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SUMMARY

The amygdala, with its ability to attribute emotional value to stimuli and to certain events,
is believed to play a role in the etiopathogenetic processes underlying Eating Disorders. In
particular, this review will briefly summarize data concerning the alterations found in the
Structure and functional pathway of the amygdala, in relation to the pathological profile of An-
orexia Nervosa (AN). Appropriate keywords and medical subject headings were identified and
searched for in PubMed/MEDLINE. References of original articles and reviews were screened,
examined, and selected. Numerous studies have identified alterations in the functioning of the
amygdala in patients suffering from AN, often with significant differences. Patients showed a
significantly reduced amygdala volume, probably because of starvation and malnutrition. In
some studies, an hyperactivation of the amygdala was highlighted, while in other hypoacti-
vation was found. In individuals with AN, dysregulated eating patterns are associated with an
imbalance between reward-related and cognitive control processing regions. Hyperactivation
of the amygdala was highlighted in response to stimuli with salient characteristics for the AN
(such as body or nutrition).
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Introduction

Anorexia nervosa

Eating disorders (EDs) are complex mental health conditions character-
ized by dysfunctional thoughts, behaviors, and perceptions related to
food and body image '. These disorders can severely impact the daily
lives of affected individuals, leading to significant deficits in social, oc-
cupational, and emotional functioning. According to the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), the currently
classified EDs include anorexia nervosa, bulimia nervosa, binge eating
disorder, avoidant/restrictive food intake disorder, other specified feeding
and eating disorders, pica, and rumination disorder .

Anorexia nervosa (AN) is a severe form of ED marked by restrictive caloric
intake, a disturbed body image, intense fear of weight gain, and denial
of the medical severity of the condition '. These features contribute to
significantly low body weight, which can precipitate numerous medical
complications 2. While the overall incidence of AN has remained stable,
there is evidence suggesting an increased incidence among younger
girls (< 15 years) 2. The gold standard for AN treatment is a multidisci-
plinary approach encompassing nutritional counseling, psychotherapy,
and pharmacological support 4. However, treatment is often challenging,
and many patients achieve only partial or total remission years after the
onset of symptoms 5. AN is associated with notably high relapse rates 5,
and individuals with AN are at a greater risk of mortality compared to
those with other EDs and psychiatric disorders 7.
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Given these epidemiological insights, it is crucial to elu-
cidate the etiological correlates of AN to explore new
therapeutic avenues. Currently, the etiology of AN re-
mains largely unknown, though it is hypothesized to in-
volve a combination of biological, psychological, psy-
chosocial, and behavioral factors 8.

Extensive research has been conducted to understand
the neurobiology underlying AN. Both functional and
structural brain deficits appear to be present in individu-
als with AN. Evidence points to the involvement of brain
structure volumes and dysfunctions in the functional
resting-state connectivity of various brain networks °.
The reward circuit, cognitive control, and habit-forma-
tion systems, as well as dopaminergic regulation, are
implicated in AN . Serotonin, given its role in mood,
anxiety, and obsessiveness, is also considered crucial
in maintaining dysfunctional symptoms in AN . Addi-
tionally, findings indicate hypoperfusion in certain brain
areas and overall glucose hypometabolism in the brains
of some AN patients 2,

AN imposes a significant burden of disease. Despite
extensive research, it remains essential to deepen our
understanding of its etiology to uncover new therapeu-
tic possibilities.

Overview of physiological aspects of amygdala

The amygdala, an almond-shaped subcortical structure
located in the medial temporal lobe, comprises several
anatomically and cytoarchitecturally distinct regions 3.
Its primary function is currently understood to be the
maintenance of emotional homeostasis through con-
nections with other brain regions. These include the
prefrontal cortex (involved in stress-reactive rumina-
tion), the anterior cingulate cortex (involved in memory
formation, cognitive flexibility, planning, and behavioral
inhibition), the insula and parahippocampal gyrus (both
activated by hunger-related cravings), and the nucleus
accumbens (involved in the cognitive processing of mo-
tivation, reward, fear, and aversion) 7.

Interactions between the amygdala and hippocampus
facilitate the translation of various sensory stimuli into
behavioral responses. Consequently, the amygdala’s
role in certain psychiatric disorders, including eating
disorders (EDs), has been the subject of extensive sci-
entific investigation in recent years 8. Within the amyg-
dala, the basolateral and central nuclei have been par-
ticularly studied in relation to EDs, as they are central to
associative fear learning, leading to conditioned behav-
ioral responses such as weight loss 192,

The potential impact of the amygdala on the anorectic
phenotype has also been explored from a neuroendo-
crine perspective. Animal studies have demonstrated
high densities of receptors for various neurohormones,
including leptin, in the amygdala 2'. Leptin, a hormone
produced by adipose tissue that regulates hunger, has
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been a focal point of recent scientific research. Hypo-
leptinemia, in particular, may be associated with al-
terations in the rostral-medial amygdala, a brain region
involved in olfactory and food-related reward process-
ing 3. Furthermore, leptin’s role in the neurogenesis of
structures such as the amygdala and hippocampus, as
well as in axon growth and synaptogenesis, has been
highlighted 22.

