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Background and Hypothesis: Among individuals living
with psychotic disorders, social impairment is common,
debilitating, and challenging to treat. While the roots of
this impairment are undoubtedly complex, converging lines
of evidence suggest that social motivation and pleasure
(MAP) deficits play a central role. Yet most neuroimaging
studies have focused on monetary rewards, precluding deci-
sive inferences.

Study Design: Here we leveraged parallel social and mone-
tary incentive delay functional magnetic resonance imaging
paradigms to test whether blunted reactivity to social in-
centives in the ventral striatum—a key component of the
distributed neural circuit mediating appetitive motivation
and hedonic pleasure—is associated with more severe
MAP symptoms in a transdiagnostic adult sample enriched
for psychosis. To maximize ecological validity and transla-
tional relevance, we capitalized on naturalistic audiovisual
clips of an established social partner expressing positive
feedback.

Study Results: Although both paradigms robustly engaged
the ventral striatum, only reactivity to social incentives
was associated with clinician-rated MAP deficits. This as-
sociation remained significant when controlling for other
symptoms, binary diagnostic status, or striatal reactivity
to monetary incentives. Follow-up analyses suggested that
this association predominantly reflects diminished activa-
tion during the presentation of social reward.

Conclusions: These  observations provide a
neurobiologically grounded framework for conceptualizing
the social-anhedonia symptoms and social impairments

that characterize many individuals living with psychotic
disorders and underscore the need to develop targeted in-
tervention strategies.

Key words: fMRI; incentive delay paradigm; negative
symptoms; psychosis/psychotic spectrum; schizophrenia;
social anhedonia/avolition.

Introduction

Among individuals living with schizophrenia and other
psychosis spectrum disorders and those at-risk for devel-
oping these disorders, social impairments are common,
debilitating, and challenging to treat, underscoring the
need to clarify the underlying neurobiology."® While
the roots of social impairment are undoubtedly complex
and multiply determined, converging lines of laboratory
and experience-sampling data suggest that motivation and
pleasure (MAP) symptoms play a key role.>*"

MAP deficits are often conceptualized in terms of
blunted reactivity to social rewards, including reduced
motivation to seek out and engage in social interactions
(amotivationlavolition) and diminished hedonic pleasure
when interactions do occur (anhedonia).>'***** To date,
only a handful of psychosis studies have examined po-
tential alterations in neural reactivity to social rewards.?
Two small case-control studies provide preliminary ev-
idence of aberrant reactivity to social incentives in the
ventral striatum (Figure 1)—a key neural hub for ap-
petitive motivation (“wanting”) and hedonic pleasure
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Figure 1. The Human Ventral Striatum. The Ventral Striatum Includes the Nucleus Accumbens and Olfactory Tubercle.?® The
Accumbens Can, in Turn, be Chemoarchitectonically Divided Into 2 Major Divisions, the Shell and Core, With the Shell Marked

by Stronger Expression of Mu and Kappa Opioid Receptors and D1 and D3 Dopamine Receptors, and Weaker Expression of D2
Dopamine Receptors.?’?® Mechanistic Work in Rodents Indicates That Both Divisions are Critically Involved in Dopamine-Mediated
Appetitive Motivation (“wanting” Reward), Whereas Only the Medial Shell is Involved in Opioid/Cannabinoid-Mediated Hedonic
Pleasure (“liking” Reward).?* The Figure was Created with Reference to the Allen Institute and Mai atlases.’!*> Abbreviations: GP,
Globus Pallidus; NACc, Nucleus Accumbens Core; NACs, Nucleus Accumbens Shell; OT, Olfactory Tubercle.
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(“liking”)*3%3 —among individuals with schizophrenia
(n,,,,, = 27).**” Leveraging a much larger, transdiagnostic
psychosis sample (., , = 71), Jimenez et al. reported that
diminished ventral striatum reactivity to social reward
is associated with more severe MAP deficits and social-
anhedonia symptoms.’*® Whether this association is re-
producible remains unknown and whether it is specific to
social reward remains unclear, as the authors only exam-
ined social incentives.

Here we used functional magnetic resonance imaging
(fMRI) and parallel social and monetary incentive delay
(SID/MID) paradigms to test the overarching hypothesis
that blunted ventral striatum reactivity to social incen-
tives will be associated with more severe MAP symptoms,
indexed using gold-standard clinician ratings (Figure 2).
The inclusion of the MID paradigm enabled us to clarify
the specificity of this hypothesized association for the first
time. Follow-up analyses were used to explore the rele-
vance of other symptom dimensions, narrower reward
facets (anticipation vs. presentation), and less intensively
scrutinized brain regions. To ensure a broad spectrum of
socialimpairment and MAP symptomatology, we adopted
a Research Domain Criteria (RDoC) sampling strategy,
focusing on a transdiagnostic community sample that was
heavily enriched for psychosis (Table 1).3* Most partici-
pants were on a stable regimen of outpatient treatment,
enhancing clinical relevance. To date, clinical neuroim-
aging studies of social reward have relied almost exclu-
sively on static photographs of positive facial expressions
posed by unfamiliar adult models (ie, strangers). To max-
imize ecological validity and translational relevance,>*
we instead capitalized on pre-recorded audiovisual clips
of an established social partner expressing varying de-
grees of social reward. As shown in Figure 2, we used the
Social Affiliation Enhancement Task (SAET) to cultivate
a sense of affiliation with an experimental partner just
before the neuroimaging assessment.'! Prior work by our
group in a superset of the present sample confirms the
validity of this approach, demonstrating that the SAET
significantly enhances affiliative feelings, perceived close-
ness, and willingness to interact with the partner.'> This
novel naturalistic approach enabled us to manipulate the
intensity of nonverbal (facial expressions and gestures),
paralinguistic (vocal intonation), and verbal (praise) in-
dicators of social reward expressed by a social partner.

Methods

Study Overview

The present study stems from a larger project focused on
the nature and neurobiology of social affiliative deficits
in psychosis (RO1-MH110462).!>4042 Participants com-
pleted 2 assessments: A baseline clinical session and a
2-phase laboratory session. At the baseline clinical ses-
sion, eligibility was confirmed; participants provided in-
formed written consent; and demographic, diagnostic,
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symptom, and other self-report data were acquired.
Participants were instructed to abstain from taking seda-
tives/benzodiazepines for at least 12 hours prior to the
MRI assessment. None of these individuals disclosed
concerns or exhibited noteworthy withdrawal or rebound
effects. The latency between the 2 sessions was <2 weeks
(M = 6.5 days, SD = 2.9). During the 2-phase labora-
tory session, participants completed (1) the SAET out-
side the scanner, and (2) the SID/MID paradigms inside
the scanner (Figure 2). Following the last scan, partici-
pants were debriefed and compensated. Procedures were
approved by the University of Maryland, Baltimore
Institutional Review Board.

Participants

Recruitment.  To capture a broad spectrum of MAP
deficits, maximizing range and statistical power, a mixed
transdiagnostic adult sample—including both clinical
and community participants—was recruited.*® A modest
number of psychiatrically healthy community partici-
pants was included (26.1%; Table 1) to ensure that the
full range of affiliative function was captured.’® Clinical
participants were recruited from outpatient community
mental health clinics in the Washington, DC-Baltimore
metropolitan region. Community participants were re-
cruited via online advertisements (eg, Craigslist).

Enrollment Criteria. General inclusion criteria in-
cluded 18-60 years of age, English fluency, and normal or
corrected-to-normal vision, and consent to be videotaped
during study participation. General exclusion criteria in-
cluded moderate or severe substance use disorder in the
past 6 months or mild substance use disorder in the past
month, indexed by the Structured Clinical Interview for
DSM-5 Research Version (SCID-5-RV)*; standard MRI
contraindications (see below for details); lifetime neu-
rological, developmental, or cognitive disorder, indexed
by medical history or cognitive testing; or a lifetime his-
tory of serious head injury. Clinical inclusion criteria
included a lifetime psychotic disorder (Table 1), clinical
stability (ie, no inpatient hospitalizations in the past 3
months and no changes in psychoactive medication in the
past month), and indexed by medical history. Community
inclusion criteria included absence of current psychiatric
diagnoses or medication (past 6 months), and absence of
lifetime psychotic, mood, or personality disorder, indexed
by SCID-5, and self-report.

