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Diminished motivation to pursue and obtain primary and secondary rewards has been
demonstrated in anorexia nervosa (AN). However, the neurobehavioral mechanisms
underlying the behavioral activation component of aberrant reward motivation remains
incompletely understood. This work aims to explore this underexplored facet of reward
motivation in AN. We recruited female adolescents with AN, restricting type (n = 32)
and a healthy control group (n = 28). All participants underwent functional magnetic
resonance imaging (fMRI) while performing a monetary reward task. Diffusion MRI data
was also collected to examine the reward motivation circuit’s structural connectivity.
Behavioral results demonstrated slower speed of reward-seeking behavior in those
with AN compared with controls. Accompanying this was lower functional connectivity
and reduced white matter structural integrity of the connection between the ventral
tegmental area/substantia nigra pars compacta and the nucleus accumbens within the
mesolimbic circuit. Further, there was evidence of neurobehavioral decoupling in AN
between reward-seeking behavior and mesolimbic regional activation and functional
connectivity. Aberrant activity of the bed nucleus of the stria terminalis (BNST) and
its connectivity with the mesolimbic system was also evident in AN during the reward
motivation period. Our findings suggest functional and structural dysconnectivity within
a mesolimbic reward circuit, neurofunctional decoupling from reward-seeking behavior,
and abnormal BNST function and circuit interaction with the mesolimbic system. These
results show behavioral indicators of aberrant reward motivation in AN, particularly in
its activational component. This is mediated neuronally by mesolimbic reward circuit
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functional and structural dysconnectivity as well as neurobehavioral decoupling. Based
on these findings, we suggest a novel circuit-based mechanism of impaired reward
processing in AN, with the potential for translation to developing more targeted and
effective treatments in this difficult-to-treat psychiatric condition.

Keywords: anorexia nervosa, fMRI, DTI, reward motivation, mesolimbic circuit, ventral tegmental area, nucleus
accumbens, bed nucleus of the stria terminalis

INTRODUCTION

Anorexia nervosa (AN) has one of the highest mortality
rates among all mental illnesses (1). Classified as an eating
disorder, AN is characterized by self-imposed starvation, physical
emaciation, an intense fear of weight gain, and a profound
disturbance in the way one’s shape and weight is experienced (2).

One of the putative disease mechanisms in AN is impairment
in reward processing. Disturbances in the experience of reward
are evident not only for rewards related to food and eating but
extend to other types of reward such as sex and social rewards
(3-5). Even premorbidly, diminished novelty seeking has been
observed (6), raising the possibility of phenotypic reward-related
abnormalities as potential contributors to the development of
the disorder. In affected individual with AN, aberrant processing
of rewards could manifest as the appearance of an anhedonic
state (7-9).

Multiple behavioral and neuroimaging studies in AN using
food and non-food reward stimuli have reported impaired
reward-related behavior as well as abnormal neural structure
and function in reward circuits in the brains of patients with
AN (10-18). Based on these findings, a “reward model” of AN
(19-22) has been proposed as a compelling framework to study
and understand the neurobehavioral mechanisms of symptom
genesis in AN.

Reward motivation, or “wanting” of a rewarding stimuli/state
before obtaining it, is mainly mediated by the mesolimbic system
consisting of dopaminergic projections that connect ventral
tegmental area\substantia nigra pars compacta (VTA/SNc)
regions in the midbrain to the ventral striatum, including
nucleus accumbens (NAcc). Reward motivation (or wanting)
by itself has been conceptualized to have two components:
directional and activational (or “energetic”) (23). The directional
aspect deals with valuation and assigning salience to external
stimuli for directing behaviors toward, or away from, rewarding
or non-rewarding stimuli (24, 25). The activational aspect of
motivation is defined by the degree of behavioral activation
that an agent exerts to obtain the rewarding stimuli; this can
manifest as the speed, vigor, and/or persistence of reward-seeking
behaviors’ instigation and maintenance (23). Using food- or AN-
related stimuli such as those related to weight loss or thinness,
several studies examined aberrant salience attribution (related
to the directional aspect of reward motivation or wanting) in
AN patients (22, 26, 27). However, interrogation of reward
motivation in AN from the activational perspective is sparse.
Focusing on this unexplored area is particularly important
from a clinical perspective. AN patients’ capacity to initiate

and sustain approach behaviors is critical not only related to
food—with relevance for both recovery from the starvation
state and maintenance of healthy eating and weight—but also
related to pursuing social, monetary, and other rewards that are
instrumental to healthy functioning and quality of life.

This work aims to study behavioral and neurobiological
mechanisms of reward motivation in AN with a specific focus
on the activational elements. To achieve this, we employed a
multimodal combination of task-based fMRI and functional and
structural connectivity analysis techniques. Our study population
consisted of adolescents with AN, restricting type. Adolescents
with AN are relatively early in their course of illness and
thereby less influenced by chronic ancillary effects of the illness
itself, and because of the relevance for future studies that
could potentially impact early intervention. The control group
consisted of adolescents with mild anxiety symptoms, in order
to reduce the confounding effect of this prominent comorbid
symptom (in addition to facilitating dimensional explorations
of anxiety-related effects across participants, for other planned
analyses). Participants engaged in a reward processing fMRI task,
from which we measured the speed of reward-seeking behavior
as an indicator of the activational facet of reward motivation. We
focused on the mesolimbic circuit in our multimodal imaging
analyses based on its consistently demonstrated role in reward
motivation processes (25, 28, 29).

Our main hypotheses were that adolescents with AN,
compared with control adolescents, would exhibit (i) slower
speeds of reward-seeking behavior; (ii) lower regional
activity of the mesolimbic system (VTA/SNc and NAcc)
during the reward motivation period; (iii) lower VTA/SNc-
NAcc functional and structural connectivity; and lastly,
(iv) neurobehavioral decoupling between the behavioral
measure (the speed of reward-seeking behavior) and
mesolimbic activity and circuit connectivity during the reward
motivation period.

To further understand the neurobehavioral mechanisms of
reward motivation in AN, we explored the functional and
network dynamics of the bed nucleus of the stria terminalis
(BNST) during the reward motivation period. The BNST
plays important roles in reward and stress processing and has
been implicated in the translational and clinical neuroscience
of psychiatric conditions, particularly anxiety disorders and
addiction (30, 31). The BNST has functional as well as direct
structural connectivity with the NAcc in animals and humans
(31-33). Animal studies have demonstrated corticotropin-
releasing hormone CRH projections from the BNST to NAcc,
which is a putative means by which the BNST may contribute
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to modulating the NAcc for reward-related motivation and
behaviors (34).

MATERIALS AND METHODS

Participants and Clinical Assessments

The UCLA Institutional Review Board approved the study
protocol and all methods were performed in accordance with
the UCLA Institutional Review Board guidelines and regulations.
Informed consents were obtained from parents and/or legal
guardians. Recruitment for adolescent participants with AN
and control participants was undertaken via local specialized
treatment centers, online and community-based advertisements,
and campus flyers. AN participants met DSM-5 criteria for
AN, restricting type, and had to have recently completed an
inpatient, residential or partial hospitalization program (As
such, AN participants were partially or fully weight-restored).
Controls were included if they scored >0.5 STD higher than
population norms on the anxiety subscale of the DASS-21, but
otherwise not meet criteria for any current DSM-5 disorder.
Inclusion criteria for AN were: (1) Ages 10-19; (2) Met DSM-
5 criteria for Anorexia Nervosa, Restricting Type, within the
previous 6 months; (3) Completed treatment as usual in an
inpatient, residential, or partial hospitalization program (2-5
times/week) consisting of psychotherapy and dietary monitoring,
within the previous 3 weeks; (4) Participants were either
unmedicated or could be taking a serotonin reuptake inhibitor
medication at a stable dose for at least 8 weeks at the time of
enrollment. They could not be taking any other psychotropic
medication aside from a short half-life sedative/hypnotic for
insomnia or a short half-life benzodiazepine as needed for
anxiety but not exceeding a frequency of 3 doses in 1 week
and not taken on the days of the scans. Exclusion criteria
for adolescent participants with AN included lifetime Axis I
bipolar disorder, lifetime psychotic disorders, lifetime attention-
deficit hyperactivity disorder, or current post-traumatic stress
disorder. Inclusion criteria for control participants were: (1)
females ages 10-19; (2) score at least 0.5 standard deviations
higher than population norms on the anxiety portion of the
Depression Anxiety Stress Scale (DASS-21) (in order to better
dimensionalize relationships between anxiety and brain structure
and function across AN and controls). Exclusion criteria for
control participants were: (1) any DSM-5 diagnosis [assessed
with the MINI KID 7.0.2 (35)]; (2) taking any psychiatric
medication. Exclusion criteria for all participants were: (1)
current substance abuse or dependence, including nicotine; (2)
pathological gambling, as assessed with the South Oaks Gambling
Screen; (3) current medical and neurological disorder (i.e.,
diabetics, hypertension, seizure disorder, migraine headaches,
etc.) that requires treatment at the time of the experiment;
(4) pregnancy; (5) current major medical disorders that could
affect cerebral metabolisms such as diabetes or thyroid disorders;
(6) current risk of suicide with a plan and intent; (7) a
Children’s Depression Rating Scale Revised (CDRS-R) (36)
score >75 (extremely ill) or major depressive disorder with
psychotic features; (8) ferromagnetic metal implants or devices
(electronic implants or devices, infusion pumps, aneurysm clips,

metal fragments or foreign bodies, metal prostheses, joints,
rods or plates); (9) adjusted BMI > 25 (overweight); (10)
visual acuity worse than 20/35 for each eye as determined by
Snellen close vision chart (acuity could be met with corrective
lenses). Adolescent participants with AN were recruited from the
inpatient eating disorder unit at UCLA and from local treatment
centers; they were enrolled at the end of their treatment in these
settings when they met each treatment center’s individual criteria
for transitioning to a lower level of care. As such, they were either
partially or fully weight-restored.

