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Abstract

Rare genetic variants that confer large effects on neurodevelopment and behavioral phenotypes 

can reveal novel gene-brain-behavior relationships relevant to autism. Copy number variation 

at the 22q11.2 locus offer one compelling example, as both the 22q11.2 deletion (22qDel) 

and duplication (22qDup) confer increased likelihood of autism spectrum disorders (ASD) and 

cognitive deficits, but only 22qDel confers increased psychosis risk. Here, we used the Penn 

Computerized Neurocognitive Battery (Penn-CNB) to characterized neurocognitive profiles of 126 

individuals: 55 22qDel carriers (MAge=19.2 years, 49.1% male), 30 22qDup carriers (MAge=17.3 

years, 53.3 % male), and 41 typically developing (TD) subjects (MAge=17.3 years, 39.0 % male). 

We performed linear mixed models to assess group differences in overall neurocognitive profiles, 

domain scores, and individual test scores. We found all three groups exhibited distinct overall 

neurocognitive profiles. 22qDel and 22qDup carriers showed significant accuracy deficits across 

all domains relative to controls (Episodic Memory, Executive Function, Complex Cognition, 

Social Cognition, and Sensorimotor Speed), with 22qDel carriers exhibiting more severe accuracy 

deficits, particularly in Episodic Memory. However, 22qDup carriers generally showed greater 

slowing than 22qDel carriers. Notably, slower social cognition speed was uniquely associated with 

increased global psychopathology and poorer psychosocial functioning in 22qDup. Compared 

to TD, 22q11.2 CNV carriers failed to show age-associated improvements in multiple cognitive 

domains. Exploratory analyses revealed 22q11.2 CNV carriers with ASD exhibited differential 

neurocognitive profiles, based on 22q11.2 copy number. These results suggest that there are 
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distinct neurocognitive profiles associated with either a loss or gain of genomic material at the 

22q11.2 locus.

Lay summary:

This study examined reciprocal deletions and duplications at Chromosome 22q11.2, which 

strongly impact brain development, cognition, and behavior. We found that there are distinct 

patterns of cognitive performance that characterize these disorders, and that better social cognition 

was uniquely associated with less severe psychopathology and better psychosocial functioning in 

individuals with a 22q11.2 Duplication.

Keywords

22q.11.2 deletion syndrome; 22q11.2 duplication; social function; psychopathology; psychosis; 
cognition; memory; Velocardiofacial syndrome; intellectual ability; copy number variation

Introduction

Neurocognitive profiles are of clinical importance for individuals with neurodevelopmental 

disorders, as cognitive performance has been shown to relate to severity of communication 

and social difficulties (Demetriou et al., 2018; Leung, Vogan, Powell, Anagnostou, & Taylor, 

2016; Oliveras-Rentas, Kenworthy, Roberson, Martin, & Wallace, 2012) and repetitive 

behaviors (Mostert-Kerckhoffs, Staal, Houben, & de Jonge, 2015), can differentiate 

individuals with Autism Spectrum Disorders (ASD) (Doi, Kanai, & Ohta, 2022; Nader, 

Jelenic, & Soulières, 2015; Solomon et al., 2021), potentially predict behavioral challenges, 

and is often used to aid diagnoses (Nader et al., 2015). As such, classifying individuals 

based on neurocognitive profiles could provide a framework for uncovering genetic and 

neurobiological differences associated with autism phenotypes, allowing for improved 

diagnosis and clinical outcomes. However, because of the phenotypic diversity within 

the behaviorally-defined (idiopathic) autism spectrum, identifying neurocognitive profiles 

associated with specific autism phenotypes requires large sample sizes, which is challenging 

to accomplish due to the special needs of the autism population. An alternative, potentially 

more feasible strategy is to study individuals with rare genetic variants that confer 

large effects on neurodevelopment and behavioral phenotypes related to autism. Deep 

phenotyping of individuals with these rare variants can reveal genetic, neurobiological, and 

psychological mechanisms that influence developmental processes in autism. Copy Number 

Variants (CNVs), genetic variants in which relatively large sections of the genome are 

duplicated or deleted, in genomic regions influencing neurodevelopment greatly increase 

the likelihood of autism and are present in up to 11% of individuals with autism (Devlin 

& Scherer, 2012; Geschwind, 2011; Mahjani et al., 2021). Because the molecular basis 

of these highly-penetrant CNVs are known, they offer a powerful method for examining 

relationships between genes, brain, and behaviors, which can be used to understand typical 

neurodevelopment and reveal shared biological mechanisms with idiopathic autism (Moreau, 

Ching, Kumar, Jacquemont, & Bearden, 2021). Supporting this notion, several studies have 

identified common neurobiological and genetic mechanisms in CNVs and idiopathic autism 

(Connacher et al., 2022; Moreau et al., 2021).
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CNVs in the 22q11.2 locus, a genomic hotspot for neurodevelopmental genes (Guna, 

Butcher, & Bassett, 2015), differentially modulate cognitive and clinical phenotypes 

(Lin et al., 2017; Olsen et al., 2018), making them a strong model to investigate 

specific neurocognitive profiles associated with autism and autism-related phenotypes. A 

1.5 to 2.6 megabase hemizygous deletion at the 22q11.2 locus (22qDel) is the most 

common contiguous gene deletion syndrome, occurring in approximately 1 in 4000 live 

births (McDonald-McGinn et al., 2015). It is associated with congenital malformations, 

developmental delay and intellectual disability, as well as multiple neurodevelopmental 

disorders, including psychotic spectrum disorder, ASD, attention deficit hyperactivity 

disorder (ADHD), and anxiety disorders (Schneider et al., 2014). Although less well-

characterized, duplications in the 22q11.2 region (22qDup) are ~2.5 times more common 

than 22q11.2 deletions (Olsen et al., 2018). A 22qDup also confers increased likelihood 

of autism (Olsen et al., 2018; Verbesselt, Zink, Breckpot, & Swillen, 2022) as well as 

ADHD and cognitive impairment. Recent research has identified intriguing gene-dosage 

effects of the 22q11.2 locus on brain structure (Lin et al., 2017), clinical symptoms (Lin 

et al., 2020), speech-language and cognition (Lin et al., 2020; Verbesselt et al., 2023). 

