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Background and Hypothesis: Risk-taking in specific con-
texts can be beneficial, leading to rewarding outcomes.
Schizophrenia is associated with disadvantageous deci-
sion-making, as subjects pursue uncertain risky rewards
less than controls. However, it is unclear whether this be-
havior is associated with more risk sensitivity or less reward
incentivization. Matching on demographics and intelligence
quotient (IQ), we determined whether risk-taking was
more associated with brain activation in regions affiliated
with risk evaluation or reward processing. Study Design:
Subjects (30 schizophrenia/schizoaffective disorder, 30 con-
trols) completed a modified, fMRI Balloon Analogue Risk
Task. Brain activation was modeled during decisions to
pursue risky rewards and parametrically modeled according
to risk level. Study Results: The schizophrenia group exhib-
ited less risky-reward pursuit despite previous adverse out-
comes (Average Explosions; F(1,59) = 4.06, P = .048) but
the comparable point at which risk-taking was volitionally
discontinued (Adjusted Pumps; F(1,59) = 2.65, P = .11).
Less activation was found in schizophrenia via whole brain
and region of interest (ROI) analyses in the right (F¥(1,59)
=14.91, P < 0.001) and left (F(1,59) = 16.34, P < 0.001)
nucleus accumbens (NAcc) during decisions to pursue re-
wards relative to riskiness. Risk-taking correlated with 1Q
in schizophrenia, but not controls. Path analyses of average
ROI activation revealed less statistically determined influ-
ence of anterior insula upon dorsal anterior cingulate bilat-
erally (left: x> =12.73, P <.001; right: x> =9.54, P =.002)
during risky reward pursuit in schizophrenia. Conclusions:
NAcc activation in schizophrenia varied less according to
the relative riskiness of uncertain rewards compared to
controls, suggesting aberrations in reward processing. The

lack of activation differences in other regions suggests sim-
ilar risk evaluation. Less insular influence on the anterior
cingulate may relate to attenuated salience attribution or
inability for risk-related brain region collaboration to suffi-
ciently perceive situational risk.
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Introduction

Uncertain risky decision-making in schizophrenia has
been interpreted as more “risk averse” than that of
nonpsychiatric controls."? However, the construct of
risk aversion is difficult to isolate given potentially con-
founding factors inherent to tasks measuring uncertain
risk-taking, including reinforcement learning, reward
sensitivity, effort allocation (eg, repeated button presses),
or risk imperception.*> Schizophrenia is associated with
impaired reinforcement learning, low motivation, and
defeatist performance beliefs associated with atypical de-
cision-making.*® Thus, while behavioral results on un-
certain risk-taking tasks consistently indicate less risky
reward pursuit in schizophrenia,’ it is unclear which spe-
cific psychological processes and neural substrates un-
derlie this decision-making often attributed to risk-averse
attitude.

The Balloon Analogue Risk Task (BART!?) measures
uncertain risk-taking behavior by presenting opportun-
ities for larger monetary rewards accompanied by the
higher risk of a null outcome. It is a measure of uncer-
tain, sequential risk-taking as the probability of outcome
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likelihoods are not explicitly communicated and deci-
sions to pursue risky rewards beget further opportunities
for risky rewards.!"'? Despite idiosyncratic features, be-
havioral and fMRI BART versions are reliable tasks re-
quiring learning to optimize risk-taking for a reward via
trial and error.*!>!14

Behavioral BART investigations have consistently
found disadvantageous choice behavior in people with
schizophrenia compared to controls, with all finding fewer
explosions, most finding less adjusted pumps (ie, the av-
erage number of inflations on unexploded balloons), and
roughly half finding less money earned.'>>!518 A modi-
fied fMRI version of the BART found fewer explosions
relative to controls despite no differences in money earned
(adjusted pumps were not reported) in male participants
with schizophrenia.” Interestingly, less risk-taking has
been observed in bipolar disorder with a history of psy-
chosis but not bipolar disorder generally, potentially re-
lated to differing profiles in risk and reward processing.**
However, across the literature psychiatric groups have
consistently exhibited lower cognitive functioning than
controls by at least 10 points (z-scores),’ so is it unclear
if behavioral differences are better attributed to general
cognitive deficits common to schizophrenia, rather than
genuine differences in risk attitudes, risk perception, or
reward processing. Despite this, findings suggest that
when choosing between lesser guaranteed rewards, or
greater uncertain risky rewards, those with schizophrenia
generally prefer the former.

