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Abstract

Objective: Anorexia nervosa (AN) is a severe psychiatric illness with complex etiology.
Recently, we found elevated striatal brain response to sweet taste stimuli in adolescents and young
adults with AN. Here we tested the hypothesis that nutritional rehabilitation normalizes prediction
error activation, a measure for dopamine-related reward circuit response, to salient caloric taste
stimuli in AN.

Method: Twenty-eight individuals with AN (age=16+2 years; body mass index, BMI=16+1) who
previously underwent brain imaging while performing a taste prediction error task using sucrose
as salient caloric stimulus, participated in a second brain imaging scan (BMI=18+1) after intensive
specialized eating disorder treatment (4115 days). Thirty-one healthy controls (age=16+3 years;
BMI=21+2) were also studied on two occasions.
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Results: At baseline, individuals with AN demonstrated an elevated salience response in bilateral
caudate head and nucleus accumbens, and right ventral striatum. At the second scan, elevated
response was only found in the right nucleus accumbens. A moderator analysis indicated that
greater increase in BMI and greater decrease in sweetness perception predicted lesser prediction
error response at the second scan in AN.

Conclusion: Consistent with the previously reported monetary stimulus-response, elevated taste
prediction error response in AN was largely absent after weight restoration. This study indicates
that changes in BMI and sweet taste perception are independent moderators of change of brain
salience response in adolescents and young adults with AN. The study points toward dynamic
changes in the brain reward circuitry in AN and highlights the importance of nutrition and weight
restoration in that process.
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anorexia nervosa; adolescent; recovery; reward; taste

Introduction

Anorexia nervosa is the third most common chronic illness among adolescent females

and is associated with high mortality.1-3 The illness shows a complex interplay between
neurobiological, psychological and environmental factors* and it is an often chronic disorder
with frequent relapse, high treatment costs, and disease burden.®

Little is known about the pathophysiology or biomarkers that characterize brain function

in anorexia nervosa and how neurobiology, illness behaviors, and recovery interact.®

Food avoidance and the ability to withstand hunger in anorexia nervosa have led to

the hypothesis that brain reward pathways could be altered in the disorder. 79 Those

circuits have been extensively studied in animal and human brain research, 1911 and
behavioral and neuroimaging studies may help elucidate altered brain reward function in
anorexia nervosa.12:13 Recent studies in adolescents and young adults with anorexia nervosa
suggested a preference for delayed rewards and reduced sensitivity to loss.1415 Others
found that reward conditioning was moderated by cognitive bias,'6 and individuals with
anorexia nervosa learned faster in the context of punishment, which was associated with
medial frontal cortex activation.1” Our group has focused on studying the reward prediction
error response in anorexia nervosa. The prediction error construct tests brain function
associated with the difference between an expectation and outcome, which yields the so-
called prediction error, a dopamine-associated signal that reinforces new associations.18:19
The direction of the prediction error may indicate a better (positive) or worse (negative)
outcome than expected. The absolute value reflects the degree of deviation of the outcome
from the expectation and has been conceptualized as a motivational salience signal.2%21 The
prediction error model is important for anorexia nervosa as it lends itself to a model where
conditioned fear of eating and weight gain recruits the sensitized dopamine-related striatal
circuits to override hunger cues and respond to food with dread and avoidance.8.22

We have been studying the prediction error model because the dopamine system adapts
in opposite directions to extremes of food intake and could be linked to brain pathology
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across the eating disorder spectrum.23-26 Enhanced neuronal dopamine response occurs
following food restriction,1927 which could be specifically relevant for the pathophysiology
of anorexia nervosa.13:28-30 Consistent with that model, we found previously in adolescents
and young adults with anorexia nervosa elevated prediction error signal in a taste as well

as a monetary paradigm when acutely underweight.31:32 The monetary paradigm indicated
elevated stimulus response before but not after treatment in anorexia nervosa compared

to controls; however, the factors that are mechanistically involved in the change of brain
response have been elusive.32

