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Background: Psychosis risk is associated with striatal dys-
function, including a previous behavioral study that found 
that psychosis risk is associated with impaired perfor-
mance on a probabilistic category learning task (PCLT; 
ie, the Weather Prediction Task), a task strongly associ-
ated with striatal activation. The current study examined 
whether psychosis risk based on symptom levels was asso-
ciated with both poor behavioral performance and task-
related physiological dysfunction in specific regions of the 
striatum while performing the PCLT. Methods: There 
were 2 groups of participants: psychosis risk (n = 21) who 
had both (a) extreme levels of self-reported psychotic-like 
beliefs and experiences and (b) interview-rated current 
attenuated psychotic symptoms (APS); and a compari-
son group (n = 20) who had average levels of self-reported 
psychotic-like beliefs and experiences. Participants com-
pleted the PCLT during fMRI scanning. Results: The cur-
rent research replicated previous work finding behavioral 
PCLT deficits at the end of the task in psychosis risk. 
Furthermore, as expected, the psychosis risk group exhib-
ited decreased striatal activation on the task, especially in 
the associative striatum. The psychosis risk group also dis-
played decreased activation in a range of cortical regions 
connected to the associative striatum. In contrast, the 
psychosis risk group exhibited greater activation predom-
inantly in cortical regions not connected to the associa-
tive striatum. Conclusions: Psychosis risk was associated 
with both behavioral and striatal dysfunction during per-
formance on the PCLT, suggesting that behavioral and 
imaging measures using this task could be a marker for 
psychosis risk.
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Psychotic disorders, involving the symptoms of delusions 
and hallucinations, are commonly preceded by a prodro-
mal period characterized as reflecting an at-risk mental 
state (ARMS). ARMS is often defined by the presence 
of basic symptoms (BS; ie, early disturbances in cognitive 
and perceptual processing), brief  and self-limiting psy-
chotic symptoms (BLIPS), a significant decrease in func-
tioning in the context of genetic risk for schizophrenia 
(GRD), or attenuated psychotic symptoms (ie, subthresh-
old delusions and hallucinations). There is evidence that 
individuals with both elevated psychosis proneness ques-
tionnaire scores and APS are at increased risk of psy-
chotic disorder, with 14% developed a psychotic disorder 
in 10 years1 and an estimated lifetime risk of psychotic 
disorder >20%,2 a lifetime rate that is at least comparable 
to the rate of psychotic disorder in first-degree relatives.3 
A  well-replicated neurobiological correlate of ARMS4 
(eg, BS and APS5,6) and increased genetic risk7 is stria-
tal dysfunction. Psychosis risk is associated with both 
striatum-related learning deficits8–12 and impaired striatal 
activation.5–7,13–16 The current study examined whether 
psychosis risk based on symptom levels was associated 
with both poor behavioral performance and task-related 
physiological dysfunction in the striatum.

The striatum is the input layer of the basal ganglia17 
and is critically involved in corticostriatal circuits, or the 
functional loops composed of striatal regions projecting 
to the thalamus, which in turn projects to cortical regions, 
and then back to the striatum.18 Parcellation research 
indicates that different striatal subregions can be distin-
guished based on white matter and resting state func-
tional connectivity.19 Furthermore, in most recent in vivo 
brain imaging studies examining dopamine in psychosis 
risk, researchers have examined striatal dysfunction in 
particular regions of the striatum. This research has most 
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consistently found striatal dysfunction in the associative 
striatum in psychosis risk,4,20–22 including evidence of 
decreased functional connectivity between the associative 
striatum with cortical areas.23 Some research, including a 
recent meta-analysis,13 has localized this impairment in 
the ventral striatum (ie, nucleus accumbens),5,6 although 
several recent studies having failed to find ventral stria-
tal dysfunction.23,24 The current research aimed to exam-
ine whether psychosis risk based on symptom levels was 
associated with striatal impairment in a particular region 
of the striatum.

