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Abstract 

Background 

The pattern of structural brain abnormalities in anorexia nervosa (AN) is still not well 

understood. While several studies report substantial deficits in grey matter volume and cortical 

thickness in acutely underweight patients, others find no differences, or even increases in patients 

compared with healthy controls. Recent weight regain before scanning may explain some of this 

heterogeneity. To clarify the extent, magnitude, and dependencies of grey matter changes in AN, we 

conducted a prospective, coordinated meta-analysis of multicenter neuroimaging data. 

Methods 

We analyzed T1-weighted structural MRI scans assessed with standardized methods from 

685 female AN patients and 963 female healthy controls across 22 sites worldwide. In addition to a 

case-control comparison, we conducted a three-group analysis comparing healthy controls to 

acutely underweight AN patients (n = 466), and to those in treatment and partially weight-restored 

(n = 251). 

Results 

In AN, reductions in cortical thickness, subcortical volumes, and, to a lesser extent, cortical 

surface area, were sizable (Cohen’s d up to 0.95), widespread and co-localized with hub regions. 

Highlighting the effects of undernutrition, these deficits associated with lower BMI in the AN sample 

and were less pronounced in partially weight-restored patients. 

Conclusion 

The effect sizes observed for cortical thickness deficits in acute AN are the largest of any 

psychiatric disorder investigated in the ENIGMA consortium to date. These results confirm the 
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importance of considering weight loss and renutrition in biomedical research on AN and underscore 

the importance of treatment engagement to prevent potentially long-lasting structural brain 

changes in this population.  
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Introduction 

Anorexia nervosa (AN) is an eating disorder characterized by low weight, severe restrictive 

eating, and a high mortality due to starvation-related complications (1). Although the 

pathomechanisms are unknown, biological underpinnings are widely recognized (2). 

In acutely underweight patients (i.e., patients at the very beginning of weight restoration 

treatment), sulcal widening and grey matter (GM) thinning are sometimes visible on computed 

tomography or magnetic resonance images (MRI). However, the spatial distribution and extent (and 

even direction, see e.g. (3,4)) of alterations varies across studies, complicating efforts to identify the 

mechanisms underlying MRI-observed structural brain changes in AN (5,6). Possible reasons for 

these heterogeneous findings include different analytic approaches (e.g. voxel- versus vertex-based 

morphometry), small samples (typically between 20 to 40 individuals per group) and clinical 

heterogeneity between studies (6). Recent work suggests that weight gain is closely linked to 

normalization of GM reductions, and that adolescents show normalized brain structure after partial 

weight restoration (7,8). Therefore, GM changes in AN may reflect nutritional status (as opposed to 

trait-level alteration) and time (i.e., weight gain) between initiating weight-gain focused treatment 

and MRI scanning may substantially affect the extent and magnitude of structural brain changes.  

To characterize GM differences several metrics from T1-weighted MRI scans can be derived, 

including regional cortical thickness (CT), cortical (SA) and volume. Although CT and SA were 

reported to have opposing underlying genetic factors and show different developmental trajectories 

(9,10), only three studies have investigated SA in AN (4,11,12). Recent large-scale coordinated 

research efforts have facilitated investigations of structural brain abnormalities with such metrics in 

multiple psychiatric disorders (13). Through these international collaborations, researchers have 

carried out prospective meta-analyses — i.e. analyses that were designed a priori using predefined 

study selection criteria, hypotheses, standardized data and analysis protocols and did not rely on 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

9 
 

published findings, hence reducing publication bias (14). By including data collected from several 

research sites without the need to share individual-level data, these efforts can generate more 

generalizable and rigorous findings compared to a single large study and enable transdiagnostic 

comparisons. For example, combining data from thousands of patients with schizophrenia and 

unaffected controls, two recent prospective coordinated meta-analyses reported small deficits in 

subcortical volumes, widespread (small to moderate) cortical thinning and equally widespread, 

although weaker reductions in SA (15,16). Similar, but often smaller and more localized effects were 

reported for major depression, bipolar disorder, PTSD, and other psychiatric disorders (13,17). 

We formed the ENIGMA Eating Disorders Working Group 

(http://enigma.ini.usc.edu/ongoing/enigma-eating-disorders/) to characterize brain alterations in 

eating disorders (e.g. AN and bulimia nervosa) using the same imaging analysis, quality control and 

statistical analysis methods across a large number of independently collected case-control samples. 

Given the heterogeneity of AN studies and the possible effect of weight gain, we a priori decided to 

use two complementary approaches in the current study: 1) a case-control two-group comparison 

maximizing sample size and 2) a three-group comparison. In the latter, we subcategorized 

participants with AN into acutely underweight and partially weight-restored patients (i.e., patients 

who had already been in treatment for some time and/or gained some weight prior to MRI 

scanning). We then used the ENIGMA Toolbox (18) to contextualize patterns of altered CT across 

micro- and macroscales of brain organization. Specifically, we tested whether structural 

abnormalities were related to 1) histological information, e.g. cell density and/or distribution across 

the cortex (19), 2) regional cytoarchitectonic properties, e.g. the five von Economo and Koskinas 

structural types of isocortex (20), and 3) normative connectome properties, e.g. the spatial 

distribution of hubs (i.e., brain regions with many connections (21)). Based on prior studies (8,22,23), 

we predicted a priori that GM volume, CT and SA reductions would be apparent in acute AN, but 

would be less pronounced in partially weight-restored AN. As with previous neurodegenerative 

http://enigma.ini.usc.edu/ongoing/enigma-eating-disorders/
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(24,25), psychiatric (26), and neurological (27) diseases, we also predicted that highly connected hub 

regions would be more susceptible to disease-related effects. 
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Methods 