Here we followed up on the adolescent and young adult participants from the large taste
prediction error study who had shown elevated brain response in striatal regions including
bilateral caudate head and nucleus accumbens.32 We hypothesized that elevated prediction
error response in those regions would normalize with weight restoration, comparable to the
results of the monetary task study.32 This would support stimulus-independent changes of
prediction error-related brain salience response during treatment. Second, we hypothesized
that studying a larger sample compared to the monetary paradigm investigation would allow
finding direct evidence that nutritional rehabilitation and specifically an increase in body
mass index (BMI) as a measure of height-adjusted body weight moderates the normalization
of brain function in anorexia nervosa. Such an interaction would support mechanisms found
in basic science studies, which have not been shown in adolescents or adults with anorexia
nervosa before.24

We recruited adolescents and young adults with anorexia nervosa studied previously at the
beginning of intensive treatment.31 Twenty-eight girls and young women with anorexia
nervosa and thirty-one healthy comparison individuals participated; age range in both
groups was 11 to 21 years (Table 1.). The anorexia nervosa group was recruited from
partial hospitalization treatment, where closely supervised meal plans mitigated confounding
brain effects of acute starvation or dehydration.33 Treatment involved a highly structured
program aimed at weight restoration over 5 weeks, including parent-training in meal
support according to the family-based treatment model.3* Patients completed meals or used
supplement for calculated caloric needs to achieve weight goals. We required a minimum
of two weeks in treatment between scans one and two for patients with anorexia nervosa

to be included in the study. Healthy control participants were recruited through local
advertisements. Each participant underwent functional MRI (fMRI) twice: individuals with
anorexia nervosa before weight restoration and at discharge to a lower level of care, and
healthy controls during the early follicular phase, two menstrual cycles apart, to reduce sex
hormone effects on brain reward function. Reasons for individuals with anorexia nervosa
not to participate in scan two after having performed scan one were early treatment
dropout, discharge due to medical instability, no interest in a second scan, or inability

to schedule a scan at treatment end due to time constraints and scanner availability (see
Supplement for details). Participants with anorexia nervosa were amenorrheic. Individuals
with anorexia nervosa were of the restricting type, and all fell below the 10t body
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mass index (BMI, kg/m?) percentile for age on scan one. Participants ages 18-21 years
were administered the Structured Clinical Interview for DSM-5 (doctoral-level interviewer,
anorexia nervosa n=6; healthy controls n=7). Those under age 18 completed the Mini-
International-Neuropsychiatric Interview.3° Participants were right-handed without a history
of head trauma, neurological disease, major medical illness, psychosis, or substance use
disorders. Of the healthy control group, 19 individuals were White, 6 Black, 3 Asian, and 3
of Central American ethnicity. The anorexia nervosa sample consisted of 23 White, 1 Black,
1 Asian, and 3 individuals of Central American background. A Chi-square test comparing
race/ethnicity across groups was non-significant (Pearson Chi-Square=4.812, p=0.186).

Six healthy controls and three anorexia nervosa participants took oral contraceptives.

Oral contraception use was not significantly different across groups (Chi Square=0.850,
p=0.357). Sixteen participants with anorexia nervosa took antidepressants at scan one and
twenty at scan two, four took atypical antipsychotics at scan one, and five at scan two.
Seven participants with anorexia nervosa had major depressive disorder, seven had OCD,
and seventeen had an anxiety disorder. The Colorado Multiple Institutional Review Board
approved the study. All participants and parents provided written informed assent or consent.

Self-Assessments

Participants completed the Eating Disorder Inventory-3 (to measure cognitive and behavioral
characteristics of eating disorders), 36:37 the Temperament and Character Inventory (to
measure personality and temperament),38 the Spielberger State-Trait Anxiety Scale-Y (to
measure state and trait anxiety),3 and the Childhood Depression Inventory (to assess the
cognitive, behavioral, affective, and somatic symptoms of depression),*? and task-stimulus
sweetness and pleasantness perception were measured on a 9-point Likert scale to assess
changes with treatment. The assessments were used to compare the current sample with our
previously described larger sample from which this study group is derived.3!

