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ARTICLE INFO ABSTRACT

Individuals with eating disorders (ED) make extreme food choices, raising the possibility of altered food-value
computation. We utilized an associative taste reward learning paradigm to test whether value signaling differs
between participants with EDs vs. healthy controls (HC). We followed up on previous work examining prediction
error (PE) signaling, which is a brain response to violation of a learned reward contingency. Expected value (EV)
signal is a trial-by-trial assessment of reward significance accounting for error signaling, reward-likelihood, and
learning rate. Adult female participants (N = 111) performed a temporal difference (TD) fMRI taste task, which
is a specific type of associative reward learning paradigm, to determine EV signal: Anorexia Nervosa-ill
(N = 28), Anorexia Nervosa-recovered (N = 20), Bulimia Nervosa (BN) (N = 20), and HC (N= 43). Anatomical
region-of-interest (ROI) analyses were performed utilizing EV regressors derived via algorithm, with ROIs based
on prior EV analyses: orbitofrontal cortex, anterior cingulate (ACC), amygdala, and striatum. EV signal was
elevated in the bilateral ACC in AN-ill vs. HC and BN. Intolerance of uncertainty negatively correlated with EV in
AN-ill. BMI and EV were negatively-correlated across groups. Altered ACC EV computation in response to food
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stimuli could contribute to food restriction in AN-ill.

1. Introduction

Neural circuitry underlying food approach and avoidance behaviors
is complex, with multiple elements: energy-homeostasis, higher-order
sensory, cognitive, emotional, and reward circuitry (Chen et al., 2016).
Previous work has examined the interplay of neural and neuroendo-
crine mechanisms in healthy humans (Rolls, 2015). Like other decision-
making processes (Ernst and Paulus, 2005; Rangel et al., 2008), food
approach-avoidance is driven by assigning value to stimuli, suggesting
that value computation influences pathological eating behaviors.

Prior neuroimaging work suggests that response to reward cues/
receipt differs between eating disorder patient groups (ED) (Frank,
2013; Kaye et al., 2013; O'Hara et al., 2015). Findings regarding re-
sponse to food reward delivery are variable, with one study demon-
strating higher activity in women recovering from Anorexia Nervosa
(AN-rec) vs. healthy controls (HC) to chocolate taste in reward-related
(ventral striatum, putamen) and sensory (posterior cingulate) areas
(Cowdrey et al., 2011). Another study suggested decreased insula re-
sponse to sweet taste stimuli in AN-rec, while women recovering from
Bulimia Nervosa (BN) had increased response (Oberndorfer et al.,
2013). A third study revealed lower activation in BN vs. HC to receipt of
milkshake stimulus in prefrontal cortex, insula, and thalamus

(Bohon and Stice, 2011). Further, investigations have revealed differ-
ences in the balance between activation in areas typically associated
with reward receipt and those associated with cognitive control in AN-
ill and AN-rec (Ehrlich et al., 2015; Geisler et al., 2017). Finally, one
study in patients with Binge-Eating Disorder found alterations in insula
and ventrolateral prefrontal cortex activation associated with reward-
related decision-making deficits (Reiter et al., 2017). Overall, teasing
apart reward anticipation, learning, and value computation across di-
agnoses remains an important research focus in ED, given implications
of these processes for instantiating and perpetuating pathological eating
behaviors.

As a tool for more precisely differentiating subprocesses underlying
reward learning, the temporal difference (TD) model, previously char-
acterized in animal models (Amiez, 2006; Fiorillo et al., 2003; Schultz
et al.,, 1997; Schultz et al., 2000; Tobler et al., 2005) and humans
(O'Doherty et al., 2003; Seymour et al., 2004), provides one method to
examine reward value and error signaling. Based on the Rescorla
Wagner model of reinforcement learning (Rescorla, 1972), TD tasks
(Figure S1) teach a reward contingency through associative learning
(e.g.—fractal image with taste stimulus), and subsequently violate the
contingency in a percentage of trials. Two neural signals are elicited:
prediction error (PE) signal, which is generated when the reward
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contingency is violated (e.g.—expecting sugar solution, but instead
receiving nothing), and expected value (EV) signal, which is a cumu-
lative function of reward significance upon reward receipt, calculated
using PE, probability of reward receipt, learning rate, and discount
factor to account for effect of immediate vs. delayed rewards (Schultz,
2015; Schultz et al., 2000).

