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Striatum-related functional activation during reward- versus
punishment-based learning in psychosis risk
Nicole R. Karcher1,2, Jessica P. Y. Hua1 and John G. Kerns 1

Psychosis is strongly related to increased striatal dopamine. However, the neural consequences of increased striatal dopamine in
psychosis risk are still not fully understood. Consistent with an increase in striatal dopamine, in previous research, psychosis risk has
been associated with neural EEG evidence of a greater response to unexpected reward than unexpected punishment feedback on a
reversal-learning task. However, previous research has not directly examined whether psychosis risk is associated with altered
striatal activation when receiving unexpected feedback on this task. There were two groups of participants: an antipsychotic
medication-naive psychosis risk group (n= 21) who had both (a) extreme levels of self-reported psychotic-like beliefs and
experiences and (b) interview-rated current-attenuated psychotic symptoms; and a comparison group (n= 20) who had average
levels of self-reported psychotic-like beliefs and experiences. Participants completed a reversal-leaning task during fMRI scanning.
As expected, in both ROI and whole-brain analyses, the psychosis risk group exhibited greater striatal activation (for whole-brain
analyses, the peak was located in the right caudate) to unexpected reward than unexpected punishment feedback relative to the
comparison group. These results indicate that psychosis risk is associated with a relatively increased neural sensitivity to
unexpected reward than unexpected punishment outcomes and appears consistent with increased striatal dopamine. The results
may help us better understand and detect striatal dysfunction in psychosis risk.
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INTRODUCTION
The most frequently replicated pathophysiological correlate of
psychotic symptoms (e.g., delusions and hallucinations, with
schizophrenia-spectrum disorders being the most common
psychotic disorder) is increased striatal dopamine [1, 2], with
current evidence most consistent with increased presynaptic
striatal dopamine. Psychotic disorders are usually preceded by a
significant elevation of subthreshold psychotic symptoms (i.e.,
attenuated psychotic symptoms, APS [3]), during which indivi-
duals are considered at risk for psychosis. Using PET, psychosis risk
is also associated with increased dopamine [4, 5]. However, PET
imaging is probably not feasible for clinical use. Further, the neural
consequences of increased striatal dopamine in psychosis risk
remain unclear. Understanding these neural consequences could
help better understand the nature of psychosis risk and better
detect and prevent psychotic disorders. A long line of evidence
from studies involving human and nonhuman subjects suggests
that striatal dopamine is involved in feedback-related learning,
with dopamine differentially released for unexpected reward
versus punishment feedback [6–9]. The current study used fMRI to
examine striatal activation in psychosis risk when receiving
unexpected reward versus unexpected punishment feedback.
With regard to the neurobiology of the striatum, 90–95% of

striatal neurons are GABAergic medium spiny neurons (MSNs) [10–
12]. In the striatum, these MSNs project to other basal ganglia
regions via two main pathways: the Go (i.e., direct) pathway and
the No Go (indirect) pathway [8, 13, 14]. The Go pathway involves

primarily dopamine D1 receptors, and is activated by phasic bursts
of dopamine, especially after better-than-expected reward feed-
back (i.e., positive prediction error) [11, 12, 15]. The No Go
pathway involves primarily inhibitory dopamine D2 receptors, and
is activated by phasic dips of dopamine (i.e., decreased activation
of the inhibitory D2 receptor), especially after worse-than-
expected punishment feedback (i.e., negative prediction error)
[15]. Hence, higher striatal dopamine levels lead to increased
activation in the Go pathway through D1 receptors, whereas
higher dopamine leads to decreased activation (i.e., increased
inhibition) of the indirect pathway through D2 receptors [6, 14].
Therefore, if psychosis risk is associated with increased striatal