Brain Imaging Methods

fMRI Image Acquisition.—Between 0700 and 0800 hours, participants with anorexia
nervosa ate their meal plan breakfast and healthy controls ate a quality- and calorie-
matched breakfast (Table 1.). Brain imaging was performed between 0800 and 0900
hours (3T GE Signa or Siemens Skyra 3T scanner), three-plane scout scan (16 seconds),
sagittally acquired, spoiled gradient sequence T1-weighted (172 slices, thickness=1mm,
T1=450ms, TR=8ms, TE=4ms, flip angle=12°, FOV=22cm, scan matrix=64x64), and
T2*-weighted echo planar scans for blood-oxygen-level-dependent (BOLD) functional
activity (3.4x3.4x2.6mm voxels, TR=2100ms, TE=30ms, flip angle=70°, 28 axial slices,
thickness=2.6mm, gap=1.4mm).

Taste Reward Task.—The design was adapted from O’Doherty et al.3! Participants
learned to associate three unconditioned taste stimuli (US: 1 molar sucrose solution, no
solution, or artificial saliva) with paired conditioned visual stimuli (CS). Each CS was
probabilistically associated with its US such that 20% of sucrose and no solution CS trials
were unexpectedly followed by no solution and sucrose US, respectively. Taste stimuli were
applied using a customized-programmable syringe pump (J-Kem Scientific, St Louis, MO,

Int J Eat Disord. Author manuscript; available in PMC 2024 November 05.
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USA) and E-Prime Software (Psychological Software Tools, Pittsburgh, PA, USA).*! The
CS visual stimuli differed and were randomized between study days.

FMRI Analysis.—Image preprocessing and analysis were performed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12/). Images were realigned to the first volume,
normalized to the Montreal Neurological Institute template and smoothed at 6mm full-
width-at-half-maximum Gaussian kernel. Subjects with head motion greater than one voxel
were removed from the analysis. Data were preprocessed with slice time correction and
modeled with a hemodynamic response convolved function using the general linear model,
including temporal and dispersion derivatives. A 128-second high-pass filter (removing low-
frequency BOLD signal fluctuations), motion parameters (as first-level analysis regressors),
and SPM’s FAST (pre-whitening attenuation of autocorrelation effects) were applied.

Prediction Error Analysis.: Each participant’s prediction error signal was modeled based
on trial sequence (event-related design) and regressed with brain activation across all
trials.32:42:43 The predicted value (V) at any time (t) within a trial is calculated as a linear
product of weights (w;) and the presence of a conditioned visual stimulus (CS) at time

t, coded in a stimulus representation vector X;(t) where each stimulus x; is represented
separately at each moment in time:

V) = ) Wix(0

The predicted stimulus value at time t is updated by comparing the predicted value at time
t+1 to that observed at time t, leading to the prediction error &(t):

81 =r(®) +yV(t+ 1) = V(1)

where r(t) is the reward at time t. The parameter ¥ is a discount factor, which determines
the extent to which rewards arriving sooner are more important than rewards that arrive later
during the task, with y=0.99. The weights w; relate to how likely a particular unconditioned
reward stimulus (US) follows the associated CS and are updated on each trial according to
the correlation between prediction error and stimulus representation:

Aw; = (xz x(O8(1)
t

where a is a learning rate. A slow a=0.2 was applied.3? Initial reward values were 1 for
Sucrose Receipt and 0 for No Sucrose. Trial-to-trial prediction error was regressed with
brain activation across all trials within each subject. Prediction error calculated for each

trial was modeled as an absolute (reflecting degree of deviation of the outcome from the
expectation) without separating positive or negative prediction error trials. Model prediction
error values were then regressed against fMRI data for each subject, to identify brain regions
correlating with the model-predicted time series.**

Int J Eat Disord. Author manuscript; available in PMC 2024 November 05.
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Region of Interest (ROI) Data Extraction.: We extracted parameter estimates from
predefined regions of interest bilaterally using the automated anatomical labeling Atlas,
AAL, to compare results with our previous studies and assess change over time.31:32.45
Mean parameter estimates across all voxels from eight predefined anatomical regions of
interest (ROIs) were extracted, bilateral caudate head, ventral striatum, nucleus accumbens,
inferior, medial, and middle orbitofrontal cortex, and dorsal and ventral anterior insula.

