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Schizophrenia and bipolar disorder are associated with
opposite brain reward anticipation-associated response

Jason Smucny', Laura M. Tully’, Amber M. Howell?, Tyler A. Lesh

!, Sheri L. Johnson?, Randall C. O’Reilly**, Michael J. Minzenberg®,

Stefan Ursu’, Jong H. Yoon®, Tara A. Niendam', J. Daniel Ragland' and Cameron S. Carter'

Blunted and exaggerated neuronal response to rewards are hypothesized to be core features of schizophrenia spectrum disorders
(SZ) and bipolar disorder (BD), respectively. Nonetheless, direct tests of this hypothesis, in which response between SZ and BD is
compared in the same study, are lacking. Here we examined the functional correlates of reward processing during the Incentivized
Control Engagement Task (ICE-T) using 3T fMRI. Reward-associated activation was examined in 49 healthy controls (HCs), 52 recent-
onset individuals with SZ, and 22 recent-onset individuals with Type | BD using anterior cingulate (ACC), anterior insula, and ventral
striatal regions of interest. Significant group X reward condition (neutral vs. reward) interactions were observed during reward
anticipation in the dorsal ACC (F(2,120) = 4.21, P=0.017) and right insula (F(2,120) = 4.77, P=0.010). The ACC interaction was
driven by relatively higher activation in the BD group vs. HCs (P = 0.007) and vs. individuals with SZ (P = 0.010). The insula
interaction was driven by reduced activation in the SZ group relative to HCs (P=0.018) and vs. people with BD (P =0.008). A
composite of reward anticipation-associated response across all associated ROIs also differed significantly by diagnosis (F(1,120) =
5.59, P=10.02), BD > HC > SZ. No effects of group or group X reward interactions were observed during reward feedback. These
results suggest that people with SZ and BD have opposite patterns of activation associated with reward anticipation but not reward
receipt. Implications of these findings in regard to Research Domain Criteria-based classification of illness and the neurobiology of

reward in psychosis are discussed.

Neuropsychopharmacology (2021) 46:1152-1160; https://doi.org/10.1038/s41386-020-00940-0

INTRODUCTION

In recent years, interest has been growing in performing cross-
diagnostic studies, in which a neuronal circuit associated with a
key neurocognitive domain is examined across more than one
psychiatric disorder. The goal of these studies is to determine
which domains show deficits across multiple disorders, the pattern
(s) in which these differences occur, and ultimately if shared
behavioral deficits can be explained by common neuronal
mechanisms that would be amendable to cross-diagnostic
intervention. Previous research using this framework to evaluate
individuals with bipolar disorder (BD) and schizophrenia spectrum
disorders (SZ) suggest a dimensional pattern across various
domains (e.g., cognitive control), with intermediate deficits in BD
and more severe deficits in SZ [1-3].

This graded dimensional pattern of deficits, however, may not
be true of all pathophysiological mechanisms. Studies examining
reward responsiveness, for example, have frequently observed
elevations in BD (reviewed by [4-7]) while studies in SZ (reviewed
by Whitton et al. and Robinson et al. [6, 8]) suggest reductions in
associated neuronal activity. Indeed, mania in BD and negative
symptoms in SZ in some respects appear to be diametrically
opposed clinical phenomena that have been hypothesized to be a
consequence of opposite abnormalities in brain reward-associated

processing [6]. Hence, manic symptoms in BD are theorized to be
the consequence of a hyperactive reward system, whereas
negative symptoms in SZ may be the result of a hypoactive
reward system [6]. Nonetheless, to our knowledge, only one study
has directly compared reward processing between BD and SZ on a
functional level using fMRI [9]. In that study, Schwarz et al. found
reduced ventral striatal (VS) activation during reward anticipation
in both SZ and BD using the monetary incentive delay (MID) task.
Reduced executive network activation during anticipation was
also observed in BD in the study.

The MID task used by Schwarz et al, however, is a non-
demanding task in which the same button is pressed in response
to a light stimulus. Due of its low difficulty, the task may not
provide a sensitive measure of psychosis-related impairments, as
differences in reward-associated activation may be amplified in
tasks that require more effort [10]. Indeed, previous research in
individuals with BD suggests that difficult tasks are more sensitive
to reward-associated differences in brain activation in BD (vs.
healthy people) than easy tasks [11]. Furthermore, the previous
study examined chronic individuals with BD or SZ, and
consequently, it is unclear if the differences observed were the
direct result of illness or a secondary consequence of chronic
disease or medication. Here, we used a more engaging,

"Department of Psychiatry and Behavioral Sciences, University of California, Davis, CA, USA; “College of Medicine, Yale University, New Haven, CT, USA; *Department of
Psychology, University of California, Berkeley, CA, USA; “Departments of Psychology and Computer Science, University of California, Davis, CA, USA; *eCortex Inc., Boulder, CO,
USA; ®California Neuromodulation Institute, Agoura Hills, CA, USA; "Department of Psychiatry, University of California, Riverside, CA, USA and ®Department of Psychiatry and