Study samples 

 We aggregated data from 22 cohorts included in institutional review board-approved studies 

with a combined sample of n=685 patients with AN and n=963 healthy controls (HC2; SM Table 1 and 

SM Figure 1). Patients in the two-group case-control comparison had to be female and meet DSM IV-

TR, DSM-5, or ICD-10 criteria for AN including a body mass index (BMI, kg/m2) <17.5 (adults) or <10th 

age-adjusted BMI percentile (adolescents). HCs were females with a BMI >17.5 (adults) or >10th age-

adjusted BMI percentile (and no current or lifetime diagnosis of any eating disorder). For exclusion 

criteria, previous publications on a selection of data used in the current study, as well as the a priori 

consensus process regarding the definitions of patients and groups, see SM section 1.1-1.2. 

To disentangle the impact of weight gain from diagnosis on brain structure, we also carried 

out analyses in up to 12 cohorts based on three groups: underweight patients acutely ill with AN 

(‘acAN’; n=466), partially weight-restored patients with AN (‘pwrAN’; n=251) and healthy controls 

(HC3; n=874; SM Table 1 and SM Figure 1). The inclusion of the pwrAN group in a cross-sectional 

design was an attempt to assess how partial/short-term weight gain might be associated with brain 

structure. Of note, the HC sample in the three-group comparison (denoted as HC3) differed from that 

in the two-group comparison (HC2), as not all cohorts contributed data to the three-group analysis 

(see SM Table 1). In contrast to the ‘AN’ group from the two-group comparison, ‘acAN’ cases were 

defined using more stringent treatment and recent weight gain criteria (SM section 1.2).  

  

Case-control (two-group comparison) 

We aggregated data from 22 cohorts with a combined sample of n=685 patients with AN and 

n=963 HC2 (SM Table 1 and SM Figure 1). Sample size-weighted mean age across cohorts was 21 
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years (range: 15 to 27 years). Patients with AN were younger than HC2 in six cohorts. Weighted mean 

BMI was 15.40 kg/m2 (range: 14.32 to 16.91) in AN and 21.61 kg/m2 in HC2 (range: 20.81 to 23.48). In 

all 22 cohorts, BMI was lower among participants with AN than controls. Age-adjusted BMI, available 

in 15 cohorts, was also lower in AN (weighted mean group difference -2.83; range: -3.83 to -1.61) 

compared to HC2 (weighted mean -0.20; range: -0.09 to 0.61). Mean age of AN onset was 16 years 

(range: 13 to 18 years). Mean illness duration was 5 years (range: 1 to 13 years). Between 0 to 58% 

of patients per site received antipsychotic or antidepressant medication (SM Table 1). 

 

Acutely ill, partially weight-restored patients and controls (three-group comparison) 

In up to 12 cohorts, data from n=251 pwrAN were available and contrasted with n=874 HC3 

and n=466 acAN (SM Table 1 and SM Figure 1). pwrAN were on average 20 years old (range: 14 to 33 

years) and did not differ from acAN in age but were younger than HC3 in three cohorts. The 

difference in weighted mean BMI was larger between pwrAN and HC3 than between pwrAN and 

acAN (see SM Table 1 and SM section 2.1, SM Figure 2). In pwrAN, mean age of onset was 15 years 

(range: 13 to 16 years). Mean illness duration was 5 years (range: 1 to 20 years).  

 

Image acquisition and processing 

All sites processed T1-weighted structural brain scans using FreeSurfer (28) and extracted, 

per hemisphere, subcortical volumes for eight regions (see SM section 1.3 and SM Table 3), and CT 

and SA for 34 Desikan-Killiany atlas regions (29), as well as left and right hemisphere mean thickness 

and total SA (see SM Table 4 and 4). For our main models, measures for the 8 subcortical and 34 

cortical regions were averaged across hemispheres. However, we list all hemisphere-specific findings 

in the SM Tables 3-13. Cohort-specific details on the number of scanners, vendor, strength, 

sequence, acquisition parameters, and FreeSurfer version run are provided in SM Table 2.  
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Statistical meta-analyses and follow up analyses 

At the site level, group differences for each of the 42 regions within each sample were 

examined using univariate linear regression. We used R’s linear model function lm for the two-group 

contrast and the glht function from the multcomp R package to assess all pairwise contrasts for the 

three-group comparison using the ‘Tukey’ method. Bilateral ROI mean volume, mean CT or total SA 

measures were predicted by group (AN vs HC2), controlling for linear and quadratic age effects (and 

intracranial volume when the outcome was subcortical volumes; model A, SM Table 15). To further 

assess whether group differences in CT and SA showed regional specificity, the analyses were 

repeated including global mean CT or total cortical SA as covariates in addition to age and age2 

(model B). To test for potential associations between partial/short-term weight gain and structural 

brain measures, we also included models using three groups (acAN, pwrAN and HC3), covarying for 

age and age2 (model C). In patients (separately in AN, acAN and pwrAN), we also analyzed partial 

correlations between BMI and brain structure, correcting for linear and quadratic effects of age 

(model D). At the site level, analysis of multi-scanner cohorts (n=5) included binary dummy 

covariates for n-1 scanners. Each site conducted analyses of their sample’s individual subject data 

using R code created within the ENIGMA collaboration. Per model, only individuals with complete 

data were analysed.  

