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Summary 

Background:  

Neurodevelopmental copy number variants (ND CNVs) present with clinically pleiotropic effects, 

transcending psychiatric diagnostic borders. Gaining clarity on the neurodevelopmental and 

psychiatric phenotypic effects of ND CNVs in different populations is essential to providing 

clinically relevant information and services to carriers.  

 

Aims and structure of thesis: 

The central aim of this thesis was to investigate the relationship between psychiatric and 

neurodevelopmental phenotypes and ND CNV carrier status to inform our understanding of ND CNV 

phenotypes and provide clinically translatable insights. Existing datasets were leveraged for 

secondary data analysis of large cohorts of previously understudied populations. 

Chapter 1 discusses findings in the literature supporting the exploration of psychiatric and 

neurodevelopmental phenotypes associated with ND CNVs in relevant populations.  

Chapter 2 describes an analysis of psychiatric risk outcomes associated with ND CNV carrier status 

in a cohort of youths with autism spectrum disorder (ASD) and explores the moderating effect of sex 

on specific outcomes. A follow up analysis is conducted in a sample of ASD-unaffected siblings, to 

explore identified associations between ND CNV carriers and psychopathology in the absence of 

ASD.  

Chapter 3 presents an investigation of psychiatric risk outcomes associated with ND CNVs in a large 

clinical cohort of youths and examines for a moderating effect of sex in specific outcomes. The effect 

of neurodevelopmental disorder comorbidity in the relationship between ND CNVs and 

psychopathology is explored for relevant outcomes.  

Chapter 4 describes an analysis investigating the utility of psychiatric and neurodevelopmental 

phenotypic features in modelling ND CNV carrier status in individuals with schizophrenia. Data are 

presented from a discovery and replication cohort. 

 Finally, Chapter 5 presents a general discussion of the findings. 

 

Results: 

The analysis of association between psychiatric phenotypes and ND CNVs in youths with ASD 

revealed an interaction between sex and ND CNV status on risk of affective problems. Females with 

an ND CNV were significantly more likely to present with depressive symptoms than males with or 
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without an ND CNV. ND CNV status was significantly associated with increased risk of affective 

problems in the sample of typically developing siblings; this effect was driven by female carriers of 

ND CNVs only. 

The analysis of the association between psychiatric symptoms and ND CNVs in a large clinical 

cohort of youths showed an increased risk of subclinical psychotic symptoms in youths with ND 

CNVs. This association was also present when individuals with an ASD diagnosis or significant 

cognitive deficits were excluded, indicating that the association was independent of 

neurodevelopmental comorbidity in this sample. 

In adults with schizophrenia three phenotypic variables (specific learning disorder, developmental 

delay, and comorbid neurodevelopmental disorder) were significant in modelling positive carrier 

status for a schizophrenia associated CNV. Replication analysis in a separate cohort confirmed 

developmental delay and comorbid neurodevelopmental disorder as significant predictors of positive 

carrier status for schizophrenia associated CNV status.  

 

Conclusion: 

The results from this work provide novel, clinically relevant insights into neurodevelopmental and 

psychiatric associations with ND CNVs in previously understudied populations. An improved 

understanding of phenotypic associations with ND CNVs can inform genetic testing and counselling 

and may help with monitoring risks, prevention strategies and early intervention for ND CNV 

carriers. 
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Chapter 1: Introduction 

 

Parts of this chapter have been adapted from the following article: 

Foley, C., Corvin, A., & Nakagome, S. (2017). Genetics of schizophrenia: ready to translate?. 

Current psychiatry reports, 19(9), 61. 
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1.1 Background 

Psychiatric and neurodevelopmental disorders (NDDs) account for nearly a third of disability burden 

worldwide in adults (Anderson et al., 2011; Organization, 2008; Sullivan et al., 2012a) and also 

contribute substantially to global disability burden in youths (Baranne et al., 2018; Erskine et al., 

2015). The functional limitations imposed by psychiatric disorders and NDDs have implications for 

the well-being of affected individuals, their families, and society. Individuals with psychiatric and 

developmental impairment require increased supports of health, social, educational and occupational 

services (Arim et al., 2017; Boyle et al., 2011; Jensen et al., 2011; Ochoa et al., 2003). 

Schizophrenia, autism spectrum disorder (ASD) and intellectual disability (ID) are NDDs that each 

present with considerable clinical heterogeneity and psychiatric and neurodevelopmental 

comorbidity. They have complex aetiologies with substantial genetic heterogeneity (Bass et al., 2018; 

Weiner et al., 2017; Woodbury-Smith et al., 2018) .  

Genetic overlap in the form of shared genetic risk factors has also been identified between these 

disorders (Anttila et al., 2018; Clarke et al., 2016; Lee et al., 2019; Smeland et al., 2019). A major 

breakthrough in psychiatric genetics in recent times has been the discovery that structural genomic 

variants termed copy number variants (CNVs) contribute substantially to risk of ASD, ID and 

schizophrenia in subsets of individuals with the disorders and that many of the same CNVs are shared 

as risk factors across the three disorders (Coe et al., 2014; Sanders et al., 2015). There is evidence 

that these neurodevelopmental CNVs (ND CNVs) may contribute to clinical heterogeneity within 

disorders (Bishop et al., 2017; Lowther et al., 2017; Marshall et al., 2017) and there is now 

accumulating evidence of association between ND CNVs and a broader range of psychiatric and 

cognitive phenotypes (Chawner et al., 2019; Hanson et al., 2015; Kendall et al., 2019; Stefansson et 

al., 2014), indicating a complex pattern of risk conferred by these CNVs. Identification of the 

psychiatric and neurodevelopmental phenotypes associated with ND CNVs can contribute timely 

clinical information that can directly impact individuals who carry these CNVs and may be helpful 

in understanding the complex and overlapping clinical presentations of NDDs and psychiatric 

disorders.  