Clinical evaluations of all participants were performed by
licensed psychiatrists or psychologists with clinical experience
with this population. Primary or comorbid diagnoses were
screened with the Mini-International Neuropsychiatric Interview
(MINI KID 7.0.2). Children’s Depression Rating Scale™,
Revised (CDRS™-R) and depression anxiety stress scales
(DASS-21) (37) depression subscale were administrated to
measure depression severity in our participants. The Behavioral
Inhibition System/Behavioral Activation System (BIS/BAS) (38)
was administered, with a focus on the BAS drive scale to assess
the strength of motivation each participant had to follow her
life’s goals. The Hamilton Anxiety Rating Scale (HAMA) (39) was
used to measure anxiety that participants had been experiencing
in the past week before participating in the study. Furthermore,
we asked all participants to rate their level of anxiety right after
scanning on a Likert scale (0-10). Eating Disorder Examination
(EDE) (40) and Yale-Brown-Cornell Eating Disorder Scale
(YBC-EDS) (41) were administered to measure the severity of
AN symptoms.

Task Design

The design of the task run included sequential sets of stimuli,
prompts for responses, and feedback (Figure 1A). Although this
task was originally designed to explore reward receipt, we had
an idea that some aspect of the task, specifically the reaction
time interval (labeled also as reward motivation period), can
be utilized to objectively measure the activational aspect of the
reward motivation. It should be noted that no information was
obtained regarding how much the participants are subjectively
motivated to perform the task and obtain the reward. Before
the scans, participants were told that they were going to play a
game in which they can earn $10 for correct responses. At the
beginning of each block, a color fractal image was presented.
Participants were instructed to push the right or left button
to guess if it belongs in (arbitrarily) “group 17 or “group 2.”
After selection, there was a short interval before participants
received feedback about guessing correctly or incorrectly and
thereby receiving or not receiving the reward (reward expectation
period during which participants were presented with neutral
words prior to receiving feedback, used for a different part of the
experiment.) The chance of receiving a reward in each block was
random—>50%; therefore, the task did not invoke any implicit or
explicit learning.

Each run consisted of 60 interspersed trials optimized for
detection of trial-related reward activity (42). Six unique fractal
images were used. Each fractal was displayed for 2,000 ms,
followed by an inter-stimulus interval randomly jittered between
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FIGURE 1 | (A) Schematic overview of task design: it includes sequential blocks with interval breaks between them. In the beginning of each block, presentation of a
fractal image indicates the possibility of obtaining reward after pushing the right or left button. (B) Main nodes of mesolimbic circuit mediating motivational behaviors in
human: ventral tegmental area\substantia nigra pars compacta (VTA\SNc, in blue) and nucleus accumbens (NAcc, in green).

1,250 and 2,500 ms. Optimized jittering was calculated with
optseq2 (43) (https://surfer.nmr.mgh.harvard.edu/optseq). This
was followed by the neutral word for 2,000 ms and then a 200 ms
fixed inter-stimulus interval before the reward or non-reward
feedback, which was displayed for 1,250 ms. Another inter-
stimulus interval randomly jittered between 1,250 and 2,500 ms
appeared prior to the next fractal. Each trial lasted an average of
6.43 s. Total run length was 498 s.

Structural, Functional, and Diffusion MRI

Data Acquisition

We acquired whole-brain blood oxygenation level dependent
(BOLD) fMRI and structural MRI data with a Siemens PRISMA
scanner using a 64-channel coil and collected functional echo-
planar images (EPI) using: repetition time (RT) 1.0s; echo time
(TE) 33 ms; flip angle, 80°; voxel dimensions, 2 x 2 X 2mm;
multiband acceleration factor, 5; field-of-view 208 mm; 487
measurements; 60 slices. We obtained an MPRAGE T1-weighted
image to provide detailed brain anatomy with: TR 2.3s, TE
2.99 ms, and voxel dimensions 0.08 x 0.08 x 0.08 mm. Diffusion-
weighted MRI data were acquired using single-shot spin-
echo echo-planar imaging (EPI) (field of view=240 mm; voxel
size=1.5 x 1.5 x 1.5, with 0.75mm gap; TR/TE = 3,222/89 ms
and flip angle 89°. We collected 92 slices contiguous axial
slices aligned to the AC-PC line along 99 gradient-sensitizing
directions with b = 3,000 s/mm?, b = 1,500 s/mm?, and seven
minimally diffusion-weighted scans. We collect this sequence

both in the anterior-to-posterior phase encoding direction (AP)
and the posterior-to-anterior (PA) direction.

Region-of-Interest Selection

Our main rationale for focusing on the mesolimbic ROIs
is based on extensive and converging animal and human
systems neuroscience research showing a fundamental role of
the dopaminergic mesolimbic circuit in reward motivation.
Mesolimbic ROIs (VTA/SNc¢ and NAcc, Figure 1B) were
extracted from Pauli et al., high-resolution probabilistic in vivo
atlas of human subcortical brain regions (44). Furthermore, we
explore the anxiety/stress-related regions (amygdala, anterior
cingulate cortex, insula, medial prefrontal cortex, and BNST)
for two main reasons: the well-known presence of anxiety/stress
dysfunction in AN as well as the direct structural and functional
connectivity of those regions with the mesolimbic circuit. We
used the Blackford group’s BNST segmentation for the BNST
ROIs (45) and the Harvard Oxford probabilistic atlas (46) was
used for the other ROIs.

Task-Based FMRI Data Preprocessing and

Analysis

Preprocessing of the data was conducted using the FMRIB
Software Library (FSL version 6.00). Functional images were
realigned to correct for motion-related artifacts using MCFLIRT,
filtered with a 90s high pass filter, spatially smoothed with a
5mm FWHM Gaussian kernel and resampled to 2mm cubic
isotropic resolution. Both functional and structural images were
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skull-stripped using BET and co-registered to the MNI space (i.e.,
MNI152_T1_2mm_brain). Regressors of interest were created
by convolving a delta function, representing the motivation
period with a canonical (double gamma) hemodynamic response
function (HRF). Regressors of no interest included feedback,
words, instructions, skipped trials as well as six motion
parameters (rotation and translation). Eigenvalues of the
BOLD signal were then extracted from the ROIs (above) for
further analyses.

Psychophysiological Interaction (PPI)

Connectivity Analysis

We queried whether task-dependent connectivity from the
VTA/SNc and from the BNST to the NAcc differed between
groups using PPI analyses (47). Mean time courses of the right
and left VTA/SNc and the right and left BNST, representing the
physiological seeds, were obtained for each participant. These
time courses were deconvolved with custom tools [see (48)]
regarding the modeling of generalized PPI analysis (48). Four
interaction regressions were then produced as the scalar product
of these time courses and the time course of the motivation period
in the task: the period between the appearance of each fractal
image and when the participant made the button-push selection
for that image. These were then fit to activation in the bilateral
NAcc in a general linear model using the FSL tool FEAT. Age,
Pubertal Development Scale (PDS) scores, and subjective anxiety
levels after scan were used as covariates for all group comparison
analyses. The significance threshold was set at Z > 2.3 and P
< 0.05, corrected (FLAME 1). We first performed ROI-to-ROI
PPI connectivity analyses using voxels averaged in the ROIs. As a
post hoc analysis, we then tested the averaged-voxel (VTA\SNc or
BNST) ROI to the NAcc mask ROI, voxelwise, to explore specific
localized connectivity patterns within the NAcc that may not have
emerged when all the voxels were averaged across the ROL.