Statistical Analysis

Results

SPSS 28 software was used for statistical analyses (IBM, Armonk, N.Y.). Data were

tested for normality with the Shapiro-Wilk test and rank-transformed when non-normally
distributed. Demographic and behavioral data were analyzed using Student’s t-test. Changes
in demographic and behavioral values between scans one and two were assessed using
paired sample t-tests. MANCOVA and correlation analyses were used to test the effects

of potential confounding categorical or continuous variables such as scanner, comorbidity,
medication or birth control use, or age. Variables that affected the primary outcome variable
brain response were included in group-comparisons. First scan (before weight restoration)
data were analyzed using MANCOVA to confirm similar results as in our previous analysis
in the larger sample.31

For the main analysis in this study, repeated measures MANCOVA was used and analyzed
using a full factorial design, including group, scan order, and brain region interactions.
Partial 2 was calculated for effect size in addition to power calculations.

Pearson correlation analysis tested associations between weight change and behavior
variables, and the results were multiple comparisons controlled using False Discovery
Rate.46

Moderator analysis (PROCESS) was used to test the effects of variables that changed during
treatment (moderators) from scan one to two on change in brain prediction error response
between scan one (X) and scan two (). The primary hypothesis was that increase in BMI,
reflective of treatment that is geared toward increasing food intake and resulting in weight
gain, would moderate brain response change in regions elevated at scan one. Other factors
that might be related to sweet taste prediction error response and could change during
treatment were also explored. The analysis included scanner as covariate and results were
bootstrapped (default setting 5000 samples).

Demographic and Behavioral Variables

Demographic values and scan one prediction error values in this sample were consistent with
the larger scan one data set (Table 1.). The anorexia nervosa group had significantly lower
BMI and scored higher on eating disorder behaviors, anxiety, and depression measures. BMI
range on admission in healthy controls was 17.2 to 25.1 and in the anorexia nervosa group
14.1to 17.7. From scan one to two, both groups gained significantly in BMI, but weight
gain was higher in the anorexia nervosa group. From scan one to two, sweetness perception
ratings of participants with anorexia nervosa decreased significantly for the 1 molar sucrose

Int J Eat Disord. Author manuscript; available in PMC 2024 November 05.
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solution applied during brain scanning and were significantly lower at scan two compared

to controls. In addition, drive for thinness was significantly lower at scan two, although still
highly elevated compared to healthy controls. Number of days between scans was higher

in healthy controls (51+14) compared to participants with anorexia nervosa (4+15, range
14-64; p=0.009). This was due to healthy controls being studied during the first ten days of
the menstrual cycle to keep hormonal variation low, while participants with anorexia nervosa
were studied at end of treatment. The range of days between scan day 1 and scan day 2 was
58 days for healthy controls (minimum 19 days, maximum 77 days) and 50 days for the
anorexia nervosa group (minimum 14 days and maximum 64 days).

Analysis of Cofactors and Covariates

A MANCOVA to test the effects of cofactors or covariates indicated a significant effect

for scanner in the healthy control (Wilk’s Lambda=0.447, p=0.009) but not for the
anorexia nervosa group (Wilk’s Lambda=0.600, p=0.648). Imaging data were non-normally
distributed before transformation but normally distributed after rank transformation as
previously (Kolmogorov-Smirnov Statistic p=0.1 for all regions). There were no significant
effects in either group for age (healthy controls: Wilk’s Lambda=0.594, p=0.066; anorexia
nervosa: Wilk’s Lambda=0.689, p=0.770), sweetness perception (healthy controls: Wilk’s
Lambda=0.536, p=0.779; anorexia nervosa: Wilk’s Lambda=0.334, p=0.976). In the
anorexia nervosa group, there were no significant effects for major depressive disorder
(Wilk’s Lambda=0.383, p=0.745), obsessive-compulsive disorder (Wilk’s Lambda=0.362,
p=0.714), generalized anxiety disorder (Wilk’s Lambda=0.578, p=0.616), antidepressant
(Wilk’s Lambda=0.902, p=0.973) or antipsychotic use (Wilk’s Lambda=0.670, p=0.745).

