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Abstract

Reward processing and cognition are disrupted in schizophrenia (SCZ), yet how these processes 

interface is unknown. In SCZ, deficits in reward representation may affect motivated, goal-directed 

behaviors. To test this, we examined the effects of monetary reward on spatial working memory 

(WM) performance in patients with SCZ. To capture complimentary effects, we tested 

biophysically-grounded computational models of neuropharmacologic manipulations onto a 

canonical fronto-parietal association cortical microcircuit capable of WM computations. Patients 

with SCZ (n=33) and healthy control subjects (HCS) (n=32) performed a spatial WM task with 

two reward manipulations: reward cues presented prior to each trial, or contextually prior to a 

block of trials. WM performance was compared to cortical circuit models of WM subjected to 

feed-forward glutamatergic excitation, feed-forward GABAergic inhibition or recurrent 

modulation strengthening local connections. Results demonstrated that both groups improved WM 

performance to reward cues presented prior to each trial (HCS d=−0.62; SCZ d=−1.0), with 

percent improvement correlating with baseline WM performance (r=0.472, p<0.001). However, 
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rewards presented contextually before a block of trials did not improve WM performance in 

patients with SCZ (d=0.01). Modeling simulations achieved improved WM precision through 

strengthened local connections via neuromodulation, or feed-forward inhibition. Taken together, 

this work demonstrates that patients with SCZ can improve WM performance to short-term, but 

not longer-term rewards—thus motivated behaviors may be limited by strength of reward 

representation, and, additionally, baseline WM performance. A potential mechanism for 

transiently improved WM performance may be strengthening of local fronto-parietal microcircuit 

connections via neuromodulation or feed-forward inhibitory drive.
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INTRODUCTION

Schizophrenia is marked by a decrease in motivated, goal-directed behaviors, as well as in 

cognition (Foussias et al., 2011; Lewis & Lieberman, 2000; Schlosser et al., 2014). Typically 

organized under ‘negative’ and ‘cognitive’ domains, these symptoms are thought to arise, in 

part, from impairments in reward processing and core cognitive processes, respectively 

(Fioravanti, Bianchi, & Cinti, 2012; Reddy, Horan, & Green, 2016). Both negative and 

cognitive symptoms predict level of functioning, with more severe symptoms leading to 

worse functioning (Green, 1996; Milev, Ho, Arndt, & Andreasen, 2005), yet the way in 

which they interface remains unknown (Harvey, Koren, Reichenberg, & Bowie, 2006). 

Therefore, understanding how reward processing and cognition interface may be important 

for understanding symptomatology and designing future treatments.

Reward representation, i.e., the keeping in mind of potential rewards, is an elemental way in 

which rewards exert motivational influence (Berridge, 2012). Impaired reward 

representation has been hypothesized in SCZ, (Barch & Dowd, 2010; Gold, Waltz, Prentice, 

Morris, & Heerey, 2008) and is supported by decreased neural responses during reward 

anticipation, and after emotional stimuli disappear in patients with SCZ (Juckel et al., 2006; 

Nielsen, Rostrup, Wulff, Bak, Broberg, et al., 2012; Nielsen, Rostrup, Wulff, Bak, Lublin, et 

al., 2012; Radua et al., 2015; Ursu et al., 2011). This is further supported by a separately 

noted deficit in manipulating contextual information in patients with SCZ (Barch et al., 

2001; Barch, Carter, MacDonald, Braver, & Cohen, 2003). Together, these works have 

linked the motivational capacity of rewards with cognitive capacity rather than affective 

influence (Burbridge & Barch, 2007; Heerey, Bell-Warren, & Gold, 2008; Heerey, 

Matveeva, & Gold, 2011), as reward consumption has largely been shown to be intact in 

SCZ (Berenbaum & Oltmanns, 1992; Blanchard, Bellack, & Mueser, 1994; Dowd & Barch, 

2010; Gard, Kring, Gard, Horan, & Green, 2007; Heerey & Gold, 2007; Kring & Neale, 

1996; Ursu et al., 2011).

One way to examine the reward-cognition interface is to examine the effect of rewards on 

core cognitive processes, such as working memory (WM). In healthy control subjects, 

(HCS), rewards have been shown to improve cognitive performance, including in tasks 
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requiring cognitive control (Chiew & Braver, 2014; Dixon & Christoff, 2012), rule-based 

contextual cognition (Locke & Braver, 2008; Rowe, Eckstein, Braver, & Owen, 2008), and 

verbal and visual working memory (WM) (Jimura, Locke, & Braver, 2010; Krawczyk, 

Gazzaley, & D’Esposito, 2007). Functional magnetic resonance imaging studies (fMRI) in 

HCS, and neurophysiologic recordings in non-human primates have suggested that 

prefrontal cortical regions integrate reward and cognitive processes (Jimura et al., 2010; 

Kennerley & Wallis, 2009; Krawczyk et al., 2007; Pochon et al., 2002; Taylor et al., 2004; 

Watanabe, Hikosaka, Sakagami, & Shirakawa, 2002), raising questions of how neuronal 

firing translates to behavior. Limited experimentation done in patients with SCZ has shown 

that monetary rewards improve reaction time in an n-back task (Hager et al., 2015), and 

performance in the Wisconsin Card Sorting Task (Summerfelt et al., 1991), but not accuracy 

in verbal WM or n-back testing (Hager et al., 2015; Thornton et al., 2007). None of these has 

studies explicitly tested how the strength of reward representation affects cognitive 

performance.

Furthermore, despite the large body of work examining spatial WM and affective processes 

at the neuronal level in non-human primates, and at the behavioral level in human subjects, 

there have been limited attempts to bridge the two findings. Computational, theory-driven 

models can be used to link measured human behavioral findings with computationally-

derived neuronal mechanisms to create mechanistic hypotheses (Huys, Maia, & Frank, 

2016). Such models have the advantage of highlighting molecular, synaptic or neuronal-level 

mechanisms that continue to be difficult to measure in human subjects at this time. When 

applied to clinical questions, the implications for steering testable treatment targets, and 

differential diagnoses becomes a key advantage of these theory-driven models (Anticevic & 

Murray, 2017; Huys et al., 2016; Wang & Krystal, 2014). Therefore, the utility of these 

models lies in generating hypotheses of the neuronal mechanisms underlying more readily 

measured phenomena, such as behavior.