Several brain regions have been implicated during risky
reward pursuit on the BART, including the anterior in-
sula (AI), dorsal anterior cingulate cortex (dACC), and
striatum (differing studies implicate nucleus accumbens
(NAcc), caudate, and/or putamen'?). Activation in these
regions has good test-retest reliability on the BART, as
have the dorsolateral prefrontal cortex, thalamus, and oc-
cipital lobe.'

The Al is implicated in risk and uncertainty evalua-
tion,?! with activation scaling according to decision un-
certainty, associated with real-time updating of risk, and
predicting choice behavior.”>>* The Al is also associated
with the formulation of prediction errors, with an em-
phasis on potential losses.? 2 Parametrically modulated
Al activation has consistently been found to scale to risk
on the BART.!"*®° Surprisingly, no Al differences have
been found in schizophrenia during ambiguous or un-
certain risk-taking'*3'; however, region of interest (ROI)
analyses have found less activation during reward antici-
pation,*>¥ suggesting potential deficits in attentional and
salience processing inherent to the uncertainty of mon-
etary gains/losses on cognitive and reward-processing
tasks.

The NAcc has a prominent role in risky and uncertain
decision-making,* with greater activation associated with
reward expectation and pursuit.?>*-¥ During risky choice,
NAcc activation has scaled to potential gains/losses,?” and
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is greater when riskier rewards are pursued.’*“ In chronic
schizophrenia and first-episode psychosis, less NAcc ac-
tivation has been found using reward anticipation,*—#
reversal learning,* probabilistic decision-making,* rein-
forcement, and associative learning tasks,***’ suggesting
a heavy role in affective valuation and prediction error
signaling.**# However, not all studies of reward anticipa-
tion in schizophrenia have found between-group differ-
ences in NAcc activation.>*?

Itis currently unclear whether those with schizophrenia
demonstrate differences in brain activation during risky
reward pursuit subserving reward incentivization or
risky/uncertain decision-making. Investigating this via
the BART, Tikasz and colleagues” did not find any ac-
tivation differences between a psychosis group and con-
trols, however, subjects were entirely male and controls
had higher intelligence quotient (IQ). Additionally, the
clinical group (n = 47) was double the control group (n =
23). Considering these caveats, it is difficult to interpret or
contextualize these findings.

The current investigation is the first to study uncertain
risky reward pursuit via the BART in male, female, and
non-binary subjects with schizophrenia/schizoaffective
disorder matched to controls on IQ, to determine if
schizophrenia is associated with differential brain activa-
tion in regions associated with reward processing or risk
evaluation inherent to uncertain decision-making. These
findings will inform theories of whether uncertain risky
reward pursuit in schizophrenia is better attributed to
risk aversion, blunted reward anticipation, or may high-
light a biologically informed common process underlying
both.

Methods and Materials

Participants

The final sample included 30 participants with schizo-
phrenia/schizoaffective disorder and 30 controls with no
psychiatric history. Subjects were recruited from local
mental health centers, paper flyers, and online ads (eg,
Facebook, Craigslist, and Reddit) in Bloomington and
Indianapolis, IN. Participant transportation and/or travel
reimbursement was provided. Controls were matched
controls based on age, sex, race, and 1Q. Details regarding
clinical and neurocognitive assessments are in table 1. For
consent and excluded subject information see supplemen-
tary materials.