A behavioral task that strongly activates the associa-
tive striatum is the Probabilistic Category Learning Task 
(PCLT).25–27 This suggests that psychosis risk might be 
associated with impaired performance on the PCLT. We 
recently found that psychosis risk (but not elevated nega-
tive symptoms) was strongly associated with poor per-
formance on the PCLT,8 consistent with PCLT research 
in individuals with increased genetic risk7,10,12 and indi-
viduals with elevated schizotypal traits.9 Furthermore, 
research indicates that genetic risk for schizophrenia is 
associated with impaired striatal activation on the PCLT.7 
However, the current study is the first to examine whether 

psychosis risk based on symptom levels (ie, not in those at 
increased genetic risk)7 in antipsychotic medication-naïve 
participants was associated with both poor performance 
and dysfunction in specific striatal regions on the PCLT.

Materials and Methods

Participants

Participants provided informed consent before com-
pleting the study. Ethical research procedures were 
approved by the University of Missouri’s Institutional 
Review Board. Participants were undergraduate students 
recruited as in previous research (see the supplementary 
methods for more information about the overall sample 
from which participants were recruited).8,28 Potential par-
ticipants were excluded if  they did not meet inclusion 
criteria (detailed below and in supplementary methods), 
or were under age 18, not fluent in English, or had an 
MRI contraindication (eg, irremovable ferromagnetic 
implants). People in the psychosis risk group (see table 1 
for sample characteristics; n = 21) had both (a) extreme 
elevation on psychosis proneness questionnaires, ie, 
>1.96 SD above the same sex mean on the Perceptual 

Table 1.  Sample Characteristics of Participantsa

Psychosis Risk Group 
(n = 21)

Comparison Group  
(n = 20) P-Value

Race/ethnicityb .058
  White (%) 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) .72
Year of education 13.14 (0.36) 13.10 (0.31) .68
Sex (% female) 71.4% 70.0% .92
Handedness (% left-handed)c 9.5% 5% .58
Psychotropic medication use (%)d 23.8% 15.0% .48
  Stimulants 9.5% 5.0% .58
  Antidepressants 19.0% 10.0% .41
  Anxiolytics 14.3% 5.0% .32
Wisconsin schizotypy scales
  Magical ideation 20.05 (3.41) 7.80 (1.58) <.001
  Perceptual aberration 16.90 (6.53) 4.15 (1.35) <.001
SIPS scalese (% APS)
  Unusual thought content 71.43% 0.00% <.001
  Suspiciousness 38.10% 0.00% <.001
  Grandiosity 9.52% 0.00% <.001
  Perceptual aberrations 66.67% 0.00% <.001
  Disorganized communication 33.33% 0.00% <.001

Note. SIPS, Structured Interview for Prodromal Syndromes.
aMeans (SD). Independent samples t-tests were used to compare means for the psychosis risk and comparison groups. χ2 tests were used 
to compare ordinal/binary variables across groups.
bPerformance in the psychosis risk group did not significantly differ by ethnicity (ie, there was neither a main effect of ethnicity for 
overall accuracy on the PCLT, P = .65, nor for learning over time, P = .59; for striatal ROI fMRI analyses, P = .63).
cResults when excluding left-handed individuals were extremely similar for all analyses.
dResults when excluding medicated individuals were extremely similar for all analyses.
eSymptoms are rated on a 0–6 scale, ranging from “absent” to “severe and psychotic”; reported % having a rating of 3–5, signifying the 
presence of APS.

https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
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Aberration (PerAb)29 or Magical Ideation (MagicId)30 
scales, or a summed standardized score 3.0 SDs above the 
same sex mean on the PerAb and MagicId scales; and (b) 
interview-rated current attenuated psychotic symptoms 
(APS; ie, a rating of at least moderate on the Structured 
Interview for Prodromal Syndromes, (SIPS)],31 with all 
participants exhibiting APS in the past month (in fact, 
all within the past week). This combined questionnaire 
and interview approach was used because while self-
reported psychosis proneness is associated with psychosis 
risk,32 there is evidence that actually only those individu-
als with both elevated psychosis proneness questionnaire 
scores and interview-rated APS are at increased risk of 
psychotic disorder.1 In the current study, all participants 
in the psychosis risk group also reported never having 
taken antipsychotic medication. Hence, the psychosis 
risk group in the current study had current APS, was 
antipsychotic medication-naïve, and had a level of psy-
chotic disorder risk comparable to a first-degree relative 
sample. Note that one participant in the psychosis risk 
group was excluded from brain imaging analyses due to 
excessive artifacts, leaving 20 participants in the psycho-
sis risk group for the brain imaging analyses (this subject 
is included in behavioral data analyses).