Behavioral Sciences, Stanford University, Stanford, CA, USA
Correspondence: Jason Smucny (jsmucny@ucdavis.edu)

Received: 9 September 2020 Revised: 3 December 2020 Accepted: 7 December 2020

Published online: 15 January 2021

SPRINGERNATURE

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2021


http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-00940-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-00940-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-00940-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-00940-0&domain=pdf
http://orcid.org/0000-0002-6160-3927
http://orcid.org/0000-0002-6160-3927
http://orcid.org/0000-0002-6160-3927
http://orcid.org/0000-0002-6160-3927
http://orcid.org/0000-0002-6160-3927
mailto:jsmucny@ucdavis.edu
www.nature.com/npp

ICE-T Parameters and Timing

Low Control Trial Types

High Control Trial Types

Feedback
(Neutral Receipt)

<«—— Cue (Reward Anticipation)

+

Fig. 1 Diagram of Incentivized Control Engagement Task (ICE-T)
parameters and timing. In “same” trials, participants were
instructed to press the button in the same hand as the matching
star (e.g., left hand if the matching probe was on the left side of the
screen). In “opposite” trials, participants were instructed to press the
button in the opposite hand as the matching star (e.g., left hand if
the matching probe was on the right side of the screen). Neutral vs.
rewarded trials were color-coded, with the color code (red or green)
counterbalanced between individuals.

[«——— Probe

Feedback
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‘Adapted from (13)

demanding reward task, the Incentivized Control Engagement
Task (ICE-T) [12, 13], to further examine the neuronal correlates of
reward anticipation and receipt in recent (<2 years) onset BD vs.
SZ. Unlike the MID, the ICE-T incorporates a variable cognitive
control condition in addition to a variable reward condition,
thereby requiring more effortful engagement [12]. We focused our
analysis on dorsal anterior cingulate (ACC), anterior insula, VS, and
ventromedial prefrontal cortex (vmPFC) regions of interest (ROIs)
as they are core components of the corticostriatal reward network
[8, 14, 15] and have been previously identified in an fMRI meta-
analysis of reward [16]. We also examined activation during the
cognitive control-associated component of the ICE-T using a
dorsolateral prefrontal cortex (DLPFC) ROIl. Relative to healthy
controls (HCs), we hypothesized increased reward-associated
activation in BD and reduced activation in SZ, consistent with
previous observations [4-8] along with the view that BD may be
distinguishable from SZ based on neuronal activation associated
with reward. We also speculated these differences would be more
apparent during reward anticipation in SZ based on prior research
suggesting that SZ patients show normal “in the moment”
processing of reward (i.e., unaltered hedonic response) while
displaying blunted anticipatory processing [17]. Finally, we
hypothesized that activation would be negatively associated with
scores on the SANS Anhedonia and Avolition/Apathy subscales
based on their transdiagnostic links to the neuronal reward
system [18], and positively associated with mania symptoms as
measured by the Young Mania Rating Scale (YMRS) [19].

METHODS

Participants

Sixty-three individuals (48 male, 15 female) with recent-onset non-
affective psychosis (including schizophrenia, schizoaffective dis-
order, schizophreniform disorder, and psychosis-not-otherwise-
specified, comprising a “schizophrenia spectrum disorder” (“SZ")
group), 25 individuals (16 male, 9 female) with recent-onset Type |
BD with psychotic features, and 51 demographically matched HCs
(34 male, 17 female) were recruited from the UC Davis Early
Psychosis Programs (EDAPT and SacEDAPT Clinics). Notably, Type |
BD is a more severe illness than Type Il, as Type | patients must
have had a full-blown manic episode to meet the criteria for
diagnosis, whereas Type |l patients present with hypomania. All
individuals were between 14 and 35 years of age. SZ and BD
participants were within two years of their first psychotic episode.
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The University of California, Davis Institutional Review Board
approved the study. Participants gave written informed consent
and were paid for their participation.

Please see the Supplementary file for clinical rating information,
exclusion criteria, and details on demographic and clinical group
comparisons.

Task description

The ICE-T is a delayed match-to-sample task (Fig. 1) that
dissociates reward motivation and top-down cognitive control
[12, 13]. The task differs from the MID in that there are two
cognitive control conditions (opposite vs. same) in addition to the
two reward conditions (reward vs. neutral) used in the MID. Briefly,
the task was composed of blocks of “same” trials requiring low
cognitive control and blocks of “opposite” trials requiring high
cognitive control. Participants were alerted to the type of block by
the words “same” or “opposite” that appeared on the screen
before each block. These blocks were further composed of
“neutral” or “rewarded” trials. Individuals were alerted via a
prestimulus cue if a trial was to be “neutral” or “rewarded.”
Participants were given response buttons for each hand.