Here, we jointly present behavioral findings and computational, theory-driven modeling of a 

fronto-parietal association cortical circuit model of WM from a task integrating monetary 

reward and spatial WM carried out in patients with SCZ and HCS. The latter experiment 

was a priori designed to hypothesize possible microcircuit mechanisms that may contribute 

to changes in WM performance in response to rewards. To characterize the influence of 

reward on WM performance, two separate reward manipulations were employed. First, the 

possibility for reward was cued prior to each WM trial. Second, rewards were contextually 

cued prior to a block of WM trials. In this way, we tested the strength of reward 

representation by separately examining the trial-by-trial versus ‘contextual’ longer-term 

influence of rewards on WM performance. We used a well-validated spatial WM task 

translated from non-human primate experiments (Arnsten & Goldman-Rakic, 1998; 

Funahashi, Bruce, & Goldman-Rakic, 1989; Goldman-Rakic, 1999) and frequently used in 

animal and pharmacologic studies (Anticevic et al., 2012; Arnsten, Cai, Murphy, & 

Goldman-Rakic, 1994; Driesen et al., 2013; Funahashi et al., 1989; Vijayraghavan, Wang, 

Birnbaum, Williams, & Arnsten, 2007), to allow for adequate translation. In particular, non-

human primate studies of neuronal firing during WM manipulations have facilitated the 

development of biophysically plausible, theory-driven computational models (Compte, 

Brunel, Goldman-Rakic, & Wang, 2000; Deco & Rolls, 2003; Murray et al., 2014). Such 
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models instantiate cortical microcircuit architecture capable of WM computations, and can 

accommodate pharmacologic simulations to generate testable hypotheses for human 

experimental studies (Murray et al., 2014), thus bridging human behavioral responses with 

neuronal firing. Collectively, the aims of this study were: 1. To test how reward cues (trial-

by-trial vs. contextual manner) affects WM performance in SCZ relative to HCS; 2. To 

computationally characterize potential neuropharmacologic mechanisms underlying reward 

effects on WM performance in order to generate testable neural predictions of obtained 

effects. We first describe findings from our behavioral experiment, followed by our 

computational simulations to hypothesize neuronal mechanisms for our behavioral results.

METHODS

Subjects.

Subjects were recruited from outpatient psychiatry clinics at Yale University and 

Connecticut Mental Health Center (CMHC), and from the general community through 

advertisement. Patients with SCZ were independently diagnosed by two clinicians using the 

Structured Clinical Interview (SCID) for DSM-IV (First, Spitzer, Gibbon, & Williams, 

2002). Patients met DSM-IV diagnoses for SCZ, or schizoaffective disorder, but no other 

Axis I diagnoses, at the time of diagnostic interview. History of nicotine or alcohol use was 

allowed, though not current alcohol/drug abuse/dependence, and proximal use of substances 

was not explicitly controlled for. HCS had no current, or lifetime history of, Axis I disorders 

in themselves or first-degree relatives, ascertained by interviews by two master’s level or 

higher clinicians examining family membership and history of needing mental health care or 

having emotional disturbances. Exclusion criteria for all included a history of neurological 

conditions, contraindications to tolerating MRI, color blindness, and major medical 

comorbidities. 32 HCS and 33 patients with SCZ composed the final, age-matched sample 

(Table 1). All protocols were approved by the Institutional Review Board of Yale University 

(HIC# 1111009332).

Clinical Assessments and Medications.

The Scale for Assessment of Positive and Negative Symptoms (SAPS/SANS) (N. Andreasen 

& Grove, 1986) and the Positive and Negative Syndrome Scale (PANSS) (Kay, Fiszbein, & 

Opler, 1987) were used to quantify symptom severity. Clinical interviews and rating scales 

were conducted by two master’s level or higher clinicians with expertise in schizophrenia 

and associated scales. The same rater conducted the SAPS/SANS or PANSS. As each of 

these scales scores different items, particularly with respect to the domain of negative 

symptoms, both were collected (Kumari, 2017; Marder & Galderisi, 2017; van Erp et al., 

2014). Prescribed antipsychotics were converted to chlorpromazine (CPZ) equivalents (N. C. 

Andreasen, Pressler, Nopoulos, Miller, & Ho, 2010).

Working Memory Task.

Across trials, after brief fixation, participants encoded the spatial position of a colored circle 

(Figure 1, target) presented on-screen for 1.4 seconds. Target presentation was in one of 20 

possible positions randomly presented throughout the task. Following target disappearance, 

participants maintained the initial target location, while centrally fixating (delay period, 10 
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seconds). Finally, participants used a high-resolution joystick to position a gray circle 

(probe) to the remembered initial target location. The possibility for reward based on WM 

performance was manipulated throughout the task.

Each subject completed 160 trials (Figure 1). The task began with 5 practice WM trials in 

order to familiarize subjects with the task and equipment. Following this, subjects performed 

a block of 15 WM trials (i.e. neutral WM trials without incentives). The performance in 

these trials was collected in order to achieve a ‘baseline’ performance of our task that was 

used to calibrate the reward sensitivity, and therefore difficulty in obtaining reward, for each 

individual. Unbeknownst to the individual, the performance of these 15 trials was 

immediately sorted from 1–15 (best to worst) using previously written code in E-Prime 

software. For each individual, regardless of group, the highest reward was given (3 points, 

represented as $ $ $ during feedback) if performance in the rewarded trial fell within the top 

20% of their performances of the 15 originally sorted WM trials. The next highest reward (2 

points, represented as $ $) was given if performance in the rewarded trial fell within the top 

20–33% of the performances from the sorted WM trials. The final reward tier (1 point, 

represented as $) was given if performance in the rewarded trial fell within the top 33–50% 

of trials. At the end of the task, the total number of points was summed and multiplied by 

0.066, and this amount was paid in dollars to the subject. Both groups won similar amounts 

(HCS=$10.54 +/− 1.27; SCZ=$10.48 +/− 1.39; (t(64)=0.18, p>0.05), suggesting that the 

individual-specific calibration was successful. Following the 15 WM trials for calibrating 

individual reward sensitivity, subjects performed three blocks of 40 trials each (12 minute 

blocks), with 3 trial types randomized across blocks. 30 trials were WM trials that involved 

no reward (neutral, red target), and 30 trials were WM trials that cued the potential for 

reward based on task performance (trial reward, green target). Color associations were 

explained prior to each block. During these cued reward trials, feedback communicating the 

number of points won was given (see above for description).