 

1.2 Neurodevelopmental disorders 

1.2.1 A Note on Terminology 

There is considerable variation in the literature with regard to the disorders that the term 

“neurodevelopmental disorder” refers to. The term is non-specific and can refer to a wide range of 

presentations but is generally accepted to refer to conditions characterised by some form of disruption 

of brain development (Thapar et al., 2017). Childhood onset disorders such as ASD and ID are widely 
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referred to as neurodevelopmental disorders (American Psychiatric Association, 2013). There is 

substantial evidence that schizophrenia also has a neurodevelopmental basis (Dazzan et al., 2002; 

MacCabe, 2008; Malaspina et al., 2001; Owen et al., 2017) and schizophrenia is often referred to as 

an NDD (Chawner et al., 2019; Grayton et al., 2012; Kendall et al., 2020; Merikangas et al., 2009a; 

Rund, 2018; Thygesen et al., 2018; Wolfe et al., 2017). When referring to ASD, ID and schizophrenia 

collectively in this thesis, I use the term “neurodevelopmental disorder”. 

There is also no standardised definition of the term neurodevelopmental CNVs and no definitive list 

of such CNVs. In the main discussion of this thesis, the term ND CNVs will be used as it is generally 

used in published literature- referring to CNVs that have shown robust association with ASD, ID 

and/or schizophrenia (Chawner et al., 2019; Kendall et al., 2019; Kendall et al., 2016; Martin et al., 

2019; Stefansson et al., 2014). Where the term is used in reference to an analysis undertaken in the 

thesis, a specific list of CNVs is specified and presented in the methods section of the relevant 

chapter. 

 

1.3 Phenotypic heterogeneity, overlap and comorbidity in neurodevelopmental 

disorders 

ASD, ID and schizophrenia show substantial clinical heterogeneity in their presentations. Phenotypic 

overlap occurs between the disorders and comorbidity between these conditions and other psychiatric 

disorders is common.  

 

1.3.1 Autism Spectrum Disorder 

Autism spectrum disorder is characterised by persistent deficits in social communication and social 

interaction across multiple contexts and restricted, repetitive patterns of behaviour, interests, or 

activities with associated clinically significant impairments in social, occupational, or other 

important areas of functioning. There is marked heterogeneity in the clinical presentation of ASD 

with variation between individuals in severity of core symptoms, level of intellectual function, 

adaptive behaviour and functional communication ability (Charman et al., 2017).  

The estimated prevalence rates of comorbid psychiatric disorders in people with ASD have varied 

from ~55-94% (Lugo-Marín et al., 2019; Mukaddes et al., 2010; Simonoff et al., 2008). These rates 

vary significantly on the basis of differences in methodology, measures and sample selection (age 

ranges, cognitive levels, sex distributions) and ascertainment. Individuals with ASD are more likely 

to have psychiatric symptomatology than neurotypical populations (Abdallah et al., 2011; Lugo-

Marín et al., 2019; Skokauskas et al., 2012a). 
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There is wide variability in the rates of reported diagnosis of schizophrenia in autism. Low prevalence 

rates of schizophrenia have been reported in some studies (<0.4%) (Levy et al., 2010; Leyfer et al., 

2006), while others have reported much higher prevalence rates- up to 13% (Joshi et al., 2013). The 

marked variation may be due to differences in studies in terms of sample size, sampling methods, 

subjects’ demographics and diagnostic criteria utilised (Skokauskas et al., 2010). 

Epidemiological studies of rates of comorbid ID in autism spectrum disorders also vary widely 

depending on sampling methods, demographics of participants and assessment instruments used. It 

was previously thought that a majority of individuals with ASD (up to ~75%) presented with 

comorbid ID (Cohen et al., 1997; Volkmar et al., 2004), however, more recent evidence suggests that 

only ~50% of individuals with ASD present with ID (Chakrabarti et al., 2005; Charman et al., 2011).  

Systematic review has identified rates of suicidality to range between 11–66% in individuals with 

ASD (adult and child) samples (Hedley et al., 2018). Rates of suicidal ideation in adults with ASD 

have been reported to be significantly higher than both general adult populations and patients with 

psychosis (Cassidy et al., 2014; Cassidy et al., 2017), and there is an increased risk of premature 

death by suicide in people with ASD compared to the general population (Hedley et al., 2018; 

Hirvikoski et al., 2016; Kirby et al., 2019). There is accumulating evidence of increased prevalence 

of suicidal ideation and behaviour in children and adolescents with ASD compared with typically 

developing populations (Aitken et al., 2016; Chen et al., 2017; Hunsche et al., 2020).  

Identifying psychiatric comorbidities and differentiating comorbid psychiatric symptoms from core 

features of ASD can be clinically challenging. Impairments in communication are a core feature of 

ASD (Leyfer et al., 2006). Children and adolescents with ASD also have impairments in complex 

information processing, theory of mind and executive functioning (Leyfer et al., 2006). These 

impairments culminate in significant difficulties for many children and adolescents with ASD being 

able to process and describe their experiences, emotions and mental states (Leyfer et al., 2006; 

Mazzone et al., 2012), presenting challenges for clinicians in identifying psychiatric symptomatology 

experienced by the young person. 

A further challenge is differentiating psychiatric symptomatology from the core features of ASD. 

Symptoms such as repetitive behaviour, rituals, social withdrawal, avoidance of social situations, 

poor motivation are frequently seen in young people with psychiatric disorders such as obsessive 

compulsive disorder, social anxiety and depression (Cholemkery et al., 2014). For young people with 

ASD presenting with these symptoms, it may be unclear whether they are presenting with co-

occurring separate disorders or whether the symptoms are a manifestation of core ASD symptoms.  
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1.3.2 Intellectual Disability 

Intellectual disability is defined as “a condition of arrested or incomplete development of the mind, 

which is especially characterized by impairment of skills manifested during the developmental 

period, which contribute to the overall level of intelligence” (Maulik et al., 2011; Organization, 

1988). Meta-analysis of population-based studies from across the globe indicate that the prevalence 

of intellectual disability is around 1% (Linehan, 2019; Maulik et al., 2011). Intellectual disability is 

generally classified as mild, moderate, severe or profound (Harris, 2006; Maulik et al., 2011). The 

clinical manifestations, and cognitive and adaptive abilities vary widely between individuals with 

ID. 