Task parameters are provided in Supplementary Table 1.
Specifically, in ICE-T trials, a cue stimulus first appeared on the
screen for 0.5 s. The color of the stimulus alerted the participant if
the trial will be neutral or rewarded. Stimulus color mapping (i.e., if
red or green corresponded to neutral or rewarded trials) and block
order (same or opposite) were counterbalanced across partici-
pants. Following a 2- or 4-s interstimulus interval, two side-by-side
probe stimuli were then presented for 1s. One of the probe
stimuli matched the previous stimulus and the other did not. In
“same” (low cognitive control) blocks, the participant was
instructed to press the button on the ipsilateral side of the
matching stimulus, e.g., the left-hand button if the matching
stimulus was on the left side. In “opposite” (high cognitive control)
blocks, the participant was instructed to press the button on the
contralateral side of the matching stimulus, e.g., the left-hand
button if the matching stimulus was on the right side. Visual
feedback (0.5 s duration) was then provided. Specifically, in neutral
trials, “OK” was displayed if the participant answered accurately
within the time limit, and “X” was displayed otherwise. In
rewarded trials, “$$” was displayed if the participant answered
accurately within the time limit (earning $0.50), and “X" was
displayed otherwise. Each trial was followed by a jittered intertrial
interval of 4 s on average, with a minimum 2 s and a maximum 16
s. Incentive condition (neutral or rewarded) and target location
(left or right) was pseudorandomized and consequently counter-
balanced within blocks. Each participant was presented with six
runs of 6m 4 s each, with each run consisting of one opposite
block of 20 trials and one same block of 20 trials. The task,
therefore, included 60 trials of each condition (Same Neutral,
Same Reward, Opposite Neutral, Opposite Reward). The total task
length was 36 m 48s.

The initial response time limit of 1 s was shortened by 10% after
streaks of five correct and fast responses to rewarded trials.
Conversely, two consecutive errors, late responses, or null
responses in rewarded trials increased the response time limit
by 10%. This adjustment was performed was to reduce changes in
the reward expectation of each trial as the task went on [12, 13]. In
addition, the adjustment may help minimize performance
differences that might change the value of opposite vs. same
trials independent of the reward status of the trial, because trials
more likely to be answered correctly may induce more rewards for
answering correctly [12, 13].

Accuracy scores were calculated as the mean percent correct in
response to the probe over all blocks of trials for each condition
(Same Neutral, Same Reward, Opposite Neutral, Opposite Reward).
Reaction time was calculated as the mean reaction time in
response to the probe over all blocks of trials for each condition.
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fMRI image acquisition and preprocessing
Images were acquired on a Siemens TimTrio 3T scanner with an
eight-channel head coil using gradient T2*-weighted echo-planar
imaging (EPI) sequence (32 interleaved axial-oblique slices; 3.8 x
3.8 x 3.5 mm voxels; 75° flip angle; 2000 ms TR; 29 ms TE; 240 x
240 mm field of view). BOLD images were aligned to the anterior
commissure—posterior commissure + 10°. These scanning para-
meters (including alignment angle) were chosen based on
recommendations from MR physicist collaborators at the UC
Davis Imaging Research Center in order to provide optimal
cerebral coverage while limiting the number of slices that include
air-tissue interfaces that lead to susceptibility-related signal loss.
The alignment angle results in scans aligned at an angle of
approximately 10° to the tangential intercommissural reference
line [20, 21]. High-resolution anatomical images were also
acquired for each participant using a three-dimensional T1-
weighted magnetization-prepared rapid acquisition of gradient-
echo (MPRAGE) sequence (176  contiguous  anterior
commissure—posterior commissure slices; acceleration factor of
2; 1x1x 1 mm voxels; 7° flip angle; 2530 ms TR; 3.5 ms TE; 256 x
256 mm field of view). Head movement was minimized using
foam padding and participants wore earplugs to muffle
scanner noise.

Images were preprocessed with Statistical Parametric Mapping-
8 (SPM8) software (http://www filion.ucl.ac.uk/SPM8). Functional
data were reoriented, slice-time corrected, and realigned. Struc-
tural images were brain-extracted using FSL's BET toolbox [22] and
then segmented and co-registered to the mean functional image.
Images were spatially normalized to the Montreal Neurological
Institute (MNI) template using a nonlinear 12-parameter affine
transformation and then smoothed with an 8-mm kernel. Data
were screened for image artifacts, structural abnormalities, and
normalization errors to ensure data quality. Individual participant’s
data were excluded if >0.45 mm frame-wise displacement was
observed on four or more task blocks.

First-level analysis

First-level blood oxygen level-dependent (BOLD) effects were
modeled using a double-gamma function without temporal
derivatives in a mixed event-related design using the general
linear model function in SPM8. A 75s high-pass filter was
employed. Images were motion-corrected using rigid-body
motion parameters as single-subject regressors. All trial types
were modeled (Same Neutral, Same Reward, Opposite Neutral,
Opposite Reward) and only correct responses were used to create
first-level images of cue and feedback-associated BOLD response.
Contrasts of interest were Reward > Neutral (corresponding to
reward-associated BOLD activation) and Opposite > Same (corre-
sponding to cognitive control-associated BOLD activation).

