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Cognitive control, a set of functions that develop throughout adolescence, is important in the pathogenesis of psychotic disorders.
Whether cognitive control has a role in conferring vulnerability for the development of psychotic illness is still unknown. The aim of this
study was to investigate the neural systems supporting cognitive control in individuals deemed to be potentially prodromal for psychotic
illness. We recruited 56 participants at clinical high-risk (CHR) for psychosis based on the Structured Interview for Psychosis-Risk
Syndromes (SIPS) and 49 healthy controls. Twelve of the CHR participants eventually developed psychosis. We compared functional
magnetic resonance imaging (fMRI) BOLD signal during the performance of the Simon task. We tested for differences between CHR
individuals and controls in conflict-related functional activity. In the CHR group when compared with controls, we detected smaller conflict-
related activations in several cortical areas, including the Dorsolateral Prefrontal Cortex (DLPFC). Furthermore, conflict-related activations
in the DLPFC of those CHR individuals who ultimately developed psychosis (CHR converters) were smaller than in non-converters
(CHR non-converters). Higher levels of conflict-related activation were associated with better social and role outcome. Risk for psychosis
was associated at the neural level with reduced conflict-related brain activity. This neural phenotype appears correlated within the DLPFC

with the development of psychosis and with functional outcome.

INTRODUCTION

Adolescence is an important time for cognitive and
emotional development (Crone and Dahl, 2012). Successful
transition into adult life requires the development of
cognitive control, which supports the coordination of a vast
array of cognitive functions, including the ability to negotiate
competing demands and to manage conflict between
different behavioral responses to life circumstances. Many
psychiatric disorders make their first appearance in adoles-
cence (Paus et al, 2008), when these control processes
become established and the demands of the environment for
conforming behavior increase sharply. Of those disorders,
psychotic illness is among the most functionally devastating.

Neurocognitive abnormalities, particularly in cognitive
control, may be a core feature of psychotic illness and
predict its functional outcome (Snitz et al, 2006; Lesh et al,
2011; Carrion et al, 2011, 2013; Wood et al, 2003; Green,
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1996). However, whether these cognitive phenomena are a
cause of the illness, a consequence of it, or are an effect of
disease chronicity, medication use, or other disease-related
factors, is still unknown. Even less is known as to the
presence and the role in the pathogenesis of psychosis of
abnormalities in the functional circuits that support
cognitive control.

The study of the neural circuits mediating cognitive
control during the phase preceding the onset of psychotic
illness is of particular interest in disentangling these various
possibilities, given the general absence of these confounding
variables at that time. This phase of illness, called clinical
high-risk (CHR) or psychosis prodrome, is characterized by
attenuated psychotic symptoms, brief psychotic symptoms,
or functional decline in the presence of genetic risk (Yung
and McGorry, 1996). A percentage of CHR individuals,
identified based on standard clinical criteria (Miller et al,
2003), develop psychosis within 2 years of identification
(Wood et al, 2003; Cannon ef al, 2008). Recent reports
suggest that most of these individuals continue to be
chronically impaired, whether or not they eventually develop
the full psychotic syndrome (Carrion et al, 2013).

We aimed to determine the nature and extent of
abnormalities in the neural systems that support cognitive
control in CHR adolescents and young adults. We used the


http://dx.doi.org/10.1038/npp.2015.273
mailto:tc2237@columbia.edu
http://www.neuropsychopharmacology.org

Neural dysfunction in cognitive control circuits
T Colibazzi et al

Simon task to test the hypothesis that CHR individuals have
impaired functioning of the frontostriatal systems respon-
sible for processing cognitive conflict. In this paradigm,
which probes cognitive control and self-regulation more
generally, conflict is generated when the task-required, less
automatic response to the direction of an arrow, conflicts
with the more automatic and prepotent response to the side
of the screen on which the arrow appears (incongruent trial)
(Kerns et al, 2004; Botvinick et al, 1999; Egner, 2007, 2008).
This task allows for investigation of the neural processes that
support the processing and resolution of cognitive conflict
(Egner, 2007).

Although functional abnormalities have been observed
previously in both the cortex and the striatum of CHR
individuals, the exact nature of these abnormalities requires
further explication. Based on prior studies indicating the
presence of abnormal neural processes when performing
tasks that place demands on cognitive control (Niendam
et al, 2013), and given extensive clinical and developmental
considerations that suggest the presence of impaired
capacities for processing and resolving conflict in psychotic
illness (Luna, 2009), we hypothesized that CHR individuals
would present with a neural impairment of conflict
processing, an aspect of cognitive control. Mastering the
ability to regulate cognitive control flexibly based on
changing demands is especially crucial for establishing
adaptive, goal-directed behaviors and, thus, for a successful
transition from adolescence into adulthood.