Final Sample. A total of 120 participants completed the
baseline clinical assessment. Of these, 12 did not attend
the neuroimaging session due to psychiatric hospital-
ization (n = 1), study withdrawal (n = 10), or inclement
weather (n = 1). The remaining 108 participants included
a mixture of clinical (n =87) and community (n = 21)
participants. Of these, 39 participants were excluded from
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a. Pre-Scan Social Affiliatation Enhancement Task (SAET)
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Figure 2. Conceptual Overview of the Study. (a) Pre-Scan Social Affiliation Enhancement Task (SAET). In the First Phase of the
Session, Participants Completed the SAET, Which Encompasses 3 Tasks—Conversation, Implicit Fingertip Synchrony, and Team
Building—Aimed at Promoting a Sense of Affiliation with an Experimental Partner. Prior Work Confirms the Validity of this Approach
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in Psychotic Samples.' (b) Social and Monetary Incentive Delay (SID/MID) fMRI Paradigms. (¢) Naturalistic Audiovisual Outcomes.
To Maximize Ecological Validity and Translational Relevance, Short Audiovisual Clips Depicting Varying Degrees of Social or
Monetary Reward Served as the Outcomes. For the SID Paradigm, the Clips Depicted the Individual Who Served as the Experimental
Partner During the SAET. Staff Carefully Assessed Task Comprehension Prior to Scanning. Participants Were Fully Aware That the
Clips Were Pre-Recorded. (d) Voxelwise Hypothesis Testing. Hypothesis Testing Focused on the Association between Clinician-Rated
MAP Symptoms and Ventral Striatum Reactivity to Social and Monetary Reward, Indexed by the Cardinal High-Reward vs. No-Reward
Contrast. Analyses Focused on Trials Where the Participant Responded Sufficiently Fast to Earn Reward (“hit”). For Primary
Hypothesis Testing, Each Condition Was Modeled Using a Rectangular Function Spanning the Entire Trial. Abbreviations: fMRI,
Functional Magnetic Resonance Imaging; MAP, Motivation and Pleasure; MID, Monetary Incentive Delay Paradigm; ms, Milliseconds;

RT, Response Time; SID, Social Incentive Delay Paradigm.

Table 1. Sample Characteristics

Mean (SD)
Characteristic or n (%)
Age (years) 43.4 (12.0)
Sex
Male 45 (65.2%)
Female 24 (34.8%)
Race
African American 46 (66.7%)
White 16 (23.2%)
Asian 3 (4.3%)
More than one race 3(4.3%)
Not reported 1 (1.4%)
Ethnicity
Non-Hispanic or Latino 65 (94.2%)
Hispanic or Latino 3(4.3%)
Not reported 1 (1.4%)
Education (years) 13.0(2.4)
Current employment
Yes 25 (36.2%)
No 44 (63.8%)
Diagnosis
Schizophrenia 22 (31.9%)
Schizoaffective, bipolar type 6 (8.7%)
Schizoaffective, depressive type 9 (13.0%)
Bipolar I with psychotic features 8 (11.6%)
MDD with psychotic features 6 (8.7%)

No diagnosis 18 (26.1%)

Age of first psychiatric treatment (clinical)

Medications (% clinical participants) 20.0 (9.2)
Atypical antipsychotic 34 (66.7%)
Typical antipsychotic 6 (11.8%)
Atypical and typical antipsychotic 3(5.9%)

Antipsychotic (chlorpromazine) dose 266.5 (348.5)
equivalent
Antidepressant

Mood stabilizer

23 (45.1%)
22 (43.1%)

N = 69. Abbreviations: MDD, major depressive disorder.

analyses due to study withdrawal (n = 8), MRI safety
concerns (n = 5), poor fit in the scanner (n = 3), technical
problems (n = 8), excessive movement (n = 1; see below),
or inadequate task compliance (hit-rate <10% during any
scan; n = 14), and yielding a final sample of 69 individ-
uals (Table 1). The final sample (n = 69) did not signif-
icantly differ from the excluded participants (z = 39) in
terms of sex, race, ethnicity, age, employment status, or
education (P > .05). The 2 groups also did not differ on
symptom severity, as indexed by the Clinical Assessment

Interview for Negative Symptoms (CAINS) and Brief
Psychiatric Rating Scale (BPRS) (P > .05; see below).
In the final sample, clinical and community participants
also did not differ in any of the demographic characteris-
tics (P > .05) except for a small but significant difference
in years of education (M : 12.5 years; M 1 14.6

Clinical” Community*

years; t1(67) = 3.34, P = .002).

Clinical Assessments

Diagnoses. To confirm eligibility and diagnosis, all
participants completed the SCID-5-RV. Detailed assess-
ments were determined by the SCID-5 screener and could
include the psychotic disorders, mood, and substance-use
modules. Assessments were conducted by well-trained
Master’s level interviewers supervised by doctoral-level
clinical psychologists. Co-morbidities were not systemat-
ically assessed.

Clinician-Rated Symptoms. The CAINS is a well-
established 13-item interview that indexes deficits in MAP
(9 items; eg, amotivation, asociality, and anhedonia; a =
.80) and Expression (4 items; eg, affective flattening and
alogia; o = .87) (Table 2).1°* Four of the nine MAPS
items are squarely centered on MAP deficits in the social
sphere (eg, desire for close interpersonal relationships),
whereas the remaining 5 are focused on occupational, ac-
ademic, and recreational activities, which often include a
blend of social and non-social reward. The 9 items were
robustly inter-correlated (oo = .80) and an ad hoc score
based on the 4 overtly social items was strongly correlated
with the total score (r = 0.87), suggesting that the total
score is strongly infused with MAP deficits of a social na-
ture. The CAINS has been extensively validated and suc-
cessfully deployed in a variety of clinical and non-clinical
populations, 01534364546 Elevated MAP deficits are asso-
ciated with reduced desire for close relations and social
engagement,'® impaired social functioning,'*'>#” and di-
minished affiliative responses to semi-structured social
encounters.!"!3 For hypothesis testing, the MAP scale
served as the primary index of social amotivation and
anhedonia. The expanded BPRS is a 24-item interview
that was used to index Positive Symptoms (8 items; o =
.69), Depressionl Anxiety (4 items; a. = .74), and Agitation
(6 items; o = .53).484

Self-Reported Social Function.  The 7-item Interpersonal
Relationships scale from the Specific Levels of Functioning
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Table 2. Descriptive Statistics for Symptoms and Social Function

Scale (instrument) M (SD) Range
Motivation and pleasure (CAINS) 11.5(6.7) 1-34
Expression (CAINS) 5.5(3.6) 0-14
Positive symptoms (BPRS) 12.5(6.0) 8-31
Depression/anxiety (BPRS) 7.7 (4.1) 4-19
Agitation (BPRS) 7.5(2.3) 6-19
Interpersonal relationships (SLOF) 27.1(6.3) 11-35

N = 69. Abbreviations: BPRS, Brief Psychiatric Rating Scale;
CAINS, Clinical Assessment Interview for Negative Symptoms;
SLOF, Specific Levels of Functioning.

(SLOF) instrument was used to index interpersonal func-
tioning (oo = .89) (Table 2).%! Consistent with prior
studies, in the current sample more severe MAP symp-
toms were associated with poorer interpersonal func-
tioning (r(67) = —0.56, P < .001).

Social Affiliation Enhancement Task

The SAET encompasses a validated suite of procedures
for cultivating social rapport, trust, and affiliation (Figure
2a) (for details, see Refs. '), Prior work by our group
demonstrates that the SAET significantly enhances af-
filiative feelings, perceived closeness, and willingness to
interact with the partner,' consistent with work using
similar paradigms.'’® As in previous work by our group,
the affiliative partner was always the opposite sex of the
participant.!’!

SIDIMID fMRI Paradigms

Overview and Procedures. ~ As shown in Figure 2b, par-
allel incentive-delay paradigms were used to probe neural
reactivity to social and monetary reward.>3 Both para-
digms took the form of balanced 3-condition (Reward
Level: High, Low, and None) randomized, event-related,
and repeated-measures designs (paradigm order coun-
terbalanced; 2 scans/paradigm; and 22 trials/condition/
scan). The general task structure, timing, and proced-
ures were identical across paradigms and similar to prior
work in clinical and healthy populations (Figure 2b). Trial
timing and randomization were optimized via simula-
tions to maximize the detection of global differences in
reward reactivity, while remaining mindful of participant
burden and tolerability (variance inflation factors <2.55).
Participants were completely informed about the task
structure and contingencies prior to scanning. They were
instructed that the goal of both paradigms was to max-
imize reward and that this was contingent on the speed
of their response to a briefly presented visual target.
Responses were made using the first digit of the domi-
nant hand and an MRI-compatible response-pad (MRA,
Washington, PA). To maintain a comparable level of
difficulty across paradigms, trials, and participants, the
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response-time threshold (signaled by the duration of the
target presentation) was adaptively adjusted on a trial-
by-trial basis (£25 ms, minimum = 175 ms, maximum =
600 ms; target hit-rate: M = 66%, Range = 60%-73%).
Too-slow responses (“misses”) triggered the presentation
of the no-reward audiovisual clips (Figure 2¢). No-reward
clips were presented on all no-reward trials, irrespective
of response time (hit/miss). Prior to scanning, partici-
pants practiced abbreviated versions of the paradigms
and staff provided feedback as necessary to ensure partic-
ipant comprehension. Behavioral data from the practice
tasks was used to initialize the response-time thresholds
for the neuroimaging experiment. Stimulus presentation
and behavioral data acquisition were controlled using
Presentation (version 19.0, Neurobehavioral Systems,
Berkeley, CA). Hit-rate was matched across paradigms,
#(68) = 0.85, P = .40 (SID: M = 64.8%, SD = 0.08; MID:
M = 65.5%, SD = 0.05) and unrelated to the severity of
MAP symptoms, |r| < 0.08, P> .51.

