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Abstract
Anorexia nervosa is a complex psychiatric illness associated with food
restriction and high mortality. Recent brain research in adolescents and
adults with anorexia nervosa has used larger sample sizes compared with
earlier studies and tasks that test specific brain circuits. Those studies have
produced more robust results and advanced our knowledge of underlying
biological mechanisms that may contribute to the development and
maintenance of anorexia nervosa. It is now recognized that malnutrition and
dehydration lead to dynamic changes in brain structure across the brain,
which normalize with weight restoration. Some structural alterations could
be trait factors but require replication. Functional brain imaging and
behavioral studies have implicated learning-related brain circuits that may
contribute to food restriction in anorexia nervosa. Most notably, those
circuits involve striatal, insular, and frontal cortical regions that drive
learning from reward and punishment, as well as habit learning.
Disturbances in those circuits may lead to a vicious cycle that hampers
recovery. Other studies have started to explore the neurobiology of
interoception or social interaction and whether the connectivity between
brain regions is altered in anorexia nervosa. All together, these studies build
upon earlier research that indicated neurotransmitter abnormalities in
anorexia nervosa and help us develop models of a distinct neurobiology
that underlies anorexia nervosa.
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Anorexia nervosa (AN) is characterized by a persistent restriction of energy intake and leads to a body weight that is significantly lower than what is expected for height and age1. There is
either an intense fear of gaining weight or becoming fat or
persistent behavior that interferes with weight gain (even
though at significantly low weight). Individuals with AN experience a disturbance in the way one’s body weight or shape is
experienced, undue influence of body shape and weight on selfevaluation, or persistent lack of recognition of the seriousness of the current low body weight. A restricting type has been
distinguished from a binge eating/purging type; individuals
in the latter group may intermittently have binge eating episodes or may use self-induced vomiting to avoid weight
gain. AN shows a complex interplay between neurobiological,
psychological, and environmental factors2 and is a chronic
disorder with frequent relapse, high treatment costs, and severe
disease burden3,4. AN has a mortality rate 12 times higher than
the death rate for all causes of death for females 15 to 24 years
old5–7. Treatment success is modest, and no medication has been
approved for AN treatment8.
Various psychological or psychodynamic theories have been
developed in the past to explain the causes of AN but their
underlying theories have been difficult to test9. On the contrary,
neurobiological research using techniques such as human brain
imaging leads to more directly testable hypotheses and holds
promise to help us tease apart mechanisms that contribute to the
onset of the illness, maintenance of AN behavior, and recovery
from AN. This article will review recent advances in our understanding of the neurobiology of AN. Neurobiology is a branch
of the life sciences, which deals with the anatomy, physiology,
and pathology of the nervous system10. Neurobiology is closely
associated with the field of neuroscience, a branch of biology,
which tries to understand brain function, from gross anatomy
to neural circuits and cells that comprise them11. The goal of
neurobiological research in AN is to develop a medical model
perspective to reduce stigma and help develop better treatments12. At the earlier stages of brain research in AN, study
samples tended to be quite small, which made replication
difficult13. Most frequently, altered serotonin function was
associated with AN and anxiety in the disorder14. More recent
brain research has built upon those studies and increased sample
sizes in structural studies and introduced studying brain function
in relation to specific tasks that are thought be related to food
restriction, anxiety, and body image distortion. Most studies
have been carried out in adults, although there is a growing body
of literature that investigated youth with AN.
The most frequently applied brain imaging study design in the
past studied brain volume in AN, and more recent research now
allows cortical thickness of the brain to be investigated. For a
long time, there was the notion that gray matter volume and
cortical thickness are lower in patients with AN (when ill and
after recovery) than in controls. This research was pioneered by
Katzman et al. in adolescents with AN15,16. However, recent
research by Bernardoni et al.17 and King et al.18 in adolescents
and young adults indicated that such abnormalities are rather

short-lived and that both lower volume and cortical thickness
normalize with weight recovery. Animal studies suggest that
those changes may be due to the effects of malnutrition and
dehydration on astrocytes within the brain connective tissue19.