dopamine, then psychosis risk may be associated with increased
striatal activation after unexpected reward than after unexpected
punishment feedback (i.e., Go > No Go pathway activation).
Consistent with this, we previously used EEG to examine neural
responses to unexpected reward versus unexpected punishment
feedback [16]. We used a reversal-learning task (RLT) developed by
Cools et al. [17] that involved periodic unexpected reward and
unexpected punishment feedback. In particular, we examined the
feedback-related negativity (FRN), and the subsequent P3a,
components critical to feedback learning and reward processing
[18], and found that psychosis risk was associated with an increase
of both the FRN and P3a to unexpected reward versus unexpected
punishment feedback. However, our previous EEG study could not
examine neural responses directly in the striatum. Conversely,
there may be an inverted-U effect, whereby with increased
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dopamine, there is initially greater Go pathway than No Go
pathway activation; however, with even further increased
dopamine, there may be greater “noise” (i.e., imbuing too many
signals with significance), thereby impairing reinforcement learn-
ing and appropriate behavioral responses (and perhaps leading to
impaired striatal activation) [15, 19, 20]. Consistent with this,
previous research has found reduced ventral striatum activation
during reward anticipation associated with psychosis, including
evidence for a specific association with negative symptoms of
psychosis [21, 22]. In contrast, other research indicates that risk for
positive symptoms of psychosis may be associated with heigh-
tened reward sensitivity [23], consistent with increased striatal
dopamine. The current study is the first to examine whether
attenuated psychotic symptoms in an antipsychotic-naive popula-
tion are associated with neural evidence of increased sensitivity to
unexpected reward, which would be expected with increased
striatal dopamine.

METHODS AND MATERIALS
Participants
Research procedures were approved by the University of
Missouri’s Institutional Review Board, and all participants provided
informed consent. Participants were undergraduate students
recruited as in previous research (see Supplement for details)
[24]. Data from these participants performing another task (one
that could not specifically distinguish between response to
positive/reward versus negative/punishment feedback) have been
previously reported [25].
The current study involved antipsychotic medication-naive

people with increased risk for psychosis (i.e., psychosis risk group;
n= 20 with useable imaging data; n= 21 with behavioral data)
and a comparison group not at increased risk for psychosis (n=
20). Our previous EEG study comparing psychosis risk and a non-
risk comparison group on the same RLT found a large neural effect
size difference between groups, d= 1.14 [16]. In the current study,
given our sample size, our power to detect that same effect size
was 0.94. Further, the current study had power of 0.80 to detect a
between-group difference effect size= 0.91.
The psychosis risk group (n= 21; Table 1) both (a) scored 1.96

(note, Z= 1.96 is ~97.5% percentile of a normal distribution) sex-
normed standard deviations above the mean on the Perceptual
Aberration (PerAb) [26] or Magical Ideation (MagicId) [27]
Wisconsin Positive Schizotypy Scales that assess self-reported
psychotic-like beliefs and experiences (see Supplement for
details), or a combined three sex-normed standard deviations
above the mean on the PerAb and MagicId scales; and (b) had
interview-rated current APS [i.e., a rating of at least moderate on
the Structured Interview for Prodromal Syndromes/Scale of
Prodromal Symptoms (SIPS/SOPS), see Supplement for details]
[28], with all participants exhibiting past week APS. Previous
research has found that people with both elevated self-reported
psychotic-like beliefs and experiences and interview-rated APS
have a 14% rate of psychotic disorders at 10-year follow-up [29],
with an estimated lifetime risk of psychotic disorders >20% [30], a
lifetime risk of psychotic disorder as high as relatives with a first-
degree family history of psychosis [31]. Hence, the psychosis risk
group in the current study had current APS, was antipsychotic
medication-naive and had a level of psychotic disorder risk
comparable with a first-degree relative sample. One psychosis risk
group participant was excluded from brain imaging analyses due
to excessive artifacts (i.e., dental braces), leaving 20 psychosis risk
group participants for brain imaging analyses (this subject is
included in behavioral data analyses).
Participants in the comparison group (n= 20; Table 1) scored

between −0.6 and 0.6 sex-normed standard deviations around the
mean on both the PerAb and MagicId scales. Hence, the comparison
group’s mean scores were close to population averages and were

not an extreme low-scoring group. In addition, comparison
participants had to be rated as not having APS on the SIPS/SOPS.