Another noteworthy neuroendocrine factor is the orexin
system. Orexins (also known as hypocretins) are excit-
atory neuropeptides with well-documented roles in reg-
ulating wakefulness, arousal, energy homeostasis, and
anxiety 2. These peptides are localized in the lateral
hypothalamus and dorsomedial hypothalamic nuclei,
and they project to the amygdala. The highest density of
orexinergic fibers in the amygdala is found in the central
nucleus 23, Additionally, a direct functional connection
has been demonstrated between orexin enhancement
of locus coeruleus activity and amygdala-dependent
memory processes, indicating that orexins play a cru-
cial role in learning about harm-predictive stimuli 2.
Orexins are released during caloric restriction, aiming
to increase external food intake while simultaneously
increasing energy expenditure. This typically results in
a net effect of decreased body weight 2°, often mani-
festing as the increased hyperactivity and restlessness
commonly observed in anorexic patients 2.

The present study, which involved a search of the litera-
ture, aimed to gather evidence from the studies pub-
lished to date to clarify the current knowledge on the
functioning of the amygdala in EDs, with a focus on AN.
Ethical approval was not sought for the present study
because it retrieved and synthesized data from already
published studies.

Two researchers (FM. and V.B.) conducted independ-
ent searches of the PubMed/MEDLINE database for
relevant literature, including original articles, meta-
analyses and reviews, between October and November
2023. The search terms “Amygdala”, “Eating disorders”
and “Anorexia nervosa” were used to identify appropri-
ate keywords and medical subject headings.

The following criteria were applied in the selection of
articles for inclusion: (1) addressing the issue of amyg-
dala functioning in AN, (2) published after 1990, (3)
peer-reviewed, (4) written in the English language, and
(5) available in full text. Articles were excluded if they
involved (1) a non-target population (i.e., EDs but not
AN), (2) a non-target topic (i.e., descriptive articles
about EDs or amygdala’s functioning), and (3) a non-
target design (i.e., thesis).

In the preliminary stage, the abstracts were screened
for inclusion and exclusion criteria, and then selected
articles were comprehensively examined in full text. In
addition to keyword searching, citation chaining was



employed in the full-text screening process to identify
content that the original searches may have missed. Pa-
pers were screened, selected when appropriate, and
discussed. Of the 112 PubMed/MEDLINE results, 73 met
the inclusion criteria for full-text reading. At the end of the
process, 46 articles were included after a full-text review.

Amygdala and anorexia nervosa: what do we know?

A variety of cognitive functions mediated by the amyg-
dala are key elements of anorexia-related psychopathol-
ogy. Specifically, the role of the amygdala in emotions is
of clinical interest 2. One of the most well-known and
extensively studied aspects of the amygdala is its role
in emotional regulation and the attribution of emotions
in response to internal and external stimuli. In AN, there
appears to be widespread difficulty in the processing
of emotions, both in their recognition and processing.
This suggests a possible correlation between amyg-
dala dysfunction, and this increasingly characterized
psychopathological dimension in eating disorders 2,
Furthermore, the amygdala facilitates the consolidation
of memories related to significant emotional content. In
AN, the presence of an over-general autobiographical
memory could be related to a possible avoidance of
emotions 2220, Finally, in light of the amygdala’s role in
the reward circuit, it is noteworthy to observe the exist-
ence of altered food-related reward in AN 37,
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A progressively deeper understanding of the neurobio-
logical basis of disease is essential for the advancement
of neuroscience research and clinical practice in men-
tal health. This could lead to better outcomes through
more targeted treatments and improved survival rates.
Numerous scientists worldwide have undertaken this
challenge, studying the human brain in both health and
disease to identify the brain pathways involved in differ-
ent clinical presentations *2. Recent technological ad-
vances in techniques that allow examination of whole-
brain connectivity are contributing to the field, providing
evidence that major psychiatric disorders result from
perturbations in a complex network of highly connect-
ed, anatomically distributed neural systems rather than
dysfunction of limited brain regions .