Reported rates of psychiatric comorbidity in children and adolescents with ID range between 30-

50% (Einfeld et al., 2011; Emerson et al., 2007). The relative risk of psychiatric disorder ranges from 

2.8-4.5 in children and adolescents with ID compared with those without (Einfeld et al., 2011). 

Comorbid rates of psychopathology are also high in adults with ID (30-40%) (Cooper et al., 2007; 

Morgan et al., 2008) and they are at higher risk of psychiatric disorders compared with individuals 

without ID (Cooper et al., 2001).  

Features of ASD present more commonly in individuals with ID than those without. Reported 

prevalence rates of ASD in children with ID vary between 4-28% (Bryson et al., 2008; Gillberg et 

al., 1986; Nordin et al., 1996; Tonnsen et al., 2016). A large population-based study estimated ASD 

to present in 18% of children with ID (Tonnsen et al., 2016) 

Schizophrenia is also over-represented in people with ID. The prevalence of psychosis spectrum 

disorders in individuals with ID is estimated at approximately 3.5-5% (Aman et al., 2016; Morgan et 

al., 2008; Sheehan et al., 2015). A meta-analysis indicated that prevalence rates of schizophrenia 

decreased as level of severity of intellectual disability increased- prevalence rates in mild, moderate 

and severe ID were estimated at 5.55%, 4.21% and 0.89% respectively (Aman et al., 2016). 

 

1.3.3 Schizophrenia 

Schizophrenia is a heterogeneous clinical syndrome characterised by pronounced disturbances of 

thought, emotion, perception and behaviour. Schizophrenia affects ~0.5-1% of populations 

worldwide (Fischer et al., 2017; McGrath et al., 2008) and the WHO classifies the disorder within 

the top 10 leading causes of disability globally (Murray et al., 1996). Schizophrenia is associated 

with significant morbidity and premature mortality (by 10-20 years) (Tiihonen et al., 2009).  

A systematic review by Kincaid et al. reported rates of between 9.6-61% for autistic symptoms 

presenting in outpatient and inpatient populations with schizophrenia, with rates of diagnosed ASD 

ranging from <1% to 52% (Kincaid et al., 2017). 
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As a group, individuals with schizophrenia have been identified premorbidly to have mean IQ scores 

approximately one-half of a standard deviation below mean scores of healthy comparison subjects 

(Woodberry et al., 2008). Risk of schizophrenia is also reported to be elevated in individuals with 

ID, with estimates of ~3-5% (Cooper et al., 2007; Hemmings, 2006; Morgan et al., 2008; Turner, 

1989), compared with the lifetime risk in the general population of ~1%. Psychiatric comorbidities 

including anxiety, depression and substance abuse disorders frequently present with schizophrenia 

(Buckley et al., 2009).  

 

1.4 Copy number variants 

The clinical heterogeneity observed in NDDs and frequency of phenotypic overlap between NDDs 

suggest that complex aetiological processes underlie their presentations and that there may be shared 

aetiological risk factors between disorders. The identification of CNVs as important risk factors 

contributing to the pathogenesis of NDDs and possibly to other psychiatric disorders is an important 

development in psychiatric genetics.  

CNVs are stretches of DNA larger than 1,000 base pairs (bp) for which copy number differences 

have been observed in comparing two or more genomes. These structural variants can be copy 

number gains (duplications) or losses (deletions) (Scherer et al., 2007). The mechanisms resulting in 

copy number variation are still uncertain. One important identified mechanism responsible for CNV 

formation is nonallelic homologous recombination (NAHR). This mechanism was identified in line 

with the observation that copy number variation frequently occurs in close proximity or within 

duplicated sequences of DNA. During meiosis, parental chromosomes generally align, using similar 

stretches of DNA as indicators guiding where to pair and begin recombination. In regions of 

duplicated sequences, recombination mechanisms can begin crossover events in erroneously 

identified regions. As a result, copies of the duplicated sequence can be gained or lost. These 

recombination variations tend to occur in regions containing long sequences of repeats, with these 

“recombination hotspots” showing higher rates of chromosomal rearrangement and resulting in 

recurrent but rare copy number variants (Eichler, 2008; Lupski, 1998; Sharp et al., 2005). 

Current estimates indicate that just under 10% of the human genome is subject to copy number 

variation (~7.5% losses, ~3.9% gains) (Zarrei et al., 2015). CNVs may be inherited or arise de novo. 

Evidence suggests that over 99% of CNVs are inherited, with the remainder generated de novo 

(McCarroll et al., 2008; van Ommen, 2005). CNVs can disrupt gene sequence and/or alter gene 

dosage directly altering phenotype, or they can change expression patterns of other genes by altering 

regulatory regions (Freeman et al., 2006; Lupski et al., 1992; McCarroll et al., 2006; Nowakowska, 

2017). Effects of copy number variation range from adaptive traits to pathological presentations to 

lethal effects in utero (Zarrei et al., 2015). Copy number variants have been associated with a wide 
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range of morbidities including congenital cardiac disease (Edwards et al., 2016), human 

immunodeficiency virus (HIV) (Gonzalez et al., 2005), autoimmune dysfunction (Aitman et al., 

2006; Willcocks et al., 2008), malignancies (Shao et al., 2019; Shlien et al., 2009) and are important 

pathogenic risk factors in neurodevelopmental and neuropsychiatric disorders (Cooper et al., 2011; 

Kirov et al., 2009a; Merikangas et al., 2009a; Rees et al., 2016a; Sanders et al., 2015; Torres et al., 

2016).  

