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Selective KOR antagonist alters functional patch sizes in
individualized brain system: results from the Fast-fail Trial in
Mood and Anxiety Spectrum Disorders (FAST-MAS)
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In our prior study involving a transdiagnostic sample of individuals with anhedonia, we showed that an 8-week administration of a
selective κ-opioid receptor (KOR) antagonist enhanced fMRI ventral striatal activation during reward anticipation in the Monetary
Incentive Delay task as compared to a placebo. However, individual differences in brain architecture may limit the translation of this
finding to the context of precision medicine. Here, we adopted an individual-specific approach to elucidate the effects of selective
KOR antagonism on cortical-subcortical reward circuits in individuals with anhedonia. Sixty-four participants with anhedonia (30
KOR Antagonist, 34 Placebo) who completed both pre- and post- treatment MRI scans in the FAST-MAS study were included in this
analysis. Using an individualized-brain-systems-functional-brain-mapping approach, functional networks were mapped at the
individual level, and individual-specific cortical patches and subcortical-cortical clusters were obtained. Statistical analyses were
conducted to examine the pre- and post-treatment changes in patch and cluster sizes, as well as their relationships with clinical-
cognitive measures. ROI analyses revealed a significant patch size decrease in the right medial posterior prefrontal cortex within the
frontoparietal control network, and significant size increases in three right subcortical clusters – pallidum, amygdala, and thalamus
– within the orbitofrontal-limbic network, following KOR antagonist treatment. In short, we applied recently developed
computational neuroimaging approaches to examine changes in the individualized brain systems of FAST-MAS participants before
and after eight weeks of KOR antagonist treatment for anhedonia. Our results revealed alterations in functional cortical patch and
subcortical-cortical cluster sizes in anhedonia-related brain regions following KOR antagonist treatment.

Neuropsychopharmacology; https://doi.org/10.1038/s41386-025-02125-z

INTRODUCTION
Anhedonia, characterized by a reduced ability to experience
pleasure, is a core feature in mood and anxiety disorders [1],
including Major Depressive Disorder (MDD), affecting approxi-
mately 70% of MDD patients [2]. It is also a common symptom in
various psychiatric conditions such as schizophrenia, substance
use disorders, and post-traumatic stress disorder [3]. Across
diagnoses, unmanaged anhedonia is associated with a less
favorable prognosis and an elevated risk of suicidal behavior [4].
Conversely, the amelioration of anhedonia is correlated with
better quality of life in individuals with mood disorders [5] and
improved psychosocial functioning in MDD patients [6]. In
addition, anhedonia severity is associated with illness severity [7,
8], striatal volume [9], and neural activities in various brain regions
[10, 11]. It has also been found to mediate the relationship
between neural reward responsiveness and quality of life in mood
disorders [5]. Given its relevance across psychiatric disorders,
anhedonia warrants consideration as a transdiagnostic treatment
target [12], aligning with the dimensional approach to psycho-
pathology outlined in the National Institute of Mental Health’s

Research Domain Criteria (RDoC) framework [13, 14]. However,
typical first-line treatments for mood and anxiety disorders like
antidepressant selective serotonin reuptake inhibitors (SSRIs) and
serotonin norepinephrine reuptake inhibitors (SNRIs), show limited
effectiveness in ameliorating anhedonia [3]. This has prompted
several recent clinical trials focused on uncovering effective
interventions and treatments for anhedonia [12, 15], such as the
Fast-fail Trial in Mood and Anxiety Spectrum Disorders (FAST-MAS)
study (ClinicalTrials.gov Identifier: NCT02218736).
The FAST-MAS study is a multi-center, eight-week, double-blind,

