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ABSTRACT
BACKGROUND: Development and recurrence of 2 eating disorders (EDs), anorexia nervosa and bulimia nervosa, are
frequently associated with environmental stressors. Neurobehavioral responses to social learning signals were
evaluated in both EDs.
METHODS: Women with anorexia nervosa (n = 25), women with bulimia nervosa (n = 30), or healthy comparison
women (n = 38) played a neuroeconomic game in which the norm shifted, generating social learning signals (norm
prediction errors [NPEs]) during a functional magnetic resonance imaging scan. A Bayesian logistic regression model
examined how the probability of offer acceptance depended on cohort, block, and NPEs. Rejection rates, emotion
ratings, and neural responses to NPEs were compared across groups.
RESULTS: Relative to the comparison group, both ED cohorts showed less adaptation (p = .028, hp

2 = 0.060), and
advantageous signals (positive NPEs) led to higher rejection rates (p = .014, hp

2 = 0.077) and less positive emotion
ratings (p = .004, hp

2 = 0.111). Advantageous signals increased neural activations in the orbitofrontal cortex for the
comparison group but not for women with anorexia nervosa (p = .018, d = 0.655) or bulimia nervosa (p = .043, d =
0.527). More severe ED symptoms were associated with decreased activation of dorsomedial prefrontal cortex for
advantageous signals.
CONCLUSIONS: Diminished neural processing of advantageous social signals and impaired norm adaptation were
observed in both anorexia nervosa and bulimia nervosa, while no differences were found for disadvantageous social
signals. Development of neurocognitive interventions to increase responsivity to advantageous social signals could
augment current treatments, potentially leading to improved clinical outcomes for EDs.

https://doi.org/10.1016/j.bpsc.2023.10.010

Eating disorders (EDs), such as anorexia nervosa (AN) and
bulimia nervosa (BN), are complex psychiatric disorders with
strong evidence for both psychosocial and biological risks (1).
Several psychological constructs related to social compari-
sons are shared risk factors for the development of AN and BN,
such as body dissatisfaction (2), low self-esteem (3), and social
anxiety (4). Changes and stressors in the social environment
have also been associated with the development of EDs (5,6).
Deficits in social learning have been hypothesized as contrib-
uting to many types of psychopathology, including EDs (7–9).
Neural impairments in social learning might provide a mecha-
nism that explains how social environment contributes to EDs.

The norm-adaptation ultimatum game (UG) evaluates social
learning and adaptation from norm violations. Adaptation re-
fers to changing a behavior in response to a change in the
environment. The UG asks responders to accept or reject of-
fers to split money, akin to real-world scenarios such as
dividing a sum among coworkers (e.g., cook, waiter) (10).
Participants can learn to expect offers of a typical amount, and
unpredictable shifts change rejection rates as participants

adapt (11,12). The norm prediction error (NPE), the difference
between the expected offer (i.e., the social norm) and the
actual offer, is a key social learning signal parametrically
related to neural activations in the orbitofrontal cortex (OFC)
(13). The valence of the NPE signals whether the outcome was
better (positive) or worse (negative) than expected.

Internalizing beliefs about social norms requires the inte-
gration of stored beliefs about one’s world with new infor-
mation acquired through discrete interactions. Prior studies
have found that women with AN and BN have altered neu-
robehavioral responses both when accessing beliefs about
themselves and others (14,15) and when engaged in recip-
rocating interactions with a specific other (16,17). The pur-
pose of this study was to determine how participants with
EDs respond to changes in their social environment. We hy-
pothesized that participants with EDs would show less
adaptation and reduced neural activations to NPE in the OFC.
Differences in processing NPEs were explored using whole-
brain group comparisons and regressions examining acute
psychiatric symptoms.
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METHODS AND MATERIALS

Participants

A total of 93 women (biological sex at birth; 25 with AN, 30 with
BN, and 38 healthy comparison [HC] participants) between 18
and 46 years were recruited and provided written informed
consent as per the University of Texas Southwestern Institu-
tional Review Board. The Eating Disorder Assessment for
DSM-5 (18) assessed ED diagnosis; the Mini-International
Neuropsychiatric Interview for DSM-5 (19) determined
comorbidities. Participants in the AN and BN cohorts met
DSM-5 criteria for AN or BN, respectively, during the last year.
Participants in the HC cohort did not have any psychiatric
disorders. See the Supplement for details about screening,
stabilization, weight, acute symptoms, comorbidities, medi-
cations, ethnicity, and race.