 

1.4.1 Copy number variants in neurodevelopmental disorders 

1.4.1.1 Autism Spectrum Disorder 

The aetiology of ASD is likely to involve both genetic and environmental contributors. To date, 

environmental risk factors for ASD have not been extensively explored or characterised 

(Modabbernia et al., 2017), with a small number of identified risk factors such as exposure to sodium 

valproate in the prenatal period having a likelihood of contribution to the risk of developing ASD 

(Christensen et al., 2013; Ramaswami et al., 2018). The significant genetic contribution to ASD is 

indicated by high heritability estimates for the disorder. Early twin studies estimated ASD heritability 

to be as high as 90% (Tick et al., 2016). Some population-based studies have produced lower 

heritability estimates at 50-60% (Sandin et al., 2014), but most estimates are in the region of 70-80% 

(Colvert et al., 2015; Hallmayer et al., 2011; Ramaswami et al., 2018; Sandin et al., 2017). 

Concordance rates estimates for monozygotic twins, dizygotic twins and siblings vary significantly 

at 30-99%, 0-65%, and 3-30% respectively (Hallmayer et al., 2011; Nordenbæk et al., 2014; 

Ramaswami et al., 2018; Tick et al., 2016). 

Both common and rare genetic variants have been identified to contribute to the risk of developing 

autism (Anney et al., 2017; Weiner et al., 2017; Yuen et al., 2017) and genetic susceptibility varies 

between individuals (Leblond et al., 2019). Common variants have been estimated to contribute a 

large proportion of genetic risk for ASD, accounting for 40-60% of the overall liability (Gaugler et 

al., 2014; Ramaswami et al., 2018). Rare variants are likely to explain a lower proportion of collective 

heritability in ASD than common variants but have larger individual effects. Between 10-25% of 

individuals with ASD carry a single genetic mutation (chromosomal rearrangements, CNVs, small 

insertions and deletions (indels), single nucleotide variants) that is likely to be the pathological factor 

accounting for development of the disorder (Bourgeron, 2015). Copy number variants are the most 

prevalent type of rare variants contributing to ASD (Geschwind, 2011).  

1.4.1.1.1 Copy number variation 

Higher rates of copy number variation have been identified in patients with ASD as compared with 

controls. The frequency of clinically detectable CNVs in individuals with ASD is estimated at 8-

21%, with ~10% of detected CNVs identified as likely pathogenic (Schaefer et al., 2013; Sebat et al., 
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2007; Vicari et al., 2019). De novo CNVs present in 4-10% of individuals with ASD (Gilman et al., 

2011; Marshall et al., 2008; Sebat et al., 2007; Vicari et al., 2019), a higher rate compared with 

unaffected siblings (~1-2%) (Bourgeron, 2016; Gilman et al., 2011). An enrichment for rare inherited 

CNVs has also been identified in ASD probands compared with unaffected siblings (Krumm et al., 

2015; Leppa et al., 2016). Individuals with ASD also appear to carry a higher burden of gene-

disruptive CNVs (Krumm et al., 2015; Turner et al., 2017). 

Pinto et al. assessed the genome-wide characteristics of rare CNVs in individuals with ASD. An 

increased burden of rare genic CNVs (OR 1.19, p = 0.012) was identified in ASD probands. The 

effect was noted to be more significant in the case of loci that were previously associated with ASD 

and/or ID where 7.6% of individuals with ASD had rare CNVs preferentially affecting ASD/ID genes 

compared to 4.5% in controls (Pinto et al., 2010). In 2014, Pinto et al. expanded this study, 

confirming the excess of genic CNVs in those with ASD as compared with controls and the increased 

risk of ASD in those carrying exonic pathogenic CNVs which overlapped with known ASD and ID 

loci (Pinto et al., 2014).  

An analysis of rare CNV in the Simons Simplex Collection (the SSC- a collection of phenotype and 

genotype data on families with one ASD affected child) identified 83 rare de novo CNVs in probands 

and unaffected siblings; these rare de novo CNVs were significantly more common in the probands 

(5.8% had at least one rare de novo CNV) compared with the siblings (1.7% had at least one rare de 

novo CNV). The proportion in probands increased further when examining only genic rare, de novo 

CNVs. The rare de novo CNVs in probands tended to be larger than in siblings and included a greater 

number of genes (Sanders et al., 2011). A later analysis combining CNV data from the SSC with data 

from the Autism Genome Project, strongly implicated six ASD CNV risk loci (1q21.1, 3q29,7q11.23, 

16p11.2, 15q11.2–13, and 22q11.2); findings from this analysis strongly implicated de novo 

mutations in ASD risk (Sanders et al., 2015). 

In summary, copy number variation appears to play a significant role in ASD pathogenesis. There is 

evidence for a higher burden of copy number variation in ASD affected individuals compared with 

controls, particularly in the context of CNVs directly affecting genes(Levy et al., 2011; Pinto et al., 

2014; Pinto et al., 2010; Sanders et al., 2011; Sanders et al., 2015). Recurrent CNVs at a number of 

specific CNV loci have been robustly associated with ASD (Sanders et al., 2015). Recurrent ASD-

associated CNVs may be inherited (Krumm et al., 2015; Pinto et al., 2014) or present de novo (Pinto 

et al., 2014; Sanders et al., 2015); however, de novo mutations appear to be more strongly implicated 

in ASD risk (Sanders et al., 2015). Individually these CNVs are rare, each accounting for less than 

1% of ASD cases (Luo et al., 2012).  
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1.4.1.2 Intellectual Disability 

Intellectual disability may result from a wide range of aetiological insults including environmental 

factors (e.g. prenatal insults: alcohol exposure, iodine deficiency, infections; perinatal insults: 

perinatal anoxia/asphyxia; postnatal insults: infant cerebral infection, traumatic brain injury) and 

genetic factors (Boat et al., 2015). For the majority of individuals with ID, the cause of the disorder 

is unknown (Bass et al., 2018). As for other NDDs, genetic studies are challenged by marked clinical 

and genetic heterogeneity. 

There is a dearth of research specifically investigating the heritability of ID, however high heritability 

has been identified in family and population studies of intelligence (Vissers et al., 2016). Heritability 

of intelligence is significantly affected by age. In early childhood, there is evidence of a strong 

environmental effect on intelligence, with heritability estimates at less than 50%. In adulthood, 

heritability of intelligence appears to be higher at 60-80%, with a lesser effect for environmental 

factors (McGue et al., 1993; Pesta et al., 2020). 