In animal and human studies, while PE is subserved by dopami-
nergic reward circuitry and insula (O'Doherty et al., 2003; Schultz,
1998), EV is associated with similar regions to PE (ventral striatum and
amygdala), in addition to orbitofrontal cortex (OFC) and ACC (Daw
et al., 2006; Knutson et al., 2005; O'Doherty, 2004; Rolls et al., 2008;
Tremblay and Schultz, 1999). Comparatively speaking, OFC has more
evidence compared to ACC in value signaling given multiple meta-
analyses demonstrating effects in ventromedial prefrontal cortex
(Bartra et al., 2013; Clithero and Rangel, 2014). However, there has
been considerable work supporting a distinct role for ACC compared to
OFC in value-based decision-making, with implications for foraging
behaviors, value computation (historical versus current), balancing
costs with value, and the role of effortful control in reward processes
(Kennerley et al., 2011; Kolling et al., 2012; Rushworth and Behrens,
2008; Shenhav et al., 2013). For instance, one, study in AN revealed
increased activation in dACC associated with adaptation to negative
feedback during a reversal learning task and suggested a relationship
with difficulty tolerating uncertainty (Geisler et al., 2017). Differences
across EDs in personality traits may be relevant to this distinction in
role of ACC in value computation, given increased anxiety-related traits
in AN (Frank et al., 2012b; Guarda et al., 2015; Sternheim et al., 2015).
In particular, intolerance of uncertainty has been associated with dif-
ferences in ACC activation during decision-making in adolescents with
anxiety disorders (Krain et al., 2008), and is noted to be elevated in AN
and BN (Frank et al., 2012b). The connection between the role of ACC
in value computation and decision-making and the way that the brain
deals with uncertainty is potentially relevant to these personality
findings in AN.

This study follows up on previous examinations of PE signal in
participants with ED and HC across a range of BMIs. In prior studies of
adult patients with ED using the TD model, AN-ill exhibited higher PE
signal vs. HC and participants with obesity in anterior insula, ventral
striatum, and orbitofrontal cortex (Frank et al., 2012a). Furthermore, a
second study revealed that AN-rec had elevated insula activation to
unexpected reward omission vs. HC (Frank et al., 2016). A third study
revealed that BN had decreased PE signal vs. HC in insula, putamen,
amygdala and OFC (Frank et al., 2011). Results in AN adolescents are
mixed, with one study finding that higher PE signal in caudate was
associated with lower weight gain in AN during treatment, suggesting
that PE may be a marker of severity (DeGuzman et al., 2017), while
another study found no differences in PE or EV signaling in patients in
AN vs. HC, although AN-ill had increased ACC signal following negative
feedback (Geisler et al., 2017). Another study in an adolescent-young
adult AN population found increased learning rate following punish-
ment, associated with greater posterior medial PFC activation during a
similar reversal learning task (Bernardoni et al., 2018).

Based on prior work, we hypothesized that AN would exhibit a
distinct pattern of EV signal vs. other groups. Specifically focusing on
BN, we wondered if EV signal would differentiate AN and BN—groups
with overlapping anxious traits but contrasting behaviors. Given data
suggesting that AN and BN have opposite reward-related activity to
reward receipt, we hypothesized that AN would have higher value
signal in areas associated with EV signaling vs. BN and hypothesized
that this between-group difference might be correlated with subtle
differences in anxious traits. As such, we performed exploratory ana-
lyses of personality measures to examine if differences in anxiety-re-
lated scales between groups might relate to imaging analyses. Finally,
we were interested in whether differences noted in AN-ill might nor-
malize in patients following recovery.
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2. Methods
2.1. Study participants

We studied adult female participants (total N= 111; mean
age = 26; range= 18-45 years): restricting type Anorexia Nervosa, AN-
ill (N= 28) and AN-rec (N= 20); BN (N= 20); and healthy controls
(HC) (N= 43). Data from participants with ED utilizing the same as-
sociative taste reward task were previously reported on regarding PE
signaling (AN-ill = 19; AN-rec = 20; BN = 17), but approximately half
of the HC participants are not previously published on (20 out of 43 HC
participants) and EV has not been reported in any participants (Frank
et al., 2011; Frank et al., 2012a; Frank et al., 2016). Furthermore,
previously-reported studies (Frank et al., 2011; Frank et al., 2012a;
Frank et al., 2016) have not examined PE signal across all groups,
which is an exploratory aim of this study. Research was performed at
University of Colorado-Denver and approved by Colorado Multiple In-
stitutional Review Board. Participants provided written informed con-
sent and were categorized diagnostically utilizing the Structured Clin-
ical Interview for DSM-IV Axis I Disorders (First MB, 2000). HC
participants did not meet criteria for any DSM-IV diagnoses. AN and BN
participants were admitted to a specialized ED treatment program, were
studied during the first 1-2 weeks of treatment, and laboratory tests
upon admission (complete blood count, complete metabolic panel,
pregnancy test) were unremarkable or negative. All AN-ill and AN-rec
participants were restricting-subtype without history of BN. AN-rec
were defined as having a history of restricting-type AN but having had
normal weight for height, menstrual cycle, exercise, and food intake for
at least 1 year. Exclusion criteria included neurological disorders,
psychotic disorders, IQ < 70, major medical illness (i.e.—Diabetes
Mellitus, chronic kidney disease), and recent alcohol/drug use. Mood
and anxiety disorders were included given high ED comorbidity.