Interestingly, the two CNVs confer similar likelihood of autism and similar deficits in social 

cognition but, they differentially modulate intellectual ability and psychosis-risk (Lin et al., 

2020; Rees et al., 2014). Both CNVs are associated with lower Intelligence Quotient (IQ) 

scores but, consistent with the generally more deleterious effects of a deletion relative to 

a duplication (Männik et al., 2015), the 22qDel confers a larger impact on IQ than the 

22qDup (Lin et al., 2020). The differential impact of the 22q11.2 CNVs on intellectual 

ability, along with their convergence on autism risk and impaired social cognition, make the 

study of specific neurocognitive profiles of 22q11.2 CNV carriers a critical step towards a 

mechanistic understanding of cognitive phenotypes relevant to autism.

Previous examinations of neurocognitive profiles of individuals with a 22qDel identified 

widespread deficits in neurocognitive performance, with notable impairments in executive 

function, episodic memory, and social cognition (Goldenberg et al., 2012; R. E. Gur et al., 

2014; Moberg et al., 2018; Yi et al., 2016). Cognition is impaired from a young age and 

develops at a slower rate in 22qDel carriers relative to TD youth (R. E. Gur et al., 2014; 

Vorstman et al., 2015). In comparison, little is known about the neurocognitive profiles 

of 22qDup carriers. There are a handful of reports of decreased intellectual functioning 

in 22qDup carriers (Alberti et al., 2007; Chawner, Owen, et al., 2019; Olsen et al., 2018; 

Verbesselt et al., 2022) and studies in mouse models suggest that overexpression of 22q11.2 

genes influences working memory throughout development via dysregulated hippocampal 

neurogenesis (Boku et al., 2018; Suzuki et al., 2009). However, to our knowledge, a recent 

report from our research group is the only published study examining specific domains 

of cognitive performance in 22qDup carriers (Lin et al., 2020); this study found deficits 

in working memory, verbal memory, processing speed, and social cognition in 22qDup 

carriers compared to typically developing (TD) subjects (Lin et al., 2020). These deficits 

were similar in magnitude to those observed in 22qDel carriers. However, 22qDup carriers 

scored higher than 22qDel, but lower than TD subjects, on measures of general cognition 

(nonverbal, verbal, and full-scale IQ).
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Both global cognitive impairments and impairments in specific neurocognitive processes 

have been shown to be related to psychosis, general psychopathology, and social functioning 

in 22qDel carriers (Antshel, Fremont, Ramanathan, & Kates, 2017; Antshel et al., 2010; 

Chawner, Niarchou, et al., 2019; Gothelf, Penniman, Gu, Eliez, & Reiss, 2007; Gothelf et 

al., 2013; Jalal et al., 2021; Morrison et al., 2020; Vorstman et al., 2015; Weinberger et 

al., 2016). 22qDel carriers with psychosis exhibit greater cognitive impairment than 22qDel 

carriers without psychosis (Antshel et al., 2010; Morrison et al., 2020; Yi et al., 2016) and 

a steeper decline in general cognition (i.e. IQ) is associated with increased subsequent 

psychosis risk in 22qDel carriers (Gothelf et al., 2007, 2013; Vorstman et al., 2015). 

Interestingly, emergence of psychosis in 22qDel carriers was associated with worsening 

performance on attention-executive tasks (Antshel et al., 2017; Chawner, Niarchou, et al., 

2019), which predicted psychosis emergence better than measures of global cognition 

(Chawner, Niarchou, et al., 2019). In terms of social functioning, within adolescents 

with 22qDel, autism-related behaviors were associated with poorer processing speed, 

sustained attention, and working memory (Morrison et al., 2020). Further, social cognition 

performance was positively correlated with verbal IQ in 22qDel (Jalal et al., 2021; Lin et al., 

2020). The one study to date to investigate this in reciprocal 22q11.2 CNV carriers found 

a similar pattern in 22qDup, but there was a stronger correlation in 22qDup carriers (Lin et 

al., 2020). Taken together, this evidence suggests investigation of cognitive measures beyond 

IQ in 22q11.2 CNV carriers may reveal unique differences in neurocognitive profiles, which 

could better predict social function and clinical outcomes.

The present study seeks to expand on previous work investigating cognition in 22q11.2 

CNV carriers through use of a rigorous, well-validated computerized cognitive battery 

to characterize differences in neurocognitive profiles between 22qDel carriers, 22qDup 

carriers, and TD controls. We hypothesize that 22q11.2 CNV carriers exhibit distinct 

neurocognitive profiles, which can be used to distinguish individuals with a 22qDel from 

those with a 22qDup. Specifically, we hypothesize 22qDel carriers will exhibit more 

profound neurocognitive deficits in executive control, complex cognition, and episodic 

memory compared to 22qDup carriers. In contrast, we expect the two CNV groups to 

show similar levels of impairment in social cognition. Next, we aimed to determine if 

cognitive deficits observed in 22qDel carriers are related to differential transdiagnostic 

clinical outcomes between the two CNV groups. We hypothesize that poorer cognitive 

performance will be associated with more severe overall psychopathology and positive 

symptoms, as well as poorer psychosocial functioning in the 22qDel group, but not the 

22qDup group. In both CNV groups, we expect poorer social cognition to be associated with 

poorer real-world social functioning. Lastly, we conducted exploratory analyses examining 

neurocognitive profiles of individuals with ASD within each CNV group to investigate if 

individuals with ASD across CNV groups exhibit differential neurocognitive profiles. We 

hypothesize that within each CNV group, individuals who meet criteria for autism will 

exhibit worse social cognition than those who do not meet criteria for autism.
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Methods

Participants

The total sample consisted of 126 subjects: 55 subjects with a molecularly confirmed 

22qDel, 30 subjects with a molecularly confirmed 22qDup, and 41 demographically 

comparable TD subjects (Figure S1). Participants were a subset of those recruited for an 

ongoing longitudinal study conducted at University of California at Los Angeles (UCLA) 

who completed the computerized neurocognitive battery. Patients were recruited from local 

clinics, national support groups, and other online avenues. Participants for the community-

control sample were recruited from the same communities as CNV carriers through online 

postings, local schools, pediatric clinics, and other locations in the community. Subjects 

returned for two follow-up visits, each one year apart. While data acquisition is still ongoing 

at the time of analysis, all data available to date are included in the current analysis (208 

total datapoints across 126 subjects). A subset of participants (60%) in this study were 

included in a previous analysis (Lin et al., 2020). The previous investigation included 

cross-sectional measures of global cognition derived from the Wechsler Abbreviated Scale 

of Intelligence (D. Wechsler, 1999) (WASI) and Wechsler Adult Intelligence Scale (David 

Wechsler, n.d.) (WAIS) as well as two Penn Computerized Neurocognitive Battery (R. 