To control for differences in basic motor performance, 60 motor trials that did not require 

WM were randomly interspersed. Motor trials did not require maintenance—instead the 

target was continuously presented during the putative delay period. This meant the target 

location was continuously presented and disappeared just before the subject moved the 

joystick.

The task finished with a block of 20 WM trials (context reward, 6 minute block) prior to 

which subjects were informed that they could win money across the next set of trials, but 

would not receive further reminders of this. This design required the subject to maintain the 

rewarding context throughout the block, and tested if contextually presented rewards bias 

WM accuracy differently than trial-by-trial reward cues. Here, the targets were red, in order 

to focus on the manipulation of the subject instruction to maintain the rewarding context 

throughout the block. Specifically, green was not used in this manipulation in order to avoid 

the trial-by-trial cues that were associated with the earlier manipulation. While money could 

be won, no feedback was given after each trial. Given the relatively fewer number of context 

reward trials, analyses were re-run with 20 randomly sampled trials from other conditions in 

order to match context trials. The significance of all interactions, main-effects and contrasts 

were unchanged with these sampled trials.
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Data Collection and Analysis.

The task was programmed using E-Prime 2.0 software (Psychology Software Tools, 

Pittsburgh, PA), and run on a Dell laptop computer with an LCD screen (1280 × 1024 pixel 

resolution). A high-precision joystick was used to manipulate the probe location. All data 

was collected with E-prime 2.0 software (Psychology Software Tools, Pittsburgh, PA).

WM performance was quantified using the Euclidean distance in pixels measured between 

initial target location and probe placement. Trials reflecting inadequate performance/effort 

(based on probe manipulation <1/3 of the radius of the ring of target presentation and >90o 

from the initial target presentation) were eliminated (<1% of all trials). Based on a priori 
hypotheses, the following questions were examined using linear mixed models and restricted 

maximum likelihood estimation (Type III Wald F tests with Kenward-Roger degrees of 

freedom): 1) Group differences in baseline spatial working memory performance, with 

motor performance as a regressor, group as a fixed factor, and subject as a random effect; 2.) 

Group differences in trial-by-trial rewarded WM performance (Reward (trial reward vs. 

neutral) x Group), with motor performance as a regressor, group and reward as fixed factors, 

and subject as a random effect; 3) Group differences in contextually rewarded WM 

performance (Context (context reward vs. trial reward vs. neutral) x Group), with motor 

performance as a regressor, group and context as fixed factors, and subject as a random 

effect. We conducted an additional exploratory model based on our findings, and examined 

group differences in WM performance in the first quarter of the Context Reward block, and 

in the final quarter of the Context Reward block, in order to further understand the effects of 

Context Reward. This model had motor as a regressor, group and Trial-Time (first 5 trials vs 

last 5 trials) as a fixed factor, and subject as a random effect. Analyses included motor 

performance as a regressor, given that t-tests demonstrated significant group differences in 

baseline motor performance. Post–hoc tests were done within group, as opposed to between-

group, because of the consistently poorer performance of patients with SCZ, compared to 

HCS, across all conditions. Post-hoc tests and effect sizes were reported using adjusted 

means, and independent tests were Bonferonni corrected. Analysis of task performance was 

conducted in the R statistical computing environment (http://www.r-project.org).

Computational Modeling.

Full details of the original computational model implementation and architecture were 

previously reported (Murray et al., 2014). Briefly, we implemented a well-validated, 

biophysically-based model of an association cortical circuit (Carter & Wang, 2007; Compte 

et al., 2000) that outputted spatial WM performance through stimulus-selective, persistent 

neural activity. This model simulated a local cortical microcircuit containing thousands of 

spiking excitatory (E) pyramidal cells, individually tuned to angular location (Arnsten, 

2011), and untuned inhibitory (I) interneurons. Recurrent synapses between excitatory 

pyramidal neurons and inhibitory interneurons were modeled with NMDA and GABA 

receptors, respectively. These recurrent excitatory and inhibitory connections allowed for 

manipulation to shift E/I balance, and to create a ‘disinhibited’ model that simulated the 

hypothesized NMDA receptor hypofunction on interneurons in SCZ (Anticevic et al., 2012; 

Belforte et al., 2010; Krystal et al., 2003; Murray et al., 2014). Stimulus input was a constant 

current with a Gaussian profile applied to a spontaneous state network for one second, and 
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meant to induce spatial position. This current was then maintained for 10 seconds to match 

task presentation (delay period) and induce WM representation. Injection of current 

transiently excited the subset of E-cells tuned to that specific location, and led to a 

persistent, bell-shaped activity pattern (bump attractor) that was consistent with prior reports 

of continuous pyramidal neuron firing during WM maintenance (Funahashi et al., 1989). 

The peak position of the WM activity pattern (slightly drifted due to stochastic background 

input) was recorded within a 100 ms window. Behavioral report location was decoded from 

neural WM activity pattern using the population vector approach. Time-dependent decay of 

WM precision was obtained by computing the across-trial variability of the decoded location 

as a function of delay duration.

With this base model, we tested three candidate modulations that could be engaged by 

reward-related, top-down signals to affect WM precision (i.e. the accuracy in positional 

representation in the microcircuit model). The first modulation was a positive scaling of the 

strengths of all local recurrent synaptic conductances, irrespective of excitatory or inhibitory 

status. This allowed for the potential capture of a neuromodulator influence (such as 

dopamine) (Brunel & Wang, 2001; Compte et al., 2000). For this neuromodulatory model, 

excitatory NMDA receptor and inhibitory GABA receptor conductances were scaled by 

equal factors, as previously modeled (Brunel & Wang, 2001); here, the qualitative model 

effects (i.e., changes in WM precision and mean firing rate) were robust within a 0.5—2 

range for NMDA/GABA proportionality. Our second manipulation was to induce increased 

feed-forward, Poisson background input to I-cells, mediated by glutamatergic NMDA 

receptors, effectively increasing inhibition. The third was increased feed-forward 

background input to E-cells, also glutamatergically mediated, however, effectively 

increasing excitation. The two feed-forward modulations potentially captured the effect of 

an external glutamatergic input, such as could be activated by a reward signal. All 

modulations were applied at stimulus onset. Simulation code is available from the authors 

upon request.