The amygdala, with its ability to attribute emotional val-
ue to stimuli (both internal and external) and to certain
events (occurred or possible), is believed to play a role
in the etiopathogenetic processes underlying EDs %4, In
particular, this discussion will offer an overview of the al-
terations found in the structure and functional pathways
of the amygdala in relation to the pathological profile of
AN in all its complexity (Fig. 1). Numerous studies have
identified alterations in the functioning of the amygdala
in patients suffering from AN, often with significant dif-
ferences.
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FIGURE 1. Overview of findings regarding the correlation between amygdala and AN.
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One of the first experimental studies focusing on the
amygdala in patients with AN, conducted by Giordano
et al. (2001), aimed to evaluate the volume of the Hip-
pocampal-Amygdala Formation (HAF), given its role in
processing stress-related information, using magnetic
resonance imaging (MRI) **. The study demonstrated
that patients with AN showed significantly reduced HAF
volumes (approximately 25%) compared to healthy
controls. The HAF volume reduction in Cushing’s syn-
drome reversed with the correction of endocrine abnor-
malities, while in depression and PTSD, the HAF volume
reversed months to years after the last depressive epi-
sode or acute trauma, a time when patients no longer
hypersecreted glucocorticoids . Given that no corre-
lation was found between HAF volume and hormonal
parameters or BMI, reversibility of HAF volume reduc-
tion in AN was deemed unlikely 3. Subsequent studies
have largely confirmed the finding of alterations in the
size of cerebral gray matter in patients with AN, particu-
larly demonstrating volume reductions in certain brain
structures, such as the accumbens, pallidum, putamen,
and amygdala %2, These regions are hypothesized to
be more vulnerable to hunger and malnutrition 341, All
the studies report a reduction in the total volume of the
amygdala 32, Severe volume loss in the rostral-medial
nuclei of the amygdala, involved in olfactory/food-relat-
ed reward processing, may represent a structural cor-
relate of AN-related symptoms %, Lower HAF volumes
in individuals with AN appear to be a result of chronic
exposure to excessive cortisol levels due to chronic
stress #2. Hypercortisolemia in AN may also serve as a
compensatory mechanism, increasing gluconeogen-
esis and providing vital nutrients “*. Reduced amygdala
volume in AN patients has been associated with less
body image uncertainty and reduced phobia scores,
possibly contributing to disease maintenance #4. Unlike
the initial study by Giordano et al. (2001), subsequent
research suggests that amygdala volume may increase
with weight and hormonal normalization 342,

Takano et al. conducted one of the first studies to ana-
lyze the correlation between EDs and the amygdala in
terms of altered functioning #5. This study highlighted
significant activation — hyperfunctioning — in the resting
state of various structures, including the amygdala, in
patients with AN compared to controls #. Single pho-
ton emission computed tomography (SPECT) demon-
strated hyperactivation, indicating a condition of hyper-
perfusion. Other studies have also reported findings
of hyperactivation of the amygdala in AN patients and
have investigated the stimuli triggering this hyperactiva-
tion. Miyake et al. conducted three studies highlighting
amygdala hyperactivation in AN patients using fMRI 46
4 Hyperactivation, interpreted as a reaction to a dan-
gerous stimulus, was found in response to stimuli not
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usually recognized as a threat by the general popula-
tion, such as the perception of one’s own overweight
body and words related to physical fitness, perceived
as overwhelming and aversive 4“8, The vision of food
images also led to greater activation of the amygdala,
as demonstrated by Joos et al. °. The task of eating,
even in a state of hunger, led to intense amygdala acti-
vation, reflecting the fear of weight gain, a main symp-
tom of AN ®°. These results suggest multimodal amyg-
dala reactivity independent of sensory mode #2.

Miyake et al. also found significant amygdala activation
during an emotional decision-making task, not followed
by activation in the anterior cingulate cortex, a region in-
volved in cognitive processing of emotional information
and emotional regulation “¢. The increased amygdala
activity and decreased cingulate cortex activity likely
represent parts of a negative feedback loop of emotion-
al processing characterizing this clinical presentation.
This deficit in the cognitive evaluation of negative emo-
tions could represent the neural basis of alexithymia
(inability to identify, understand, or describe one’s own
emotions) often observed in AN patients .

More recently, Seidel et al. found that AN patients,
compared with controls, showed hyperactivation of
the amygdala and the right dorsolateral prefrontal cor-
tex (DLPFC) during the passive viewing of negative
stimuli 5'. These findings indicate impaired processing
of salient emotional stimuli in AN but do not suggest a
general deficit in the regulation of negative emotions.
The DLPFC is involved in executive functions, such as
decision-making, self-monitoring, inhibition, and plan-
ning. Increased DLPFC activation in AN supports the
hypothesis that the disorder may be characterized by
excessive self-control %2,

Contrary to the studies above, Holsen et al. found pre-
meal hypoactivation of the amygdala in AN patients
exposed to high-calorie foods, suggesting that these
deficits may contribute to disrupted food-related be-
haviors %3. Other studies demonstrating less amygdala
activation compared to healthy controls did so only in
response to universally negative emotional or situational
stimuli, not specific to EDs, suggesting a greater rational
processing of stimuli (due to hyperactivation of the pre-
frontal cortex) compared to emotional processing 45459,
This interpretation suggests that people with AN tend to
react emotionally cold and detached to negative emo-
tionally provoking stimuli %6%7. Meanwhile, other case-
control studies suggested that the brain’s response to
a fear stimulus (evaluated by increased activity in the
amygdala, uncus, and insula) was not different between
AN patients and controls %85°,

Discussion and conclusion
In this review of the literature, despite the scarcity of



specific studies which do not allow us to exhaust the
doubts about it, we have reported the major neurobio-
logical mechanisms regarding the relationship between
the functioning of the amygdala and AN.