Modified fMRI Balloon Analog Risk Task

BART trials consisted of a balloon, response cue, wager
amount (monetary value of current balloon), and total
money earned across previous trials (supplementary
figure S1). Subjects decided between either inflating the
balloon, causing it to expand, or choosing to “win” by
discontinuing inflations and adding the wager amount to
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Table 1. Demographics, Clinical Characteristics, and Uncertain Risk-Taking Behavior

Schizophrenia (n = 30) Control (n = 30) Statistic
Demographics
Age (years) 33.13(8.65) 32.63 (8.52) F=0.05
Assigned female at birth® (%) 15 (50%) 15 (50%) %< 0.001
Race/Ethnicity AJAAA/HLNA/MTO/W 1/4/0/6/19 1/4/3/3/19 % =4.00
MTO: AA/HLNA (2); AA/W (1);

AAIW (2); HLNA/W (2)
HLNA/W (2)

Neurocognitive (WASI) IQ measures
Full-scale intelligence quotient-2 108.67 (10.64) 109.50 (8.93) F=0.11
Vocabulary 53.50(9.34) 55.73 (6.07) F=121
Matrix reasoning 56.33 (4.79) 55.43 (6.84) F=0.35
Neurocognitive (WAIS) working memory measures
Working memory mean (DS+LNS) 9.75 (2.18) 11.43 (2.88) F=6.49*
Digit Symbol (DS) 8.67 (2.35) 10.93 (3.00) F=10.58**
Letter-number sequencing (LNS) 10.83 (2.98) 11.93 (3.55) F=1.69
Balloon analog risk task (BART) Risk-taking behavior
Adjusted Pumps 4.79 (0.96) 5.18 (0.88) F=2.65
Average # Explosions Per Block 5.05(2.01) 6.10 (2.03) F=4.06*
Psychosis symptom assessments
Psychosis SZ/SZA_BD/SZA_MDD 14/7/9 —
CAPE total count (min = 0, max = 42) 26. 54 (9.42) 10.53 (6.63) F=57.81%*%*
CAPE total frequency 2.04 (0.58) 1.27 (0.17) U = 829.5%**
CAPE total distress’ 2.11 (0.59) 1.16 (0.25) U = 835.5%**
PANSS positive (min = 7, max = 49) 16.10 (5.25) —
PANSS negative (min = 7, max = 49) 15.00 (4.96) —
PANSS general (min = 16, max=112) 29.45 (7.51) —
YMRS® (n =5) 2.00 (1.58) —

A, Asian; AA, African American; W,White; HLNA, Hispanic/Latino/Native American; MTO, more than one; CAPE, Community
Assessment of Psychic Experiences (CAPE-42); PANSS, Positive and Negative Syndrome Scale; SZ, schizophrenia; SZA_BD, bipolar
schizoaffective disorder; SZA_MDD, unipolar depressive schizoaffective disorder; YMRS, Young Mania Rating Scale.

®YMRS was added later in the study protocol, precluding 2 subjects.

®Two transgender subjects were included within the SZ group, 1 assigned male at birth identified as non-binary and 1 assigned female at

birth identified as male.

"See “Cape Scoring Note” and subscale scores in Supplementary Materials.

*<.05; **#<.01; ***<.001.

the total money. The response cue indicated when par-
ticipants could respond by turning from red to green.
After each decision and an imposed delay of 0, 2, 4,
or 6 s, the balloon would inflate, explode, or be cashed
out. Following successful inflations, the balloon would
increase in size and monetary value, and the response
cue would turn red for 1.5, 2, or 2.5 s, forcing subjects to
wait before responding. If the inflation was unsuccessful,
an exploded balloon was presented for 0.5 s followed by
“You Lose!” for 1 s. Following cash-outs “You Win!”
was visible for 1 s. After each trial, the screen was blank
for 2-4 s, after which a new balloon trial was initiated.
Delays were imposed for separate estimations of BOLD
response during choice (inflate/win) and outcome (explo-
sion, successful inflation, or “You Win”).

The fMRI BART"¥3 is modified from the behavioral
version in 2 ways: (1) Each balloon could potentially be
inflated a maximum of 12 times instead of 128, and (2)
each inflation increased the explosion probability and po-
tential monetary value (Pearson Correlation, r = 0.995)
exponentially rather than linearly. This means that within
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each trial later inflations were worth more than early in-
flations (eg, first inflation = +$0.05; last possible inflation
= +50.90; supplementary table S1). Subjects completed
three (one subject only completed 2 task blocks due to
time restrictions) 8-min task runs, which began with a
30-s fixation cross.

