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ABSTRACT 

Background

Individuals with anorexia nervosa (AN) override the drive to eat, forgoing immediate 

rewards in favor of longer-term goals. We examined delay discounting and its neural 

correlates in AN before and after treatment to test a potential mechanism of illness 

persistence.

Methods

Inpatients with AN (n=59) and healthy controls (HC, n=39) performed a delay 

discounting task at two timepoints. A subset (n=30 AN, n=22 HC) participated in fMRI 

scanning during the task. The task consisted of a range of monetary choices with variable 

delay times, yielding individual discount rates—the rate by which money loses value 

over time.  

Results 

Before treatment, the AN group showed a preference for delayed over earlier rewards 

(i.e., less steep discount rates) compared with HC; after weight restoration, AN did not 

differ from HC. Underweight AN showed slower response times for earlier versus 

delayed choices; this reversed with treatment. Underweight AN showed abnormal neural 

activity in striatum and dorsal anterior cingulate; normalization of behavior was 

associated with increased activation in reward regions (striatum and dorsal anterior 

cingulate) and decision-making regions (dorsolateral prefrontal cortex and parietal 

cortex).  

Conclusion

The undernourished state of AN may amplify the tendency to forgo immediate rewards in 

favor of longer-term goals. The results suggest that behavior that looks phenotypically 

like “excessive self-control” does not correspond with enhanced prefrontal recruitment. 

Rather, the results point to alterations in cingulo-striatal circuitry that offer new insights 

on the potential role of abnormalities in decision-making neural systems in the 

perpetuation of AN.
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Introduction

Anorexia nervosa (AN) is a serious disorder with a mortality rate six times as high 

as expected among young women(1). Despite ongoing research, the neurobiology of AN 

remains poorly understood. One defining characteristic of AN is the ability to resist the 

drive to eat. Individuals with AN demonstrate a capacity to forgo receipt of food 

reward—to override biological hunger cues and “postpone” eating. This common feature 

of AN is examined in the current study using a behavioral task that quantifies delay 

discounting, a measure of one aspect of self-control. 

The clinical phenomena seen in AN have been understood as manifestations of 

excessive self-control, dating back to early descriptions by Hilde Bruch of “iron 

determination”(2). In a recent study using a monetary delay discounting task, we 

measured preferences between smaller-but-immediate rewards versus larger-but-delayed 

rewards, providing an estimate for individual discount rates—reflecting how rapidly a 

reward loses subjective value as a function of how long one must wait to receive it(3). 

Individuals with AN had discount rates that were significantly less steep than their 

healthy peers (i.e., they preferred larger-but-delayed rewards)(4), suggesting greater 

“self-control” or “patience.” This result was provocative in part because it is uncommon 

to find heightened self-control in this task in a psychiatric population, and because 

discount rates have been shown to have behavioral correlates and thus ecological 

validity(5). Steeper discounting (i.e., less patience) is associated with poorer self-control 

as evidenced by increased tendencies toward impulse shopping and gambling(6), and 

lower achievement later in life(7; 8). These established links between discount rate and 

behavior have implications for AN, where the core disturbances are maladaptive eating 

behaviors.

Measuring self-control in a monetary reward paradigm has advantages in AN, as the 

reward value of food is uncertain(9). Disrupted decision-making around money is not 

part of the AN diagnosis, therefore, the presence of an abnormality in delay discounting 

of monetary reward may indicate an attribute that extends beyond eating-related 

abnormalities and that can provide clues to underlying neurobiology. In AN, the tendency 

to choose delayed monetary rewards suggests a disposition that may contribute to 

persistent maladaptive eating choices. Perhaps brain function is altered in AN in a way 
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that makes it easier to resist the temptation of short-term reward—resisting both 

monetary smaller-sooner rewards and food rewards�such that the waiting for future 

weight loss is less of a burden. Paradigms with non-food rewards have previously shown 

reward processing abnormalities supporting this avenue of investigation in AN(10).  

