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The eating disorder anorexia nervosa develops mostly in
adolescent girls and young women and has the highest mortality
rate among psychiatric diseases. Symptoms are caloric food re-
striction, body weight loss or maintained very low body weight,
body image disturbance and hyperactivity. Clinically, the disease
is well characterized, but the underlying pathophysiology still
remains to be better described. Already several decades ago,
physicians and researchers began to investigate potential causes
of the disease in the brain with advancing neuroimaging tech-
niques yielding important insights. The purpose of this short
review is to summarize the current knowledge on brain alter-
ations in anorexia nervosa and to stimulate future research. By
using MRI and fMRI scans, structural and functional changes can
be detected. In MRI scans the most common finding is gray and
white matter reduction correlating with the extent of malnour-
ishment and mostly reversible with recovery. Most fMRI studies
performed in patients with anorexia nervosa focused on food,
taste, physical appearance and social cognition. Although very
different in terms of the study protocol, the most common
findings are increased activation of the amygdala and altered
activation of the cingulate cortex. Further research is required in
order to connect the different findings to further investigate the
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neurobiological differences between the subtypes of anorexia
nervosa.

© 2019 The Authors. Published by Elsevier Ltd on behalf of
European Society for Clinical Nutrition and Metabolism. This is an

open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The eating disorder anorexia nervosa develops mostly in adolescence or young adulthood with a
ratio of women: men of 8: 1 [1]. Anorexia nervosa was found to be the third most common chronic
disease in adolescents with the highest mortality rate of all psychiatric disorders [2].

Symptoms presented encompass: self-imposed restriction of caloric intake, loss of body weight
and/or low body weight, fear of gaining weight and body image disturbance [3]. Clinically, patients can
be divided into two subtypes, namely restricted and binge-purge anorexia nervosa. The restricted type
is characterized by continuous very low caloric intake and the binge-purge type by the intake of a big
amount of food in a short time (bingeing) followed by counteracting behavior, for example starving for
a longer time, use of laxatives or vomiting (purging).

Although the disease is clinically well characterized, the underlying pathophysiology is still not well
understood. In the past, several concepts have been established in order to attempt to explain the cause
of anorexia nervosa. From personality traits, family or genetic concepts, the research community has
now come to a multifactorial concept that is mainly focusing on neurobiology [4].

In order to better characterize the disease, for several decades researchers and doctors first
investigated the brain structure [5] with advances in neuroimaging representing a great leap forward
in terms of insight into the disease [6]. It is to note that especially the possibility of analyzing T1- and
diffusion weighted magnetic resonance images (MRI) increased our knowledge on alterations under
conditions of anorexia nervosa [6].

The aim of this short review is to present the current knowledge on neurobiological brain alter-
ations in anorexia nervosa with regards to structure and function as well as to discuss gaps in
knowledge in order to stimulate future research.
2. Morphological changes in anorexia nervosa

It is well established that acute malnutrition is associated with gray and white matter reduction,
with the reduction beingmostly reversible with weight restoration, at least in non-chronic patients [7].
The brain mass reduction manifests with widespread sulcal enlargement and marked ventricle dila-
tation and is positively correlated with reductions in BMI [8]. However, not all brain areas seem to be
equally affected by volume reduction. Specifically, the frontoparietal e cingulate network involved in
perception and integration of body stimuli seems to be reduced in volume [9]. Additionally, differences
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have been observed between adolescents and adults most likely due to ongoing brain development [8].
These alterations in brain structure may be caused by multiple processes. However, the exact under-
lying mechanisms still remain to be unraveled [10]. Several contributing factors have been discussed
[11] such as fluid shifting from the intra- to extracellular space because of altered oncotic/colloid os-
motic pressures or dehydration [12], loss/apoptosis of glial or neuronal cells, macro- andmicronutrient
deficiency [13,14], peptide hormone alterations such as a decrease of leptin [15] and a reduction of
thyroid and gonadal hormones as well as an increase in neurotrophines and cortisol [16]. Regionally-
decreased cortical thickness [17] and increased cerebrospinal fluid were also frequently reported in
patients with anorexia nervosa [18]. These alterations will be briefly discussed below.