DTI Data Preprocessing and Tractography
Analysis

Diffusion-weighted and T1 images were processed with FMRIB’s
Software Library (FSL v6.0 www.fmrib.ox.ac.uk/fsl/). For the
diffusion data acquisition, reversed phase-encoding directions
(AP and PA) resulted in pairs of images with distortions
in opposite directions. Prior to tractography, the data were
corrected for susceptibility, current-induced distortions, and
movement using the FSL topup (49) and eddy (50) tools,
respectively. Subsequently, a multi-fiber diffusion model was
implemented in FDT, FMRIB’s Diffusion Toolbox (51). This
model uses Bayesian techniques to estimate a probability
distribution function for the principal fiber direction at each
voxel, accounting for the possibility of crossing fibers. Two
fiber directions were modeled per voxel, using a multiplicative
factor of 1 for the prior on the additional modeled fibers and
1,000 iterations before sampling. Diffusion and T1 data were
skull stripped using the brain extraction tool (52). Finally, T1
image was segmented (53) to create a cerebrospinal fluid (CSF)
mask used later to restrict tractography results to brain voxels
only, and linearly registered to diffusion space. Initially the

BNST, VTA/SNc and NAcc masks were transformed into each
individual’s T1 and diffusion imaging space using FLIRT-FNIRT
linear and non-linear transformations (54). Then using the FSL
probtrackx2 (55) the probabilistic tractography was performed
using the BNST and VTA/SNc as seed regions and NAcc area
as the target region. Five thousand streamlines were generated
from each voxel in the seed area. A curvature threshold of 0.2
was used (~80 degrees) for stopping streamline trajectories. The
default 0.5 mm voxel step length, 5,000 samples, and 2,000 steps
were used (-steplength 0.5 -P 5000 -S 2000). Fibers with a volume
of fraction lower than 0.01 were discarded during tractography
using the default value for the subsidiary fiber volume threshold
(~fibthresh = 0.01). To avoid artifactual loops, streamlines that
loop back on themselves were discarded (-1). Using the —opd
and -os2t flags 3D image files were created that contained the
number of streamlines that reached each target voxel and seed
segmentation maps to each target were derived where the value
of each voxel corresponded to the number of streamlines seeded
from that voxel reaching the target mask. Each target mask was
defined as a waypoint mask in order to discard tracts that do not
pass through the target, a termination mask in order to terminate
the pathways as soon as they enter the termination mask, and
a classification mask in order to quantify connectivity values
between the seed and target mask. Finally, for each participant the
total number of tracts (streamlines) that were not rejected by the
inclusion/exclusion target mask criteria was retrieved. Number
of streamlines that reached the target was determined. Then the
tensors were determined using DTIFIT producing the FA maps.
For each participant, using fslsmaths and fslstats, the average FA
values were calculated for each tract.

Statistical Analyses

The PPI statistical analyses were performed in FSL. Other
statistical analyses were performed with SPSS (IBM SPSS
Statistics for Windows, Version 24.0. Armonk, NY). ANCOVA
was applied for group comparison analyses while controlling
for age and PDS score and subjective anxiety levels after the
scan. Pearson partial correlations were used to analyze the
relationships between imagining variables and reaction time or
BAS drive score while controlling for age and PDS scores and
anxiety levels after the scan. To assess the interactional role
of the BNST in mesolimbic reward motivation neurobehavioral
dynamics, we set up an analysis in which the moderation
role of the right BNST-to-NAcc connectivity was tested within
a simulated (causal) interaction between the right VTA\SNc-
NAcc as an independent variable (X) and reaction time as
the dependent variable (Y) separately across control and AN
group. Moderation analyses were performed by using Hayes’s
method of ordinary least squares regression-based path analysis,
implemented in PROCESS macro (run in SPSS), which also
includes bootstrap-based confidence interval calculations (56).

RESULTS

Demographics and Clinical Characteristics
Demographic and clinical information for the AN (n = 32)
and control (n = 28) groups are summarized in Table 1. All
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TABLE 1 | Demographic and clinical characteristics of patients with AN and
control subjects.

Adolescent AN Adolescent HC P

AGE 148+1.7 16.4+19 0.004
Pubertal Development Score 149+ 39 17.7+£1.5 0.001
Proportion on medication 22 out of 32 - -
BMI percentile 26.0 +17.2 66.4 +21.0 <0.0001
Raw BMI 18.2 +£1.39 22.3+1.40 <0.0001
Duration of illness (months) 19.8 +£ 19.08 - -
YBC-EDS 24.1+£10.9 1.6 £3.2 <0.0001
EDE score 3.1+1.68 0.5+ 0.66 <0.0001
HAMA 156.5 +10.82 13.8+£5.73 0.45
DASS depression subscale 18.3+10.6 9.3+6.7 <0.0001
cors™.R 40341698 2334501  <0.0001

AN, Anorexia; HC, healthy control; BMI, Body mass index; YBC-EDS, Yale-Brown-
Cornell Eating Disorder Scale; EDE, Eating Disorder Examination; HAMA, Hamilton Anxiety
Scale; DASS, depression anxiety stress scales; CDRS™™-R, Children’s Depression Rating
Scale™ ; Revised. The bold values indicate statistically significant P values (P < 0.05).

participants were female. There were statistically significant
age and Pubertal Development Score differences between
participants with AN and controls. As expected, participants with
AN had significantly lower BMI compared to controls (BMI
percentile: AN group = 26.0 £ 17.2, control group = 66.4 & 21.0,
t=7.93 P < 0.0001; raw BMI: AN group = 18.2 4 1.39, control
group = 22.3 & 1.40, t = 8.80, P < 0.0001) as well as significantly
higher eating disorder symptom severity determined by YBC-
EDS and EDE scores. There were no significant differences
between AN and control participants on anxiety symptoms as
measured by the Hamilton Anxiety Scale (HAMA). Yet, AN
scored higher than controls on depression symptom severity as
measured by the Child Depression Rating Scale (CDRS™-R)
(36) and the depression subscale of the Depression, Anxiety, and
Stress Scale (DASS-21) (57). Anxiety ratings after the scan were
significantly higher in the AN group compared to controls (HC
=3.1+1.49, AN =4442.02,P=0.013).

Mesolimbic Neurobehavioral Mechanisms
of Reward Motivation in Control

Participants

First, we tested if our task is capable to provide an objective
indicator of reward motivation in the participating subjects.
In control participants, regional blood oxygen level dependent
(BOLD) activity in the bilateral VTA\SNc (but not NAcc)
was significantly higher during the reward motivation period
compared to the baseline crosshair presentation before starting
the task. A significant, negative correlation was found between
VTA\SNc level of activity and reaction time (r = —0.54,
p = 0.005, partial correlation controlling for age, PDS
score, and anxiety level after the scan, Figure2B) during
the reward motivation period. Thus, those with greater
VTA/SNc activity were faster to push the button. ROI-to-ROI
psychophysiological interaction (PPI) functional connectivity
analysis showed significantly higher connectivity of the right

and left VTA\SNc-to-NAcc during the reward motivation period
compared to the baseline (p < 0.05, corrected). In the averaged-
voxel ROI-to-ROI voxelwise connectivity analysis, connectivity
of the right VTA\SNc ROI with the right NAcc (peak coordinates
of 8, 10, —12, Figure3A) was significantly and negatively
correlated with reaction time during the reward motivation
period. As a post hoc analysis, connectivity of the right VTA\SNc
to a (3 mm) spherical ROI centered on the NAcc peak coordinate
showed a trend level positive correlation with BAS drive scores
(r = 0.41, p = 0.053, partial correlation controlling for age
and PDS score). Based on these neuronal and neurobehavioral
findings in control participants, we suggest that the reaction time
interval labeled also as “reward motivation period” is associated
with the engagement of reward motivation mesolimbic system
and therefore give us relevant biomarkers that we can use to
objectively explore reward motivation in participants with AN.

Impaired Mesolimbic Neurobehavioral
Coupling in Adolescents With AN

First, we found that the reaction time was significantly longer
(slower) in participants with AN compared to controls (HC =
1.1 £ 0.1, AN =13 £ 0.1, F = 4.6, p = 0.04, 95% CI: 0.17 to
0.677, observed power = 0.54, ANCOVA controlling for age, PDS
score and anxiety level after scan, Figure 2A). No association
was found between reaction time and raw BMI value in the AN
group (r = 0.21, p = 0.32, partial correlation controlling for age,
PDS score, and anxiety level after the scan). In the AN group,
BOLD activity of the bilateral VTA\SNc and NAcc was higher
during the reward motivation period compared to baseline but
did not significantly differ from the control group (VTA\SNc:
HC = 37.2 £ 58.0, AN = 66.8 £ 89.9, F = 1.90, p = 0.17; 95%
CIL: —14.93 to 80.45, observed power = 0.27, NAcc: HC = —2.8
+72.21, AN =5.4 1+ 64.68,F = 0.80, p = 0.37; 95% CI: —24.99 to
65.17, observed power = 0.27, ANCOVA controlling for age, PDS
score and anxiety level after scan). Unlike controls, no significant
correlation was found between the activity level of VTA\SNc and
reaction time (r = —0.04, p = 0.41, partial correlation controlling
for age, PDS score, and anxiety level after the scan, Figure 2C).
The ROI-to-ROI connectivity PPI analysis of the right and left
VTA\SNc-to-NAcc was significantly higher during the reward
motivation period compared to the baseline in the AN group (p
< 0.05, corrected). Unlike the control group, the averaged-voxel
ROI (VTA\SNc)-to-ROI voxelwise (NAcc) PPI analysis did not
reveal any clusters in the right or left NAcc showing connectivity
with right or left VTA\SNc that significantly correlated with
reaction time during the reward motivation period. We found
that the connectivity of right VTA\SNc-to-sphere seed (centered
around 8, 10, —12 coordinates) during the reward motivation
period was significantly lower in the AN group compared to
controls (HC = 0.21 £ 0.42, AN = —0.002 £ 0.25, F = 5.021,
p = 0.03, 95% CI: —0.477 to —0.026, observed power = 0.59,
ANCOVA controlling for age, PDS score and anxiety level after
scan, Figure 3B) but showed no significant association with BMI
value (r = 0.15, p = 0.48, partial correlation controlling for
age, PDS score, and anxiety level after the scan. Unlike controls,
in the AN group no significant correlation was found between
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between VTA\SNc activity and RT duration (B) but not in AN group (C).