There are 2 behavioral indices of risk-taking from
the fMRI BART. Average Number of Explosions indi-
cates risk-taking as a measure of continued, risky reward
pursuit despite previous adverse outcomes.*** Whereas
Adjusted Pumps (ie, average number of inflations on
unexploded balloons), indicates the average point that
risk-taking for reward is intentionally discontinued.!?
See Supplementary Materials for additional, descriptive
BART measures.

Procedures

Participation occurred over 2 laboratory visits consisting
of clinical, neurocognitive, and demographic assessments,
task practice, MRI scanning, and self-report measures.
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Urine drug screening ruled out non-prescription use of
methamphetamine, cocaine, amphetamine, opioids, or
benzodiazepines. Five participants with schizophrenia
screened positive for cannabis without abuse/dependence.
During the task, practice subjects read instructions on a
desktop computer (Supplementary Materials). For prac-
tice, subjects inflated several balloons (schizophrenia M
=4.58, SD = 0.89; control M =4.48, SD = 1.05; p =.79).
Task practice was briefer than prior studies,'* to famil-
iarize subjects with the task mechanics without allowing
uncertainty-related reward learning before experimen-
tation. Practice continued until subjects demonstrated
familiarity with delaying button presses, post-button-
pressing delays, and gained awareness that a balloon
could be inflated at least 4 times (if at least 1 practice
balloon was not inflated at least 4 times subjects were
given the vague, nonchalant instruction “Go ahead and
give this last balloon a few more pumps,” to ensure they
were aware the balloon could be inflated at least 4 times,
so that if they chose to take risks during the task, brain
activation could be adequately modeled).

MRI Data Collection

Images were acquired using a 3T Siemens Prisma MRI
scanner with a 64-channel head coil. High-resolution
T1-weighted anatomical images were acquired sagit-
tally using an MP-RAGE sequence (TR = 1.8 s; TE =
2.7 ms; inversion time = 0.9 s; flip angle 9°; imaging ma-
trix = 256 X 256; 160 slices; sequential multislice acqui-
sition; voxel size = 1 X 1 X 1 mm?® 1-mm slice thickness).
Functional BOLD data were collected using a gradient
echo T2-weighted echo planar imaging sequence (TR =
2.0 s; TE = 25 ms; flip angle 70°; imaging matrix = 64 X
64; 35 slices; voxel size = 3.4 X 3.4 X 3.8 mm’; 0-mm gap;
240 volumes).

Image Processing and Event-Related Modeling

T1-weighted anatomical scans were corrected for inten-
sity non-homogeneity, reoriented for AC-PC alignment,
and skull-stripped (FreeSurfer v6.0.0). Functional (EPI)
scans of each subject were preprocessed using AFNI
(v18.3.03) as follows: Despiking, slice-timing correc-
tion, motion correction, deobliquing (for better align-
ment during co-registration), linear co-registration (9
translation, rotation, and scaling parameters; 1st-EPI
volume used in alignment; cost function = normalized
mutual information), spatial normalization to MNI152
template (3dQwarp), and smoothing (FWHM = 6 mm).
Within-subject (ie, first level) analyses were performed in
SPM12 (Matlab v2019a) according to a general linear
model (GLM) with 9 event-related regressors: 2 choice,
3 outcome, and 4 parametrically modulated regressors.
A constant regressor was modeled for each run. If there
was a paucity of events (eg, no explosions), runs were
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collapsed and modeled as a single run. Motion regressors
(6 motion, 6 squared motion, 6 differential motion, and 6
squared differential motion regressors) were included for
all subjects.

Choice regressors included choosing inflations
(Chooselnflate) or stopping inflations/cashing-out win-
nings (Choose Win). Outcome regressors included infla-
tions (Successfullnflate), explosions (ExplodeOutcome)
followed by loss feedback, and win feedback
(WinOutcome). The explosion probabilities of each bal-
loon (supplementary table S1) were included as para-
metrically modulated (pmod) regressors to determine
whether regressor height corresponded with situational
uncertainty risk. Chooselnflate_pmod and Choose Win_
pmod were included for choice regressors, while
Successfullnflate_pmod and Explode Outcome_pmod were
included for outcome regressors. Pmod analyses model
brain activation according to each sequentially risky in-
flation per balloon. Thus, activation differences according
to relative riskiness within trial are modeled regardless of
whether groups differ in behavior averaged across trials.