Participants in the comparison group (see table  1 
for sample characteristics; n  =  20) scored in the aver-
age range on both PerAb and MagicId scales (norms 
based on a large college student sample)33; in particular 
they scored greater than −0.58 SDs below the same sex 
mean and less than 0.53 SDs above the same sex mean 
on the PerAb and MagicId scales. In addition, the com-
parison group also scored less than 0.50 SD above the 
same sex mean on the Social Anhedonia Scale (SocAnh; 
M.  Eckblad, L.  Chapman, J.  Chapman, M.  Mishlove, 
unpublished data). In addition, comparison participants 
had to be rated less than 2 (2 = mild symptoms) on both 
the Unusual Thought Content/Delusional Ideation and 
the Perceptual Abnormalities/Hallucinations subscales 
of the SIPS. More information about materials used (eg, 
PerAb, MagicId, SocAnh, and SIPS) can be found in the 
supplementary methods.

Behavioral Tasks

Participants completed 2 tasks in the scanner in an alter-
nating fashion: the Probabilistic Category Learning Task 
(PCLT) and a Perceptual-Motor Control Task (PMCT). 
On the PCLT,27,34,35 participants saw cards and predicted 
whether the card or combination of cards were associated 
with either rain or shine. The cards were composed of 4 
simple geometric shapes. These 4 different shapes were 
either presented individually as a single card or in a group 
of up to 3 cards, with 14 different possible card combi-
nations involving either an individual card or a group 
of cards. Each shape (and therefore each card combina-
tion) was associated with rain or shine on a probabilistic 

basis. Each trial began with the presentation of 1 of the 
14 card combinations and participants gave their predic-
tion by pressing 1 of 2 buttons on a response box. If  the 
participant’s response was correct, the words “Correct!” 
and a yellow smiley face appeared; if  incorrect, the 
words “Incorrect” and a red sad face appeared. Previous 
research has consistently found activation in the striatum 
on the PCLT, especially in the associative striatum.25–27

To examine whether the groups differed in task perfor-
mance over the course of the task, behavioral data were 
analyzed using a group × trial multilevel logical regres-
sion for accuracy through the glmer procedure in R.36 
Participants were modeled as random intercepts. It was 
expected that the comparison group, in contrast to the 
psychosis risk group, would exhibit significant improve-
ment in task performance over the course of the task, 
as evidenced by positive accuracy slopes, indicating 
increased accuracy across trials. It was expected that the 
psychosis risk group would exhibit poorer learning across 
the task, as evidenced by a smaller slope than the com-
parison group. Furthermore, it was expected that groups 
would differ only on the last run of the task, as in a previ-
ous study examining psychosis risk using the PCLT,8 and 
therefore the groups were compared on each of the runs 
of the task (see supplementary methods and results for 
additional analyses regarding task strategy).

Following previous research,25,27 the PCLT was alter-
nated with a control task (the PMCT) to control for neu-
ral activation associated with stimulus presentation and 
motor response. On each trial of the PMCT, participants 
decided whether 2 presented cards were identical or not. 
Following previous research,25,27 all stimuli (ie, for both 
the PCLT and the PMCT) were displayed on the screen 
for 4.5 s with an inter-trial interval of 0.5 s. Participants 
completed a total of 6 scan runs of these tasks. Each scan 
run was composed of 25 trials of the PCLT and 25 trials 
of the PMCT. During each scan run, there was a 29-s 
baseline fixation between the PCLT and PMCT runs, 
with an 11.5-s period of fixation at the beginning and end 
of the scan run (each fixation screen was composed of 
a blank screen with a fixation cross). Task order (PCLT 
first or PMCT first) was counterbalanced across groups, 
with no difference in PCLT accuracy between the 2 task 
orders, F(1, 39) = 0.00, P = .99, d = 0.00.