Two studies from our group have found larger orbitofrontal
cortex and insula volume in adults and adolescents with AN
after 1 to 2 weeks of normalization of food intake or in individuals after recovery, and orbitofrontal cortex volume was related
to taste pleasantness20,21. Those results were intriguing as they
implicated taste perception in relation to brain volume but
they need replication. New data from our group in healthy firstdegree relatives of patients with AN also show larger orbitofrontal cortex volume, supporting a trait abnormality (unpublished
data). Studies by Bernardoni et al. in young adults have found
abnormalities in gray matter gyrification in AN, and nutritional
rehabilitation seems to normalize altered cortical folding22. A
valuable lesson from those studies is that food intake can have
dramatic effects on brain structure. Whether lower or higher
brain volume in AN has implications on illness behavior or is
instead an effect of malnutrition without effects on behavior is
still unclear and needs further research23,24.
Functional brain imaging provides the opportunity to tie behavior
to brain activation and thus to distinct brain neurobiology, which
could become a treatment target. Several aspects of behavior
in AN stand out. One is the ability to restrict food intake to the
point of emaciation while the typical mechanisms to maintain a
healthy body weight are inefficient. Another is how the body
can maintain this behavior even when AN patients in therapy are
trying to break that behavior pattern.
Relevant to food avoidance behavior is the brain reward system,
which processes the motivation to eat and hedonic experience
after food intake, and also calculates and updates how valuable a
specific food is to us25. This circuitry includes the insula,
which contains the primary taste cortex, the ventral striatum
that comprises dopamine terminals to drive food approach,
and the orbitofrontal cortex that calculates a value, while the
hypothalamus integrates body signals on hunger and satiety
for higher-order decision making and food approach. Many
studies have used visual food cues but it has been difficult to
draw conclusions on the pathophysiology of AN from those
studies26.
Several studies from our group using sugar taste stimuli have
found that brain activation in adolescent and adult AN was
elevated compared with controls in response to unexpected
receipt or omission of sweet taste in the insula and striatum27,28.
This so-called “prediction error” response has been associated
with brain dopamine circuitry and serves as a learning signal to
drive approach or avoidance of salient stimuli in the environment
in the future. In addition, orbitofrontal cortex prediction error
response correlated positively with anxiety measures in AN28,29.
We found a similar pattern of elevated brain activation in AN to
unexpected receipt or omission of monetary stimuli, suggesting a food-independent alteration of brain dopamine circuitry.
Importantly, those studies have also shown that brain response
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was predictive of weight gain during treatment and that brain
dopamine function could have an important role in weight
recovery in AN. This was supported by a retrospective chart
review in adolescents with AN that suggested that the dopamine
D2 receptor partial agonist aripiprazole was associated with
higher weight gain in a structured treatment program in
comparison with patients not on that medication30. Mechanistically, it was hypothesized that dopamine D2 receptor stimulation
might be desensitizing those receptors and normalize behavior
response. This, however, is speculative and controlled studies
are lacking.
Other lines of research on the pathophysiology of AN are
directed toward feedback learning, and several studies have found
that AN is associated with alterations, behaviorally or in brain
response. A study by Foerde and Steinglass, who investigated
learning using a picture association task in patients with
AN before and after weight restoration, indicated deficits in
feedback learning and generalization of learned information
in comparison with controls31. Such alterations could translate
directly into difficulties in behavior modification toward
recovery. Studies from Ehrlich’s group found normal feedback
learning in ill, but reduced performance on reversal learning
in recovered AN, which made the impact of learning in ill AN
less clear32,33. Furthermore, Bernardoni et al., using a different
study design, found that individuals with AN had an increased
learning rate and elevated medial frontal cortex response
following punishment34. That result supports previous findings of
elevated sensitivity to punishment in AN as a possible biological
trait35. Another very interesting study by Foerde et al. tested
brain response to food choice presenting images of food and
that research implicated the dorsal striatum in this process in
AN36. The authors also found that the strength of connectivity between striatum and frontal cortex activation correlated
inversely with actual caloric food intake in a test meal after the
brain scan. The authors interpreted the findings to mean that
this frontostriatal involvement in AN could contribute to habit
formation of food restriction behavior. Behavioral research
has provided evidence that habit formation or habit strength
could be necessary for the perpetuation of AN behaviors and this
concept is important to study further37–39.