Hypotheses and Analysis Plan

Given behavior-only BART findings,” schizophrenia
subjects were hypothesized to exhibit less risk-taking
via Adjusted Pumps and Average Explosions. Only less
Average Explosions were reported in a previous BART
fMRI investigation.! As the first investigation to match
groups on IQ, Pearson correlations between 1Q and risk-
taking measures were conducted. Positive correlations
were expected only in schizophrenia, as cognitive deficits
in schizophrenia have been related to less risky deci-
sion-making.>**> As our sample included a broad range
of 1Qs (schizophrenia: 82-125; control: 90-130), we ex-
pected stronger correlations in schizophrenia than in pre-
vious investigations. For between-group differences in
correlation coefficient, within-group correlations are re-
ported; otherwise, correlations across the entire sample
are reported. However, all within-group correlations are
reported descriptively for comparison to previous findings
(supplementary table S9).2* Despite individual findings
associating BART risk-taking with negative,® positive,’
and disorganized symptoms,' none have been replicated.’
Given this, and our modest sample size, symptom correl-
ations were not pursued. Behavioral analyses were per-
formed in SPSS (v28) and R (v4.2.2) and correlations
were Bonferroni corrected for multiple comparisons.
Within-group whole-brain activation for each condi-
tion was reported descriptively (supplementary tables
S5-S8) to contextualize between-group differences or
lack thereof. Consistent with previous fMRI BART in-
vestigations,*3 all contrasts during decision and out-
come periods are reported. Between-group whole-brain
analyses thresholded at a cluster-defining threshold of P
=.001 and cluster significance threshold of P < .05, were
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undertaken for general and parametrically modulated
choice and outcome regressors to determine differences
and provide full dataset result transparency. Given our
interest in risky decision-making, we focus particularly
on whole-brain results for Chooselnflate—Choose Win and
Chooselnflate_pmod, which respectively model decisions
to pursue risky rewards across trials and risky reward
pursuit relative to within-trial riskiness.

As we were interested in decision-making relative to
risky rewards,*® a priori NAcc, Al, and dACC ROI ana-
lyses during Chooselnflate_pmod were undertaken. This
approach is consistent with prior ROI-specific findings in
the literature, despite the lack of whole-brain activation
differences in schizophrenia.?>**% Five ROIs were identi-
fied as left/right NAcc, left/right Al, and bilateral dACC,
based upon anatomically informed regions implicated in
risk aversion, reward anticipation, and cognitive control
identified in the BART and schizophrenia'®**% (supple-
mentary figure S3; Supplementary Materials). Average
activation beta weights were extracted (SPM12) and
between-group ANOVAs were Bonferroni corrected for 5
comparisons. Given the bilateral NAcc’s specific associa-
tion with reward prediction signaling,** decision-making
in schizophrenia,”” and fluid intelligence,® Bonferroni
corrected correlations were conducted between NAcc ac-
tivation, 1Q, and risk-taking measures according to the
aforementioned convention (entire-sample correlation
unless groups differed in correlation coefficient).

Path analysis during general risk-taking (ChooseInflate—
ChooseWin) was undertaken to statistically discern
whether average activation within a predetermined ROI
was influenced by average activation in another through
directional model pathways. This is investigated via re-
gression modeling; comparing the relationship between
regions in the observed data to those predicted by the
model.”® This method does not measure temporally de-
termined brain connectivity. Path analysis directionality
was chosen based on well-established, anatomically sup-
ported theories that AI and dACC projections to NAcc
may temper motivated behavior, uncertainty processing,
and valuation-based decision-making.®*®" This model
tests the hypothesis that reward-anticipation NAcc ac-
tivation during risky decision-making in schizophrenia
is more influenced by risk-aversion signaling (Al) and if
NAcc signals are mediated by cognitive valuation and in-
tegration with prior outcomes (dACC®). Path analyses
conducted using AMOS (SPSS v28) yielded between-
group differences operationalized by path coefficients be-
tween ROIs in within-group models.