A B C
2.5 r=-0.425 r=-0.09
Healthy Controls P=0.017 Anorexia Group P=031
H : 25 2:5
204 > _ _ i § .
« . L 0, 2 ] r 2
g 1.5 R é é W
E . -!—* 'E PE ) gedbe J. F |
£ 104 T '% = W.
1% 1
© ! b5 © (X} .
g i i o é 0s @
0.5 .
o
100 50 0 50 100 150 200 100 50 0 50 100 150 200 250 300
00 - v\ VTA\SNc Activity VTA\S Nc Activity
3
© v
&

FIGURE 2 | Reaction time (RT) duration is significantly longer in AN participants compared with controls (A). In controls, there is a significant negative correlation
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FIGURE 3 | Connectivity of the right ventral tegmental area\substantia nigra pars compacta (VTA\SNc) seed (in blue) with a region in right nucleus accumbens (NAcc)
(peak coordinates: 8, 10, —12, in red) is significantly and negatively correlated with duration of reaction time (RT) in controls. No such association exists between the
right or left VTA\SNc seeds and any region in the right or left NAcc in the AN group (A). The connectivity of the right VTA\SNc with above-mentioned NAcc area is

significantly lower in AN participants compared to controls (B). The * symbol indicates statistically significant.

connectivity in the right VTA\SNc-to-sphere and reaction time ~ Abnormal Structural Integrity of the
(r = 0.12, p = 0.26, partial correlation controlling for age, PDS  Mesolimbic Circuit in Adolescents With AN

score, and anxiety level after scan) or BAS drive score (r =  The probabilistic tractography analyses (Figure 4A) showed that
—0.005, p = 0.49, partial correlation controlling for age and  the tracts connecting the right VTA\SNc and right NAcc ROIs
PDS score). had significantly lower average fractional anisotropy (FA) in AN
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group compared to controls (AN: 0.42 £ 0.052, HC: 0.46 £
0.051, F = 7.66, P = 0.008, 95% CI: —0.072 to —0.011, observed
power = 0.77, ANCOVA controlling for age and PDS score,
Bonferroni corrected threshold accounting for the right and left
hemisphere of P < 0.025; Figure 4B). Interestingly, we found a
significant and negative association between the right VTA\SNc-
NAcc FA and raw BMI value (r = —0.41, p = 0.04, partial
correlation controlling for age and PDS score). As a follow-up
exploratory analysis, we also measured the number of streamlines
connecting the right VTA\SNc VTA\SNc and right NAcc ROIs;
there were no significant differences between AN and controls
(AN = 671 £ 599.9, F = 0.1, p = 0.86, 95% CI. —420.2 to
355.83, observed power = 0.053, ANCOVA controlling for age
and PDS score).

Interaction Between the Bed Nucleus of
the Stria Terminalis and Mesolimbic
System During the Reward Motivation
Period in Adolescents With AN

As exploratory analyses, we examined activity in anxiety circuit
regions (amygdala, anterior cingulate cortex, insula, medial
prefrontal cortex, and BNST) during the reward motivation
period. We found that BOLD activity of the bilateral BNST
was significantly higher in the AN group compared to controls
during the reward motivation period (AN = 60.7 £+ 99.15,
HC = —22 £+ 102, F = 548, P = 0.02, 95% CI: 10.37 to
135.20, observed power = 0.63, ANCOVA controlling for age
and PDS score, Figure 5A). The averaged-voxel ROI (BNST)-to-
ROI voxelwise (NAcc) PPI connectivity analysis revealed that the
connectivity of the right BNST ROI to a cluster in the NAcc (peak
coordinates 10, 8, —12) was significantly lower in the AN group
compared to controls (Figure 5B). As a follow-up to understand
if this BNST-NAcc connectivity affects the neurobehavioral
coupling of the VTA\SNc-NAcc connectivity with reaction
time, we performed mediation/moderation analyses. We found
a significant moderation effect, whereby intermediate and
higher values of connectivity between the right BNST and
the NAcc ROI (3mm sphere centered around 10, 8, —12
coordinates) significantly moderated the interaction between
the right VTA\SNc-NAcc (the sphere ROI centered around
8, 10, —12 coordinates) connectivity and the reaction time
in control participants (intermediate values of VTA\SNc-NAcc
connectivity: X effect on Y= —0.51, p = 0.04, lower levels for
confidence interval (LLCI) = —1.01, upper levels for confidence
interval (ULCI) = —0.005; higher values of VTA\SNc-NAcc
connectivity: X effect on Y = —0.67, p = 0.01, LLCI = —1.18,
ULCI = —0.16, Figure 5C). A similar analysis with the AN
group, however, did not reveal any significant moderation result
for the right BNST-NAcc connectivity (Figure5D). Further,
there was a trend for lower FA in right BNST-NAcc in AN
compared to control participants (AN = 0.28 £ 0.040, HC =
0.32 £ 0.037, F = 3.08, p = 0.08, 95% CI: —0.46 to 0.003,
observed power = 0.40, ANCOVA controlling for age and
PDS score).

DISCUSSION

In this multimodal study, we examined neurobehavioral
mechanisms of reward motivation in adolescents with AN. First,
the results demonstrated that the task engaged the underlying
neurobehavioral dynamics of reward motivation in healthy
adolescents; activity of the VTA\SNc and its connectivity with
NAcc were both increased compared to baseline and showed
significant negative correlations with the behavioral measure
of the speed of reward seeking actions. That is, the higher
the VTA\SNc activity and the stronger the VTA\SNc-to-NAcc
functional connectivity, the faster participants performed the
choice selection task that could lead to reward receipt. We
also detected a moderation role for BNST-to-NAcc connectivity
in the neurobehavioral dynamics of reward motivation. In
adolescents with AN, while the regional activity of mesolimbic
regions (VTA\SNc and NAcc) did not significantly differ from
controls, the functional connectivity between those regions was
significantly reduced on the right. Further, in AN, unlike healthy
controls, the speed of reward seeking behavior showed no
significant correlation with VTA\SNc activity or VTA\SNc-to-
NAcc functional connectivity, which suggests a neurobehavioral
“decoupling” in patients with AN during reward motivation.
In line with these findings, in this same connection the DTI
analyses showed evidence of lower white matter integrity in the
mesolimbic tract that connect the right VTA\SNc to right Ncc.
The exploratory analyses showed higher activity of the BNST
but lower connectivity with the NAcc during reward motivation
in AN group compared to controls. Further, the BNST did not
moderate the underlying neurobehavioral dynamics of reward
motivation in AN.

Previous behavioral and neuroimaging studies of reward
processing in AN using food- and illness-specific stimuli have
shown that AN is associated with an aberrant incentive salience
attribution resulting in food (or even sex) rewards being assigned
as less implicitly and explicitly wanted (15, 18) or even aversive
(58) compared to illness-specific stimuli such as thinness or
exercise, which are perceived as more desired (59).

By focusing on the activational aspect of reward motivation,
which has been minimally examined in AN, the current study
fills an important gap in our understanding of reward processing
in AN. Based on our findings, we propose a mesolimbic circuit
mechanism that aberrantly impacts the activational aspect of
reward motivation in AN. Our results may also help explain the
poor general reward, fun, and novelty seeking in individuals with
AN. It is possible that the affected individuals might attribute
incentive salience normally to monetary reward (a non-food and
non-illness-specific stimuli) yet, due to impaired mesolimbic-
based neurobehavioral activation, demonstrate abnormalities in
the capacity to vigorously approach rewarding stimuli.

Our findings may have relevance in relationship to the
proposed “dopamine model” of AN (60). Kaye et al., showed
that the concentration of dopamine metabolite homovanillic acid
(HVA) in cerebrospinal fluid (CSF) was significantly lower in a
group of weight-restored women with restricting-type AN (61).
An important question that can be raised is the etiology of low
dopamine concentration in the brain regions such as NAcc in the
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significant.