Imaging Data Analysis

Imaging took place at the Brain Imaging Center (BIC) at 
the University of Missouri with a 3T Siemens Trio scan-
ner using an 8-channel head coil. Functional images were 
acquired for each participant using a T2*-weighted gra-
dient-echo planar pulse sequence (4-mm slice thickness, 
TR = 2500, TE = 25, flip angle = 70, FOV = 256 mm 
× 256  mm). Following previous research,37,38 image 
slices were tilted 30° toward the coronal plane from the 
Anterior Commissure-Posterior Commissure (AC-PC) 

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sby033/-/DC1
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
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line to minimize artifact and improve scanning of the 
striatum. T1-weighted structural images were acquired 
for each participant using a high resolution T1-weighted 
sagittal scan (MPRAGE sequence, 176 sagittal slices, 
1 mm slice thickness, TR = 1920 msec, TE = 2.93, flip 
angle  =  9). FSL’s Brain Extraction Tool,39 was used to 
skull strip the structural images. Motion correction 
was performed using Motion Correction in FMRIB’s 
Linear Image Registration Tool (FLIRT).40 Structural 
images were cross-registered to a reference brain and 
images were smoothed (4-mm FWHM). Imaging data 
were analyzed using a mixed effects single-subject gen-
eral linear model using FSL (http://www.fmrib.ox.ac.
uk/fsl).41 Based on previous research,25,27 activation was 
analyzed in a blocked fashion (comparing PCLT activa-
tion with PMCT activation). Two covariates or explan-
atory variables were included: (a) PCLT activity and (b) 
PMCT activity. The groups were compared for regions 
that were both (a) significantly active during the PCLT 
and (b) significantly more active during the PCLT than 
the PMCT. Within-subject analyses examined the extent 
to which each voxel’s activity conformed to an a priori 
canonical double-gamma hemodynamic response func-
tion. In whole-brain analyses, cluster thresholding was 
used in which contiguous clusters were first identified 
with a threshold of Z = 2.30 and then used Gaussian ran-
dom field theory to estimate each cluster’s estimated sig-
nificance level, with significant clusters having a P < .05 
FWE-corrected for multiple comparisons.40

To examine striatal activation on the PCLT, region of 
interest (ROI) analyses were first conducted. Activation 
in the striatum as a whole was examined first. Next, given 
that PCLT is especially related to activation of the associa-
tive striatum and that psychosis risk is especially related 
to associative striatum dysfunction, activation specifically 
in the associative striatum was examined. Our associative 
striatum ROI was created based on resting state analyses19 

(our analyses aggregated the striatal subregions associ-
ated with the frontoparietal, default mode, and ventral 
attention networks; collectively, these subregions have 
been previously labeled as the associative striatum).21,42 
To examine whether striatum activation was specific to 
the associative striatum, activation was also examined 
in 2 other striatal regions identified by Choi et al19 (eg, 
sensorimotor striatum and limbic striatum; ROIs were 
extracted from FWE-corrected analyses, and multiple 
comparisons were Bonferroni corrected). In addition to 
striatal ROI analyses, activation was also examined using 
whole-brain analyses, comparing the groups for regions 
that were both (a) significantly active during the PCLT 
and (b) significantly more active during the PCLT than 
the PMCT [see supplementary results for (a) correlations 
between PCLT accuracy with both striatal regions and 
regions with significant whole-brain group differences, 
and (b) correlations between symptoms with both striatal 
regions and PCLT accuracy].

Results

Behavioral Task Performance

The groups were first compared on behavioral perfor-
mance using a multilevel logistic regression analysis of 
accuracy over time (ie, across trials).8 As expected, there 
was a main effect of time, Z = 2.07, P < .05, d = 0.68, 
as accuracy on average improved over time (eg, for the 
comparison group, effect of time: Z  =  4.46, P < .001, 
d  =  1.25; for psychosis risk, effect of time: Z  =  2.06, 
P =  .04, d = 0.67). There was not an overall significant 
effect of group, Z = 0.57, P = .57, d = 0.18, which makes 
sense because this includes performance during the early, 
initial learning part of the task. However, as can be seen 
in figure  1, there was a trend toward a significant time 
× group interaction, Z  =  1.72, P  =  .08, d  =  0.56 (see  
supplementary table 1 for means and SDs). Furthermore, 

Fig. 1.  Group comparisons of accuracy for each of the 6 runs on the Probabilistic Category Learning Task (PCLT) for psychosis risk 
and comparison groups. Error bars reflect standard errors (*P < .05, †P < .10).