Reversal-learning task (RLT)
Participants completed a task previously found to activate the
striatum, a RLT [16, 17, 32]. In general, on RLTs, participants first
learn that one stimulus is rewarded and that a different second
stimulus is punished. Subsequently, associations with reward and
punishment are switched (i.e., an unexpected feedback trial) and
participants have to learn that the first stimulus is now punished
and that the second stimulus is now rewarded, with this pattern
repeating through a number of reversals. There are two trial types
that are most important for this task: (1) unexpected reward trials,
an unexpected feedback trial where a stimulus that was previously

Table 1. Sample characteristics of participants

Psychosis
risk group
(n= 21)

Comparison
group
(n= 20)

Test
statistic
(χ2a or tb)

p-value

Ethnicityc 7.48a 0.06

Caucasian (%) 66.7% 90.0%

African American (%) 28.6% –

Asian American (%) 4.8% 5.0%

Biracial (%) – 5.0%

Age 18.29 (0.56) 18.35 (0.59) −0.36b 0.72

Year of education 13.14 (0.36) 13.10 (0.31) 0.18a 0.68

Sex (% female) 71.4% 70.0% 0.01a 0.92

Handedness (% left-
handed)d

9.5% 5% 0.36a 0.55

Psychotropic medication
use (%)e

23.8% 15.0% 0.51a 0.48

Stimulants 9.5% 5.0% 0.31a 0.58

Antidepressants 19.0% 10.0% 0.67a 0.41

Anxiolytics 14.3% 5.0% 1.00a 0.32

Wisconsin Schizotypy Scales

Magical ideation 20.05 (3.41) 7.80 (1.58) 14.87b <0.001

Perceptual aberration 16.90 (6.53) 4.15 (1.35) 8.75b <0.001

SIPS/SOPS Scalesf (% APS)

Unusual thought
content

71.43% 0.00% 22.53a <0.001

Suspiciousness 38.10% 0.00% 9.47a <0.005

Grandiosity 9.52% 0.00% 2.002a 0.16

Perceptual
aberrations

66.67% 0.00% 18.13a <0.001

Disorganized
communication

33.33% 0.00% 8.04a <0.01

SIPS/SOPS Structured Interview for Prodromal Syndromes/Scale of
Prodromal Symptoms
aχ2 tests were used to compare ordinal/binary variables across groups
bMeans (SDs). Independent-samples t tests were used to compare means
for the psychosis risk and comparison groups
cPerformance in the psychosis risk group did not significantly differ by
ethnicity [i.e., there was neither a main effect of ethnicity for trial type ×
reaction time analyses, p= 0.32, nor for accuracy, p= 0.57; for striatal ROI
analyses, p= 0.49]
dResults when excluding left-handed individuals were extremely similar for
all analyses (see Supplement)
eResults when excluding medicated individuals were extremely similar for
all analyses (see Supplement)
fSymptoms are rated on a 0–6 scale, ranging from “absent” to “severe and
psychotic”; reported percentage having a rating of 3–5, signifying the
presence of attenuated psychotic symptoms (APS)
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associated with punishment is now associated with reward; and
(2) unexpected punishment trials, an unexpected feedback trial
where a stimulus previously associated with reward is now
associated with punishment.
During the task, on each trial, two horizontally adjacent stimuli

were presented simultaneously, one face and one nature scene
(i.e., depicting a mountain range), one of which was highlighted
with a yellow border. The participant predicted whether the
highlighted stimulus would lead to a reward or a punishment,
indicating their prediction by pressing one of two buttons on a
response box (see Supplement for timing information). The
participant’s response was followed by a feedback message.
Reward consisted of a green smiley face and the words ‘You Win!’
and ‘+100’. Punishment consisted of a red sad face and the words
‘You Lose’ and ‘−100’. Through trial and error, participants learned
which image was associated with reward or with punishment
(note that participants were not actually rewarded or punished,
beyond receipt of this visual feedback). Reward and punishment
associations would change after the participant got a random
number (between 5 and 9) of consecutive trials correct (i.e.,
unexpected reward and unexpected punishment trials; [17]).
Participants completed a total of 448 RLT trials.