Genetic factors contributing to ID may differ between cases dependant on level of severity. 

Reichenberger et al. have suggested that most milder intellectual disabilities represent a low extreme 

in the normal distribution of IQ, whereas severe ID represents a distinct disorder with aetiologies that 

likely differ from milder forms of ID. This suggestion was based on evidence from their analysis 

indicating that siblings of individuals with mild IDs presented with lower IQs compared with general 

populations, whereas siblings of individuals with severe ID were not found to differ from the general 

population (Reichenberg et al., 2016).  

Common and rare variants have been identified to contribute to genetic causes of ID (Bass et al., 

2018). Genetic mutations associated with intellectual disability present with a wide range of 

phenotypes (Bass et al., 2018). 

There has been some recent debate in the field of neurodevelopmental genetics regarding the 

relationship between ASD and ID and whether the two can be meaningfully separated in terms of 

genetic risk factors. Some large cohort studies have described findings supporting “autism-

predominant” neurodevelopmental disorder genes (Satterstrom et al., 2020; Stessman et al., 2017), 

whereas others have argued strongly against this classification on both theoretical and practical 

grounds (Myers et al., 2020). Further research will be required to gain clarity on this controversial 

issue. 

 

1.4.1.2.1 Copy number variation 

In a study of 29,085 individuals with ID, developmental delay and/or ASD, Coe et al. identified a 

significantly higher rate of rare CNVs (frequency of <1%) in cases compared with controls. The 

excess of CNVs was primarily driven by large, rare deletions (Coe et al., 2014). Pathogenic CNVs 
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are identified in up to 15% of children with developmental delay referred for genetic testing (Bass et 

al., 2018; Miller et al., 2010b). De novo copy number variants present in approximately 10% of 

individuals with intellectual disability (de Vries et al., 2005; Vissers et al., 2016). Many rare, 

recurrent (~70) copy number variants have significant associations with developmental delay (Coe 

et al., 2014). Even in the absence of meeting full criteria for an intellectual disability, 

neurodevelopmentally associated CNVs have associations with decreases in cognitive ability and 

educational attainment (Bass et al., 2018; Kendall et al., 2016; Männik et al., 2015; Stefansson et al., 

2014).  

 

1.4.1.3 Schizophrenia 

A complex interplay between genetic and environmental risk factors likely contribute to the aetiology 

of schizophrenia (Zwicker et al., 2018). Twin studies estimating concordance and heritability for 

schizophrenia report concordance rates between monozygotic twins at 33-65% and between 

dizygotic twins at 0-28%, with heritability estimates of approximately 79-85% (Cardno et al., 2000; 

Hilker et al., 2018; Sullivan et al., 2003). For most affected individuals, schizophrenia has a 

polygenic architecture in which hundreds or even thousands of variants collectively contribute to risk 

(Ripke et al., 2014). Single nucleotide polymorphism (common variant) heritability across the 

genome is largely uniform and it is likely that more than 71% of 1Mb genomic regions contain at 

least one risk variant (Loh et al., 2015). The polygenic risk score (PRS) method is given as the 

weighted sum of risk alleles with the weights specified by association coefficients (Chatterjee et al., 

2016; Pharoah et al., 2002). This method was applied to a dataset of 22,177 schizophrenia cases and 

27,629 controls, and estimated 27.4% of the heritability to be explained by SNPs with minor allele 

frequency >2% (Loh et al., 2015). This suggests that common variants explain a significant fraction, 

but not all of the heritability of schizophrenia. Although rare variants likely contribute a lower 

proportion of collective heritability in schizophrenia than common variants, they present with much 

larger individual effects.  

1.4.1.3.1 Copy number variation 

Global increases in rare deletions and duplications (>100kb) have been identified in patients with 

schizophrenia compared with controls (Walsh et al., 2008). Large consortia studies and a centralised 

analysis of 21,094 cases and 22,227 controls by the Psychiatric Genomics Consortium (PGC) 

confirmed the finding of large, rare CNV association with schizophrenia and have shown that the 

effect is driven by CNVs that overlap genes (International Schizophrenia Consortium, 2008; 

Marshall et al., 2017; Stefansson et al., 2008). These studies have also identified specific loci that 

were significantly associated with schizophrenia. Confirming the known association with 22q11.2 

deletions, early consortia studies also reported novel associations with deletions at 1q21.1, 15q11.2, 

and 15q13.3. Subsequent studies implicated at least ten other regions with either risk or protective 
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loci (reviewed in (Kirov, 2015)). In 2017, the PGC analysis provided genome-wide significant 

evidence for eight of these (1q21.1, 2p16.3 (NRXN1), 3q29, 7q11.2, 15q13.3, distal 16p11.2, 

proximal 16p11.2 and 22q11.2) and suggestive support for eight more (Marshall et al., 2017).  

Collectively, the list of known/probable schizophrenia CNV risk loci are carried by <2.5% of patients 

(Kirov, 2015). These CNVs increase risk for schizophrenia considerably (OR 2-30); they are of 

moderate penetrance for the disorder (penetrance 2-18%) (Kirov et al., 2014; Malhotra et al., 2012; 

Rees et al., 2014a; Rujescu et al., 2009b; Tansey et al., 2016). Most represent new events probably 

explained by a higher rate of de novo CNVs reported in schizophrenia compared to controls (Kirov 

et al., 2012).  