Our primary hypothesis was that CHR individuals would
exhibit, when compared with healthy controls, reduced
neural activity in DLPFC and dorsal striatum during the
processing of conflict (Niendam et al, 2013).

We focused our analyses on post-congruent conflict (ie,
differential neural activity when processing incongruent,
conflict-laden stimuli compared with processing congruent,
conflict-free stimuli, when both stimulus types immediately
follow congruent stimuli). This priori choice is motivated by
theoretical, statistical, and empirical reasons. First post-
congruent conflict produces the greatest conflict in both
neural and behavioral measures (Marsh et al, 2011, 2013),
thus allowing us to detect group differences with greater
sensitivity. Second, a vast literature describing cognitive
interference has established the presence of sizeable sequen-
tial effects known as the ‘conflict adaptation’ or ‘Gratton’
effect (Egner, 2008; Horga et al, 2011), wherein both
behavioral and BOLD data are best explained as an
interaction between current and preceding congruence. This
established interaction thus complicates the interpretation of
main effects of the so-called ‘standard’ Simon or current-
congruence effect (I vs C) without regard for the effects of
the preceding trial on task performance. We thus focused a
priori on post-congruent conflict for these reasons and
following our prior work (Marsh et al, 2011, 2013).

We expected that this decrease in conflict-related func-
tional activation would be related to the severity of positive
symptoms, conversion to psychosis, and to functional
outcome. Our hypothesis that such abnormalities would be
represented in conflict-related activity of the DLPFC and
striatum was further grounded in (1) increasing evidence of
abnormal functioning of frontostriatal loops in the prodro-
mal phase of psychotic illness (Allen et al, 2012; Dandash
et al, 2013; Fornito et al, 2013; Fusar-Poli et al, 2011, 2010);
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(2) prior studies implicating frontostriatal circuits in cognitive
control (Marsh et al, 2009; Kerns, 2006; Rubia et al, 2006);
and (3) studies pointing to the selective vulnerability of the
dopaminergic system in these circuits during adolescent
development (Naneix et al, 2013; Matthews et al, 2013).

MATERIALS AND METHODS
Participants

Our sample consisted of 58 CHR individuals enrolled in the
COPE (Center of Prevention and Evaluation) clinic at the
New York State Psychiatric Institute and 55 age- and gender-
matched healthy controls with mean ages of 20.79 (SD 4.00)
and 21.15 (SD 3.73), respectively. CHR participants and
controls were also matched for minority status (here defined
as being non-Caucasian). We excluded 8 subjects who
performed poorly on the task based on the behavioral
exclusion criterion, leading to a final sample consisting of 56
CHR individuals and 49 healthy controls still matched for
age, gender, and minority status (Table 1). The results of our
analyses were not meaningfully affected when we excluded
these participants. Risk for psychosis was assessed using the
Structured Interview for Psychosis-Risk Syndromes (SIPS)
(Miller et al, 2003). Individuals were deemed to be at CHR
for psychosis if they met any of the following criteria: (1)
attenuated psychotic symptoms; (2) intermittent psychotic
symptoms; or (3) concurrent genetic risk and functional
deterioration. CHR individuals were followed up for 2.5
years with a mean time to conversion of 18.25 months (SD
12.6). Twelve participants in this CHR sample eventually
developed psychosis (20.7% of our sample). One participant
was not retained in these analyses based on our behavioral
exclusion criterion leaving a total of 11 converters for our
analyses. Ten CHR individuals were on antipsychotic
medication at the time of scanning (including 3 out of the
10 individuals who went on to develop psychosis). Func-
tional outcome was measured using the Global Functioning
Scale: Social (GSE:S) and the Global Functioning Scale: Role
(GSF:R) (Cornblatt et al, 2007) with scores equal to 6 or
below indicating poor outcome and scores equal to 7 or
higher indicating good outcome (Carrion et al, 2013). At last
follow-up (mean time to last follow-up=21.06 months;
SD =15.69), available scores for our CHR cohort pointed to a
moderate level of impairment in role functioning (mean =
6.59; n=44; SD =1.37) and a serious level of impairment in
social and interpersonal functioning (mean=>5.93; n=45;
SD =2.85) (refer to Table 1 for the final sample retained for
our analyses). The percentages of CHR individuals in our
cohort who had scores equal or lower than 6 on the GFS:S
and GSF:R were 43.2 and 44.4%, respectively. These social
and role outcomes were similar to those of other CHR
cohorts (Carrion et al, 2013) as were our rates of conversion
to psychosis and exposure to antipsychotic medications
(Niendam et al, 2013; Dandash et al, 2013; Yaakub et al,
2013). One CHR individual was scanned around the time of
conversion to psychosis. Because this subject was not an
outlier and our results did not change after it was removed
from the analyses, we retained this individual (refer to
Supplementary Material). Additionally, we did not want to
exclude a priori one end of the prodromal arc, given the
importance of capturing changes on a dimensional
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Table I Demographic and Clinical Characteristics of Study Participants