2.2. Procedures

2.2.1. Study questionnaires

All participants completed Intolerance of Uncertainty Scale (IUS)
(Buhr and Dugas, 2002), Sensitivity to Reward (SR subscale) and
Punishment (SP subscale) Questionnaire (O'Connor R, 2004), ED In-
ventory-3 (EDI-3, Drive for Thinness (DT) subscale) (Garner, 2004), the
Spielberger Trait and State Anxiety (Spielberger C.D., 1970), Beck De-
pression Inventory (Beck AT, 1961), and the Temperament and Char-
acter Inventory (Harm Avoidance (HA) subscale) (Cloninger, 1994).
Age difference between groups was tested with one-way ANOVA and
post hoc comparisons (Bonferroni-corrected). Between-group differ-
ences for categorical variables (mood or anxiety disorders, treatment
with antidepressant or antipsychotic medications) were assessed with
chi-squared tests.

2.2.2. TD model task

The TD task is adapted for human subjects (O'Doherty et al., 2003).
Each trial begins with presentation of one of three fractal visual stimuli
(2sec), followed by one of three taste stimuli (via customized pro-
grammable-syringe pump) (J-Kem Scientific, St. Louis, MO): (1) plea-
sant 1M sucrose solution—100 trials (CS +); (2) no solution—100 trials
(CS—); (3) artificial saliva 80 trials—(Francis et al., 1999; Frank et al.,
2003), which is included to provide a rinse between sucrose solution
trials to minimize habituation, and which was not modeled in the EV
regressor given this role, leaving 200 total trials for modeling EV re-
gressor. During taste stimulus, fixation cross is presented (4 s). The first
10 CS+ stimuli are presented with subsequent reward (sugar solution).
For 20/90 remaining trials, when the fractal stimulus associated pre-
viously with sugar solution is seen, the sugar solution is not delivered.
Likewise, for 20 trials in which a fractal stimulus not associated with
sugar solution is seen, sugar solution is unexpectedly delivered. All
trials other than the first 10 CS+ trials were randomized. Boxcar
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function had onset at beginning of each trial with fractal image and
included the entire trial. The experimental paradigm lasts approxi-
mately 28.5 minutes. Visual and taste stimuli delivery was triggered
using E-Prime (Psychology Software Tools, Pittsburgh, PA). See Sup-
plementary Data for details of neurocomputational modeling.

2.2.3. Functional MRI methodology

Participants ate breakfast (7-8 AM) before fMRI (ED participants
according to their meal plans, with control meal matched to typical
meal plans. Participants were scanned afterwards using GE Signa 3T
MRI scanner. T2* weighted echo-planar images for BOLD (blood
oxygen-level dependent) signal were acquired: voxel
size = 34x34x26 mml4 mm gap;TR =2100 ms;
TE = 30 ms;flip angle = 70 degrees;30 slices. Structural images (T1
SPGR) were acquired for coregistration with functional images.

2.3. Analyses

2.3.1. Image preprocessing

Images were preprocessed and analyzed using SPM12 (http://www.
fil.ion.ucl.ac.uk/spm/software/spm12 with Marsbar (Brett, 2002) and
Anatomy Toolboxes (Eickhoff et al., 2005) MATLAB and Statistics
Toolbox Release 2009b, The MathWorks, Inc., Natick, Massachusetts,
United States). We utilized the unified segmentation algorithm from the
SPM12 package. Slice-timing correction was applied followed by rea-
lignment to first volume and normalized to MNI template, and subse-
quently smoothed with 6-mm FWHM Gaussian kernel. Images were
inspected individually during preprocessing to ensure adequate brain
coverage and to examine results of alignment. Imaging data was col-
lected on 124 participants (AN-ill N= 30, AN-rec N= 24, HC N= 47,
BN N= 23) and 13 were excluded due to motion or image artifacts.
There was no between-group difference in number of participants ex-
cluded for either excessive motion (>3 mm maximum displacement
from the first volume) or image artifacts (AN-ill N= 2, AN-rec N= 4,
HC N= 4, BN N=3). We utilized two post hoc repeated measures AN-
OVAs (translational and rotational analyzed separately) to assess be-
tween-group differences in motion parameters (Table S2).