To briefly summarize, in individuals with AN, dysregu-
lated eating patterns are associated with an imbalance
between reward-related and cognitive control process-
ing regions %6962, The amygdala tends to activate not
only due to fear or the presence of negative stimuli, as
was supposed in the past, but rather due to the intrinsic
emotional value of the stimulus itself. It is no coincidence
that some studies have highlighted hyperactivation of
the amygdala, particularly when the stimuli had salient
characteristics for AN (body, nutrition). Conversely, for
conventionally negative stimuli that are probably less
emotionally resonant for AN, hypoactivation is found in
patients 5. The concurrent hyperactivation of the DLP-
FC could indicate significant involvement of cognitive
regions in the processing of emotions 519,

These findings underscore the close implication of the
amygdala in the neurobiological activity that character-
izes the clinical pattern of AN. Given this correlation, it
can be assumed that these results have potential clini-
cal implications. Various intervention strategies have
proven effective in modifying the activity state of the
amygdala in other psychiatric disorders, such as anxi-
ety, posttraumatic stress disorder (PTSD), and schizo-
phrenia. These interventions range from psychotherapy
to mindfulness meditation interventions, as well as in-
vasive techniques such as deep brain stimulation €3¢,
Even some pharmacological therapies have proven ef-
fects on the amygdala. This applies not only to benzodi-
azepines but also to antipsychotic and antidepressant
drugs 7%, Selective serotonin reuptake inhibitors (SS-
Rls), for example, have the ability to increase amygdala
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activity in response to positive stimuli and decrease ac-
tivity in response to negative stimuli °. By understand-
ing how the function of the amygdala is modulated in
relation to the symptomatic spectrum of AN, we could
also intervene to modify its functioning to benefit the
clinical spectrum of the disorder.

One of the major complexities linked to the study of the
amygdala and its functional alterations in relation to AN
is the great variety of conflicting articles. The presence
of contradictory articles could be due to biases in the
studies, such as the recruitment of patients in different
stages of the disease or the use of external stimuli that
are too different from each other. It is also possible that
in conditions of acute AN, the cognitive and physiologi-
cal systems are seriously compromised, making it dif-
ficult to determine whether certain anomalies are the
cause or consequence of starvation 772, Consequently,
we recognize that there is still a long way to go to define
precise neurofunctional correlates of EDs, and further
studies are necessary.

Acknowledgements
Authors do thank Fondazione Gruber Onlus.

Conflicts of Interest statement

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.

Funding
None.

Authors’ contributions
Conception of the work: MF; design of the work: MF,
AAR; Drafted the work: MF, CG, FG, BV, Revision of the
work: TVS, AAR, DRD.

References

1

American Psychiatric Association. DSM-5:
Manuale diagnostico e statistico dei dis-
turbi mentali. Milano: R. Cortina; 2014.

Marcolini F, Ravaglia A, Tempia Valenta S,
Bosco G, Marconi G, Sanna F, et al. Se-
vere-Enduring Anorexia Nervosa (SE-AN):
a case series. J Eat Disord 2023;11:208.
https://doi.org/10.1186/s40337-023-
00925-6.

van Eeden AE, van Hoeken D, Hoek HW.
Incidence, prevalence and mortality of an-
orexia nervosa and bulimia nervosa. Curr
Opin Psychiatry 2021;34:515-24. https://
doi.org/10.1097/YC0O.0000000000000739.
Zipfel S, Giel KE, Bulik CM, Hay P,
Schmidt U. Anorexia nervosa: aetiology,
assessment, and treatment. The Lancet
Psychiatry 2015;2:1099-111. https://doi.

5

0rg/10.1016/S2215-0366(15)00356-9.

Dobrescu SR, Dinkler L, Gillberg C, Rés-
tam M, Gillberg C, Wentz E. Anorexia ner-
vosa: 30-year outcome. Br J Psychiatry
2020;216:97-104. https://doi.org/10.1192/
bjp.2019.113.

Marcolini F, Ravaglia A, Tempia Valenta
S, Bosco G, Marconi G, De Ronchi D,
et al. Severe enduring anorexia nervosa
(SE-AN) treatment options and their effec-
tiveness: a review of literature. Journal of
Eating Disorders 2024;12:48. https://doi.
org/10.1186/s40337-024-01006-y.