Site-level regression statistics were then combined in random-effects meta-analyses of the 

Cohen’s d statistics (for group differences) and partial correlation effect sizes (to assess associations 

with BMI) for each of the 42 brain regions. Meta-analyses were performed in R (version 3.5.1) using 

the metafor package (version 2.1-0) with site as a random effect and a restricted maximum-

likelihood estimator. These same methods were applied to assess the effects of antidepressant or 

antipsychotic medication use, AN subtype (restrictive or binge-purge), depressive symptoms, illness 

duration, MRI field strength or age as potential moderators. Moderators were included in these 
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models through the ‘mods’ flag in metafor. In all models, the intercept was included to assess 

differences between different levels of each moderator (e.g., clinical subtype) on the association 

between AN and brain structure. Throughout the manuscript, we report FDR-corrected results 

separately for each modality (i.e., volume, CT and SA) and Bonferroni-corrected results across all 42 

brain regions (i.e. p<0.0012).  

Lastly, CT findings were contextualized across micro- and macroscales using the ENIGMA 

Toolbox ((18), see SM section 1.4). Briefly, to gain insights on the microstructural properties of the 

significantly affected cortical regions, we 1) produced density plots of two BigBrain statistical 

moments (i.e., mean, indexing cellular density, and skewness, indexing cellular distribution 

asymmetry), and 2) computed the average effect sizes across each of the five von Economo and 

Koskinas cytoarchitectural types. To test whether reductions in CT preferentially localized to hub 

regions, we obtained normative functional and structural connectivity data and assessed spatial 

similarity between atrophy patterns and hub distributions. Statistical significance was assessed using 

spin permutation tests.  
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Results 

Widespread reductions in brain volumes and cortical thickness, but weaker alterations in surface 

area of patients with AN compared to controls (two-group comparison) 

Subcortical brain volumes 

 We observed volume alterations in all eight subcortical structures (model A; SM Table 3 and 

Figure 1A), with largest effects in the thalamus (Cohen’s d = -0.69; 95% CI: [-0.86; -0.52]). The lateral 

ventricles were the only structures enlarged in AN with all other areas showing lower volume in AN. 

Mean absolute effect size across these regions was d = 0.42 (SD = 0.15). Effects across hemispheres 

correlated strongly (r=0.99, p<0.001). 

 

Cortical thickness 

 We also observed widespread reductions in CT in 29 regions passing Bonferroni correction 

(and 30 regions passing FDR-correction; model A; SM Table 4 and Figure 2A). Largest effects were in 

the superior (d = -0.95; 95% CI: [-1.20; -0.69]) and inferior parietal gyrus (d = -0.94; 95% CI: [-1.20; -

0.67]). Mean effect size across these 29 regions was d = -0.65 (SD = 0.18). Effects across hemispheres 

correlated strongly (r=0.94, p<0.001). When additionally correcting for global mean thickness (model 

B), only 12 regions showed differences after Bonferroni adjustment (n=18 regions with FDR 

correction; Figure 2A, SM section 2.2 and SM Table 6), suggesting that differences in region-specific 

CT between patients and controls were to some extent related to global thickness reductions. 
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Cortical surface area 

 We also observed reductions in cortical SA in 16 regions passing Bonferroni correction (n=16 

with FDR-correction; model A; SM Table 5 and Figure 2B). Largest effects were in the transverse 

temporal gyrus (d = -0.29; 95% CI: [-0.42; -0.15]) and pars opercularis (d = -0.28; 95% CI: [-0.38; -

0.17]). Mean effect size across these 16 regions was d = -0.23; roughly a third of that observed for 

reductions in CT and half of that found for volumetric reductions. Effects across hemispheres 

correlated moderately (r=0.53, p=0.001). When additionally correcting for global mean SA (model B), 

only the paracentral and transverse temporal gyrus showed a significant difference (Figure 2B, SM 

section 2.2 and SM Table 7), suggesting that differences in region-specific cortical SA between AN 

and HC2 were to a large extent driven by global reductions in SA. 

 

Reductions in volume, thickness and surface area are less severe in partially weight-restored 

patients than in acutely ill patients (three-group comparison) 

Subcortical brain volumes 

Compared to the volumetric differences between acAN and HC3 (mean dacAN-HC = 0.49; SD = 

0.18), differences between pwrAN and HC3 were reduced by 36% (mean dpwrAN-HC = 0.31; SD = 0.12), 

suggesting that volume reductions in pwrAN were smaller than in acAN (model C). pwrAN also had 

larger subcortical volumes than acAN (mean dacAN-pwrAN = 0.28; SD = 0.09; Figure 1B, SM section 2.3 

and SM Table 8). Overall, these findings suggest that reductions in subcortical volumes in pwrAN 

were smaller than those observed between acAN and HC3.  

 

Cortical thickness 

 Compared to the thickness reductions in acAN (dacAN-HC = 0.67; SD = 0.15), differences 

between pwrAN and HC3 were reduced by 36% (dpwrAN-HC = 0.43; SD = 0.17; Figure 3A). CT in pwrAN 
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was also larger than in acAN (dacAN-pwrAN = 0.49; SD = 0.14). This suggests again that CT reductions in 

pwrAN were less severe than in acAN compared to HC3 (i.e., indicating partial normalization of 

thickness during weight restoration). The reductions appeared to be largely driven by global CT 

reductions. Once controlled for global thickness, effects were reduced by 75% (acAN-HC3), 63% 

(pwrAN-HC3) and 86% (acAN-pwrAN; SM Table 9, SM section 2.3). 