2.3.2. Single-subject analyses

Modeling single-subject parameter estimates was performed with
boxcar function utilizing general linear model with temporal and dis-
persion derivatives, but not autoregression given issues with this pro-
cedure. Low-frequency BOLD-signal fluctuations were removed with
128 s high-pass filter. Single-subject models included 6 motion re-
gressors as well as expected value regressor which was calculated on a
trial-by-trial basis and served as a parametric modulator.

2.3.3. Anatomical region of interest analyses

Anatomical ROI analyses included bilateral ACC and OFC as well as
ventral striatum and amygdala, given the role for these areas in pro-
cessing EV signal. As addressed in the introduction, we chose a priori
anatomical regions of interest based on literature regarding the TD
model and reward decision-making literature more broadly. EV signal is
associated with some similar regions to PE, as well as distinct regions
(Daw et al., 2006; Knutson et al., 2005; O'Doherty, 2004; Rolls et al.,
2008; Schultz et al., 2000). ROIs were derived from an automated
anatomical labeling atlas (Tzourio-Mazoyer et al., 2002). Anatomical
ROI analyses were chosen as opposed to primarily whole-brain analyses
in order to be more conservative given recent issues raised with cluster-
thresholding in the literature (Eklund et al., 2016). We Bonferroni-
corrected our p-value (p< 0.00625) based on number of tests (8 total,
independently testing left and right). Average ROI signal was extracted
from SPM and analyzed utilizing a univariate general linear model in
SPSS for each of the following areas separately: amygdala, ventral
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striatum, orbitofrontal cortex, anterior cingulate cortex (left and right
for each ROI). GLM includes covariate (age at scan) and cofactors
(presence/absence of mood diagnosis, anxiety diagnosis, antipsychotic
treatment, and antidepressant treatment), given between-group differ-
ences in these variables. Post hoc comparisons (Bonferroni-corrected)
decomposed significant effects. We performed regression diagnostics
and sensitivity analyses as well as bootstrapping (1000 samples, 95%
confidence intervals). (Supplementary Materials, Table S2)

2.3.4. Regression analyses

Given between-group differences in behavioral scales and age,
Pearson correlation analyses examined EV signal relationship across
and within groups in significant anatomical ROI areas: age, BMI, the
IUS, SR, SP, HA, and EDI-3 DT. FDR-correction was performed for
multiple tests separately for correlations across within group
(Benjamini and Hochberg, 1995). P-values are reported in regression
scatterplots and are starred if they survived correction for multiple
tests. To ascertain whether EV signal was driven by sweetness or
pleasantness ratings of sucrose solution, we performed post hoc re-
gression analyses with EV signal.

2.3.5. Exploratory whole-brain analyses

EV whole-brain between-group analysis was performed utilizing
thresholding according to random field theory, which provides some
correction for multiple comparisons (Brett, 2004; Worsley et al., 2004).
We acknowledge the recent controversy regarding thresholding
methods and thus emphasize that these are necessarily exploratory
analyses (Eklund et al., 2016; Flandin and Friston, 2017). Despite PE
results being published previously in a portion of the sample, we chose
to perform an exploratory whole-brain analysis regarding PE signal
across the 4 groups to obtain the benefit of examining a more parsi-
monious model with additional HC participants included, for which we
used similar thresholding. Within-group whole-brain analyses of EV
and PE were performed to examine main effects of calculated regressors
utilizing consistent thresholding parameters (p< 0.001 voxel-wise,
uncorrected, k > 100 extent threshold). Cluster extent threshold was
arrived at utilizing similar parameters to the threshold determined by
random field theory in the primary whole-brain group analyses.

3. Results
3.1. Participant characteristics

As expected with heterogeneity across EDs in illness course, co-
morbidity, and presentation, there were between-group differences in
demographic variables (Table 1). Age differed between groups
(p< 0.01) with AN-ill younger than AN-rec. BMI differed between
groups (p< 0.01), with AN-ill having lower BMI than all other groups
and no other group differences. There were consistent between-group
differences in psychological scales (Table 1) driven by AN-ill and BN
having higher scores in anxiety-related scales vs. other groups. There
were no differences in pre-scanning calories (p > 0.05). There were no
between-group effects in either translational or rotational motion
parameters (p> 0.05) (Table S2).