Characteristics CHR participants (n=56) Healthy controls (n=49) Df FITIX? p-Value
Gender M/F (number) 41715 (n=>56) 31/18 (n=49) | 1.2003 02733
Age at MR, years 20.75 (SD 3.1) (n=56) 21.17 (SD 3.79) (n=49) 103 0.568 0.589
Education, years 13.02 (SD 2.35) (n=56) 13.500 (SD 2.58) (n=42)* 96 —0963 0.338
Head motion (FD), mm 0.144 (SD 0.07) (n=56) 0.134 (SD 0.12) (n=49) 103 0.890 0616
Minority/Caucasian (number) 39/17 27122 | 23667 0.124

SIPS scores

Total positive symptoms 12,00 (SD 481) (n=>56)
Total negative symptoms 14.69 (SD 7.35) (n=55)*
CHR outcome

Converted to psychosis
[9.18 + 11.90 months)

652 (n=44; SD=135)
584 (n=45; SD=28)

Last GFSR®
Last GFS:S?

Poor outcome
(GFSR=or <6)
(GFSS=or <6)

21/44 (47.7%)
21/45 (46%)

Medication type*

Atypical antispychotics
2 Aripiprazole, 4 Risperidone)

Typical antipsychotics 0

Mood stabilizers I (Lamotrigine)

['1/56 (21.4%) (mean time to conversion:

10 (2 Quetiapine, | Olanzapine, | Ziprasidone,

Antidepressants I8 (Sertraline, Bupropion, Escitalopram, Venlafaxine,
Fluoxetine, Citalopram, Paroxetine, Duloxetine)
Stimulants 5 (Adderall, Vyvanse, Concerta)

Benzodiazepines

Other | (Gabapentin); | (Atomoxetine)

6 (Clonazepam, Alprazolam, Lorazepam)

%ndicates incomplete data. “The mean follow-up period (time to last follow up) was 2 1.84 months (n =45; SD = 15.58). “Information about medication was unavailable

for seven participants.

continuum as subjects move toward conversion. Finally, the
procedures of this study were approved by the Institutional
Review Board of the New York State Psychiatric Institute.

Experimental Design

As described elsewhere (Horga et al, 2011), participants
performed the Simon spatial compatibility task, a non-verbal
analog of the Stroop task, during fMRI scanning. Before
fMRI scanning, the task was explained to all participants, and
they were required to practice five trials outside the scanner
to assure their understanding of the instructions. During
fMRI scanning, participants viewed the stimuli using LCD
goggles (Resonance Technology, Northridge, CA) and made
their responses using an MRI-compatible mouse. Stimuli
were presented using E-Prime software (Psychology Software
Tools, Pittsburgh, PA). Right- or left-pointing white arrows
were displayed on either the left or right half of a black
screen. Stimuli were congruent (C) if the arrow pointed in
the same direction as their position on the screen or
incongruent (I) if pointing in the opposite direction as their

position on the screen. Each of the arrows was displayed for
1.3 s. Participants were instructed to press a right button if
the arrow pointed right and a left button if the arrow pointed
left, regardless of the position of the arrow on the screen.
Inter-stimulus intervals were jittered 4-7s. Based on prior
work indicating strong sequential effects, especially first-
order effects (Egner, 2007; Marsh et al, 2013; Horga et al,
2011) during conflict processing, we divided all trials for
which responses were correct into four conditions based on
the combinations of the two current trial types (congruent
and incongruent) and the two types of immediately
preceding trials (congruent and incongruent) (Marsh et al,
2013). We designated the four conditions ¢C, iC, cI, or il.
Capital letters C and I indicate that the current trials were
congruent or incongruent, and lower case letters ¢ and i
indicate that the preceding trials were congruent or
incongruent, respectively. In total, the task consisted of 3
runs of 55 stimuli each, with congruent and incongruent
stimuli present in equal number. Because our main contrast
is post-congruent interference, ie, cI-cC, we imposed the
criterion that subjects must have at least 20 correct cC trials
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and 20 correct cI trials. This means that we only included in
the analyses subjects with a minimum number of correct
trials above 60% of the total trials (which corresponds to a
probability of ~5% of chance performance).

Based on this exclusion criterion, we report results based
on a data set comprising 56 CHR individuals and 48 healthy
controls. As shown in the accuracy plot most of the
remaining subjects performed at near-ceiling level for
accuracy (Supplementary Figure S1), as we had intended
by using a low-demand cognitive task.