 

Cortical surface area 

 Effect sizes for SA reductions were on average 52% smaller contrasting pwrAN to HC3 (dpwrAN-

HC = 0.10; SD = 0.05) compared to reductions in acAN (dAN-HC = 0.26; SD = 0.07; Figure 3B). This 

suggests again that cortical SA reductions in pwrAN were less severe than in acAN compared to HC3 

(i.e. indicating partial normalization). These reductions seem to be largely driven by global SA 

reductions. Controlling for global SA reduced effects sizes from d = 0.26 to d = 0.08 for acAN-HC3, 

from d = 0.10 to 0.05 for pwrAN-HC3 and increased only slightly from d = 0.07 to 0.08 for acAN-

pwrAN (SM Table 10 and SM section 2.3). 

 

Multiscale neural contextualization 

Patterns of CT reductions in AN corresponded to regions with greater, and more evenly 

distributed (across the layers), cellular densities ((19); Figure 4A), particularly converging in parietal 

and frontal cytoarchitectonic classes ((30); Figure 4B). Leveraging connectivity data from the Human 

Connectome Project (31)), AN-related atrophy implicated functional and structural cortico-cortical 

hub regions more strongly than nonhub (i.e., locally connected) regions (Figure 4C and 4D). 
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Reductions in grey matter volume and thickness are associated with BMI  

 In patients with AN, BMI was positively associated with volumes in the thalamus, putamen, 

amygdala and hippocampus after Bonferroni-correction (as well as the accumbens and pallidum 

after FDR-correction; model D; SM Table 11). The mean effect was r = 0.20 (SD = 0.03) with largest 

associations in the amygdala (r = 0.23; 95% CI [0.12; 0.35]).  

 Compared to the volumetric findings, associations between BMI and CT were larger with a 

mean effect of r = 0.32 (SD = 0.06), significant across 25 regions (n=28 after FDR correction; SM Table 

12). For SA, associations with BMI were the weakest (r = 0.18; SD = 0.04) with only 5 significant 

regions (n=7 after FDR; SM Table 13). Together, these findings suggest that CT (and subcortical 

volumes and SA, albeit to a lesser extent) in AN might be related to BMI, and therefore weight 

status. Effects were similar – and in the case of volume and CT slightly stronger – when using age-

adjusted BMI (SM Tables 11-13). 

 

Moderator effects  

The two-group differences in volume, thickness and SA remained stable when covarying for 

the proportion of antidepressant or antipsychotic medication use, AN subtype (restrictive or binge-

purge), depressive symptoms, illness duration, scanner field strength or age (SM section 2.5). 

Furthermore, almost none of these clinical or technical variables showed moderating effects after 

FDR correction (SM section 2.5 and SM Table 14). However, samples with a larger proportion of 

patients with a restrictive subtype were characterized by reduced thickness in the insula and 

reduced volume in the putamen and nucleus accumbens.    
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Discussion 

In this prospective coordinated meta-analysis combining scans from 685 patients with AN 

(total n=1,648, including controls), we found widespread and sizable reductions in CT and subcortical 

volume in the underweight state of AN. SA was also reduced but effect sizes were smaller. 

Comparison of patients acutely ill with AN, partially weight-restored patients with AN, and HC 

indicated a substantial positive association between partial weight gain and all three structural brain 

metrics. This represents the largest structural neuroimaging study in AN to date. Taken together, 

results suggest that AN is associated with global GM reductions (and no increases) and that these 

reductions might be highly state-dependent, i.e. related to lower BMI.  

 

In line with some, but not all, previous (smaller) studies (3–5,7,11,22), reductions in CT and 

subcortical volume in AN were on average moderate (mean Cohen’s d of 0.65 and 0.42, 

respectively). Although cross-disorder comparisons should be considered with caution (also given 

the possible reversibility of these changes in AN), these reductions were between two to four times 

larger than in other psychiatric disorders that are often comorbid with AN, including depression and 

OCD (effect sizes between 0.10 to 0.31; (13), see also SM Figure 5). In fact, until now the largest 

effects among all ENIGMA studies in psychiatric disorders (apart from the 22q11 deletion syndrome, 

which is characterized by hypertrophy) have been found in schizophrenia with Cohen's d effect sizes 

ranging between 0.12 to 0.46 for subcortical structures and up to 0.53 for CT (13,15,16). Although 

smaller than the effects observed in neurodegenerative diseases such as Alzheimer's disease (32), 

the effects found here in AN are higher than those in schizophrenia, and can therefore be 

considered the largest among psychiatric disorders.  

We observed strongest effects in the superior and inferior parietal gyrus. These regions are 

associated with the integration of bodily stimuli (33,34) and form an attention network in synergy 

with temporal and prefrontal regions (35) that were also associated with AN in the current study. 
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This might indicate that body-environment integration and attentive processes might be altered in 

AN, in line with previous functional neuroimaging research (36). Embedding our findings within a 

multiscale framework (37) revealed that patterns of CT reductions primarily affected regions with 

greater cellular densities as well as densely connected hub regions. Even though our connectivity 

networks were derived from data on healthy young controls making inferences about altered 

network architecture in AN less straightforward, our findings are in line with previous psychiatric and 

neurological disorders (27,38), suggesting that the high metabolic demands and increased 

connectional flow of hub regions may account for their selective vulnerability in the manifestation of 

AN-related atrophy. While it is possible that these findings indicate actual cell loss (39), higher 

cellular density may also provide more opportunity for neuronal remodelling, which is a current 

hypothesis regarding the mechanisms underlying the dynamic brain changes in AN (6). 

 

Unlike our findings of larger alterations in volume and CT compared to other disorders, SA 

reductions were similar in size (mean Cohen’s d, 0.23) compared to those in other psychiatric 

disorders such as OCD or schizophrenia (Cohen’s d between 0.16 to 0.33) and slightly smaller than 

those in depression (0.26 to 0.57; (13)). Even though effects for SA were smaller, they followed a 

similar pattern as for CT.  