3.2. Anatomical ROI analyses

Left and right anterior cingulate anatomical ROIs (BA 24/32) re-
vealed a between-group difference in EV signal without effects of age,
diagnosis or medication [Left ACC: F3j0o = 6.34, p< 0.01,
n,> = 0.157. Right ACC: F3;0» = 5.51, p< 0.01, n,> = 0.139]
(Fig. 1A/B). The difference was driven by AN-ill>HC and AN-ill>BN
(ps < 0.05). Identical models were constructed for bilateral orbito-
frontal cortex, amygdala, and ventral striatum with no significant
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Table 1
Demographics table.
AN-ill AN-rec HC BN p-value
Sample (N) 28 20 43 20 -
Age mean (years) (SD) 22.9 (5.0) 30.0 (8.0) 26.4 (5.4) 25.3 (4.6) p< 0.01"
Range 18-37 19-45 19-43 20-37
BMI mean (kg/m") (SD) 16.1 (1.0) 20.7 (2.0) 21.6 (1.5) 23.0 (5.7) p< 0.01°
Range 14-18 18-28 18-26 18-41
1US mean (SD) 88 (16) 56 (17) 52 (13) 87 (19) p< 0.01¢
Range 57-120 37-104 32-82 38-107
Sensitivity—reward mean (SD) 7 (4) 6 (3) 5013) 84 p< 0.01¢
Range 2-14 2-13 1-15 2-13
Sensitivity—punishment mean (SD) 13 4) 7 4 513) 13 (4) p< 0.01°
Range 4-18 2-17 1-14 1-17
Harm avoidance mean (SD) 24 (6) 16 (7) 11 (5) 23 (6) p< 0.01"
Range 12-34 4-27 2-22 8-31
Drive for thinness (EDI-3) mean (SD) 19 (6) 9 (6) 34 23 (5) p< 0.018
Range 7-28 0-23 0-15 12-28
Spielberger trait anxiety mean (SD) 55 (11) 35 (14) 28 (6) 60 (10) p< 0.01"
Range 35-80 22-60 20-48 41-70
Spielberger state anxiety mean (SD) 53 (11) 33(12) 27 (6) 51 (14) p< 0.01
Range 31-76 20-63 20-42 22-75
Beck depression inventory mean (SD) 26 (11) 4 (4) 2(2) 23 (11) p< 0.0V
Range 9-48 0-12 0-6 6-42
Binge/purge frequency (per week)" N/A N/A N/A 24 N/A
- - - 2-70
Mood diagnosis (N) 15 4 - 11 p < 0.01
% of Group 54% 20% 0% 55%
Anxiety diagnosis (N) 15 5 - 14 p < 0.01
% of Group 54% 25% 0% 70%
Antidepressant treatment (N) 14 4 - 13 p< 0.01
% of Group 50% 20% 0% 65%
Antipsychotic treatment (N) 3 - - 3 p< 0.05
% of Group 11% 0% 0% 15%

Abbreviations: Anorexia Nervosa-ill (AN-ill), Anorexia Nervosa-recovered (AN-rec), Healthy Control (HC), Bulimia Nervosa (BN), BMI (Body Mass Index), EDI-3

(Eating Disorder Inventory-3)

@ Age post hocs: AN-ill <AN-rec, p < 0.01; all other differences not significant.
BMI post hocs: AN-ill <all other groups all ps < 0.001; all other differences not significant.

o

€ IUS post hocs: AN-ill and BN both >all other groups, all ps < 0.001. AN-ill vs. BN, p> 0.05.

d

Sensitivity to reward post hocs: AN-ill>HC and BN>HC, ps < 0.05; all other differences not significant.

¢ Sensitivity to punishment post hocs: AN-ill > AN-rec, AN-ill>HC, BN > AN-rec, BN >HC, all ps < 0.001; no other significant differences.
f Harm avoidance post hocs: AN-ill > AN-rec, AN-ill >HGC, all ps < 0.001; BN > AN-rec, BN>HC, all ps < 0.001; AN-rec>HC, p< 0.05.

% Drive for thinness (EDI-3) post hocs: AN-ill>AN-rec, AN-ill >HC, AN-rec>HC, BN > AN-rec, BN >HC, all ps < 0.001.

h Spielberger trait anxiety post hocs: AN-ill > AN-rec and HC, BN > AN-rec and HC, all ps < 0.001; AN-rec>HC, p< 0.05.

i Spielberger state anxiety post hocs: AN-ill > AN-rec and HC, BN > AN-rec and HC, all ps < 0.001.

J Beck depression inventory post hocs: AN-ill > AN-rec and HC, BN> AN-rec and HC, all ps < 0.001.

k Binge/purge frequency missing for 4 BN participants.

differences (all ps > 0.05). GLM models of left and right ACC were
inspected to assess effects of influential points on results. Post hoc
analyses with removal of influential points were performed, as well as
bootstrapping (1000 samples, 95% confidence intervals), and the ana-
lyses retained significance. (Supplementary Materials, Table S2).