Correlation Analysis

BMI change from scan one to two was not significantly correlated with any behavioral
measures in either group. Specifically, BMI change was not significantly correlated with
change in sweetness perception in healthy controls (r=—0.024, p=0.896) or individuals with
anorexia nervosa (r=—0.013, p=0.947). In healthy controls, BMI values at scan one and

two were positively correlated with scan one prediction error response in the right dorsal
anterior insula (BMI scan one: r=0.510, p=0.004, CI195%= 0.275 to 0.706; BMI scan two:
r=0.452, p=0.012, CI195%= 0.239 to 0.655), left ventral anterior insula (BMI scan one:
r=0.387, p=0.035, CI195%= 0.077 to 0.640; BMI scan two: r=0.386, p=0.035, C195%= 0.121
to 0.631). Scan two prediction error response did not significantly correlate with BMI or
change in BMI in healthy controls.

In the anorexia nervosa group, right middle orbitofrontal cortex prediction error at scan

one was negatively correlated with BMI change (r=-0.385, p=0.05) but the result did not
remain significant after multiple comparison correction. There was no significant correlation
between number of days between scans and prediction error brain response at scan time one
or two in either group, and there was no significant correlation between number of days
between scans and increase in BMI in the anorexia nervosa group (r=0.258, p=0.185).

Int J Eat Disord. Author manuscript; available in PMC 2024 November 05.
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Brain Response Group Contrast

The MANCOVA for scan one prediction error data revealed similar results as the previous
study in the larger sample with significant group differences in bilateral caudate head and
nucleus accumbens (Supplemental Table 1.).

The repeated measures ANCOVA for prediction error response across the 16 ROIs studied
indicated a significant group effect for regional brain response with very large effect size
(Wilk’s lambda=0.589, F=1.957, p=0.044, partial n2=0.411, power=0.880).

Scan by group response was non-significant, but effect size was large (Wilk’s
lambda=0.717, F=1.105, p=0.381, partial 2=0.283, power=0.584).

Post hoc univariate analyses (Table 2., Figure 1.) indicated significantly higher prediction
error brain response in anorexia nervosa at scan one for bilateral caudate head (R: p=0.001,
Cl195% for difference= —22.909 to —6.432; L: p=001, C195% for difference= -23.023 to
-6.583) and bilateral nucleus accumbens (R: p<0.001, C195% for difference= —23.880 to
=7.722; L: p=002, C195% for difference= -22.098 to —5.457), and in anorexia nervosa at
scan two for right nucleus accumbens (p=0.048, C195% for difference= —17.724 to —0.098).
There was no significant effect of scan within each group, although prediction error response
tended to be lower in anorexia nervosa but higher in controls at scan two.

Moderator Analysis

In the healthy control group, tests for the moderating effects of BMI on regional

prediction error response change were not significant (Supplemental Table 3.). No other
potential moderating factors in healthy controls were explored as no other taste-related
variables including sweetness perception or pleasantness ratings changed between scans.

In participants with anorexia nervosa (Table 3., Supplemental Table 3.), BMI increase had
a negative moderating effect (negative interaction) on this correlation in the right ventral
striatum and right nucleus accumbens. Sweetness perception, which decreased significantly
between scan times in the adolescents and young adults with anorexia nervosa, had
significant moderator effects (negative interaction) on prediction error response correlation
between scans one and two in the right caudate head, left ventral striatum, and left nucleus
accumbens. BMI change and change in sweetness perception were not related, and a
moderator analysis with two moderators, BMI change and change in sweetness perception,
was conducted. That analysis (Table 3.; Figure 2.) showed significant moderator effects on
right caudate head, bilateral ventral striatum, bilateral nucleus accumbens, and left dorsal
anterior insula. To account for potential scanner effects, brain scanner was included in all
moderator analyses as covariate. False discovery rate correction on the combined interaction
p-values for regions that were elevated at scan one compared to controls was significant for
bilateral caudate nucleus accumbens, ventral striatum, and right caudate head. Exploratory
analyses using days between scans or drive for thinness were also conducted for their
moderating effects on prediction error response change in anorexia nervosa but were not
significant.