In line with this and previous studies (40), BMI showed small to moderate associations with 

subcortical volumes and CT (and to a smaller degree with SA). The moderating effect of AN subtype 

may also be related to this, since patients with a restrictive subtype are often characterized by more 

rapid and extensive weight loss (41–43). Interestingly, abnormally high body weight has also been 

also associated with lower GM and bariatric surgery seems to reverse some of these effects (44). 

Underlining the importance of state effects such as weight loss and gain, our three-group 

comparison showed that partial weight recovery was associated with an attenuated reduction in all 

three GM metrics (36-52% smaller differences compared to acAN). Although caution regarding 

causality is warranted, reversibility of “pseudoatrophy” in AN, i.e. increases in GM volume and CT 
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(and even gyrification) following weight restoration, has been reported in previous cross-sectional 

investigations of long-term weight recovered former AN patients (11,22,45–47) and a small number 

of longitudinal studies (7,48–50). However, recent research suggests that normalization is easier to 

achieve in younger patients (23). Importantly, however, the current findings go beyond previous 

studies by supporting these effects across many cohorts in a coordinated meta-analytic design. 

Overall, these findings highlight the need to control for clinical state (acute vs. already gaining 

weight) in the study of AN, i.e., the drastic impact on the brain is strongly related to undernutrition 

and therefore rapidly changes with weight gain or treatment.  

Results should be interpreted in the light of the following limitations: first, based on the 

neuroimaging method employed, microstructural changes cannot be detected. Therefore, we cannot 

exclude the persistence of irreversible scars after weight restoration at the microstructural level. 

This is important, as recent studies have shown elevated neuronal and glial damage markers in AN 

(39,51). Second, we aggregated data from different study sites, but differences in MRI scanners and 

acquisition protocols can introduce non-biological variations (52). However, we covaried for 

potential scanner differences (within each study site) and found little evidence for moderating 

effects across sites. Third, we did not assess or control for comorbidities (e.g. OCD, depression), but 

prior studies indicated generally smaller effects of these psychiatric disorders on brain structure 

(17,53). Hence, it is unlikely that our findings were better accounted for by comorbid conditions. 

Fourth, our study included a few HC from a single site with a BMI as low as 17.5. It is possible that 

these individuals also showed some subthreshold eating disorder symptoms and were therefore 

more similar to pwrAN than to HC. Similarly, the reported findings may also be dependent on the 

acAN group definition (and potential changes of their respective nutritional/hydration status within 

the first two weeks of therapy) and other results might be obtained with different cut-offs. However, 

our analysis indicated that BMI had a similar association with brain structure as diagnostic group, 

suggesting that misclassification biases were unlikely. Fifth, given the cross-sectional design, our 

inferences regarding the effect of partial weight rehabilitation warrant replication in longitudinal 
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studies. Last, we assume that differences on T1-weighted MRI measurements relate to true 

variations in brain morphology rather than errors or artefacts. 

 

In summary, based on the largest and most representative sample to date, the current 

results indicate that acutely underweight individuals with AN have sizable and widespread 

reductions of subcortical volumes and CT and, to a lesser extent, cortical SA. Effect sizes for CT 

reductions are the largest detected among psychiatric disorders (13). These effects are attenuated in 

partially weight-restored patients and all metrics of structural brain changes (especially cortical and 

subcortical GM) associate with current BMI, which mirrors the clinical state of AN. Our findings 

underline the importance of considering weight loss and renutrition in biomedical research on AN 

and the importance of effective early intervention and treatment engagement to prevent long-

lasting structural brain changes.  

 

 

  



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

23 
 

Acknowledgements 

This work was supported by the Carus Promotionskolleg (KB), the Ministerio de Igualdad, 

Spain (grant number 234/09) and by the Generalitat de Catalunya (2009 SGR 1119) (SA), NIH 

R21MH86017, NIH R01MH113588 (ABG), Biomedical Research Centre (BRC) UK (ICC), the Alicia 

Koplowitz Foundation (FAK) (DN040546) and by the Generalitat de Catalunya 2017SGR4881 (JCF), 

German Ministry for Education and Research (grants 01GV0602 and 01GV0623) (BD), NIMH 

R01MH105662, NIMH R01MH093535 (JDF), NIMH K23MH080135, R01MH096777 (GKWF), NIH 

RC1MH088678 (JLG), German Ministry for Education and Research (grants 01GV0602 and 

01GV0623) (BHD), the CAMH AFP Innovation Fund (ASK), Swiss Anorexia Nervosa Foundation 

(project no. 19-12), the Palatin Foundation, and the Gottfried and Julia Bangerter-Rhyner-

Foundation (LKK), NIH R01MH042984- 17A1, Price Foundation, NIH R01MH113588 (WHK), NIMH 

K23MH112949 (SSK), NIH RC1MH088678 (KSL), the Carlos III Research Institute of the Spanish 

Ministry of Health, FIS PI040829 and by the Generalitat de Catalunya (2009 SGR 1119) (LL), the 

CAMH AFP Innovation Fund (AEM), Swiss Anorexia Nervosa Foundation (project no. 19-12), the 

Palatin Foundation, and the Gottfried and Julia Bangerter-Rhyner-Foundation (GFM), Biomedical 

Research Centre (BRC) UK (OOD), Biomedical Research Centre (BRC) UK (UHS), German Ministry for 

