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Introduction

Anorexia nervosa (AN), bulimia nervosa (BN), binge-eating disorder (BED) and avoidant/

restrictive food intake disorder (ARFID) are severe psychiatric disorders.1 Our 

understanding of the brain has dramatically changed over the past century with the 

development of human in vivo brain imaging. While earlier studies collected cerebrospinal 

fluid samples to study for instance neurotransmitter metabolites, brain research now uses 

techniques such as magnetic resonance imaging (MRI) to study brain gray (GM) and white 

matter (WM) volumes, cortical thickness and surface area. Also based on MRI, are diffusion 

weighed (DWI) and diffusion tensor imaging (DTI), which measure water diffusion to test 

WM tract integrity and strength of WM connectivity between brain regions.2 The most 

commonly used functional brain imaging technique is functional magnetic resonance 

imaging (fMRI), which measures changes in local blood flow as a proxy for brain activation.
3 Positron emission tomography (PET) and single photon emission computed tomography 

(SPECT) use radioactive ligands to study glucose metabolism or neurotransmitter receptor 

distribution. Neurobiological research in EDs holds promise to develop a medical model 

perspective to reduce stigma and help develop better treatments.4

Methods

This article provides a state-of-the-art review of current neurobiological research in eating 

disorders in children, adolescents and young adults up to 25 years of age when brain 
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structure has generally matured to adult levels while avoiding effects from aging or illness 

chronicity.5 The US National Library of Medicine database PubMed was searched for brain 

research studies done in youth or young adults. Methodologies have much improved over the 

past five years, and we present neurobiological research that highlights our current 

knowledge of ED neurobiology with a particular emphasis on studies from the past five 

years.6

Neurochemical Studies

PET imaging showed higher serotonin 1A-receptor binding in AN and BN when ill and after 

recovery suggesting state independent alterations. The serotonin 2A-receptor, in contrast, 

was normal in ill AN but lower after recovery, suggesting dynamic adaptations.7,8 BN did 

not show significant dopamine D2-receptor group differences versus controls, but lower 

striatal dopamine release was associated with higher binge-eating frequency.9

Hormones or neuroactive peptides such as sex hormones or gut hormones also affect brain 

response.10 Those substances that regulate body homeostasis are often altered during the ill 

state of EDs which may disturb normal food reward circuits.10 Neuroendocrines and -

peptides such as fat cell-derived leptin or ghrelin from the gastric mucosa stimulate or 

dampen brain dopamine response and alterations in this system could furthermore alter food 

approach in AN and BN.11,12 Those hypotheses to date, however, rely mostly on basic 

research to date. Cytokines, markers of inflammatory processes, have been found altered and 

meta-analyses indicate a pattern of elevated tumor necrosis factor-alpha in AN, while the 

data on other cytokines in are somewhat mixed, with no alterations in BN.13,14 Whether 

those markers are relevant for ED illness development, maintenance or recovery remains 

elusive. Cytokines are elevated in obesity, but no data exist for BED or ARFID.

Gray Matter Volume and Cortical Thickness

Earlier studies suggested that brain volume is universally reduced in AN, but brain structure 

studies in EDs have found smaller, larger, or no differing volumes across varying brain 

regions versus controls.15–17 Reduced cortical volumes in AN are related to illness severity 

and normalize during weight recovery.18–23 Studies that controlled for short-term 

malnutrition and dehydration found larger left orbitofrontal cortex as well as right insula 

volumes in adolescents and adults with AN.24,25

The literature on BN is smaller, and GM structure studies in adolescents or young adults 

with BED or ARFID are lacking. Mixed results in BN show either larger or normal regional 

GM volumes,26,27 while another study found lower temporo-parietal GM surface area due to 

lower WM.28 Binge-eating/purging frequency may reduce cortical volume or thickness,29,30 

and a study that controlled for acute malnutrition and binge-eating/purging found larger left 

orbitofrontal and insula volume, but smaller bilateral caudate and putamen volumes.25

Those results highlight that food restriction, binge-eating and purging change brain 

structure. Insula and orbitofrontal cortex are important for taste perception and (food) reward 

valuation, and alterations could interfere with the drive to eat. Whether brain volume 

alterations drive ED behaviors remains unclear.31 Future studies will test whether ARFID is 
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associated with similar structural brain changes as AN and whether BED is associated with 

reduced brain volume as in obesity or regionally higher volume measures as in BN.32

White Matter Volume, Integrity and Structural Connectivity

Similarly to GM studies, there has been inconsistency with higher or lower localized or 

overall WM volumes in EDs.24,25,33,34 Altered astrocyte density exhibited in an animal 

model of AN could be a mechanism for low WM volume in EDs due to malnutrition and 

dehydration.35 Water diffusion MRI can be used to calculate fractional anisotropy (FA),36 

thought to reflect axonal integrity. Adolescent AN showed higher, lower or no FA group 

differences.37–40 Lower FA normalizes with weight restoration, and it is unclear whether FA 

has implications for ED behaviors.41,42 The small literature on WM integrity and FA in BN 

indicates lower FA across widespread WM pathways across the whole brain, including lower 