Int J Eat Disord. Author manuscript; available in PMC 2024 November 05.
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Discussion

This study indicates that elevated taste prediction error response in adolescents and young
adults with anorexia nervosa is primarily seen before weight restoration and is consistent
with previous studies using monetary stimuli. The study further lends support to the
hypothesis that both BMI increase and sweetness taste-perception decrease are independent
moderators of adjustment of the prediction error signal in anorexia nervosa during treatment.
These results support animal studies that have tied food intake and changes in body weight
mechanistically to the dopamine-related prediction error response.

This study confirmed in a subsample from our previous report elevated prediction error
response in anorexia nervosa before weight restoration. However, after weight restoration,
there was indication of partial normalization in anorexia nervosa and comparable to our
study using monetary stimuli.32 The multivariate test indicated significant regional group
differences, and post hoc tests showed that for scan one the anorexia nervosa group had
elevated prediction error response in caudate nucleus, nucleus accumbens, and the left
ventral striatum, consistent with the results in the large sample previously reported on.3!
For scan two, regional prediction error data acquired after intensive treatment, the anorexia
group had higher brain response in the right nucleus accumbens only. Post hoc tests within
group did not show significant differences for regional prediction error salience response
between scans.

The primary result of this study is that we find evidence that changes in BMI and sweetness
perception in anorexia nervosa have direct effects on changes in dopamine-related brain
salience response. Prediction error at scans one and two in the anorexia nervosa group

were strongly positively correlated; however, the higher the BMI increase was during
treatment, and the more sweetness perception decreased between the two scans, the lower
prediction error response was at scan point two. Adding both moderators in one model had
the strongest effects and those were significant in the bilateral ventral striatum, nucleus
accumbens, and right caudate head. Such direct effects have not been shown before

in anorexia nervosa. Animal research has indicated direct effects of food restriction or
excessive food intake on dopamine-related brain reward function.?428 Studies on substance
use and obesity in humans have indicated pathophysiologies that are overlapping and involve
dopaminergic circuits.*247 While decreases in brain salience response in the anorexia
nervosa group were not significant from scan one to two, this study suggests that changes in
brain response in adolescents and young adults with anorexia nervosa during treatment are
directly moderated by nutritional rehabilitation.

An increase in BMI in anorexia nervosa during specialized eating disorder treatment is
reflective of increased food intake, restriction of exercise, increased variety of food, and
potentially other factors. Depending on a patient’s behavior before treatment, one or more
factors contribute to the BMI increase during treatment, and specific individual effects
cannot be determined from this study. Several studies have suggested that dopamine-related
circuits are involved in the pathophysiology of anorexia nervosa in adults and there is an
emerging literature that indicates elevated salience response in adolescents as well.31:32
Whether increased food intake and associated weight gain desensitize central dopamine

Int J Eat Disord. Author manuscript; available in PMC 2024 November 05.
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receptors or whether for instance neuroreceptor distribution is downregulated is unclear.
The available neurotransmitter receptor literature is small and inconsistent and derived
from adult samples. Dopamine metabolites in cerebrospinal fluid were found to be reduced
when ill but elevated after recovery from anorexia nervosa, suggesting dynamic changes
with weight recovery.#8 Positron emission tomography studies showed normal dopamine
D2 receptor distribution when ill, but elevated receptor binding potential after long-term
recovery, also supporting adaptations to food intake.49-50 Whether those results reflect the
changes in the pathophysiology described in this study is unclear and indicate the need

for novel and innovative research that can identify dopamine and other neurotransmitter
function in vivo in anorexia nervosa.

Sweetness perception in adolescents and young adults with anorexia nervosa decreased with
nutritional rehabilitation, while pleasantness was similar across time points. There is an
indication that taste sensitivity in anorexia nervosa is altered, although the literature is not
consistent and the available studies have largely been done in adults.>! Some studies found
negative associations between sweet taste sensitivity and food intake.52 We hypothesize

that increased food exposure and intake desensitized sweet taste perception in the anorexia
nervosa group during treatment, and lower sweet taste sensitivity might contribute to
reduced prediction error salience signal at scan two. Whether altering taste sensitivity in
anorexia nervosa during the ill state has any therapeutic benefits remains to be studied.