FIGURE 4 | The VTA\SNc (blue) and the NAcc (green) regions of interest, and the connecting white matter tracts (red) (A). Tracts connecting the right VTA\SNc and
right NAcc ROls showed significantly lower lower average fractional anisotropy (FA) in the AN compared to control group (B). The * symbol indicates statistically
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affected patients with AN. Reduction in the general production
and metabolism of dopamine due to the malnutrition state from
starvation in individuals with AN is one possibility. The findings
in the current study of functional and structural dysconnectivity
of a mesolimbic circuit involving the VTA and NAcc suggests
a complementary (or an alternative) mechanism; specifically,
in adolescents with AN, transmission of dopamine from its
midbrain VTA\SNc sources to the NAcc may be impaired due
to poor within-circuit connectivity. Because the AN participants
in this study were recently in a starvation state, this could
either represent a lingerign effect of starvation or malnutrition
that has not yet resolved since most participants were partially
weight-restored, or it could represent an underlying, pre-
existing abnormality.

A topic relevant to mesolimbic-based motivational aspects
of reward processing in adolescents with AN is the role of
mesolimbic dopaminergic function in reward-based learning,
particularly considering the developmental dynamics of reward
system maturation occurring during the adolescent critical
period (62). In an interesting study by DeGuzman et al,
reward prediction signaling in the right ventral caudate/nucleus
accumbens was found to be significantly higher in underweight
adolescents with AN compared to their healthy controls during
a monetary reward task, with subsequent normalization after
treatment (63). In another study by the same group, female
adolescents and young adults with AN performed a sucrose taste
classical conditioning task. The reward prediction error signal,

described as dopamine-based, was significantly heightened in the
caudate head, nucleus accumbens, and insula (64). Furthermore,
effective connectivity between the ventral striatum, including the
nucleus accumbens, and the hypothalamus was abnormal in AN
participants compared to their control group (64). However, the
results in these studies are difficult to compare to the current
study, as the task in the current study neither includes learning
nor reward prediction error computations. Further, mesolimbic
circuit connectivity was not specifically performed in those
studies. Nevertheless, the current results regarding functional
and, especially, structural dysconnectivity of the VTA\SNc-
NAcc circuit, may contribute important insights into a potential
circuit-based mechanism of aberrant mesolimbic-based reward
prediction error computation in AN. One speculation, on the
behavioral level, is that slower reaction times in the AN group
could be a reflection of delaying or preventing a situation in
which there is heighted prediction error, reflecting elevated
salience responsiveness (63), which could occur if they do or
do not receive the reward. In other words, longer reaction time
in AN adolescents may be in attempt to control, and avoid, a
possible outcome in which they feel overstimulated.

In a similar and relevant study by Bischoff-Grethe et al.,
10 adolescents with restricting-type AN performed a monetary
guessing task (65). Interestingly, adolescents with AN showed
an exaggerated response to punishment (losses) compared to
reward in posterior executive and sensorimotor striatal regions,
supporting the notion of AN patients’ oversensitivity to criticism
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FIGURE 5 | Activity of the bilateral BNST was significantly higher in AN group compared to controls during the reward motivation period (A). Connectivity of the right
BNST ROI (in green) with a cluster in right nucleus accumbens (NAcc) (peak coordinates: 10, 8, —12, in red) is significantly lower in AN group compared to controls
(B). Moderation results illustrating the association between the right VTA\SNc-NAcc connectivity during reward motivation period as an independent variable (X) and
reaction time as the dependent variable (Y) among control (C) and AN (D) participants with relatively lower (blue), moderate (red) and higher (green) values of the right
BNST-NAcc connectivity during reward motivation period. Unlike healthy controls, in AN group there is no significant association between X > Y for any value of the
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and failure. Unlike the findings in our study, the behaviors
of participants with AN in terms of reaction time were not
significantly different than their control group. However, in that
study, the authors focused on brain responses within striatal
and cingulate regions after wins and losses, which differs from
the approach in the current study in which brain reaction was
measured before choice selection.

The findings of this work also need to be discussed in the
light of previously reported mesolimbic-based abnormal reward
processing in other psychiatric conditions. Very interestingly
and nicely Ffitting with our findings, functional alteration
abnormalities in the right ventral striatum, including the right
nucleus accumbens, was reported in an activation likelihood
estimate (ALE) meta-analysis of neuroimaging studies of reward
processing in schizophrenia (66) and autism spectrum disorder

(67). This suggests that (particularly) right-sided mesolimbic
dysfunction might be a possible shared underlying neural
mechanism of aberrant reward processing across different
psychiatric conditions.

The structural connectivity results in the current study further
add to the understanding of reward in AN. VTA\SNc-NAcc
tracts belong to the medial forebrain bundle that includes
ascending and descending fibers connecting VTA dopaminergic
neurons to prefrontal and orbitofrontal (OFC) regions by passing
through the NAcc. White matter studies in adolescents with
AN are limited and, to the best of our knowledge, no study
specifically has tested the VTA\SNc-NAcc connection or the
encompassing medial forebrain bundle. Yet, several studies
studies reported a reduction in white matter integrity (lower
FA) in the fornix, posterior frontal, and parietal areas (68); left
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superior longitudinal fasciculus (69); corpus callosum, posterior
thalamic radiation (70); and the corona radiata (69, 70). In two
studies, an increase in FA was reported in the anterior frontal,
orbitofrontal, and temporal lobes (68); and bilateral frontal,
parietal and temporal areas (71). A possible explanation for
the discrepancy between the current results and the studies
findings is that they did not specifically test the VTA\SNc-NAcc
connection as a tract of interest. Further, the timing of scanning
relative to the starvation state differed; while AN participants
in the current study were scanned shortly after acute inpatient
or other intensive treatment involving full or partial weight
restoration, in the previous studies the scanning was performed
at the time of inpatient admission (69, 71), during the course
of inpatient (68), or during outpatient (70) treatment. In a
longitudinal study, the integrity of white matter tracts, measured
by FA, in the reward circuit connecting the NAcc to the lateral
OFC was higher in adult patients with AN than healthy controls
both while in the starvation state and after weight restoration
(16). This was accompanied by higher OFC-to-NAcc inhibitory
effective connectivity, suggesting enhanced frontal “top-down”
inhibitory control over NAcc. The current study, examining a
different part of the reward circuit, showed an opposite direction
of abnormalities: decreases in both the white matter integrity and
functional connectivity during reward motivation in the VTA-
to-NAcc connection. In a separate study, we found evidence in
AN of increased structural connectivity (higher volume of white
matter fibers compared with controls) in a habitual decision-
making circuit consisting of tracts connecting the posterolateral
putamen to the premotor/supplementary area (72). Further,
there was a significant positive correlation between volume of
white matter fibers and the severity of eating disorder-related
ritualistic behaviors in the weight-restored AN cohort. A possible
mechanism that could explain the findings in the current study
as well as the Cha et al. (16) study is that bidirectional dynamics
associated with functional utilization of a circuit result in plastic
changes in the underlying structural circuit in AN. That is, more
(or less) functional utilization of a circuit over time results in
higher (or lower) integrity of the involved white matter tracts
(73). Based on this notion, we propose a model in which the
functional underutilization of the portion of the mesolimbic
circuit involved in reward motivation, in regard to consumption
of primary food rewards, could result in plastic changes (reduced
integrity of fibers) in the underlying white matter tracts. In turn,
this could impair the functional capability of the same circuit
to be effectively engaged in motivational behaviors toward not
only food- and AN-specific stimuli but generalized to other types
of reward (e.g., monetary, social, or novel stimuli) in a vicious,
circular fashion. Further, the observation that BMI relationships
with FA in these tracts are in the oppositive direction provides
support for our model that the effect of underutilization of the
mesolimbic circuit on white matter tract integrity, rather than
a residual metabolic impact of the previous starvation state or
the current BMI status, is more likely to account for reduced
structural connectivity of the VTA\SNc-NAcc VTA\SNc-NAcc
connection in adolescents with AN.

The current study’s exploratory analyses uncovered
heightened regional activity in the right BNST but decreased

right BNST-NAcc connectivity during reward motivation in
the AN group. Regarding the abnormally higher regional
activation of the bilateral BNST during the reward motivation
period, it is possible that this abnormal regional activity
could interfere with and adversely impact the BNST network
interaction with the NAcc, resulting in a reduction in the right
BNST-NAcc PPI connectivity. However, it is challenging to
discern the direction of causality—i.e., if an increase in BNST
regional activity causes a decrease in BNST-NAcc connectivity
or vice versa. The BNST-NAcc functional connectivity in
the AN group was not associated with the same modulatory
(moderation) function of the BNST in the behavioral reward
motivation response as was evident in the control group.
Further, the trend for lower FA in this tract in AN suggests a
possible reduced structural integrity in this connection. These
results suggest that abnormal neuronal activity of the BNST,
possibly stress-related, and/or aberrant functional connections
of the BNST with the mesolimbic system could be another
mechanism that pathologically affects motivation-related
behavioral actions in AN, in addition to the primary findings of
dysconnectivity within the mesolimbic circuit’s functional and
structural mechanisms.