Neurobiologically, fronto-striatal reward and fronto-parietal control networks are 

implicated in delay discounting, including the medial prefrontal cortex, ventral striatum, 

dorsolateral prefrontal cortex (dlPFC) and inferior parietal lobule(11–14). The increased 

patience in delay discounting seen in AN raises the question as to whether individuals 

with AN may exhibit functional abnormalities in these decision-making systems. Existing 

data in healthy adults suggest that choosing the larger-later rewards is associated with 

activity in the dlPFC(11; 15), a region identified with self-control processes(16; 17). 

Neuroimaging studies in AN have pointed to potential abnormalities in regions relevant 

for delay discounting (striatum and dorsal anterior cingulate)(10; 18–20), yet this 

hypothesis has not been investigated. 

 Clarification of the neurocognitive underpinnings of AN is critical for developing 

new treatment targets for this potentially severe illness. In this study, we aimed to 

examine delay discounting behavior before and after treatment, along with the associated 

neural systems. We hypothesized that individuals with AN would show less steep 

discounting both before and after treatment, as compared with healthy peers, suggesting a 

possible underlying trait consistent with excessive self-control and that this would be 

associated with greater activity in the dlPFC.  

METHODS AND MATERIALS 

Participants: Participants were individuals with AN presenting to the Columbia Center 

for Eating Disorders/ New York State Psychiatric Institute (NYSPI) and healthy controls 

(HC)(Table 1). Eligible patients were between 16 and 45 years old, met DSM-5 

(American-Psychiatric-Association 2013) criteria for AN, restricting (AN-R) or binge-

purge (AN-BP) subtype, and were receiving inpatient treatment. Individuals were 

excluded if they had an estimated IQ less than 80, history of a neurological, bipolar, or 

psychotic disorder, substance abuse in the last 6 months, or if they were pregnant. 
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Anxiety or depressive disorders, which commonly co-occur, were not an exclusion when 

AN was the primary diagnosis(21).

A subset of these individuals were recruited to participate during an fMRI scan 

(n=48) if they were 16-25 years old, female, with no contraindication to MRI, and not 

taking psychotropic medication. Medications are not routinely used for AN on the 

inpatient unit, due to lack of evidence of utility(22).  

HC were matched for age, sex, and ethnicity and were included if they had no 

current or past psychiatric illness, no significant medical illness, no psychotropic 

medications, and a BMI in the normal range (18-25 kg/m2). This study was approved by 

the NYSPI Institutional Review Board, and after complete description of the study to the 

participants, written informed consent was obtained (ClinicalTrials.gov NCT00325520).

Procedures: Height and weight were measured on a beam balance scale (Detecto). 

Participants were administered the Eating Disorders Examination semi-structured 

interview(23), and the Wechsler Test of Adult Reading(24). Testing occurred twice. 

Individuals with AN were tested within 1 week of hospital admission (Session 1), and 

after weight restoration to a BMI of 19.5 kg/m2(Session 2). Time between sessions was 

group-matched.  

Delay Discounting Task (Figure 1): Full methods can be found in the supplemental 

methods. Participants made binary choices between amounts of money, adapted from 

McClure et al(11). In each trial, they chose between an amount of money that was 

available sooner, (“smaller-sooner,” SS) or a larger amount of money available after a 

delay (“larger-later,” LL). In half the trials, the SS was available on the day of 

participation (NOW); in the other half, the SS was available in 2 weeks (NOT-NOW). 

The reward was either cash or an Amazon gift-card, counterbalanced across blocks.

Participants were instructed that there were no right or wrong answers and to choose the 

option they truly preferred because at the end of the experiment they would be paid 

according to their choice on one of the trials. After finishing participation, one trial was 

selected by a random number generator, and the participant was paid according to their 
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preference on that trial (e.g., if they had selected an SS of $24 today over an LL of $36 in 

4 weeks, they received $24 that day). 