 

1.5 Genetic overlap in neurodevelopmental disorders 

Genetic overlap between schizophrenia, ASD and ID has been implicated in findings of common and 

rare variant analyses. An analysis of nearly 900,000 individuals by the Brainstorm Consortium 

demonstrated that a range of psychiatric disorders (particularly ADHD, schizophrenia, major 

depressive disorder and bipolar disorder) share common variant risk (Anttila et al., 2018). A cross-

disorder genome wide association study (GWAS) meta-analysis comprised of 725,000 cases and 

controls across eight neuropsychiatric disorders modelled genetic correlations between the disorders 

and identified three groups of disorders based on shared common genetic risk. Schizophrenia 

clustered into a group with major depressive disorder and bipolar affective disorder; ASD clustered 

into a group with ADHD (Lee et al., 2019). Extensive common variant overlap between 

schizophrenia and intelligence has been identified in a genome-wide analysis (Smeland et al., 2019) 

and common genetic risk for ASD has been associated with general cognitive ability in a general 

population (Clarke et al., 2016). In a large ASD GWAS, Grove et al. investigated common variant 

overlap between ASD and other neuropsychiatric and neurodevelopmental phenotypes, identifying 

significant genetic correlations between ASD and schizophrenia, depression, ADHD and measures 

of cognitive ability (particularly educational attainment) (Grove et al., 2019). 

Exome sequencing studies of schizophrenia trios have identified an enrichment of de novo non-

synonymous mutations in affected individuals and the genes with de novo mutations have been found 

to overlap with genes implicated in autism, ID and developmental delay (McCarthy et al., 2014) 

(Genovese et al., 2016; Singh et al., 2016). 

 

1.5.1 Overlap of CNVs in neurodevelopmental disorders 

DiGeorge syndrome, arising from the 22q11.2 deletion has long been known as a genetic risk factor 

shared between NDDs, presenting with increased risk for schizophrenia (Bassett et al., 1998; Chow 
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et al., 1999; Karayiorgou et al., 1995), ASD (Fine et al., 2005; Niklasson et al., 2001) and ID (Bassett 

et al., 2005; Goldberg et al., 1993) as well as other clinical characteristics (Bassett et al., 2011). It is 

now known that at least eight pathogenic CNVs are shared as risk factors between these NDDs. The 

eight CNV loci identified by the PGC analysis as significantly associated with schizophrenia 

(Marshall et al., 2017) are each also associated with significant increased risk for ASD or ID (Coe et 

al., 2014; Sanders et al., 2015). There are many other CNVs associated with autism spectrum disorder 

and intellectual disability syndromes (Bucan et al., 2009; Cooper et al., 2011; Glessner et al., 2009; 

Hehir-Kwa et al., 2011; Qiao et al., 2014; Rees et al., 2016a; Sanders et al., 2015) 

Neurodevelopmental CNVs (ND CNVs) have reduced penetrance for NDDs meaning that a 

proportion of individuals with these variants present with no evidence of NDDs. They also have 

variable expressivity, meaning that the severity of associated phenotypes varies between individuals 

(Heil et al., 2012). ND CNVs present in general population and control samples but are enriched in 

NDD populations (Kirov et al., 2014). The penetrance of ND CNVs for early developmental 

disorders is significantly higher (ranging from 8-88% depending on which specific ND CNV (Kirov 

et al., 2014)) than the risk of developing schizophrenia (penetrance ranging from 2-18%) (Kirov et 

al., 2014). The full range of pleiotropy associated with ND CNVs is under ongoing investigation. 

 

1.6 Psychiatric and cognitive phenotypes associated with ND CNV 

1.6.1 Population-based retrospective cohort studies  

Cognitive deficits in carriers of ND CNVs have been identified in a number of population studies of 

adults with ND CNVs. In an Icelandic-based population cohort of >100,000 individuals, Stefansson 

et al. found that carriers of ND CNVs had a global assessment of functioning score that was 0.7 

standard deviations below non-carrier population controls. ND CNV carriers performed at a 

cognitive level between performance levels of schizophrenia patients and population controls (who 

did not carry ND CNVs) (Stefansson et al., 2014). Kendall et al. also identified reduced cognitive 

performance in carriers of ND CNVs in a cohort of >100,000 genotyped subjects in a large general 

UK-based adult population dataset. The cognitive deficits in the CNV carriers were not as severe as 

cognitive deficits seen in individuals with schizophrenia in the cohort (Kendall et al., 2016). Mannik 

et al. have identified an association between large, rare CNVs and lower educational attainment in a 

population cohort in Estonia and replicated the finding in cohorts of adults from Italy and the United 

States and adolescents from the United Kingdom (Männik et al., 2015). 

An association between ND CNVs and depression has been established in two adult population 

samples. In the Icelandic population sample referred to above, Stefansson et al. found that ND CNV 

carriers were at increased risk of depression and suicidal ideation (odds ratio = 2.86, P = 0.0017, and 
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odds ratio = 2.20, P = 0.011, respectively), but ND CNV carriers did not differ significantly from 

non-carriers in terms of anxiety and substance misuse prevalence (Stefansson et al., 2014). Kendall 

et al. assessed >400,000 individuals from the UK Biobank and also found an increased risk of 

depression in ND CNV carriers (OR 1.34, p = 1.38 × 10−7) (Kendall et al., 2019). Interestingly, 

individuals with major neurodevelopmental disorders were excluded from these analyses, indicating 

that the associations between ND CNVs and depression may be independent of neurodevelopmental 

comorbidity.  

Childhood population samples have also identified associations between ND CNVs and cognitive 

and neuropsychiatric problems. Martin et al. analysed data from a population sample of 12,982 

children and identified an association between large ND CNVs and increased risk of an outcome 

variable termed neurodevelopmental problems comprised of ADHD, ASD, motor problems, learning 

difficulties and tic problems. ND CNVs were not associated with risk of anxiety or depression in this 

study (Martin et al., 2019). In another childhood population cohort of 6,807 individuals, Guyatt et al. 

explored the relationship between rare CNV burden and neuropsychiatric presentations. An 

association was identified between CNVs and a continuous measure of ASD and IQ but not anxiety 

or depression diagnoses or quantitative psychiatric traits of ADHD or psychotic experiences (Guyatt 

et al., 2018). 