The self-perception of being fat despite being underweight is
another aspect of AN that the field continues to struggle with in
finding its underlying pathophysiology. Some studies have found
a specific brain response related to altered processing of visual
information or tasks that tested interoception. For instance,
Kerr et al.40 found elevated insula activation during an abdomen
perception task, and Xu et al.41 found that a frontal and cingulate cortex response during a social evaluation task correlated
with body shape concerns. A study by Hagman et al., however,
indicated a strong cognitive and emotional influence on body
image distortion, and the intersection between altered perception and fear-driven self-perception needs further study42.
Social interaction and its brain biology constitute another area
that was hypothesized to be related to AN behaviors and some

research is emerging on this topic. For instance, a study by
McAdams et al. showed that the quality of the social relationship or social reciprocity tested in a trust game showed lower
occipito-parietal brain response in patients with AN in comparison with a control group43. This research suggests altered reward
experience from interpersonal contact in AN, which could impact
emotional well-being and interfere with recovery. Oxytocin, a
peptide hormone related to social behavior, could play a role but
this requires more detailed research44.
Studies on brain connectivity can test either what brain regions
work in concert during a specific task (functional connectivity)
or what the hierarchical organization is between areas in the
brain (that is, what region drives another) (effective connectivity). Several studies in the past have shown that resting-state
functional connectivity is altered in patients with AN compared
with control groups. Those studies repeatedly found altered connectivity that involved the insula, a region associated with taste
perception, prediction error processing, and integration of body
perception, as reviewed by Gaudio et al.45. More recent studies
found higher or lower resting-state activation in AN across
various networks and during rest or task conditions39,46–49.
Longitudinal studies will need to test what might be the best
resting-state network to focus on to predict, for instance, illness
outcome or whether functional connectivity during specific tasks
such as taste processing could be more informative. One study
by Boehm et al. found normalization of functional connectivity in the default mode but continued abnormal frontoparietal
network connectivity in recovered AN50. It remains to be seen
whether functional connectivity will normalize with recovery or
can identify long-lasting or maybe trait alterations.
Effective connectivity studies indicated that while viewing
fearful faces, a group with AN had deficits of brain connectivity
between prefrontal cortex and the amygdala, which correlated
with measures for anxiety and eating behaviors in a study by
Rangaprakash et al.51. Studies from our group that assessed
effective connectivity during the tasting of sucrose solution
found that, whereas in controls the hypothalamus drove ventral
striatum response, in patients with AN, effective connectivity
was directed from the ventral striatum to the hypothalamus28,52.
Previously, a dopamine-dependent pathway from the ventral
striatum to the hypothalamus that mediates fear was described
and we hypothesized that this circuitry might be activated in
AN to override appetitive hypothalamic signals53.
In summary, brain research has started to make inroads into the
pathophysiology of AN. We have learned that malnutrition has
significant effects on brain structure, changes that can recover
with weight restoration, but whether those alterations have an
impact on illness behavior remains unclear23. Research into the
function of brain circuits has implicated reward pathways and
malnutrition-driven alterations of dopamine responsiveness
together with neuroendocrine changes, and high anxiety may
interfere with normal mechanisms that drive eating behavior54.
Habit learning and associated striatal-frontal brain connectivity
could provide another mechanism of how brain function and
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interaction of cortical and sub-cortical regions may perpetuate
illness behavior that is difficult to overcome. Those advances
are promising to establish that AN is associated with a distinct
brain pathophysiology. This will help researchers develop
effective biological treatments that improve recovery and help
prevent relapse. A significant challenge to overcome will be
to integrate the differing brain research studies and develop a
unified model13. Critical in this effort will be well-powered
and comparable study designs across research groups, which
take into account confounding factors such as comorbidity
and medication use and which use rigorous standards for data
analysis.
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