RESULTS

Demographics.

Groups differed in racial composition (X-squared = 8.54, p <0.05), and father’s years of 

education (t(64) =2.39, p<0.05), but not maternal education or general parental 

socioeconomic status. Paternal education was not significantly correlated with WM 

performances for both groups, and therefore not included as a covariate. As per previously 

known deficits in SCZ, groups differed in participant education achieved, WRAT-3, IQ 

Verbal and Matrix, all PANNS subscores, and mean SAPS and SANS scores (p<0.001 for 

all) (Table 1). Given expected group differences, these variables were not co-varied for.

Spatial WM and Motor Performance.

Patients with SCZ demonstrated significantly worse motor performance, when compared to 

HCS (t(52.4)=−3.4, p<0.005). Given this group difference, as well as significant correlations 

between motor performance and WM performance for both groups (SCZ=0.741, p <0.001; 

HCS=0.795, p<0.001), motor performance was included as a regressor in subsequent 
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analyses. Using motor performance as a regressor, group as a fixed factor, and subject as a 

random effect, analysis with linear mixed modeling demonstrated significant group 

differences in spatial WM performance (F(1,61.72) =4.87, p<0.05), with patients with SCZ 

demonstrating worse WM performance, than HCS (Figure 2A, B).

Effect of Reward on WM Performance.

A linear mixed model to examine the Reward (trial reward vs. neutral) x Groupinteraction 

was tested to see if presenting the possibility for reward before each WM trial affected 

performance. Results revealed a significant interaction (F(1, 2830.75)=4.51, p<0.05), and a 

significant main effect of Reward (F(1,2831.15)=81.19, p<0.001). The main effect of group 

trended towards significance (F(1, 64.91)=3.93, p=0.052). Each group demonstrated 

improved WM performance for rewarded trials, compared to neutral trials (adjusted SCZ: 

t(126)=−5.74, p<0.001, Cohen’s d=−1.0(CI:(−1.37,−0.63))); HCS: t(126)=−3.48, p<0.005, 

Cohen’s d=−0.62 (CI:(−0.91,−0.32))) (Figure 2A). Across trial types, the SCZ group 

exhibited worse WM performance, compared to HCS (adjusted t(62)=−2.24, p<0.05, Figure 

2A, B).

Effect of Contextually Presented Rewards on WM Performance.

There was a significant interaction of Context (context reward vs. trial reward vs. neutral) x 
Group (F(2,4100.9)=5.10, p<0.01), as well as significant main effect of Context factor 

(F(2,4101)=42.31, p<0.001) and a significant main effect of Group (F(1,63.2)=5.22), 

p<0.05). Both SCZ and HCS exhibited significantly better performance in trials with trial-

by-trial reward cues vs. neutral trials (adjusted SCZ: t(126)=−5.74, p<0.001, Cohen’s d=

−1.0(CI:(−1.37,−0.63))); HCS: t(126)=−3.48, p<0.005, Cohen’s d=−0.62 (CI:

(−0.91,−0.32))). Patients with SCZ also demonstrated significantly better WM performance 

for trial-by-trial rewards than contextual rewards (adjusted SCZ: t(62)=−5.81, p<0.001, 

Cohen’s d=−1.01 (CI:(−1.38,−0.64))), while HCS demonstrated similarity between the trial-

by-trial and contextual reward conditions (though with trend towards significance) (adjusted 

HCS: t(126)=−2.16, p=0.083, Cohen’s d=−0.38 (CI:(−0.66,−0.1))) (Figure 3A, C). Patients 

with SCZ exhibited no performance differences between contextually rewarded, and neutral, 

WM trials, with a nearly null effect size (adjusted t(126)=0.070, p>0.05, Cohen’s d=0.01 

(CI:(−0.33, 0.36))) (Figure 3B). HCS, while not demonstrating statistically significant 

improvement, exhibited a modest effect size (adjusted t(126)=−1.32, p>0.05, Cohen’s d=

−0.23 (CI:(−0.56, 0.09))) (Figure 3B). We further explored this effect by examining WM 

performance in the first quarter of the Context Reward block (five trials), and final quarter of 

the Context Reward block (five trials), in order to understand the changes in performance 

over the course of the block. There was a significant Group (SCZ vs. HCS) x Trial-time 
(first-five vs. final-five) interaction, suggesting that the groups performed differently in the 

first five trials, as compared to the final five trials (F(1,574.56)=5.97, p<0.05). The SCZ 

group had significantly worse performance in the final five context trials, as compared to the 

first five context trials (t(32)=2.21, p<0.05). By contrast, there was no significant difference 

in the performance of the HCS group when comparing the first five with the last five Context 

trials (t(1,31)=−0.656, p>0.05) (see Supplemental Figures 1 and 2).
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Clinical Correlates.

To test if clinical measures were associated with the influence of rewards on WM 

performance, correlations of clinical measures with percent improvement of WM in 

rewarded trials (((WM performance in neutral trials – WM performance in rewarded 

trials)/WM performance in neutral trials)*100) were examined in the SCZ group. There 

were no significant correlations of percent improvement of WM in either type of rewarded 

trial with CPZ equivalents. Given that our task probed reward-processing, we were 

particularly interested to see if rewarded WM performance was correlated with negative 

symptoms. There were no significant correlations of percent improvement of WM in either 

type of rewarded trial with PANNS Negative scores, GSANS Mean scores, the Avolition 

subscore of the GSANS or the Asocial/Anhedonia subscore of the GSANS (all p>0.05).

Correlation of Baseline WM with Rewarded WM.