Results

Behavioral Analyses and Descriptive Correlations

Consistent with previous fMRI BART findings in schiz-
ophrenia,” Average Explosions was greater in controls
(F(1,59) = 4.06, P = .048, n* = 0.065), indicating more
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risk-taking despite previous adverse outcomes (table 1).
There were no between-group differences in Adjusted
Pumps (P =.11). Between groups, only the correlation be-
tween 1Q and Adjusted Pumps was significantly stronger
in schizophrenia relative to controls (z = 2.193, P = .028;
figure 1). Across the entire sample, 1Q positively correl-
ated with Average Explosions.

JSMRI Results

Whole-Brain  Between-Group Results. During  deci-
sion-making, no between-group differences emerged
during general risky reward pursuit (Chooselnflate—
Choose Win). However, during decisions to pursue rewards
modulated by uncertainty risk (Chooselnflate_pmod), the
schizophrenia group exhibited less NAcc activation than
controls (figure 2; table 2). Decision-outcomes results are
reported in supplementary table S12.

Between-Group ROIAnalysesand Correlations. Bonferroni-
corrected ROI analyses confirmed less right (£(1,59) =
14.91, P < .001, > = 0.205) and left (F(1,59) = 16.34, P<
.001, 1”7 = 0.220) NAcc activation in schizophrenia com-
pared to controls during Chooselnflate_pmod. There were
no between-group differences in left/right Al or dACC ac-
tivation. Groups did not differ in bilateral NAcc activation
and risk-taking correlation coefficients, and entire-sample
correlations did not survive Bonferroni correction (figure
1). Bilateral NAcc activation across the entire sample pos-
itively correlated with 1Q.

Path Analysis Results. The path fit from Al-to-dACC was
lower in schizophrenia in left (y° = 12.73, P < .001; figure
3) and right (3 = 9.54, P = .002) hemispheres compared to
controls. Similarly, indirect NAcc-to-dACC-to-Al path co-
efficients were lower in left (° = 13.44, P = .001) and right
(5 =10.63, P <.001) hemispheres. There were no significant
Al-to-NAcc nor dACC-to-NAcc path differences. A model
with non-significant Al-to-NAcc and dACC-to-NAcc con-
strained between groups demonstrated good fit (Left )° =
0.78, P = .678, comparative fit index (CFI) = 1.00, incre-
mental fit index (IFT) = 1.013; Right y* = 1.17, P = .558,
CFI = 1.00, IFT = 1.010). The second model with just the
non-significant Al-to-NAcc constrained also demonstrated
good fit (Left y* = 0.70, P = .405, CFI = 1.000, IFI = 1.003;
Right y* = 0.90, P = .345, CFI = 1.000, IFT = 1.001).

Discussion

While the behavioral BART investigates uncertain
risk-taking, it is unclear whether parallel constructs
such as reward anticipation, risk perception, reinforce-
ment learning, motivation, or effort may undergird
risky decision-making in schizophrenia.** Using an
fMRI-modified BART, we identified NAcc activation
differences in schizophrenia associated with risky reward
pursuit, modeled parametrically within-trials relative to
sequentially increasing balloon explosion probability.
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Fig. 1. Correlations between intelligence quotient (IQ), risk-taking, and NAcc activation. Top: Adjusted pumps are average inflations
on unexploded balloons. Average explosions per task run. Middle: IQ and risk-taking scatter plots. Bottom: 1Q, risk-taking, and NAcc
activation correlations. findicates correlations surviving Bonferroni correction for 6 analyses.

The schizophrenia group exhibited less risk-taking de-
spite previous adverse outcomes (Average Explosions),
but no difference in average point that risk-taking was
volitionally discontinued (Adjusted Pumps).
Behaviorally, results averaged across trials are con-
sistent with previous fMRI BART findings of less risky
reward pursuit (fewer Explosions) in schizophrenia de-
spite no differences in other behavioral measures com-
pared to controls.” Lack of differences in Adjusted
Pumps on the fMRI BART is surprising and may re-
late to alterations from behavioral-only predecessors to

accommodate modeling brain responses (eg, restricted
balloon inflation range; exponential rather than linear
reward/explosion probability). Relatedly, this behavioral
result for Adjusted Pumps may be a false-negative due
to the modest sample size despite our increased statis-
tical strength by collecting more trials per subject than in
previous investigations. While Adjusted Pumps, averaged
across trials, were not significantly lower in schizophrenia,
our parametric analysis of brain activation well-captured
within-trial neural correlates undergirding risky reward
pursuit. Between-group differences in NAcc activation
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Red: Psychosis

Blue: Controls

Purple: Control > Psychosis

Figure 2. Whole-brain activation clusters in the striatum and insula during decisions to pursue risky rewards relative to risk

(Chooselnflate_pmod).