Arcelus J, Mitchell AJ, Wales J, Nielsen
S. Mortality rates in patients with ano-
rexia nervosa and other eating disorders.
A meta-analysis of 36 studies. Arch Gen
Psychiatry 2011;68:724-31.  https:/doi.
org/10.1001/archgenpsychiatry.2011.74.

8

Treasure J, Duarte TA, Schmidt U. Eat-
ing disorders. Lancet 2020;395:899-
911. https://doi.org/10.1016/S0140-
6736(20)30059-3.

Steinglass JE, Walsh BT. Neurobiological
model of the persistence of anorexia ner-
vosa. J Eat Disord 2016;4:19. https:/doi.
org/10.1186/s40337-016-0106-2.

Phillipou A, Rossell SL, Castle DJ.
The neurobiology of anorexia nervosa:
a systematic review. Aust N Z J Psy-
chiatry 2014;48:128-52. https://doi.
org/10.1177/0004867413509693.

Frank GKW, Shott ME, DeGuzman
MC. The Neurobiology of Eating Disor-
ders. Child Adolesc Psychiatr Clin N Am
2019;28:629-40. https://doi.org/10.1016/j.
chc.2019.05.007.

191



F. Marcolini et al.

20

21

22

23

Bulik CM, Coleman JRI, Hardaway JA,
Breithaupt L, Watson HJ, Bryant CD, et al.
Genetics and neurobiology of eating dis-
orders. Nat Neurosci 2022;25:543-54. htt-
ps://doi.org/10.1038/s41593-022-01071-z.

Wronski M-L, Geisler D, Bernardoni F,
Seidel M, Bahnsen K, Doose A, et al.
Differential alterations of amygdala nu-
clei volumes in acutely ill patients with
anorexia nervosa and their associations
with leptin levels. Psychological Medicine
2023;53:6288-303. https://doi.org/10.1017/
S0033291722003609.

Bang L, Re O, Endestad T. Amygdala
alterations during an emotional conflict
task in women recovered from anorexia
nervosa. Psychiatry Res Neuroimaging
2016;248:126-33. https://doi.org/10.1016/j.
pscychresns.2015.12.008.

Fowler CH, Miernicki ME, Rudolph KD,
Telzer EH. Disrupted amygdala-prefron-
tal connectivity during emotion regula-
tion links stress-reactive rumination and
adolescent depressive symptoms. De-
velopmental  Cognitive ~ Neuroscience
2017;27:99-106. https://doi.org/10.1016/j.
den.2017.09.002.

Garavan H. Insula and drug cravings. Brain
Struct Funct 2010;214:593-601. https://doi.
org/10.1007/s00429-010-0259-8.

Dutta S, Beaver J, Halcomb CJ, Jasnow
AM. Dissociable roles of the nucleus ac-
cumbens core and shell subregions in
the expression and extinction of con-
ditioned fear. Neurobiology of Stress
2021;15:100365. https://doi.org/10.1016/j.
ynstr.2021.100365.

van den Burg EH, Stoop R. Neuropeptide
signalling in the central nucleus of the
amygdala. Cell Tissue Res 2019;375:93-
101.  hitps://doi.org/10.1007/s00441-018-
2862-6.

Sun'Y, Gooch H, Sah P. Fear conditioning
and the basolateral amygdala. F1000Res
2020;9:F1000 Faculty Rev-53. hitps://doi.
org/10.12688/f1000research.21201.1.

lovino M, Messana T, Marucci S, Triggiani
D, Giagulli VA, Guastamacchia E, et al.
The neurohypophyseal hormone oxytocin
and eating behaviors: a narrative review.
Hormones 2024;23:15-23. https://doi.
org/10.1007/s42000-023-00505-y.

Wada N, Hirako S, Takenoya F, Kag-
eyama H, Okabe M, Shioda S. Leptin
and its receptors. J Chem Neuroanat
2014;61-62:191-9. https://doi.org/10.1016/j.
jchemneu.2014.09.002.

Bouret SG. Neurodevelopmental actions

of leptin. Brain Res 2010;1350:2-9. https://
doi.org/10.1016/j.brainres.2010.04.011.

Dustrude ET, Caliman IF, Bernabe CS, Fitz
SD, Grafe LA, Bhatnagar S, et al. Orexin

192

24

25

26

27

28

29

30

31

32

33

34

Depolarizes Central Amygdala Neurons
via Orexin Receptor 1, Phospholipase
C and Sodium-Calcium Exchanger and
Modulates Conditioned Fear. Front Neu-
rosci 2018;12:934. https://doi.org/10.3389/
fnins.2018.00934.

Sears RM, Fink AE, Wigestrand MB, Farb
CR, de Lecea L, LeDoux JE. Orexin/
hypocretin system modulates amygdala-
dependent threat learning through the lo-
cus coeruleus. Proc Natl Acad Sci U S A
2013;110:20260-5. https://doi.org/10.1073/
pnas.1320325110.