Regions of interest (ROIs)

Reward anticipation (cue)-associated activation was extracted
from 4-mm radius spherical ROIs from a 2012 meta-analysis of
high reward >no reward anticipation fMRI contrasts [16] using the
Marsbar toolbox [23]. Of the ROIs in this meta-analysis, we focused
on the ACC, insula, and ventral striatum as these regions are
frequently associated with reward processing [14, 15]. Montreal
Neurological Institute (MNI) ROI coordinates were centered at x =
2,y =30, z=32 for dorsal ACC, x =38, y = 20, z= —8 for the right
anterior rostral insula, x=—10, y =10, z= —2 for left VS, and x =
12, y=12, z= —4 for the right VS.

Reward receipt (feedback)-associated activation was similarly
extracted from 4 mm radius spherical ROIs taken from a meta-
analysis of high reward > no reward fMRI contrasts during reward
receipt [16]. ROI coordinates were centered at x=0, y=38,z=28
for the ventromedial prefrontal cortex (vmPFC) and x =14,y =12,
z=—12 for the right VS. Although the 2012 meta-analysis also
found clusters in the medial orbitofrontal lobe, we did not analyze
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data from this region due to the high probability of 3T signal
loss [24].

As the ICE-T was also designed to examine cognitive control, it
incorporates a low control condition and high control condition.
To examine this component of the task, we used dorsolateral
prefrontal cortex (DLPFC) ROIs. The DLPFC was chosen for analysis
because it is the primary brain region associated with cognitive
control and context-appropriate responding [25]. These ROIs were
centered on coordinates x = —42, y =26, z= 37 (left) and x=42,
y =26, z=37 (right) based on a previous cognitive control study
in an independent dataset [26].

Group analysis

Following single-subject BOLD signal extraction from contrasts of
interest within the ROIs, group analysis was performed by factorial
ANOVA (SPSS26, IBM) with reward (neutral vs. rewarded) as a
within-subjects factor, level of cognitive control (same vs.
opposite) as a within-subjects factor, and group diagnosis (HC
vs. SZ. vs. BD) as a between-subjects factor. Accuracy and reaction
time were analyzed by ANOVA in the same manner. Reward-
associated activations within the reward > neutral contrast-gener-
ated, “reward network” ROIs for cue and feedback (see “Regions of
interest”) were each analyzed by one-way ANOVA with the group
as a between-subjects factor. The hypothesis that SZ and BD
would show opposite patterns of reward-associated activation
also was tested by extracting the first principal component of
reward-associated BOLD response across all ROIs (as performed in
[27]), using the resulting factor scores as dependent variables in
an ANOVA, and testing the linear contrast BD > HC > SZ. This
process was performed separately for reward anticipation and
receipt. Only individuals who showed at least 60% accuracy during
all four task conditions were included in analyses. Significant (P <
0.05) group effects were followed-up by post hoc tests to describe
which group comparisons were responsible for driving the effects.
Exploratory whole-brain analyses were also conducted in SPM8
with a threshold of voxelwise P <0.001, k> 20 voxels.

Correlations between clinical and experimental variables
Please refer to the Supplementary file for methodological details
on clinical correlations.

RESULTS

Excluded data

Please refer to the Supplementary file for counts of excluded
individuals and reasons for exclusion. 49 HCs, 52 individuals with
SZ, and 22 participants with BD were included in the final sample.

Demographics

Demographic and clinical information for participants in the final
sample is shown in Table 1. Groups differed significantly on
education and WASI scores, but not on age, biological sex, or
handedness. BD individuals had significantly lower SANS and SAPS
total scores than those with SZ, driven by lower Affective
Flattening score on the SANS and lower Hallucinations and
Delusions scores on the SAPS. Results from other demographic
and clinical between-group comparisons are provided in Table 1.

Behavioral results

Performance metrics for the ICE-T for each group are presented in
Fig. 2 and Supplementary Tables 2a and 2b. For accuracy,
significant main effects of reward (F(1,120) =26.88, P<0.001),
level of cognitive control (F(1,120) = 169.81, P < 0.001), and group
(F(2,120) =4.99, P<0.001) were observed, but no significant
interactions. Group effects were driven by significantly lower
accuracy across conditions in the SZ group vs. HC (P = 0.003). The
between-group difference in mean accuracy between the BD and
HC groups trended toward significance (P = 0.064).