C. Gur et al., 2010; Moore, Reise, Gur, Hakonarson, & Gur, 2015) (Penn-CNB) subtests 

(Emotion Recognition and Emotion Differentiation). The present analysis expands upon the 

previous report by including more comprehensive neurocognitive measures from the Penn-

CNB, including separate accuracy and speed scores, and including 51 additional subjects 

and 82 longitudinal datapoints.

Participants with significant neurological or medical conditions (unrelated to 22q11.2 

CNVs) affecting brain structure or function, previous head trauma with loss of 

consciousness, insufficient English fluency, and/or substance abuse/dependence within the 

past six months were excluded. All participants gave verbal and written informed consent to 

participate in the study. Participants under 18 years of age provided written assent and their 

parent/guardian provided written consent. The UCLA Institutional Review Board approved 

all study procedures and documents.

Assessments

Penn Neurocognitive Battery (Penn-CNB).—We employed an online neurocognitive 

battery that has been extensively validated across a wide age range and assesses multiple 

domains of cognition, including executive control and attention, verbal and nonverbal 

memory, verbal and non-verbal reasoning, social cognition, and sensorimotor speed (R. 

C. Gur et al., 2010; Moore et al., 2015). The Penn-CNB is administered by assessors who 

undergo extensive trainings, including hands-on instruction, observation of mock sessions, 

feedback after practice assessments, and standardized certification procedures. After test 

administration, assessors assigned a code to rate the quality of data and took detailed notes 

to indicate when an examinee exhibited disengagement from a task. These invalid responses 

were not included in the present analysis. Table S1 displays the number of datapoints 

marked as invalid for each Penn-CNB test at each timepoint. The battery has been used 

in children with intellectual disability (Yi et al., 2016), youth at clinical high risk for 
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psychosis (Goldenberg et al., 2012), and individuals with genetic disorders (O’Hora, Zhang, 

et al., 2022), including 22qDel carriers (Goldenberg et al., 2012; R. C. Gur et al., 2021; 

Weinberger et al., 2016). It captures accuracy and speed measures and employs automated 

quality assurance and scoring procedures (Moore et al., 2015). A detailed description of the 

Penn-CNB tasks is reported in prior publications (Goldenberg et al., 2012; R. C. Gur et al., 

2012, 2010; Moore et al., 2015). Penn-CNB domains and subtests are summarized in Table 

1.

Accuracy and speed (reaction time for correct trials) values for each test were z-transformed 

to the TD group in the current sample. All speed scores were multiplied by −1 so that a 

lower z-score represents worse (slower) performance. For outliers, z-scores <−4 were set to 

a floor value of −4. A global neurocognitive performance (GNP) measure was calculated by 

taking the mean of the z-scores across all Penn-CNB tests.

Structured Interview for Psychosis-risk Syndromes (SIPS).—The SIPS (Miller 

et al., 2004), a clinician-rated semi-structured interview, was used to measure positive 

psychosis-risk symptoms. The measure uses information from both the participant and their 

parent to determine clinical ratings. Participants over the age of ten completed the SIPS 

interview, administered by a trained clinician. The primary outcome was positive symptom 

score.

Brief Psychiatric Rating Scale (BPRS).—The total score on the BPRS (Overall & 

Gorham, 1962), a well-validated and highly reliable clinician-rated scale that assesses 24 

items across several domains of psychopathology (Roncone et al., 1999), was used to 

measure global psychopathology.

Global Assessment of Functioning Scale (GAF).—The GAF (Hall, 1995) is an 

overall measure of current psychiatric well-being that ranges from positive mental health to 

severe psychopathology. It is a generic scale that is not diagnosis-specific and has previously 

been used in 22q11.2 CNV carriers (Lin et al., 2020).

Child Behavior Checklist (CBCL).—The Social Problems scale on the CBCL 

(Achenbach, 1999; Achenbach & Rescorla, 2001) was used as a measure of real-world 

social functioning. The CBCL is a well-validated parent-report scale used as a dimensional 

measure of psychopathology in children and adolescents. Individual T-scores based on the 

population norm of the Social Problems subscale were used in the present analyses.

Autism Assessment.—Participants were assessed for autism spectrum disorder diagnosis 

by a trained clinician using the Autism Diagnostic Interview-Revised (ADI-R) (Lord, 

Rutter, & Le Couteur, 1994) and the Autism Diagnostic Observation Schedule 2nd Edition 

(ADOS-2) (Gotham, Risi, Pickles, & Lord, 2006; Lord, Rutter, Di Lavore, & Risi, 2012). 

The ADOS and ADI-R are gold standard diagnostic assessments for autism. The ADOS 

relies on a qualified examiner’s direct observation of interaction abilities and behaviors 

while the ADI-R interviews a parent or caretaker about the individual’s developmental 

history and current behavior. For individuals who did not have ADOS/ADI-R data available, 

the Structured Clinical Interview for DSM (SCID) (First, Gibbon, & Williams, 2002) 
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with an additional developmental disorders module (First, Spitzer, & Williams, 2009) was 

administered to determine ASD diagnosis based on DSM-IV/V criteria. More details on this 

procedure are described in (Jalbrzikowski et al., 2018).

Data analysis

All analyses were conducted in R version 4.0.2 (R Core Team, 2021) using the packages 

nlme (Pinheiro, Bates, & R Core Team, 2022) and MASS (Venables & Ripley, 2002). 

Figures were made using ggplot2 (Wickham, 2016). All analyses included all available data, 

which includes up to three timepoints from each subject.

First, we assessed group differences in global cognition (GNP) across the three subject 

groups using linear mixed models (LMM) with GNP as the outcome variable and subject 

group as the predictor variable. Age (in months) and sex were included as covariates in the 

model and subject ID was included as the random effects term. All outcome variables and 

covariates were mean-centered in all models.

