tors such as the 5-HT 5 receptor, 5-HT,4 receptor, and 5-HT
transporter or DA D2/3 receptors, which predicted high anx-
iety and harm avoidance [92]. Other “units of investigation”
in the context of reward anticipation and learning are brain
circuits involving the orbitofrontal cortex and ventral striatum
as described above in our prediction error studies, indicating
that those regions indeed could be related to ED phenotype.
Genes and cells have not been well described in relation to ED
pathology and reward processing. However, studies have
found elevated sensitivity to reward and punishment in EDs
[28, 78]. In summary, there is a picture emerging of possibly
heightened responsiveness in AN and low activation in BN
and obesity in tasks that test the prediction error construct but
this will need replication in larger samples. The receptor im-
aging studies are promising to provide molecular correlates
but multimodal imaging studies that combine the various tech-
nologies are yet missing.

Another approach to further gain insight into ED patho-
physiology and most importantly potential treatment options
is to develop complex models of the disorders. This will help
better define subtypes of EDs, and can also be used to model
specific neurobiological alterations in an effort to inform phar-
macological treatment decisions. Typically, research has used
methods such as latent class analysis to model disorder sub-
types, growth mixture analyses to study course of illness over
time or factor analysis to model symptom dimensions [93].
The future of disease modeling though may be the develop-
ment of more complex multidimensional models where all
this information is collected into one model. Such models will
also include state-related factors and comorbidity. For in-
stance, the nutritional state has significant impact on brain
neurobiology and neurotransmitters, including dopamine
[68, 70, 71] and serotonin [94, 95] receptors, and this infor-
mation will then go into the model to refine disorder-specific
neurobiology. Those models that take into account also the
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Dependent Neurotransmitter Receptor Alterations
U Test Pharmacologic Interventions

—

state-dependent variations will better reflect real-world condi-
tions and avoid type II errors, when studying neurobiological
mechanisms underlying psychiatric disorders including EDs.
Also potentially fruitful is to learn from addiction models for
building models of brain pathology in ED research as obesity
and BN have been associated with addictive disorders [96,
97], and there could be a neurobiological overlap between
eating and addictive disorders and neurotransmitter function
[98].

Conclusion

The neurobiology of the brain is still too complex and unex-
plored to be able to reliably use biological tests for making
psychiatric, including ED-related, diagnoses; determine disor-
der severity; or identify novel molecular targets empirically to
develop disorder-specific and more effective treatments [85,
87+, 99]. However, moving away from contrasting ill groups
with controls toward a dimensional approach that identifies
neurobiological underpinnings of psychiatric disease based
on specific behavioral constructs may help eventually develop
more accurate models of EDs and identify empirically more
specific and effective biological treatments. This review de-
scribed how research on brain structure as well as function,
may help better model EDs. Importantly, careful subject as-
sessment and accounting for comorbidity, medication use as
well as acute nutritional status is critical to improve the con-
sistency of results. In the future, with the additional integration
of psychosocial factors and course descriptors of the various
disorders, we hopefully will be able to model subtypes of EDs
and develop disorder-specific biological interventions.

Acknowledgments All procedures performed in studies from our
group involving human participants were in accordance with the ethical
standards of the institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or comparable
ethical standards. Informed consent was obtained from all individual
participants included in the studies from our group reported on. Funding



Curr Psychiatry Rep (2015) 17: 22

Page 7 of 9 22

for this work was provided by NIMH grants ROIMH096777 and
ROIMH103436.

Compliance with Ethics Guidelines

Conlflict of Interest Guido K.W. Frank declares that he has no conflict
of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

* Of importance

*+ Of major importance

10.

11.

1200

13.

American Psychiatric Association, Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5(TM)). 5th ed.
2013, Arlington, Va.: American Psychiatric Publishing; 5 edition
(May 27, 2013)

Agras WS et al. A 4-year prospective study of eating disorder NOS
compared with full eating disorder syndromes. Int J Eat Disord.
2009;42(6):565-70.

Kaye WH et al. Nothing tastes as good as skinny feels: the neuro-
biology of anorexia nervosa. Trends Neurosci. 2013;36(2):110-20.
Agras W et al. Report of the National Institutes of Health workshop
on overcoming barriers to treatment research in anorexia nervosa.
Int J Eat Disord. 2004;35(4):509-21.