SID Outcomes.  Prior neuroimaging studies of social
reward in psychosis have relied on static photographs
of positive facial expressions posed by unfamiliar adult
models.**? Here we capitalized on naturalistic audio-
visual clips of the experimental partner from the SAET,
enhancing ecological validity, and translational relevance
(Figure 2). Building on preclinical work in university stu-
dents,> this approach enabled us to manipulate the in-
tensity of nonverbal (facial expressions and gestures),
paralinguistic (vocal intonation), and verbal (praise) in-
dicators of social reward expressed by a psychologically
meaningfulsocial partner. High-reward clipsfeatured large
open-mouth smiles, thumbs-up gestures, and verbal feed-
back indicative of exceptional performance (4Amazing!,
Awesome!, Fabulous!, Fantastic!, and Spectacular!) and
expressed in an ebullient manner (Figure 2¢). Low-reward
clips featured small closed-mouth smiles and verbal feed-
back indicative of good performance (Decent, That was
cool, That was fine, That was nice, and That was neat),
expressed in a mildly positive manner. No-reward clips
were devoid of facial expressions and gestures; instead,
the partner simply instructed the participant to prepare
for the next trial (Continue, Get ready, Keep going, Next
one, and Proceed) in a neutral monotone. There was no
deception or attempt to convince participants that the
social feedback was occurring in real time. Participants
were fully aware that the videoclips of the SAET partner
were pre-recorded.

MID Outcomes. As shown in Figure 1c, high-reward
audiovisual clips featured 10 coins falling into a bowl,
low-reward clips featured 4 coins falling in a bowl, and
no-reward trials featured confetti falling into a clear
bowl. In addition to the audiovisual clips, successful per-
formance of the high- and low-reward MID trials was
incentivized by $1.00 and $0.20, respectively, in monetary
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compensation. On average, participants earned $32.59
(SD = 1.25).

MRI Data Acquisition

MRI data were acquired using a Siemens Magnetom
TIM Trio 3 Tesla scanner (32-channel head-coil). Foam
inserts were used to mitigate potential motion arti-
fact. To further mitigate motion artifact, for the final
14 participants, a strip of medical tape was positioned
just above the forehead, and providing tactile feed-
back.® Sagittal T1-weighted anatomical images were
acquired using a magnetization-prepared rapid acqui-
sition gradient echo sequence (TR = 2400 ms; TE =
2.01 ms; inversion = 1060 ms; flip = 8°; slice thickness
= 0.8 mm; in-plane = 0.8 mm? matrix = 300 x 320;
field-of-view = 240 X 256). A T2-weighted image was
collected co-planar to the T1-weighted image (TR =
3200 ms; TE = 564 ms; flip = 120°). To enhance res-
olution, a multi-band sequence was used to collect
oblique-axial echo planar imaging (EPI) volumes (ac-
celeration = 6; TR = 1250 ms; TE = 39.4 ms; flip =
36.4°; slice thickness = 2.2 mm, number slices = 66;
in-plane = 2.1875 mm?, matrix = 96 X 96; 355 vol-
umes X 4 scans). Images were collected in the oblique
axial plane (approximately —20° relative to the AC-PC
plane) to minimize potential susceptibility artifacts.
The scanner automatically discarded 7 volumes prior
to the first recorded volume. To enable fieldmap cor-
rection, 2 oblique-axial spin echo (SE) images were
collected in each of 2 opposing phase-encoding direc-
tions (rostral-to-caudal/caudal-to-rostral) co-planar to
the functional volumes (TR = 7220 ms; TE = 73 ms).
Respiration and pulse were acquired using a respiration
belt and photo-plethysmograph affixed to the first digit
of the non-dominant hand. Participants were continu-
ously monitored using an MRI-compatible eye-tracker
(Eyelink 1000; SR Research, Ottawa, Ontario, Canada)
and the AFNI real-time motion plugin.’® Eye-tracking
data were not recorded.

MRI Data Processing Pipeline

Methods were optimized to minimize spatial normaliza-
tion error and other potential sources of noise, and are
similar to those detailed in other recent reports by our
group.!>7% Data were visually inspected before and after
processing for quality assurance. All participants pro-
vided 4 usable scans.

Anatomical Data. T1-weighted images were inhomo-
geneity corrected using N4% and filtered using ANTS
Denoiselmage.” Brains were extracted using BEaST"
and brain-extracted-and-normalized reference-brains.®
Brain-extracted T1 images were normalized to a ver-
sion of the brain-extracted 1-mm T1-weighted MNI152
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(version 6) template modified to remove extracerebral
tissue.”> Normalization was performed using the
diffeomorphic approach implemented in SyN (version
2.3.4).% T2-weighted images were rigidly co-registered
with the corresponding T1 prior to normalization. The
brain-extraction mask from the T1 was then applied.
Tissue priors were unwarped to native space using the
inverse of the diffeomorphic transformation.* Brain-
extracted T1 and T2 images were segmented—using
native-space priors generated in FAST (version 6.0.4)%—
for subsequent use in T1-EPI co-registration (see below).

Fieldmap Data. SE images and topup were used to
create fieldmaps. Fieldmaps were converted to radians,
median-filtered, and smoothed (2-mm). The average of
the motion- and distortion-corrected SE images was in-
homogeneity corrected using N4 and masked to remove
extracerebral voxels using 3dSkullStrip (version 20.2.14).

Functional Data. EPI files were de-spiked using
3dDespike, slice-time corrected to TR-center using
3dTshift, and motion corrected to the first volume
using ANTS (12-parameter affine). Transformations were
saved in ITK-compatible format for subsequent use.®® The
first volume was extracted and inhomogeneity corrected
for EPI-T1 co-registration. The reference EPI volume
was simultaneously co-registered with the corresponding
T1-weighted image in native space and corrected for ge-
ometric distortions using boundary-based registration.®
This step incorporated the previously created fieldmap,
undistorted SE, T1, white matter image, and masks. To
minimize potential normalization error, reference EPI
volumes were spatially normalized to the MNI template
using Sy N, intensity standardized, and averaged to create
a study-specific EPI template.”% Normalized EPI refer-
ence volumes were then normalized to that template. To
minimize incidental spatial blurring, the operations nec-
essary to transform each EPI volume from native space
to the reference EPI, from the reference EPI to the T1,
from the T1 to the MNI template, and from the MNI
template to the study-specific EPI template were concat-
enated and applied to the processed EPI data in a single
step. Normalized EPI data were resampled (2 mm?) using
fifth-order b-splines and spatially smoothed (6-mm) using
3DblurInMask.

fMRI Data Exclusions and Modeling

General Approach. For each participant, first-level mod-
eling was performed using general linear models (GLMs)
implemented in SPM12 (version 7771), using the default
autoregressive model and temporal band-pass filter set to
the hemodynamic response function (HRF) and 128 s.7
Consistent with past work,'>"*® nuisance variates in-
cluded volume-to-volume displacement and its derivative,
motion (6 standard parameters, global volume-to-volume
displacement, and temporal derivatives), cerebrospinal
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fluid signal, instantaneous pulse and respiration signals,
and ICA-derived nuisance signals (eg, global motion).”
Volumes with excessive volume-to-volume displacement
(>0.66 mm) were censored. The inter-trial interval served
as the implicit baseline.

Data Exclusions. Volume-to-volume (“framewise™) dis-
placement, averaged separately for each scan, was used
to assess residual motion artifact. Participants showing
consistently elevated motion across scans (>3 SD) were
excluded from analyses (n = 1).

Modeling. For hypothesis testing purposes, reward sig-
nals were modeled using variable-duration rectangular
(“box-car”) regressors that spanned the entire trial,
separately for each combination of reward level (High,
Low, and None) and outcome (Hit/Miss) (Figure 2b).
Regressors were convolved with a canonical HRF and
its temporal derivative. Because the data were collected
in different scans (order counterbalanced), the social and
monetary paradigms were modeled separately.

To explore the relevance of finer differences in neural
reward signaling, we separately modeled the anticipation
and presentation phases of the trial using delta func-
tions time-locked to the onset of the cue and outcome,
respectively, for each combination of reward level and
outcome (Figure 2b). Although our incentive-delay para-
digms were not originally optimized for this modeling
approach, collinearity proved acceptable (variance infla-
tion factors <3.36).”” Regressors were convolved with a
canonical HRF.

Analytic Strategy

Overview.  Analyses were implemented in SPSS (ver-
sion 27.0.1; IBM, Armonk, NY), SPM12,”° and in-house
MATLAB code (version9.14.0.2239454; The MathWorks,
Natick, MA). Diagnostic procedures and data visualiza-
tions were used to confirm that test assumptions were sat-
isfied” and key conclusions remained unchanged using
robust regression (not reported).” Some figures were cre-
ated using created using R (version 4.0.2),” Rstudio (ver-
sion 1.2.1335),7® ggplot2 (version 3.4.1),” and MRIcron
(version 1.0.20190902).7 Clusters and peaks were labeled
using the Harvard-Oxford atlas,”®! supplemented by
descriptions of the orbitofrontal cortex, the ventral stri-
atum, and its major divisions: The nucleus accumbens
core, the nucleus accumbens shell, and the olfactory tu-
bercle (Figure 1).2731:32828 [t merits comment that the
term “ventral striatum” is often used in a more causal
and imprecise way to refer to any region within the ven-
tromedial portion of the basal ganglia (eg, pallidum).