Teske JA, Mavaniji V. Chapter six - Energy
Expenditure: Role of Orexin. In: Litwack G,
editor. Vitamins & Hormones, vol. 89, Aca-
demic Press; 2012, p. 91-109. https://doi.
org/10.1016/B978-0-12-394623-2.00006-
8.

Scheurink AJW, Boersma GdJ, Nergardh
R, Sodersten P. Neurobiology of hyper-
activity and reward: agreeable restless-
ness in anorexia nervosa. Physiol Behav
2010;100:490-5. https://doi.org/10.1016/j.
physbeh.2010.03.016.

Janak PH, Tye KM. From circuits to behav-
iour in the amygdala. Nature 2015;517:284-
92. https://doi.org/10.1038/nature14188.

Saure E, Raevuori A, Laasonen M,
Lepist6-Paisley T. Emotion recognition,
alexithymia, empathy, and emotion regula-
tion in women with anorexia nervosa. Eat
Weight Disord 2022;27:3587-97. https://
doi.org/10.1007/s40519-022-01496-2.

Terhoeven V, Nikendei C, Faschingbau-
er S, Huber J, Young KD, Bendszus M,
et al. Neurophysiological correlates of
disorder-related autobiographical mem-
ory in anorexia nervosa. Psychol Med
2023;53:844-54.  https://doi.org/10.1017/
S003329172100221X.

Paré D, Collins DR, Pelletier JG. Amyg-
dala oscillations and the consolidation
of emotional memories. Trends in Cogni-
tive Sciences 2002;6:306-14. https://doi.
0rg/10.1016/S1364-6613(02)01924-1.

Steinglass JE, Berner LA, Attia E. Cogni-
tive Neuroscience of Eating Disorders.
Psychiatr Clin North Am 2019;42:75-91.
https://doi.org/10.1016/j.psc.2018.10.008.

Desriviéres S. Editorial: The Altered Brain
Network Architecture of Anorexia Ner-
vosa. J Am Acad Child Adolesc Psychiatry
2022;61:142-3.  https://doi.org/10.1016/].
jaac.2021.09.396.

Fornito A, Bullmore ET, Zalesky A. Op-
portunities and Challenges for Psychia-
try in the Connectomic Era. Biological
Psychiatry: Cognitive Neuroscience and
Neuroimaging 2017;2:9-19. https://doi.
org/10.1016/j.bpsc.2016.08.003.

Wang L, Gillis-Smith S, Peng Y, Zhang J,

35

36

37

38

39

40

41

42

43

44

Chen X, Salzman CD, et al. The coding
of valence and identity in the mammalian
taste system. Nature 2018;558:127-31. htt-
ps://doi.org/10.1038/s41586-018-0165-4.

Giordano GD, Renzetti P, Parodi RC, Fop-
piani L, Zandrino F, Giordano G, et al.
Volume measurement with magnetic reso-
nance imaging of hippocampus-amygdala
formation in patients with anorexia ner-
vosa. J Endocrinol Invest 2001;24:510-4.
https://doi.org/10.1007/BF03343884.

De Kloet ER, Vreugdenhil E, Oitzl MS,
Joéls M. Brain corticosteroid receptor bal-
ance in health and disease. Endocr Rev
1998;19:269-301.  https://doi.org/10.1210/
edrv.19.3.0331.

Reul JM, de Kloet ER. Two receptor sys-
tems for corticosterone in rat brain: mi-
crodistribution and differential occupation.
Endocrinology 1985;117:2505-11. https:/
doi.org/10.1210/endo-117-6-2505.

Sapolsky RM. Why stress is bad for your
brain. Science 1996;273:749-50. https://
doi.org/10.1126/science.273.5276.749.

Friederich HC, Walther S, Bendszus M,
Biller A, Thomann P, Zeigermann S, et al.
Grey matter abnormalities within cortico-
limbic-striatal circuits in acute and weight-
restored anorexia nervosa patients. Neu-
roimage 2012;59:1106-13.  https://doi.
org/10.1016/j.neuroimage.2011.09.042.

Mainz V, Schulte-Rither M, Fink GR, Her-
pertz-Dahimann B, Konrad K. Structural
brain abnormalities in adolescent anorexia
nervosa before and after weight recovery
and associated hormonal changes. Psy-
chosom Med 2012;74:574-82. https://doi.
org/10.1097/PSY.0b013e31824ef10e.

Fuglset TS, Endestad T, Landrg NI, Re @.
Brain structure alterations associated with
weight changes in young females with an-
orexia nervosa: a case series. Neurocase
2015;21:169-77. https://doi.org/10.1080/13
554794.2013.878728.

Kappou K, Ntougia M, Kourtesi A, Pana-
gouli E, Vlachopapadopoulou E, Michala-
cos S, et al. Neuroimaging Findings in Ad-
olescents and Young Adults with Anorexia
Nervosa: A Systematic Review. Children
(Basel) 2021;8. https://doi.org/10.3390/
children8020137.