Scales

As the study examined learning in response to social norm
shifts, and learning can depend on cognitive ability, emotional
state, and motivations for positive and negative feedback,
participants completed assessments about these factors. For
cognitive ability, the Wechsler Abbreviated Scale of Intelli-
gence (20) estimated IQ, while the Trail Making Test (21) pro-
vided an estimate of set-shifting that is independent of social
expectations. The 26-item Eating Disorder Examination
Questionnaire (22), the 16-item Quick Inventory of Depressive
Symptomatology, clinician rating (23), and the 14-item Struc-
tured Interview Guide for the Hamilton Anxiety Rating Scale
(24) evaluated disordered eating cognitions and behaviors,
depression, and anxiety, respectively. Finally, the 48-item
Sensitivity to Punishment and Sensitivity to Reward Ques-
tionnaire (25) assessed reactivity to negative and positive
motivations.

UG Paradigm

There are 2 players in the norm-adaptation UG, a proposer and
a responder (Figure 1). Here, participants played 60 rounds as
the responder. The proposer decides how to split a $20
endowment, and the responder accepts or rejects it. Partici-
pants were informed that each round begins with a new pro-
poser, and one round would be randomly picked for payment.
If accepted, both players get that split, and if rejected, both get
nothing. The participant was told that each offer came from a
prior participant, and that payment on each round matters to
both players. To simulate adaptation to different social norms,
the mean value of the distribution from which the proposer’s
offers were drawn changed during the game. This approach
has been validated to simulate real-world social behaviors
(11,12,26). During the first 20 rounds (preconditioning), par-
ticipants received offers from the medium distribution (mean
[SD] = $8.00 [$1.50]). During the next 20 rounds (conditioning),
participants received offers from either the high (high condi-
tioning; $12.00 [$1.50]) or the low (low conditioning; $4.00
[$1.50]) distributions. For the last 20 rounds (postconditioning),
participants received offers from the medium distribution. In 3
of 5 rounds, participants rated their feelings on a 1-to-9 scale
of unhappy to happy emoticons.

Behavioral Data Analysis

Group Difference in Adaptation During the Game. To
test adaptation, 2-factor analysis of variance (ANOVA) evalu-
ated how group (AN, BN, HC), conditioning type (low, high),
and block (pre [round 1–20], during [round 21–40], post [round
41–60]) impacted rejection rates and emotion ratings using
IBM SPSS Statistics Version 21.0 (IBM Corp.), with signifi-
cance set at p , .05 (2-tailed). For significant ANOVA findings,
hp

2 effect size values were calculated, with post hoc

Figure 1. The ultimatum game. (A) All participants played as the responder in the game for 60 rounds in the scanner. The game involved accepting and
rejecting offers that are splits of $20. (B) The monetary split in each round was drawn from 1 of 3 Gaussian distributions (i.e., low, medium, or high). (C)
Schematic illustrating the screens shown during 1 round of the game.
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comparisons evaluated using 2-tailed pairwise tests with Sidak
correction.

Modeling Norm Adaptation. As per prior studies (9,10),
participants were assumed to have internal norms updated as
offers occurred, and responses were fit to 2 types of norm-
adaptation models, Bayesian observer and Rescorla-Wagner
models (Supplement). Briefly, the sensitivity to negative NPE
(a), sensitivity to positive NPE (b), randomness of choice (g),
learning rate in Rescorla-Wagner models (ε), and the starting
norm (bm0 or V0) for variable models were estimated by maxi-
mizing the log likelihood of choices across 60 trials for each
participant. Models were compared by calculating the
Bayesian information criterion score for each model for each
participant, with the lowest mean Bayesian information crite-
rion score model winning. NPEs were computed for the win-
ning model as current offer subtracted from the preceding
norm (Vi!1 ! si ), with valence indicating whether an offer was
better (positive NPE) or worse (negative NPE) than expected.
Estimates of sensitivity to better-than-expected (i.e., guilt, b)
and worse-than-expected (i.e., envy, a) offers were compared
across groups using ANOVA.