 

1.6.2 Case-control studies 

A number of research groups have collected deeply phenotyped data on carriers of specific ND CNVs 

and utilising case-control study designs have shown a significant increased risk of cognitive deficits 

and psychiatric phenotypes in ND CNV carriers. Hanson et al. showed that carriers of the 16p11.2 

deletion were at substantially higher risk of presenting with psychiatric and/ or neurodevelopmental 

disorders compared with controls; 93% of deletion carriers had at least one of these disorders 

compared with 21% of non-carrier controls. IQ scores were shown to vary widely in the deletion 

carrier group, but on average their IQ scores were 26 points lower than the controls (Hanson et al., 

2015). Higher frequencies of psychiatric disorders were also found by Niarchou et al. in 16p11.2 

deletion carriers and in duplication carriers compared with familial controls (OR 8.9, p < 0.001 and 

OR 5.3, p = 0.01 respectively). Deletion and duplication carriers had a higher frequency ADHD 

compared with controls and deletion carriers additionally had higher rates of ASD compared with 

controls. There were no differences in the prevalence of anxiety disorders, oppositional 

disorder/conduct disorder, and psychotic symptoms between duplication or deletion carriers and 

controls in this analysis (Niarchou et al., 2019).  

Niarchou et al. assessed the prevalence and characteristics of psychiatric disorders and cognitive 

impairments in children with the 22q11.2 deletion syndrome (22q11.2DS), compared with 39 sibling 

controls. More than half (54%) of children with 22q11.2DS met diagnostic criteria for one or more 
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DSM-IV-TR psychiatric disorder, compared with 10% of the siblings, with the children with 

22q11.2DS presenting with higher rates of ADHD, ODD and anxiety disorders. More children with 

22q11.2DS (26%) met the cut-off for probable ASD diagnosis compared to their siblings (5%). 

(Niarchou et al., 2014).  

An increased risk of psychopathology in ND CNV carriers may be expected, given that they are at 

higher risk of NDDs and that NDDs themselves confer an increased risk of psychiatric and 

behavioural disorders occurring co-morbidly (Einfeld et al., 2011; Simonoff et al., 2008). However, 

a number of these studies have presented data that indicate that the increased risk of psychopathology 

in those with ND CNVs is not solely mediated by intellectual impairment or ASD symptomatology. 

Hanson et al. demonstrated that there was a higher than expected number of psychiatric diagnoses in 

the 16p11.2 deletion carriers even when controlling for non-verbal IQ (NVIQ) and ASD diagnosis 

(Hanson et al., 2015). Niarchou et al. undertook a mediation analysis to examine the effect of IQ on 

the psychopathology association with 22q11.2DS and identified no significant relationship between 

psychopathology and IQ (Niarchou et al., 2014). Royston et al. conducted a meta-analysis assessing 

prevalence rates of anxiety disorders in individuals with Williams syndrome (microdeletion 7q11.23) 

and compared rates of individuals with ID of mixed aetiology (Carrasco et al., 2005). Individuals 

with Williams syndrome were four times more likely to have an anxiety disorder compared with 

individuals with ID of mixed aetiology, indicating that the 7q11.23 may confer an additional risk for 

anxiety disorders (Reardon et al., 2015; Royston et al., 2017). These studies suggest that ND CNVs 

may confer psychiatric risk that is separate to NDD comorbidity. 

These studies have contributed to the understanding of psychiatric and cognitive phenotypes 

associated with specific ND CNVs. When only one genotype is assessed per study, it is difficult to 

know the extent to which phenotypic findings for different CNVs can be compared across studies; 

there is variation between studies in terms of sample sizes, ascertainment methods and phenotypic 

batteries. Chawner et al. used deep phenotype data to assess the effect of a group of ND CNVs on 

behavioural and cognitive outcomes in a cohort of children with a number of different ND CNVs 

(loci included: 1q21.1, 2p16.3, 9q34.3, 15q11.2, 15q13.3, 16p11.2, 22q11.2) compared with control 

siblings. They also compared risk between different genotypes within the study. The CNV carriers 

had a 14-times higher risk of presenting with one or more psychiatric disorder. The disorders of 

highest risk were ADHD (OR 6.9, p = 2.09x10-06), oppositional defiant disorder (OR 3.6, p = 0.012), 

anxiety disorders (OR 2.9, p = 0.0146), and autism spectrum disorder traits (OR 44.1, p = 2.50× 10-

09). The results remained significant after controlling for IQ (Chawner et al., 2019). In ND CNV 

carriers, they also identified evidence of differences in phenotypic profiles between different 

genotypes (Chawner et al., 2019).  
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1.6.3 Subphenotypes in neurodevelopmental disorders associated with CNVs  

A number of studies have sought to examine the role of CNVs in identifying specific patterns in the 

phenotypic heterogeneity observed within NDDs such as ASD. In an innovative study, Merikangas 

et al. identified that among cases diagnosed with ASD, presence of CNVs affecting ASD or 

intellectual disability genes were associated with specific communication and language deficits 

(Merikangas et al., 2015a). Bishop et al. also identified phenotypic characteristic associated with de 

novo CNV carriers among cases diagnosed with ASD. Individuals with de novo mutations were more 

likely to present with motor developmental delay (walking at later age) but were less impaired on 

some measures of ASD symptomatology (Bishop et al., 2017).  

 

1.6.4 Sex differences in ND CNV phenotypes 

Neurodevelopmental disorders are reported as presenting more frequently in males compared with 

females. The prevalence ratio of males to females with ASD is commonly reported at ~4:1 

(Fombonne, 2009). Female-to-male prevalence ratio of ID has been identified in adults as 0.7-0.9 

and in children and adolescents as 0.4-1.0 (Maulik et al., 2011; Maulik et al., 2013). Incidence of 

schizophrenia is higher in males than females with a reported male to female incidence ratio of ~1.4:1 

(Aleman et al., 2003; Falkenburg et al., 2014; McGrath et al., 2008). These epidemiological 

differences suggest that there may be sex differences in NDD aetiologies.  