randomized placebo-controlled trial to evaluate the efficacy of a
selective κ-opioid receptor (KOR) antagonist as a potential
treatment for anhedonia in mood or anxiety disorders [4, 15].
KOR antagonists are emerging as promising treatments for a wide
range of psychiatric conditions, including depression, anxiety, and
substance abuse [16]. Preclinical research investigating stress
paradigms in animal models has established the general ability of
KOR antagonists to mitigate the effects of stress, a common
trigger and exacerbator of these conditions, through various
molecular mechanisms (for a review, see ref. [16]). In addition to
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stress regulation, KOR antagonists have demonstrated the
capacity to modulate reward-related function and prevent the
development of anhedonic-like states by normalizing the meso-
limbic dopamine system [15, 17]. Specifically, KOR agonists
decrease nucleus accumbens dopamine release and increase
anhedonia-like behavior, while KOR antagonists produce the
opposite effect [15]. Although human studies are limited, the
initial examinations of the FAST-MAS data, focusing on ventral
striatum activation during reward anticipation [15] and perfor-
mance in reward learning tasks [4], have yielded encouraging
results. The anticipation of reward is closely related to the
experience of pleasure, as impairments in reward anticipation
often co-occur with diminished pleasure from actual rewards,
particularly in the context of anhedonia [18]. In the study, a
transdiagnostic sample of individuals with anhedonia (Snaith-
Hamilton Pleasure Scale [SHAPS] score ≥20), an 8-week adminis-
tration of a selective KOR antagonist led to positive changes in
clinical outcomes (i.e., lower baseline-adjusted mean SHAPS
score), improved behavioral performance (i.e., higher learning
rate in the Probabilistic Reward Task [PRT]), and enhanced neural
responses (i.e., greater mean ventral striatal activation during
reward anticipation in the Monetary Incentive Delay [MID]
functional Magnetic Resonance Imaging [fMRI] task) in compar-
ison to a placebo. These findings have illuminated the potential
for KOR antagonists to address anhedonia in a transdiagnostic
population, but further research is needed to establish their
clinical viability, including a deeper understanding of underlying
neural mechanisms and their effectiveness across individuals.
In the present study, we used an individualized brain systems

mapping approach to investigate neural mechanisms by which a
selective KOR antagonist affects cortical-subcortical reward
circuitry in individuals with anhedonia. We applied a recently
developed iterative parcellation procedure to map cortical
functional networks at the individual level [19], followed by a
homologous functional region (“patch”) mapping method [20] to
identify discrete regions that exhibit highly correlated activity
unique to the individuals (“individualized functional patches”).
Furthermore, subcortical parcellation was performed using a
modified winner-take-all approach [21], where each of the
subcortical regions was further divided into network-specific
subregions that are specific to the individuals. We then
investigated the relationships among treatments, individualized
patch sizes, and clinical outcomes.
Patches derived through this individualized brain systems

functional brain mapping approach encapsulate spatial and
functional organizational information unique to each individual.
Given that the amount of brain territory allocated to a cognitive
function often reflects its functional significance or capability
[22], patch sizes are behaviorally relevant and can serve as a
meaningful measure of the relationship between brain and
behavior. For instance, Kong et al. demonstrated that the size of
individual-specific cortical networks can predict behavioral
measures in humans [23]. In addition, using the individualized
brain systems functional brain mapping approach to examine
data from the Establishing Moderators and Biosignatures
of Antidepressant Response in Clinical care (EMBARC) study
[24], Sacchet et al. found that MDD patients with significantly
smaller patches in the lateral salience system and the
control system display more cognitive deficits and heightened
anxious arousal [25].
The interplay between an individual’s unique brain architecture

and the response to KOR antagonists remains unknown. By
elucidating the relationship between individualized brain systems
and the effects of KOR antagonists using the individualized brain
systems functional brain mapping approach, this study seeks to
contribute to the advancement of precision medicine, paving the
way for more personalized, mechanistically grounded, and
optimized treatments for anhedonia across various disorders.

METHODS AND MATERIALS
The FAST-MAS study
The Fast-fail Trial in Mood and Anxiety Spectrum Disorders (FAST-MAS)
study is a multi-center, eight-week, double-blind, randomized placebo-
controlled trial to evaluate the efficacy of KOR antagonist as a potential
treatment for anhedonia in mood or anxiety disorders (ClinicalTrials.gov
Identifier: NCT02218736).

Study participants
The FAST-MAS study recruited participants between the ages of 21 and 65,
who at the time of recruitment, exhibited some degree of anhedonia
(SHAPS score ≥20, using dimensional scoring guidelines) and met the
DSM-IV-TR diagnostic criteria for a mood or anxiety disorder. The
recruitment took place at six research centers across the United States,
and the study protocol was approved by each local institutional review
board. All participants provided informed written consent before enroll-
ment. For a detailed account of the experimental procedure in the FAST-
MAS study, refer to [15].
A total of 163 individuals enrolled in the study, 94 met the inclusion

criteria, and 89 completed the baseline assessments. The 89 participants
were randomly assigned to either the KOR Antagonist (n= 45) or Placebo
(n= 44) groups. Participants in the KOR Antagonist group were
administered a 10mg dose of Aticaprant (developmental codes: JNJ-
67953964, CERC-501, LY-2456302) daily over the eight weeks, while the
Placebo group received an identical-looking placebo tablet daily over the
eight weeks. Among these 89 participants, 64 (30 KOR Antagonist, 34
Placebo) completed the study with both MRI scanning sessions, and were
therefore, included in the analyses presented in this paper. Table 1
summarizes the demographic and clinical-cognitive profiles of the 64
participants included in the present study.