Next, we performed two types of analyses to test the hypothesis that 22qDel and 22qDup 

carriers show distinct neurocognitive profiles. In the first analysis, we tested for group 

differences in specific neurocognitive profiles between 22qDel, 22qDup, and TD controls, 

following similar procedures to those used in Service et al. 2020 (Service et al., 2020). 

Briefly, z-scores for each test were modeled as a function of subject group (with TD as 

the reference group), sex, age, cognitive test (14 individual measures in Table 1), and 

all interactions using LMMs, with individual Penn-CNB tests as repeated measures. If a 

significant interaction of subject group and Penn-CNB test was observed, we performed 

separate LMMs to test for pairwise differences in Penn-CNB domain scores (5 domains 

in Table 1) between groups (22qDel vs. TD, 22qDup vs. TD, 22qDel vs. 22qDup), with 

subject ID as the random effects term. For domain scores with significant main effects 

of group, we assessed pairwise group differences in the individual tests composing that 

domain. Multiple comparison correction using False Discovery Rate (FDR) was applied to 

account for the number of cognitive measures assessed in this analysis. As in Service et 

al 2020 (Service et al., 2020), separate analyses were done for accuracy and speed due 

to differing factorial structures (Moore et al., 2015). As a secondary analysis to determine 

whether anti-psychotic medication use contributing to differences in neurocognitive profiles, 

we separately included this variable in the LMM. Exploratory analyses were conducted 

in subgroup of participants with autism diagnostic data available (n=51 22qDel, n=30 

22qDup; Sample characteristics in Table S2) to examine neurocognitive profiles of autistic 

individuals within each CNV group. We aimed to investigate whether these individuals will 

exhibit unique neurocognitive phenotypes, depending on 22q11.2 gene-dosage. For these 

exploratory analyses, subjects were classified into four groups based on CNV type and ASD 

diagnosis (22qDelASD-, 22qDelASD+, 22qDupASD-, 22qASD+). Differences in overall 

neurocognitive profiles between the four groups were tested using the same LMM procedure 

outlined above. However, due to decreased statistical power and the exploratory nature of 

these analyses, analyses of pairwise group differences focused on Penn-CNB domain scores, 

rather than individual tests. A supplementary analysis examining the relationship between 
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global cognition and autism severity score from the ADOS was conducted (Supplementary 

Material).

The second set of analyses examining the existence of distinct neurocognitive profiles 

between 22q11.2 CNV carriers investigated if neurocognitive data could be used to 

discriminate between 22qDel and 22qDup carriers. Fisher’s Linear Discrimination Analysis 

(LDA) was used to distinguish between CNV carriers based on performance on the 

Penn-CNB tests. We used separate models for accuracy and speed and compared model 

performance, which was assessed using leave-one-out cross-validation. We conducted 100 

simulations and computed the mean and standard deviation of accuracies for each model. To 

account for the differences in sample size, the 22qDup was over-sampled. A “control” model 

was constructed by randomly shuffling identities within the training set. Mean accuracy of 

each model was compared to the control and each other to determine if one model was 

superior in discriminating between 22qDel and 22qDup carriers.

Lastly, to test whether differences in specific cognitive domains are related to the differential 

clinical phenotypes between CNV groups, we assessed the relationship between cognitive 

performance and psychosis symptoms (measured by the SIPS), social problems (measured 

by the CBCL), and global psychopathology (measured by the BPRS). Since 22q11.2 CNV 

carriers are at increased risk of developing several psychiatric and neurodevelopmental 

disorders (Schneider et al., 2014), we chose to dimensionally measure transdiagnostic 

clinical outcomes. We additionally assessed relationships between cognitive performance 

and global psychosocial function (measured by the GAF). We conducted LMMs, with 

22qDel as the reference group, to test for interactions between CNV group and clinical 

variables for Penn-CNB domain scores. The regression coefficient of the clinical variable 

term was used to assess relationships between cognitive and clinical variables within the 

reference group. The reference group was re-leveled and the same model was run to assess 

relationships within the 22qDup group. FDR correction was applied within each clinical 

domain to correct for the number of comparisons.

Results

There were no significant differences in age, sex, or depressive disorder diagnosis between 

groups, but there were significantly fewer non-white subjects in the 22qDup group compared 

to TD (Table 2). The 22qDup group also had significantly lower parental education 

compared to TD.

22q11.2 CNV Carriers Exhibit Distinct Neurocognitive Profiles

Both 22qDel and 22qDup carriers exhibited decreased overall cognition (GNP) compared 

to TD controls (q<0.001; Figure S2A). LMMs revealed significant interactions between 

subject group and cognitive test, for both accuracy and speed (p<0.0001), indicating distinct 

neurocognitive profiles across the three groups. These results remained significant when 

anti-psychotic use was included in the model. A summary of these results is presented in 

Tables S3 and S4.
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Differences in Penn-CNB domain scores across the three groups are displayed in Figure S2B 

and S2C. There was a significant main effect of group on all neurocognitive domain scores 

(p<0.02). Summary of LMMs comparing Penn-CNB domain scores are presented in Table 

S5. Compared to TD, both CNV groups exhibited deficits in accuracy across all domains. 

Both CNV groups showed similar magnitudes of deficits in Social Cognition, but 22qDel 

carriers were less accurate than 22qDup carriers on Episodic Memory. Regarding speed, 

22qDup carriers were significantly slower than TD controls in all domains, and slower 

than 22qDel carriers in Sensorimotor and Executive Control domains. 22qDel carriers 

were significantly slower than controls in Sensorimotor, Social Cognition, and Complex 

Cognition.

While we did not have a specific hypothesis regarding age interactions, we found group-by-

age interactions for accuracy (p=0.03), but not speed (p=0.31), in which overall accuracy 

increased with age at different rates for 22qDel (b=0.21, p=0.22), 22qDup (b=0.61, 

p<0.001), and TD subjects (b=0.14, p=0.45). Conversely, there was an overall group-by-

age-by-test interaction for speed, but not accuracy (Tables S3 and S4). Compared to the 

TD group, 22q11.2 CNV carriers showed different relationships between age and speed 

for emotion differentiation, mental flexibility, and age differentiation, in which the TD 

group’s performance improved with age, but the 22q11.2 CNV groups failed to show this 

age-associated improvement (Figure 1; Table S4). Similarly, the TD group performed faster 

with increasing age on the Verbal Reasoning test but there was no age-associated change in 

performance in the 22qDel group (Figure 1). Finally, there was a significant group-by-age 

interaction for Sensorimotor speed between 22qDup and 22qDel carriers in which 22qDup 

carriers improved with age, while 22qDel carriers showed no relationship with age (Table 

S4).