The alteration of oncotic pressure is likely to result in fluid shifts in patients with malnutrition/
underweight such as anorexia nervosa as also reflected in abdominal fluid and pericardial effusion [19].
These changes in the brain may also lead to apoptosis of glial or neuronal cells. Postmortem brain
studies of patients with anorexia showed histological alterations suggestive of cellular degeneration
including reduced spine density and abnormal neuron types [20]. Significant astrocyte loss, in both
white and graymatter, has been recently reported in the rat animal model activity-based anorexia [21].
Further evidence points towards neuronal cellular degeneration and restructuring, however, (large)
apoptosis does not seem to be the main reason for gray and white matter reduction as the reduction
was reversible with ~5% increase of gray matter within three months [22,23].

Patients with anorexia nervosa differ from other malnourished patients as they often particularly
try to avoid food high in fat [24]. Consequently, plasma concentrations of several lipids were found to
be lower or altered in patients with anorexia nervosa [25]. Although several fatty acids can be produced
endogenously, patients with anorexia nervosa also lack polyunsaturated essential fatty acids that need
to be provided by diet and are important for fluidity of neuronal membranes and the function of
membrane bound enzymes, receptors and ion channels [25,26], dysfunctions that may well play a role
in the fluid shifts and cell death discussed above. However, it is to note that although the lack of
polyunsaturated essential fatty acids has been associated with alterations in brain structure [26], it has
yet to be investigated in anorexia nervosa. In addition, also a lack of micronutrients such as zinc and
vitamin B12 may be involved in structural brain alterations under conditions of anorexia nervosa [27],
an assumption corroborated by the finding that 45% of anorexia nervosa patients suffer from at least
one micronutrient deficiency with vitamin A and B9 deficiency being most frequent [28].

Hormonal alterations affect mediators involved in the regulation of food intake as well as other
homeostatic functions. It has been shown that levels of the orexigenic hormone ghrelin are elevated,
whereas circulating levels of anorexigenic hormones such as leptin and nesfatin-1 are decreased
[29,30] likely representing e albeit insufficient e compensatory alterations. Moreover, the
hypothalamic-pituitary-adrenal axis was reported to be activated in anorexia nervosa as reflected in
increased cortisol concentrations [31]. Since cortisol has been shown to impact brain structure [32], the
negative correlation of increased global gray matter volume during recovery and blood cortisol levels
[33] may give rise to a causal relationship. Lastly, the hypothalamic-pituitary-thyroidal andegonadal
axis have been reported to be largely suppressed [31]. Further research is warranted especially in
light of alterations in the different subtypes of anorexia nervosa.

3. Functional alterations in anorexia nervosa

Modern neuroimaging technologies allowe in addition to structural analysese the investigation of
functional alterations under conditions of anorexia nervosa (Table 1). Overall, functional magnetic
resonance imaging (fMRI) studies indicate altered neural activity across the brain, including the frontal,
parietal, temporal and occipital lobes, as well as subcortical structures such as the amygdala, striatum,
thalamus and the cerebellum [34]. Despite the growing body of knowledge due to the increase in
number of fMRI studies, a clear pathophysiological picture is still to be drawn.

The differentiation between alterations subsequent to the disease/malnourishment and those
causally involved is still a big challenge. There are different possibilities to address this question [34],
namely first, comparing patients within the first months of their disease with chronically ill patients,
second, to investigate acutely ill patients compared to recovered patients, third, comparing recovered
patients with healthy controls and fourth, studying patients with anorexia nervosa compared to



Table 1
Functional alterations in anorexia nervosa as assessed using functional magnetic resonance imaging (fMRI).

Reference Tasks Population (all female) Brain area altered Possible implications/additional
information

Appearance/body shape
Miyake et al., 2010
[43]

hearing negative words related to body
image

AN (n ¼ 15)
Controls (n ¼ 15)

increased activity in amygdala, medial
prefrontal cortex and inferior parietal lobe

might be correlate of deficit in the
cognitive evaluation of negative
emotions concerning body image in
patients with AN

Fladung et al., 2010
[40]

viewing images of thin bodies AN (n ¼ 14)
Controls (n ¼ 14)

increased activity in the ventral striatum reward system activated / patients
might show “starvation dependence”,
might be a disease maintaining factor