FA between insula, orbitofrontal cortex, striatum, and hypothalamus.43–45 Those regions are 

important for taste, reward, and energy homeostasis regulation, and altered WM connections 

could affect food intake regulation. Studies that estimated number of WM connections found 

in AN and BN greater structural WM connectivity between insula, orbitofrontal cortex and 

ventral striatum, consistent with AN after recovery.43,46 Duration of illness correlated 

positively with fiber connectivity in AN, suggesting that the longer ED behaviors caused 

WM damage (FA reduction), the more this was compensated during recovery by increasing 

fiber connectivity.46

Functional and Effective Connectivity

The so-called default mode network (DMN, posterior cingulate, medial prefrontal, medial 

temporal, and inferior parietal cortices) is involved in interoception and “self-relevant 

mentalizing” (making sense of each other and ourselves). Studies found elevated DMN 

connectivity in AN,47–49 possibly driven by lower blood glucose.50 The salience network 

(SN, anterior cingulate, insula and orbitofrontal cortex) orients the organism to support food 

approach.51 AN showed higher connectivity between dorsal anterior and posterior cingulate 

gyrus, and BN stronger connectivity between dorsal anterior cingulate and medial 

orbitofrontal cortex.52,53 Higher dorsal anterior cingulate to precuneus connectivity in AN 

and BN correlated positively with body shape questionnaire scores, implicating brain 

regions at the interface of executive function and vision.52 Others found greater resting 

functional connectivity in AN between ventral striatum and frontal cortex, implicating 

reward processing and decision-making circuits.37 Functional connectivity during food and 

non-food passive picture viewing was higher in AN and BN in insula, and in BN in 

orbitofrontal cortex,54 while young adults with AN showed lower SN connectivity during 

sugar tasting.55 Those patterns suggest dysfunctional SN functioning and maybe 

predisposing to food restriction. The executive control network (ECN, prefrontal cortex) 

showed lower connectivity and lower and higher connectivity in AN between insula and 

frontal regions suggesting imbalances between networks.56,57

All in all, higher and lower functional resting-state connectivity has been observed in EDs 

compared to controls, implicating networks associated with executive function, reward 

processing, and perception, supporting the notion of those circuits being altered in EDs. SN 

alterations during resting state could perturb a “readiness” to approach food while elevated 
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DMN activity could indicate an inability to come to an internal restful state.58 Studies in 

ARFID and BED are lacking.59

Effective connectivity, the hierarchical or directional activation between brain regions, was 

higher in AN from medial orbitofrontal cortex and insula to inferior frontal gyrus,57 and 

from orbitofrontal cortex to nucleus accumbens,37 implicating taste reward circuits. Two 

studies found that effective connectivity during tasting sugar was directed from ventral 

striatum to the hypothalamus in AN and BN, while in controls the hypothalamus drove 

ventral striatal activity.43,60 This was interpreted as a possible mechanism for top-down 

control in EDs to control homeostatic information and override hunger signals.

Task-Based fMRI Studies

Reward System—Food is a salient stimulus or “natural reward”, and reward pathways 

similar to substances of abuse are activated when we desire, approach or eat food.61 

Important regions in this circuitry include ventral striatum (receives midbrain dopaminergic 

input, drives motivation and reward approach), orbitofrontal cortex (reward valuation), and 

anterior cingulate (error monitoring, reward expectation).61 Several but not all studies in the 

past in adolescents or young adults found altered reward system response in AN to food or 

body related visual stimuli.62–66 In a recent study where participants saw positively valenced 

(non-food and non-body) pictures and were asked to regulate their emotions, ventral striatal 

activity correlated with body-related ruminations and negative affect in AN, suggesting that 

emotion regulation interacts with both ED thoughts and depressive feelings.67 In a delay 

discounting task (choosing between immediate smaller or delayed larger rewards) the AN 

group responded faster, and lower activation in AN in cingulate and frontal regions indicated 

a more efficient control circuitry.68 In another study, youth with AN learned better in 

response to punishment, but associated brain-activation was similar versus controls.69–71 

Receiving stimuli unexpectedly has been associated with brain dopamine response and early 

evidence indicated heightened response to unexpected pleasant or unpleasant stimuli in AN.
72,73 A paradigm that has been closely associated with brain dopamine response is the 

prediction error model, a learning paradigm where individuals learn to associate 

unconditioned taste with conditioned visual stimuli.74 In two studies using monetary or taste 

stimuli, unexpected receipt or omission was reflected in higher insula and striatal brain 

response in adolescents with AN versus controls. Brain activation predicted weight gain 

during treatment, but short-term weight restoration was not associated with normalization of 

brain response.75,76 Those studies suggested heightened dopamine-related brain response 

that does not easily normalize with weight recovery.76 In summary, altered reward circuits in 

AN may be associated with altered learning and brain dopamine function, and traits such as 

sensitivity to punishment could be predisposing.60

In BN, negative affect positively correlated with striatal and pallidum brain response during 

milkshake receipt.77 Low mood may, therefore, enhance reward value of food stimuli in BN 

and trigger binge-eating. Others showed in BN less frontal cortical, ventral striatal and 

hippocampus activation that correlated with binge/purge frequency in a task that provided 

monetary reward when navigating through a maze.78,79 Therefore, altered learning, 
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executive control and reward brain response could be effects of both abnormal brain 

development and BN illness behavior.