Education and Research (grants 01GV0602 and 01GV0623) (JS), NIMH K23MH080135, 

R01MH096777 (MES), DFG: SI 2087/2-1, BR 4852/1-1, Swiss Anorexia Nervosa Foundation: 57-16 

(JJS), Research Council of Norway (#288083, #223273); South-Eastern Norway Regional Health 

Authority (#2019069, #2021070, #500189) (CKT), the CAMH AFP Innovation Fund (ANV), German 

Ministry for Education and Research (grants 01GV0602 and 01GV0623) (GGvP), NIH R21MH86017, 

R01MH113588 (CEW), NIH RC1MH088678 (NLZ), NIH RC1MH088678 (JAK), a National Institute of 

Health Research (NIHR) Senior Investigator Award (US), the NIHR Mental Health Biomedical 

Research Centre at the South London and Maudsley NHS Foundation Trust and King’s College 

London (ICC, US and OOD), K23MH118418; NARSAD Young Investigator Grant from the Brain & 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

24 
 

Behavior Research Foundation (LAB), and SFB 940, DFG: EH 367/5-1, EH 367/7-1 and the Swiss 

Anorexia Nervosa Foundation (SE). This work is further supported by the European Union’s Horizon 

2020 research and innovation programme (EarlyCause, grant n° 848158, to EW). The ENIGMA 

Working Group acknowledges the NIH Big Data to Knowledge (BD2K) award for foundational support 

and consortium development (U54 EB020403 to Paul M. Thompson). 

Disclosures 

The authors report no conflict of interest. 

Data availability 

All data produced in the present study are available upon reasonable request to the authors. 

References 

1. Steinhausen H-C (2002): The outcome of anorexia nervosa in the 20th century. Am J Psychiatry 

159: 1284–1293. 

2. Kaye WH, Wierenga CE, Bailer UF, Simmons AN, Bischoff-Grethe A (2013): Nothing tastes as good 

as skinny feels: the neurobiology of anorexia nervosa. Trends Neurosci 36: 110–120. 

3. Frank GKW, Shott ME, Hagman JO, Yang TT (2013): Localized brain volume and white matter 

integrity alterations in adolescent anorexia nervosa. J Am Acad Child Adolesc Psychiatry 52: 1066-

1075.e5. 

4. Leppanen J, Sedgewick F, Cardi V, Treasure J, Tchanturia K (2019): Cortical morphometry in 

anorexia nervosa: An out-of-sample replication study. Eur Eat Disord Rev 27: 507–520. 

5. Seitz J, Herpertz-Dahlmann B, Konrad K (2016): Brain morphological changes in adolescent and 

adult patients with anorexia nervosa. J Neural Transm 123: 949–959. 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

25 
 

6. King JA, Frank GKW, Thompson PM, Ehrlich S (2018): Structural Neuroimaging of Anorexia 

Nervosa: Future Directions in the Quest for Mechanisms Underlying Dynamic Alterations. Biological 

Psychiatry 83: 224–234. 

7. Bernardoni F, King JA, Geisler D, Stein E, Jaite C, Nätsch D, et al. (2016): Weight restoration 

therapy rapidly reverses cortical thinning in anorexia nervosa: A longitudinal study. Neuroimage 130: 

214–222. 

8. von Schwanenflug N, Müller DK, King JA, Ritschel F, Bernardoni F, Mohammadi S, et al. (2019): 

Dynamic changes in white matter microstructure in anorexia nervosa: findings from a longitudinal 

study. Psychol Med 49: 1555–1564. 

9. Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, Fox PT, et al. (2010): Cortical thickness or 

grey matter volume? The importance of selecting the phenotype for imaging genetics studies. 

Neuroimage 53: 1135–1146. 

10. Grasby KL, Jahanshad N, Painter JN, Colodro-Conde L, Bralten J, Hibar DP, et al. (2020): The 

genetic architecture of the human cerebral cortex. Science 367. 

https://doi.org/10.1126/science.aay6690 

11. Miles AE, Voineskos AN, French L, Kaplan AS (2018): Subcortical volume and cortical surface 

architecture in women with acute and remitted anorexia nervosa: An exploratory neuroimaging 

study. J Psychiatr Res 102: 179–185. 

12. Myrvang AD, Vangberg TR, Stedal K, Rø Ø, Endestad T, Rosenvinge JH, Aslaksen PM (2020): 

Cerebral cortical thickness and surface area in adolescent anorexia nervosa: Separate and joint 

analyses with a permutation-based nonparametric method. Int J Eat Disord. 

https://doi.org/10.1002/eat.23448 

13. Thompson PM, Jahanshad N, Ching CRK, Salminen LE, Thomopoulos SI, Bright J, et al. (2020): 

ENIGMA and global neuroscience: A decade of large-scale studies of the brain in health and disease 

across more than 40 countries. Translational Psychiatry 10: 1–28. 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

26 
 

14. Boedhoe PSW, Heymans MW, Schmaal L, Abe Y, Alonso P, Ameis SH, et al. (2018): An Empirical 

Comparison of Meta- and Mega-Analysis With Data From the ENIGMA Obsessive-Compulsive 

Disorder Working Group. Front Neuroinform 12: 102. 

15. van Erp TGM, Hibar DP, Rasmussen JM, Glahn DC, Pearlson GD, Andreassen OA, et al. (2016): 

Subcortical brain volume abnormalities in 2028 individuals with schizophrenia and 2540 healthy 

controls via the ENIGMA consortium. Mol Psychiatry 21: 547–553. 

16. van Erp TGM, Walton E, Hibar DP, Schmaal L, Jiang W, Glahn DC, et al. (2018): Cortical Brain 

Abnormalities in 4474 Individuals With Schizophrenia and 5098 Control Subjects via the Enhancing 

Neuro Imaging Genetics Through Meta Analysis (ENIGMA) Consortium. Biol Psychiatry 84: 644–654. 