[INSERT FIG 1] 

fMRI Data Acquisition: Imaging was performed on a 1.5T Philips Intera scanner, with an 

8-channel head coil. High-resolution T1-weighted anatomical images were acquired 

using an SPGR sequence (TR=25sec, TE=3.7ms, angle=30°, FOV=256mm, 256x204 

matrix, 128 slices, voxel size 1x1x1mm). The task was performed during 4 functional 

runs using an EPI sequence (TR=2000ms, TE=40ms, FOV=192mm, 64x63 matrix, 33 

axial slices, voxel size 3x3x4mm, 180 TRs). Trials advanced with participants’ 

selections, and were not synchronized with TRs. 

fMRI Data Preprocessing: fMRI data were preprocessed and analyzed using the Analysis 

of Functional Neuroimages software package (AFNI)(25). Functional scans were 

corrected for slice acquisition using sinc-interpolation. Volume registration using 6-

parameter rigid-body transformation, to account for head motion, and normalization into 

Talairach space using 12-parmeter affine transformation were performed in a single 

interpolation step. Data were resampled to 3mm isotropic voxels. Data were iteratively 

smoothed to achieve a final full-width half-max Gaussian kernel of 6mm. Signal intensity 

was normalized by individual voxel to percent signal change.

Data Analysis:

Behavioral: Clinical characteristics were compared using Student's t-tests for 

independent samples, with Welch correction for unequal variances, and Mann-Whitney-

Wilcox tests for ordered measures. For each individual, a hyperbolic discount rate (k) was 

estimated from their choice data, per Session. Fitting procedures, alternative discount 

models, and a generalized linear mixed-effects model approach to analyzing the choice 

and response-time data are described in the Supplemental Methods. Participants for 

whom the fitted model was not better than random choice were excluded. Log-

transformed discount rates, log(k), were analyzed using a linear mixed-effects model, 
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with main predictors of interest Diagnosis, Session, and their interaction and with random 

intercepts and Session slopes for each participant. This method models individual 

variability and is robust to missing data, and was selected due to the different sample 

sizes across different stages of analysis (Supplemental Methods). The p-value of the 

interaction term was determined using conditional F tests with Kenward-Roger 

adjustments of degrees of freedom (Supplemental Methods)(26). The interaction was 

examined using post-hoc tests of Diagnosis for Session 1 and 2, and tests of Session for 

AN and HC. Lower values of log(k) indicate less steep discount rates, or a greater 

preference for the LL reward. Response-time analysis was performed using the same 

parameters in a linear mixed-effects model, in addition to choice (SS or LL) and the 

absolute difference in subjective value between the SS and LL options, as determined by 

subject specific discount rates (k).

fMRI: Single-subject analysis on preprocessed data was done using a general linear 

model (GLM). Each subject had a design matrix with 22 regressors: baseline, trend, and 

quadratic signal to capture shifts in signal change for each of the 4 runs(12), motion 

parameters(6), and 4 trial-specific regressors that reflected participants’ choices (SS-

NOW, SS-NOT-NOW, LL-NOW, LL-NOT-NOW). These trial regressors were 

convolved with a duration-modulated (by trial response time) block hemodynamic-

response function. Trials with greater than 2mm of motion (as well as the preceding and 

following trial) were censored, and scans with greater than 10% of trials censored were 

excluded from further analysis. This analysis was repeated using an amplitude-modulated 

regressor for the difference in subjective value between the two presented options 

(Supplemental Methods). 

 Our main analysis of interest of the group data was performed using linear mixed-

effects modeling using AFNI’s 3dLME function(27), which is robust to small amounts of 

missing data. Regression coefficients from the individual analysis estimated from fewer 

than 12 trials were excluded from the group analysis. The model included fixed-effect 

terms: Choice (SS or LL), Immediacy (NOW or NOT-NOW), Diagnosis (AN or HC), 

Session (1 or 2), and all their possible interactions, covariates (age and IQ), and a random 

intercept for each participant. For regions in which the Choice by Session by Diagnosis 



��������	�� � *�

�

interaction term was identified as significant, we extracted the average SS and LL first- 

level regression coefficients of each individual for each session. These were used to 

further examine how these regions differed between groups through post-hoc t-tests. 