Perception and Interoception—Self-perception of being fat while being underweight 

could be due to abnormal central interoception neurocircuitry or primarily driven by 

cognitive-emotional processes. Some studies in AN implicated parietal and occipital cortices 

when viewing self or others.80,81

Neuropsychological studies implicated altered non-visual perception, such as haptic (tactile) 

perception, proprioception (sense of one’s position in space) or interoception (sense of 

internal organs) in AN, showing altered insula response in AN.82 This suggested that the 

insula may have an essential function in the intersection between interoception and 

cognitive-emotional processing in AN. Some studies implicated taste perception in EDs. In 

AN, the insula, (primary taste cortex) poorly distinguished between taste stimuli,83 and in 

studies on binge-eating, bitter taste led to higher medial prefrontal electroencephalography, 

or umami taste more strongly activated the insula in BN, while hedonic ratings were lower.
84,85

Cognition—During a reversal learning task involving positive and negative feedback, AN 

changed behavior strategy more frequently after negative feedback, related to cingulate 

activation.86 During the Wisconsin Card Sorting Test for cognitive flexibility testing, AN 

had higher activation during behavior change in frontal, parietal and occipital regions, but 

lower activation during learning or maintaining rule-based behavior.87 Visual attention in 

BN led to higher activation in parieto-occipital regions but lower response in the DMN 

versus controls and behavior control was associated with lower activation in the anterior 

cingulate.88 Behaviorally, groups performed similarly in those studies, and the meaning of 

altered brain function in the context of normal behavioral response needs further study. 

Individuals with BN showed worse cognitive performance when food images were 

intermixed with the task procedures while premotor cortex and dorsal striatum were more 

strongly activated compared to controls, suggesting a distressing effect.84 In another study, 

BN showed that positive emotions improved performance on response inhibition.89 

Therefore, mood may be an important factor for recovery.

Social function and stress—During a self and other-social evaluation task, anxiety and 

body shape concerns correlated inversely in AN and controls with prefrontal and cingulate 

brain response, implicating those regions.90 Gentle touch or intimate visual stimuli were 

rated less pleasant in AN compared to controls, and associated with lower caudate or parietal 

activity, suggesting reduced reward experience.91,92

Microbiota and Microbiome

The human microbiota, up to 100 trillion symbiotic microbial cells are primarily bacteria in 

the gut.93 Their collective genomes are called microbiome.94 There are well known neural 

connections between gut and brain, and those organisms may affect psychiatric disorders 

including EDs.95 Various studies in AN have found alterations compared to controls in 

microbial composition, and microbe diversity in AN may correlate with BMI and also, for 
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instance, blood insulin levels.96–98 Healthy competitive athletes had the highest number of 

microbiota species compared to ED and control groups, significantly higher versus both AN 

and obese individuals, and dietary fiber, vitamin D and magnesium intake correlated 

positively with microbiota species.99 However, microbiota diversity also normalizes with 

weight recovery, and it is unclear whether microbiota could be causal for illness behavior 

aside from ED behaviors altering gut microbiota.97,98,100 No studies exist in other EDs. 

However, BN and BED were associated with antimicrobial medication use suggesting a role 

for the immune system. In summary, microbiota and the microbiome are an emerging field 

that could provide an important aspect of illness pathophysiology in EDs.

Conclusions

This article summarizes our current knowledge on the neurobiology of eating disorders 

(Figure 1). While this field has grown significantly over the past decade, it is still small 

overall and the studies available often have small participant numbers, limiting power and 

study reliability and many results have not been replicated. The authors argue here for 

rigorous well-powered studies to find consensus across research labs to identify treatment 

targets for EDs.101 Another critical issue is that research in BED and especially ARFID is 

mostly an unexplored area of neurobiological research. Nevertheless, the body of research in 

EDs identified the importance of short-term impact of ED behaviors especially on brain 

structure, and most consistently brain reward pathways are implicated in altered brain 

activity across EDs. The latter is a promising target for treatment development.

References

1. American Psychiatric Association. Desk reference to the diagnostic criteria from DSM-5. 
Washington, DC: American Psychiatric Publishing; 2013.