We examined linear correlations to test if baseline WM performance (neutral trials) 

predicted improvement in response to rewards. Motor performance was controlled for with 

partial correlation analyses. There were no group differences in correlations between 

baseline WM and percent improvement in either rewarded trials or contextually rewarded 

trials, and therefore relationships were examined across all subjects (Fisher’s r-z transform, 

p>0.05 for both). Results revealed a significant correlation between baseline spatial WM 

performance and percent improvement in trial-by-trial rewarded WM trials (r=0.472, 

p<0.001, Figure 4). The same analysis for percent improvement in contextually rewarded 

WM trials was not significant (p>0.05). Because any form of WM capacity may impact 

rewarded WM performance, we examined the effects of digit span performance, baseline 

spatial WM performance, and motor performance on rewarded WM performance using 

multiple regression. For percent WM improvement to trial-by-trial rewards, results revealed 

significant relationships for motor performance (B=−1.105 +/− 0.300, p<0.01), and baseline 

spatial WM (B = 0.540 +/− 0.161, p<0.05), but not digit span performance (p>0.05). 

Examination of percent WM improvement to contextual rewards was non-significant (all 

p>0.05).

Eye Movements During the Task.

To better understand task adherence, and test whether alternative strategies were used during 

task performance, we conducted a follow-up study. We collected and analyzed an 

independent dataset of patients with SCZ and HCS who performed our task with eye-

tracking. In brief, our analysis of eye-tracking conducted in this independent sample 

demonstrated no differences between groups, and limited differences between task 

conditions in fixation at the center or the previously presented target location (see 

Supplemental Materials). Furthermore, subjects spent only a tiny percentage of time 

(0.66%) fixating at the remembered target location during the delay period, and there were 

no significant correlations between duration of fixation on the target location and accuracy 

(Supplemental Materials). Taken together, our analysis suggested adherence to the task, 

and a limited effect of target fixation during the delay period on spatial WM performance.
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Computational Modeling of Modulated WM Precision.

To investigate potential synaptic and pharmacologic mechanisms underlying the 

improvement of WM precision by reward signals, we studied a previously developed 

computational model of spatial WM grounded in cortical neurophysiology (Figure 5A) 

(Murray et al., 2014). In both a ‘control’ and ‘disinhibited’ base model meant to simulate 

HCS and SCZ, respectively, we characterized the impact of three candidate modulations on 

WM precision and neural activity (Figure 5B): a positive scaling of recurrent synaptic 

strengths, previously used to model synaptic effects of neuromodulators such as dopamine 

(Brunel & Wang, 2001; Compte et al., 2000); and increased non-specific glutamatergic 

drive, either to inhibitory interneurons or excitatory pyramidal neurons. Echoing the 

similarity of behavioral results for the trial-by-trial reward condition, we found that the 

possible mechanisms for improved WM precision were the same for both groups. 

Specifically, recurrent scaling and feed-forward drive to inhibitory interneurons 

demonstrated improved WM precision in both the ‘control’ and ‘disinhibited’ models, 

though the ‘disinhibited’ model continued to demonstrate overall worse precision (Figure 

5C-E). In contrast, feed-forward drive to pyramidal excitatory neurons degraded WM 

precision—a less likely mechanism for improving WM precision (Figure 5C-E). 

Interestingly, WM activity appeared stable under a wide range of recurrent scaling 

modulations, while feed-forward drive to inhibitory interneurons increased beyond a few 

percent destabilized WM maintenance (Figure 5D). Separate effects on firing rates were also 

noted, as recurrent scaling led to increased firing rates, and feed-forward drive to inhibitory 

interneurons led to decreased firing rates during WM (Figure 5F-G). Together, these three 

modulations produced dissociable and testable hypotheses linking spatial WM precision 

with neuropharmacological activity.

DISCUSSION

Understanding the effects of rewards on cognitive performance remains critical for 

understanding symptomatology and treatment targets in SCZ. This work examined the 

influence of rewards on spatial WM performance by presenting the possibility for reward in 

two different ways: prior to each WM trial, or contextually across a block of WM trials. Via 

this manipulation we dissociated specific reward-cognition interactions to test which aspects 

were intact, or disrupted, in SCZ. In general, patients with SCZ demonstrated increased WM 

performance in response to short-term, but not longer-term, rewards. Results showed that 

patients with SCZ improved spatial WM performance to trial-by-trial rewards when 

compared to both contextually rewarded and neutral WM trials. In contrast, the trial-by-trial 

rewarded WM performance in HCS was a significant improvement only in comparison to 

neutral WM trials. For both groups, improved WM performance in response to trial-by-trial 

rewards correlated with baseline spatial WM capacity and motor performance, suggesting 

key factors influencing spatial WM improvement in response to rewards. To shed light on 

potential neural mechanisms, we examined in silico neuropharmacologic mechanisms that 

could bias spatial WM precision in a computational modeling simulation. Based on these 

simulations, improved WM precision, as behaviorally measured in the trial reward 

conditions, may result from either recurrent scaling of synaptic strengths or increased feed-

forward inhibition in fronto-parietal WM circuits.
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Rewards Presented in a Trial-By-Trial Manner Boost WM Performance in HCS and SCZ.

Both patients with SCZ and HCS significantly improved spatial WM performance when the 

possibility for reward was explicitly cued before each trial. Effect sizes suggested that 

patients with SCZ and HCS have comparable ability to be motivated by short-term rewards. 

Importantly, the baseline disruption in cognitive processing noted in our study and others 

(Heinrichs & Zakzanis, 1998; Van Snellenberg, Torres, & Thornton, 2006) did not preclude 

improvement. Instead, baseline cognition predicted percent improvement on rewarded trials, 

and is in line with prior studies linking cognitive impairments with motivational deficits 

(Heerey et al., 2008; Heerey et al., 2011). We also noted strong correlations between motor 

performance, and baseline spatial WM performance for each group that likely reflected the 

importance of motor control in expressing WM representation in this joystick-driven task. 

Despite these strong correlations, between 37–45% of the variance in baseline spatial WM 

performance remained unaccounted for, and likely corresponded to other facets including, 

but not limited to, attention, representation and encoding, as is consistent with deficits noted 

in patients with SCZ (meta-analyses: (Forbes, Carrick, McIntosh, & Lawrie, 2009; Lee & 

Park, 2005)).