Imaging data analysis
Imaging took place on a 3T Siemens Trio scanner with an eight-
channel head coil. T1-weighted structural images were acquired
for every participant using a high-resolution T1-weighted sagittal
scan (MPRAGE sequence, 176 sagittal slices, 1-mm slice thickness,
TR= 1920ms, TE= 2.93, and flip angle= 9). Functional images
were acquired for every participant using a T2*-weighted
gradient-echo planar pulse sequence (TR= 2500, TE= 25, flip
angle= 70, FOV= 256 × 256 mm, and in-plane resolution 3.75 ×
3.75 × 4.00mm; see Supplement for additional details). Imaging

data were analyzed using a mixed-effect single-subject general
linear model using FSL (http://www.fmrib.ox.ac.uk/fsl) [33]. Motion
correction was performed using Motion Correction in FMRIB’s
Linear Image Registration Tool [34].
The analyses focused on striatum-related activation associated

with feedback from joint Unexpected Reward and Unexpected
Punishment, Unexpected Reward, Unexpected Punishment, Unex-
pected Reward versus Unexpected Punishment, and Unexpected
Punishment versus Unexpected Reward [fMRI analyses only
included incorrect unexpected trials; see Supplement for all non-
striatum whole-brain analyses for each of these trial types; see
Supplement for Expected Reward and Expected Punishment
analyses (i.e., trials that did not involve a change in reward or
punishment stimulus mappings, where, as expected, the groups
did not differ in striatal activation)]. In whole-brain analyses,
cluster thresholding was used in which contiguous clusters were
first identified with a threshold of Z= 3.10 and then used Gaussian
random field theory to estimate each cluster’s estimated
significance level, with significant clusters having a p < 0.01 FWE-
corrected for multiple comparisons [34, 35]. The Yeo atlas [36] was
used to identify the networks associated with peak MNI
coordinates for significant whole-brain activation.
In addition to whole-brain analyses, striatal region of interest

(ROI) analyses were conducted. We first examined whether as
expected, the striatum was activated both for Unexpected Reward
and for Unexpected Punishment trials. We then computed Reward
Sensitivity Difference Scores (Unexpected Reward feedback
activation minus Unexpected Punishment feedback activation)
[16], with higher Reward Sensitivity Difference Scores indicating
greater activation for Unexpected Reward than for Unexpected
Punishment. The whole striatum was defined as in previous
psychosis risk striatum research [25] as the sum of the activation in
associative, limbic, and sensorimotor striatal ROIs [37] (Fig. 1a).

Fig. 1 a The three striatum regions of interest (ROIs). b Mean associative striatum activation for Unexpected Reward trials, Unexpected
Punishment trials, and Reward Sensitivity Difference Scores (Unexpected Reward minus Unexpected Punishment trials) for the psychosis risk
and comparison groups. c Mean limbic striatum activation for Unexpected Reward trials, Unexpected Punishment trials, and Reward
Sensitivity Difference Scores for the psychosis risk and comparison groups. d Mean sensorimotor striatum activation for Unexpected Reward
trials, Unexpected Punishment trials, and Reward Sensitivity Difference Scores for the psychosis risk and comparison groups. e Mean overall
striatum activation for Unexpected Reward trials, Unexpected Punishment trials, and Reward Sensitivity Difference Scores for the psychosis
risk and comparison groups. For all charts, error bars reflect standard errors. *p < 0.05
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These ROIs were created based on replicated large sample-resting-
state analyses [37] (our associative striatum analyses aggregated
the striatal subregions associated with the frontoparietal network
(FPN), default mode (DMN), and ventral attention networks;
collectively, these subregions have been previously labeled as
the associative striatum [5]).
For behavioral analyses, for unexpected trials, we examined

accuracy and reaction time (RT) on the trial immediately following
unexpected feedback (see Supplement for overall RT, overall
accuracy, and expected trial analyses). We computed Reward
Sensitivity Difference Scores (for accuracy: post unexpected
reward trial minus post unexpected punishment trial; for RT: post
unexpected punishment trial minus post-unexpected reward trial),
with higher Reward Sensitivity Difference Scores indicating more
accurate and faster learning after unexpected reward than after
unexpected punishment [16]. We focused on comparing the
groups on a composite Reversal Learning Score, which was the
standardized sum of difference scores for RT and accuracy (see
Supplement for correlations between psychosis risk symptoms
[i.e., Wisconsin Positive Schizotypy Scales, SIPS subscales] and
both striatal activation and behavioral performance).