2. Filler A Magnetic resonance neurography and diffusion tensor imaging: origins, history, and clinical 
impact of the first 50,000 cases with an assessment of efficacy and utility in a prospective 5000-
patient study group. Neurosurgery. 2009;65(4 Suppl):A29–43. [PubMed: 19927075] 

3. Raichle ME. Behind the scenes of functional brain imaging: a historical and physiological 
perspective. Proc Natl Acad Sci U S A. 1998;95(3):765–772. [PubMed: 9448239] 

4. Vengeliene V, Bespalov A, Rossmanith M, et al. Towards trans-diagnostic mechanisms in 
psychiatry: neurobehavioral profile of rats with a loss-of-function point mutation in the dopamine 
transporter gene. Dis Model Mech. 2017;10(4):451–461. [PubMed: 28167616] 

5. Shaw P, Kabani NJ, Lerch JP, et al. Neurodevelopmental trajectories of the human cerebral cortex. J 
Neurosci. 2008;28(14):3586–3594. [PubMed: 18385317] 

6. Poldrack RA, Baker CI, Durnez J, et al. Scanning the horizon: towards transparent and reproducible 
neuroimaging research. Nat Rev Neurosci. 2017;18(2):115–126. [PubMed: 28053326] 

7. Frank GK. Advances from neuroimaging studies in eating disorders. CNS spectrums. 2015:1–10.

8. Frank GK. The Perfect Storm - A Bio-Psycho-Social Risk Model for Developing and Maintaining 
Eating Disorders. Front Behav Neurosci. 2016;10:44. [PubMed: 27014006] 

9. Broft A, Shingleton R, Kaufman J, et al. Striatal dopamine in bulimia nervosa: a PET imaging study. 
Int J Eat Disord. 2012;45(5):648–656. [PubMed: 22331810] 

10. Monteleone P, Maj M. Dysfunctions of leptin, ghrelin, BDNF and endocannabinoids in eating 
disorders: beyond the homeostatic control of food intake. Psychoneuroendocrinology. 2013;38(3):
312–330. [PubMed: 23313276] 

11. Berner LA, Brown TA, Lavender JM, Lopez E, Wierenga CE, Kaye WH Neuroendocrinology of 
reward in anorexia nervosa and bulimia nervosa: Beyond leptin and ghrelin. Mol Cell Endocrinol. 
2018.

Frank et al. Page 6

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Monteleone AM, Castellini G, Volpe U, et al. Neuroendocrinology and brain imaging of reward in 
eating disorders: A possible key to the treatment of anorexia nervosa and bulimia nervosa. Prog 
Neuropsychopharmacol Biol Psychiatry. 2018;80(Pt B):132–142. [PubMed: 28259721] 

13. Solmi M, Veronese N, Favaro A, et al. Inflammatory cytokines and anorexia nervosa: A meta-
analysis of cross-sectional and longitudinal studies. Psychoneuroendocrinology.2015;51:237–252. 
[PubMed: 25462897] 

14. Dalton B, Whitmore V, Patsalos O, Ibrahim MAA, Schmidt U, Himmerich H. A systematic review 
of in vitro cytokine production in eating disorders. Mol Cell Endocrinol. 2018.

15. Van den Eynde F, Suda M, Broadbent H, et al. Structural magnetic resonance imagingin eating 
disorders: a systematic review of voxel-based morphometry studies. Eur Eat Disord Rev. 
2012;20(2):94–105. [PubMed: 22052722] 

16. Donnelly B, Touyz S, Hay P, Burton A, Russell J, Caterson I. Neuroimaging in bulimia nervosa 
and binge eating disorder: a systematic review. J Eat Disord. 2018;6:3. [PubMed: 29468065] 

17. Frank GK. What causes eating disorders, and what do they cause? Biol Psychiatry. 2015;77(7):
602–603. [PubMed: 25766685] 

18. King JA, Geisler D, Ritschel F, et al. Global cortical thinning in acute anorexia nervosa normalizes 
following long-term weight restoration. Biol Psychiatry. 2015;77(7):624–632. [PubMed: 
25433902] 

19. Bernardoni F, King JA, Geisler D, et al. Weight restoration therapy rapidly reverses cortical 
thinning in anorexia nervosa: A longitudinal study. Neuroimage. 2016;130:214–222. [PubMed: 
26876474] 

20. Solstrand Dahlberg L, Wiemerslage L, Swenne I, et al. Adolescents newly diagnosed with eating 
disorders have structural differences in brain regions linked with eating disorder symptoms. Nord J 
Psychiatry. 2017;71(3):188–196. [PubMed: 27844498] 

21. Martin Monzon B, Henderson LA, Madden S, et al. Grey matter volume in adolescents with 
anorexia nervosa and associated eating disorder symptoms. Eur J Neurosci. 2017;46(7):2297–
2307. [PubMed: 28833732] 

22. Kohmura K, Adachi Y, Tanaka S, et al. Regional decrease in gray matter volume is related to body 
dissatisfaction in anorexia nervosa. Psychiatry Res Neuroimaging. 2017;267:51–58. [PubMed: 
28763717] 

23. Nickel K, Joos A, Tebartz van Elst L, et al. Recovery of cortical volume and thickness after 
remission from acute anorexia nervosa. Int J Eat Disord. 2018.