Bayesian Logistic Regression. Differential effects of
positive and negative NPEs on round response concerning
diagnosis and block type were evaluated using Bayesian lo-
gistic regression models. Response values xi were treated as
independent binary observations drawn from a Bernoulli dis-
tribution with probability pi, where

logit ðpiÞ ¼ a 1 bTzi;

for covariate vector zi associated with round i = 1, ., n. The
covariates of interest were the Rescorla-Wagner NPE (contin-
uous scalar), diagnosis (3 levels: AN, BN, HC), and block (5
levels: first medium block, second block in the low condition,
third block in the low condition, second block in the high
condition, third block in the high condition).

The full model contained main effects and 2-way in-
teractions of NPE, diagnosis (dx), and block.

logit ðpÞ w NPE2 3 dx 1 NPE1 3 dx 1 NPE2 3 block

1 NPE1 3 block 1 block 3 dx x j z
w Bern ðpÞ

We also considered reduced models: 1) diagnosis main ef-
fects; 2) main effect and interaction models of diagnosis and
block; 3) NPE main effects; 4) NPE 3 diagnosis interaction
models, with and without block effects. Models were fit via
Markov chain Monte Carlo (27) sampling with 4 chains of 2000
iterations each, computed in the R package brms (28). The
intercept term and all coefficients were given the prior N(m,s2),
with m = 0, s2 = 4. All parameters sampled obtained conver-
gence as determined by bR ¼ 1:0 (29).

Inference for all quantities of interest was conducted via
the Markov chain Monte Carlo samples of the posterior.
Estimated coefficient effects were computed as the mean of
the posterior samples; corresponding 95% credible intervals
were calculated as the posterior quantiles. The posterior

probability of accepting was calculated from the Markov
chain Monte Carlo draws of the model coefficients. Covar-
iate effects were significant if the 95% confidence interval of
the coefficient did not contain zero; similarly, a difference in
the posterior probability of accepting for 2 sets of covariates
was significant if the associated posterior 95% confidence
interval of the difference did not contain zero.

Rejection Rates and Emotional Responses. Rejection
rates and emotion ratings were examined by grouping offers
by the sign of NPE and completing a group 3 sign of NPE
ANOVA. To characterize impact of NPE magnitude, offers were
also binned by NPE for each participant and evaluated with a
group 3 NPE bin ANOVA.

Neuroimaging Data Acquisition and Preprocessing

Images were acquired with an Achieva 3T magnetic resonance
imaging scanner (Philips Healthcare), using a single-shot
gradient T2*-weighted echo-planar image sequence with a
repetition time of 2 seconds. The echo time was 25 ms, and
the flip angle was 90%. Volumes were composed of 38 axial
slices, each acquired with a matrix size of 64 3 64 and a voxel
size of 3.4 3 3.4 3 4 mm3. High-resolution magnetization-
prepared rapid acquisition gradient-echo 3-dimensional T1-
weighted images were acquired with the following parame-
ters: repetition time = 8100 ms, echo time = 3.7 ms, 12% flip
angle, and 1 mm3 voxels. Preprocessing was implemented in
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/)
following standard procedures (Supplement). Participants with
excessive (more than 6 mm during task) head movements were
excluded (1 AN, 2 BN, and 2 HC).