Our hypothesis for change in brain activation was based on biological changes with changes
in food intake and focused on BMI and taste perception changes. However, psychological
changes as drivers of change in brain prediction error response cannot be excluded. Drive
for thinness significantly improved during treatment in the individuals with AN; however, an
exploratory analysis did not show any significant effects for drive for thinness moderating
changes in brain response.

Although the sample size was relatively large compared to other neurobiological repeated
functional imaging research in adolescents and young adults with anorexia nervosa, it was
still modest, and participants had various comorbidities. Those factors likely contributed
to the lack of significant multivariate group by regional brain response by scan time

point differences, as well as lack of correlations between brain response and behavior
variables. The scan one effect sizes for group contrasts were large and the right nucleus
accumbens group difference at scan two was in the moderate to large effect size range.
The ROIs were selected a priori and independent of any prior analysis. They were selected
for involvement in reward and salience processing. To avoid selection bias, we did not
solely focus on regions that were significant between groups at scan one in the larger
sample. An exploratory analysis of only the caudate head and nucleus accumbens regions
was significant for group main effect and group by scan interaction. The significant group
effect for the sixteen-region comparison suggests that there are regional differences between
the two groups; however, the lack of significance for the group by scan interaction was
likely due to the orbitofrontal and insular regions not showing group differences at either
time point. Despite non-significance of the group by scan interaction, the large effect
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size of this interaction suggests that future research may identify more regionally specific
treatment effects between the groups that we may not have detected here. The elevated right
nucleus accumbens response after weight restoration could indicate long lasting biological
vulnerabilities. Behavioral data could not predict BMI change or regional brain response and
the effects of those variables remain unclear. While the effects from comorbid conditions
cannot be excluded, the analyses did not indicate significant effects from such conditions

or age. The ROI-based approach of this study was decidedly narrow to be in line with

our previous studies. A whole brain analysis may have provided different results and

will be explored in future studies. Participants were evenly distributed across scanners
(Supplemental Table 2.), but while significant scanner effects were detected in the healthy
control group, such effects in anorexia nervosa could not be excluded, and scanner was
included in all image analyses for healthy controls and the anorexia nervosa participants.
The study sample included about 20% of individuals between the ages of 18 and 21 years.
This resulted from NIH’s previous definition of that age group as children. Age was not
significantly related to brain response and brain development continues to age 21. Thus,

we do not have an indication that including those individuals biased or confounded the
results. Race or ethnicity was not significantly different across groups, but most participants
were White and whether results can be generalized to other populations needs further study.
The moderator analysis indicated significant independent negative interaction effects from
changes in BMI and sweet taste perception on change in brain response from scan one

to scan two. Treatment for anorexia nervosa is geared toward BMI increase via increased
food variety and intake, as well as energy expenditure restriction. We, therefore, believe

it is likely those factors contributed to the moderating effects, but specific individual or
patient-specific factors cannot be determined from the study. Future studies may therefore
identify other factors as moderators of prediction error change during treatment.

In summary, in this study, we find the first direct evidence that in anorexia nervosa
changes in prediction error salience response during specialized eating disorder treatment
are moderated by an increase in BMI and a decrease in sweetness perception. The study
highlights the need to normalize food intake to normalize brain function and this is
consistent with basic research. The independent moderator effects of BMI and sweet taste
perception are intriguing, raising the question of whether lower sweet taste sensitivity and
maybe flavor intensity, in general, could aid in normalizing food intake in anorexia nervosa.
The study also indicates that normalization of brain response is a protracted process that
may not be completed after high-intensity treatment. The relapse rate in anorexia nervosa
is highest within the first twelve months after treatment and we hypothesize that extended
altered brain reward circuit function could have a significant role.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Public Significance Statement

Anorexia nervosa is a severe psychiatric illness. Biological factors that integrate
neurobiology and behavior could become important targets to improve treatment
outcome. This study highlights the importance of weight normalization and taste
perception on the normalization of brain function, and food type or taste specific
interventions could help in the recovery process. Furthermore, the study suggests that
food and non-food related reward processing adapts to illness state in anorexia nervosa.
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Figure 1.
Bar graphs for the group by condition analysis of prediction error brain response across

groups for caudate head and nucleus accumbens (rank transformed data).
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BMI increase and sweetness perception decrease are independent moderators of change in

brain response from scan one to two.
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