Several methodological aspects of this study should be
considered. We enrolled adolescents with AN who had recently
finished a hospitalization or intensive treatment for the
acute phase of their illness, who were thus recently partially
or fully weight-restored. While avoiding the confounds of
acute starvation, the results cannot necessarily be generalized
to acute states of severe malnutrition. In addition, further
studies in recovered AN individuals would be useful to
help differentiate more fully what is a state-related effect vs.
either a trait characteristic or a “scar” of previously being
in a severe malnutrition state. The choice of a monetary
reward task helped us to determine the activational aspect
of reward motivation, which would have been difficult to
be accomplish if we had used food or other illness-specific
stimuli. Results using food or other illness-specific rewards
would be difficult to interpret given the confounding salience
attribution for those specific stimuli in AN. Although we
used speed (response time) as an indicator of the activational
component of motivational behavior, other features such as vigor
and persistence, measured as subjects’ applied effort to obtain
rewards, can be tested using different task such as the Effort-
Expenditure for Rewards Task (74). Finally, the cross-sectional
nature of the analysis precludes definitive causal inferences from
the moderation analyses.

In sum, this study provides empirical evidence of
impaired motivational activation in AN, linked to aberrant
neurobehavioral decoupling and functional dysconnectivity in
the mesolimbic circuit. These neuronal and neurobehavioral
abnormalities were accompanied by structural abnormalities
in the involved mesolimbic white matter tracts. Furthermore,
we uncovered evidence of regional activity and connectivity
dysfunction of the BNST in AN, which may represent an
additional mechanism that diminishes reward motivation in
AN. These findings can be used to refine a neurobiologically and
circuit-based model of impaired reward processing in AN, to

Frontiers in Psychiatry | www.frontiersin.org

11

March 2022 | Volume 13 | Article 806327


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Tadayonnejad et al.

Reward Motivation in Anorexia Nervosa

provide the necessary framework for the development of novel
and more effective brain-based treatments in AN.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this
article will be made available by the authors, without
undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by UCLA IRB. The patients/participants
provided their written informed consent to participate in
this study.

REFERENCES

1. Arcelus J, Mitchell AJ, Wales J, Nielsen S. Mortality rates in
patients  with  anorexia nervosa and other eating disorders.
A meta-analysis of 36 studies. Arch Gen Psychiatry. (2011)

68:724-31. doi: 10.1001/archgenpsychiatry.2011.74
2. American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders. 5th ed. Washington, DC: American Psychiatric Association (2013).
3. Tchanturia K, Davies H, Harrison A, Fox JR, Treasure J, Schmidt U. Altered
social hedonic processing in eating disorders. Int ] Eat Disord. (2012) 45:962—
9. doi: 10.1002/eat.22032
4. Harrison A, Mountford VA, Tchanturia K. Social anhedonia and work and
social functioning in the acute and recovered phases of eating disorders.
Psychiatry Res. (2014) 218:187-94. doi: 10.1016/j.psychres.2014.04.007
5. Sweitzer MM, Watson KK, Erwin SR, Winecoff AA, Datta N, Huettel S, et al.
Neurobiology of social reward valuation in adults with a history of anorexia
nervosa. PLoS ONE. (2018) 13:e0205085. doi: 10.1371/journal.pone.0205085
6. Harrison A, Treasure J, Smillie LD. Approach and avoidance
motivation in eating disorders. Psychiatry Res. (2011) 188:396—
401. doi: 10.1016/j.psychres.2011.04.022
7. Kaye W. Neurobiology of anorexia and bulimia nervosa. Physiol Behav. (2008)
94:121-35. doi: 10.1016/j.physbeh.2007.11.037
8. Keating C, Tilbrook AJ, Rossell SL, Enticott PG, Fitzgerald PB.
Reward processing in anorexia nervosa. Neuropsychologia. (2012)
50:567-75. doi: 10.1016/j.neuropsychologia.2012.01.036
9. Boehm I, Flohr L, Steding J, Holzapfel L, Seitz ], Roessner V, et al. The
trajectory of anhedonic and depressive symptoms in anorexia nervosa: a
longitudinal and cross-sectional approach. Eur Eat Disord Rev. (2018) 26:69-
74. doi: 10.1002/erv.2565
10. Wagner A, Aizenstein H, Venkatraman VK, Fudge ], May JC, Mazurkewicz L,
et al. Altered reward processing in women recovered from anorexia nervosa.
Am ] Psychiatry. (2007) 164:1842-9. doi: 10.1176/appi.ajp.2007.07040575
11. Fladung AK, Gron G, Grammer K, Herrnberger B, Schilly E, Grasteit S, et al.
A neural signature of anorexia nervosa in the ventral striatal reward system.
Am ] Psychiatry. (2010) 167:206-12. doi: 10.1176/appi.ajp.2009.09010071
12. Fladung AK, Schulze UM, Scholl F, Bauer K, Gron G. Role of the
ventral striatum in developing anorexia nervosa. Transl Psychiatry. (2013)
3:e315. doi: 10.1038/tp.2013.88
13. Titova OE, Hjorth OC, Schioth HB, Brooks SJ. Anorexia nervosa
is linked to reduced brain structure in reward and somatosensory
regions: a meta-analysis of VBM studies. BMC Psychiatry. (2013)
13:110. doi: 10.1186/1471-244X-13-110
14. Ehrlich S, Geisler D, Ritschel F, King JA, Seidel M, Boehm I, et al
Elevated cognitive control over reward processing in recovered female
patients with anorexia nervosa. ] Psychiatry Neurosci. (2015) 40:307-
15. doi: 10.1503/jpn.140249

AUTHOR CONTRIBUTIONS

RT, JO'D, and JF contributed to the conception and design
of the work. RT, D-AM, ET, RR, HW, TM, and WP
contributed to the data analysis. RT, NP, AB, SM, JO'D,
and JF contributed to the interpretation of the results.
RT wrote the main manuscript text. All authors reviewed
the manuscript.

FUNDING

This work was supported by National Institute of Mental Health
(JDF ROIMHO093535). RT research was supported by National
Institute of Mental Health (K23MH116117 and ROIMH121089)
and Brain & Behavior Research Foundation (NARSAD-27111).

15. Wierenga CE, Bischoff-Grethe A, Melrose AJ, Irvine Z, Torres
L, Bailer UE et al. Hunger does not motivate reward in
women remitted from anorexia nervosa. Biol Psychiatry. (2015)

77:642-52. doi: 10.1016/j.biopsych.2014.09.024

16. Cha J, Ide JS, Bowman FD, Simpson HB, Posner ], Steinglass JE. Abnormal
reward circuitry in anorexia nervosa: a longitudinal, multimodal MRI study.
Hum Brain Mapp. (2016) 37:3835-46. doi: 10.1002/hbm.23279

17. Haynos AF, Hall LMJ, Lavender JM, Peterson CB, Crow SJ, Klimes-Dougan
B, et al. Resting state functional connectivity of networks associated with
reward and habit in anorexia nervosa. Hum Brain Mapp. (2019) 40:652-
62. doi: 10.1002/hbm.24402

18. Jiang T, Soussignan R, Carrier E, Royet JP. Dysfunction of the mesolimbic
circuit to food odors in women with anorexia and bulimia nervosa: a fMRI
study. Front Hum Neurosci. (2019) 13:117. doi: 10.3389/fnhum.2019.00117

19. Keating C. Theoretical perspective on anorexia nervosa: the conflict of reward.
Neurosci Biobehav Rev. (2010) 34:73-9. doi: 10.1016/j.neubiorev.2009.07.004

20. Zink CE, Weinberger DR. Cracking the moody brain: the rewards of self
starvation. Nat Med. (2010) 16:1382-3. doi: 10.1038/nm1210-1382

21. Kaye WH, Wierenga CE, Bailer UF, Simmons AN, Bischoff-Grethe A. Nothing
tastes as good as skinny feels: the neurobiology of anorexia nervosa. Trends
Neurosci. (2013) 36:110-20. doi: 10.1016/j.tins.2013.01.003

22. O’hara CB, Campbell IC, Schmidt U. A reward-centred model of
anorexia nervosa: a focussed narrative review of the neurological and
psychophysiological literature. Neurosci Biobehav Rev. (2015) 52:131-
52. doi: 10.1016/j.neubiorev.2015.02.012

23. Salamone JD, Yohn SE, Lopez-Cruz L, San Miguel N, Correa M. Activational
and effort-related aspects of motivation: neural mechanisms and implications
for psychopathology. Brain. (2016) 139:1325-47. doi: 10.1093/brain/aww050

24. Kim SI. Neuroscientific model of motivational process. Front Psychol. (2013)
4:98. doi: 10.3389/fpsyg.2013.00098

25. Salamone JD, Pardo M, Yohn SE, Lopez-Cruz L, Sanmiguel N, Correa M.
Mesolimbic dopamine and the regulation of motivated behavior. Curr Top
Behav Neurosci. (2016) 27:231-57. doi: 10.1007/7854_2015_383