Neuropsychopharmacology (2021) 46:1152-1160
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Table 1. Demographic and clinical information for participants included in analyses.
HC (SD) BD (SD) SZ (SD) Statistic (P)
n 49 22 52 —
n, Schizophrenia/SZ-A/SZ-P/PNOS — — 38/10/3/1 —
Age 20.2 (3.0 214 (5.1) 20.0 (3.8) F=1.08 (0.34)
Sex, M/F 33/16 15/7 39/13 x* = 0.80 (0.67)
Handedness, R/L 46/2 (1 missing) 19/3 48/4 X' =1.99 (0.37)
Years of education 13.7 (2.6) 12.8 (2.1) 12.2 (2.0) F=5.52 (0.005)
Parental years of education 15.0 (3.4) 15.0 (2.1) 14.8 (2.8) F=0.05 (0.95)
Length of illness, days — 262.6 (173.4) 274.2 (154.9) t=0.29 (0.78)
WASI IQ 118.6 (12.6) 105.1 (14.4) 103.8 (15.4) F=14.30 (<0.001)
Antipsychotics typical/atypical/none — 0/18/4 1/46/5 x° = 1.44 (0.49)
Antipsychotics CPZ equivalent dose, Mg/day — 249.7 (300.0) 190.3 (139.2) t=1.09 (0.28)
SANS total — 7.9 (3.9) 10.2 (3.8) t=2.38(0.02)
Affective flattening — 1.3 (1.4) 2.0 (1.3) U =386.5 (0.03)
Alogia — 0.6 (1.0) 1.2 (1.4) U=441.5 (0.12)
Avolition/apathy — 2.6 (1.3) 3.0(1.2) U=463.0 (0.22)
Anhedonia/asociality — 2.2 (1.5) 24 (1.3) U=517.5 (0.60)
Attention — 1.1 (1.2) 1.6 (1.2) U=433.0 (0.11)
SAPS total — 1.5 (2.6) 3.8 (3.5) t=3.11 (0.003)
Hallucinations — 0.2 (0.9) 1.3 (1.6) U=307.5 (<0.001)
Delusions — 0.7 (1.5) 1.4 (1.6) U =389.0 (0.03)
Bizarre behavior — 0.3 (0.6) 0.5 (0.8) U=505.0 (0.39)
Thought disorder — 0.4 (0.8) 0.7 (1.1) U =1485.0 (0.26)
YMRS total — 3.2 (3.1) 3.7 3.9) U =480.0 (0.76)
BD bipolar disorder, BPRS Brief Psychiatric Rating Scale, CPZ chlorpromazine, HC healthy control, PNOS psychosis-not-otherwise-specified, SANS Scale for the
Assessment of Negative Symptoms, SAPS Scale for the Assessment of Positive Symptoms, SD standard deviation, SZ schizophrenia spectrum, SZ-A
schizoaffective, SZ-P schizophreniform, WASI Wechsler Abbreviated Scale of Intelligence, YMRS Youth Mania Rating Scale.
SANS and SAPS subscale scores as well as YMRS scores were non-normally distributed and therefore compared using Mann-Whitney U tests.

For reaction time, significant main effects of reward (F(1,120) =
25.63, P<0.001) and level of cognitive control (F(1,120) =498.29,
P <0.001) were observed, driven by higher reaction times during
neutral trials and high control trials, respectively.

fMRI results: reward anticipation

No significant group differences were observed in any of the six
rigid-body motion parameters in the final sample (Supplementary
Table 3).

Across the whole brain, the contrast reward cues > neutral cues
activated a broad network of regions, including the dorsal ACC,
insula, VS, precuneus, and visual cortex across all participants
(Supplementary Table 4 and Supplementary Fig. 1).

Group mean + /— SD reward anticipation-associated ROl BOLD
response, effect sizes (Cohen'’s d), and statistical parametric maps
for the reward x group interaction are provided in Table 2 and/or
Fig. 3. Significant main effects of reward anticipation were
observed in the dorsal ACC ROI (F(1,120) =41.90, P < 0.001), right
insula ROI (F(1,120) =45.10, P<0.001), left VS ROI (F(1,120) =
41.68, P <0.001), and right VS ROI (F(1,120) =61.13, P < 0.001) due
to increased activity during reward cues vs. non-reward cues (P <
0.001 for all ROIs). Group X reward interactions were also observed
in the dorsal ACC (F(2,120) =4.21, P=0.017) and right insula (F
(2,120)=4.77, P=0.010) but not left VS (F(2,120)=1.73, P=
0.183) or right VS (F(2,120) = 1.23, P=0.297). The dorsal ACC
interaction effect was driven by increased reward-associated
activation in the BD group vs. HCs (P =0.007) and vs. individuals
with SZ (P=0.010). The right insula interaction effect was driven
by decreased reward-associated activation in the SZ group vs. HCs
(P=0.018) and vs. people with BD (P=0.008). Examining the
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entire reward network by extracting the first principal component
of BOLD response across all four ROIs, the a priori contrast BD >
HC > SZ was also significant (F(1,120) = 5.59, P =0.02) (Fig. 4).

fMRI results: reward receipt

Across the whole brain, the contrast reward cues > neutral
activated a network of regions including the vmPFC/subgenual
ACC, superior parietal cortex, insula, and posterior cingulate cues
across all participants (Supplementary Table 5 and Supplementary
Fig. 2).