Differences in speed and accuracy for each individual Penn-CNB test are shown in Figure 

2. Results of LMMs of group differences in individual test performance are summarized in 

Table S6. Both 22q11.2 CNV groups were less accurate than TD subjects on all Penn-CNB 

tests. The deficit in 22qDel carriers was more severe than that observed in 22qDup carriers 

for Nonverbal Reasoning and Face Memory, but the CNV groups exhibited similar deficits 

in accuracy relative to TD for all other subtests. 22qDup carriers were significantly slower 

than both 22qDel and TD groups for Attention, Sensorimotor, and Motor Praxis. 22qDel 

and 22qDup carriers showed similar deficits in speed relative to TD controls on measures 

of Age Differentiation, Emotion Identification, and Spatial Ability. 22qDup additionally 

showed deficits in speed relative to TD controls in Verbal Memory, Emotion Differentiation, 

and Mental Flexibility. In contrast, 22qDel carriers were significantly faster than TD in 

Nonverbal Reasoning.

Neurocognitive Profiles Successfully Discriminate between 22qDel and 22qDup Carriers

In the LDA, models successfully discriminated between 22qDel and 22qDup carriers for 

both accuracy (model accuracy: 76.6%, p<0.001) and speed (model accuracy: 83.8%, 

p<0.001). The speed model was more accurate at discriminating between the two groups 

(p=0.013) than the accuracy model (Figure S3). Within each model, the Penn-CNB tests 

with the largest effects in the analysis of group differences (see above) between 22qDel 
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and 22qDup were weighted the most heavily (Accuracy: Non-verbal Reasoning, Spatial 

Memory, and Face Memory; Speed: Motor Praxis, Attention, and Non-verbal Reasoning).

Cognitive Slowing is Associated with Worse Clinical Outcomes in 22qDup Carriers, but not 
22qDel Carriers

Table S7 shows a summary of the models testing the relationships between clinical measures 

and cognition within 22qDel and 22qDup carriers and interactions. Regression coefficients 

of these models are displayed in Figure 3.

There were no significant relationships between accuracy scores and clinical outcomes. 

There was a significant group-by-psychopathology interaction in which faster social 

cognition speed was associated with less severe psychopathology in 22qDup carriers, but 

not 22qDel carriers. Similarly, faster social cognition speed was associated with increased 

global psychosocial functioning in 22qDup carriers, but not in 22qDel carriers. Slower speed 

scores on Complex Cognition, Episodic Memory, Sensorimotor, and Social Cognition were 

also associated with increased social problems in 22qDup carriers, but not 22qDel carriers. 

There was a significant group-by-social problems interaction for Sensorimotor Speed and 

Social Cognition Speed. In contrast, there was no relationship with speed scores and positive 

psychosis-risk symptoms.

Individuals With ASD Exhibit Differential Neurocognitive Profiles, Depending on 22q11.2 
Copy Number

22 (43%) 22qDel and 11 (47%) of 22qDup carriers met diagnostic criteria for ASD 

(Tables 2, S2). LMMs revealed significantly different profiles across the four subject groups 

(22qDelASD-, 22qDelASD+, 22qDupASD-, and 22qDupASD+) for speed (p<0.001; Figure 

4a, Table S8, S9), and accuracy (p=0.002; Figure 4a, Table S8, S10). Within each CNV 

group, there were no significant differences in speed (Table S9) or accuracy (Table S10) 

scores between autistic individuals and their non-autistic counterparts. However, within ASD 

individuals, those with a 22qDel (22qDelASD+) were significantly less accurate on Episodic 

Memory and Complex Cognition than those with a 22qDup (22qDupASD+).

Discussion

Here, we report several novel findings regarding neurocognitive profiles in 22q11.2 CNV 

carriers. First, 22q11.2 CNV carriers exhibit distinct overall neurocognitive profiles, which 

can be used to distinguish individuals with a 22qDel from individuals with a 22qDup. 

Next, we observed a general accuracy versus speed trade-off in which 22qDup carriers 

exhibited greater accuracy, but performed slower, than 22qDel carriers. Because of this 

trade-off, speed scores best distinguished between the CNV groups. We also found several 

relationships between social cognition and clinical outcomes in 22qDup, but not 22qDel, 

carriers. We also found several notable group-by-age interactions in which 22q11.2 CNV 

carriers exhibited slower age-related improvements in tests of social cognition, verbal 

reasoning, and mental flexibility, relative to TD controls. Lastly, 22q11.2 CNV carriers with 

autism exhibit differential neurocognitive profiles, based on CNV type.
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As we hypothesized, there are distinct neurocognitive profiles among 22q11.2 CNV 

carriers, suggesting that, while both 22qDels and 22qDups exhibit global cognitive deficits, 

gene-dosage at the 22q11.2 locus results in differing cognitive phenotypes. A previous 

investigation of global cognition in 22q11.2 CNV carriers indicate that the loss of genetic 

material results in more cognitive impairment than gain of genetic material (Lin et al., 

2020), but our findings suggest a more complex association. To our knowledge, our report 

of greater deficits in processing speed in 22qDup carriers is the first to suggest increased 

impairment in a cognitive domain in 22qDup carriers compared to 22qDel carriers. This 

underscores the importance of a deep phenotyping approach to characterizing more granular 

phenotypes, as opposed to global phenotypes, associated with rare variants.