26. Jiang T, Soussignan R, Rigaud D, Schaal B. Pleasure for visual and olfactory
stimuli evoking energy-dense foods is decreased in anorexia nervosa.
Psychiatry Res. (2010) 180:42-7. doi: 10.1016/j.psychres.2010.04.041

27. Haynos AF, Lavender JM, Nelson J, Crow SJ, Peterson CB. Moving
towards specificity: a systematic review of cue features associated with
reward and punishment in anorexia nervosa. Clin Psychol Rev. (2020)
79:101872. doi: 10.1016/j.cpr.2020.101872

28. Bromberg-Martin ES, Matsumoto M, Hikosaka O. Dopamine in
motivational control: rewarding, aversive, and alerting. Neuron. (2010)
68:815-34. doi: 10.1016/j.neuron.2010.11.022

29. Salamone 1D, Correa M. The
functions of mesolimbic dopamine.
85. doi: 10.1016/j.neuron.2012.10.021

mysterious  motivational

Neuron.  (2012)  76:470-

Frontiers in Psychiatry | www.frontiersin.org

March 2022 | Volume 13 | Article 806327


https://doi.org/10.1001/archgenpsychiatry.2011.74
https://doi.org/10.1002/eat.22032
https://doi.org/10.1016/j.psychres.2014.04.007
https://doi.org/10.1371/journal.pone.0205085
https://doi.org/10.1016/j.psychres.2011.04.022
https://doi.org/10.1016/j.physbeh.2007.11.037
https://doi.org/10.1016/j.neuropsychologia.2012.01.036
https://doi.org/10.1002/erv.2565
https://doi.org/10.1176/appi.ajp.2007.07040575
https://doi.org/10.1176/appi.ajp.2009.09010071
https://doi.org/10.1038/tp.2013.88
https://doi.org/10.1186/1471-244X-13-110
https://doi.org/10.1503/jpn.140249
https://doi.org/10.1016/j.biopsych.2014.09.024
https://doi.org/10.1002/hbm.23279
https://doi.org/10.1002/hbm.24402
https://doi.org/10.3389/fnhum.2019.00117
https://doi.org/10.1016/j.neubiorev.2009.07.004
https://doi.org/10.1038/nm1210-1382
https://doi.org/10.1016/j.tins.2013.01.003
https://doi.org/10.1016/j.neubiorev.2015.02.012
https://doi.org/10.1093/brain/aww050
https://doi.org/10.3389/fpsyg.2013.00098
https://doi.org/10.1007/7854_2015_383
https://doi.org/10.1016/j.psychres.2010.04.041
https://doi.org/10.1016/j.cpr.2020.101872
https://doi.org/10.1016/j.neuron.2010.11.022
https://doi.org/10.1016/j.neuron.2012.10.021
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Tadayonnejad et al.

Reward Motivation in Anorexia Nervosa

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Avery SN, Clauss JA, Blackford JU. The human BNST: functional
role in anxiety and addiction. Neuropsychopharmacology. (2016) 41:126-
41. doi: 10.1038/npp.2015.185

Lebow MA, Chen A. Overshadowed by the amygdala: the bed nucleus of the
stria terminalis emerges as key to psychiatric disorders. Mol Psychiatry. (2016)
21:450-63. doi: 10.1038/mp.2016.1

Avery SN, Clauss JA, Winder DG, Woodward N, Heckers §,
Blackford JU. BNST neurocircuitry in humans. Neuroimage. (2014)
91:311-23. doi: 10.1016/j.neuroimage.2014.01.017

Kruger O, Shiozawa T, Kreifelts B, Scheffler K, Ethofer T. Three distinct fiber
pathways of the bed nucleus of the stria terminalis to the amygdala and
prefrontal cortex. Cortex. (2015) 66:60-8. doi: 10.1016/j.cortex.2015.02.007
Itoga CA, Chen Y, Fateri C, Echeverry PA, Lai JM, Delgado J, et al.
New viral-genetic mapping uncovers an enrichment of corticotropin-
releasing hormone-expressing neuronal inputs to the nucleus accumbens
from stress-related brain regions. J Comp Neurol. (2019) 527:2474-
87. doi: 10.1002/cne.24676

Sheehan DV, Sheehan KH, Shytle RD, Janavs J, Bannon Y, Rogers JE, et al.
Reliability and validity of the Mini International Neuropsychiatric Interview
for Children and Adolescents (MINI-KID). J Clin Psychiatry. (2010) 71:313-
26. doi: 10.4088/JCP.09m05305whi

Overholser JC, Brinkman DC, Lehnert KL, Ricciardi AM. children’s
depression rating scale—revised: development of a short form. J Clin Child
Psychol. (1995) 24:443-52. doi: 10.1207/s15374424jccp2404_8

Lovibond, S. H., and Lovibond, P. F. Manual for the Depression Anxiety Stress
Scales. 2nd ed. Sydney, NSW: Psychology Foundation (1995).

Carver CS, White TL. Behavioral inhibition, behavioral activation, and
affective responses to impending reward and punishment: the BIS/BAS scales.
] Pers Soc Psychol. (1994) 319-33. doi: 10.1037/0022-3514.67.2.319

Hamilton M. The assessment of anxiety states by rating. Br ] Med Psychol.
(1959) 32:50-5. doi: 10.1111/j.2044-8341.1959.tb00467.x

Carter JC, Stewart DA, Fairburn CG. Eating disorder examination
questionnaire: norms for young adolescent girls. Behav Res Ther. (2001)
39:625-32. doi: 10.1016/S0005-7967(00)00033-4

Jordan J, Joyce PR, Carter FA, Mcintosh VV, Luty SE, Mckenzie JM,
et al. The Yale-Brown-Cornell eating disorder scale in women with
anorexia nervosa: what is it measuring? Int | Eat Disord. (2009) 42:267-
74. doi: 10.1002/eat.20605

Wager TD, Nichols TE. Optimization of experimental design in fMRI: a
general framework using a genetic algorithm. Neuroimage. (2003) 18:293-
309. doi: 10.1016/S1053-8119(02)00046-0

Dale AM. Optimal experimental design for event-
related fMRI. Hum Brain Mapp. (1999) 8:109—
14.  doi: 10.1002/(SICI)1097-0193(1999)8:2/3<109::AID-HBM7>3.0.
CO2-W

Pauli WM, Nili AN, Tyszka JM. A high-resolution probabilistic
in vivo atlas of human subcortical brain nuclei. Sci Data. (2018)
5:180063. doi: 10.1038/sdata.2018.63

Theiss JD, Ridgewell C, Mchugo M, Heckers S, Blackford JU. Manual
segmentation of the human bed nucleus of the stria terminalis using 3T MRL
Neuroimage. (2017) 146:288-92. doi: 10.1016/j.neuroimage.2016.11.047
Mazziotta J, Toga A, Evans A, Fox P, Lancaster ], Zilles K, et al. A probabilistic
atlas and reference system for the human brain: International Consortium
for Brain Mapping (ICBM). Philos Trans R Soc Lond B Biol Sci. (2001)
356:1293-322. doi: 10.1098/rstb.2001.0915

Friston KJ, Buechel C, Fink GR, Morris J, Rolls E, Dolan RJ.
Psychophysiological and modulatory interactions in neuroimaging.
Neuroimage. (1997) 6:218-29. doi: 10.1006/nimg.1997.0291

Mclaren DG, Ries ML, Xu G, Johnson SC. A generalized form
of  context-dependent  psychophysiological  interactions  (gPPI):
a  comparison to standard approaches.  Neuroimage.  (2012)
61:1277-86. doi: 10.1016/j.neuroimage.2012.03.068

Andersson JL, Skare S, Ashburner J. How to correct susceptibility distortions
in spin-echo echo-planar images: application to diffusion tensor imaging.
Neuroimage. (2003) 20:870-88. doi: 10.1016/S1053-8119(03)00336-7
Andersson JLR, Sotiropoulos SN. An integrated approach to correction
for off-resonance effects and subject movement in diffusion MR imaging.
Neuroimage. (2016) 125:1063-78. doi: 10.1016/j.neuroimage.2015.10.019

51.

52.

53.

54.

55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Behrens TE, Woolrich MW, Jenkinson M, Johansen-Berg H, Nunes RG, Clare
S, et al. Characterization and propagation of uncertainty in diffusion-weighted
MR imaging. Magn Reson Med. (2003) 50:1077-88. doi: 10.1002/mrm.10609
Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. (2002)
17:143-55. doi: 10.1002/hbm.10062

Zhang K, Yang Y, Devanarayan V, Xie L, Deng Y, Donald S. A hidden Markov
model-based algorithm for identifying tumour subtype using array CGH data.
BMC Genomics. (2011) 12(Suppl. 5)S10. doi: 10.1186/1471-2164-12-S5-S10
Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
Neuroimage. (2002) 17:825-41. doi: 10.1006/nimg.2002.1132

Behrens TE, Berg HJ, Jbabdi S, Rushworth ME, Woolrich MW. Probabilistic
diffusion tractography with multiple fibre orientations: what can we gain?
Neuroimage. (2007) 34:144-55. doi: 10.1016/j.neuroimage.2006.09.018

Hayes A. Introduction to Mediation, Moderation, and Conditional Process
Analysis: A Regression-Based Approach. New York, NY: Guilford Press (2013).
Lovibond SH, Lovibond PF. Manual for the Depression Anxiety Stress Scales.
2nd ed. Sydney, NSW: Psychology Foundation (1995).