Confirmatory Testing. Whole-brain voxelwise (“second-
level”) repeated-measures (“random effects”) GLMs were
used to confirm that the SID and MID tasks robustly
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engaged the ventral striatum, as indexed by the cardinal
high-versus-no-reward contrast for hit trials. Significance
was assessed using P < .05, whole-brain familywise error
(FWE) corrected for cluster extent, and a cluster-defining
threshold of P < .001.%

Hypothesis Testing. The overarching goal of this study
was to test the hypothesis that blunted ventral striatum
reactivity to social incentives is associated with more se-
vere clinician-rated MAP symptoms. To do so, we used
a standard voxelwise regression, with mean-centered
CAINS MAP as the predictor, mean-centered sex and
age as nuisance variates, and the high-versus-no-reward
contrast as the outcome (Figure 2d), consistent with prior
work.**3 Significance was assessed using P < .05, FWE
corrected for the volume of the anatomically defined ven-
tral striatum (Figure 2d).*® The same approach was used
to probe potential associations with ventral striatum re-
activity to monetary incentives.

Specificity Analyses.  When a significant association was
observed, a voxelwise multiple regression was used to test
whether ventral striatum reactivity to that incentive (eg,
social) continued to explain significant variance in MAP
symptoms when statistically controlling for mean-centered
reactivity to the other incentive (eg, monetary), sex, and
age (P <.05, ventral striatum FWE corrected). For a
similar voxelwise-covariate approach.®” Follow-up ana-
lyses allowed us to test whether MAP symptoms explain
significant variance in ventral striatum reward signaling,
over-and-above mean-centered affective flattening/alogia,
positive symptoms, depression/anxiety, agitation, and bi-
nary diagnostic status (case vs. control; P < .05, ventral
striatum FWE corrected). All of these analyses relied on
the cardinal high versus no-reward contrast (hit trials).
Follow-up analyses were used to confirm that significant
MAP associations were in fact primarily due to blunted
reactivity to high-reward trials (P < .05, uncorrected).

Secondary Analyses. The same general approach was
used to explore the relevance of disaggregating striatal
responses to the anticipation-versus-presentation of re-
ward (see above for modeling details). Here again, when
a significant association was detected, voxelwise multiple
regression was used to test whether ventral striatum re-
activity to that phase of the trial (eg, anticipation) con-
tinued to explain significant variance in MAP symptoms
when statistically controlling for mean-centered reac-
tivity to the other phase (eg, presentation), sex, and age
(P < .05, ventral striatum FWE corrected). For a similar
approach.®®

Exploratory Analyses. Voxelwise regressions were used
to explore potential associations between ventral stri-
atum reward signaling and self-reported interpersonal
functioning (SLOF; P < .05, ventral striatum FWE
corrected), and to assess associations between MAP
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Monetary

Figure 3. Social and Monetary Incentives Both Robustly Engage the Ventral Striatum. Figure Depicts Regions Showing Significantly

Greater Activation During High-Reward Compared With No-Reward Hit Trials for the SID (Left) and MID (Right) paradigms (P < .05,
Whole-Brain FWE Corrected). Each Condition was Modeled Using a Rectangular Regressor Spanning the Entire Trial. Arrows Indicate
the Ventral Striatum. For detailed results, see Supplementary Tables S2-S5. Abbreviations: FWE, Familywise Error; L, Left Hemisphere;

WB, Whole-Brain.

symptoms and reward signaling beyond the ventral stri-
atum (P < .05, whole-brain FWE corrected).

Results

Social and Monetary Incentives Both Robustly Engage
the Ventral Striatum

As a precursor to hypothesis testing, we used whole-
brain voxelwise GLMs to determine whether the SID
and MID paradigms had the expected neurophysiolog-
ical consequences, as indexed by the cardinal high re-
ward vs. no-reward contrast (hit trials). Consistent with
work in healthy®*° and psychotic?**! samples, results con-
firmed that social and monetary incentives recruited an
overlapping network of subcortical and cortical regions,
including bilateral ventral striatum, thalamus, cingulate
(subgenual, pregenual, and midcingulate), anterior insula,
orbitofrontal cortex (posterior orbital gyrus), superior pa-
rietal lobule, and ventral visual cortex (P < .05, whole-brain
FWE corrected; Figure 3; Supplementary Tables S1-S4).
The less robust difference for the social task is consistent
with prior work,* and it is what one would expect if the
magnitude of activation is moderated by individual differ-
ences in MAP symptoms, as this unmodeled variance con-
tributes to the error term of the between-condition test.

MAP Deficits are Associated with Blunted Ventral
Striatum Reactivity to Social Incentives

We used a standard voxelwise regression to test whether
ventral striatum reactivity to social incentives—indexed
by the cardinal high-versus-no-reward contrast for hit
trials—is associated with the severity of MAP symptoms
(Figure 2). As shown in Figure 4a, results revealed a sig-
nificant cluster in the left ventral striatum where this pat-
tern was evident (P < .05, FWE corrected for the volume
of the ventral striatum; controlling for mean-centered

age and sex), with the peak lying in the region of the me-
dial shell of the nucleus accumbens (NACs; cf. Figure
1). In contrast, a significant association was not evident
for ventral striatum reactivity to monetary incentives.
Consistent with this observation, a voxelwise multiple
regression demonstrated that ventral striatum reactivity
to social incentives continued to explain significant vari-
ance in MAP symptoms while statistically controlling for
mean-centered reactivity to monetary incentives (P < .05,
ventral striatum FWE corrected). The association be-
tween ventral striatum reactivity to social incentives and
MAP symptoms also remained significant when individ-
ually controlling for other symptoms (affective flattening,
positive symptoms, depression/anxiety, and agitation) or
for binary diagnostic status (ie, case- vs. -control; P < .05,
ventral striatum FWE corrected). Of course, these ana-
lyses relied on the difference in activation between high-
and no-reward (hit) trials. Follow-up analyses confirmed
that the association with MAP symptoms was predom-
inantly due to reduced reactivity to high-reward social
incentives (high-reward: t1(65) = —2.59, P = .01, uncor-
rected; no-reward: t(65) = 0.74, P = .46, uncorrected).
Taken together, these findings demonstrate that clinician-
rated M AP deficits are selectively associated with blunted
ventral striatum reactivity to naturalistic social incentives.

MAP Deficits are Associated with Ventral Striatum
Reactivity to Social Reward Presentation

Using the same general analytic approach, secondary
analyses enabled us to examine the potential rele-
vance of disaggregating ventral striatum responses to
the anticipation-versus-presentation of social reward
(Figure 1). We began by using a whole-brain voxelwise
GLMsto determine whether the 2 phases of the SID para-
digm, here considered separately, recruit the ventral stri-
atum. As shown in Supplementary Figure S1, significant
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ventral striatum activation was only evident during the
presentation of social rewards (P < .05, whole-brain
FWE corrected). For completeness, detailed results for
both paradigms can be found in Supplementary Tables
S5-S12. Significant ventral striatum activation was not
evident for the anticipation phase of the SID paradigm,
even when using a more liberal small-volume threshold
(P < .05, ventral striatum FWE corrected). Next, we
used a voxelwise regression to determine whether ven-
tral striatum activation during the presentation of social
rewards is associated with more severe MAP symptom:s.
As shown in Figure 4b, this pattern was again evident
in the medial NACs, overlapping the ventral striatum
cluster identified in our primary analyses (P < .05, ven-
tral striatum FWE corrected; Figure 4a). Ventral stri-
atum activation during the presentation phase continued
to explain significant variance in MAP symptoms when
statistically controlling for mean-centered activation
during the anticipation phase, sex, and age (P < .05, ven-
tral striatum FWE corrected). In short, the severity of
MAP deficits is selectively associated with diminished
ventral striatum reactivity to the receipt of naturalistic
social rewards.

Exploratory Analyses

Ventral striatum reactivity to social and monetary incen-
tives was unrelated to variation in self-reported social
functioning (P > .05, ventral striatum FWE corrected).
Whole-brain voxelwise analyses did not detect any signifi-
cant associations between MAP symptoms and reactivity
to either social or monetary incentives outside of the ven-
tral striatum (P < .05, whole-brain FWE corrected).

Discussion

The present results demonstrate that more severe
clinician-rated MAP symptoms are associated with
blunted ventral striatum reactivity to naturalistic social
incentives (Figure 4a). This association remained sig-
nificant when controlling for a variety of other symp-
toms (eg, diminished expressivity) or binary diagnostic
status, underscoring the utility of conceptual models—
such as RDoC and the Hierarchical Taxonomy of
Psychopathology—centered on transdiagnostic symptom
dimensions.?”¥#92% Although the ventral striatum was ro-
bustly engaged by both social and monetary incentives
(Figure 3), as in prior work, striatal reactivity to mone-
tary incentives was unrelated to MAP deficits. Likewise,
in a simultaneous regression model, ventral striatum
reactivity to social incentives was selectively and signif-
icantly associated with the severity of MAP symptoms,
over-and-above variance explained by reactivity to mon-
etary incentives. Secondary analyses demonstrated that
diminished reactivity to the presentation of naturalistic
social rewards was associated with greater MAP deficits
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in an overlapping region of the ventral striatum (Figure
4b), replicating and extending work focused on more
conventional social-reward stimuli (photographs of un-
familiar smiling faces).*3¢ This association remained sig-
nificant when controlling for activation during the earlier
reward-anticipation phase, suggesting a preferential link
between striatal reactivity to positive social feedback and
MAP symptoms. Taken together, these observations pro-
vide a novel neurobiologically grounded framework for
conceptualizing the social deficits that characterize many
individuals living with psychotic disorders.