Neural Region-of-Interest Analyses

We compared brain responses in regions of interest (ROIs)
to offers with positive or negative NPEs between groups.
The study hypotheses focused on the OFC because prior
research identified a parametric relationship between its
activations and NPE (12). Comparison ROIs were selected
from other UG studies (12,30) (details in Supplement). Five
ROIs were examined: OFC (center [4 40 216]), right
anterior insula (32 24 24), nucleus accumbens (22 8 24),
left dorsal caudate (26 18 4), and right dorsal caudate (4
20 6). For each ROI, a spherical mask was created with a
10-mm radius centered at the reported peak activation
using MarsBaR (https://marsbar-toolbox.github.io/index.
html), and the average b values across all voxels within
the mask for offers with positive NPEs and negative NPEs
were extracted and averaged, respectively. Group differ-
ences among AN, BN, and HC cohorts on the averaged b
values in each ROI for both positive and negative NPEs
were compared using a series of 1-way Kruskal-Wallis
tests of k means, a nonparametric approach as activations
were leptokurtic, with Bonferroni corrections for multiple
comparisons (threshold: corrected p , .05). Residuals
from simple regressions estimated the impact of acute
psychopathology symptoms and medications on any
identified differences related to cohorts in the ROI
analyses.
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Exploratory Whole-Brain Analyses

General linear models were specified for each subject. Visual
stimuli and motor responses were modeled in a design matrix
constructed by convolving each event onset with a canonical
hemodynamic response function in SPM12. Residual effects of
head motion were corrected by including 6 estimated motion
parameters as covariates. b maps at offer display were esti-
mated for offers with positive NPEs and those with negative
NPEs, respectively, at the subject level. Because neuro-
behavioral results were similar for AN and BN cohorts, a
pooled ED cohort was constructed. ED versus HC differences
in responses to positive NPE and negative NPE offers were
examined. Associations between clinical symptom severity
(Eating Disorder Examination Questionnaire, Structured Inter-
view Guide for the Hamilton Anxiety Rating Scale, Quick In-
ventory of Depressive Symptomatology, clinician rating) and
neural responses were examined by including each assess-
ment as a covariate in the group-level model for positive NPEs
and negative NPEs, respectively. The threshold for statistical
significance for whole-brain analyses was set at a familywise
error cluster-corrected p , .05 with an individual voxel-height
minimum of p , .005. Statistics maps were overlaid on a
standard brain in Montreal Neurological Institute space using
Mango (http://ric.uthscsa.edu/mango/mango.html).

RESULTS

Assessments

Cohorts differed in several measures, but did not differ in age,
intelligence (Wechsler Abbreviated Scale of Intelligence), or
set-shifting (Trail Making Test) (Table 1). The AN and BN co-
horts had more disordered eating, depression, and anxiety
symptoms than the HC cohort. Body mass index was lower for
the AN cohort relative to both the BN and the HC cohorts, and

the BN cohort had higher levels of weight concern than the AN
cohort. Both the AN and the BN cohorts had higher sensitivity
to punishment than the HC cohort. The BN cohort had higher
sensitivity to reward than both the AN and the HC cohorts. At
scanning, acute ED symptoms varied; most participants
remained symptomatic (20 AN; 22 BN), with some in partial
(5 AN; 7 BN) or full (2 BN) remission (Supplement).

Behavioral Results

Group Difference in Norm-Adaptation Effect.
Adaptation was evaluated by determining how much partici-
pants in each group adjusted rejection rates and emotion
ratings following conditioning to a new norm. The interaction of
group (AN, BN, HC) 3 conditioning type (low, high) 3 block
(pre, during, post) on rejection rates was significant (F4,174 =
2.796, p = .028, hp

2 = 0.060) (Figure S1A). HC participants
adapted for high offers had a higher rejection rate in the
postconditioning block (53.8 6 8.8%, third block in the high
condition) than the HC participants adapted for low offers (27.1
6 5.4%, p = .011, third block in the low condition), whereas the
postconditioning rejection rate was not different for low and
high blocks for either AN (p = .896) or BN (p = .139) partici-
pants. The group 3 conditioning type 3 block interaction was
not significant for emotion ratings (F4,174 = 2.164, p = .075,
hp

2 = 0.047) (Figure S1A).