RESULTS
Imaging analyses
Whole-brain fMRI analyses. First, we examined striatal/basal
ganglia regions (see Supplement for non-striatal/basal ganglia
regions) that were significantly jointly activated for both Unex-
pected Reward and Unexpected Punishment (Unexpected Reward
and Unexpected Punishment). As can be seen in Table 2 and
Fig. 2a, the psychosis risk group showed significantly greater
activation in the striatum/basal ganglia than the comparison
participants, with a group difference peak in the right pallidum. For
the control group, no striatal regions survived thresholding in
whole-brain analyses. Next, we examined striatal regions signifi-
cantly active on Unexpected Reward trials. As can be seen in
Table 2 and Fig. 2b, the psychosis risk group showed significantly
greater activation in the bilateral caudate and the bilateral globus
pallidus (extending into the nucleus accumbens and putamen)
striatal in regions functionally connected to the DMN, FPN, and
Limbic networks. For Unexpected Punishment trials, as can be seen
in Table 2, while overall the putamen was significantly active, no
striatal regions survived thresholding in whole-brain analyses for
either the control group or the psychosis risk group.
Next, we examined regions that were both (a) significantly active

on Unexpected Reward trials and (b) significantly more active on
Unexpected Reward than Unexpected Punishment trials (Unex-
pected Reward > Unexpected Punishment). As can be seen in
Table 2 and Fig. 2c and consistent with the ROI analyses, the
psychosis risk group showed significantly greater activation in the
bilateral caudate and the bilateral globus pallidus. In the caudate,
the peak was in the right associative striatum, more specifically in a
subregion previously found to be most functionally connected to
the cortical FPN [37] (for regions activated outside of the striatum,
see the Supplement). Lastly, we examined regions that were both
(a) significantly active on Unexpected Punishment trials and (b)
significantly more active on Unexpected Punishment than
Unexpected Reward trials (Unexpected Punishment > Unexpected
Reward). For both the comparison group and psychosis risk groups,
no striatal regions survived thresholding in whole-brain analyses.

Striatal ROIs. Next, we examined whether participants activated
the striatum on Unexpected Reward and Unexpected Punishment
feedback trials. Overall, participants did exhibit significant striatal
activity on both Unexpected Reward, t(39)= 6.50, p < 0.01, d=
1.03, 95% CI [0.64, 1.41], and Unexpected Punishment trials, t(39)
= 7.14, p < 0.01, d= 1.13, 95% CI [0.73, 1.52]. Hence, as expected,
participants did strongly activate the striatum when they received

unexpected feedback on the RLT. However, the groups did not
significantly differ on either overall unexpected reward (overall: t
(38)= 0.91, p= 0.37, d= 0.29; associative: t(38)= 1.55, p= 0.13, d
= 0.49; limbic: t(38)= 0.25, p= 0.80, d= 0.08; sensorimotor: t(38)
= 0.74, p= 0.47, d= 0.23; see Table 3 and Fig. 1) or unexpected

Table 2. Whole-brain analyses for basal ganglia/striatal regions
significantly active on the reversal-learning task and group differences

Region Volume of voxels
(mm3)

Peak activity
MNI
coordinates

Maximum Z
statistic

x y z

Overall Unexpected Reward and Unexpected Punishment

Right putamen 629 18 14 −6 14.6

Regions Significantly More Active for the Comparison Group than
Psychosis Risk for Unexpected Reward and Unexpected Punishment

–

Regions Significantly More Active for Psychosis Risk than the
Comparison Group for Unexpected Reward and Unexpected
Punishment

Right pallidum 278 14 2 4 7.13

Overall Unexpected Reward

Right caudate 16,106 14 12 4 17.52

Regions Significantly More Active for the Comparison Group than
Psychosis Risk for Unexpected Reward

–

Regions Significantly More Active for Psychosis Risk than the
Comparison Group for Unexpected Reward

Right pallidum 345 14 8 2 7.9

Left caudate 66 −12 12 2 6.2

Overall Unexpected Punishment

Left putamen 233 −22 10 0 9.87

Regions Significantly More Active for the Comparison Group than
Psychosis Risk for Unexpected Punishment

–

Regions Significantly More Active for Psychosis Risk than the
Comparison Group for Unexpected Punishment

–

Overall Unexpected Reward > Unexpected Punishment

Right caudate 1893 14 10 8 4.43

Right globus
pallidus

2015 14 4 4 6.36

Regions Significantly More Active for Psychosis Risk than the
Comparison Group for Unexpected Reward > Unexpected
Punishment

Right globus
pallidus

398 14 4 4 6.36

Right caudate 12 10 6 4.78

Regions Significantly More Active for the Comparison Group than
Psychosis Risk for Unexpected Reward > Unexpected Punishment