Behavioral Analysis

Mean reaction times (RTs) for each of the four trial types (cI,
cC, iI, and iC) were entered into a repeated measures
ANOVA with two within-subject factors (current and
preceding congruence), each having two levels (congruent
or incongruent), and group membership as a between-
subject factor having two levels. Interference scores were
derived for each participant by subtracting the mean RT for
all current congruent trials from the mean RT for all current
incongruent trials. No influential outliers were found in the
behavioral data. We also compared RTs for CHR converters
and CHR non-converters on the trials used in the main
contrast by using a two-sample ¢-test as well as its non-
parametric equivalent, the Wilcoxon rank-sum test.

Image Acquisition

Imaging was performed on a 3T GE Signa whole body
scanner (Milwaukee, WI) using a GE quadrature head coil.
T1-weighted localizer images were acquired for positioning
of the axial functional images along the anterior
commissure-posterior commissure (AC-PC) line. A 3D
spoiled gradient recall (SPGR) image was acquired for the
coregistration of functional images with the MNI template.
Parameters for acquisition of echoplanar functional images
were TR=2200ms; TE=30ms; flip angle=90°% field
of view =24 cm x 24 cm; acquisition matrix =64 x 64; slice
thickness =3.5mm; gap=0mm; effective resolution=
3.75 mm X 3.75 mm x 3.5 mm; whole brain coverage; 34 slices
per volume. We acquired three runs of functional data, 140
volumes per run.

Preprocessing of Functional Image Data

We used SPM8 under MATLAB 2009B to preprocess the
functional imaging data (http://www.fil.ion.ucl.ac.uk/spm/).
The preprocessing procedure included: (a) slice-timing
correction using the middle slice of each run as the reference
image; (b) motion correction for three translational direc-
tions and rotations using a rigid-body transform; (c) spatial
normalization to the standard MNI template using a hybrid
algorithm of affine transform and non-linear warping. Each
participant’s high-resolution SPGR structural image was
normalized to the template, and these participant-specific
warping parameters were then used to normalize the
functional images to the same template; (d) resampling of
the normalized functional images to 3 x 3 x 3 mm voxels; (e)
Gaussian spatial filtering with an FWHM of 8 mm. A
discrete cosine transform-based high-pass filter with a basis
function length of 128 s was used to remove low-frequency
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noise, such as scanner drift, from the baseline image
intensity. Finally, because group differences between CHR
participants and controls could yield spurious activations,
we compared Frame-Wide Displacement (FD), an index of
head motion, between CHR participants and healthy controls
and found no significant difference between the two groups,
thus ensuring that CHR and control groups were matched
for head motion. We also applied Art Repair, an advanced
motion detection and repair algorithm (https://cibsr.stan
ford.edu/tools/human-brain-project/artrepair-software.html)
before preprocessing.

Statistical Analyses of Functional Imaging Data

First-level analysis. Using the general linear model (GLM)
as implemented in SPM8, we modeled the data for each
participant with six independent functions and a constant for
each run. The six independent functions corresponded to six
events recorded in the task, each of which was generated by
convolving a canonical hemodynamic response function
(HRF) with a boxcar function derived from the onsets and
durations of each of the events (cC, iC, cI and il), fixation,
and an incorrect trial term including both incorrect and
missed trials. The model was estimated using the Restricted
Maximum Likelihood algorithm, and then task-related
contrast images were generated. (1) The contrast for our
main hypothesis was [cI-cC]. We chose this contrast based
on (1) several studies showing that it best identifies brain
regions whose activity is associated with cognitive conflict
(Marsh et al, 2013; Horga et al, 2011); (2) behavioral data
from our cohort (Figure 1); (3) and previous studies
suggesting that the highest difference in RTs is between cI
and cC, which can be thought behaviorally as the most and
least demanding conditions, respectively (Marsh et al, 2013).
This contrast captures neural activity during the current
processing of conflict (I or C) in trials preceded by a
congruent trial (c), thus representing conflict-related activa-
tion. We did not include incorrect trials because we wanted to
exclude error-related activations and oddball-related activa-
tions (errors were infrequent in this sample). A vast literature
describing cognitive interference has definitively established
the presence of sizeable sequential effects known as the
‘conflict adaptation’ or ‘Gratton’ effect (Egner, 2008; Horga
et al, 2011), wherein both behavioral and BOLD data are best
explained as an interaction between current and preceding
congruence. This established interaction thus complicates the
interpretation of main effects of the so-called ‘standard’
Simon analysis of current congruence, or I vs C, a
complication that is circumvented by focusing on post-
congruent conflict.