Norm-Adaptation Model Estimates. The Rescorla-
Wagner model with a fixed starting norm had the best fit in
all groups (Table S1) and provided the estimates for sensitivity
to positive (i.e., guilt, denoted as b) and negative (i.e., envy,
denoted as a) NPEs. Consistent with previous findings (10), HC
participants had a significantly higher level of envy, a (mean 6
SE = 3.76 6 0.56) than guilt, b (0.94 6 0.39) (t37 = 4.688,
p , .001), whereas this difference was not observed for AN

Table 1. Demographic Information and Scales

AN, Mean (SD) BN, Mean (SD) HC, Mean (SD)

AN vs. BN vs. HC

Post Hoc ComparisonsF (df) p Value

Age, Years 27.3 (7.2) 28.6 (6.3) 27.6 (5.0) 0.4 (2,90) .699 –

BMI 18.8 (1.6) 26.0 (6.1) 25.3 (4.5) 20.6 (2,90) ,.001 AN , HC and BN

WASI 116.6 (10.4) 117.9 (11.4) 116.7 (13.1) 0.1 (2,86) .905 –

EDE-Q

Global 2.5 (1.6) 3.0 (1.3) 0.5 (0.5) 43.7 (2,88) ,.001 AN and BN . HC

Restraint 2.3 (1.7) 2.2 (1.6) 0.4 (0.8) 19.3 (2,88) ,.001 AN and BN . HC

Eating concern 2.0 (1.6) 2.0 (1.3) 0.1 (0.2) 33.4 (2,88) ,.001 AN and BN . HC

Shape concern 3.2 (1.7) 3.9 (1.5) 0.9 (0.9) 43.3 (2,88) ,.001 AN and BN . HC

Weight concern 2.7 (1.8) 3.7 (1.6) 0.6 (0.6) 44.1 (2,88) ,.001 BN . AN . HC

Depression (QIDS-CR) 6.0 (5.6) 6.6 (3.6) 1.9 (2) 16.1 (2,89) ,.001 AN and BN . HC

Anxiety (SIGH-A) 9.0 (8.5) 9.7 (5.8) 2.6 (2.9) 15.8 (2,89) ,.001 AN and BN . HC

Reward Sensitivity 9.4 (3.4) 12.6 (3.4) 8.8 (3.8) 8.9 (2,85) ,.001 BN . AN and HC

Punishment Sensitivity 15.9 (5.7) 15.3 (5.1) 9.8 (5.8) 11.6 (2,85) ,.001 AN and BN . HC

TMT-A 21.0 (7.9) 20.5 (8.1) 21.8 (8.7) 0.2 (2,86) .810 –

TMT-B 53.2 (29.4) 43.1 (16.7) 51.2 (31.8) 1.1 (2,86) .338 –

TMT-B:A 2.6 (1.1) 2.2 (0.8) 2.4 (1.1) 1.0 (2,86) .377 –

AN, anorexia nervosa; BMI, body mass index; BN, bulimia nervosa; EDE-Q, Eating Disorder Examination Questionnaire; HC, healthy comparison; QIDS-CR, Quick
Inventory of Depressive Symptomatology, clinician rating; SIGH-A, Structured Interview Guide for the Hamilton Anxiety Rating Scale; TMT, Trail Making Test; WASI,
Wechsler Abbreviated Scale of Intelligence.
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(t24 = 0.881, p = .387) or BN (t29 = 1.550, p = .132) participants
(Table S2).

Bayesian Logistic Regression Results. The main ef-
fects models considered how diagnosis, block, and NPE
impacted offer acceptances. In the diagnosis main effect
model, participants with AN and BN accepted more offers
overall than HC participants, with no significant difference
between AN and BN participants (Figure 2A; Table S3). The
block main effects showed the expected increases and de-
creases in acceptance probabilities for the high and low
blocks, respectively, relative to the first medium block baseline
(Figure 2B; Table S3). The third block in the high condition offer
block returned to a level slightly lower than baseline, whereas
the third block in the low condition block showed an increase.
The NPE model showed a strongly significant effect for
negative NPE, but not for positive NPE (Figure 2C; Table S3).
Although model comparison by Bayes factors and leave-one-
out information criterion (31) suggests the best overall fit for
the full model (Table S4), the associated plots (Figure S1A) are
similar to the NPE 3 diagnosis interaction model (Figure S1B),
and the block 3 NPE interaction terms in the full model
changed behavior for positive NPEs, widening associated
confidence intervals. As such, the simpler NPE 3 diagnosis
interaction model provides a more parsimonious understand-
ing of how clinical diagnosis alters processing of social stimuli.