Friederich et al.,
2010 [42]

comparison of oneself with images of
idealized bodies

AN (n ¼ 17)
Controls (n ¼ 17)

increased activity in insula, premotor cortex;
reduced activity in rostral anterior cingulate
cortex

altered interoceptive awareness to
body self-comparison and altered
motivational system

Miyake et al., 2010
[38]

viewing images of themselves but
distorted and oversized

AN-R (n ¼ 11)
(AN-BP (n ¼ 11)
Controls (n ¼ 11)

amygdala significantly activated in AN-R, AN-BP
and controls; prefrontal cortex significantly
activated in AN-BP and controls;

might reflect a general failure to
represent and evaluate one's own body
in a realistic fashion

Mohr et al., 2010
[39]

viewing images of themselves but
distorted and thinner and a) asked to
rate satisfaction with these images and
b) asked to estimate their own size

AN (n ¼ 16)
Controls (n ¼ 16)

a) stronger activation of the insula and lateral
prefrontal cortex

b) modulations in activation of the precuneus

a) indicates a stronger emotional
involvement when patients are
confronted with distorted images
close to their own ideal body size

b) patients overestimated their own
body size / might be deficit in the
retrieval of a multimodal coded
body schema in precuneus/posterior
parietal cortex related to over-
estimation of body size

Vocks et al., 2010
[36]

a) viewing images of their own body
and b) viewing images of other women
in bikini

AN (n ¼ 13)
Controls (n ¼ 27)

a) inferior parietal lobule activation reduced
b) increased activity in the amygdala

a) decreased attentional processes to-
ward one's own body, possibly
reflecting body-related avoidance
behavior

b) stronger emotional activation and
enhanced vigilance, possibly result-
ing from social comparison
processes

(continued on next page)
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Table 1 (continued )

Reference Tasks Population (all female) Brain area altered Possible implications/additional
information

Castellini et al.,
2013 [37]

viewing images of themselves but
distorted and oversized

AN-R (n ¼ 18)
Controls (n ¼ 19)

increased activity in dorsolateral prefrontal
cortex (DLPFC)

significant correlation between DLPFC
activation and eating disorder
psychopathology; reinforcing the key
role of attentive, executive and self-
evaluation networks in AN

Fladung et al., 2013
[41]

viewing images of thin and normal
weight bodies

AN patients (n ¼ 13)
Controls (n ¼ 14)
(all adolescent)

increased activity of the ventral striatum (thin
bodies); reduced activity of the ventral striatum
(normal weight bodies)

patients on average only 13 months ill
at moment of fMRI / changes of
reward system occur early in illness

Food and hunger
Gizewski et al.,
2010 [45]

viewing high-calorie food images AN-R (n ¼ 12)
Controls (n ¼ 12)

increased activity in dorsal posterior cingulate
cortex and insula

representing a dysfunction of top-down
processes of the dorsal stream of
emotional processing

Joos et al., 2011
[44]

viewing images of food AN-R (n ¼ 11)
Controls (n ¼ 11)

increased activity of the right amygdala and
decreased activity of the cingulate cortex

likely represents parts of a negative
feedback loop of emotional processing
and disgust ratings correlating
negatively with activation of amygdala

Vocks et al., 2011
[49]

drinking chocolate milk in hunger and
satiety condition

AN-R (n ¼ 12)
Controls (n ¼ 12)

hunger condition: right amygdala and left
medial temporal gyrus more activated
satiety condition: inferior temporal gyrus more
activated

activations located in the amygdala and
in the extrastriate body area (inferior
temporal gyrus) might reflect fear of
weight gain

Brooks et al., 2012
[46]

exposed to food and imagining eating it AN-R (n ¼ 11)
AN-BP (n ¼ 7)
Controls (n ¼ 24)

increased activation in the visual and prefrontal
cortex; reduced activation in the cerebellum

suggestive of altered neuronal
processing of visual food stimuli /
possibly more rumination about
controlling food intake

Oberndorfer et al.,
2013 [47]

viewing images of food Women recovered from
AN (n ¼ 14)
Controls (n ¼ 12)

increased activity in right ventral anterior
insula

suggests exaggerated sensitivity and
anxiety related to food and eating;
cognitive processing of food-related
images is still affected although women
were recovered