Group mean+/— SD reward receipt-associated ROl BOLD
response and effect sizes (Cohen’s d) are provided in Table 2. A
significant main effect of reward receipt was observed in the vmPFC
ROI (F(1,120)=11.72, P=10.001) due to increased activity during
reward feedback vs. neutral feedback (P = 0.001). The main effect of
reward in the right VS ROl was not significant (F(1,120) = 1.87, P=
0.17). No significant group X reward interactions or main effects of
the group were observed. Examining the first principal component
of BOLD response across both ROIs, the a priori contrast BD > HC >
SZ was also nonsignificant (F(1,120) = 0.27, P = 0.60).

fMRI results: ROI analysis of cognitive control-associated effects
Cognitive control-associated effects were examined using the
opposite (high control) >same (low control) contrast. No main
effects of level of cognitive control were observed in either the
left DLPFC ROI (F(1,120) = 0.61, P =0.438) or right DLPFC ROI (F
(1,120) = 1.13, P = 0.290). Furthermore, consistent with the lack of
behavioral effects, no significant voxels in any prefrontal area were
observed using the contrast opposite > same. Significant interac-
tions with the group were also not observed.

SPRINGER NATURE
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Medication effects

After excluding unmedicated participants (four with BD, five with
SZ), reward X group interaction effects in both ROIs remained
significant for reward anticipation (dorsal ACC: F(2,111) =4.05, P
=0.020; right insula: F(2,111) = 3.83, P =0.025). No difference in
magnitude of the reward anticipation-associated principle
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Fig. 2 Individual accuracy (top) and reaction time (bottom) data

for the Incentivized Control Engagement Task sorted by group
and condition. Thick black lines represent group means.

component was observed between BD individuals taking mood
stabilizers and not taking stabilizers (t=0.34, P=0.74). The
antipsychotic dose was not associated with reward anticipation-
associated component magnitude in either the SZ (r=—0.12, P=
0.43) or BD (r=10.07, P=0.77) groups.

Correlations between clinical and experimental variables
A negative correlation was observed between SANS Avolition/
Apathy score and reward-associated activation in the dorsal ACC
ROl among people with BD (p = —0.51, P=0.017) (Supplementary
Fig. 3). Correlations with YMRS score were nonsignificant.

DISCUSSION

In agreement with our hypothesis, individuals with BD and SZ
showed opposite patterns of activation during reward anticipation
during the performance of the ICE-T. Specifically, during reward
anticipation, significant hyperactivation was observed in people
with BD relative to HC and SZ in the dorsal ACC, and significant
hypoactivation was observed in people with SZ relative to BD and
HC in the anterior insula. No group differences, however, were
observed in reward receipt, suggesting that this aspect of reward
processing is not significantly altered in these illnesses and
consistent with previous findings that have examined this
distinction in psychosis [17]. As hypothesized, a negative
association was also observed between SANS Avolition/Apathy
score and reward anticipation-associated BOLD response in the
dorsal ACC in participants with BD. These results suggest that BD
and SZ may be distinguishable based on their patterns of brain
activity specifically during reward anticipation. Indeed, the
differential brain response observed in this study between BD
and SZ is in stark contrast to previous findings of a graded pattern
in other neurocognitive domains (e.g., cognitive control [2]),
where levels of activation in BD are lower than in HC but higher
than in SZ. Our observation that this pattern occurs in recent-
onset individuals further suggests that differences in reward
response are not a secondary consequence of chronic disease or
long-term treatment with antipsychotic medications.

The neurotransmitter system most commonly implicated in
reward processing is dopamine. In a well-established model of
reinforcement learning, the brain uses fast, phasic modulation of
dopamine signaling to compute the difference between expected
and actual reward [28]. Based on the magnitude of this dopamine-
coded “prediction error,” the brain is able to dynamically learn
associations between stimuli and outcomes in order to maximize
the utility of its actions. Elevated reward-associated signaling in BD
and blunted signaling in SZ may thus be the result of opposing
forms of disruption in the magnitude, timing, or duration of this

Table 2.
(Cohen’s d) between groups.

Adjusted beta estimates of reward-associated BOLD response within brain regions of interest (ROIs) for each group as well as effect sizes

HC (SD) BD (SD) SZ (SD) F (P) HC vs. BD d (P¥) HC vs. SZ d (P¥) BD vs. SZ d (P¥)

Reward anticipation (cue)

Dorsal ACC 0.34 (0.84) 0.95 (0.84) 0.37 (0.93) 4.21 (0.02) 0.68 (0.007) 0.04 (0.85) 0.65 (0.01)
Right anterior insula 0.61 (0.82) 0.79 (0.77) 0.22 (0.86) 4.77 (0.01) 0.20 (0.42) 0.47 (0.02) 0.67 (0.008)
Left VS 0.48 (0.54) 0.63 (0.84) 0.30 (0.87) 1.73 (0.18) 0.19 (0.45) 0.25 (0.21) 0.44 (0.08)
Right VS 0.55 (0.67) 0.64 (0.67) 0.39 (0.73) 1.23 (0.30) 0.13 (0.61) 0.23 (0.25) 0.36 (0.16)
Reward receipt (feedback)

vmPFC/subgenual ACC 0.38 (1.00) 0.26 (0.88) 0.27 (0.82) 0.24 (0.79) 0.13 (0.61) 0.13 (0.53) 0.01 (0.98)
Right VS —0.17 (0.53) 0.03 (0.59) —0.09 (0.60) 0.94 (0.39) 0.35 (0.17) 0.12 (0.53) 0.23 (0.37)

cortex, VS ventral striatum.
*From one-way ANOVA post hoc tests.