As shown in Figure 2D, the model including all main effects
and 2-way interactions of diagnosis with NPEs found signifi-
cant main effects for positive NPE, negative NPE, and AN

(Table S3). For AN, the difference relative to the HC cohort was
most significant for positive NPE, while the effect of BN was
distributed with significant interactions for both positive and
negative NPE. Both AN and BN cohorts had stronger guilt
terms than the HC cohort, with the AN positive NPE coefficient
(20.80 6 0.13) higher than the BN positive NPE coefficient
(20.29 6 20.15). For the negative NPE interactions, both AN
and BN cohorts exhibited significant envy terms, but with
opposite effects: The AN interaction coefficient (20.15 6 0.05)
reduced the acceptance probability for negative NPEs relative
to the HC cohort, whereas the BN interaction coefficient (0.12
6 0.04) increased the acceptance probability for negative
NPEs relative to the HC cohort. These results suggest that, on
average, AN and BN cohorts had different responses to both
positive (guilt) and negative (envy) NPEs.

Rejection Rates and Emotional Responses to Posi-
tive and Negative NPEs. The group 3 sign of NPE inter-
action was significant for both rejection rates (F2,89 = 3.373, p =
.039, hp

2 = 0.070) and emotion ratings (F2,88 = 3.737, p = .028,
hp

2 = 0.078), with the Sidak-corrected post hoc analyses
showing participants with AN differed from HC participants for
positive NPEs for both rejection rates (AN: 12.7 6 4.6%; HC:
3.0 6 1.2%; p = .051) and emotion ratings (AN: 6.4 6 0.3; HC:
7.3 6 0.2; p = .018). For negative NPEs, no group differences
were found for rejection rates (F2,89 = 0.930, p = .399) or
emotional ratings (F2,88 = 0.637, p = .531). The group 3 NPE
bin analysis was also significant for both rejection rates
(F14,343 = 2.044, p = .014, hp

2 = 0.077) (Figure 3A) and emotion

Figure 2. Bayesian logistic regression results. (A)
Fitted acceptance probabilities in the diagnosis
main-effect model of the 3 cohorts, anorexia nervosa
(AN), bulimia nervosa (BN), and healthy comparison
(HC). (B) Fitted acceptance probabilities in the block
main-effect model. The block types included before-
adaptation offers from medium distribution (Med-Pre)
(solid bar), high conditioning blocks including high
offers (High) followed by medium offers (Med-PostH)
(stippled bars), and low conditioning blocks including
low offers (Low) followed by medium offers (Med-
PostL) (slashed bars). (C) Fitted acceptance proba-
bilities in the norm prediction error (NPE) main-effect
model. (D) Fitted acceptance probabilities in the
NPE 3 diagnosis interaction model.
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ratings (F14,266 = 2.365, p = .004, hp
2 = 0.111) (Figure 3B), with

both AN and BN cohorts differing from HC cohorts (Table S5).

Brain Results

ROI Analysis. OFC responses to positive NPE offers were
significantly different across the 3 groups (Figure 4A) (H2 =
8.516, p = .014), with Bonferroni post hoc pairwise compari-
sons showing differences between AN and HC (AN: 20.62 6
0.25; HC = 0.38 6 0.32; p = .018, d = 0.655) cohorts and BN
and HC (BN: 20.43 6 0.23; p = .043, d = 0.527) cohorts. No
group differences were observed for OFC responses to
negative NPE offers (H2 = 1.656, p = .437). No group differ-
ences in activations were observed in other ROIs (anterior
insula, nucleus accumbens, left and right dorsal caudate) for
either positive NPE or negative NPE offers (Table S6). OFC
differences were not related to psychiatric symptoms or psy-
choactive medications (Supplement).

Whole-Brain Analysis. The pooled ED group (AN and BN)
had decreased activations in the ventromedial prefrontal cor-
tex (vmPFC)/anterior cingulate cortex and the dorsomedial
PFC (dmPFC) relative to the HC cohort for positive NPE offers
(Figure 4B; Figure S4; Table S7). No whole-brain clusters were
observed for negative NPE offers.