Sanders et al., 2015
[48]

viewing images of food after fasting
overnight

AN (n ¼ 15)
Women recovered from
AN (n ¼ 14)
Controls (n ¼ 15)

increased activity in caudate nucleus, medial
and lateral prefrontal cortex and anterior
cingulate in AN and recovered women

cognitive processing of food-related
images is still affected although women
were recovered
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Reward system
Frank et al., 2012
[51]

reward-conditioning task: paradigm
involves learning the association
between conditioned visual stimuli and
unconditioned taste stimuli, as well as
the unexpected violation of those
learned associations

AN-R (n ¼ 21)
Controls (n ¼ 23)

increased activity in the orbitofrontal cortex,
anteroventral striatum, insula, and prefrontal
cortex

suggests that brain reward circuits are
more responsive to food stimuli in AN

B€ar et al., 2013 [57] thermal painful stimuli to the right arm
during fMRI

AN (n ¼ 19)
Controls (n ¼ 19)

decreased activity in left posterior insula,
increased activity in ipsilateral (right) pons

significantly increased heat pain
thresholds observed in patients; insular
dysfunction might be correlate for
reduced pain sensitivity

Fonville et al., 2014
[55]

implicit emotion processing (detecting
different facial expressions)

AN-R (n ¼ 25)
AN-BP (n ¼ 6)
Controls (n ¼ 35)

increased activity in right fusiform gyrus as
response to all facial expressions; the higher the
happier the face

suggests that alterations in implicit
emotion processing in AN occur during
early perceptual processing of social
signals and illustrate greater
engagement

Decker et al., 2015
[52]

task consisted of a range of monetary
choices with variable delay times,
yielding individual discount rates (the
rate by which money loses value over
time)

AN (n ¼ 30)
Controls (n ¼ 22)

underweight AN: decreased activity in striatum
and dorsal anterior cingulate;
AN after treatment and controls: increased
activation in reward regions (striatum and
dorsal anterior cingulate) and decision-making
regions (dorsolateral prefrontal cortex and
parietal cortex)

before treatment the AN group showed
a preference for delayed over earlier
rewards (i.e., less steep discount rates)
compared with controls; after weight
restoration AN did not differ; AN
behavior looks phenotypically like
excessive self-control (choose late
reward) but without enhanced
prefrontal activation; the
cingulostriatal circuitry's activity is
increased / abnormalities in decision-
making neural system might play a
bigger role in AN

(continued on next page)
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Table 1 (continued )

Reference Tasks Population (all female) Brain area altered Possible implications/additional
information

Phillipou et al.,
2015 [54]

implicit emotion processing task during
fMRI and eye tracking

AN (n ¼ 24)
Controls (n ¼ 25)

increased activity to own face stimuli in AN in
the right inferior and middle temporal gyri, and
right lingual gyrus

suggests increased anxiety to disorder-
relevant stimuli in AN

Via et al., 2015 [53] social situation of acceptance and
rejection

AN-R (n ¼ 20)
Controls (n ¼ 20)

social acceptance: hypoactivation of the
dorsomedial prefrontal cortex
social rejection: hyperactivation of visual areas

suggests abnormal motivational drive
for social stimuli; overlapping of
alterations in social cognition and
reward systems may lead to a
disruption of adaptive responses in the
processing of social reward. Ventral
striatum activation during rejection
was positively correlated in patients
with clinical severity scores (Eating
Disorder Inventory -EDI-2).

Social cognition
McAdams &
Krawczyk 2011
[58]

theory of mind task which involves the
ability to understand themental state of
other people in a specific situation

Women recovered from
AN (n ¼ 17)
Controls (n ¼ 17)

reduced activation in social cognition network,
biggest differences in right temporoparietal
junction

differences in the processing of social
knowledge in recovered subjects
suggesting that biological impairments
still play a role in social cognition of
recovered AN women

Schulte-Rüther
et al., 2012 [59]

theory of mind task which involves the
ability to understand themental state of
other people in a specific situation

AN (n ¼ 19)
Controls (n ¼ 21)
(fMRI at admission, all
adolescent)

fMRI on admission: reduced activation in
middle and anterior temporal cortex and in the
medial prefrontal cortex

at follow-up (1 year after admission/
fMRI) / poor social cognition reflected
in fMRI correlated with poor clinical
outcome

Abbreviations: AN, anorexia nervosa; AN-BP, binge-purge AN; AN-R, restricted AN.
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patients with malnutrition due to any other reason. However, only few studies are available so far
applying these suggested study designs. Studies on recovered patients indicated increased activation in
the secondary visual processing regions and the dorsal visual stream following presentation of facial
pictures compared to healthy controls as assessed by fMRI [35]. Additional studies are urgently needed,
especially those applying the comparisons suggested above.