Prior studies in patients with SCZ have reported no effect of monetary reward on either 

verbal or n-back WM accuracy (Hager et al., 2015; Thornton et al., 2007), though one 

documented faster reaction times (Hager et al., 2015). Our results therefore extend prior 

findings in both patients with SCZ and HCS in several ways. First, we used a spatial WM 

task (rather than n-back or verbal), which provided a continuous assay of WM precision 

translatable to animal and computational work. Second, we found improved WM accuracy, 

as opposed to faster reaction times (often reported because performance accuracy is at 

ceiling (Beck, Locke, Savine, Jimura, & Braver, 2010; Hager et al., 2015; Jimura et al., 

2010). Third, we calibrated the likelihood of reward in a subject-specific way based on 

individual WM performance, circumventing issues of ceiling/floor performance effects, and 

generalized performance deficits. Even in HCS, only one study has shown improved 

performance (rather than reaction time), using higher-loads of a verbal n-back (up to 4-back) 

under rewarded conditions (Thornton et al., 2007). It is possible that the neural systems 

recruited for verbal WM may be less sensitive to reward effects than systems recruited for 

spatial WM (Thomason et al., 2009), though further studies are needed to confirm this. 

Similarly, one study using a spatial WM task did demonstrate improvements in patients with 

SCZ in response to social rewards (Park, Gibson, & McMichael, 2006). While cognitive 

training ((Adcock et al., 2009; Kurtz & Richardson, 2012; Ramsay & MacDonald, 2015; 

Wexler, Anderson, Fulbright, & Gore, 2000), though see (Fisher et al., 2015)) is often 

studied, harnessing the reward system for cognitive improvement may also prove to be 

important. Carefully characterizing the neural substrates driving this effect will be an 

important next step.

Contextually Presented Rewards Do Not Improve WM Performance in Patients with SCZ.

This study additionally examined contextually presented rewards over a block of WM trials 

without cues or reminders, and demonstrated a lack of improvement in WM performance in 

SCZ. Our finding is in line with prior work suggesting that context maintenance, which is 

disrupted in SCZ, is critical for longer-term reward representation (Barch et al., 2003; 
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Braver, Barch, & Cohen, 1999; Cohen & Servan-Schreiber, 1992; Javitt, Shelley, Silipo, & 

Lieberman, 2000; MacDonald & Carter, 2003; Stratta, Daneluzzo, Bustini, Prosperini, & 

Rossi, 2000). In our work, patients with SCZ were unable to improve spatial WM 

performance in contextually rewarded WM trials, and had significant performance 

differences between context and trial rewarded conditions. Conversely, HCS demonstrated a 

larger effect size between performances in contextually rewarded and neutral conditions, and 

a more similar performance between context and trial rewarded conditions, though we also 

acknowledge the trend towards significance. Our exploratory follow-up analysis 

demonstrated some evidence that patients with SCZ understood the rewarding context, and 

that, over the course of the block, their performance declined, perhaps due to degradation of 

reward representations. Taken together, our results give some evidence that patients with 

SCZ can utilize cognitive resources to take advantage of moment-by-moment rewards, but 

we speculate that these resources are taxed when forced to keep in mind the context of 

reward, without cues or reminders. Interestingly, that patients with SCZ can take advantage 

of these rewards over shorter periods of time fits well with prior work demonstrating intact 

reward consumption, but disrupted reward anticipation and recall in SCZ (Berenbaum & 

Oltmanns, 1992; Blanchard et al., 1994; Dowd & Barch, 2010; Gard et al., 2007; Heerey & 

Gold, 2007; Kring & Neale, 1996; Ursu et al., 2011). Over time, such difficulty with reward 

representation may explain why patients with SCZ look less forward to, and engage less in, 

goal-directed activities requiring longer-term maintenance of potentially rewarding 

outcomes (Gard et al., 2007). Notably, the interaction of reward-cognition disruptions with 

time is not yet known, as the context condition within our task was presented over minutes, 

yet newer assessments such as the CAINS (Clinical Assessment Interview for Negative 

Symptoms) quantify amotivation and other negative symptoms over a week (Kring, Gur, 

Blanchard, Horan, & Reise, 2013).

Given previously noted contextual processing deficits reported in patients with SCZ,(Barch 

et al., 2003; Braver et al., 1999; Cohen & Servan-Schreiber, 1992; Javitt et al., 2000; Servan-

Schreiber, Cohen, & Steingard, 1996; Stratta et al., 2000), it is unclear whether the inability 

of patients with SCZ to be influenced by contextual rewards is due to emotional content, 

rather than simply contextual presentation. Other work suggests that patients with SCZ do 

have difficulty maintaining emotional experiences, particularly when recalling such 

experiences (Gard et al., 2011; Holt et al., 2009), and exhibit inappropriately diminished 

startle responses after emotional stimuli disappear (Kring, Germans Gard, & Gard, 2011). 

Interestingly, in our study, baseline spatial WM performance was not associated with 

improvement in contextually rewarded trials, possibly because of modest improvement. The 

modest improvement in the contextual block was somewhat surprising in HCS, given 

previous work (Chiew & Braver, 2013; Jimura et al., 2010), however task differences, and 

possibly, lack of counterbalancing may account for this. Furthermore, our current design 

may not have been salient enough for engagement (e.g. more monetary reward may be 

needed). Future work may consider parametric manipulation of the magnitude of contextual 

reward to examine if this effect increases in relation to greater rewarding context. Finally it 

is worth highlighting that, overall, our behavioral findings are most relevant to young adults 

and adults in the early course of SCZ, given the age range of our subjects. Given the scant 

literature on reward-WM interactions in patients with SCZ, it is difficult to know whether 

Cho et al. Page 12

J Abnorm Psychol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



our results are specific to early-course illness or generalizable across the phases of illness. 

Probing for developmental differences and similarities in reward-cognition interactions 

across the lifespan of patients with SCZ represents an intriguing aim for future experiments.

Increased Inhibition or Strengthening of Cortical WM Circuits May Increase WM Precision.