17. Schmaal L, Pozzi E, C Ho T, van Velzen LS, Veer IM, Opel N, et al. (2020): ENIGMA MDD: seven 

years of global neuroimaging studies of major depression through worldwide data sharing. Transl 

Psychiatry 10: 172. 

18. Larivière S, Paquola C, Park B, Royer J, Wang Y, Benkarim O, et al. (2021): The ENIGMA Toolbox: 

multiscale neural contextualization of multisite neuroimaging datasets. Nat Methods 18: 698–700. 

19. Amunts K, Lepage C, Borgeat L, Mohlberg H, Dickscheid T, Rousseau M-É, et al. (2013): BigBrain: 

An Ultrahigh-Resolution 3D Human Brain Model. Science 340: 1472–1475. 

20. von Economo CF, Koskinas GN (1925): Die Cytoarchitektonik Der Hirnrinde Des Erwachsenen 

Menschen. J. Springer. 

21. Avena-Koenigsberger A, Misic B, Sporns O (2018): Communication dynamics in complex brain 

networks [no. 1]. Nat Rev Neurosci 19: 17–33. 

22. King JA, Geisler D, Ritschel F, Boehm I, Seidel M, Roschinski B, et al. (2015): Global Cortical 

Thinning in Acute Anorexia Nervosa Normalizes Following Long-Term Weight Restoration. Biological 

Psychiatry 77: 624–632. 

23. Kaufmann L-K, Hänggi J, Jäncke L, Baur V, Piccirelli M, Kollias S, et al. (2020): Age influences 

structural brain restoration during weight gain therapy in anorexia nervosa. Transl Psychiatry 10: 

126. 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

27 
 

24. Brown JA, Deng J, Neuhaus J, Sible IJ, Sias AC, Lee SE, et al. (2019): Patient-Tailored, Connectivity-

Based Forecasts of Spreading Brain Atrophy [no. 5]. Neuron 104: 856-868.e5. 

25. Zeighami Y, Ulla M, Iturria-Medina Y, Dadar M, Zhang Y, Larcher KM-H, et al. (2015): Network 

structure of brain atrophy in de novo Parkinson’s disease ((D. C. Van Essen, editor)). eLife 4: e08440. 

26. Shafiei G, Markello RD, Makowski C, Talpalaru A, Kirschner M, Devenyi GA, et al. (2020): Spatial 

Patterning of Tissue Volume Loss in Schizophrenia Reflects Brain Network Architecture [no. 8]. 

Biological Psychiatry 87: 727–735. 

27. Larivière S, Rodríguez-Cruces R, Royer J, Caligiuri ME, Gambardella A, Concha L, et al. (2020): 

Network-based atrophy modeling in the common epilepsies: A worldwide ENIGMA study. Sci Adv 6: 

eabc6457. 

28. Fischl B, van der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat DH, et al. (2004): 

Automatically parcellating the human cerebral cortex. Cereb Cortex 14: 11–22. 

29. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. (2006): An automated 

labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of 

interest. NeuroImage 31: 968–980. 

30. Scholtens LH, de Reus MA, de Lange SC, Schmidt R, van den Heuvel MP (2018): An MRI Von 

Economo - Koskinas atlas. Neuroimage 170: 249–256. 

31. Van Essen DC, Ugurbil K, Auerbach E, Barch D, Behrens TEJ, Bucholz R, et al. (2012): The Human 

Connectome Project: a data acquisition perspective. Neuroimage 62: 2222–2231. 

32. Karow DS, McEvoy LK, Fennema-Notestine C, Hagler DJ, Jennings RG, Brewer JB, et al. (2010): 

Relative capability of MR imaging and FDG PET to depict changes associated with prodromal and 

early Alzheimer disease. Radiology 256: 932–942. 

33. Medendorp WP, Heed T (2019): State estimation in posterior parietal cortex: Distinct poles of 

environmental and bodily states. Progress in Neurobiology 183: 101691. 

34. Blanke O, Slater M, Serino A (2015): Behavioral, Neural, and Computational Principles of Bodily 

Self-Consciousness [no. 1]. Neuron 88: 145–166. 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

28 
 

35. Corbetta M, Shulman GL (2002): Control of goal-directed and stimulus-driven attention in the 

brain [no. 3]. Nat Rev Neurosci 3: 201–215. 

36. Gaudio S, Wiemerslage L, Brooks SJ, Schiöth HB (2016): A systematic review of resting-state 

functional-MRI studies in anorexia nervosa: Evidence for functional connectivity impairment in 

cognitive control and visuospatial and body-signal integration. Neurosci Biobehav Rev 71: 578–589. 

37. Larivière S, Vos de Wael R, Paquola C, Hong S-J, Mišić B, Bernasconi N, et al. (2019): 

Microstructure-Informed Connectomics: Enriching Large-Scale Descriptions of Healthy and Diseased 

Brains. Brain Connect 9: 113–127. 

38. Zhou J, Gennatas ED, Kramer JH, Miller BL, Seeley WW (2012): Predicting regional 

neurodegeneration from the healthy brain functional connectome. Neuron 73: 1216–1227. 

39. Hellerhoff I, King JA, Tam FI, Pauligk S, Seidel M, Geisler D, et al. (2021): Differential longitudinal 

changes of neuronal and glial damage markers in anorexia nervosa after partial weight restoration. 

Transl Psychiatry 11: 86. 