RESULTS 

Participants are described in Table 1. Of the initially enrolled 106 participants, we 

excluded 1 HC and 1 individual with AN when it was discovered during further screening 

that they did not meet inclusion criteria. Data from 6 participants (all AN) were excluded 

because their behavior was not distinguishable from random choice. The 6 excluded 

participants did not differ significantly from the included AN group in clinical 

characteristics, and are not included in any of the analyses below. The final sample 

included 98 participants (39 HC and 59 AN); of these, 30 HC and 37 AN provided task 

data at both Sessions. Mean duration of illness among AN was 8.6±6.9 years, with a 

history of 0-15 (mean=2.6) prior hospitalizations. There were 28 individuals with AN-R 

and 31 individuals with AN-BP in the full sample.  There were no significant differences 

in clinical characteristics between the groups who completed one versus two sessions. As 

shown in Table 1, there was a small difference in BMI between AN and HC at Time 2, 

likely related to the narrow BMI range among weight-restored AN. 

[Insert_Table_1]

The age range for individuals who participated in the fMRI portion of the study 

was designed to be narrow in order to obtain a more homogeneous sample (22 HC, 26 

AN). As such, they were younger than non-scanned participants (19.8±2.7 years versus 

29.8±7.2 years, t96=8.97, p<0.0001), with no difference between AN and HC. All fMRI 

participants were female; two with AN were left-handed. There were no other significant 

differences between the fMRI and behavioral participants.

Behavioral Results

Results of the delay discounting task showed a significant effect of Session (F1,71.4=12.0,

p=0.0009) and a Diagnosis by Session interaction effect (F1,71.4=19.45, p<0.0001) on the 
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discount rates, log(k). Individuals with AN had a significantly lower mean discount rate 

than HC at Session 1(t91=2.25, p=0.027), a significant increase between Sessions

(t36=-4.6, p<0.0001), and did not differ from HC at Session 2 (t72=-0.84, p=0.40)(Figure 

2). There was no difference in HC between sessions (t29=1.22, p=0.23). The same pattern 

was seen when age and IQ were included in the linear mixed-effects model. Delay 

discounting results followed the same pattern, with no significant differences among the 

subsets in and out of the scanner(Supplemental Methods). Discount rate was not 

significantly associated with measures of illness severity (BMI, duration of illness, EDE, 

p-values >0.3). Other potential variables affecting value of reward (cash versus Amazon 

payment, time until discharge from the inpatient unit),were not associated with discount 

rates or changes in discount rate (p-values >0.2, Supplemental Methods). 

[Insert_Figure_2]

 As a secondary analysis, discount rates were compared between AN-R, AN-BP 

and HC in the mixed-effects model and showed a significant Session effect (F1,71.4=24.23,

p<0.0001) and a significant Diagnosis by Session interaction (F1,71.3=10.82, p<0.0001). 

Compared with HC at Session 1, the AN-R group had lower discount rates (i.e. more 

patience) (t62=2.48, p=0.016), and no difference from HC at Session 2 (t51=0.096,

p=0.92). Individuals with AN-BP did not differ significantly from HC or AN-R at 

Session 1 (HC: t66=1.37, p=0.175, AN-R: t52=-1.09, p=0.28) or Session 2 (HC: t50=-1.62,

p= 0.11 and AN-R: t41=-1.56, p=0.13). Both AN-R (t17=-3.38p=0.004) and AN-BP (t18=-

3.40,p=0.003) groups changed significantly across Sessions. 

Overall response times quickened across sessions for both groups (mean 

difference=-311ms, SD=815ms, t68=3.17, p=0.002), with no diagnosis-by-session 

interaction (p=0.67). Response times for HC did not differ between SS and LL choices 

across sessions (difference=-50ms, SD=819ms, t27=-0.32, p=0.75). Individuals with AN 

showed a significant shift in response time between sessions: At Session 1, AN were 

slower for SS choices than for LL choices, and after treatment, responses were faster for 

SS choices than for LL choices (difference=-336ms, SD=797ms, t34=2.5,

p=0.018)(Figure 3B). When absolute difference in subjective value of the two options 
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was included in the analysis, to account for choice difficulty, the pattern was the same, 

but only at trend level (p=0.063)(i.e., slower response for SS choices in the underweight 

phase, Supplemental Methods).  