Study design and materials
An array of clinical, cognitive, and neuroimaging measures, including the
Snaith-Hamilton Pleasure Scale (SHAPS), Temporal Experience of Pleasure
Scale (TEPS), Hamilton Rating Scale for Depression (HAM-D), Hamilton
Rating Scale for Anxiety (HAM-A), Clinical Global Impression (CGI),
Cognitive and Physical Functioning Questionnaire (CPFQ), Probabilistic
Reward Task (PRT), and multimodal Magnetic Resonance Imaging (MRI)
images, were collected from participants at baseline and eight weeks later
in the FAST-MAS study.
The present study examined the multimodal MRI data collected in the

FAST-MAS study, including high resolution T1-weighted images, resting-
state fMRI, and task-based fMRI, to investigate putative changes in
individualized brain systems before and after eight weeks of double-blind
treatment. The study also explored the associations between these
neurological changes and changes in clinical-cognitive outcomes.
Figure 1 illustrates an overview of study design and analysis approaches.

For a detailed description of the study participants and measures utilized
in the present study, as well as information on the MRI acquisition and
preprocessing procedures, please refer to the supplementary materials.

Primary outcomes
Individualized brain systems: cortical patch sizes. An individual-level
cortical parcellation approach [19, 20] was used to map the functional
architecture and extract cortical region sizes, that is, cortical patch sizes, at
the individual subject level.
First, a population-level functional atlas which consists of 116 regions in

17 cortical networks [26] was projected onto the subjects’ structural scans.
Each subject’s resting-state and MID task-based fMRI runs were
concatenated into a continuous run, similar to other individualized brain
system mapping approaches [19–21, 25]. With the initial group-level
parcellation, the average time courses of the blood-oxygen-level-
dependent (BOLD) signals from the individual subject’s concatenated task
and resting-state fMRI scans were computed for each network. In other
words, for each participant, we derived a set of 17 atlas-based network
time courses by averaging the BOLD time courses across all vertices within
each network as defined by the population-level atlas. These time courses
served as the reference signals for the optimization procedures that
followed.
Next, an iterative search process making use of these reference signals

and several weighting parameters was applied to refine the vertex
assignments, so that the final parcellation integrates the unique functional
architecture within each individual. A full description of the iterative
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process and parameters involved can be found in ref. [19]. Essentially, the
functional MRI signal at each vertex in different networks was compared to
the reference signals from the 17 networks and then (re)assigned to the
network that gave the strongest correlation, indicating a robust alignment
with the distinctive activity patterns characterizing that network. A
confidence value was also calculated for each vertex by dividing the
largest correlation value with the second-largest correlation value. If this
value was greater than a predefined threshold (1.1, as chosen for this
study, which according to wang et al. [19] indicates high confidence in the
network membership of vertices), the vertex would be considered a core
component of the assigned network and included in the subsequent
computation of the weighting parameters. The resulting signal estimate
was a weighted signal of the original reference signals and the core signal
(average of signals from the core vertices), and used as the new reference
signal for the next iteration. This process was iterated until network
membership remained the same for 98% of the vertices in two consecutive
iterations.
Once the individualized cortical networks were obtained, the networks were

segmented into discrete “patches” using a clustering algorithm provided in the
Connectome Workbench (https://www.humanconnectome.org/software/
connectome-workbench). These patches were then matched, network-by-
network, to the 116 cortical regions as defined by the reference population-
level atlas. The matching was done based on the number of overlapping
vertices (≥20) and nearest-neighbors in cases where there were no overlaps.
For more details, see ref. [20]. Finally, the cortical patch sizes were defined as
the number of vertices within the individualized regions.