Ohman A et al. On the unconscious subcortical origin of human
fear. Phys Behav. 2007;92(1-2):180-5.

Phillips ML, Swartz HA. A critical appraisal of neuroimaging stud-
ies of bipolar disorder: toward a new conceptualization of underly-
ing neural circuitry and a road map for future research. Am J
Psychiatry. 2014;171(8):829-43.

Rive MM et al. Neural correlates of dysfunctional emotion regula-
tion in major depressive disorder. A systematic review of neuroim-
aging studies. Neurosci Biobehav Rev. 2013;37(10 Pt 2):2529-53.
Chau DT, Roth RM, Green Al. The neural circuitry of reward and
its relevance to psychiatric disorders. Curr Psychiatry Rep. 2001;6:
391-9.

Kelley AE, Berridge KC. The neuroscience of natural rewards:
relevance to addictive drugs. J Neurosci. 2002;22(9):3306—11.
Takahashi YK et al. The orbitofrontal cortex and ventral tegmental
area are necessary for learning from unexpected outcomes. Neuron.
2009;62(2):269-80.

Alvarez J, Emory E. Executive Function and the Frontal Lobes: A
Meta-Analytic Review. Jun 1. Neuropsychol Rev, 2006.

Van den Eynde F et al. Structural magnetic resonance imaging in
eating disorders: a systematic review of voxel-based morphometry
studies. Eur Eati Disord Rev J Eat Disord Assoc. 2012;20(2):94—
105. This review is very important as it described very clearly the
heterogenity in structural brain research in anorexia nervosa.
Brooks SJ et al. Restraint of appetite and reduced regional brain
volumes in anorexia nervosa: a voxel-based morphometric study.
BMC Psychiatry. 2011;11:179.

Joos A et al. Voxel-based morphometry in eating disorders: corre-
lation of psychopathology with grey matter volume. Psychiatry
Res. 2010;182(2):146-51.

16.

17.

18.

19.

20.

21.

22

23,00

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Suchan B et al. Reduction of gray matter density in the extrastriate
body area in women with anorexia nervosa. Behav Brain Res.
2010;206(1):63-7.

Friederich HC et al. Grey matter abnormalities within cortico-
limbic-striatal circuits in acute and weight-restored anorexia
nervosa patients. Neuroimage. 2012;59(2):1106—13.

Fonville L et al. Alterations in brain structure in adults with anorex-
ia nervosa and the impact of illness duration. Psychol Med.
2014;44(9):1965-75.

Amianto F et al. Brain volumetric abnormalities in patients with
anorexia and bulimia nervosa: a voxel-based morphometry study.
Psychiatry Res. 2013;213(3):210-6.

Marsh R et al. Anatomical characteristics of the cerebral surface in
bulimia nervosa. Biol Psychiatry. 2013.

Streitburger DP et al. Investigating structural brain changes of de-
hydration using voxel-based morphometry. PLoS One. 2012;7(8):
e44195.

Freund W et al. Substantial and reversible brain gray matter reduc-
tion but no acute brain lesions in ultramarathon runners: experience
from the TransEurope-FootRace Project. BMC Med. 2012;10:170.
Frank GK et al. Alterations in brain structures related to taste reward
circuitry in Ill and recovered anorexia nervosa and in bulimia
nervosa. Am J Psychiatry, 2013. This study is important as it for
the first time contrasted nutritionally highly controlled ill and re-
covered anorexia and ill bulimia subjects on structural brain vol-
ume suggesting common alterations across eating disorder groups.
Frank GK et al. Localized brain volume and white matter integrity
alterations in adolescent anorexia nervosa. J Am Acad Child
Adolesc Psychiatry. 2013;52(10):1066-1075 e5. This study is im-
portant as it confirmed in youth with anorexia nervosa larger
orbitofrontal and insula cortical volumes previously found in
adults.

Shott ME et al. Orbitofrontal cortex volume and brain reward re-
sponse in obesity. Int J Obes (Lond). 2014.

Plassmann H, O’Doherty JP, Rangel A. Appetitive and aversive
goal values are encoded in the medial orbitofrontal cortex at the
time of decision making. J Neurosci Off J Soc Neurosci.
2010;30(32):10799-808.

Rolls ET. Functions of the orbitofrontal and pregenual cingulate
cortex in taste, olfaction, appetite and emotion. Acta Physiol
Hung. 2008;95(2):131-64.