Clinical neuroscientists have long suspected that alter-
ations in ventral striatum function might contribute to
the pathophysiology of psychosis, but the specific map-
ping from the brain to symptomatology has only recently
started to come into focus.’***% The present results in-
dicate that more severe MAP symptoms are associated
with blunted reactivity to the receipt of social reward in
the region of the medial NACs, a division of the larger
ventral striatum that is thought to play a mechanistically
critical role in opioid/cannabinoid-mediated hedonic
pleasure (“liking” reward)®3° (Figure 1). For example,
preclinical neuroimaging research shows that acute ad-
ministration of the opioid antagonist naloxone dampens
both subjective pleasure and medial NACs reactivity to
positive social stimuli (erotic photographs).”® Paralleling
our results, dampening was weak-to-nonexistent for
monetary stimuli or for the anticipation of social stimuli.
Taken together, these observations motivate the hy-
pothesis that more severe MAP deficits reflect aberrant
opioid/cannabinoid signaling in the medial NACs during
normatively rewarding social interactions, manifesting
as diminished feelings of pleasure. While the molecular
neurobiology remains untested, prior work by our group
supports the psychological component of this hypothesis,
showing that individuals with more severe MAP symp-
toms experienced lower levels of positive affect and social
affiliation and emitted fewer positive facial expressions
during interactions with a social partner in the SAET, the
same individual who served as the model for our natu-
ralistic social-reward stimuli (Figure 2).'5 Outside of the
laboratory, ecological momentary assessment research
shows that more severe MAP symptoms are associated
with less time spent with others and diminished positive
affect in unstructured social contexts.'® A key challenge
for the future will be to clarify the origins and timing of
social-reward deficits in psychosis. In particular, it will be
fruitful to determine if blunted ventral striatum reactivity
to social reward precedes and promotes the emergence of
frank psychosis or whether it reflects a consequence of the
social isolation and rejection often experienced by indi-
viduals with psychotic disorders.>?”% It will also be useful
to determine whether emerging cognitive-behavioral
treatments targeting social affiliation and connectedness
(eg, positivity amplification) rescue ventral striatum reac-
tivity to social incentives.'!%

Gz0z Asenuer g| uo Jasn puejkiepy 1o Ausisaiun Aq 208S6./1 2Z2eqs/INQUIsS/S60 10 L /I0p/a|oie-aoueApe/uns|ingeluaydoziyos/woo dnoolwepese//:sdiy woll papeojumod


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbae221#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbae221#supplementary-data

Schizophrenia Bulletin, 2025, Vol. XX, No. XX

v

t=-4.36,r=-0.48 .

N
o
1

Ventral Striatum
(medial shell of the NAC)

—y
(=]
L

Motivation and Pleasure Symptoms
(controlling for mean-centered age and sex)
o

I
-
o

1

-1.5 -1 -5 0 2 1

Ventral Striatum Reactivity to Social Incentive Delay
(High-Reward Hit vs. No-Reward Hit, Full Trial)

o

204 t=-3.90,r=-044 .

10 Ventral Striatum
a 2 L {medial shell of the NAC)

Motivation and Pleasure Symptoms
(controlling for mean-centered age and sex)

-2.5 0 2.5
Ventral Striatum Reactivity to Social Reward
(High-Reward Hit vs. No-Reward Hit, Presentation Phase)

Figure 4. Blunted Ventral Striatum Reactivity to Naturalistic Social Incentives is Associated With More Severe Clinician-Rated MAP
Deficits. (a) Decreased Ventral Striatum Activation During High-Reward SID Trials is Associated With More Severe MAP Symptoms.
The Peak Lies in the Region of the Medial Shell of the Nucleus Accumbens (x = —4, y = 6, z = —8§; cf. Figure 1). (b) Decreased Activation
During the Presentation Phase of High-Reward SID Trials is Associated With More Severe MAP Symptoms in an Overlapping Region
of the Ventral Striatum (red) (x = —4, y = 6, z = —8). Red lines depict the regression slope for the peak voxel. Gray envelopes depict 95%
confidence intervals. Dots and ticks indicate individual participants. Analyses controlled for mean-centered age and biological sex (P < .05
FWE corrected for the volume of the anatomically defined ventral striatum). Key conclusions remained unchanged for analyses employing
robust regression. Abbreviations: Corr., Corrected for the Volume of the Anatomically Defined Ventral Striatum; FWE, Familywise Error;
MAP, Motivation-and-Pleasure Symptoms (CAINS); NAC, Nucleus Accumbens; SID, Social Incentive Delay Paradigm.
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The present results extend prior work from our
team focused on affiliative deficits in psychosis spec-
trum disorders. We reported that MAP deficits under-
mine the neuroregulatory benefits of social affiliation
in the face of acute threat."” Taken with the current
findings, these studies indicate that more severe MAP
symptoms are broadly related to diminished neural re-
sponses typically associated with affiliation and so-
cial reward. Furthermore, our findings across these 2
studies suggest that in the social sphere, pleasure-related
deficits in psychosis spectrum disorders can occur in the
consummatory phase and are not limited to the antici-
patory phase.'”1”2 More broadly, these observations add
to a growing body of empirical work—encompassing
laboratory emotion inductions,'® retrospective ques-
tionnaires,”? and real-world experience sampling'®—
that challenges the popular notion that MAP deficits
in psychosis are unrelated to acute (“in-the-moment”)
hedonic responses to normatively pleasurable stimuli.'®
Psychosis spectrum disorders are notoriously heteroge-
neous, and it is unlikely that deficits in consummatory
pleasure are universal. Indeed, a recent large-scale meta-
analysis (N = 6913) of emotion-induction studies dem-
onstrated that attenuated responses to positive stimuli
are most pronounced among individuals with more se-
vere negative symptoms,'® echoing the brain-symptom
associations reported here.

Clearly, important challenges remain. First, our
study was focused on a relatively large community
sample that was heavily enriched for stable psychosis
(Table 1). While this enabled us to assess a broad range
of cross-cutting MAP symptoms, enhancing power and
transdiagnostic relevance, it precludes direct compar-
ison with prior neuroimaging research focused on small
case-control samples (median N = 28, median n, =
20).23911% Moving forward, it will be important to ex-
pand our naturalistic approach to encompass larger,
more nationally representative samples; to explore po-
tential case-control, diagnostic, and demographic (eg,
gender) differences; and to examine paradigms that
incorporate genuine, real-time social feedback.®!"7 Tt
will also be fruitful to assess subjective responses (eg,
hedonic pleasure, wanting, and positive affect) to the
incentive stimuli. Second, most participants were on
a stable regimen of outpatient treatment. Although
this enhances clinical relevance, the potential impact
of medications on our findings is unknown. Because
medication types and dosages were clinically deter-
mined and the actual degree of adherence was not as-
certained, we cannot determine what impact, if any,
medication may have had.'® Tt merits comment that
13% of our sample—or nearly 1 in 5 clinical partici-
pants—was taking typical antipsychotic medications
(Table 1), which antagonize dopamine D2 receptors,
and have been associated with depression, anhedonia,
and diminished reward sensitivity.'®!'!? It will be useful
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to determine whether ventral striatum reactivity to so-
cial incentives is blunted in unmedicated individuals
and whether it is rescued by switching to atypical anti-
psychotics or the recently approved muscarinic ago-
nist, xanomeline, which has shown efficacy at reducing
negative symptoms.'!%!1 Third, MAP deficits likely
reflect multiple distributed neural circuits. Indeed, ven-
tral striatal reactivity to social incentives statistically
explained less than one-quarter of the variance in MAP
symptoms (Figure 4a). A key challenge for the future
will be to determine how interactions between the ven-
tral striatum and other regions implicated in appetitive
motivation and hedonic pleasure support variation in
MAPS symptoms. Fourth, the absence of punishment
trials precludes strong claims about valence.!'> While
unlikely, similar associations might be evident for neg-
ative social feedback. Fifth, contrary to expectation,
we did not detect significant associations between ven-
tral striatum reactivity to social or monetary incen-
tives and self-reported social functioning. In retrospect,
this likely reflects the limitations of our focal measure
(SLOF). Among individuals with psychotic disorders,
self-reported social functioning shows weak conver-
gence with clinician ratings (r = 0.15 for the SLOF)
and, in contrast to clinician ratings, negligible associ-
ations with objective behavioral measures.''>!"* It will
be helpful for future research to adopt a broader ap-
proach (eg, high-contact clinicians, semi-structured be-
havioral assessments, and experience sampling).'®

In sum, the present study leveraged matched SID/
MID fMRI paradigms and naturalistic social rewards to
demonstrate that MAP symptoms are preferentially as-
sociated with blunted ventral striatum reactivity during
the receipt of social reward. These observations provide
fresh neurobiological insights into the social-anhedonia
symptoms and social impairment that afflict many indi-
viduals living with psychotic disorders.! %1617 While
established treatments often fail to alleviate these symp-
toms—making this a critical unmet need’*>!"'812our
results underscore the potential benefit of emerging inter-
ventions targeting positive affect, hedonic pleasure, and
social affiliation.!®
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Supplementary material is available at https://academic.
oup.com/schizophreniabulletin.
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Social Reward

+9

+1
p < 0.05,
WB FWE
corrected

L y=+6

High-Reward Hit vs. No-Reward Hit,
Presentation Phase

Supplementary Figure S1. The presentation of social reward robustly engages the ventral striatum. Regions showing
significantly greater activation during High- compared to No-Reward hit trials during the presentation phase of the SID
paradigm (p<0.05, whole-brain FWE corrected). Significant activation was not evident in the ventral striatum during the
anticipation phase, even when using a more liberal small-volume threshold (p<0.05, ventral striatum FWE corrected). Blue
arrows indicate the ventral striatum. Abbreviations—FWE, familywise error; L, left hemisphere; SID, social incentive delay;

WB, whole-brain.