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sby033/-/DC1
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
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as expected, by the last run of the task the psychosis risk 
group did exhibit significantly lower accuracy than the 
comparison group, t(39) = 2.13, P < .05, d = 0.68, repli-
cating previous results.8

Imaging Analyses

Striatal ROIs.  We next examined whether participants 
activated the striatum on the PCLT and whether the 
psychosis risk group exhibited decreased activation in 
the striatum. Across the entire sample, participants did 
exhibit increased overall striatal activity on the PCLT, 
t(39)  =  4.40, P < .001, d  =  1.41. Further, as expected 
and as can be seen in figure 2, the psychosis risk group 
exhibited significantly less overall striatal activation than 
the comparison group (P < .01, d = 0.86; see supplemen-
tary table 2 for means and SDs). Hence, the psychosis risk 
group exhibited both poorer behavioral performance on 
the PCLT as well as decreased striatal activation on this 
task.

Next, analyses were conducted to examine whether 
performance on the PCLT was associated with activation 
in particular striatal regions and whether psychosis risk 
was associated with decreased activation in particular 
striatal regions. First of all, across the entire sample and 
as expected, there was significantly greater activation in 
the associative striatum on the PCLT than in either the 
sensorimotor or limbic striatal regions (Ps < .01, ds > .45, 
note that there was not a significant difference between 
the sensorimotor and limbic striatum, P > .05, d = 0.25). 
Further, as can be seen in figure  2, the psychosis risk 
group exhibited significantly decreased activation in the 

associative striatum than the comparison group, but not 
the sensorimotor or limbic striatum.

Whole-Brain fMRI Analyses.  Next, results for the 
whole-brain analyses on the PCLT were examined. As 
can be seen in supplementary table 3, consistent with pre-
vious research25,27,43 and the ROI analyses, several stria-
tum/basal ganglia regions were identified as significantly 
activated on the PCLT. Further, just as for the ROI analy-
ses, in whole-brain analyses the psychosis risk group also 
exhibited decreased striatal activation, specifically only 
within associative striatal regions.

In terms of other brain regions significantly activated 
on the PCLT, overall across both groups, consistent with 
previous research and as can be seen in supplementary 
table 3, an extensive cluster of regions that included fron-
tal, thalamic, insula, parietal, temporal, and occipital 
regions were significantly activated.27 As can be seen in 
figure 3 and table 2, the psychosis risk group also exhib-
ited significantly less activity than the comparison group 
in multiple cortical regions connected to the associative 
striatum (ie, associative corticostriatal network regions; 
eg, several frontal, parietal, and temporal regions), as 
well as a superior lateral occipital cortex region associ-
ated with the occipital corticostriatal network.25,27 In con-
trast, as can be seen in figure 3 and table 2, psychosis risk 
participants had significantly greater PCLT activity in 
several regions than the comparison group, including sev-
eral parietal and occipital regions not within the associa-
tive corticostriatal network (eg, the dorsal attention and 
occipital corticostriatal networks) as well one temporal 
region within the associative corticostriatal network.

Fig. 2.  Striatal region of interest (ROI) mean activation on the Probabilistic Category Learning Task (PCLT) for each group.

https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby033#supplementary-data
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Discussion

The current study is to our knowledge the first to ex-
amine whether psychosis risk based on symptom levels 
is associated with both poor behavioral performance and 
impairments in specific striatal regions on the PCLT. The 
current research follows up previous work8 finding behav-
ioral deficits in psychosis risk on the PCLT at the end of 
the task and finding novel evidence that psychosis risk 
is associated with striatum-related neural deficits associ-
ated with learning on this task. These results could help 
us better understand the nature of psychosis risk and 
also suggests that the PCLT could be a useful marker for 
psychosis risk.