24. Frank GK, Shott ME, Hagman JO, Yang TT. Localized brain volume and white matter integrity 
alterations in adolescent anorexia nervosa. J Am Acad Child Adolesc Psychiatry. 2013;52(10):
1066–1075 e1065. [PubMed: 24074473] 

25. Frank GK, Shott ME, Hagman JO, Mittal VA. Alterations in brain structures related to taste reward 
circuitry in ill and recovered anorexia nervosa and in bulimia nervosa. Am J Psychiatry. 
2013;170(10):1152–1160. [PubMed: 23680873] 

26. Amianto F, Caroppo P, D’Agata F, et al. Brain volumetric abnormalities in patients with anorexia 
and bulimia nervosa: a voxel-based morphometry study. Psychiatry Res. 2013;213(3):210–216. 
[PubMed: 23856299] 

27. Joos A, Kloppel S, Hartmann A, et al. Voxel-based morphometry in eating disorders: correlation of 
psychopathology with grey matter volume. Psychiatry Res. 2010;182(2):146–151. [PubMed: 
20400273] 

28. Marsh R, Stefan M, Bansal R, Hao X, Walsh BT, Peterson BS. Anatomical characteristics of the 
cerebral surface in bulimia nervosa. Biol Psychiatry. 2015;77(7):616–623. [PubMed: 23978404] 

29. Berner LA, Stefan M, Lee S, et al. Altered cortical thickness and attentional deficits in adolescent 
girls and women with bulimia nervosa. J Psychiatry Neurosci. 2018;43(3):151–160. [PubMed: 
29688871] 

30. Westwater ML, Seidlitz J, Diederen KMJ, Fischer S, Thompson JC. Associations between cortical 
thickness, structural connectivity and severity of dimensional bulimia nervosa symptomatology. 
Psychiatry Res Neuroimaging. 2018;271:118–125. [PubMed: 29150136] 

Frank et al. Page 7

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. King JA, Frank GKW, Thompson PM, Ehrlich S. Structural Neuroimaging of Anorexia Nervosa: 
Future Directions in the Quest for Mechanisms Underlying Dynamic Alterations. Biol Psychiatry. 
2017.

32. Riederer JW, Shott ME, Deguzman M, Pryor TL, Frank GK. Understanding Neuronal Architecture 
in Obesity through Analysis of White Matter Connection Strength. Front Hum Neurosci. 
2016;10:271. [PubMed: 27375463] 

33. Lazaro L, Andres S, Calvo A, et al. Normal gray and white matter volume after weight restoration 
in adolescents with anorexia nervosa. Int J Eat Disord. 2013;46(8):841–848. [PubMed: 23904101] 

34. Seitz J, Herpertz-Dahlmann B, Konrad K. Brain morphological changes in adolescent and adult 
patients with anorexia nervosa. J Neural Transm (Vienna). 2016;123(8):949–959. [PubMed: 
27188331] 

35. Frintrop L, Liesbrock J, Paulukat L, et al. Reduced astrocyte density underlying brain volume 
reduction in activity-based anorexia rats. World J Biol Psychiatry. 2017:1–11.

36. Huisman TA. Diffusion-weighted and diffusion tensor imaging of the brain, made easy. Cancer 
Imaging. 2010;10 Spec no A:S163–171. [PubMed: 20880787] 

37. Cha J, Ide JS, Bowman FD, Simpson HB, Posner J, Steinglass JE. Abnormal reward circuitry in 
anorexia nervosa: A longitudinal, multimodal MRI study. Hum Brain Mapp. 2016.

38. Pfuhl G, King JA, Geisler D, et al. Preserved white matter microstructure in young patients with 
anorexia nervosa? Hum Brain Mapp. 2016;37(11):4069–4083. [PubMed: 27400772] 

39. Travis KE, Golden NH, Feldman HM, et al. Abnormal white matter properties in adolescent girls 
with anorexia nervosa. Neuroimage Clin. 2015;9:648–659. [PubMed: 26740918] 

40. Vogel K, Timmers I, Kumar V, et al. White matter microstructural changes in adolescent anorexia 
nervosa including an exploratory longitudinal study. Neuroimage Clin. 2016;11:614–621. 
[PubMed: 27182488] 

41. Phillipou A, Carruthers SP, Di Biase MA, et al. White matter microstructure in anorexia nervosa. 
Hum Brain Mapp. 2018;39(11):4385–4392. [PubMed: 29964345] 

42. von Schwanenflug N, Muller DK, King JA, et al. Dynamic changes in white matter microstructure 
in anorexia nervosa: findings from a longitudinal study. Psychol Med. 2018:1–10.

43. Frank GK, Shott ME, Riederer J, Pryor TL. Altered structural and effective connectivity in 
anorexia and bulimia nervosa in circuits that regulate energy and reward homeostasis. Transl 
Psychiatry. 2016;6(11):e932. [PubMed: 27801897] 

44. Mettler LN, Shott ME, Pryor T, Yang TT, Frank GK. White matter integrity is reduced in bulimia 
nervosa. Int J Eat Disord. 2013;46(3):264–273. [PubMed: 23354827] 

45. He X, Stefan M, Terranova K, Steinglass J, Marsh R. Altered White Matter Microstructure in 
Adolescents and Adults with Bulimia Nervosa. Neuropsychopharmacology. 2016;41(7):1841–
1848. [PubMed: 26647975] 

46. Shott ME, Pryor TL, Yang TT, Frank GK. Greater Insula White Matter Fiber Connectivity in 
Women Recovered from Anorexia Nervosa. Neuropsychopharmacology. 2016;41(2):498–507. 
[PubMed: 26076832] 