Second-level analysis. We implemented a Bayesian poster-
ior inference approach (Neumann and Lohmann, 2003) for
the second-level analysis of the contrast images generated
from the first-level GLM-based analysis. We used this
Bayesian second-level approach to detect the random effects
of task-related activity within and between the diagnostic
groups.

Unlike classical parametric inference, which detects a
group effect in a statistical parametric map by disproving the
null hypothesis (f=0) at each voxel of the image, a group
effect using the Bayesian method infers the posterior
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Figure I Reaction times. (a) RTs (in milliseconds) for current trials are displayed on the Y axis and plotted as a function of the type of trial (c or i) preceding
the current trial (C or ). Blue indicates current congruent trials (C) and pink indicates current incongruent trials (I). The broken line refers to controls and the
solid line to CHR participants. The difference in RT between incongruent and congruent trials is usually reduced if the preceding trial is also incongruent. This
reduction in RT difference, known as Gratton effect or congruency sequence effect, was observed in our data. We detected no statistically significant
differences in RTs between CHR participants and controls. (b) RTs in milliseconds are displayed on the Y axis as a function of current trial type going from the
easiest to the most difficult. cC: congruent trial preceded by congruent trial; cl: incongruent trial preceded by congruent trial; iC: congruent trial preceded by
incongruent trial; il: incongruent trial preceded by incongruent trial. CHR participants and healthy controls engage equally during performance of the Simon
task. Between-group differences in reaction times across the same condition were not significant. (c) RTs in milliseconds are displayed on the Y axis as a
function of congruence or incongruence of the current trial (I or C), regardless of prior trial type. (d) RTs in milliseconds are displayed on the Y axis as a

function of trial repetition (cC or il) or trial altemation (cl or iC).

probability of detecting the observed group effects (f#0)
given the data. This probability is displayed in a Posterior
Probability Map. Because the Bayesian method infers
posterior probability, by definition, it does not generate false
positives and therefore does not require adjustment of its
p-values based on p-value thresholding, as shown previously
(Friston and Penny, 2003; Marsh et al, 2011). We adopted a
similar approach as in Klein et al (2007) but with a more
stringent threshold.

Because Bayesian-inference methods do not require
corrections for multiple comparisons, they do not need to
account for spatial features to derive statistical significance as
in classical parametric-inference methods, which typically
need corrections that assume a Gaussian random field or
that take into account the cluster extent. As an additional
requisite for assuming statistical significance and meaningful
findings, however, we required positive findings to have a
posterior probability greater than 97.5% and an extent of at
least eight contiguous voxels in all our analyses (making our
requisite for significance more stringent and discarding
results comprising few voxels that, while statistically valid,
have questionable biological significance).

We chose a Bayesian approach because it allows us to test
directly our hypotheses, rather than to simply reject the null
hypothesis (Stephens and Balding, 2009; Friston et al, 2002;
Herzog and Ostwald, 2013; Woolrich et al, 2009). Second,
this method is very reliable in comparing different groups
of participants insofar as individual contributions to

group-level estimates are weighted by the variability found
within each participant. Third, we regard the Bayesian
approach to be highly appropriate for detecting effects in
cohorts that are by definition heterogeneous, as is the case in
CHR cohorts, where the risk in statistical analyses of missing
detection of true biological abnormalities (type II error) may be
as important as reporting false positive findings (type I error).

Additionally, we cross-validated the results generated with
Bayesian approach by using a brain-wide frequentist
approach. Specifically, we performed a two-sample t-test of
patients vs controls in SPM8 and applied cluster thresholding
based on Monte Carlo simulations as implemented pre-
viously (Slotnick et al, 2003) to correct for multiple
comparisons. Our main results survived in the DLPFC with
a height threshold of 0.004 in combination with a cluster
threshold of 22 (yielding a corrected p-value of 0.05).

Finally, to quantify the accurateness and robustness of our
estimates we conducted a leave-one-out jackknife resampling
for unbiased estimation of effects (Abdi and Williams, 2010).
We used this resampling technique to estimate the group
effect (CHR individuals vs Controls) for the main contrast
(cI-cC), our main a priori test.