40. Bang L, Tamnes CK, Norbom LB, Thomassen RA, Holm JS, Skotte LH, et al. (2021): Associations of 

age, body mass index and biochemical parameters with brain morphology in patients with anorexia 

nervosa. Eur Eat Disord Rev 29: 74–85. 

41. Meule A, Schlegl S, Voderholzer U (2020): Seasonal and subtype differences in body mass index 

at admission in inpatients with anorexia nervosa. Int J Eat Disord 53: 537–540. 

42. Lantz EL, Gillberg C, Råstam M, Wentz E, Lowe MR (2017): Premorbid BMI predicts binge-purge 

symptomatology among individuals with anorexia nervosa. Int J Eat Disord 50: 852–855. 

43. Engelhardt C, Föcker M, Bühren K, Dahmen B, Becker K, Weber L, et al. (2021): Age dependency 

of body mass index distribution in childhood and adolescent inpatients with anorexia nervosa with a 

focus on DSM-5 and ICD-11 weight criteria and severity specifiers. Eur Child Adolesc Psychiatry 30: 

1081–1094. 

44. Nota MHC, Vreeken D, Wiesmann M, Aarts EO, Hazebroek EJ, Kiliaan AJ (2020): Obesity affects 

brain structure and function- rescue by bariatric surgery? Neurosci Biobehav Rev 108: 646–657. 



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

29 
 

45. Wagner A, Greer P, Bailer UF, Frank GK, Henry SE, Putnam K, et al. (2006): Normal brain tissue 

volumes after long-term recovery in anorexia and bulimia nervosa. Biol Psychiatry 59: 291–293. 

46. Lázaro L, Andrés S, Calvo A, Cullell C, Moreno E, Plana MT, et al. (2013): Normal gray and white 

matter volume after weight restoration in adolescents with anorexia nervosa. Int J Eat Disord 46: 

841–848. 

47. Castro-Fornieles J, de la Serna E, Calvo A, Pariente J, Andrés-Perpiña S, Plana MT, et al. (2021): 

Cortical thickness 20 years after diagnosis of anorexia nervosa during adolescence. Eur Arch 

Psychiatry Clin Neurosci 271: 1133–1139. 

48. Mainz V, Schulte-Rüther M, Fink GR, Herpertz-Dahlmann B, Konrad K (2012): Structural brain 

abnormalities in adolescent anorexia nervosa before and after weight recovery and associated 

hormonal changes. Psychosom Med 74: 574–582. 

49. Roberto CA, Mayer LES, Brickman AM, Barnes A, Muraskin J, Yeung L-K, et al. (2011): Brain tissue 

volume changes following weight gain in adults with anorexia nervosa. Int J Eat Disord 44: 406–411. 

50. Bernardoni F, King JA, Geisler D, Birkenstock J, Tam FI, Weidner K, et al. (2018): Nutritional Status 

Affects Cortical Folding: Lessons Learned From Anorexia Nervosa. Biol Psychiatry 84: 692–701. 

51. Nilsson IAK, Millischer V, Karrenbauer VD, Juréus A, Salehi AM, Norring C, et al. (2019): Plasma 

neurofilament light chain concentration is increased in anorexia nervosa. Transl Psychiatry 9: 180. 

52. Fortin J-P, Cullen N, Sheline YI, Taylor WD, Aselcioglu I, Cook PA, et al. (2018): Harmonization of 

cortical thickness measurements across scanners and sites. Neuroimage 167: 104–120. 

53. van den Heuvel OA, Boedhoe PSW, Bertolin S, Bruin WB, Francks C, Ivanov I, et al. (2020): An 

overview of the first 5 years of the ENIGMA obsessive-compulsive disorder working group: The 

power of worldwide collaboration. Hum Brain Mapp. https://doi.org/10.1002/hbm.24972 

 

  



Walton et al.; Brain structure in Anorexia Nervosa – an ENIGMA study 

30 
 

Legends 
 

Figure 1. Subcortical volume reductions in anorexia nervosa. Differences (Cohen’s d) between A) 

patients with Anorexia Nervosa (AN) and healthy controls (HC2) and B) all groups, including acute 

(acAN) and partially weight-restored patients (pwrAN). Color scale: Warmer colors indicate lower 

volumes (Cohen’s d; averaged across the left and right hemispheres, but depicted on the right side 

of the brain) in patients compared to controls. Error bars are 95% confidence intervals.  

 

Figure 2. Reductions in A) cortical thickness and B) surface area between patients with Anorexia 

Nervosa (AN) and healthy controls (HC2). Results, which are uncorrected for global measures, are 

shown on the left in each panel. Results, which are corrected for global measures, are shown on the 

right in each panel. Color scale: Warmer colors indicate reductions (Cohen’s d effect size; averaged 

across the left and right hemispheres, but depicted on the right side of the brain) in patients 

compared to controls.  

 

Figure 3. Pairwise reductions, shown as Cohen’s d effect sizes, in A) cortical thickness and B) surface 

area between acute patients with Anorexia Nervosa (acAN), partially weight-restored patients 

(pwrAN) and healthy controls (HC3). Color scale: Warmer colors indicate reductions (Cohen’s d; 

averaged across the left and right hemispheres, but depicted on the right side of the brain). 

 

Figure 4. Neural contextualization of cortical thickness case-control differences. Cohen’s d effect 

sizes in the context of: A) regional cytoarchitecture, specifically overall cellular density (A; top panel) 

and laminar differentiation (A; lower panel); B) cytoarchitectonic classes based on postmortem work 
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by von Economo and Koskinas; and degree centrality according to C) functional and D) structural 

connectivity.  

 