[Insert_Figure_3]

Imaging Results 

Imaging analyses probed the behavioral finding of differences in preference for delayed 

rewards among AN and HC. Analyses examined differences in neural activity between 

LL and SS choices. There was a significant Choice (SS/LL) by Diagnosis (AN/HC) by 

Session (S1/S2) interaction in multiple brain regions, including the striatum bilaterally, 

the dorsal anterior cingulate cortex (dACC), the right dlPFC (rdlPFC), and the right 

parietal lobule (rPar)(Figure 4; Table S9 in the Supplement). We compared the 

differences in Choice (LL minus SS) activity between diagnostic groups at each Session 

in these regions. At Session 1, HC showed no difference between LL and SS activity in 

any of these regions, whereas individuals with AN showed lower LL relative to SS 

activity in the striatum and dACC. At Session 2, HC showed lower LL relative to SS 

activity in the dACC, rdlPFC, and rPar, whereas individuals with AN showed greater LL 

relative to SS activity in the striatum, dACC, and rdlPFC. HCs showed a significant 

change across sessions: LL minus SS activity was smaller at Session 2 than Session 1 in 

the striatum, dACC, rdlPFC, and rPar, whereas AN showed the opposite change in these 

regions, with LL minus SS activity being greater at Session 2 than Session 1.  These 

differences appear to be driven only by a decrease in LL activity in HC and by a 

concurrent increase in LL and decrease in SS activity in individuals with AN (Table S10 

in the Supplement).  When absolute difference in subjective value between SS and LL (to 

account for choice difficulty) was added as a regressor in the first level analysis, this 

pattern of activity remained in the striatum, but there were no longer any group and 

session differences in fronto-parietal activity (Supplemental Methods). 

[Insert_Figure_4]
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DISCUSSION  

This study provides behavioral and neural data on monetary delay discounting 

from a large sample of acutely ill individuals with AN, tested before and after weight 

restoration, as well as a comparison with healthy peers. We replicated our previous result 

that in the underweight state, individuals with AN discount the value of a reward over 

time significantly less steeply than healthy peers(4). Specifically, individuals with AN 

selected a larger reward delivered after a delay more often than HC, a behavior 

commonly interpreted as indicating self-control. Additionally, underweight AN 

responded more slowly when choosing the smaller, earlier options than the larger, 

delayed options. Once weight-restored, individuals with AN showed normalized discount 

rates (i.e., less tendency to delay reward as their health improved), and quickened 

response times when choosing earlier options, suggesting a change in how the choices are 

perceived.

Neural activation patterns also differed from HC, though not in the expected 

ways. We predicted that individuals with AN might show increased neural activity 

compared to HC in regions associated with executive control (e.g. dlPFC), which has 

been shown to subserve the tendency to choose delayed rewards among HC(15). Instead, 

underweight AN showed relatively less activity than HC during delayed compared to 

earlier choices in the dACC and striatum, regions associated with multiple aspects of 

cognition and behavior. After behavior normalized with weight restoration, neural 

activity then differed between groups, specifically with differences in the cingulo-striatal 

and fronto-parietal systems to delayed versus earlier choices. However, when subjective 

value was included, capturing an aspect of choice difficulty for each individual, there 

were no observable group or session differences in this fronto-parietal circuit. In other 

words, results in these fronto-parietal regions vary by analytical approach (and may 

reflect changes in subjective difficulty that come with changes in discounting behavior); 

thus the most conservative interpretation would be that the main difference between 

groups is in striatal activity. These results suggest that phenotypic “excessive self-

control” in AN might not result from executive-control circuit hyperactivity in the 

prefrontal cortex, but rather appears mainly associated with differences in striatal activity. 
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How, then, should we best understand increased “patience” in AN? The current 

study yields three sets of results. One, among AN in the underweight state, discount rate 

was abnormal, responses were slowed to the earlier choices, and cingulo-striatal activity 

was lower than HC during delayed choices relative to earlier choices. Two, with weight 

restoration, discount rate normalized and response times shifted to being faster for the 

earlier choices. Three, with weight restoration, neural activity in the cingulo-striatal and 