Clinical, Behavioral, and Functional Associations

Similar to others (Marsh et al, 2011; Klein et al, 2007), we did
not use a Bayesian approach for clinical and behavioral
associations and for associations with functional outcome,
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CHR > HC

Contrast: [cl =cC]

Figure 2 Group differences in conflict-related activation. We show posterior probability maps, which we thresholded at 97.5%. Increases in signal during
correct responses to cl relative to cC trials are shown in red and decreases in blue. This group comparison shows decreased conflict-related activations in CHR
participants compared with healthy controls in the dorsal caudate, IFG, ventral striatum, the DLPFC, the JACC/MPFC and at the border between cuneus and
precuneus (left column). Within-group effects are displayed separately for CHR patient (middle column) and healthy controls (right column) and confirm that the
reduced conflict-related activations detected in the between-group comparison were driven by positive activations in controls and, in CHR participants, either
by significant deactivations in the dACC and ventral striatum or, for the other regions, by a lack of detectable conflict-related activations. The reduced conflict-
related activations found in the CHR group represented areas where functional activity associated with the conflict-free condition (cC) was higher than that
associated with the conflict-dependent condition (cl). JACC/MPFC, dorsal anterior cingulate/medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex;

IFG, inferior frontal gyrus; VS, ventral striatum.

because such methods have only been developed and
validated for the equivalent of #-tests but not for correlations.
For brain-behavior associations, we correlated interference
scores with the beta values from the conflict-related contrast.
We applied cluster-extent thresholding based on Monte
Carlo simulations (Slotnick et al, 2003) to correct p-values
for multiple comparisons. We reach a corrected p-value
(corrected for multiple comparisons) of p<0.05 by using the
conjoint requirement of p<0.025 and a cluster extent
threshold of at least 30 voxels (Forman et al, 1995). We
further confirmed that our results did not change by also
applying a smaller p-value (0.0125) (still yielding an effective
p-value of <0.05). Correlations with the severity scores for
clinical symptoms were performed in a similar manner. We
used severity scores for the five items on the SIPS capturing
positive symptoms as well as the total score for positive
symptoms, given that both identification of CHR partici-
pants and conversion to psychosis are based on scores for
positive symptoms. We applied Bonferroni correction for the
six items tested. We conducted a comparison of conflict-
related activations between CHR individuals who developed
psychosis (11 converters) and those who did not develop
psychosis (45 non-converters). We also correlated conflict-
related activations with measures of social and role outcome
(GSE:S and GSE:R, respectively). Finally, we checked for
influential outliers by using a Cook’s distance D; criterion of
D; > 1. No influential outliers were found in the behavioral or
imaging data.

Neuropsychopharmacology

RESULTS
Behavioral Results

No significant effect of group or of the interaction between
group and trial type was detected on RTs or accuracy (all
p>0.57), indicating the lack of difference between groups in
performance (Figure 1). There was, however, an interaction
between current trial type and prior trial type on RTs
(p<0.0001), demonstrating conflict adaptation effects,
whereby the effects of current congruence on RTs were
modulated by congruence on the previous trial, consistent
with previous observations (Egner, 2007). Mean RTs
increased in a curvilinear manner from the least demanding
(cC) to the most demanding of the four trial types (cI).
Repetitions of trial type (either cC or iI) were associated with
shorter RTs than were trial alternations (cI or iC)
(p<0.0001). No significant interaction of trial repetition or
alternation with group membership was observed. Inter-
ference scores did not differ significantly between CHR
participants and healthy controls (p=0.394), showing that
CHR participants and controls were closely matched
behaviorally for all effects. Finally, we found no significant
difference in RTs or accuracy between CHR converters and
CHR non-converters using parametric or non-parametric
tests, demonstrating that both CHR subgroups were
behaviorally matched (all p>0.52).
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Contrast: [cl —cC]

Conflict-related

activation

CHR non-conv vs HC

Figure 3 Conflict-related activation in converters. We show posterior probability maps, which we thresholded at 97.5%. Increases in signal during correct
responses to cl relative to cC trials are shown in red and decreases in blue. This group comparison between CHR participants who developed psychosis
(converters) and CHR participants who did not develop psychosis (non-converters) shows reduced conflict-related activations in converters compared with
non-converters in the DLPFC and midcingulate cortex (left column). Between-group comparisons with healthy controls are displayed separately for converters
(middle column) and for non-converters (right column). This figure confirms that the reduction in activation difference between conflict-dependent and conflict-
free trial that we observe in CHR participants is more pronounced in the DLPFC of CHR participants that ultimately develop psychosis. DLPFC, dorsolateral

prefrontal cortex; MCC, midcingulate cortex.

fMRI Results

Conflict-related activation. Our main a priori contrast
revealed reduced conflict-related activations in CHR parti-
cipants, when compared with controls, in the head of the
right caudate nucleus, the ventral striatum (VS), dACC,
DLPFC, inferior frontal gyrus (IFG), and between cuneus
and precuneus. Group differences in DLPFC and VS effect
peaks had a moderate effect size (MNI coordinates [X, y, z] in
mm: 51, 20, 34, and — 15, 13, — 8; Z scores: —3.94 and —2.19
jackknife estimates of Z scores: —5.940 and —3.057; 95%
confidence intervals: [—3.5984, —8.2834] and [-1.0202,
—5.0947]; Cohen’s d: 0.7686 and 0.3976, respectively).
Within-group analyses revealed that these between-group
differences were driven by significant deactivations in the
dACC and VS and, for the other regions, by the absence of
significant conflict-related activations in the CHR partici-
pants that were present in controls. Plots of parameter
estimates for each of these regions confirmed either the
reduced or unchanged neural activation in the conflict-
dependent trial (cI) compared with the conflict-free trial (cC)
in CHR participants. Controls, in contrast, showed greater
neural activity in cI compared with cC trials, which produced
positive conflict-related activations (Figure 2, Supplementary
Figures S2 and S3).