2



Shackman...& Blanchard, MAP deficits and striatal reactivity to social incentives in psychosis 3

Supplementary Table S1. Descriptive statistics for clusters and local extrema showing greater
activation in the SID paradigm for High-Reward compared to No-Reward hit trials (p<0.05, whole-brain
FWE corrected).

mm?3 t X y z

Cluster 1 60480

R Lateral Occipital Cortex, inferior

division 17.14 | 46 | -68 2

R Occipital Pole 13.21 | 16 | -92 6

R Occipital Fusiform Gyrus 1281 | 30 | -76 | -12

R Temporal Occipital Fusiform

Cortex 10.2 | 46 | -50 | -16

R Inferior Temporal Gyrus,

temporooccipital part 8.68 | 48 | -58 | -14

R Lateral Occipital Cortex,

superior division 8.04 | 28 | -84 22

R Temporal Fusiform Cortex,

posterior division 6.55 | 38 | -38 | -22
Cluster 2 31168

L Lateral Occipital Cortex, inferior

division 13.18 | -44 | -70 4

L Temporal Occipital Fusiform

Cortex 7.68 | -40 | -56 | -14

L Temporal Fusiform Cortex,

posterior division 6.22 | -40 | -36 | -24

L Occipital Pole 529 | -24 | -94 -8

L Occipital Fusiform Gyrus 521 | -32 | -80 | -14

L Lateral Occipital Cortex,

superior division 475 | -42 | -88 12
Cluster 3 12368

L Paracingulate Gyrus 633 | -2 46 4

L Cingulate Gyrus, anterior

division 5.7 -6 36 20

L Frontal Pole 3.56 | -4 62 6

R Cingulate Gyrus, anterior

division 6.83 6 30 14

R Paracingulate Gyrus 6.3 4 46 10

R Frontal Medial Cortex 3.64 0 50 -8
Cluster 4 8792

L Frontal Orbital Cortex 478 | -26 | 14 -20

L Left Thalamus 452 | -6 -2 4

L Insular Cortex 415 | -32 | 16 -10

R Ventral Striatum 7.56 8 14 -6

R Ventral Striatum 7.05 | 10 14 -8

R Insular Cortex 5.02 | 36 20 -8

R Right Caudate 3.49 6 12 6
Cluster 5 3136
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L Brain-Stem 445 | -6 | -36 -6

R Brain-Stem 5.38 6 -36 -8

R Right Thalamus 533 | 10 | -30 -2
Cluster 6 1888

R Superior Parietal Lobule 539 | 26 | -52 52

R Lateral Occipital Cortex,

superior division 396 | 22 | -62 46
Cluster 7 1280

R Heschl’s Gyrus (includes H1 and

H2) 443 | 46 | -20 8

R Planum Temporale 425 | 62 | -16 4
Cluster 8 792

L Lateral Occipital Cortex,

superior division 438 | -30 | -72 22
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Supplementary Table S2. Descriptive statistics for clusters and local extrema showing greater
activation in the SID paradigm for No-Reward compared to High-Reward hit trials (p<0.05, whole-brain
FWE corrected).

mm3 t X y z

No Clusters
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Supplementary Table S3. Descriptive statistics for clusters and local extrema showing greater
activation in the MID paradigm for High-Reward compared to No-Reward hit trials (p<0.05, whole-brain
FWE corrected).

mm3 t X y z
Cluster 1 99568
L Lateral Occipital Cortex, inferior
division 9.36 | -48 | -78 | -10
L Occipital Fusiform Gyrus 6.19 | -36 | -70 | -18
L Occipital Pole 5.77 | -38 | -90 8
L Lateral Occipital Cortex,
superior division 5.72 | -40 | -88 10
L Intracalcarine Cortex 492 | -12 | -82 8
L Lingual Gyrus 469 | -4 | -72 4
L Middle Temporal Gyrus,
temporooccipital part 3.87 | -56 | -58 8
L Inferior Temporal Gyrus,
temporooccipital part 3.81 | -48 | -62 | -20
R Lateral Occipital Cortex, inferior
division 932 | 44 | -80 | -8
R Occipital Pole 6.85 | 12 | -90 |2
R Inferior Temporal Gyrus,
temporooccipital part 6.35 | 56 | -60 |-10
R Middle Temporal Gyrus,
temporooccipital part 6.24 | 58 | -54 | -8
R Occipital Fusiform Gyrus 576 | 30 | -70 |-18
R Lateral Occipital Cortex,
superior division 522 | 40 | -80 |12
R Intracalcarine Cortex 5.11 6 -74 | 6
R Lingual Gyrus 453 | 12 | -62 |2
R Brain-Stem 391 | 12 | -44 | -40
Cluster 2 61112

L Frontal Orbital Cortex 598 | -28 | 22 [-10
L Insular Cortex 549 | -38 | 14 | -6
L Frontal Operculum Cortex 511 | -34 | 20 [10
L Brain-Stem 462 | -4 | -34 |-26
L Thalamus 355 | -6 | -26 |12
R Frontal Orbital Cortex 7.67 | 32 30 | -2
R Middle Frontal Gyrus 7.39 | 44 6 |36
R Thalamus 6.57 2 -12 | 12
R Precentral Gyrus 6.48 | 42 8 |26
R Brain-Stem 5.81 4 -32 | -18
R Inferior Frontal Gyrus, pars
opercularis 5.1 50 8 16
R Caudate 457 | 14 -6 |18
R Insular Cortex 438 | 38 6 | -4
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R Putamen 4.2 30 | -12 | -10

R Amygdala 4.07 | 26 0 |-12

R Superior Frontal Gyrus 391 | 24 8 |66

R Pallidum 3.76 | 24 -8 |-6

R Ventral Striatum 8.78 | 12 14 | -10

L Ventral Striatum 781 | -10 | 14 |-10

L Ventral Striatum 832 | -6 16 | -4

R Ventral Striatum 9.23 8 14 | -2
Cluster 3 35000

L Cingulate Gyrus, anterior

division 714 | -2 34 |20

L Paracingulate Gyrus 6.96 | -2 38 |28

L Cingulate Gyrus, posterior

division 484 | -8 | -22 |42

L Juxtapositional Lobule Cortex

(formerly Supplementary Motor

Cortex) 431 | -2 6 |58

R Paracingulate Gyrus 7.04 2 36 |26

R Cingulate Gyrus, anterior

division 6.96 0 46 |4

R Cingulate Gyrus, posterior

division 5.12 0 -32 | 26
Cluster 4 23992

R Superior Parietal Lobule 7.56 | 32 | -48 |48

R Supramarginal Gyrus, posterior

division 716 | 48 | -38 | 54

R Lateral Occipital Cortex,

superior division 636 | 26 | -68 | 38

R Supramarginal Gyrus, anterior

division 508 | 56 | -26 |44

R Precuneus Cortex 416 | 16 | -66 | 38
Cluster 5 8592

L Precentral Gyrus 6.89 | -54 0 |48

L Superior Frontal Gyrus 4.62 | -22 0 [54

L Inferior Frontal Gyrus, pars

opercularis 434 | -56 | 10 |16
Cluster 6 6096

L Lateral Occipital Cortex,

superior division 55 | -28 | -66 |30

L Superior Parietal Lobule 457 | -28 | -52 | 48

L Precuneus Cortex 433 | -6 | -78 | 54
Cluster 7 1176

L Supramarginal Gyrus, posterior

division 497 | -56 | -42 | 22
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Supplementary Table S4. Descriptive statistics for clusters and local extrema showing greater
activation in the MID paradigm for No-Reward compared to High-Reward hit trials (p<0.05, whole-brain
FWE corrected).

mm3 t X y z

Cluster 1 5784

R Planum Temporale 6.02 | 56 | -26 10

R Heschl’s Gyrus (includes H1 and

H2) 587 | 38 | -22 12

R Insular Cortex 505 | 38 | -16 16

R Central Opercular Cortex 3.94 | 56 -8 8

R Postcentral Gyrus 3.89 | 66 -6 28
Cluster 2 1840

L Central Opercular Cortex 5.62 | -36 | -20 20

L Heschl’s Gyrus (includes H1 and

H2) 497 | -36 | -28 | 14
Cluster 3 1048

R Occipital Pole 451 | 22 | -96 4
Cluster 4 904

R Precentral Gyrus 4.78 4 -28 66
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Supplementary Table S5 Descriptive statistics for clusters and local extrema showing greater activation
in the SID paradigm for the anticipation of High-Reward compared to No-Reward incentives (p<0.05,
whole-brain FWE corrected).