Frank GK et al. Anorexia nervosa and obesity are associated with
opposite brain reward response. Neuropsychopharmacology.
2012;37(9):2031-46.

Frank GK et al. Altered temporal difference learning in bulimia
nervosa. Biol Psychiatry. 2011;70(8):728-35.

Craig AD. How do you feel-now? The anterior insula and human
awareness. Nature reviews. Neuroscience. 2009;10(1):59-70.
Wang GJ et al. Gastric distention activates satiety circuitry in the
human brain. Neuroimage. 2008;39(4):1824-31.

Devue C et al. Here I am: the cortical correlates of visual self-
recognition. Brain Res. 2007;1143:169-82.

Critchley HD et al. Neural systems supporting interoceptive aware-
ness. Nat Neurosci. 2004;7(2):189-95.

Konstantakopoulos G et al. Delusionality of body image beliefs in
eating disorders. Psychiatry Res. 2012;200(2-3):482-8.
Kringelbach ML. Food for thought: hedonic experience beyond
homeostasis in the human brain. Neuroscience. 2004;126(4):807—
19.

Berridge KC. Food reward: brain substrates of wanting and liking.
Neurosci Biobehav Rev. 1996;20(1):1-25.

Kelley AE, Schiltz CA, Landry CF. Neural systems recruited by
drug- and food-related cues: studies of gene activation in
corticolimbic regions. Physiol Behav. 2005;86(1-2):11-4.

@ Springer



22 Page 8 of9

Curr Psychiatry Rep (2015) 17: 22

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47..

48.¢

49.

50.

51

52 00

53.

54.

55.

56.

57.

Lak A, Stauffer WR, Schultz W. Dopamine prediction error re-
sponses integrate subjective value from different reward dimen-
sions. Proc Natl Acad Sci U S A. 2014;111(6):2343-8.
Kringelbach ML, Rolls E. The functional neuroanatomy of the
human orbitofrontal cortex: evidence from neuroimaging and neu-
ropsychology. Prog Neurobiol. 2004;72(5):341-72.

Rolls ET. Taste, olfactory and food texture reward processing in the
brain and obesity. Int J Obes. 2011;35(4):550-61.

O’Reilly RC. Biologically based computational models of high-
level cognition. Science. 2006;314(5796):91-4.

Garcia-Garcia I et al. Neural responses to visual food cues: insights
from functional magnetic resonance imaging. Eur Eat Disord Rev.
2013;21(2):89-98.

Lawson EA et al. Oxytocin secretion is associated with severity of
disordered eating psychopathology and insular cortex
hypoactivation in anorexia nervosa. J Clin Endocrinol Metab.
2012;97(10):E1898-908.

Schienle A et al. Binge-eating disorder: reward sensitivity and brain
activation to images of food. Biol Psychiatry. 2009;65(8):654-61.
Weygandt M et al. Diagnosing different binge-eating disorders
based on reward-related brain activation patterns. Hum Brain
Mapp. 2012;33(9):2135-46.

Filbey FM, Myers US, Dewitt S. Reward circuit function in high
BMI individuals with compulsive overeating: similarities with ad-
diction. Neuroimage. 2012;63(4):1800-6.

Balodis IM et al. A pilot study linking reduced fronto-striatal re-
cruitment during reward processing to persistent bingeing follow-
ing treatment for binge-eating disorder. Int J Eat Disord.
2014;47(4):376-84.

Cowdrey FA et al. Increased Neural Processing of Rewarding and
Aversive Food Stimuli in Recovered Anorexia Nervosa. Biological
Psychiatry, 2011. This study is important as it described random
taste reward application in recovered anorexia nervosa.
Oberndorfer TA et al. Altered Insula Response to Sweet Taste
Processing After Recovery From Anorexia and Bulimia Nervosa.
Am J Psychiatry, 2013. This study importantly described repeated
taste reward application in recovered anorexia nervosa, indicating
that this application activates brain response differently compared
to random application.

Wagner A et al. Altered insula response to taste stimuli in individ-
uals recovered from restricting-type anorexia nervosa.
Neuropsychopharmacology. 2008;33(3):513-23.