fronto-parietal circuits increased during delayed relative to earlier choices in the AN 

group, whereas activity decreased for the HC group. Taking these results together 

suggests a new hypothesis: the tendency to prefer larger, delayed rewards in the acutely 

ill state of AN may reflect a state-specific shift in decision-making. We can further 

speculate that acutely ill individuals with AN may be relying on choice strategies with 

reduced cognitive demands. While we cannot address this with the data in this study, 

perhaps choices amongst the underweight AN group are more habit driven(28), choosing 

to delay as a default response. Alternatively, the evaluation of delay and outcome-

magnitude information might be changed(29–31) compared to healthy controls.   

Faster response times can be an indication of a more automatic response(32; 33). 

For the AN group, response times were slower during earlier versus delayed choices 

when underweight, which reversed with treatment. This suggests that the delayed choice 

may be the default option and choosing earlier rewards required more deliberation. 

Considering the clinical phenomena, where delay of eating is likely rewarded initially, it 

may be that delay of gratification is incrementally reinforced and becomes a habitual 

choice(28), which may be amplified in the setting of starvation. This has yet to be tested 

in AN. 

 Although this interpretation is speculative, prior research suggests it is worthy of 

testing. Malnourishment is known to lead to many cognitive changes(34), and cognitive 

deficits have frequently been observed in AN(35). Furthermore, chronic starvation in 

animals has been shown to alter reward processing(36). The current data suggest that 

starvation may interact with the pathology of the illness to alter decision-making in ways 

that contribute to its entrenchment and create challenges in treatment. These data seem to 

differ from the reward-enhancing effects of acute hunger in food-related(37) and 

monetary paradigms(38), yet may relate to the literature that shows hunger does not lead 
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to increased risk tolerance(39). Cingulo-striatal circuits have been suggested to play a 

role in modulation of basic reward signals(29). The hypoactivity in the dACC and 

striatum during delayed choices among underweight AN suggests a possible deficit in 

complex decision-making during delay discounting. 

The absence of longitudinal imaging studies of delay discounting in HC makes 

interpreting the pattern of neural signal in HC across sessions difficult. One possibility is 

that neural activity decreases with task familiarity. Prior studies show variable 

neuroimaging results among HC, some with similarities to ours at either Session 1 or 

Session 2(12; 40), while others differ(41; 42)—likely related to differences in task 

design. Whereas HC showed less neural activity, individuals with AN showed increased 

activity during larger-later choices upon repeat administration of the task. Inpatient 

treatment may improve health such that, after treatment, individuals with AN are able to 

engage in more deliberate decision-making. These cognitive processes may be necessary 

in AN for making consistent healthy choices. Individuals with long-term remission of AN 

showed no behavioral difference from HC in a recent delay discounting study(43), 

suggesting that normalized discount rates persist once weight is restored.

The majority of research on delay discounting in psychiatry has suggested that 

discount rates are steeper than normal in behavioral disorders (e.g., substance abuse 

disorders)(44). AN thus appears unusual in being characterized by the opposite behavior. 

Additionally, one study has shown that less steep discount rates were associated with 

more lethal suicidal behavior(45), and another reported lower rates among individuals 

with obsessive compulsive personality disorder(46), a personality disorder often 

comorbid with AN. Our behavioral and neuroimaging results suggest that abnormally low 

discount rates in AN warrant further study. For example, does discount rate relate to 

maladaptive food choice, and does it predict response to treatment, as seen in disorders 

associated with high impulsivity and steeper discounting rates(47; 48)?

The patients in this study were all receiving inpatient treatment, raising the 

question as to whether AN and HC differ because of context, such that monetary rewards 

are less valuable during inpatient treatment. However, patients showed similar behavior 

between cash and gift card trials, and their discount rates showed no correlation with time 

to discharge, which mitigates this concern. Nevertheless, we cannot rule out the 



��������	�� � 
&�

�

possibility that discounting behavior was influenced by the prospect of leaving the 

inpatient setting. Our main interest was to compare AN and HC and accordingly, our 

study was not powered to make strong empirical conclusions regarding the AN subtypes, 

particularly in the fMRI sample. It may be that self-control differs between these groups, 

a possibility that deserves attention in future research. Discounting preferences have been 

shown to differ across development; as such we age-matched our groups, and there was 

no change to the results when age and IQ were included as covariates in the analysis.  