47. Cowdrey FA, Filippini N, Park RJ, Smith SM, McCabe C. Increased resting state functional 
connectivity in the default mode network in recovered anorexia nervosa. Hum Brain Mapp. 
2014;35(2):483–491. [PubMed: 23033154] 

48. Boehm I, Geisler D, King JA, et al. Increased resting state functional connectivity in the fronto-
parietal and default mode network in anorexia nervosa. Front Behav Neurosci. 2014;8:346. 
[PubMed: 25324749] 

49. Boehm I, Geisler D, Tam F, et al. Partially restored resting-state functional connectivity in women 
recovered from anorexia nervosa. J Psychiatry Neurosci. 2016;41(6):377–385. [PubMed: 
27045551] 

50. Ishibashi K, Sakurai K, Shimoji K, Tokumaru AM, Ishii K. Altered functional connectivity of the 
default mode network by glucose loading in young, healthy participants. BMC Neurosci. 
2018;19(1):33. [PubMed: 29855257] 

51. Seeley WW, Menon V, Schatzberg AF, et al. Dissociable intrinsic connectivity networks for 
salience processing and executive control. J Neurosci. 2007;27(9):2349–2356. [PubMed: 
17329432] 

Frank et al. Page 8

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



52. Lee S, Ran Kim K, Ku J, Lee JH, Namkoong K, Jung YC. Resting-state synchrony between 
anterior cingulate cortex and precuneus relates to body shape concern in anorexia nervosa and 
bulimia nervosa. Psychiatry Res. 2014;221(1):43–48. [PubMed: 24300085] 

53. Biezonski D, Cha J, Steinglass J, Posner J. Evidence for Thalamocortical Circuit Abnormalities 
and Associated Cognitive Dysfunctions in Underweight Individuals with Anorexia Nervosa. 
Neuropsychopharmacology. 2016;41(6):1560–1568. [PubMed: 26462619] 

54. Kim KR, Ku J, Lee JH, Lee H, Jung YC. Functional and effective connectivity of anterior insula in 
anorexia nervosa and bulimia nervosa. Neurosci Lett. 2012;521(2):152–157. [PubMed: 22684096] 

55. McFadden KL, Tregellas JR, Shott ME, Frank GK. Reduced salience and default mode network 
activity in women with anorexia nervosa. J Psychiatry Neurosci. 2014;39(3):178–188. [PubMed: 
24280181] 

56. Gaudio S, Piervincenzi C, Beomonte Zobel B, et al. Altered resting-state functional connectivity of 
anterior cingulate cortex in drug-naive adolescents at the earliest stages of anorexia nervosa. Sci 
Rep. 2015;5:10818. [PubMed: 26043139] 

57. Kullmann S, Giel KE, Teufel M, Thiel A, Zipfel S, Preissl H. Aberrant network integrity of the 
inferior frontal cortex in women with anorexia nervosa. Neuroimage Clin. 2014;4:615–622. 
[PubMed: 24936412] 

58. Raichle ME. The brain’s default mode network. Annu Rev Neurosci. 2015;38:433–447. [PubMed: 
25938726] 

59. Heine L, Soddu A, Gomez F, et al. Resting state networks and consciousness: alterations of 
multiple resting state network connectivity in physiological, pharmacological, and pathological 
consciousness States. Front Psychol. 2012;3:295. [PubMed: 22969735] 

60. Frank GKW, DeGuzman MC, Shott ME, Laudenslager ML, Rossi B, Pryor T. Association of Brain 
Reward Learning Response With Harm Avoidance, Weight Gain, and Hypothalamic Effective 
Connectivity in Adolescent Anorexia Nervosa. JAMA Psychiatry. 2018.

61. Kelley AE, Berridge KC. The neuroscience of natural rewards: relevance to addictive drugs. J 
Neurosci. 2002;22(9):3306–3311. [PubMed: 11978804] 

62. Fladung AK, Gron G, Grammer K, et al. A neural signature of anorexia nervosa in the ventral 
striatal reward system. Am J Psychiatry. 2010;167(2):206–212. [PubMed: 19833790] 

63. Holsen LM, Lawson EA, Blum J, et al. Food motivation circuitry hypoactivation related to hedonic 
and nonhedonic aspects of hunger and satiety in women with active anorexianervosa and weight-
restored women with anorexia nervosa. J Psychiatry Neurosci. 2012;37(5):322–332. [PubMed: 
22498079] 

64. Sanders N, Smeets PA, van Elburg AA, et al. Altered food-cue processing in chronically ill and 
recovered women with anorexia nervosa. Front Behav Neurosci. 2015;9:46. [PubMed: 25774128] 

65. Horndasch S, Roesch J, Forster C, et al. Neural processing of food and emotional stimuli in 
adolescent and adult anorexia nervosa patients. PLoS One. 2018;13(3):e0191059. [PubMed: 
29579064] 

66. Boehm I, King JA, Bernardoni F, et al. Subliminal and supraliminal processing of reward-related 
stimuli in anorexia nervosa. Psychol Med. 2018;48(5):790–800. [PubMed: 28832300] 

67. Seidel M, King JA, Ritschel F, et al. The real-life costs of emotion regulation in anorexia nervosa: a 
combined ecological momentary assessment and fMRI study. Transl Psychiatry. 2018;8(1):28. 
[PubMed: 29362440] 

68. King JA, Geisler D, Bernardoni F, et al. Altered Neural Efficiency of Decision Making During 
Temporal Reward Discounting in Anorexia Nervosa. J Am Acad Child Adolesc Psychiatry. 
2016;55(11):972–979. [PubMed: 27806865] 

69. Bischoff-Grethe A, McCurdy D, Grenesko-Stevens E, et al. Altered brain response to reward and 
punishment in adolescents with anorexia nervosa. Psychiatry Research - Neuroimaging. 
2013;214(3):331–340.