Individualized brain systems: cortical-subcortical cluster sizes. To obtain the
individualized cortical-subcortical cluster sizes, we first segmented
14 subcortical structures (bilateral amygdala, hippocampus, thalamus,
caudate, nucleus accumbens, putamen, and pallidum) using FreeSurfer
(https://surfer.nmr.mgh.harvard.edu). We then extracted the average BOLD
time courses from each of the 17 cortical networks in the individualized
brain systems. Next, we mapped the individualized cortical systems to the
subcortex (to identify the representation of that system in the subcortex).
Pearson correlations between each subcortical voxel and each of the
individualized cortical networks were calculated [21, 27]. Fisher’s r-to-z
transform was then applied to normalize the correlation values across the
subjects. With the correlation values, each voxel in the 14 subcortical
regions was assigned to the cortical system with which it positively
correlated with the most. Finally, the individualized cortical-subcortical
cluster sizes were defined as the number of subcortical voxels in a cortical-
subcortical cluster. For more details regarding this approach, refer to
[21, 27].

Secondary outcomes
The summary scores from SHAPS, TEPS, HAM-D, and HAM-A, as well as the
CGI-S score from CGI were used to evaluate clinical symptoms. The CPFQ
score, PRT reward sensitivity, and PRT learning rate were used to assess
cognitive functioning.

Statistical approach
Changes in cortical patch size and subcortical-cortical cluster size
Mixed-effects model: We investigated the relationships between
treatment and patch/cluster sizes by employing a mixed-effects model
using R (version 4.2.2, http://www.r-project.org). The model examined how
patch/cluster size is influenced by the interaction between Group (placebo
and KOR antagonist) and Session (baseline and week 8), considering factors
such as age and gender, and accounting for individual differences through
random effects.

Spreading interactions: One of the main objectives of the current
study is to identify cortical brain regions and cortical-subcortical clusters in
which the KOR antagonist group exhibited significant changes from pre- to
post-treatment while the placebo group did not. To test this hypothesis,
we specified a contrast that tested for pre-treatment (baseline) to post-
treatment (week 8) change in the treatment group and no change in the
placebo group using the following contrast weights: [−1 (placebo, pre-
treatment), −1 (KOR antagonist, pre-treatment), −1 (placebo, post-
treatment), 3 (KOR antagonist, post-treatment)]. This approach (as seen
in refs. [28, 29]) compares the treatment group at post-treatment with the
average of the other cells in the 2 (Group) x 2 (Session) design and isolates
the spreading interaction pattern from other patterns such as theTa
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crossover interaction. Estimates were plotted to confirm the specific
interaction pattern of interest.

Networks and regions of interest (ROIs): All analyses were first
conducted at the whole-network level. In addition, drawing from existing
literature and prior research findings [25], we identified a set of ROIs
encompassing the medial posterior prefrontal cortex (PFCmp) in the
frontoparietal control network (for more information on this ROI, please
refer to refs. [26] and [30]) and 14 bilateral subcortical structures in the
orbitofrontal-limbic network. The selection of these specific patches and
clusters was guided by their significance in relation to reward processing in
anhedonia.

Multiple comparison correction: The p-values from the whole-
network level statistical models were corrected for multiple comparisons
using the Benjamini–Hochberg procedure to control the False Discovery
Rate (FDR) at 0.05 [31]. Given a priori hypotheses for the ROI analysis, the
same correction was carried out separately for bilateral PFCmp, thalamus,
amygdala, hippocampus, and subcortical structures in the reward circuit
(caudate, nucleus accumbens, putamen, and pallidum).

Exploratory analysis
The current study only included data points from FAST-MAS participants
who completed both MRI scans. While the KOR antagonist group in the
current study showed improvements in anhedonia and some clinical-
cognitive measures (see Table 1) – unlike the full sample as reported by
Krystal et al. in 2020 [15] – these improvements were not significantly
different from those observed in the placebo group (see Table 1). Hence,
examining the relationship between alterations in brain patch and cluster
sizes and changes in clinical-cognitive measures may not yield straightfor-
ward interpretations. Nevertheless, for the completeness of the current
study, we included an exploratory analysis investigating the association
between brain changes and clinical-cognitive changes in regions exhibit-
ing a spreading interaction pattern in the primary analysis.