Neural correlates of inter-individual differences in
behavioral interference. In the control group, interference
scores correlated inversely with conflict-related activation.
The lower the interference score (ie, the better the
performance on the task), the greater the conflict-related
activation in DLPFC, dACC, thalamus, dorsal (but not
ventral) striatum, and parietal cortex, indicating that more

conflict-related activation in these regions was associated with
less interference, or with better performance when processing
cognitive conflict. This correlation was not detectable in the
CHR group (Supplementary Figure S4).

Correlations of Conflict-related Activity with Symptoms

We did not observe any significant association with clinical
symptoms.

Association with Longitudinal Outcome

Conversion. When we compared converters with non-
converters, converters exhibited reduced conflict-related
activation in the DLPFC compared with non-converters
(Figure 3).

Functional outcome. In the CHR group, higher levels of
conflict-related activation in the DLPFC and in the fusiform
gyrus were associated with better social outcome. Greater
levels of conflict-related activation in the superior parietal
cortex, the fusiform gyrus, the dACC, and the PCC
correlated with better role outcome.

DISCUSSION

The aim of this study was to investigate the neural processing
underlying cognitive control, specifically the processing of
cognitive conflict, in participants at CHR for psychosis. We
found reduced conflict-related activations in CHR indivi-
duals compared with healthy controls in the ventral and
dorsal striatum, and in the DLPFC, IFG, dACC, and cuneus.
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Given that smaller conflict-related activations were asso-
ciated longitudinally with conversion to psychosis and worse
functional outcome, we interpreted these findings as
evidence that conflict-related brain activation represents an
adaptive process that is diminished in CHR individuals.

Post hoc analyses suggested that the reduced activation in
the CHR group derived from activation during the conflict-
free (congruent) trials that were equal or even greater than
the activation associated with conflict-dependent (incon-
gruent) trials (see Supplementary Figures S2 and S3). These
findings suggest that CHR individuals generate a similar level
of non-specific functional activity during any task condition,
regardless of the presence of conflict, which in turn reduces
the difference or contrast between conflict-dependent and
conflict-free processing that we measure as reduced conflict-
dependent activation. We cannot determine definitively from
our data set, however, whether CHR individuals fail to
increase cortical activity in response to increased conflict or
whether they simply respond to conflict-free trial as if they
were conflict-laden trials (Supplementary Figure S2). We
suspect, however, that conflict-free activation may have been
higher in CHR individuals than in controls, because
parameter estimates during the conflict-free condition were,
at a trend level, greater in CHR individuals (refer to
Supplementary Material) and were not significantly different
for the conflict-dependent trials. Despite the challenges in
interpreting activation during a single condition in the
absence of an appropriate control condition, we speculate
that these results could potentially reflect misallocation of
cognitive resources toward less relevant or less demanding
conditions (conflict-free trial in this case), in line with
salience misattribution models of psychosis (Kapur, 2003).

The cortical regions of CHR individuals, where conflict-
related activations were abnormal (such as the DLPFC), were
those that related to conversion to psychosis and functional
outcome. These regions belong to frontostriatal networks
found repeatedly to be abnormal in PET studies of CHR
cohorts (Fusar-Poli et al, 2012). Our finding that the CHR
and control groups did not differ in terms of behavioral
performance is neither surprising (Wilkinson and Halligan,
2004), as our task had low cognitive demand by design, nor
unique to our at-risk cohort (Yaakub et al, 2013).

We also observed reduced conflict-related activation in the
VS. Though it is true that the VS has been thought to be
mostly associated with reward, recent evidence suggests that
this region has a broader role in information processing.
Studies have shown, for instance, that conflict is processed as
an aversive event, similar to a form of punishment
(van Steenbergen et al, 2009), which we would expect to
engage the reward system. These studies have found that
while reward between trials abolishes adaptation effects,
neutral or punishing events do not. Finally, some evidence
points to a role of dopamine in cognitive control, explaining
in part the patterns of brain activation we have seen (Braver
et al, 1999; Montague et al, 2004; van Schouwenburg et al,
2010; Holroyd and Coles, 2002).