70. Bernardoni F, Geisler D, King JA, et al. Altered Medial Frontal Feedback Learning Signals in 
Anorexia Nervosa. Biol Psychiatry. 2018;83(3):235–243. [PubMed: 29025688] 

71. Foerde K, Steinglass JE. Decreased feedback learning in anorexia nervosa persists after weight 
restoration. Int J Eat Disord. 2017;50(4):415–423. [PubMed: 28393399] 

Frank et al. Page 9

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



72. Cowdrey FA, Park RJ, Harmer CJ, McCabe C. Increased neural processing of rewarding and 
aversive food stimuli in recovered anorexia nervosa. Biol Psychiatry. 2011;70(8):736–743. 
[PubMed: 21714958] 

73. Schultz W Getting formal with dopamine and reward. Neuron. 2002;36(2):241–263. [PubMed: 
12383780] 

74. O’Doherty JP, Dayan P, Friston K, Critchley H, Dolan RJ. Temporal difference models and reward-
related learning in the human brain. Neuron. 2003;38(2):329–337. [PubMed: 12718865] 

75. DeGuzman M, Shott ME, Yang TT, Riederer J, Frank GK. Association of Elevated Reward 
Prediction Error Response With Weight Gain in Adolescent Anorexia Nervosa. The American 
journal of psychiatry. 2017:appiajp201616060671.

76. Frank GK, Shott ME, Hagman JO, Schiel MA, DeGuzman MC, Rossi B. The partial dopamine D2 
receptor agonist aripiprazole is associated with weight gain in adolescent anorexia nervosa. Int J 
Eat Disord. 2017;50(4):447–450. [PubMed: 28334444] 

77. Bohon C, Stice E. Negative affect and neural response to palatable food intake in bulimia nervosa. 
Appetite. 2012;58(3):964–970. [PubMed: 22387716] 

78. Cyr M, Wang Z, Tau GZ, et al. Reward-Based Spatial Learning in Teens With Bulimia Nervosa. J 
Am Acad Child Adolesc Psychiatry. 2016;55(11):962–971 e963. [PubMed: 27806864] 

79. Frank GK. Altered brain reward circuits in eating disorders: chicken or egg? Curr Psychiatry Rep. 
2013;15(10):396. [PubMed: 23963630] 

80. Phillipou A, Abel LA, Castle DJ, et al. Self perception and facial emotion perception of others in 
anorexia nervosa. Front Psychol. 2015;6:1181. [PubMed: 26321993] 

81. Fonville L, Giampietro V, Surguladze S, Williams S, Tchanturia K. Increased BOLD signal in the 
fusiform gyrus during implicit emotion processing in anorexia nervosa. Neuroimage Clin. 
2014;4:266–273. [PubMed: 24501698] 

82. Kerr KL, Moseman SE, Avery JA, Bodurka J, Zucker NL, Simmons WK. Altered Insula Activity 
during Visceral Interoception in Weight-Restored Patients with Anorexia Nervosa. 
Neuropsychopharmacology. 2016;41(2):521–528. [PubMed: 26084229] 

83. Frank GK, Shott ME, Keffler C, Cornier MA. Extremes of eating are associated with reduced 
neural taste discrimination. Int J Eat Disord. 2016;49(6):603–612 [PubMed: 27083785] 

84. Lee JE, Namkoong K, Jung YC. Impaired prefrontal cognitive control over interference by food 
images in binge-eating disorder and bulimia nervosa. Neurosci Lett. 2017;651:95–101. [PubMed: 
28458022] 

85. Setsu R, Hirano Y, Tokunaga M, et al. Increased Subjective Distaste and Altered Insula Activity to 
Umami Tastant in Patients with Bulimia Nervosa. Front Psychiatry. 2017;8:172. [PubMed: 
28993739] 

86. Geisler D, Ritschel F, King JA, et al. Increased anterior cingulate cortex response precedes 
behavioural adaptation in anorexia nervosa. Sci Rep. 2017;7:42066. [PubMed: 28198813] 

87. Lao-Kaim NP, Fonville L, Giampietro VP, Williams SC, Simmons A, Tchanturia K. Aberrant 
function of learning and cognitive control networks underlie inefficient cognitive flexibility in 
anorexia nervosa: a cross-sectional fMRI study. PLoS One. 2015;10(5):e0124027. [PubMed: 
25970523] 