Table 2. Whole-Brain Neuroimaging Results for Chooselnflate_pmod

Region Laterality  Cluster Size Peak X PeakY PeakZ  MaxstatZ P Cluster corrected
Control group

Caudate/NAcc R 177 8 10 -4 6.21 <.001
Caudate/NAcc L 190 -8 8 -4 5.93 <.001
Pars orbitalis/anterior insula (45/47) R 150 40 26 2 5.39 <.001
Pars orbitalis/anterior insula (45/47) L 120 -38 28 -4 5.04 <.001
White matter L 34 —28 =50 14 4.98 .009
Schizophrenia group

Caudate R 24 8 10 2 4.43 .04
Anterior insula (45) R 40 34 28 4 3.91 .03
Control group — Schizophrenia group

NAcc L 50 =10 2 -14 4.32 .001
Premotor (6) L 29 -4 -2 80 4.05 .029
NAcc R 34 8 10 -4 3.97 .013
Occipital (19) R 34 32 —88 -16 3.96 .013

without differences in behavior averaged across trials are
common across reward processing studies in schizophre
nia, 47366364 indicating the ability for these tasks to illu-
minate differences in brain activation without requiring
differences in behavior averaged across trials.

Taken together, our imaging results do not implicate
greater general brain activation, or greater statistically
determined influence from brain regions, associated with
stronger uncertainty risk processing or aversion in schiz-
ophrenia. Rather, they implicate less NAcc activation in
schizophrenia relative to risky reward amounts and less
average influence (via statistical path analysis) from Al
and dACC during general risky reward pursuit. These
findings add to the current literature in several ways.

Firstly, while no between-group activation differences
were found during general uncertain risky reward pursuit
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(nonparametric analysis), less NAcc activation in schiz-
ophrenia specifically depended upon the amount of risk
and reward being pursued (pmod analysis). This distinc-
tion is crucial, as it suggests that NAcc responses in schiz-
ophrenia did not as starkly differentiate between relative
riskiness of potential uncertain rewards. Thus, remedi-
ating this difference would not involve upregulating pro-
cesses underlying activation broadly, but rather improving
the ability for NAcc activation to change as a function of
situational risky reward. Schizophrenia has been associ-
ated with excessive striatal dopamine and less BOLD ac-
tivation during reward processing, error predictions, and
salience attribution, which may contribute to the current
NAcc findings.® Lack of Al and dACC activation dif-
ferences between groups may suggest similar recruitment
of risk-processing regions and preclude the interpretation
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Nucleus
Accumbens

Dorsal Anterior
Cingulate Cortex

Dorsal Anterior

Cingulate Cortex -292 134

612 371
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Fig. 3. Path analysis results during risk-taking (Chooselnflate—
ChooseWin). Anterior insula (AI) and nucleus accumbens regions
of interest (ROIs) were unilateral. Anterior cingulate ROI was
bilateral. Numbers left of the arrows reflect left hemisphere path
coefficients and numbers on the right reflect right hemisphere
coefficients. Blue/Left: controls. Red/Right: schizophrenia group.

that schizophrenia is associated with greater uncertainty
risk-aversion signaling in the brain.>%

Secondly, we found significantly stronger correlations
between risk-taking (Adjusted Pumps) and IQ in schiz-
ophrenia. IQ also correlated with Average Explosions
across our entire sample. Matching groups based on cog-
nitive functioning is rare in the risky decision-making
literature,® but may improve understanding of whether
behavior or brain differences may be genuinely attrib-
uted to risky reward pursuit rather than general cognitive
deficits common in schizophrenia literature. Our schizo-
phrenia sample 1Q (M = 108) may be disparate to behav-
ioral BART literature, but our findings are consistent with
previous fMRI BART findings in schizophrenia subjects
with lower 1Q (M = 89)." Our sample may also better
relate to people with schizophrenia broadly, rather than
a subset of those characterized by impaired cognitive
ability, given that poor cognitive ability is not universal in
schizophrenia®® and brain differences in schizophrenia
are related to cognitive ability.**7