 In conclusion, these novel behavioral and brain imaging results illustrate how 

delay discounting differs among individuals with AN, pre- and post- treatment, compared 

with healthy peers. Our results suggest that self-control, as measured by a delay 

discounting task, is selectively altered in the acutely ill, underweight state rather than a 

trait-like abnormality of AN, and that this alteration is not due to heightened dorsolateral 

prefrontal cortex activity, as one might have expected based on previous work in healthy 

individuals(15). Thus, the “iron determination”(2) manifested by individuals with AN is 

perhaps not the result of persistent executive control, a cognitively demanding approach 

that may be too challenging for an undernourished brain. Rather, these findings may 

indicate a maladaptive rule-based or automatic tendency to select the larger, delayed 

option when undernourished. Treatment and weight restoration may facilitate the switch 

to cognitively more demanding strategies. This aberrant decision-making warrants 

exploration specifically as related to choices about eating and suggests new directions for 

understanding the basic mechanisms of AN.  
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Table/Figure Legends: 

Table 1. Demographic and Clinical Characteristics of Participants.
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Figure 1. Delay discounting task design. Individuals are presented with a choice 

between a smaller amount of money available sooner (SS) and a larger amount available 

later (LL). Amounts ranged from $15 to $85 and time of delivery for SS choices was 

either Now or in 2 weeks, and the time of delivery for LL was 2 or 4 weeks after the SS. 

Outside the scanner, there was no time limit for responding. In the fMRI version, there 

was a fixation cross between trials. All task parameters (i.e. monetary values, time 

differences) were the same inside and outside the scanner. 

Figure 2. Individuals with AN have lower discount rates than HC only when 

underweight. (A) The log-transformed discount rates (per unit years) are shown for 

individuals with AN and HC at Sessions 1 and 2. Lower log-transformed discount rates 

indicate less steep discounting, i.e., a preference for larger-later over smaller-sooner 

options. (B) The proportion of trials that the larger-later option was chosen is shown for 

the AN and HC groups at each Session, separated into three bins indicating how much 

greater the larger-later choice was than then smaller-sooner choice in percentage terms. 

The AN group shows an overall decrease in the proportion of trials that they chose the 

delayed option, rather than for a specific subset of trials.
a Session 2 sample size (N=31 HC, 43 AN)  
* p<0.05 (error bars are SEM).

Figure 3. Individuals with AN chose smaller-sooner options more slowly than 

larger-later options when underweight, and switched when weight restored. (A) 

Response time by percent that the larger-later (LL) option is greater than the smaller-

sooner (SS) option.  This shows that both groups quickened their responses across 

session, and for some trial types more than the other. (B) Response time by session, split 

by SS and LL choice. The AN group shows a significant switch from being slower during 

SS than during LL choices when underweight, to being faster during SS than during LL 

choices once weight restored. �
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Figure 4. Individuals with AN have altered neural activity as compared with HC for 

larger-later (LL) versus smaller-sooner (SS) choices in cingulo-striatal and fronto-

parietal circuitry. (A) Areas with a significant interaction effect of Choice (LL or SS), 

Diagnosis (AN or HC), and Session (1 or 2) (whole-brain corrected p<0.01, individual 

voxel threshold p<0.01, spatial extent >= 41 voxels; see Table S9 in the Supplement). (B) 

Mean contrasts of LL minus SS choice neural activity between Diagnosis (AN or HC) 

and Session (1 or 2) in regions identified in the interaction effect. A positive value 

indicates greater neural activity when making LL choices than when making SS choices.
a Session 2 sample size (17AN, 14HC).  
# p<0.10, * p<0.05, ** p<0.01, *** p<0.001 (error bars are SEM) Symbols below the 

horizontal bar indicate the test of the LL-SS contrast, those above indicate t-tests between 

diagnostic group of this contrast (Table S10 in the Supplement). 
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