Gibson D, Workman C, Mehler PS. Medical
Complications of Anorexia Nervosa and
Bulimia Nervosa. Psychiatr Clin North Am
2019;42:263-74. https://doi.org/10.1016/].
psc.2019.01.009.

Burkert NT, Koschutnig K, Ebner F, Freidl
W. Body image disturbances, fear and
associations with the amygdala in ano-
rexia nervosa. Wien Klin Wochenschr
2019;131:61-7. https://doi.org/10.1007/
s00508-018-1440-y.



45

46

47

48

49

50

51

52

53

54

Takano A, Shiga T, Kitagawa N, Koyama
T, Katoh C, Tsukamoto E, et al. Abnor-
mal neuronal network in anorexia ner-
vosa studied with 1-123-IMP SPECT. Psy-
chiatry Res 2001;107:45-50. https://doi.
org/10.1016/s0925-4927(01)00093-2.

Miyake Y, Okamoto Y, Onoda K, Shirao N,
Mantani T, Yamawaki S. Neural correlates
of alexithymia in response to emotional
stimuli: a study of anorexia nervosa pa-
tients. Hiroshima J Med Sci 2009;58:1-8.

Miyake Y, Okamoto Y, Onoda K, Shirao
N, Okamoto Y, Otagaki Y, et al. Neural
processing of negative word stimuli con-
cerning body image in patients with eat-
ing disorders: an fMRI study. Neuroimage
2010;50:1333-9. https://doi.org/10.1016/j.
neuroimage.2009.12.095.

Miyake Y, Okamoto Y, Onoda K, Kurosaki
M, Shirao N, Okamoto Y, et al. Brain ac-
tivation during the perception of distorted
body images in eating disorders. Psy-
chiatry Res 2010;181:183-92. https://doi.
org/10.1016/j.pscychresns.2009.09.001.

Joos AA, Saum B, van Elst LT, Perlov E,
Glauche V, Hartmann A, et al. Amygdala
hyperreactivity in restrictive anorexia
nervosa. Psychiatry Res 2011;191:189-
95. https://doi.org/10.1016/j.pscy-
chresns.2010.11.008.

Vocks S, Herpertz S, Rosenberger C,
Senf W, Gizewski ER. Effects of gustatory
stimulation on brain activity during hunger
and satiety in females with restricting-type
anorexia nervosa: an fMRI study. J Psy-
chiatr Res 2011;45:395-403. https://doi.
org/10.1016/j.jpsychires.2010.07.012.

Seidel M, King JA, Ritschel F, Boehm |,
Geisler D, Bernardoni F, et al. Process-
ing and regulation of negative emotions
in anorexia nervosa: An fMRI study. Neu-
roimage Clin 2018;18:1-8. https://doi.
org/10.1016/j.nicl.2017.12.035.

Frank GKW, Shott ME, Riederer J, Pryor
TL. Altered structural and effective con-
nectivity in anorexia and bulimia ner-
vosa in circuits that regulate energy and
reward homeostasis. Transl Psychiatry
2016;6:€932. https://doi.org/10.1038/
tp.2016.199.

Holsen LM, Lawson EA, Blum J, Ko E,
Makris N, Fazeli PK, et al. Food motiva-
tion circuitry hypoactivation related to he-
donic and nonhedonic aspects of hunger
and satiety in women with active anorexia
nervosa and weight-restored women with
anorexia nervosa. J Psychiatry Neurosci
2012;37:322-32.  https://doi.org/10.1503/
jpn.110156.

Miyake Y, Okamoto Y, Onoda K, Shirao
N, Okamoto Y, Yamawaki S. Brain acti-
vation during the perception of stressful
word stimuli concerning interpersonal

55

56

57

58

59

60

61

62

63

64

65

relationships in anorexia nervosa pa-
tients with high degrees of alexithymia
in an fMRI paradigm. Psychiatry Res
2012;201:113-9.  https://doi.org/10.1016/].
pscychresns.2011.07.014.

Geisler D, Ritschel F, King JA, Bernardoni
F, Seidel M, Boehm |, et al. Increased an-
terior cingulate cortex response precedes
behavioural adaptation in anorexia ner-
vosa. Sci Rep 2017;7:42066. https://doi.
org/10.1038/srep42066.

Leppanen J, Cardi V, Paloyelis Y, Sim-
mons A, Tchanturia K, Treasure J. Blunted
neural response to implicit negative facial
affect in anorexia nervosa. Biol Psychol
2017;128:105-11. https://doi.org/10.1016/.
biopsycho.2017.07.010.