Correlation Between Brain Responses to NPEs and
Clinical Symptoms. Only the Eating Disorder Examination
Questionnaire regression for positive NPE identified a signifi-
cant cluster in the right dmPFC (peak = [18, 50, 18], t = 4.09,
k = 722) (Figure 4C). As detailed in Figure 4D, participants with
more severe ED symptoms showed less positive activation in
the dmPFC for positive NPE offers, with similar relationships
observed for both AN (r = 20.49, p = .015) and BN (r = 20.57,
p = .002) cohorts. No significant clusters were identified in the
depression or anxiety regressions.

Figure 3. Rejection rate and emotion rating
results. (A) Rejection rates grouped by norm
prediction error bins illustrate increased will-
ingness to accept better-than-expected offers
by the healthy comparison (HC) than the
anorexia nervosa (AN) and bulimia nervosa (BN)
cohorts (F14,343 = 2.044, p = .014, hp

2 = 0.077).
(B) Emotion ratings grouped by norm prediction
error bins also show that the HC cohort
reported more positive emotion ratings after
receiving better-than-expected offers than the
AN and BN cohorts (F14,266 = 2.365, p = .004,
hp

2 = 0.111). *Sidak-corrected p , .05. A
bracket indicates that the end point is included in the interval, while a parenthesis means it is not. For example, [23,22) indicates 23
# NPE , 22.

Figure 4. Brain results. (A) The orbitofrontal cor-
tex (OFC) was differentially activated for positive
norm prediction error (NPE) for the healthy compar-
ison (HC) cohort, but not for the anorexia nervosa
(AN) or bulimia nervosa (BN) cohorts; no differences
were seen for the 3 groups for negative NPE. (B)
Whole-brain comparison showed attenuated activa-
tions in medial prefrontal cortex in response to offers
with positive NPE in AN and BN relative to HC co-
horts. (C) Whole-brain regression revealed that the
AN and BN cohort responses to offers with positive
NPE in the dorsomedial prefrontal cortex were
negatively correlated with current symptom severity
of the eating disorder. (D) Activation in the dorso-
medial prefrontal cortex cluster shown in panel (C)
was significantly correlated with symptom severity
for both AN (r = 20.49, p = .015) and BN (r = 20.57,
p = .002) cohorts. For panels (B, C), individual voxel
height p , .005 followed by familywise error cluster-
corrected p , .05. *Sidak-corrected p , .05.
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DISCUSSION

Responding appropriately to unpredictable stimuli in one’s
social environment requires identification of whether such a
stimulus is advantageous or disadvantageous to the individual
(32). Advantageous offers led to diminished neural, behavioral,
and emotional responses in both AN and BN cohorts, while no
differences were found for disadvantageous offers. Partici-
pants with AN and BN did not adapt when the norms in the
environment changed. Both participants with AN and partici-
pants with BN showed less activation for advantageous offers
in the OFC, vmPFC/anterior cingulate cortex, and dmPFC
relative to HC. ED severity was associated with reduced neural
activations to advantageous offers in the right dmPFC.

NPEs are socially ambiguous and more complex than
reward prediction errors because social rewards can include a
personal obligation, while rewards from a game of chance do
not (33). In a previous study with the UG, women with AN
playing the proposer role offered higher splits than comparison
women, interpreted as higher guilt in women with AN (34).
Here, guilt also reduced acceptances for participants with AN
and participants with BN in the responder role, while the HC
cohort changed acceptance rates more in response to envy
than guilt, consistent with prior studies (12,26). Other studies
have shown that ambiguous social signals are interpreted
more negatively in participants with EDs than comparison
participants (35,36).