Our task was designed to have sufficiently low cognitive
demand to ensure that the subjects were behaviorally
matched despite the presence of prodromal symptoms that
can impair performance on cognitive tasks, yet sufficiently
demanding to generate detectable conflict signals in the
brain. Behavioral matching allows us to unconfound the
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effects of different levels of task performance. If CHR
subjects differed behaviorally, then it would be impossible to
disentangle group effects from performance effects. Thus,
when interpreting brain activation maps, we would not be
able to say whether the brain activation differences are due
solely to differences in performance, as healthy poor
performers would typically show neural differences com-
pared with healthy good performers, or to diagnosis, which
would be perfectly confounded. Because participants and
controls were matched on performance, we were able to
attribute group effects to primary differences in neural
processing that supports conflict processing, rather than to
differences that are a consequence of poor performance.
CHR converters were also performance-matched with CHR
non-converters, thereby facilitating a clearer interpretation of
the imaging findings specific to those individuals who
developed psychotic illness. In a way, our approach has a
similar rationale to that underlying the use of an exercise
stress test in medicine as a cardiovascular challenge to find
dormant heart disease (where the behavior on the task is
running on a treadmill and the physiological readout is ECG
abnormalities after reaching a target heart rate). In this case,
the main point of the test is not to find abnormal behavior
(that the person has trouble running or runs more slowly)
but to challenge heart function to the point where
abnormalities affecting its function are uncovered, despite
apparent normal behavior.

The brain regions isolated by the conflict-related contrast
are approximately the same regions in which conflict-related
functional activation correlated with behavioral performance
(Supplementary Figure S4). One notable exception was the
VS, though this was not surprising, given that this region is
predominantly involved in reward processing, and we would
not expect a clear association with the level of cognitive
performance. The reward processing functions of the VS do
not exclude its general involvement in the neural processing
of conflict (Figure 2), however, as conflict itself can be
experienced as a punishment. (van Steenbergen et al, 2009;
Shenhav et al, 2013). We demonstrated that the greater the
conflict-related activations in healthy participants, the better
was their behavioral performance, consistent with the known
activation of these regions in conflict situations (Carter et al,
2001). We were unable to detect a significant association
between functional activation and performance in CHR
participants.

The direct comparison of conflict-related activations in
converters and non-converters suggests that reduced activa-
tion in the DLPFC when processing conflict is related to the
development of psychosis, consistent with anatomical
abnormalities in this region that have been associated with
psychosis (Sun et al, 2009). The development of psychotic
illness may therefore be related to an imaging phenotype that
is characterized by reduced conflict-related activations in the
DLPFC. Consistent with this interpretation, better long-
itudinal outcome in this cohort was associated with greater
conflict-related activation in the DLPFC, ACC, PCC, and
parietal cortex.

Our conversion rate (20.7%), was similar to that in
samples similar to ours in size (Yaakub et al, 2013) but larger
than in some other published studies (Dandash et al, 2013;
McFarlane et al, 2015). This rate is now considered as typical
of prodromal research in general (Niendam et al, 2013;



Yaakub et al, 2013; Katsura et al, 2014) and similar to the
conversion rates in various consortia, such as the European
Prediction of Psychosis Study (Salokangas et al, 2012). These
rates reflect a decline in conversion since the time of the
original reports in CHR samples (Yung et al, 2007). Our rate
of exposure to antipsychotic medications and stimulant
medications is also similar to other cohorts. We did not
observe any significant association of clinical symptoms with
the conflict-related contrast, likely because the correlations
were too weak to survive correction for multiple comparisons.
Our findings did not differ when we excluded participants
taking antipsychotic medications and participants taking
stimulants (Supplementary Figure S6), leading us to believe
that medications were not a significant confounder.

Several limitations of our study should be noted. First, the
absolute number of CHR subjects and converters may
contribute to Type II error (the failure to detect real
differences), even though our sample is fairly large for an
imaging study and our conversion rate was similar to other
cohorts. Also contributing to possible Type II error is
the likelihood, if not certainty, that effect sizes will be smaller
in at-risk cohorts than in a sample of individuals who already
have an established psychotic illness. This is likely why we
were unable to detect significant correlations between
conflict-related activity and positive symptoms after correct-
ing for multiple comparisons. Second, we cannot exclude
entirely the possibility that medications may have influenced
our findings, although our results did not change mean-
ingfully when we excluded those participants who were
taking antipsychotic or stimulant medications.

In conclusion, our study suggests that psychosis risk is
associated at the neural level with reduced conflict-related
brain activity. This neural phenotype appears to correlate
within the DLPFC with the development of psychosis and
with functional outcome.
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