–

Overall Unexpected Punishment > Unexpected Reward

–

Regions Significantly More Active for the Comparison Group than
Psychosis Risk for Unexpected Punishment > Unexpected Reward

–

Regions Significantly More Active for Psychosis Risk than the
Comparison Group for Unexpected Punishment >
Unexpected Reward

–
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punishment (overall: t(38)=−0.63, p= 0.53, d= 0.10; associative:
t(38)=−0.09, p= 0.93, d= 0.03; limbic: t(38)=−0.91, p= 0.37, d
= 0.29; sensorimotor: t(38)=−0.47, p= 0.64, d= 0.15), although if
anything, numerically, the psychosis risk showed greater striatal
activation for unexpected rewards (especially for the associative
striatum) and reduced activation for unexpected punishments.
Next, we examined whether the psychosis risk group exhibited

altered neural activation, such that they tended to exhibit
relatively increased activation for Unexpected Reward than for
Unexpected Punishment trials (Unexpected Reward > Unexpected
Punishment). As expected, using a 2 (trial type: Unexpected
Reward, Unexpected Punishment) × 2 (group: psychosis risk,
comparison) ANOVA, there was a significant trial type by group
interaction of a large effect size, F(1,38)= 7.22, p= 0.011, d= 0.85,
95% CI [0.19, 1.48]. As can be seen in Table 3 and Fig. 1, the
difference in overall striatal activation between Unexpected
Reward and Unexpected Punishment trials (i.e., the Reward
Sensitivity Difference Score) was significantly larger in the
psychosis risk group than in the comparison group, such that
the psychosis risk group demonstrated greater Unexpected
Reward > Unexpected Punishment striatal activation relative to
the comparison group [note there was not a significant group ×
striatal region (i.e., associative, limbic, and sensorimotor) interac-
tion, p= 0.23; see Supplement]. Hence, the psychosis risk group

showed greater neural sensitivity to unexpected reward versus
unexpected punishment feedback than the comparison group.

BEHAVIORAL RESULTS
For the Reward Learning Score (i.e., standardized sum of Reward
Sensitivity Difference Scores for RT and accuracy), there was not a
significant difference between the groups, t(39)= 1.34, p= 0.19, d
= 0.41, 95% CI [−0.20, 1.04], although if anything, the psychosis
risk group showed nonsignificantly greater sensitivity to Unex-
pected Reward (i.e., better learning for Unexpected Reward >
Unexpected Punishment; see Supplemental Table 1) than the
comparison group (and note that the effect size in the current
study, d= 0.41, is similar to the effect size in our previous study, d
= 0.44) [16]; further, note that if we meta-analyze results for the
two studies [38], there is a trend for a significant group difference
in the Reward Learning Score, d= 0.43 [0.02, 0.87].

DISCUSSION
Increased striatal dopamine in psychosis risk is expected to result
in differential neural activation for unexpected reward compared
with unexpected punishment feedback [6, 39]. For the first time,
the current study used fMRI to examine striatal activation in an
antipsychotic-naive psychosis risk group and found that psychosis
risk was associated with relatively greater striatal/basal ganglia
activation for unexpected reward than for unexpected punish-
ment feedback relative to a non-risk comparison group in both
ROI and whole-brain analyses (hence ROI analyses replicated
patterns of striatal activation seen in whole-brain analyses). In
whole-brain analyses, the psychosis risk group showed greater
unexpected reward than unexpected punishment striatal activa-
tion in both the associative striatum portion of the right caudate
and globus pallidus. There was also evidence that greater
unexpected reward than unexpected punishment striatal activa-
tion was specifically associated with psychosis risk symptoms (see
Supplement). The increased striatal activation to unexpected
rewards is consistent with increased striatal dopamine [15] and
greater Go than No Go pathway activation [6]. These findings
contribute to the wealth of research, indicating the importance of
the striatum in psychosis and indicate that altered striatal
functioning can be detected in a group experiencing attenuated
psychotic symptoms.
The current results for psychosis risk striatal activation for

unexpected reward compared with unexpected punishment
feedback are generally consistent with previous research. For
example, our results are consistent with the previous EEG study