Ambwani S, Berenson KR, Simms L, Li A,
Corfield F, Treasure J. Seeing things dif-
ferently: An experimental investigation of
social cognition and interpersonal behav-
ior in anorexia nervosa. International Jour-
nal of Eating Disorders 2016;49:499-506.
https://doi.org/10.1002/eat.22498.

Cowdrey FA, Harmer CJ, Park RJ, McCabe
C. Neural responses to emotional faces in
women recovered from anorexia nervosa.
Psychiatry Res 2012;201:190-5. https://doi.
org/10.1016/j.pscychresns.2011.08.009.

Birmingham CL, Sidhu S, Anderson J. Pi-
lot study: is the fear response the same
in anorexia nervosa as in controls? Eat
Weight Disord 2020;25:37-40. https://doi.
0rg/10.1007/s40519-018-0494-1.

Kaye W. Neurobiology of anorexia
and bulimia nervosa. Physiol Behav
2008;94:121-35.  https://doi.org/10.1016/j.
physbeh.2007.11.037.

Lloyd EC, Steinglass JE. What can food-
image tasks teach us about anorexia ner-
vosa? A systematic review. J Eat Disord
2018;6:31. https://doi.org/10.1186/s40337-
018-0217-z.

Steward T, Menchon JM, Jiménez-Murcia
S, Soriano-Mas C, Fernandez-Aranda
F. Neural Network Alterations Across
Eating Disorders: A Narrative Review
of fMRI Studies. Curr Neuropharmacol
2018;16:1150-63. https://doi.org/10.2174/1
570159X15666171017111532.

Tang Y-Y, Holzel BK, Posner MI. The neu-
roscience of mindfulness meditation. Nat
Rev Neurosci 2015;16:213-25. https://doi.
org/10.1038/nrn3916.

Kricheldorff J, Goke K, Kiebs M, Kasten
FH, Herrmann CS, Witt K, et al. Evidence
of Neuroplastic Changes after Transcranial
Magnetic, Electric, and Deep Brain Stimu-
lation. Brain Sci 2022;12:929. https:/doi.
org/10.3390/brainsci12070929.

Fonzo GA, Goodkind MS, Oathes DJ,
Zaiko YV, Harvey M, Peng KK, et al. Amyg-

Amygdala and anorexia nervosa: a narrative review

66

67

68

69

70

7

72

dala and Insula Connectivity Changes Fol-
lowing Psychotherapy for Posttraumatic
Stress Disorder: A Randomized Clinical Tri-
al. Biol Psychiatry 2021;89:857-67. https://
doi.org/10.1016/j.biopsych.2020.11.021.

Laugharne J, Kullack C, Lee CW, McGuire
T, Brockman S, Drummond PD, et al.
Amygdala Volumetric Change Following
Psychotherapy for Posttraumatic Stress
Disorder. J Neuropsychiatry Clin Neuro-
sci 2016;28:312-8. https://doi.org/10.1176/
appi.neuropsych.16010006.

Mier D, Schirmbeck F, Stoessel G, Essling-
er C, Rausch F, Englisch S, et al. Reduced
activity and connectivity of left amygdala
in patients with schizophrenia treated with
clozapine or olanzapine. Eur Arch Psy-
chiatry Clin Neurosci 2019;269:931-40. htt-
ps://doi.org/10.1007/s00406-018-0965-4.

Xia M, Wang Y, Su W, Tang Y, Zhang
T, Cui H, et al. The effect of initial an-
tipsychotic treatment on hippocampal
and amygdalar volume in first-episode
schizophrenia is influenced by age. Prog
Neuropsychopharmacol Biol Psychiatry
2023;126:110780. https://doi.org/10.1016/].
pnpbp.2023.110780.

Griessner J, Pasieka M, B6hm V, Grossl
F, Kaczanowska J, Pliota P, et al. Central
amygdala circuit dynamics underlying
the benzodiazepine anxiolytic effect. Mol
Psychiatry 2021;26:534-44. https://doi.
org/10.1038/s41380-018-0310-3.

Young KD, Friedman ES, Collier A, Ber-
man SR, Feldmiller J, Haggerty AE, et
al. Response to SSRI intervention and
amygdala activity during self-referential
processing in major depressive disorder.
Neuroimage Clin 2020;28:102388. https:/
doi.org/10.1016/j.nicl.2020.102388.

Celeghin A, Palermo S, Giampaolo R, Di
Fini G, Gandino G, Civilotti C. Brain Cor-
relates of Eating Disorders in Response
to Food Visual Stimuli: A Systematic Nar-
rative Review of FMRI Studies. Brain Sci
2023;13. https://doi.org/10.3390/brain-
sci13030465.

Cowdrey FA, Park RJ, Harmer CJ, Mc-
Cabe C. Increased neural processing of
rewarding and aversive food stimuli in re-
covered anorexia nervosa. Biol Psychiatry
2011;70:736-43. https://doi.org/10.1016/].
biopsych.2011.05.028.

193