Vocks S et al. Effects of gustatory stimulation on brain activity
during hunger and satiety in females with restricting-type anorexia
nervosa: an fMRI study. J Psychiatr Res. 2011;45(3):395-403.
Bohon C, Stice E. Negative affect and neural response to palatable
food intake in bulimia nervosa. Appetite. 2012;58(3):964-70.
Kaye WH et al. Does a shared neurobiology for foods and drugs of
abuse contribute to extremes of food ingestion in anorexia and
bulimia nervosa? Biol Psychiatry. 2013;73(9):836-42. This study
is an important review on overlapping brain mechanisms in sub-
stance use and eating disorders.

Schultz W. Getting formal with dopamine and reward. Neuron.
2002;36(2):241-63.

Kaye WH et al. Abnormalities in CNS monoamine metabolism in
anorexia nervosa. Arch Gen Psychiatry. 1984;41(4):350-5.
Barbato G et al. Increased dopaminergic activity in restricting-type
anorexia nervosa. Psychiatry Res. 2006;142(2-3):253-5.

Karson CN. Spontaneous eye-blink rates and dopaminergic sys-
tems. Brain J Neurol. 1983;106(Pt 3):643-53.

Frank GK et al. Increased dopamine D2/D3 receptor binding after
recovery from anorexia nervosa measured by positron emission
tomography and [11c]raclopride. Biol Psychiatry. 2005;58(11):
908-12.

@ Springer

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Rescorla RA. Stimulus generalization: some predictions from a
model of Pavlovian conditioning. J Exp Psychol Anim Behav
Process. 1976;2(1):88-96.

Schultz W, Dayan P, Montague PR. A neural substrate of prediction
and reward. Science. 1997;275(5306):1593-9.

D’Ardenne K et al. BOLD responses reflecting dopaminergic sig-
nals in the human ventral tegmental area. Science. 2008;319(5867):
1264-7.

O’Doherty JP et al. Temporal difference models and reward-related
learning in the human brain. Neuron. 2003;38(2):329-37.

Kelley AE et al. Corticostriatal-hypothalamic circuitry and food
motivation: integration of energy, action and reward. Physiol
Behav. 2005;86(5):773-95.

Daw ND, Doya K. The computational neurobiology of learning and
reward. Curr Opin Neurobiol. 2006;16(2):199-204.

Jocham G, Klein TA, Ullsperger M. Dopamine-mediated reinforce-
ment learning signals in the striatum and ventromedial prefrontal
cortex underlie value-based choices. J Neurosci. 2011;31(5):1606—
13.

Daw ND et al. Model-based influences on humans’ choices and
striatal prediction errors. Neuron. 2011;69(6):1204—15.

de Araujo IE, Ren X, Ferreira JG. Metabolic sensing in brain do-
pamine systems. Results Probl Cell Differ. 2010;52:69-86.

Sutton RS, Barto AG eds. Toward a modern theory of adaptive
networks: expectation and prediction. MIT Press: Boston, MA;
1998.

Avena NM, Rada P, Hoebel BG. Underweight rats have enhanced
dopamine release and blunted acetylcholine response in the nucleus
accumbens while bingeing on sucrose. Neuroscience. 2008;156(4):
865-71.

Carr K et al. Evidence of increased dopamine receptor signaling in
food-restricted rats. Neuroscience. 2003;119:1157-67.

Carr KD. Chronic food restriction: enhancing effects on drug re-
ward and striatal cell signaling. Physiol Behav. 2007;91(5):459-72.
Johnson PM, Kenny PJ. Dopamine D2 receptors in addiction-like
reward dysfunction and compulsive eating in obese rats. Nat
Neurosci. 2010;13(5):635-41.

Volkow ND et al. Low dopamine striatal D2 receptors are associat-
ed with prefrontal metabolism in obese subjects: possible contrib-
uting factors. Neuroimage. 2008;42(4):1537-43.

Frank GK et al. Anorexia Nervosa and Obesity are Associated with
Opposite Brain Reward Response. Neuropsychopharmacol Off
Publ Am Coll Neuropsychopharmacol. 2012. This study for the first
time contrasted brain reward response in underweight individuals
with anorexia nervosa and obese individuals, supporting animal
literature on effects of eating and weight change on brain dopamine
circuits.

Goodman A. Neurobiology of addiction. An integrative review.
Biochem Pharmacol. 2008;75(1):266-322.

Hyman SE, Malenka RC. Addiction and the brain: the neurobiolo-
gy of compulsion and its persistence. Nat Rev Neurosci.
2001;2(10):695-703.

Corsica JA, Pelchat ML. Food addiction: true or false? Curr Opin
Gastroenterol. 2010;26(2):165-9.