Brain patch/cluster sizes and clinical-cognitive changes. We analyzed
cortical patches and subcortical-cortical clusters that exhibited significant
changes pre- to post-treatment, as identified by the spreading interaction
analysis. Specifically, we investigated the associations between significant
changes in patch/cluster sizes and changes in clinical-cognitive measures
within the treatment group using linear regression. For each significant
patch and cluster, we constructed a linear regression model for each of the
eight clinical-cognitive measures, with patch or cluster size as the
predictor. Age, gender, and the baseline score of the clinical-cognitive
measure of interest were included as covariates in the models. Due to
missing data for the PRT, participants with incomplete data were excluded
from specific analyses (see Table 1). Given the exploratory nature of this
analysis, both uncorrected and FDR-corrected p-values (q-values) from the
models were reported.

RESULTS
Brain changes
Cortical patch sizes. In our examination of the cortical patch sizes,
no significant patches were identified from the whole-network
level analysis after correcting for multiple comparisons. In the ROI
analysis, the right medial posterior prefrontal cortex (PFCmp)
within the Control B network (i.e. component B in the
frontoparietal control network as described in refs. [26, 30]; Fig. 2A)
demonstrated a statistically significant Group x Session interaction
effect (b=−3.55, SE= 1.67, p= 0.037; Fig. 2B). Spreading inter-
action test confirmed that the pre- to post-treatment size decrease
in the right PFCmp was specific to the group that received the
KOR antagonist (p= 0.013, FDR-corrected across hemisphere
p= 0.026, q < 0.05; Fig. 2C).

Subcortical-cortical cluster sizes. In our analysis of the
subcortical-cortical clusters, no significant clusters were

Fig. 1 Workflow of methodological pipeline. Data were acquired from the Fast-fail Trial in Mood and Anxiety Spectrum Disorders (FAST-MAS)
study (ClinicalTrials.gov Identifier: NCT02218736) and included both MRI (T1-weighted images, resting-state [rs-fMRI], and monetary incentive
delay [MID] task-based fMRI) and clinical-cognitive measures (SHAPS Snaith-Hamilton Pleasure Scale, TEPS Temporal Experience of Pleasure
Scale, HAM-D Hamilton Rating Scale for Depression, HAM-A Hamilton Rating Scale for Anxiety, CGI-S Clinical Global Impression Scale
(Severity), CPFQ Cognitive and Physical Functioning Questionnaire, PRT Probabilistic Reward Task). Individualized brain systems (17 networks
[26]) were derived from T1w images and combined MID/rs-fMRI data through an iterative parcellation process and then clustered into cortical
“patches” corresponding to 116 regions of the cortex [19, 20]. Patch sizes were defined as the number of vertices within the individualized
regions. Average time courses of cortical networks and each subcortical voxel were correlated, assigning a “winning” network to each
subcortical voxel [21]. The individualized cortical-subcortical cluster sizes were defined as the sum of subcortical voxels in a cortical-
subcortical cluster. Finally, changes in cortical patch and subcortical-cortical cluster size across groups (KOR antagonist, n= 30; Placebo,
n= 34) and sessions (baseline and week 8) were assessed using a mixed effect model and spreading interaction analysis. Exploratory analyses
examined relationships between changes in brain patch/cluster sizes and clinical-cognitive changes using linear regression.
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identified from the whole-network level analysis after correcting
for multiple comparisons. In the ROI analysis, three subcortical
clusters within the orbitofrontal-limbic network were significant
after FDR correction (q < 0.05): the right pallidum (t= 2.99,
p= 0.0033), right amygdala (t= 2.72, p= 0.0076), and right

thalamus (t= 3.04, p= 0.0029) (see Fig. 2D). These results
revealed significant size increases in three subcortical structures
within the orbitofrontal-limbic system [21, 32] following the KOR
antagonist treatment. The same pattern was not observed in the
placebo group (see Fig. 2E).
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Brain and clinical-cognitive changes
Right PFCmp patch size change and clinical-cognitive changes.
Linear regression models revealed that the significant patch size
decrease in the right PFCmp was not associated with any of the
clinical and cognitive measures being investigated in the study.

Subcortical-cortical cluster size change and clinical-cognitive
changes. None of the three subcortical-cortical clusters that
showed a size increase after treatment was significantly linked to
any clinical-cognitive changes after correcting for multiple
comparisons. However, the size increase in the right amygdala
within the orbitofrontal-limbic network showed a trend associa-
tion with improvement in the cognitive and physical functioning
scale (b=−0.061, SE= 0.031, p= 0.0583, q= 0.233; Fig. 3A, B) and
PRT Task Reward Sensitivity (b= 0.0045, SE= 0.0022, p= 0.0522,
q= 0.233; Fig. 3C, D).