Thirdly, our path analysis results complement pre-
vious findings of lower association between the Al and
ACC during reward-prediction processing in first-episode
psychosis,” potentially related to attenuated salience at-
tribution during risky reward pursuit or inability for
risk-related brain regions to collaborate and perceive un-
certain risk. Notably, the direction of this effect is counter
to what might be expected if uncertain risk-averse signals
from the AI were influencing the dACC and dampening
risk-taking for reward in schizophrenia. Thus, despite
no between-group activation differences within dACC
and Al nor differences in their statistically determining
influence on striatal regions, the influence of average
AT activation upon dACC may relate to risk-taking in
schizophrenia.

Risky, often suboptimal, decision-making in schizo-
phrenia has been conceptualized according to various
frameworks. The predictive coding perspective suggests
that new information is integrated with prior beliefs,

Insular and Striatal Correlates of Risky Reward

resulting in prediction errors in the A, NAcc, and dACC
when information violates expectancies.’”’”> These sig-
nals, used to learn, adapt, and optimize behavior, have
been lower in the NAcc in schizophrenia*” but not in
first-episode psychosis.” To the best of our knowledge
the current work is the first to find differences in NAcc
activation according to situational risky reward pursuit
in schizophrenia. While our findings may be associated
with poor distinction between relevant and irrelevant
prediction error formation signal formation in the NAcc,
further work is necessary to bolster these theories.™ It
may be that disadvantageously cautious risk-taking in
behavioral studies,' *!*'® and partially observed via fewer
Explosions in fMRI BART adaptations and the current
dataset," in schizophrenia better reflects impairment spe-
cific to reward-related information integration nonspe-
cific to uncertain risky decision-making.

Future Directions

Although the human literature on the neural correlates of
risky, uncertain decision-making in psychosis is scarce, %!
rodent studies have found excessive striatal dopamine
may result in biased choices inappropriately updated
according to uncertain risk.” Since differing striatal,
frontal, and dopaminergic processes relate to risky deci-
sion-making in a myriad of ways,” future work should
parse contributions from these neurotransmitter systems
on uncertain and risky decision-making in psychosis.

Previous research has found symptom associations be-
tween lower effort allocation and impaired reinforcement
learning within subgroups of people with schizophrenia
high in negative symptomatology.>' Considering hetero-
geneity of schizophrenia symptoms, larger samples may
elucidate how brain activation and risk-taking are associ-
ated with specific symptom profiles.

Most importantly, there is little research into how
people with schizophrenia process everyday risks, or if
they differ from those without schizophrenia. Future
work must extend beyond contrived laboratory tasks to
discern if aberrant uncertain risk-taking infringes upon
the quality of life in those with schizophrenia. If so, they
may benefit from interventions emphasizing the eval-
uation of everyday risks (eg, trying something new, ex-
pressing opinions to a peer), weighing potential benefits,
and integrating information from previous outcomes to
improve decision-making.

Limitations

First, despite no correlations between neuroleptic med-
ication and task performance or NAcc activation (sup-
plementary table S13), we are unable to rule out the
potential impact of medication on our findings.”%
Second, the 2 risk-taking measures, Adjusted Pumps
and Average Explosions shared considerable variance
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(Pearson correlation r = 0.461). Third, brain activation
and behavior were each averaged within groups, which
may undervalue potential within-group heterogeneity.
A larger sample would allow for further targeted ana-
lyses beyond group averages. Fourth, computational
modeling approaches could further parse components
contributing to decision-making.®'$? Fifth, path ana-
lyses, though sometimes referred to as “effective connec-
tivity,”® do not provide temporal associations between
regions within trials, only elucidating relationships be-
tween average ROI activation. Future work should de-
termine this temporal relationship. Finally, while no
brain-related differences were found implicating greater
risk-aversion signals in schizophrenia, there is no way
of discerning whether groups differed in the experien-
tial, psychological process of risk processing from brain
data alone.
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Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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