88. Seitz J, Hueck M, Dahmen B, et al. Attention Network Dysfunction in Bulimia Nervosa - An fMRI 
Study. PLoS One. 2016;11(9):e0161329. [PubMed: 27607439] 

89. Dreyfuss MFW, Riegel ML, Pedersen GA, et al. Patients with bulimia nervosa do not show typical 
neurodevelopment of cognitive control under emotional influences. Psychiatry Res Neuroimaging. 
2017;266:59–65. [PubMed: 28605663] 

90. Xu J, Harper JA, Van Enkevort EA, Latimer K, Kelley U, McAdams CJ. Neural activations are 
related to body-shape, anxiety, and outcomes in adolescent anorexia nervosa. J Psychiatr Res. 
2017;87:1–7. [PubMed: 27978457] 

91. Davidovic M, Karjalainen L, Starck G, Wentz E, Bjornsdotter M, Olausson H. Abnormal brain 
processing of gentle touch in anorexia nervosa. Psychiatry Res Neuroimaging. 2018;281:53–60. 
[PubMed: 30248526] 

92. van Zutphen L, Maier S, Siep N, et al. Intimate stimuli result in fronto-parietal activation changes 
in anorexia nervosa. Eat Weight Disord. 2018

Frank et al. Page 10

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



93. Ursell LK, Metcalf JL, Parfrey LW, Knight R. Defining the human microbiome. Nutr Rev. 2012;70 
Suppl 1:S38–44. [PubMed: 22861806] 

94. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI. The human 
microbiome project. Nature. 2007;449(7164):804–810. [PubMed: 17943116] 

95. Weltens N, Iven J, Van Oudenhove L, Kano M. The gut-brain axis in health neuroscience: 
implications for functional gastrointestinal disorders and appetite regulation. Ann N Y Acad Sci. 
2018;1428(1):129–150. [PubMed: 30255954] 

96. Borgo F, Riva A, Benetti A, et al. Microbiota in anorexia nervosa: The triangle between bacterial 
species, metabolites and psychological tests. PLoS One. 2017;12(6):e0179739. [PubMed: 
28636668] 

97. Schwensen HF, Kan C, Treasure J, Hoiby N, Sjogren M. A systematic review of studies on the 
faecal microbiota in anorexia nervosa: future research may need to include microbiota from the 
small intestine. Eat Weight Disord. 2018;23(4):399–418. [PubMed: 29542066] 

98. Kleiman SC, Watson HJ, Bulik-Sullivan EC, et al. The Intestinal Microbiota in Acute Anorexia 
Nervosa and During Renourishment: Relationship to Depression, Anxiety, and Eating Disorder 
Psychopathology. Psychosom Med. 2015;77(9):969–981. [PubMed: 26428446] 

99. Morkl S, Lackner S, Muller W, et al. Gut microbiota and body composition in anorexia nervosa 
inpatients in comparison to athletes, overweight, obese, and normal weight controls. Int J Eat 
Disord. 2017;50(12):1421–1431. [PubMed: 29131365] 

100. Mack I, Penders J, Cook J, Dugmore J, Mazurak N, Enck P. Is the Impact of Starvation on the Gut 
Microbiota Specific or Unspecific to Anorexia Nervosa? A Narrative Review Based on a 
Systematic Literature Search. Curr Neuropharmacol. 2018;16(8):1131–1149. [PubMed: 
29345582] 

101. Frank GKW, Favaro A, Marsh R, Ehrlich S, Lawson EA. Toward valid and reliable brain imaging 
results in eating disorders. Int J Eat Disord. 2018;51(3):250–261. [PubMed: 29405338] 

Frank et al. Page 11

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SYNOPSIS

Eating disorders are severe psychiatric illnesses with a typical age of onset in 

adolescence. Brain research in youth and young adults may help us identify specific 

neurobiology that contributes to the onset and maintenance of those disorders. This 

article provides a state-of-the-art review of our current understanding of the neurobiology 

of anorexia nervosa and bulimia nervosa. This includes brain structure and function 

studies to understand food restriction, binge-eating or purging behaviors, cognitive and 

emotional factors contributing to eating disorders, as well as interoception. Binge-eating 

disorder and avoidant restrictive food intake disorder are also discussed, but the literature 

is still small for the latter two disorders.
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KEY POINTS

• Eating disorders are severe psychiatric illnesses with complex 

biopsychosocial background.

• Brain imaging now allows is study the living human brain.

• Understanding the neurobiology of eating disorders holds promise to develop 

more effective treatments.

• New research allows us start develop models for brain function and food 

avoidance.
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Figure 1. 
Summary of neurobiological findings in eating disorders.

rec, recovered; AN, anorexia nervosa; BN, bulimia nervosa

Frank et al. Page 14

Child Adolesc Psychiatr Clin N Am. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Introduction
	Methods
	Neurochemical Studies
	Gray Matter Volume and Cortical Thickness
	White Matter Volume, Integrity and Structural Connectivity
	Functional and Effective Connectivity
	Task-Based fMRI Studies
	Reward System
	Perception and Interoception
	Cognition
	Social function and stress

	Microbiota and Microbiome

	Conclusions
	References
	Figure 1.