DISCUSSION
This study is the first to examine post-KOR antagonist treatment
brain changes in a transdiagnostic anhedonia sample using an
individualized brain systems functional brain mapping approach.
Our results revealed a significant decrease in the size of the right
medial posterior prefrontal cortex within the frontoparietal control
network (also commonly known as the central executive network)
following KOR antagonist treatment. Additionally, we observed
significant size increases in three subcortical clusters, 1) right
pallidum, 2) right amygdala, and 3) right thalamus, within the
orbitofrontal-limbic network. Statistical analyses of the clinical-
cognitive measures showed that both the KOR antagonist group
and the placebo group exhibited improvements in anhedonia and
other clinical outcomes. However, unlike the full FAST-MAS cohort
[15], the difference in SHAPS scores between the two groups at
the end of the treatment period was not significant in this
subsample of participants who completed both MRI scans. This
suggests that although brain alterations were observed after eight
weeks of KOR antagonist treatment compared to placebo, they
may not be associated to the improvements seen in the clinical
and cognitive outcomes. Indeed, findings from our exploratory
analysis showed that changes in patch and cluster sizes were not
significantly correlated with changes in clinical and cognitive
measures for the KOR antagonist group after correcting for
multiple comparisons. However, it is worth noting that size
increase in the right amygdala within the orbitofrontal-limbic
system demonstrated a borderline significant relationship with
improvement in cognitive and physical functioning, as well as
increased sensitivity to rewards in the PRT Task.
Despite the absence of a brain-clinical outcome relationship,

this study provides valuable insights into the neurobiological
effects of the KOR antagonist in a transdiagnostic sample of
individuals exhibiting anhedonia. The prefrontal cortex, nucleus
accumbens, caudate, putamen, pallidum, thalamus, amygdala and

hippocampus have consistently been identified as key regions
implicated in mood and anxiety disorders (for a review, see refs.
[33–36]). For instance, previous brain-imaging studies of MDD
have revealed alterations in gray matter, white matter, synaptic
density, and neuronal activity within these areas. Circuitries
involving these regions, including the prefrontal-subcortical
circuit, prefrontal-hippocampal circuit, and frontothalamic circuit,
have also been found to be impaired in MDD [36, 37]. As core
components of the reward circuit, these regions play essential
roles in processing reward-related information and responding to
rewarding stimuli [38], which are foundational to understanding
the mechanisms underlying anhedonia. Broadly speaking, the
medial prefrontal cortex (mPFC) plays a critical role in evaluating
rewards and guiding decision-making, the orbitofrontal cortex
(OFC) encodes reward value and contributes to the subjective
experience of pleasure, and the amygdala is integral to reward
prediction, particularly in emotional contexts [11]. Rather than
operating in isolation, however, the cortical and subcortical areas
in the reward circuit form complex networks to mediate different
aspects of reward processing, including reward liking (consum-
matory phase), reward wanting (appetitive/anticipatory phase),
and reward learning [39, 40]. Alterations in these areas are linked
to anhedonia and other reward-related deficits across various
disorders [11]. Notably, multiple meta-analyses and systematic
reviews [39, 41] have identified common frontostriatal abnorm-
alities – specially, hypoactivation in the striatum and OFC,
alongside hyperactivation in the medial prefrontal cortex – that
underlie deficits across aspects of reward processing in MDD. The
functionally and individually derived patches in the current study
reflect the amount of brain areas devoted to specific functional
networks, hence the decrease in functional units in the medial
posterior prefrontal cortex and increase in functional units in the
pallidum, thalamus, and amygdala may indicate a normalization of
the brain activity pattern following KOR antagonist treatment.
Furthermore, our finding of the reduced right PFCmp aligns with

previous research indicating functional cerebral asymmetry in MDD.
There is a well-documented association with hypoactivity in the left
and hyperactivity in the right frontal areas during task and rest
[42, 43]. The right frontal area is implicated in the inhibition and
suppression of urges, and an increase in right frontal activity has
been linked to reduced craving for food in healthy individuals.
Consequently, heightened activity in the PFCmp may be associated
with an over-inhibition of natural hedonic instincts, potentially
contributing to anhedonia [42]. While the current study did not
directly investigate inter-hemispheric dynamics, the observed
reduction in functional units in the right PFCmp raises the possibility
of a normalization process. Future investigations could further
explore this aspect by examining the balance between the left and
right PFCmp patches pre- and post-treatment. Interestingly, the
three identified subcortical-orbitofrontal clusters are also located
within the right hemisphere. Nevertheless, it is important to
acknowledge that functional asymmetry in subcortical areas is