Our analyses support and extend prior accounts of global cognitive deficits in 22q11.2 

CNV carriers (Lin et al., 2020; Männik et al., 2015). But, contrary to our hypothesis, 

the 22qDel group scored similarly to 22qDup carriers in global cognition, measured by 

GNP, despite reports of IQ differences in prior work (Lin et al., 2020). This is the first 

study to characterize differences in neurocognitive profiles between reciprocal 22q11.2 

CNV carriers. 22qDup carriers exhibited deficits in accuracy across all Penn-CNB Domains 

relative to TD controls, but these deficits were less severe than those exhibited in 22qDel 

carriers, particularly for Episodic Memory. However, 22qDup carriers showed more slowing 

than 22qDel carriers. In particular, 22qDup carriers performed slower than 22qDel carriers 

in Sensorimotor and Executive Control domains. Interestingly, compared to 22qDup carriers, 

22qDel carriers were both less accurate, and faster on the Non-Verbal Reasoning test. This 

result, along with the overall pattern of deficits in the 22q11.2 CNV carriers, suggests that 

there is an accuracy-speed trade-off in which 22qDup carriers sacrificed speed for increased 

accuracy performance. In contrast, 22qDel carriers were less accurate, but faster, which is 

consistent with prior accounts of Penn-CNB performance in 22qDel carriers (Goldenberg et 

al., 2012; R. E. Gur et al., 2014). In an independent sample of 22qDel patients, Gur et al. 

(2014) (R. E. Gur et al., 2014) similarly reported that Non-Verbal Reasoning was associated 

with faster, but less accurate responses in 22qDel carriers (R. E. Gur et al., 2014). The 

authors suggested this pattern reflects “giving up” and putting less effort into more complex, 

difficult tasks. However, our results suggest this phenomenon is specific to 22qDel carriers 

and is not exclusive to complex reasoning tasks. For example, 22qDel carriers exhibited 

large deficits in accuracy for tasks related to Episodic Memory, compared to both TD and 

22qDup, but they scored similarly to the TD group and marginally better than 22qDup 

carriers in Episodic Memory Speed. However, in 22qDup carriers, accuracy deficits were 

mirrored by similar deficits in speed, such that they exhibited deficits in both accuracy 

and speed across all domains. This suggest that 22qDup carriers may have been less likely 

to “give-up” or lose interest during cognitive tasks. While data in which individuals fully 

gave-up on the task was excluded from analysis, there was varying degrees of effort on 

the tests included in analysis. This accuracy-speed trade-off is frequently reported in the 

ADHD literature as attributable to lapses in attention (Mulder et al., 2010). It is possible that 

this result can be attributed to ADHD symptoms, which are prevalent in both 22qDel and 

22qDup carriers (Olsen et al., 2018). In the present cohort and previously studied cohort, 

there is no difference in prevalence or severity of ADHD symptoms between 22qDel and 

22qDup carriers (Lin et al., 2020; O’Hora, Lin, Kushan-Wells, & Bearden, 2022). However, 
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the majority of individuals with ADHD in the 22qDel group meet criteria for the inattentive 

ADHD subtype, while majority of the 22qDup carriers with ADHD meet criteria for the 

combined ADHD subtype (Table 2). It is possible that the accuracy-speed trade-off is more 

robust in individuals with inattentive subtype of ADHD. One potential future direction to 

better address this question is to examine trial-by-trial variability in response speed, which 

is a reliable marker of attention lapses (Chang, Lenartowicz, Hellemann, Uddin, & Bearden, 

2022; Leth-Steensen, Elbaz, & Douglas, 2000). Future research is required to investigate 

the degree to which differences in speed between 22q11.2 CNV carriers reflect differing 

cognitive abilities versus other factors.

We found that a model including Penn-CNB speed score discriminated between 22qDel 

and 22qDup CNV carriers more accurately than a model only including accuracy scores. 

Similarly, speed scores were predictive of global psychopathology, social problems, and 

psychosocial functioning in 22qDup, but not in 22qDel, carriers. Both of these findings 

could be explained by the aforementioned accuracy-speed trade-off, which was only 

observed in 22qDel carriers and is reflected in the increased variability in speed performance 

between the two CNV groups. As such, speed may be a better marker of CNV type, 

autism symptomatology, and other clinical outcomes. While speed scores yielded better 

classification accuracy, both models successfully discriminated between the two CNV 

groups above chance levels, further confirming the existence of distinct neurocognitive 

profiles for both accuracy and speed.

Our prior findings suggest that 22q11.2 CNVs generally converge on deficits in social 

cognition (Lin et al., 2020), meaning both 22qDel and 22qDup lead to downstream 

impairments in social cognition and increased likelihood of autism. But, 22qDel and 

22qDup carriers have been found to exhibit distinct autism-related behavioral profiles (Lin 

et al., 2020), implying these reciprocal CNVs may influence social cognition through 

different mechanistic pathways. Our results support this notion in a few different ways. 

First, unlike other cognitive domains, both CNV groups exhibited remarkably similar 

magnitudes of deficit in the overall Social Cognition domain score compared to TD, 

supporting convergence on social domains. However, the two groups diverge on Emotion 

Differentiation Speed, in which only 22qDup carriers performed significantly worse than 

TD controls. This suggests that a 22qDup may confer a slightly different social cognition 

phenotype than the 22qDel. Next, we found differential relationships between Social 

Cognition performance and clinical variables between the two CNV groups. In 22qDup 

carriers, Social Cognition Speed was predictive of global psychopathology, psychosocial 

functioning, and social problems, but interestingly not positive symptoms. This suggests 

that in 22qDup carriers, some aspects of psychopathology and behavior could both be 

mediated by a common underlying mechanism impacting social cognition. However, 

in 22qDel carriers there was no relationship between Social Cognition and clinical 

outcomes, suggesting that unlike 22qDup carriers, mechanisms underlying psychopathology, 

psychosocial functioning, and social behavior in 22qDel carriers may be distinct from 

social cognition. It is possible that the lack of a relationship between social cognition and 

clinical outcomes in 22qDel carriers could be attributed to the accuracy-speed trade-off, such 

that the 22qDel group’s speed scores are not representative of social cognition abilities. 

Additionally, since only three 22qDup carriers endorsed psychotic-spectrum symptoms 
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at baseline (Table 2), it is possible that the BPRS and GAF scores in this group were 

influenced by other dimensions of psychopathology (like ASD-related symptoms), which 

could have a stronger relationship to Social Cognition Speed.