Our biophysically-based computational model of WM in association cortical circuits 

generated the hypothesis that increased feed-forward GABAergic inhibition and recurrent 

scaling of local synapses my be possible microcircuit mechanisms that contribute to the 

improved WM performance noted in our behavioral study. Biologically, the two 

computational manipulations have the potential to capture a reward-related input, through 

afferent input or neurotransmitter modulation, respectively, and may correspond to the 

diverse cortical and subcortical inputs to the prefrontal cortex, and the rich 

catecholaminergic influence on spatial WM performance documented in primates (Arnsten 

et al., 1994; Arnsten, Wang, & Paspalas, 2015; Barbas & Pandya, 1989; Petrides & Pandya, 

1999; Williams & Goldman-Rakic, 1998). However, these two mechanisms appeared to 

differentially influence neuronal firing, with local recurrent scaling increasing neuronal 

firing, and feed-forward inhibition decreasing neuronal firing. Additionally, feed-forward 

inhibition led to the eventual breakdown of WM precision, suggesting a more limited 

mechanism to improve WM precision. Thus, while both modulations improved WM 

precision, the underlying effects appeared different, warranting future studies of this model 

and explicit experimental testing. For instance, one hypothesis testable through clinical 

neuroimaging would be that the neuromodulatory impact onto the WM cortical circuit may 

originate subcortically, whereas the feed-forward GABAergic inhibition may be cortico-

cortical in origin.

Each manipulation appeared to be possible mechanisms for both HCS and patients with 

SCZ, as demonstrated by the ‘control’ and ‘disinhibited’ models, respectively. The 

emergence of these mechanisms as possible processes for improved WM performance 

additionally highlights potential targets for improving WM performance in patients with 

SCZ. For instance, it is possible to speculate that in vivo experimentation using 

pharmacologic agents that target either increased feedforward GABAergic inhibition, or 

recurrent scaling of synaptic strengths may result in improved WM performance. Ideally, 

such agents would be carefully designed to target the specific mechanisms and neuronal 

targets described above, with subsequent experimentation to understand their behavioral 

effects. The added dimension of microcircuit mechanisms hypothesized by computational 

modeling may thus prove useful in understanding not only differential pathophysiology, but 

also future treatment targets (Huys et al., 2016; Wang & Krystal, 2014).

Limitations.

While the study design has face validity to the construct of motivation, direct links between 

our findings and either symptomatology or measures of motivation were not incorporated. 

Results are most applicable to young adults and earlier course patients given our subject 

demographics. Our study design left mechanistic questions about the effect of feedback, 

general attention, arousal or cognitive control open (Chiew & Braver, 2013). In particular, 

given the apparent time-sensitivity of reward-cognition interactions in SCZ, it is possible 
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feedback may also serve as a short-term reminder of reward for upcoming trials. Our 

consistent presentation of the context block at the end of the task also may have confounded 

additional effects, such as fatigue, and future versions of this task may involve counter-

balancing the conditions. We are also unable to comment on whether switching the 

association of the colors between the neutral WM trials and the context reward block 

contributed to the effect of the context reward block Finally, though our computational 

modeling represents proof-of-principle in bridging spatial WM bias following reward with 

neural circuit mechanisms, more advanced simulations and experiments are needed to 

mechanistically link levels of analyses. Furthermore, the quantitative fitting of individual-

level behavior with biophysically-based circuit models remains an important challenge for 

this class of models. Advances in this direction will likely require applications of techniques 

such as mean-field analysis of neural dynamics and Bayesian model fitting (Ueltzhoffer, 

Armbruster-Genc, & Fiebach, 2015)

Conclusions.

This work examined the interface of reward processing and WM in patients with SCZ 

through the use of a rewarded spatial WM task. Patients with SCZ demonstrated improved 

spatial WM performance when rewards were provided on a short-term, trial-by-trial, basis. 

This improvement appeared dependent on baseline spatial WM capacity and general motor 

control. However, patients with SCZ showed no spatial WM improvement when rewards 

were provided contextually across a block of WM trials, implicating disrupted reward 

representations when forced to keep in mind a rewarding context. Computational modeling 

suggested that increased scaling of recurrent synaptic strengths and feed-forward inhibition 

in fronto-parietal circuits may be putative neuronal mechanisms underlying the ability to 

improve spatial WM precision. Collectively, this work demonstrates both preserved and 

disrupted features of reward-cognition interactions in patients with SCZ, suggesting the 

importance of cognitive reserve in motivational processes, and highlighting the need for 

carefully parsing the impact of reward on cognition in SCZ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatial WM-Reward Task Design.
Each trial required subjects to remember the location of a circle after it disappeared. The 

task began with a period of central fixation (Fixation), followed by target presentation in one 

of 20 pseudo-randomized positions arranged in a 415-pixel radius ring from the center 

(Target). Target position was randomized throughout the task, and unknown to subjects. 

Once the target disappeared, the subject maintained the memory of the initial target location 

while continuing central fixation (Delay). A gray circle with positioning attached to a 

joystick (Probe) appeared and subjects moved the gray circle to where they remembered the 

target to be. The target was green in the Trial Reward types, and red elsewhere, with 

descriptions above. Rewarded trials were designed similarly, except for a green colored 

target to indicate the possibility for reward, and a feedback phase to indicate how well the 

subject performed. For the block of contextually rewarded trials, the cue was colored red, 

and subjects were instructed at the start of the block that there was the possibility to win 

money on each trial and they would not be reminded of this once the block started.
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Figure 2. Effect of Reward on WM Performance.
A. Overall, patients with SCZ demonstrated significantly worse baseline motor and WM 

performance (as measured by Euclidean distance between target presentation and probe 

placement), compared to HCS (*** denotes p<0.001). There was a significant WM x Group 
interaction, p<0.005. Both groups demonstrated relative improvement in WM performance 

under trial reward conditions (adjusted means shown). Error bars represent SEM (adjusted). 