3.3. Regression analyses

There was no correlation of age with EV (p> 0.05) across or within-
groups. BMI across groups was negatively correlated with EV in left
ACC anatomical ROI, r= —0.36, p< 0.001, N= 111, surviving FDR-
correction for multiple tests. BMI across groups was negatively corre-
lated with EV in right anatomical ACC ROIL, r= -0.34, p< 0.001,
N= 111, surviving FDR-correction (Fig. 2A). There was no significant
correlation of BMI within groups in left or right ACC. To assist with
interpretation of the BMI finding, we performed a post hoc analysis
collapsed across groups with normal-high normal BMI vs. low BMI and
repeated correlation analyses within and across groups. BMI negative
correlation with EV signal was significant in the normal-high normal
BMI group in left ACC (r= —0.23, p< 0.05) and trend-level in right
ACC (r —0.21, p= 0.054). There was not a significant correlation in
either right or left ACC in AN-ill. (Fig. 2B) There was no correlation of
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IUS with value signal across groups in left or right ACC (all ps > 0.05).
However, within the AN-ill group, there was a negative correlation of
left ACC anatomical ROI EV signal with IUS, with lower EV associated
with higher IUS, r=-0.61, p<0.005, N=28 (Fig. 3A). Results survived
FDR-correction for multiple tests within groups. There was a similar
relationship in right ACC anatomical ROI between EV and IUS
(r= —0.53, p< 0.005, N= 28) (Fig. 3B), though this result did not
survive FDR-correction. To assist with interpretation of IUS correlation
with EV signal, we performed post hoc correlations between IUS and
anxiety-related measures including STAI-trait and state questionnaires
as well as measures of eating disorder severity (EDI3-DT) to see if IUS
was a proxy for anxiety-related phenomena. There was no correlation
within AN-ill between STAI State or Trait scores with IUS or EV signal
in bilateral ACC (ps > 0.05). There was no correlation between EDI3
and ACC EV signal, but there was a positive correlation between IUS
and EDI3-DT (r= 0.39, N= 28, p< 0.05). There was no correlation
between EV signal and subjective sweetness or pleasantness ratings by
participants of the 1M sucrose solution in post hoc regression analyses,
either between or within groups (all ps > 0.05). There was no corre-
lation in ACC of EV signal within or between groups with Sensitivity to
Reward or Punishment, Harm Avoidance, or EDI-3 Drive for Thinness
subscale (ps > 0.05).
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Fig. 1. (A). Left anterior cingulate anatomical RO, F3 102 = 6.34, p< 0.01, np2 = 0.157; post hoc tests: AN-ill>HC, AN-ill>BN, ps < 0.01, all other ps > 0.05. (B).
Right anterior cingulate anatomical ROI, F5192 =5.51, p< 0.01, np2 = 0.139; post hoc tests: AN-ill>HC, AN-ill>BN ps < 0.05, all other ps > 0.05.
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Intolerance of Uncertainty Scale

3.4. Exploratory whole-brain analyses

Whole-brain analyses within groups (prwr < 0.05, k > 0) to ex-
amine the main effect of EV signal within HC revealed activation in
frontal and temporal areas as well as in anterior and posterior cingulate,
insula, caudate, and visual areas (Figure S3). We have outlined the
larger clusters of activation associated with EV for each group
(k > 100) in Table S1A-D. Additionally, we have included within-group
SPM maps (prwr < 0.05, k > 0) for the PE signal (Figure S4), which
included more basal ganglia and less cortical activation. EV and PE
signal findings were somewhat distinct maps, though there was some
overlap.

In the EV whole-brain analysis we found a between-group effect in
left ACC ([—4 44 2], Puncor < 0.001, k = 269, F5;0, = 12.88,
Z= 4.97), driven by AN-ill having higher EV signal vs. other groups (all
ps < 0.005). There were no effects of any confounders included in the
model (mood or anxiety diagnosis, antipsychotic or antidepressant
treatment, age at scan) (Fig. 4A). We found a between-group difference
in right supramarginal gyrus ([50 —30 321, puncorr < 0.001, k = 100,
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F33102 = 11.30, Z= 4.63), likewise driven by AN-ill having higher
signal vs. other groups (all ps < 0.05, some of which did not survive
bootstrapping) (Fig. 4B, Table S2). For this cluster, the model revealed
in addition to main effect of group, a main effect of antidepressant use,
associated with lower EV signal (p < 0.005) and a main effect of anti-
psychotic medication, associated with increased EV signal (p< 0.05).
Briefly, the whole-brain analysis of PE signal we found a main effect of
group in right middle temporal gyrus that survived random field theory
thresholding ([48 2 —20], puncorr < 0.001, k = 18, F5192 = 10.93,
Z= 4.54), driven by AN-ill having higher PE signal than all other
groups (all ps < 0.005). However, there were also main effects of
having a diagnosis of any anxiety disorder, which was associated with
higher PE signal (p< 0.01) and age (p< 0.05). Please see Figure S5A/B
for the detailed results of PE between-group whole-brain analysis.