Uher R, Murphy T, Brammer M], Dalgleish T, Phillips ML,
Ng VW, et al. Medial prefrontal cortex activity associated with
symptom provocation in eating disorders. Am ] Psychiatry. (2004)
161:1238-46. doi: 10.1176/appi.ajp.161.7.1238

. O’hara CB, Keyes A, Renwick B, Giel KE, Campbell IC, Schmidt U. Evidence

that illness-compatible cues are rewarding in women recovered from anorexia
nervosa: a study of the effects of dopamine depletion on eye-blink startle
responses. PLoS ONE. (2016) 11:e0165104. doi: 10.1371/journal.pone.0165104
Kontis D, Theochari E. Dopamine in anorexia nervosa: a systematic review.
Behav Pharmacol. (2012) 23:496-515. doi: 10.1097/FBP.0b013e328357¢115
Kaye WH, Frank GK, Mcconaha C. Altered dopamine activity after recovery
from restricting-type anorexia nervosa. Neuropsychopharmacology. (1999)
21:503-6. doi: 10.1016/50893-133X(99)00053-6

Galvan A. Adolescent development of the reward system. Front Hum
Neurosci. (2010) 4:6. doi: 10.3389/neuro.09.006.2010

Deguzman M, Shott ME, Yang TT, Riederer ], Frank GKW.
Association of elevated reward prediction error response with
weight gain in adolescent anorexia nervosa. Am ] Psychiatry. (2017)
174:557-65. doi: 10.1176/appi.ajp.2016.16060671

Frank GKW, Deguzman MC, Shott ME, Laudenslager ML, Rossi B, Pryor T.
Association of brain reward learning response with harm avoidance, weight
gain, and hypothalamic effective connectivity in adolescent anorexia nervosa.
JAMA Psychiatry. (2018) 75:1071-80. doi: 10.1001/jamapsychiatry.2018.2151
Bischoff-Grethe A, Mccurdy D, Grenesko-Stevens E, Irvine LE, Wagner
A, Yau WY, et al. Altered brain response to reward and punishment
in adolescents with Anorexia nervosa. Psychiatry Res. (2013) 214:331-40.
doi: 10.1016/j.pscychresns.2013.07.004

Chase HW, Loriemi P, Wensing T, Eickhoff SB, Nickl-Jockschat T.
Meta-analytic evidence for altered mesolimbic responses to reward in
schizophrenia. Hum Brain Mapp. (2018) 39:2917-28. doi: 10.1002/hbm.24049
Janouschek H, Chase HW, Sharkey R], Peterson Z]J, Camilleri JA, Abel T, et
al. The functional neural architecture of dysfunctional reward processing in
autism. Neuroimage Clin. (2021) 31:102700. doi: 10.1016/j.nic1.2021.102700
Frank GK, Shott ME, Hagman JO, Yang T'T. Localized brain volume and white
matter integrity alterations in adolescent anorexia nervosa. ] Am Acad Child
Adolesc Psychiatry. (2013) 52:1066-75 e1065. doi: 10.1016/j.jaac.2013.07.007
Gaudio S, Quattrocchi CC, Piervincenzi C, Zobel BB, Montecchi FR,
Dakanalis A, et al. White matter abnormalities
adolescents at the earliest stages of Anorexia Nervosa: a diffusion
tensor imaging study. Psychiatry Res Neuroimaging. (2017) 266:138-
45. doi: 10.1016/j.pscychresns.2017.06.011

Olivo G, Wiemerslage L, Swenne I, Zhukowsky C, Salonen-Ros H,
Larsson EM, et al. Limbic-thalamo-cortical projections and reward-
related circuitry integrity affects eating behavior: a longitudinal DTI
study in adolescents with restrictive eating disorders. PLoS ONE. (2017)
12:¢0172129. doi: 10.1371/journal.pone.0172129

Vogel K, Timmers I, Kumar V, Nickl-Jockschat T, Bastiani M, Roebroek A,
et al. White matter microstructural changes in adolescent anorexia nervosa
including an exploratory longitudinal study. Neuroimage Clin. (2016) 11:614-
21. doi: 10.1016/j.nicl.2016.04.002

in treatment-naive

Frontiers in Psychiatry | www.frontiersin.org

March 2022 | Volume 13 | Article 806327


https://doi.org/10.1038/npp.2015.185
https://doi.org/10.1038/mp.2016.1
https://doi.org/10.1016/j.neuroimage.2014.01.017
https://doi.org/10.1016/j.cortex.2015.02.007
https://doi.org/10.1002/cne.24676
https://doi.org/10.4088/JCP.09m05305whi
https://doi.org/10.1207/s15374424jccp2404_8
https://doi.org/10.1037/0022-3514.67.2.319
https://doi.org/10.1111/j.2044-8341.1959.tb00467.x
https://doi.org/10.1016/S0005-7967(00)00033-4
https://doi.org/10.1002/eat.20605
https://doi.org/10.1016/S1053-8119(02)00046-0
https://doi.org/10.1002/(SICI)1097-0193(1999)8:2/3$<$109::AID-HBM7$>$3.0.CO;2-W
https://doi.org/10.1038/sdata.2018.63
https://doi.org/10.1016/j.neuroimage.2016.11.047
https://doi.org/10.1098/rstb.2001.0915
https://doi.org/10.1006/nimg.1997.0291
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1002/mrm.10609
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1186/1471-2164-12-S5-S10
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1176/appi.ajp.161.7.1238
https://doi.org/10.1371/journal.pone.0165104
https://doi.org/10.1097/FBP.0b013e328357e115
https://doi.org/10.1016/S0893-133X(99)00053-6
https://doi.org/10.3389/neuro.09.006.2010
https://doi.org/10.1176/appi.ajp.2016.16060671
https://doi.org/10.1001/jamapsychiatry.2018.2151
https://doi.org/10.1016/j.pscychresns.2013.07.004
https://doi.org/10.1002/hbm.24049
https://doi.org/10.1016/j.nicl.2021.102700
https://doi.org/10.1016/j.jaac.2013.07.007
https://doi.org/10.1016/j.pscychresns.2017.06.011
https://doi.org/10.1371/journal.pone.0172129
https://doi.org/10.1016/j.nicl.2016.04.002
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Tadayonnejad et al.

Reward Motivation in Anorexia Nervosa

72. Tadayonnejad R, Pizzagalli E Murray SB, Pauli WM, Conde G,
Bari AA, et al. White matter tracts characteristics in habitual
decision-making  circuit underlie ritual behaviors in anorexia
nervosa. Sci  Rep. (2021) 11:15980. doi: 10.1038/s41598-021-9
5300-3

73. Sampaio-Baptista C, Johansen-Berg H. White matter plasticity in the
adult brain. Neuron. (2017) 96:1239-51. doi: 10.1016/j.neuron.2017.
11.026

74. Treadway MT, Buckholtz JW, Schwartzman AN, Lambert WE, Zald

DH. Worth the 'EEfRT’? The effort expenditure for rewards task as
an objective measure of motivation and anhedonia. PLoS ONE. (2009)
4:6598. doi: 10.1371/journal.pone.0006598

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those
of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Copyright © 2022 Tadayonnejad, Majid, Tsolaki, Rane, Wang, Moody, Pauli,
Pouratian, Bari, Murray, O’Doherty and Feusner. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

14

March 2022 | Volume 13 | Article 806327


https://doi.org/10.1038/s41598-021-95300-3
https://doi.org/10.1016/j.neuron.2017.11.026
https://doi.org/10.1371/journal.pone.0006598
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Mesolimbic Neurobehavioral Mechanisms of Reward Motivation in Anorexia Nervosa: A Multimodal Imaging Study
	Introduction
	Materials and Methods
	Participants and Clinical Assessments
	Task Design
	Structural, Functional, and Diffusion MRI Data Acquisition
	Region-of-Interest Selection
	Task-Based FMRI Data Preprocessing and Analysis
	Psychophysiological Interaction (PPI) Connectivity Analysis
	DTI Data Preprocessing and Tractography Analysis
	Statistical Analyses

	Results
	Demographics and Clinical Characteristics
	Mesolimbic Neurobehavioral Mechanisms of Reward Motivation in Control Participants
	Impaired Mesolimbic Neurobehavioral Coupling in Adolescents With AN
	Abnormal Structural Integrity of the Mesolimbic Circuit in Adolescents With AN
	Interaction Between the Bed Nucleus of the Stria Terminalis and Mesolimbic System During the Reward Motivation Period in Adolescents With AN

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