Koob GF, Le Moal M. Plasticity of reward neurocircuitry and the
'dark side' of drug addiction. Nat Neurosci. 2005;8(11):1442—4.
Jappe LM et al. Heightened sensitivity to reward and punishment in
anorexia nervosa. Int J Eat Disord. 2011;44(4):317-24.

Hansenne M, Ansseau M. Harm avoidance and serotonin. Biol
Psychol. 1999;51(1):77-81.

Harrison A et al. Emotional functioning in eating disorders: atten-
tional bias, emotion recognition and emotion regulation. Psychol
Med. 2010;1-11.

Liu ZH, Shin R, Ikemoto S. Dual role of medial A10 dopamine
neurons in affective encoding. Neuropsychopharmacology.
2008;33(12):3010-20.



Curr Psychiatry Rep (2015) 17: 22

Page 9 of 9 22

82.

83.

84.

85.

86.

7 e

88.

89.

90.

Missale C et al. Dopamine receptors: from structure to function.
Physiol Rev. 1998;78(1):189-225.

Nair SG et al. Role of dorsal medial prefrontal cortex dopamine D1-
family receptors in relapse to high-fat food seeking induced by the
anxiogenic drug yohimbine. Neuropsychopharmacology.
2011;36(2):497-510.

Pecina M et al. DRD2 polymorphisms modulate reward and emo-
tion processing, dopamine neurotransmission and openness to ex-
perience. Cortex. 2013;49(3):877-90.

Frank GK. Advances in the diagnosis of anorexia nervosa and bu-
limia nervosa using brain imaging. Expert Opin Med Diagn.
2012;6(3):235-44.

Ban TA. The role of serendipity in drug discovery. Dialogues Clin
Neurosci. 2006;8(3):335-44.

Kapur S, Phillips AG, Insel TR. Why has it taken so long for
biological psychiatry to develop clinical tests and what to do about
it? Mol Psychiatry. 2012;17(12):1174-9. This article is important
as it described the need to styudy psychiatric disease from a
dimesnional perspective.

NIMH-RDoC-working-group, Positive Valence Systems:
Workshop Proceedings, NIMH, Editor. Rockville, Maryland 2011.
Fruchterman T, Reingold E. Graph drawing by force-directed place-
ment. Software Pract Exp. 1991;21:1129-64.

Borsboom D, Cramer AO. Network analysis: an integrative ap-
proach to the structure of psychopathology. Annu Rev Clin
Psychol. 2013;9:91-121.

91

92.

93.

94.

9s.

96.

97.

98.

99.

Kaye W et al. The neurobiology of anorexia nervosa: clinical im-
plications of alterations of the function of serotonin and other neu-
ronal systems. Int J Eat Disord Spec Issue Anorexia Nervosa.
2005;37:S15-9. Discussion S20-21.

Frank GK, Kaye WH. Current status of functional imaging in eating
disorders. Int J Eat Disord. 2012;45(6):723-36.

Wardenaar KJ, de Jonge P. Diagnostic heterogeneity in psychiatry:
towards an empirical solution. BMC Med. 2013;11:201.

Porto LC et al. Impairment of the serotonergic control of feeding in
adult female rats exposed to intra-uterine malnutrition. Br J Nutr.
2009;101(8):1255-61.

de Souza SL, Orozco-Solis R, de Castro M, et al. Perinatal protein
restriction reduces the inhibitory action of serotonin on food intake.
Eur J Neurosci. 2008;27(6):1400-8.

Gearhardt AN et al. Neural correlates of food addiction. Arch Gen
Psychiatry. 2011;68(8):808-16.

Frank G. The role of neurotransmitter systems in eating and sub-
stance use disorders, in eating disorders, addictions and substance
use disorders. In: Brewerton T, Baker-Dennis A, editors. Springer:
Berlin; 2014.

Brewerton TD, Dennis AB. Eating disorders, addictions and sub-
stance use disorders: research, clinical and treatment perspectives.
xxv:681.

Hyman SE. Psychiatric drug development: diagnosing a crisis.
Cerebrum. 2013;2013:5.

@ Springer



	Recent Advances in Neuroimaging to Model Eating Disorder Neurobiology
	Abstract
	Introduction
	Research on Brain Volume
	Brain Function and Taste-Reward Processing
	Dimensional Research and Complex Model Building
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