Fig. 2 Significant cortical patch of interest: right medial posterior prefrontal cortex (PFCmp) patch within the frontoparietal control
network and significant subcortical-cortical clusters of interest. Panel A Individual-specific right PFCmp patches obtained from the
individualized brain systems mapping approach, averaged by treatment group and session. Blue dot represents the center of mass, and the
color bar shows the proportion of individuals showing overlap in the parcellation. Specifically, the proportion indicates how many individuals
share similar PFCmp patches, with higher values corresponding to greater overlap; Panel B Differences in right PFCmp patches between the
KOR antagonist and placebo groups at baseline (left) and week eight (right); Panel C (Left) Differences in right PFCmp patches between the
KOR antagonist post-treatment session and other sessions. (Right) Violin plot showing right PFCmp patch sizes by treatment group and
session, and illustrating significant spreading interaction, where the average right PFCmp patch size of the antagonist post-treatment session
is smaller than the other sessions. 1 Contrast weights [−1, −1, −1, 3]: The weights used to test for spreading interaction [−1 (pre-treatment,
placebo), −1 (pre-treatment, KOR antagonist), −1 (post-treatment, placebo), 3 (post-treatment, KOR antagonist)]. Panel D Individual-specific
subcortical-cortical clusters obtained from the individualized brain systems mapping approach, by treatment group and session. Only the
three subcortical regions in the orbitofrontal-limbic network displaying significant spreading interaction based on cluster size are shown. The
color bar shows the proportion of individuals showing overlap in the parcellation, with higher values corresponding to greater overlap. Panel
E Violin plots showing cluster sizes, by group and session, of subcortical-cortical clusters exhibiting significant spreading interaction.
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comparatively less explored in the existing literature. Structurally,
Zuo et al. found abnormalities in structural asymmetry in patients
with MDD in the nucleus accumbens, pallidum and thalamus [44];
however, a recent study which examined structural asymmetries in
subcortical areas across a cohort of 2540 individuals with MDD and
4230 control subjects, reported no significant structural asymmetry
in MDD [45]. These mixed findings underscore the complexity of
asymmetrical patterns within the brain. Further exploration of
functional asymmetries in subcortical areas may unveil additional
insights into the intricate neural mechanisms underlying MDD and
anhedonia.
Overall, the significant size decrease of the right medial posterior

prefrontal cortex within the frontoparietal control network and
increases of the right pallidum, amygdala, and thalamus within the
orbitofrontal-limbic network following KOR antagonist treatment,
may indicate a normalization process in the context of reward
processing and anhedonia. However, the lack of noticeable
behavioral changes—especially concerning anhedonia—and the
absence of findings in other regions conventionally linked with
reward processing, such as the nucleus accumbens and caudate,
raise important questions about the specific nature of KOR
antagonist treatment on the neurobiology of anhedonia. Further
exploration of direct circuit measures, including a functional
connectivity analysis utilizing individualized parcellation, may
provide deeper insights into the mechanisms driving the observed
neurobiological changes and their implications for anhedonia.
A limitation of this study is that the subsample of FAST-MAS

study participants who completed both MRI scans and were
therefore included in the current study is considerably smaller
than the full cohort reported by Krystal et al. in 2020 [15]. In Krystal

et al’s study, there were 45 participants in the KOR antagonist
group and 44 in the placebo group, whereas the current study
only has 30 participants in the KOR antagonist group and 34 in the
placebo group. This difference in sample size, combined with the
heterogeneous nature of the study, reduces the statistical power
of the current study. In addition, unlike the full cohort, the
subsample did not exhibit a significant difference in improve-
ments in anhedonia between the two groups, posing a challenge
in examining and interpreting the relationships between brain
changes and treatment efficacy. However, this study’s application
of an innovative neuroimaging analysis approach and focus on
KOR antagonist treatment highlights the potential of this work to
inform precision medicine approaches in transdiagnostic popula-
tions. Analyses related to associations between brain patch/cluster
sizes and clinical-cognitive changes were exploratory, and future
transdiagnostic studies would benefit from larger sample sizes to
increase the robustness and interpretability of their results.
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