While large-scale longitudinal data are required to fully assess the development of 

distinct neurocognitive functions in 22q11.2 CNV carriers, we report several group-by-

age relationships. Consistent with the convergence of 22q11.2 CNVs in the Social 

Cognition domain, both 22qDel and 22qDup showed slower age-related increases in 

Age Differentiation and Emotion Differentiation speed performance compared to TD. 

However, only 22qDel carriers failed to show age-related increases in Verbal Reasoning 

and Sensorimotor speed, providing another potential distinction in neurocognition between 

22qDel and 22qDup carriers. These results support previous reports that cognitive 

development is slower in 22qDel carriers compared to TD controls (R. E. Gur et al., 2014; 

Vorstman et al., 2015). However, these results should be interpreted carefully, due to the 

wide age range in each group, which was not evenly distributed across the lifespan.

Lastly, exploratory analyses revealed that autistic individuals with a 22q11.2 CNV exhibited 

a neurocognitive phenotype more similar to individuals with the same 22q11.2 copy number 

than autistic individuals with differing 22q11.2 copy number. Interestingly, this pattern 

was more prominent for accuracy scores. For both speed and accuracy, within each CNV 

group there were no differences between individuals with and without ASD. Contrary to 

our hypothesis, there was no difference in social cognition speed or accuracy scores in 

those who met criteria for autism and those who did not. However, it is likely that this 

exploratory analysis was underpowered to detect these neurocognitive profile differences 

in accuracy scores. This finding of differential neurocognitive profiles between autistic 

22qDel and 22qDup carriers suggests that, while both CNVs confer similarly increased 

likelihood of ASD, they represent different autism phenotypes, consistent our previous 

finding of differential autism symptom profiles between 22q11.2 CNV groups (Lin et al., 

2020). However, the fact that there were no significant differences between autistic and 

non-autistic individuals within each CNV group suggests neurocognitive profiles may be 

more indicative of underlying genotype than an ASD diagnosis. However, these findings 

should be considered exploratory and warrant replication due to the small sample size and 

age differences between the ASD+ and ASD− groups (i.e. subjects who met criteria for ASD 

were younger than those who did not meet criteria), which could be impacting the results.

While we report several important new findings, there are limitations of this study that 

should be considered. First, while our sample size is large for a rare disorder, it still is 

limited and contains unequal sample sizes between groups. As the 22qDup group was 

smaller than both the 22qDel and TD groups, this could have led to fewer associations 

reaching statistical significance and surviving FDR correction in the 22qDup group. 

However, since CNVs confer large effects on brain and cognitive phenotypes (Sønderby 

et al., 2022), large study samples are not as critical as in other patient populations. While 

a 22qDup may be protective of developing a psychotic spectrum disorder, a handful of 

individuals in the 22qDup sample endorsed psychosis-risk symptoms (Table 2), which likely 

reflects non-specific dimensions of psychopathology. To maximize the study sample size, 

subjects across a wide age range were included in the present analysis, although the majority 
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of the subjects were adolescents and young adults (Figure S1). The wide age range, and 

limited number of older adults, should be considered when interpreting the results and 

implications of this study. Another limitation of the study sample is baseline differences 

in parental education and ethnicity between the groups, which also could have impacted 

results. While we found significant associations between neurocognitive performance and 

clinical outcomes, prior research has suggested that cognitive testing in a laboratory 

environment may not truly reflect cognitive difficulties in the real-world (Niendam, Horwitz, 

Bearden, & Cannon, 2007). Further, there were no specific performance validity measures 

employed in the neurocognitive battery, which should be considered when interpreting the 

results reported. The present analysis examined accuracy and speed of each individual 

subtest separately, rather than a processing speed composite score, based on prior literature 

reporting differential relationships between speed performance and clinical outcomes across 

Penn-CNB tests (R. E. Gur et al., 2014; O’Hora, Zhang, et al., 2022; Service et al., 2020). 

While this means that our results cannot be directly compared to prior studies utilizing 

a processing speed composite, examination of speed for each subtest showed meaningful 

differences between tests, which would have been overlooked if we used a processing speed 

composite. For example, the 22qDup group performed similarly to controls in Non-verbal 

reasoning speed, but exhibited significant slowing in Spatial Ability (shown in Figure 2). 

This implies that the 22qDup group has more difficulty processing spatial information 

than information related to non-verbal reasoning. Lastly, while there have been a handful 

of studies examining associations between brain structure and/or function and Penn-CNB 

scores (Baller et al., 2021; Fabri et al., 2021; Huang et al., 2020; Khan, Saif, Chaudhry, 

& Parveen, 2022; Prasad et al., 2022), and the tests have been validated with functional 

neuroimaging showing specificity of regional activation (Roalf et al., 2014), the precise 

neural correlates of each Penn-CNB test has yet to be determined, which limits the ability to 

infer information about neurodevelopment from the results presented.

To date, there is very little known about the neurocognitive profile in 22qDup carriers. 

These findings provide new information for clinicians working with patients with 22q11.2 

CNVs, regarding areas of cognitive strengths and weaknesses, and their relationship to ASD 

diagnosis and social function.

This study serves as the first investigation of neurocognitive profiles associated with 

reciprocal 22q11.2 CNVs. We identified distinct neurocognitive profiles between 22qDel 

and 22qDup carriers, which require future study to determine relevance to the differential 

clinical outcomes between the two groups over time. This analysis serves as a critical 

first-step for future studies to identify neurobiological underpinnings of the effect of 22q11,2 

CNVs on neurocognitive domains and associated clinical outcomes.
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Figure 1. 
Changes in Penn-CNB Speed Scores across the age range for all subtests with a significant 

subject group-by-age interaction. Both CNV groups failed to show the same degree of 

age-related performance increases for Emotion Differentiation, Mental Flexibility, and Age 

Differentiation while only 22qDel carriers failed to show age-related increases for Verbal 

Reasoning. For Sensorimotor Speed, 22qDel carriers showed significantly less age-related 

increases than 22qDup carriers.
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Figure 2. 
Profile of neurocognitive performance across all Penn-CNB tests in 22qDel carriers (green 

line), 22qDup carriers (purple line), and TD controls (orange line). Accuracy (a) and 

speed (b) scores are presented for mental flexibility (ABF), attention (ATT), working 

memory (WM), verbal memory (VMEM), face memory (FMEM), spatial memory (SMEM), 

verbal reasoning (VR), nonverbal reasoning (NVR), spatial processing (SPA), emotion 

identification (EI), emotion differentiation (ED), and age differentiation (AD). Additional 

speed scores are presented for motor praxis (MOT) and sensorimotor speed (SM). Both 22q 