It is also to note that results from fMRI studies are difficult to compare because of different ques-
tions, pictures shown to patients or cognitive tasks the patients are asked to performwhich are mostly
food-, body weight- or emotion-related in anorexia nervosa studies [34].

In appearance/body shape-related fMRI studies, patients with anorexia nervosa showed reduced
activation in the inferior parietal lobule, an area related to the attention network, after viewing images
of their own bodies [36], a finding that might be interpreted as avoidance of perceiving the own body.
Upon looking at pictures of other women in bikinis, patients with anorexia nervosa displayed increased
activity in the amygdala [36]. Other studies showed that when showing patients pictures of themselves
e but distorted and oversized e activation in the inferior frontal gyrus, middle temporal gyrus and
amygdala was increased, while activation was reduced in the prefrontal cortex [37,38]. In response to
seeing pictures of thin bodies, increased activity in the ventral striatum and in the insula have been
observed [39e41]. The latter one e increased insula activation e was also detected in response to
comparison of oneself with idealized bodies, together with increased premotor cortex activity and
reduced rostral anterior cingulate cortex activity [42]. Increased amygdala, medial prefrontal cortex
and inferior parietal lobe activation was reported when patients heard negative words related to body
image [43].

Presentation of food-related pictures led to increased activity in the dorsal posterior cingulate
cortex, the insula and the amygdala and reduced activity of the posterior midcingulate cortex in pa-
tients with anorexia nervosa [44,45], a finding possibly representing a dysfunction of top-down pro-
cesses of the dorsal stream of emotional processing. In another study patients were exposed to food
and instructed to imagine eating it. Patients with anorexia nervosa displayed reduced activation in the
cerebellum along with increased activation in the visual cortex [46], suggestive of an altered neuronal
processing of visual food stimuli [46]. Interestingly, studies demonstrated that the cognitive processing
of food-related images is still affected in patients recovered from anorexia nervosa [47,48]. Lastly, when
feeling hungry the amygdala was found to be more activated in patients with anorexia nervosa
compared to healthy controls [49], pointing towards a more fearful emotional response.

Altered reward system functions in anorexia nervosa is a quitewell elaborated concept [50]. Several
studies have investigated differences in the reward system describing dysfunction in reward related
areas of the brain, differences in processing of emotions, e.g. emotional facial expressions and higher
activation in the anteroventral striatum, insula and prefrontal cortex when asked to perform reward-
related tasks in the fMRI [34,43,51e55]. Moreover, patients with anorexia nervosa were shown to have
reduced pain sensitivity [56], which may be associated with insular dysfunction [9,57].

In order to study social cognition, patients have been asked to perform a theory of mind task which
involves the ability to understand the mental state of other people in a specific situation. Performing
these tasks, acutely ill anorexic patients and those recovered from anorexia showed similarly reduced
activation in areas of the temporal andmedial prefrontal cortex [58,59] giving rise to lasting changes in
brain function possibly involved in the risk for a relapse of the disease.

4. Conclusion

Investigating the brain of patients with anorexia nervosa, structural and functional changes can be
detected [6]. In MRI scans the most common finding is gray and white matter reduction correlating
with the extent of malnourishment and mostly reversible with recovery and weight normalization [7].
However, the detailed mechanisms of gray and white matter reduction are not fully understood [10].
The use of fMRI can provide important information about the functional changes underlying the
symptomatology of anorexia nervosa. Different studies have been performed related to food, taste,
physical appearance and social cognition [34]. When comprehensively viewed, the most common
findings are increased activation of the amygdala and changes in the activation of the cingulate cortex.
Despite the fact that the (suspected) factors underlying these alterations greatly differ between
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research groups, it becomes more apparent that several changes still remain detectable in recovered
patients pointing towards non-reversible consequences of the disease or underlying causes increasing
the risk for a relapse even after recovery. Further studies are needed in order to dissect cause and
consequence and better characterize the different subgroups of anorexia nervosa.
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