4. Discussion

This study indicates that AN-ill exhibit elevated expected value re-
sponse in bilateral ACC in the context of an associative learning reward
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task. EV signal in ACC was negatively-correlated with BMI across
groups, such that participants with lower BMI had higher EV signal, an
effect that did not appear to be driven by the low-BMI AN-ill group.
Whether taste stimuli inversely drive reward signal processing or
whether there is another mechanism moderated by BMI is unclear.
Furthermore, there was an inverse relationship between ACC EV signal
and intolerance of uncertainty (IUS) in AN-ill. Interestingly, between-
group differences in EV signal were largely driven by AN-ill being dif-
ferent from HC and BN. However, there were no observed differences
between AN-rec and other groups, though this result is limited by the
small sample size. Interestingly, we did not observe a between-group
difference in OFC, ventral striatum, or amygdala, other areas involved
in EV signaling. Whole-brain analyses revealed a distinct pattern of
neural regions for EV vs. PE, and within-group maps suggested that
groups may exhibit different patterns, with AN-ill having greater EV
signal compared to others, which is consistent with previous PE find-
ings (Frank et al., 2011; Frank et al., 2012a; Frank et al., 2016).
There are multiple models positing how AN may differ from other
groups in reward processing. One model suggests that taste and other
food reward-related stimuli assume an aversive interpretation in AN,
and that with greater illness, individuals experience more reward from
food restriction behaviors and less reward from typically-rewarding
taste stimuli (Keating, 2010; O'Hara et al., 2015). Another line of re-
search has suggested that premorbid anxiety-related traits in AN may be
exacerbated by neuroendocrine changes correlated with illness state
(Guarda et al., 2015; Kaye et al., 2009). The role of habit-formation is
also discussed in the literature (Walsh, 2013). However, habit relates
more to the process by which ED behaviors like food restriction become
entrained in the brain and evolve into pathology. Furthermore, there is
likely a distinction between association learning which is the type
employed in this task vs. habit formation (Rangel et al., 2008).
Another line of work connects anxiety-related processes with re-
ward processing in ED, particularly, in AN. First, there is literature
demonstrating higher prevalence of anxiety-related personality traits
like harm avoidance and intolerance of uncertainty and increased an-
xiety comorbidity in AN, and to a lesser degree in BN (Atiye et al., 2015;
Fassino et al., 2002; Kaye et al., 2004). Second, there is work suggesting
activation of cognitive control or conflict-oriented circuitry during re-
ward processing in patients with ED (Brooks et al., 2011; Uher et al.,
2003; Uher et al., 2004), which raises the question of whether reward
paradigms may elicit distinct higher order cognitive processes in patient
populations, thus enabling them to experience a greater sense of control
during tasks (Keating, 2010; Shenhav et al., 2013). This notion would
also connect to the difficulty tolerating uncertainty seen in certain
populations with ED (Frank et al.,, 2012b). Lastly, abnormalities in
discrimination between reward and punishment in AN have been de-
monstrated, suggesting dysfunctional feedback-processing during re-
ward learning (Bischoff-Grethe et al., 2013; Wagner et al., 2007), a
deficit which may be shared by AN and BN (Wagner et al., 2010).
Increased conflict-detection during reward processing, specifically
associated with value computation, may be one explanation for in-
creased bilateral ACC activation in AN-ill vs. other groups. It has been
previously suggested that not all activation labeled as reward value in
studies ends up being reward value, and that there is variability based
on task structure and other factors (O'Doherty, 2014). Thus, caution
must be employed in interpreting this finding as there is always a
concern for reverse inference when implying that a particular finding
represents a given cognitive process (Wager et al., 2016). The task
utilized in this study was adapted from a well-validated paradigm
adapted for human subjects, based on animal electrophysiological stu-
dies (O'Doherty et al., 2003), which provides support for the fact that
reward learning processes are indeed interrogated by the task. Fur-
thermore, it is interesting that in the between-group EV analysis the
only area that exhibited a clear difference between groups was the ACC,
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despite the fact that other ROIs have more of a basis in the literature
with respect to EV (O'Doherty, 2004). This discrepancy begs the ques-
tion of whether there may indeed be other non-reward related processes
at work during the task, particularly in AN-ill. As noted previously,
other types of tasks including a monetary reward task suggested dif-
ferences in frontal areas in both AN-ill and AN-rec, suggestive of greater
self-monitoring behavior during reward tasks (Ehrlich et al., 2015;
Geisler et al., 2017), which is inconsistent with our not finding a dif-
ference between AN-rec vs. other groups, likely due to power and task-
related differences. Another piece of preliminary evidence for a re-
lationship between potential conflict in the context of reward valuation
may be the IUS finding in AN-ill. Originally there was a question of
whether anxiety-related traits might influence value computation. In
one sense IUS is an anxiety-related trait and has been shown to perturb
decision-making processes in people who struggle with anxiety
(Krain et al., 2008). On the other hand, trait and state anxiety were
unrelated to either IUS or the imaging finding in AN-ill. Another reason
for caution in interpretation is the absence of a behavioral response
which might be evaluated with respect to value and included in cal-
culation of the EV regressor. This is an important limitation of the
study. However, the broad activation of frontal areas shown in the SPM
main effect maps suggest that the task may evoke motor planning or
other active responses, more in AN-ill vs. other groups. Lastly, the ACC
is also involved in cognitive control and thus the signal that is elevated
in AN-ill may indeed be evidence of effortful control during this task
due to discomfort elicited by taste stimuli (Botvinick, 2007; Shenhav
et al., 2013).