CNV groups were less accurate than the TD group across all tests, with the 22qDel carriers 

exhibiting worse overall accuracy than 22qDup carriers. Contrastingly, 22qDup carriers 

exhibited worse overall speed performance than 22qDel carriers.
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Figure 3. 
Beta coefficients and 95% confidence intervals for linear mixed models testing the 

association between Penn-CNB domains and clinical outcomes (Psychopathology, Social 

Function, Global Function, and Positive symptoms) in 22qDel carriers (green) and 22qDup 

carriers (purple). Worse Social Cognition speed performance was associated with increased 

psychopathology and worse global and social functioning in 22qDup carriers. Worse Social 

Functioning was also associated with worse speed performance on episodic memory, 

complex cognition, and sensorimotor speed domains. *q<0.05, **q<0.01, ***q<0.001
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Figure 4. 
Neurocognitive Profiles of 22qDelASD− (red), 22qDelASD+ (orange), 22qDupASD− 

(blue), 22qASD+ (purple). Accuracy (a) and speed (b) scores are presented for mental 

flexibility (ABF), attention (ATT), working memory (WM), verbal memory (VMEM), face 

memory (FMEM), spatial memory (SMEM), verbal reasoning (VR), nonverbal reasoning 

(NVR), spatial processing (SPA), emotion identification (EI), emotion differentiation (ED), 

and age differentiation (AD). Additional speed scores are presented for motor praxis (MOT) 

and sensorimotor speed (SM). LMMs revealed that distinct neurocognitive profiles exist 

between groups for speed (b) but not accuracy (a).
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Table 1.

Summary of Cognition Measures

General Cognition Domain Test Description

Global Neurocognitive 
Performance (GNP)

Executive 
Control

Mental Flexibility 
(ABF)

Conditional Exclusion Test (PCET)

• Determine an object not belonging to a group

Attention (ATT) Continuous Performance Test (PCPT)

• Identify number and letter configurations from 
randomized vertical/horizontal lines

Working Memory 
(WM)

Letter N-Back Test

• Identify letters that are identical to previously shown 
letters according to predetermined rules

Episodic 
Memory

Verbal Memory 
(VMEM)

Word Memory Test (PWMT)

• Identify a set of 20 previously shown words within a 
set of 40 words

Face Memory 
(FMEM)

Facial Memory Test (PFMT)

• Identify a set of 20 previously shown faces within a 
set of 40 faces

Spatial Memory 
(SMEM)

Visual Object Learning Test (VOLT)

• Identify a set of 10 previously shown shapes within a 
set of 20 shapes

Complex 
Cognition

Verbal Reasoning 
(VR)

Verbal Reasoning Test (PVRT)

• Verbal analogy problems

Nonverbal reasoning 
(NVR)

Matrix Reasoning Task (PMRT)

• Matrix problems from Raven’s Progressive Matrices 
Test

Spatial Ability (SPA) Line Orientation Test (PLOT)

• Rotate a line to match orientation of another 
nonrotating line

Social Cognition

Emotion 
Identification (EI)

Emotion Identification Test (EMI)

• Identify general emotion expression on 40 different 
faces

Emotion 
Differentiation (ED)

Emotion Differentiation Test (EMD)

• Determine which of 2 shown faces expresses an 
emotion more intensely

Age Differentiation 
(AD)

Age Differentiation Test (AGD)

• Determine which of 2 faces bearing neutral 
expression is older

Sensorimotor Motor Praxis (MOT) Computerized Finger Tapping Test (CTAP)
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General Cognition Domain Test Description

• Measures how quickly a participant presses a 
spacebar with index finger only in dominant and non-
dominant hand

Sensorimotor (SM) Mouse Practice Task (MP)

• Tracking an object on a screen with a mouse and 
clicking on it as quickly as possible
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Table 2.

Demographic and clinical characteristics at baseline

TD 22qDel 22qDup

n 41 55 30

Age, Years (SD) 17.3 (8.2) 19.2 (10.8) 17.3 (13.0)

Age Range, Years 6–45 5–51 6–49

Males, n (%) 16 (39.0%) 27 (49.1%) 16 (53.3%)

Non-white, n (%)a 10 (24.4%) 10 (18.2%) 1 (3.3%)

Highest Parental Education, Years (SD)a 16.65 (3.6) 15.75 (3.0) 14.6 (2.8)

Psychotic Spectrum Symptomsb, n (%)d 1 (2.4%) 12 (21.8%) 3 (10.0%)

Autism, n (%)c,e 0 (0.0%) 22 (43.1%) 14 (46.7%)

ADHD, n (%)c,e 2 (4.9%) 25 (45.5%) 13 (43.3%)

 Inattentive type, n (%)e,f 1 (2.4%) 15 (27.3%) 2 (6.7%)

 Hyperactivity, n (%) 0 (0.0%) 0 (0.0%) 1 (3.3%)

 Combined Type, n (%)c 1 (2.4%) 10 (18.2%) 10 (33.3%)

Anxiety Disorder, n (%)c,e 0 (0.0%) 24 (42.9%) 16 (53.3%)

Depressive Disorder, n (%) 2 (6.9%) 8 (17.0%) 3 (10.0%)

Medication, n (%)

 Anti-Psychotics 0 (0.0%) 6 (10.9%) 2 (6.7%)

 Antidepressants/Mood Stabilizersc 0 (0.0%) 3 (5.5%) 7 (20.3%)

 Stimulants 1 (2.4%) 3 (5.5%) 1 (3.3%)

 Other Medication 0 (0.0%) 4 (7.3%) 1 (3.3%)

 No Medication a ,d 40 (97.6%) 39 (70.9.%) 19 (63.3%)

Full Scale IQa,d,g 115.7 (14.5) 82.2 (13.4) 90.6 (19.1)

a
TD>22qDup

b
Any positive symptom rated >2 on the SIPS

c
22qDup>TD

d
TD>22qDel

e
22qDel>TD

f
22qDel>22qDup

g
22qDup>22qDel
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