Social context appears to be important to identify neuro-
behavioral differences in EDs. No differences were observed
for the Wechsler Abbreviated Scale of Intelligence or Trail
Making Test, measures of intelligence and set-shifting that are
independent of social context. Second, neural differences
were observed only in frontal brain regions, not subcortical
regions as in depression (30). Decreased OFC activation in EDs
might indicate alterations in reward processing and learning
(37) and in creating models connecting oneself to one’s envi-
ronment (38). The OFC overlaps with the vmPFC, an area
involved in emotion processing, social cognition, and decision
making that is dysregulated in many types of psychopathology
(39). Evaluation of social context is a key role attributed to the
dmPFC (40); we observed that the severity of the ED reduced
activations in the dmPFC to positive NPE. Changes in these
frontal brain regions may contribute to differences in social
cognition previously reported for individuals with acute AN
relative to individuals with recovered AN and BN (9,41,42).

Social stressors can lead to the manifestation of psychiatric
disorders when biological liabilities are present. EDs often
manifest after experiences of social exclusion (6,43,44). The
reduced frontal brain activations observed for positive NPEs
provide a candidate neural mechanism that may contribute to
EDs in multiple ways. The lower emotional ratings for positive
NPE offers suggest that advantageous interactions are less
satisfying. People with EDs tend to have smaller social net-
works (45) and spend less time in social activities (46). We
hypothesize that differences in response to positive NPEs may
impair development of supportive relationships. Building re-
lationships is complex, but a first step involves awareness of
advantageous social signals. In the real world, these data
suggest that people with EDs may not notice when someone
values them. Future studies should evaluate how social brain

responses are related to real-world social networks. EDs are
also closely associated with interpersonal trauma (47). Un-
derstanding how exposure to trauma alters social brain re-
sponses and contributes to disordered eating requires more
research.

Increased rejection of advantageous offers in the UG was
also reported for adults who had attended a rule-based inter-
vention in preschool (26). Advantageous but inequitable in-
teractions may be less satisfying for people who prize social
rules. Overvaluation of shape and weight is a core feature of
both AN and BN (48). The identity-value model of social de-
cision making proposes that self-regulation depends on
weighting information about concepts internalized as high-
value components of one’s identity (e.g., appearance, rules)
with immediate choices (e.g., eat, share), and proposed inte-
gration occurs in the vmPFC (49,50). We hypothesize that one
neurodevelopmental risk for EDs may involve prioritizing social
rules, such as equity, over self-interest by the vmPFC. When
such individuals experience inequity, restrictive or compen-
satory eating behaviors may begin in an attempt to conform to
societal rules about appearance such as the thin ideal.

Responses to fair and unfair splits in the UG, but not NPEs,
have also been evaluated in anxiety and depression. Relative
to comparison, individuals with anxiety disorders reject fewer
unfair splits (51), but no differences were reported for
depression (30), for a combined cohort of depression and/or
social anxiety (52), or in our sample (Supplement). The
depression cohort also reported more sadness following unfair
offers and showed lower neural activations for fair offers in
both the nucleus accumbens and the dorsal caudate, but no
differences in the vmPFC (30). In sum, the UG differences
observed in EDs appear to be distinct from those reported for
depression and anxiety.

Limitations

We studied stabilized outpatients with AN and BN. This choice
may reduce detection of problems associated with severe ED
pathology but minimizes the impact of medical instability and
low body mass index on the brain (53). Both symptomatic and
remitted participants were included, but sample size was
insufficient to separate these groups in analyses. The study
included only women between 18 and 46 years, to minimize
confounds, as both sex and age alter social brain responses
(54,55). Studies of social processing in men with EDs are
needed. Participants had psychiatric comorbidities and took
medications, as is common in individuals with EDs (56). Cau-
sality about differences observed cannot be determined from a
single assessment. The stability of the brain-symptom asso-
ciations should be validated in larger samples.

Conclusions

AN and BN showed impaired processing of positive social
learning signals in frontal brain regions. From a treatment
perspective, psychotherapy requires learning, and while psy-
chotherapy is the first-line treatment for AN and BN, it is
effective for less than half of individuals with AN (57) and BN
(58). A number of interventions being developed for EDs may
also affect social learning, including interventions that increase
cognitive flexibility (59,60), change social behaviors (61–64), or
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target frontal brain regions (65–67). Evaluation of social pro-
cessing should be included in such research in EDs so that we
can better understand whether changes occur in the social
domain and impact clinical course.
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