mm3 t b'¢ y z
Cluster 1 R Occipital Fusiform Gyrus 4976 9.09 30 -76 -10
R Temporal Occipital Fusiform Cortex 6.38 30 -54 -10
R Lingual Gyrus 5.55 26 -60 -4
Cluster 2 L Occipital Fusiform Gyrus 4824 8.96 -30 -72 -12
L Lingual Gyrus 6.13 -24 | -58 -8
L Temporal Occipital Fusiform Cortex 5.21 -28 -54 -10
Cluster 3 L Left Thalamus 2072 3.76 -6 -22 2
R Right Thalamus 4.97 4 -14 2
R Brain-Stem 4.07 6 -30 -6
L Juxtapositional Lobule Cortex
(formerly Supplementary Motor
Cluster 4 Cortex) 1352 4.39 -6 2 48
L Cingulate Gyrus, anterior division 3.49 -6 12 36
R Juxtapositional Lobule Cortex
(formerly Supplementary Motor
Cortex) 3.87 2 -4 58
R Juxtapositional Lobule Cortex
(formerly Supplementary Motor
Cluster 5 Cortex) 888 4.90 10 6 44
R Cingulate Gyrus, anterior division 3.70 8 -8 42
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Supplementary Table S6 Descriptive statistics for clusters and local extrema showing greater activation

in the SID paradigm for the anticipation of No-Reward compared to High-Reward incentives (p<0.05,

whole-brain FWE corrected).

mm3 t b'¢ y z
R Lateral Occipital Cortex,
Cluster 1 superior division 5400 489 | 42 | -72 44
R Angular Gyrus 430 | 56 | -58 | 20
L Lateral Occipital Cortex,
Cluster 2 superior division 3840 459 | -46 | -70 26
R Lateral Occipital Cortex, inferior
Cluster 3 division 3000 5.61 50 | -64 | -14
R Inferior Temporal Gyrus,
temporooccipital part 429 | 48 | -50 | -18
R Temporal Occipital Fusiform
Cortex 355 | 44 | 42 | -24
R Middle Temporal Gyrus,
Cluster 4 anterior division 1768 4.87 | 64 -6 -20
R Middle Temporal Gyrus,
posterior division 446 | 66 | -14 | -26
Cluster 5 L Amygdala 1248 519 | -26 | -10 | -16
L Amygdala 3.82 | -28 0 -26
L Amygdala 3.56 | -24 0 -20
L Amygdala 519 | -26 | -10 | -16
Cluster 6 L Superior Frontal Gyrus 1112 397 | -16 | 34 54
Cluster 7 R Lingual Gyrus 992 441 | 18 | -52 2
R Cingulate Gyrus, posterior
division 432 | 16 | -48 4
R Precuneus Cortex 3.76 6 -60 10
Cluster 8 R Frontal Pole 744 4.50 2 64 0
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Supplementary Table S7. Descriptive statistics for clusters and local extrema showing greater
activation in the SID paradigm for the presentation of High-Reward compared to No-Reward incentives
(p<0.05, whole-brain FWE corrected).

mm3 t b'¢ y z

Cluster 1 82944

R Lateral Occipital Cortex, inferior

division 17.92 | 48 | -70 0

R Occipital Pole 128 | 16 | -92 4

R Temporal Occipital Fusiform

Cortex 1161 | 44 | -50 | -20

R Inferior Temporal Gyrus,

temporooccipital part 1049 | 48 | -60 | -14

R Occipital Fusiform Gyrus 1047 | 22 | -86 | -10

R Lateral Occipital Cortex,

superior division 8.9 30 | -84 26

R Planum Temporale 6.27 | 62 | -12 4

R Supramarginal Gyrus, posterior

division 501 | 66 | -42 14

R Heschl’s Gyrus (includes H1 and

H2) 458 | 50 | -18 6

R Superior Temporal Gyrus,

anterior division 3.67 | 64 0 -8
Cluster 2 38008

L Lateral Occipital Cortex, inferior

division 13.02 | -48 | -72 4

L Temporal Occipital Fusiform

Cortex 8.03 | -42 | -54 | -22

L Occipital Pole 7.86 | -24 | -96 0

L Occipital Fusiform Gyrus 501 | -34 | -80 | -18

L Lateral Occipital Cortex,

superior division 489 | -40 | -88 12

L Supramarginal Gyrus, posterior

division 419 | -56 | -50 14

L Inferior Temporal Gyrus,

temporooccipital part 394 | -60 | -46 | -16
Cluster 3 19456

R Amygdala 583 | 28 2 -14

R Amygdala 525 | 24 -6 -12

R Amygdala 5.09 16 -6 -14

R Amygdala/ R Parahippocampal

Gyrus, anterior division 4.71 26 0 -30

R Amygdala 3.55 | 22 -4 -26

L Amygdala 576 | -14 | -6 -18

L Amygdala 478 | -28 | -8 -14

L Amygdala 4.67 | -22 0 -26

L Frontal Orbital Cortex 6.23 | -26 | 14 -20
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L Insular Cortex 484 | -30 | 14 -10

L Parahippocampal Gyrus,

anterior division 4.25 | -16 -6 -26

L Hippocampus 414 | -32 | -8 -22

L Thalamus 3.85 | -16 | -34 -2

L Putamen 3.46 | -20 14 2

R Thalamus 5.97 12 | -32 0

R Hippocampus 516 | 20 | -30 -6

R Temporal Pole 3.54 | 30 6 -24

R Putamen 3.39 32 -12 -2

R Ventral Striatum 5.49 10 10 -12

R Ventral Striatum 5.99 6 12 -6

R Ventral Striatum 7.56 8 14 -6

R Ventral Striatum 5.89 8 16 -6
Cluster 4 15744

L Paracingulate Gyrus 5.34 -2 34 | -10

L Cingulate Gyrus, anterior

division 5.23 -6 32 -4

L Caudate 416 | -10 | 10 16

L Frontal Pole 4.05 -2 58 -6

R Cingulate Gyrus, anterior

division 6.51 0 46 4

R Frontal Pole 5.37 0 62 6

R Subcallosal Cortex 5.06 2 28 -20

R Frontal Medial Cortex 4.49 2 52 -8

R Paracingulate Gyrus 4.05 8 46 18
Cluster 5 3224

L Frontal Pole 5.3 -12 | 46 50

L Superior Frontal Gyrus 481 | -18 | 38 46
Cluster 6 1600

L Cingulate Gyrus, posterior

division 3.85 -4 -46 32

R Cingulate Gyrus, posterior

division 4.09 0 -30 32
Cluster 7 1368

R Superior Parietal Lobule 541 | 30 | -50 | 54
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Supplementary Table S8. Descriptive statistics for clusters and local extrema showing greater
activation in the SID paradigm for the presentation of No-Reward compared to High-Reward incentives
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(p<0.05, whole-brain FWE corrected).

mm3 t X y z

Cluster 1 3568

R Frontal Pole 5.1 30 | 40 28
Cluster 2 2888

L Juxtapositional Lobule Cortex

(formerly Supplementary Motor

Cortex) 499 | -2 | -10 54

R Juxtapositional Lobule Cortex

(formerly Supplementary Motor

Cortex) 4.72 8 4 54
Cluster 3 2016

L Precentral Gyrus 461 | -26 | -14 | 70
Cluster 4 1584

R Postcentral Gyrus 448 | 54 | -16 40

R Supramarginal Gyrus, anterior

division 4.4 62 | -30 38
Cluster 5 1304

R Superior Frontal Gyrus 5.01 | 26 2 60
Cluster 6 1040

L Postcentral Gyrus 459 | -40 | -28 | 62
Cluster 7 904

R Cingulate Gyrus, posterior

division 518 | 12 | -24 | 40
Cluster 8 704

L Postcentral Gyrus 474 | -58 | -16 | 50

13
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Supplementary Table S9. Descriptive statistics for clusters and local extrema showing greater
activation in the MID paradigm for the anticipation of High-Reward compared to No-Reward incentives
(p<0.05, whole-brain FWE corrected).

mm3 t D¢ y z
Cluster 1 L Precentral Gyrus 55544 6.04 -50 |-10 | 44
L Juxtapositional Lobule Cortex
(formerly Supplementary Motor
Cortex) 5.87 -2 -2 56
L Postcentral Gyrus 5.78 -36 | -28 66
L Cingulate Gyrus, anterior
division 5.63 -6 8 40
L Superior Parietal Lobule 4.51 -30 | -42 62
L Superior Frontal Gyrus 4.04 -20 4 72
R Juxtapositional Lobule Cortex
(formerly Supplementary Motor
Cortex) 6.57 10 0 54
R Precentral Gyrus 5.61 46 -8 54
R Cingulate Gyrus, anterior
division 4.76 6 10 28
R Superior Frontal Gyrus 4.74 20 6 56
R Cingulate Gyrus, posterior
division 4.68 12 | -16 40
R Precuneus Cortex 4.52 8 -48 | 60
R Postcentral Gyrus 3.85 12 | -40 58
Cluster 2 L Brain-Stem 26384 6.81 -4 | -30 | -14
L Ventral Striatum 4.39 -6 6 -2
L Thalamus 6.00 -2 | -16 6
L Caudate 4.83 -14 | 20 -2
L Putamen 4.42 -20 | 10 -2
L Pallidum 3.69 -14 | -2 -2
R Thalamus 7.16 4 -16 6
R Brain-Stem 6.85 4 -28 -2
Midline Left Thalamus 5.52 0 -6 2
R Caudate 5.31 10 8 -2
R Pallidum 4.23 18 4 0
R Putamen 3.99 18 12 -12
Cluster 3 L Occipital Fusiform Gyrus 18416 9.57 -26 | -82 | -10
L Occipital Pole 6.26 -12 | -100 | -2
L Temporal Occipital Fusiform
Cortex 5.51 -30 | -52 | -14
L Lateral Occipital Cortex, inferior
division 4.55 -30 | -86 2
L Lateral Occipital Cortex,
superior division 3.85 -30 | -88 | 22
L Lingual Gyrus 3.45 -22 | -46 -6
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Cluster 4 R Occipital Fusiform Gyrus 18072 10.17 32 | -72 | -12
R Temporal Occipital Fusiform
Cortex 6.47 34 | -54 | -16
R Occipital Pole 6.22 14 | -90 -4
R Lateral Occipital Cortex, inferior
division 4.64 36 | -76 8
L Heschls Gyrus (includes H1 and