A. B. 
Unexpected Reward 

and Unexpected 
Punishment

Unexpected Reward

C.
Unexpected Reward 

> Unexpected 
Punishment

z=4 z=2 z=6
Fig. 2 a Regions significantly more active for the psychosis risk group than the comparison group for Unexpected Reward and Unexpected
Punishment. b Regions significantly more active for the psychosis risk group than the comparison group for Unexpected Reward. c Regions
significantly more active for the psychosis risk group than the comparison group for Unexpected Reward > Unexpected Punishment

Table 3. Striatal region of interest (ROI) means (and standard
deviations) for each group for the reversal-learning task (RLT)

Group

Striatal region Psychosis risk Comparison t Statistic p-value

Unexpected Reward

Associative 0.219 (0.174) 0.128 (0.197) 1.55 0.13

Limbic 0.246 (0.256) 0.228 (0.209) 0.25 0.80

Sensorimotor 0.119 (0.153) 0.085 (0.138) 0.74 0.47

Overall striatum 0.195 (0.173) 0.147 (0.160) 0.91 0.37

Unexpected Punishment

Associative 0.159 (0.149) 0.164 (0.183) −0.09 0.93

Limbic 0.203 (0.166) 0.261 (0.229) −0.91 0.37

Sensorimotor 0.075 (0.173) 0.097 (0.123) −0.47 0.64

Overall striatum 0.146 (0.129) 0.174 (0.155) −0.63 0.53

Reward
Sensitivity
Difference Score

0.049 (0.089)* −0.027 (0.090) 2.69 0.01
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which found that psychosis risk was associated with relatively
greater sensitivity to unexpected reward than negative feedback
on the RLT [16]. The current results are also consistent with
imaging research examining psychosis risk. In particular, one
previous study found that increased psychosis polygenetic risk
scores are associated with increased striatal activation during
reward anticipation [40]. Similarly, another study found that
positive symptoms of psychosis (i.e., delusions and hallucinations)
were positively correlated with striatal activation for reward
anticipation in a psychosis risk group [41]. Recent psychosis risk
research also indicates that increased striatal-to-midbrain con-
nectivity positively correlates with severity of delusional ideation
[42]. Thus, the current study’s findings are generally consistent
with a previous research finding that psychosis risk is associated
with increased reward sensitivity [23].
However, the current results finding increased neural activation

for unexpected reward than unexpected punishment feedback in
psychosis risk appear generally different from what has been
reported in psychotic disorders. In psychotic disorders, there is
evidence of a blunted responses to reward feedback [22, 43] and
blunted striatal activation to prediction errors [44, 45], including in
unmedicated samples [46, 47]. However, the results for prediction
errors in ultra-high-risk groups are mixed, with some evidence of
increased striatal prediction error processing [42], although other
research finds blunted striatal prediction error signals [48] or no
significant evidence of striatal impairment [19], indicating that
perhaps the degree of striatum-related reinforcement learning
impairments depends on the degree of current dopaminergic
dysfunction [19]. Furthermore, these previous studies did not
specifically examine striatal activation for reward versus punish-
ment on a RLT, as we did in the current study.
We have previously reported that psychosis risk is associated

with decreased striatal activation on a different feedback-driven
learning task, the Probabilistic Category Learning Task (PCLT) [25].
The current study reported that psychosis risk was associated with
differential striatal activation for unexpected reward versus
unexpected punishment feedback, whereas for the PCLT, psycho-
sis risk is associated with decreased striatal activation. Together,
these results appear very consistent with previous research on
Parkinson’s disease [49]. Among other neural changes [50],
Parkinson’s disease involves degeneration in the ventral sub-
stantia nigra, resulting in decreased dorsal striatum dopamine. In
an unmedicated, low-dopamine state, people with Parkinson’s
disease exhibit better learning from negative than positive
outcomes [8]. Nevertheless, despite exhibiting sensitivity to
negative outcomes, when people with Parkinson’s disease per-
form the PCLT, there is evidence of decreased striatal activation
[51]. Therefore, the current psychosis risk RLT results (i.e.,
differential striatal activation for unexpected reward compared
with unexpected punishment feedback) when combined with
prior psychosis risk PCLT results (i.e., decreased striatal activation
for feedback) appear generally consistent with Parkinson’s disease
research.
One strength of the current study is that the results cannot be