In terms of their behavior, the psychosis risk group 
exhibited some evidence of impaired learning on the 
PLCT, as evidenced by reduced accuracy at the end of the 
task. This finding replicates previous research using this 
task to examine striatal-related behavioral impairments 
in psychosis risk,8 and is consistent with other research 
in individuals with increased genetic risk,7,10,12 elevated 
schizotypal traits,9 and schizophrenia.44,45 However, it 
should be noted that in contrast to previous research, 
there was not a significant effect of group on PCLT accu-
racy.9,10,27 Regardless, the current research suggests that 
category learning impairments may be a marker of risk 
for psychosis.

Fig. 3.  Cortical regions where (a) comparison participants had significantly greater Probabilistic Category Learning Task (PCLT) 
activity than psychosis risk and (b) psychosis risk participants had significantly greater PCLT activity than comparison participants. 
Note the figures are divided into regions associated with the associative corticostriatal network (ie, “associative striatum regions,” shown 
in yellow) and regions not associated with the associative corticostriatal network (ie, “nonassociative striatum regions,” shown in blue).
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In terms of neural activation, the current study is to 
our knowledge the first study to find that psychosis risk 
based on symptom levels is associated with striatal dys-
function while performing the PCLT. Specifically, the 
psychosis risk group showed evidence, both in ROI and 
whole-brain analyses, of reduced associative striatum 
activation. These findings are consistent with previous 
PET, resting state, and functional fMRI research provid-
ing evidence that psychosis risk is associated with stria-
tal dysfunction,5–7,12–16 especially within the associative 
striatum.4,20–23 The current study helps fill in the gaps of 
previous research by being the first study to indicate that 
striatum-related dysfunction can be detected in psychosis 
risk based on symptom levels using the PCLT.

Furthermore, there was evidence that psychosis risk was 
associated with dysfunction in cortical regions connected 
to the associative striatum. As previously mentioned, the 
striatum is critically involved in corticostriatal circuits,18,19 
and parcellation research indicates distinguishable stria-
tal regions.19 The cortical regions connected to the asso-
ciative striatum include the prefrontal cortex (eg, inferior 
frontal gyrus, middle frontal gyrus), as well as parietal 
(eg, inferior parietal lobe, superior parietal lobe), and 
temporal (eg, hippocampal) regions. Results in the cur-
rent study showed that when performing the PCLT, the 
comparison group activated cortical regions connected to 
the associative corticostriatal network (connected to the 
frontoparietal control, default mode, and ventral atten-
tion striatal subregions),19 in line with findings from com-
parison groups in previous studies using the PCLT.25,27 
Furthermore, as expected, cortical activation within the 

associative corticostriatal network was significantly dif-
ferent between the psychosis risk and comparison groups, 
with the psychosis risk group showing significantly less 
activation in multiple cortical regions within this net-
work, including reduced activation in the left inferior 
frontal gyrus and right middle frontal gyrus. Increased 
activation of the inferior temporal gyrus, anterior intra-
parietal sulcus, and visual regions in psychosis risk may be 
indicative of a compensatory mechanism that allowed the 
psychosis risk to exhibit some learning, albeit reduced, 
on this task. The current results are consistent with previ-
ous psychosis risk fMRI research finding reduced acti-
vation in some similar cortical regions when performing 
cognitively demanding tasks,15,46,47 including individuals 
at genetic risk while performing the PCLT.7 However, 
the current study is the first study to show psychosis risk 
based on symptom levels associated with decreased acti-
vation most consistently in regions within the associative 
corticostriatal network on the PCLT.