ACC anterior cingulate, BD bipolar disorder, HC healthy control, SD standard deviation, SZ schizophrenia spectrum disorder, vmPFC ventromedial prefrontal
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Fig. 3 Top: Statistical parametric map displaying the main effects of group on reward anticipation-associated activation in the dorsal
anterior cingulate (ACC) and right anterior insula. Image thresholded at P < 0.001, k > 20 voxels for visualization. Coronal section displayed in
the neurologic convention (right on right). Bottom: Individual reward anticipation-associated activations for the dorsal ACC and right anterior
insula ROIs sorted by group. *P < 0.05 vs. healthy controls (HC) and individuals with schizophrenia spectrum disorders (SZ). **P < 0.05 vs. HC
and individuals with bipolar disorder (BD). Thick black lines represent group means.
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Fig. 4 Plot of individual factor scores of reward anticipation-
associated activation for each diagnostic group. The a priori linear
contrast BD>HC>SZ was significant (F(1,120) =5.59, P=0.02).
Factor scores represent the first principle component of BOLD
response across all reward anticipation ROIls (dorsal ACC, right
anterior insula, left ventral striatum, right ventral striatum). Thick
black lines represent group means.

dopaminergic-based signal [29]. Indeed, some studies suggest
reduced mesocortical (as opposed to the well-documented
increased nigrostriatal [30]) dopamine release capacity in SZ [31]
and increased D2/D3 receptor availability in BD [29], although the
nature of dopamine signaling in the cortex remains poorly
understood (particularly in BD). Thus, if dopamine is a common
pharmacologic mechanism linking atypical reward processing in
these disorders, it suggests that normalization would require
distinct regionally and temporally targeted reduction and
enhancement of dopaminergic signaling in BD and SZ, respec-
tively. Indeed, hyperdopaminergia is hypothesized to contribute

Neuropsychopharmacology (2021) 46:1152- 1160

to symptoms of BD [32] and frontal hypodopaminergia is thought
to contribute to negative and cognitive symptoms of SZ [31, 33].
Furthermore, the mood stabilizer lithium reverses dopamine-
dependent hyperactivity in dopamine transporter knockout mice
[34], illustrating a potential monoaminergic mechanism by which
lithium can downregulate mania. Clozapine, on the other hand,
may increase mesocortical dopamine release via serotonin
receptor blockade [33, 35] and is currently the most efficacious
antipsychotic for ameliorating negative symptoms in SZ [36]. As a
large majority of patients in the present study were taking
antipsychotic medications, our study was not designed to
compare unmedicated vs. medicated individuals. The effects of
dopaminergic drugs on activation during this task is consequently
an important area for future investigation.

As opposed to a primary effect of dopamine, an alternative
interpretation of these results is that they may reflect functional
differences in ACC and insula function in BD and SZ [37-40], which
in turn drive dopaminergic changes (e.g., hyperdopaminergia
in SZ) as an adaptive response to not receiving high-quality
estimates of future reward and cost-related outcomes. Indeed, the
ACC and insula are also part of interconnected dopaminergic
midbrain-striatal-cortical feedback loops [14], making these
regions functionally sensitive to dopaminergic tone and enabling
them to potentially compute action value to support motivated
behavior. Furthermore, the ACC and insula are widely regarded as
important for integrating reward and effort/cost signals to guide
behavior in a goal-directed manner [41-44]. Deficits in the online
subjective value estimation process have also been identified in SZ
[45, 46]. Finally, although our study focused on reward processing,
it is important to acknowledge that the ACC and insula are
involved in other functions, including pain [47] and sensory
processing [48]. The ACC and insula are also hubs of the salience
network, an intrinsic network [49]. Future studies in our clinic may
determine the extent to which the observed reward anticipation-
associated differences in ACC/insula function in recent-onset BD vs.
SZ extend to other tasks that involve these regions.
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Interestingly, group differences in reward processing during this
task occurred during the anticipation phase but not the feedback
phase. This pattern of normal “in the moment” processing of
rewarding stimuli but the abnormal perception of future or past
reward is consistent with clinical findings in SZ, in which
individuals display typical experiences of positive emotion when
presented with evocative stimuli [17]. In addition, people with SZ
report positive emotion at HC levels with assessing current
feelings, but lower than HCs when assessing past or future
feelings [50, 51].

It is notable that three previous studies using the MID have
observed hypoactivation in BD relative to HCs [9, 52, 53]. Although
the reasons for this discrepancy are unclear, one possibility is the
relative lack of effort engaged by the MID relative to the ICE-T,
making action value computation less relevant for a trial-to-trial
performance on this task. In the MID, after participants are cued as
to whether a trial will be rewarded, they are asked to press a button
as soon as possible after a stimulus appears. Only one button is
used, and the stimulus target is typically the same (e.g.,, a light
flash). In contrast, the ICE-T requires pressing buttons on opposite
hands depending on the location of the target. The ICE-T is
therefore a more engaging, demanding task that may be more
sensitive to eliciting group differences in action valuation. A second
possibility is that these previous studies recruited individuals with
chronic illness who were likely taking medications for several years
and accumulating a range of comorbidities, pharmacological
treatments, and other consequences of chronicity, whereas our
study examined people with a recent-onset illness. Related to this
point, the long-term effects of treatments such as mood stabilizers
on brain function are poorly understood, although a 2019 study
found normalization of intrinsic network architecture associated
with mania after 8 weeks of lithium treatment [54].