B. Scatterplot of raw responses following rotation of all target presentations to (415, 0) 

under motor, WM (neutral) and trial reward conditions. Compared to HCS, patients with 

SCZ demonstrated less accuracy across all three conditions. Ellipses show 95% confidence 

intervals.
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Figure 3. Effects of Contextually Presented Rewards on WM Performance.
A. Adjusted mean spatial WM performance under neutral, contextually rewarded, and trial 

rewarded conditions for each group. There was a significant interaction of Context x Group 
(p<0.05). Examination of this interaction demonstrated differential performance between 

contextually presented and trial rewards in patients with SCZ (p<0.001, d=−1.01), with less 

differentiation for HCS (p>0.05, d=−0.38). Patients with SCZ demonstrated no performance 

improvement in response to contextually presented rewards (p>0.1, d=0.01), while HCS 

showed modest improvement (p>0.05, d = −0.23). Each group demonstrated improved WM 

performance when rewards were presented in a trial-by-trial manner compared to neutral 

trials (*** denotes p<0.001; ** denotes p<0.005). Error bars are adjusted SEM. B. Plot 

demonstrating the adjusted change in WM performance between groups. [Neut. — Context] 

refers to the change in WM performance between the neutral condition and the context 

reward condition; [Neut. — Trial] refers to the change in WM performance between the 

neutral condition and the trial reward condition; [Context – Trial] refers to the change in 

WM performance between the context reward and trial reward condition. Error bars are 

adjusted SEM. C. Scatter plot showing raw distribution of responses following rotation of all 

target presentations to (415, 0). Ellipses represent 95% CI.
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Figure 4. Partial Correlation of WM Performance and Percent Improvement in Trial Reward 
When Controlling for Motor Performance.
Worse baseline WM performance in neutral trials was significantly correlated with greater 

percent improvement in trial reward performance when controlling for motor performance (r 

= 0.472, p<0.001). This suggests that baseline cognitive performance did not preclude 

improvement in response to short-term rewards. Shaded areas indicate 95% CI.
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Figure 5. Modulation of WM Precision in a Fronto-Parietal Cortical Circuit Model.
(A) The model architecture consisted of recurrently connected excitatory pyramidal cells (E) 

and inhibitory interneurons (I). Pyramidal cells are labeled by the angular location they were 

tuned to (0–360°). E-to-E connections were structured and stronger for neurons with similar 

preferred angles, while all recurrent connections involving I-cells were unstructured and 

mediated feedback inhibition. Cortical disinhibition was implemented through NMDAR 

hypo-function on interneurons (decreased NMDA receptor conductance on interneurons, 

GEI, by 3.25%), weakening recruitment of feedback inhibition. (B) Three candidate 

mechanisms for modulation of the WM circuit by reward-related signals: (i) 

neuromodulatory positive scaling of recurrent NMDA and GABA receptor conductances 

(default value of 6%) (purple), (ii) increased feedforward glutamatergic background drive to 

I-cells (default value of 2%) (gray), and (iii) increased background drive to E-cells (default 

value of 2%) (red). (C) Variance of the encoded angle grew with time during the delay 

period, indicating decreased WM precision. Disinhibition (orange) decreased precision (i.e., 

higher variance) compared to the control condition (blue). The three modulations altered 

WM precision (dashed for no modulation, solid for modulation): precision improved (lower 

variance, in line with empirical reward effects) with either recurrent scaling (top) or 

feedforward drive to I-cells (middle), whereas precision worsened (higher variance) with 
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feedforward drive to E-cells (bottom). (D) WM precision changed parametrically over a 

range of modulation strengths. The variance plotted was from the end of the 10-s delay. Note 

that recurrent scaling was the only manipulation that was stable under strong modulations. 

For an increase of feedforward drive to I-cells beyond a few percent, dominance of 

inhibition prevented WM-related persistent activity, for both control and disinhibition 

networks. The hashed areas of either color denote corresponding regions in which the WM 

state was not stable. Circles mark the default modulation strengths used in C. (E) The 

variance at the end of the 10-second delay period is plotted for the model with no 

modulation at the far left (green; value indicated by dashed line). Improved WM precision 

(decreased variance) was seen at the end of the delay period under manipulations of 

recurrent scaling and feedforward to I-cells, though not under feedforward to E-cells. (F) 
Mean firing rate of E-cells during the WM state (same notations as (E)), and (G) example 

firing-rate profiles of the WM state with the modulations. Although recurrent scaling and 

feedforward drive to I-cells both improved WM precision at the behavioral level, they made 

dissociable predictions at the neural level: recurrent scaling increased firing-rate activity, 

whereas feedforward drive to I-cells decreased activity. For panels (E-G), the top and bottom 

rows correspond to the control and disinhibition regimes, respectively.
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Table. 1
Demographic Characteristics of Subjects.

HCS and SCZ groups significantly differed in race and paternal education. By design, the groups also differed 

in IQ scores, participant level of education, PANNS and SAPS/SANS scores.

Healthy Controls (HCS, n=32) Patients (SCZ, n = 33) Significance

Mean S.D. Mean S.D. T-value/Chi-Square P-value (2-tailed)

Age (y) 25.51 3.29 28.30 9.40 1.56 0.118

Race (%) AA: 25
C: 59.38
Asian: 15.63
Mixed: 0

AA: 45.45
C: 42.42
Asian: 3.03
Mixed: 9.09

8.54 0.036*

Gender (% male) 71.9 0.46 78.8 0.42 0.639 0.525

Paternal education (y) 15 2.26 13.21 3.44 2.39 0.020*

Maternal education 14.93 2.92 13.4 3.19 1.94 0.057

Paternal SES 29 12.35 22.59 14.1 1.86 0.067

Maternal SES 26.17 11.94 22.76 12.89 1.05 0.29

Participant’s education (years) 16.5 2.26 13.21 2.20 5.82 <0.001***

Handedness (% right) 86.67 34.57 86.67 34.57 0 1

WRAT-3 51.67 5.19 46.5 5.88 3.62 <0.001***

IQ Verbal 121.83 15.45 98.62 19.41 5.12 <0.001***

IQ Non-verbal (Matrix) 114.81 13.38 98.70 15.48 4.03 <0.001***

Medication (CPZ equiv) NA NA 307.10 171.60 NA NA

PANNS Positive 7.53 0.62 20.1 4.91 15.02 <0.001***

PANNS Negative 8.25 1.11 21.04 6.03 12.0 <0.001***

PANNS General 17.03 1.80 38.72 6.70 18.7 <0.001***

Mean SAPS Global 0.055 0.27 2.16 0.99 12.0 <0.001***

Mean SANS Global 0.24 0.37 2.75 0.83 16.25 <0.001***
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