attributed to antipsychotic medication effects, as all participants
were antipsychotic-naive. The results of previous psychotic
disorder studies may have potentially been conflated with
medication use [45] (although as previously mentioned, some
research indicates that unmedicated psychosis risk may be
associated with attenuated striatum activation when learning
from rewards [47]), as dopamine antagonist antipsychotic
medication permanently alters striatal functioning. For example,
medication usage is associated with both a significantly increased
number of striatal dopamine receptors [52] and exerting a strong
influence on caudate volume and therefore caudate neural
activation [53, 54]. Thus, antipsychotic medication may potentially
preclude finding evidence of a relationship between current
psychosis and striatal functioning [55]. Another possibility is that

while medication explains much of these differences, as previously
mentioned, perhaps, these results can be partially explained by an
inverted U of dopaminergic functioning, whereby further eleva-
tions in dopamine (as seen in full-blown psychotic disorders)
might result in impaired reinforcement learning [15]. In addition,
another difference between the current study and previous
psychotic disorder studies is that previous psychotic disorder
studies tend to use chronic samples and find that blunted reward
responding is associated with negative symptomology (whereas
the current study focused on recruiting a psychosis risk group
elevated in current positive symptomology) [15].
Furthermore, finding different results in unmedicated versus

medicated samples seems consistent with previous research on
Parkinson’s disease. As previously mentioned, people with
Parkinson’s disease when unmedicated (i.e., low dopamine state)
exhibit increased sensitivity to negative versus positive feedback.
However, when medicated (i.e., high dopamine state), this is
reversed and now they exhibit increased sensitivity to positive
versus negative feedback [8]. Similar to the results in Parkinson’s
disease, the results in psychosis risk and in people with psychotic
disorders appear to vary depending on medication status.
Unmedicated psychosis risk (high dopamine state) individuals
generally exhibit increased neural activity for positive relative to
negative feedback, but medicated people with psychotic disorders
(with dopamine D2 receptor blockade) generally exhibit blunted
neural activity for rewards.
Several limitations of the current study should be noted. First, a

limitation of the study is the relatively small sample size (n= 20
per group), although, as previously mentioned, the imaging
analyses examining striatal activation were well powered.
Regardless, these results should be considered preliminary and
replication is required [56]. Second, the current study did not
assess several variables previously linked to striatal functioning,
including psychiatric diagnoses and recreational drug use,
including cannabis use [57]. Future research should examine
how other dimensions of psychopathology (e.g., substance abuse
and current functioning) relate to striatal functioning in psychosis
risk. Third, although the current study examined striatal activation
associated with psychosis risk, the results cannot directly speak to
whether these activation differences are the result of increased
striatal dopamine. Fourth, we failed to find significant behavioral
evidence for greater sensitivity to reward than punishments. This
lack of significant behavioral findings may indicate that in this
sample, the increased striatal dopamine was sufficient to detect
via fMRI but insufficient to result in significant behavioral effects. It
is also possible that activation in regions associated with FPN,
especially during unexpected punishment feedback, may have
“overridden” any effects that striatal dopamine had on perfor-
mance. These speculative hypotheses should be further tested in
future work. In addition, to further characterize Go pathway
activation, future research should examine cortico-striatal func-
tional connectivity to examine whether patterns of activation are
consistent with activation of the Go pathway and inhibition of the
No Go pathway in psychosis risk. Lastly, the current study used a
complex RLT to examine responses to unexpected reward and
punishments. However, this is arguably not ideal because reversal
learning involves complex processes that go beyond mere
responses to unexpected rewards and punishments. Other tasks
(including simpler tasks examining rewards and punishments
using actual monetary rewards) should examine whether psycho-
sis risk is associated with increased striatal activation to
unexpected rewards than punishments.
Our study demonstrates that psychosis risk is associated with

relatively increased sensitivity to unexpected reward than to
unexpected punishment feedback, as indicated by greater striatal
activation. This increased sensitivity predates the emergence of a
psychotic disorder, and therefore cannot be attributed to chronic
illness or medication effects. These results are also consistent with
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increased striatal dopamine in psychosis risk. Overall, the current
study suggests that altered striatal activation to unexpected
reward compared with unexpected punishment outcomes may be
a potential biomarker of psychosis risk.
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