Overall, in the current study, the pattern of  behavioral 
and neural activation is consistent with psychosis risk 
being associated with striatum-related impairments. The 
results also support an altered attribution of  salience 
theory (as opposed to the classic aberrant salience 
theory).13,16,48 According to this theory, erratic phasic 
dopamine release, as is hypothesized in psychosis, may 
result in impaired prediction error processing, includ-
ing deficits in the ability to use actual outcomes to drive 
goal-directed behavior (such as required for probabilis-
tic category learning). Furthermore, previous research 
indicates that striatal dysfunction is associated with 

Table 2.  Group Differences on the Probabilistic Category Learning Task in Whole-Brain Analyses

Region
Volume of Voxels 
(mm3)

Peak Activity MNI 
Coordinates

Maximum 
Z-Statistic

Exact 
P-Value

x y z

Regions significantly more active for the comparison group than psychosis risk
  Right caudate 197 12 14 8 3.78 0.0001
  Right putamen 16 14 −6 3.97 4.7e-05
  Right hippocampus 16 −12 −18 3.06 0.0012
  Left thalamus −4 −18 6 4.11 2.7e-05
  Right anterior cingulate cortex 17 855 10 44 8 4.48 5.7e-06
  Left inferior frontal gyrus −46 38 8 6.59 1.3e-10
  Right middle frontal gyrus 48 34 24 10.5 6.0e-22
  Left superior frontal gyrus −22 −2 58 4.97 6.4e-07
  Right thalamus 8 −22 6 4.49 5.6e-06
  Right superior parietal lobe 2 −70 38 6.22 1.1e-09
Regions significantly more active for psychosis risk than the comparison group
  Right inferior temporal gyrus 196 66 −42 −16 6.84 3.1e-11
  Right anterior intraparietal sulcus 191 26 −50 38 6.39 4.2e-10
  Right visual cortex (V4) 757 32 −78 −18 9.72 2.1e-19
  Left visual cortex (V4) 316 −30 −86 −14 5.78 1.1e-08

Note: Analyses were also run with a cluster threshold of Z = 4.30, P > .01 FWE-corrected. For the analyses of regions significantly 
more active for the comparison group than psychosis risk, the results were largely similar, except that the hippocampus was no longer 
significantly activated. For the analyses of regions significantly more active for psychosis risk than the comparison group, there were no 
clusters of significant activation.
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impairments using task feedback to improve perfor-
mance, with increased striatal dopamine facilitating 
learning from positive feedback but impairing learning 
from negative feedback.49 Consistent with this, our previ-
ous research has found that psychosis risk is associated 
with impairments on a striatum-related neural response 
evoked by a reward and punishment-based learning 
task.50 Thus, striatal dopamine-mediated disruption in 
learning from feedback may result in the psychosis risk 
group showing greater impairments in category learn-
ing on the PCLT. To generalize these results to psychotic 
symptoms, continual impairments in feedback-mediated 
learning in the real-world over time may hypothetically 
lead to forming faulty generalized inferences from one’s 
experiences that could lead to the creation of  delusional 
beliefs. Regardless of  the interpretation, the psychosis 
risk group showed both behavioral and neural stria-
tum-related impairments, consistent with the idea that 
striatum dysfunction is important for understanding 
psychosis risk. A strength of  the current study is that the 
results are not confounded by antipsychotic medication 
as all participants were antipsychotic medication-naïve.

However, 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). 
Second, another limitation is that the current study 
did not examine corticostriatal network functional 
connectivity. Lastly, the current study did not assess 
family history of  schizophrenia, the presence of  psy-
chiatric diagnoses, recreational drug use, or IQ, which 
previous research indicates may be related to striatal 
functioning.10,51,52

This fMRI study is the first study to examine whether 
psychosis risk based on symptom levels is associated 
with dysfunction in specific striatal regions on the 
PCLT, finding that psychosis risk is associated with 
impaired associative striatal activation, as well as defi-
cits in associative corticostriatal network regions. These 
results suggest that dysregulated associative corticos-
triatal functioning during category learning may pre-
date the onset of  psychotic disorders. Future studies 
should focus on continuing to understand the relation-
ship between associative corticostriatal impairments in 
psychosis risk, including the relationship between corti-
costriatal connectivity and psychosis risk. The current 
study points to the PCLT as a potentially useful marker 
of  psychosis risk and striatal dysfunction and suggests 
it could also be a useful marker in prevention treatment 
research of  normalized striatal functioning and treat-
ment success.53,54
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