Cluster 5 H2) 4664 7.54 -46 | -22 6
L Planum Temporale 6.80 -40 | -32 10
L Parietal Operculum Cortex 491 -32 | -28 20
R Heschls Gyrus (includes H1 and

Cluster 6 H2) 2496 6.38 52 | -16 4
R Planum Temporale 5.04 40 | -28 14

Cluster 7 R Insular Cortex 2008 5.14 32 | 26 -2
R Frontal Operculum Cortex 4.49 34 | 24 6

Cluster 8 L Insular Cortex 1712 4.89 -30 | 26 2
L Frontal Operculum Cortex 4.27 -32 | 22 12

Cluster 9 L Brain-Stem 1600 5.92 -2 | -36 | -40
R Brain-Stem 3.96 2 -32 | -30

Cluster 10 | R Intracalcarine Cortex 928 4.74 8 | -72 | 16
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Supplementary Table S10. Descriptive statistics for clusters and local extrema showing greater
activation in the MID paradigm for the anticipation of No-Reward compared to High-Reward incentives
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(p<0.05, whole-brain FWE corrected).
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mm3 t b'¢ y z

Cluster 1 L Paracingulate Gyrus 4648 5.87 -2 50 -6
L Frontal Pole 4.36 -2 60 22
L Frontal Medial Cortex 4.34 -2 46 -14
L Cingulate Gyrus, anterior division 3.87 -4 40 -4
R Frontal Pole 4.62 2 60 -6
R Paracingulate Gyrus 3.78 4 52 12

Cluster 2 L Superior Frontal Gyrus 3672 5.96 -12 28 60
L Frontal Pole 4.55 -10 42 52
L. Middle Frontal Gyrus 4.26 -42 22 40
L Lateral Occipital Cortex, superior

Cluster 3 division 3384 4.62 -46 -62 28

Cluster 4 L Precuneus Cortex 2952 5.29 -10 -54 34
L Cingulate Gyrus, posterior division 4.04 -14 | -48 0
R Precuneus Cortex 3.57 4 -54 16
R Lateral Occipital Cortex, superior

Cluster 5 division 2824 4.65 48 -70 42
R Angular Gyrus 3.28 54 -58 40

Cluster 6 R Superior Frontal Gyrus 2432 5.28 20 28 58
R Middle Frontal Gyrus 4.31 34 26 50
R Frontal Pole 3.67 22 38 48
R Middle Temporal Gyrus, posterior

Cluster 8 division 800 4.19 62 -10 -14
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Supplementary Table S11. Descriptive statistics for clusters and local extrema showing greater
activation in the MID paradigm for the presentation of High-Reward compared to No-Reward incentives
(p<0.05, whole-brain FWE corrected).

mm?3 t X y z

Cluster 1 R Amygdala 164232 4.81 26 -2 -12

R Amygdala 4.80 24 -14 -10

R Amygdala 3.99 30 -4 -22

L Lateral Occipital Cortex, inferior

division 9.20 -48 -76 -10

L Lingual Gyrus 8.27 -6 -76 -14

L Subcallosal Cortex 7.70 -2 14 -2

L Lateral Occipital Cortex, superior

division 5.90 -40 -86 12

L Inferior Temporal Gyrus, posterior

division 5.70 -54 -42 -18

L Middle Temporal Gyrus,

temporooccipital part 5.17 -60 -62 0

L Thalamus 5.15 -10 -2 10

L Inferior Temporal Gyrus,

temporooccipital part 4.98 -48 -54 -20

L Occipital Fusiform Gyrus 4.96 -42 -66 -16

L Intracalcarine Cortex 4.53 -10 -88 0

R Lateral Occipital Cortex, inferior

division 8.54 44 -80 -8

R Supramarginal Gyrus, posterior

division 8.32 48 -40 54

R Inferior Temporal Gyrus,

temporooccipital part 7.82 48 -60 -8

R Superior Parietal Lobule 6.80 38 -46 52

R Caudate 6.53 6 10 -2

R Thalamus 6.53 2 -10 12

R Lateral Occipital Cortex, superior

division 6.37 30 -64 30

R Intracalcarine Cortex 6.21 12 -88 2

R Parahippocampal Gyrus, posterior

division 5.69 20 -26 -12

R Lingual Gyrus 5.51 12 -68 -10

R Cingulate Gyrus, posterior division 5.19 10 -42 2

R Middle Temporal Gyrus, posterior

division 4.86 64 -28 -18

R Amygdala 4.81 26 -2 -12

R Occipital Pole 4.51 2 -96 8

R Middle Temporal Gyrus,

temporooccipital part 4.28 66 -40 -8

R Brain-Stem 3.32 10 -44 -48
Cluster 2 L Paracingulate Gyrus 29104 6.98 -10 38 18




Shackman...& Blanchard, MAP deficits and striatal reactivity to social incentives in psychosis 18
R Cingulate Gyrus, anterior division 8.64 0 46 4
R Frontal Orbital Cortex 6.72 40 20 -8
R Paracingulate Gyrus 6.47 2 36 28
R Insular Cortex 5.10 40 12 -8
R Frontal Pole 3.45 24 42 -10
L Supramarginal Gyrus, anterior
Cluster 3 division 11528 5.82 -48 -38 42
L Supramarginal Gyrus, posterior
division 5.32 -50 -44 54
L Lateral Occipital Cortex, superior
division 5.27 -26 -72 34
L Superior Parietal Lobule 5.12 -36 -54 52
Cluster 4 R Precentral Gyrus 7760 7.52 42 8 28
R Inferior Frontal Gyrus, pars
opercularis 6.60 54 12 30
R Middle Frontal Gyrus 5.56 54 10 40
Cluster 5 L Cingulate Gyrus, anterior division 7016 6.60 -2 0 34
R Cingulate Gyrus, anterior division 6.48 0 -10 38
R Cingulate Gyrus, posterior division 6.36 0 -32 26
Cluster 6 L Precentral Gyrus 5768 6.05 -48 8 28
L Inferior Frontal Gyrus, pars
opercularis 4.12 -50 10 20
L Central Opercular Cortex 4.08 -36 -2 18
Cluster 7 L Insular Cortex 4584 5.63 -34 14 -8
L Frontal Orbital Cortex 4.78 -36 18 -16
L Temporal Pole 4.19 -52 4 -6
L Planum Polare 3.98 -56 -2 0
Cluster 8 L Insular Cortex 1288 5.17 -36 -6 -6
L Putamen 4.48 -30 -18 6
Cluster 9 L Parietal Operculum Cortex 1128 4.55 -52 -40 24
L Supramarginal Gyrus, posterior
division 3.99 -56 -42 32
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activation in the MID paradigm for the presentation of No-Reward compared to High-Reward incentives
(p<0.05, whole-brain FWE corrected).

mm3 t b'¢ y z
Cluster 1 L Precentral Gyrus 7888 | 4.79 -4 | -16 | 64
L Postcentral Gyrus 4.26 -6 | -38 62
R Juxtapositional Lobule Cortex
(formerly Supplementary Motor
Cortex) 5.89 4 -12 68
R Precentral Gyrus 5.70 4 -28 | 66
R Postcentral Gyrus 346 | 34 | -28 66
Cluster 2 R Occipital Fusiform Gyrus 5024 9.01 | 28 | -78 | -10
R Occipital Pole 523 | 22 | -96 2
Cluster 3 R Planum Temporale 4616 6.85 | 40 | -28 16
R Insular Cortex 5.02 36 | -18 16
R Heschls Gyrus (includes H1 and
H2) 421 | 50 | -10 2
R Central Opercular Cortex 391 | 46 | -12 12
L Heschls Gyrus (includes H1 and
Cluster 4 H2) 4240 707 | -36 | -26 | 12
L Insular Cortex 6.47 | -34 | -24 18
L Planum Temporale 6.15 | -40 | -34 10
L Parietal Operculum Cortex 587 | -32 | -30 | 20
Cluster 5 L Occipital Fusiform Gyrus 3600 792 | -26 | -76 | -10
L Occipital Pole 509 | -16 | -94 -6
Cluster 6 R Thalamus 856 5.60 16 | -24 4
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