Examining clinical correlations in an exploratory fashion, we
found a negative association between reward anticipation-
associated hyperactivation in the dorsal ACC and SANS Avoli-
tion/Apathy score in BD, potentially linking a functional neuronal
signature with a symptomatic presentation in the illness. The
observed inverse correlation with SANS Avolition/Apathy is
consistent with the view that activation of the ACC is a measure
of the ability to select and maintain goal-directedness [55]. Loss of
activation may thus be reflected in high SANS Avolition scores,
which measure grooming/hygiene, persistence at work/school
and/or ability to stay employed, and physical anergia. Depressive
symptoms may also blunt neuronal activation during reward
anticipation in BD [56-58]. As we used an uncorrected statistical
threshold for detecting significant clinical correlations and our BD
sample was small; however, this finding requires replication in a
larger sample before strong conclusions can be drawn. It was also
somewhat surprising that we did not observe a significant
correlation with mania as scored by the YMRS. This lack of an
observed relationship may have been due to the fact that BD
participants in our sample had relatively mild mania symptoms,
resulting in a limited dynamic range with which to observe
associations.

In contrast to our fMRI results, in the behavioral data, we found
generalized deficits in accuracy and increases in reaction time
across conditions in both SZ and BD (Fig. 1). One possible
explanation for the discrepancy between behavioral and fMRI
results was the nature of the task. Specifically, the high control
condition might not have been sufficiently challenging relative to
the low control condition, making the task insensitive to detect
behavioral differences in cognitive control. Supporting this view,
the frontoparietal cortex was not recruited under the high control
condition, and individuals also performed the task well across all
conditions. The SZ and BD groups also had relatively high WASI
scores (BD mean =105.1, SZ mean = 103.8), potentially limiting
the sensitivity of the cognitive control-dependent aspect of the
task. The low cash reward ($0.50) per correct trial may also not
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have been high enough to substantially alter behavior. Interest-
ingly, however, the observed ACC hyperactivation in BD during
reward trials was not associated with improved performance
during these trials, suggesting an inefficient mechanism by which
individuals with BD may require higher than normal levels of ACC
activation to maintain close to normal performance [59]. Given the
psychometric limitations of the task, additional manipulations to
increase the differences in cognitive control demands between
conditions should be considered in future studies.

Our study had additional limitations. The sample size was
smaller in the BD than in the other two groups. This reflects the
lower percentage of BD patients with psychotic features present-
ing to our Early Psychosis Coordinated Specialty Care Clinic
compared to those with SZ. It was also surprising that, contrary to
our hypothesis, no group effects were observed in the VS, despite
the main effect of reward being observed in the region. Previous
findings using reward tasks, however, have not yielded consistent
patterns of activation of the striatum during reward anticipation in
BD, with some studies showing increased activation (e.g., [60, 61])
and others decreased activation (e.g. [9, 62, 63]) (reviewed by
Johnson et al. [53]). We must also acknowledge that although ROIs
were selected a priori from a meta-analysis based on their previous
activations in fMRI contrasts designed to measure reward
anticipation and receipt, that does not necessarily imply that
activation in these regions is entirely specific to these processes
(for example, activation during reward anticipation may also
represent heightened attention or arousal). A further limitation was
that our vmPFC analysis may have been influenced by magnetic
susceptibility artifacts that occur due to the region being near the
orbital sinus. This possibility may be mitigated in future studies
using EPI sequences optimized to reduce artifacts near this region
(e.g., [64, 65]). Finally, our study only examined individuals with
Type | BD, and it is unclear if our results would generalize to Type .

In conclusion, our study suggests that BD and SZ are associated
with dissociable functional patterns in reward processing and that
these differences are specific to reward anticipation as opposed to
reward receipt. Indeed, these results suggest that some biological
aspects of these disorders may translate in concordance with
clinical diagnoses, providing support for categorical diagnostic
distinction for some dimensions of psychopathology and in
contrast to “DSM diagnosis-independent” conceptualizations (such
as the Research Domain Criteria (RDoC) [66]). As our study is the first
to directly compare the functional correlates of reward anticipation
in BD vs. SZ, our results require replication in larger sample size and
with additional behavioral measures of reward processing in order
to enable direct tests of the RDoC hypothesis as it relates to reward.
As diagnosis-related differences in regional dopaminergic tone may
underlie the opposite pattern in the two illnesses, future imaging
studies may seek to examine this relationship using dopamine-
targeting drugs and/or dopaminergic radioligands.
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