By contrast with the AN-ill finding, it is more difficult to interpret
the BN lack of activation. Overall, examining the within-group main
effect SPM maps, BN do seem to have a much lower level of activation
vs. other groups across the brain. However, this difference does not rise
to the level of significance. One could ask the question of whether EV
signal differences between AN-ill and BN are similar to the prior finding
that with respect to PE signal, AN-ill had higher signal while partici-
pants with obesity had decreased signal, with HC in the middle
(Frank et al., 2012a). There may be differences in brain function as-
sociated with increased caloric consumption whereby BN and people
with obesity are less sensitive to taste stimuli. Another possible ex-
planation for the BN finding may be that if ACC activation in this case
represents conflict-detection, BN may be different secondary to differ-
ences in emotion regulation between the groups or we might speculate
that conflict-detection may be particularly elevated in AN-ill.

4.1. Limitations

Across the populations our study, there is heterogeneity in age,
comorbidity, BMI, and medication use. We attempted to account for
these differences by including cofactors and covariates in the model.
However, with increased number of cofactors or covariates, the sensi-
tivity to detect subtle differences declines. Another limitation is the
moderate number of participants in each group. Further, our whole-
brain analyses require replication given concerns for false positives
(David et al., 2013). Regression analyses were based on traits often
increased in AN and should thus be thought of as preliminary. There is
also a limitation regarding EV computation in the absence of behavioral
responses related to decision-making in this passive reward learning
task, which may also contribute to model fit being less accurate com-
pared to tasks where there is a behavioral outcome that can be mea-
sured and included in the analyses. Thus, when regressors are modeled,
they are modeled based on task parameters, and one can investigate via
analysis of main effects whether imaging data fits with the regressor,
but one cannot test whether the model fits participant responses. Lastly,
the study was performed in females to minimize gender-related var-
iance, and thus may not apply to males.
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4.2. Future Directions

The study of reward processing across the spectrum of eating be-
haviors is important to further our understanding of how food rewards
are processed in the brain and for targeting pathological mechanisms in
patients with EDs. Our results suggest that AN-ill EV computation may
differ from that of the other populations we studied. In addition, higher-
order cognitive processes such as conflict-detection, may be activated in
certain populations in the context of a reward task. However, it would
be important to perform further studies to replicate these findings and
to better characterize the intersection between conflict processing and
reward in AN-ill. One approach might be to employ tasks that integrate
choices in the context of reward tasks, thus enabling one to differentiate
more explicitly between high- and low-conflict reward processing. It
would also be important to more explicitly examine the differences
between specific groups, such as AN-rec, as our current finding may
indeed be related more to illness state than to the risk factors for eating
pathology.

In summary, this is a transdiagnostic study examining expected
value computation in participants with ED and healthy comparisons.
Overall, the most prominent findings include AN-ill having higher EV
signal in bilateral ACC, which in turn correlate with their intolerance of
uncertainty, such that the higher the intolerance, the lower the ex-
pected value signal. Future work might include deeper phenotyping of
anxiety-related traits and use of latent variable modeling to focus on
specific traits that might become targets for treatment.
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