Differences have been identified in CNV burden between sexes in NDDs. ASD affected females 

have been found to present with a higher burden of de novo CNVs than affected males (Levy et al., 

2011; Sanders et al., 2011; Sanders et al., 2015). More genes appear to map within dnCNVs in female 

probands compared with male probands (Jacquemont et al., 2014; Sanders et al., 2011; Sanders et 

al., 2015). Females with schizophrenia have demonstrated a higher burden of schizophrenia 

associated CNVs compared with males (OR 1.38, P = 0.0055) (Han et al., 2016).  

Differences in rare CNV phenotypes have also been observed between sexes. De novo CNVs or loss 

of function mutations (LOFs) have demonstrated more significant impact on cognition in females 

than males with ASD: non-verbal IQ was decreased by 10 points more in female carriers of de novo 

CNVs or LOFs compared with male carriers in a study by Sanders et al. (Sanders et al., 2015). In a 

childhood population sample, Martin et al. observed that females diagnosed with anxiety or 

depression were nearly four times more likely than males to have large CNVs (Martin et al., 2019). 

In an adult population study of ND CNV association with depression, Kendall et al. undertook an 

exploratory analysis which identified weak evidence for a higher rate of depression among female 

ND CNV carriers compared with male carriers (Kendall et al., 2019). 
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1.6.5 Summary of psychiatric and cognitive phenotypic associations with ND CNVs 

Population studies have identified cognitive deficits in adult ND CNV carriers which present even 

in the absence of major NDDs such as schizophrenia, ASD and ID (Stefansson et al., 2014) (Kendall 

et al., 2016). Depression has also been significantly associated with ND CNV status in large adult 

population studies (Kendall et al., 2019). In childhood population samples, there is evidence of 

association between ND CNVs and reduced cognitive function (Guyatt et al., 2018) and 

neurodevelopmental problems such as ASD, ADHD, motor disorders, learning difficulties, tic 

problems (Martin et al., 2019), but associations between ND CNVs and other psychiatric disorders 

have not to date been identified in such studies (Guyatt et al., 2018; Martin et al., 2019). Analyses in 

childhood retrospective cohorts have been undertaken in relatively small samples and there have 

been some limitations in studies with regard to psychiatric outcomes assessed (e.g. some psychiatric 

outcomes examined in aggregate precluding estimation of association for individual outcomes).  

Case-control studies indicate that ND CNV carriers are at higher risk of developing psychiatric 

symptomatology (Chawner et al., 2019; Hanson et al., 2015; Niarchou et al., 2014; Royston et al., 

2017). There is evidence from population studies and case-control studies that the increased risk of 

psychiatric disorder may be independent of ASD co-morbidity (Hanson et al., 2015; Kendall et al., 

2019) or cognitive level (Hanson et al., 2015; Niarchou et al., 2014; Royston et al., 2017). There is 

some evidence of sex differences in the phenotypic effects of ND CNVs (Kendall et al., 2019; Martin 

et al., 2019). 

 

1.7 Clinical Utility of ND CNV diagnosis in neurodevelopmental disorders 

1.7.1 Autism spectrum disorder and intellectual disability 

Clinical genetic testing is a standard of care for the investigation of unexplained neurodevelopmental 

disorders ASD and ID in paediatric populations. Chromosomal microarray analysis (CMA)1 is 

recommended as a first-tier investigation for the detection of pathogenic CNVs in both disorders 

(Battaglia et al., 2013; Schaefer et al., 2013). The diagnostic yield of CMA is ~15% in the 

investigation of unexplained ASD (Carter et al., 2013; Schaefer et al., 2013; Velinov, 2019) and ID 

or developmental delay (Miller et al., 2010a). 

The benefits of diagnosing ND CNVs for individuals with neurodevelopmental disorders include a 

sense of empowerment through the acquisition of information and understanding around a child’s 

presentation, better social, medical and educational service provision to the child and family, specific 

screening for medical, psychiatric or developmental risks associated with a genetic syndrome, 

 
1 CMA includes both array comparative genomic hybridization (aCGH) and single nucleotide polymorphism 

arrays 
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specific recurrence risk counselling and improved access to support and research networks 

(Moeschler et al., 2014; Schaefer et al., 2013). 

 

1.7.2 Schizophrenia 

Genetic testing is not currently utilised in standard clinical practice for investigation and management 

of individuals with schizophrenia. The identification of well-established pathogenic CNVs that 

confer high risk for schizophrenia has led to increasing interest in introducing genetic testing to 

routine psychiatric management of the disorder (Baker et al., 2014; Miles et al., 2008a). 

Copy number variants with known schizophrenia risk are found in ~2.5% of individuals with the 

disorder (Kirov, 2015); clinically significant CNVs have been reported in up to 8% of individuals 

with the disorder (Costain et al., 2013). Pick up rates for CNVs in the general schizophrenia 

population are likely to be low. In autism and intellectual disability, ‘syndromal’ cases where 

additional phenotypes and dysmorphic features are also present, are more likely to have a genomic 

aetiology (Miles et al., 2008a). Recent studies have suggested that identifying schizophrenia patients 

with co-morbid ID is likely to be helpful in identifying subsets of individuals with genomic disorders. 

Thygesen and colleagues reported an approximately three-fold higher rate of pathogenic CNVs in 

patients with psychosis and intellectual disability compared to rates in the general schizophrenia 

population (Thygesen et al., 2018). Lowther et al. examined the genome-wide burden of pathogenic 

CNVs in a schizophrenia cohort (n=546) and demonstrated a significantly higher burden of 

pathogenic CNVs (OR 5.01, p = 0.0001) in patients with schizophrenia and low IQ (IQ< 85) 

compared with those with average IQ (IQ ≥ 85). Based on their findings, the authors concluded that 

individuals with schizophrenia and low IQ should be prioritised for clinical microarray testing in 

clinical and research contexts (Lowther et al., 2017).  

Psychiatrists have endorsed positive attitudes towards the incorporation of genetics into psychiatric 

clinical practice (Hoop et al., 2008), but have indicated a perceived lack of competence in their 

capacity to deliver this kind of information to patients and families (Blacker et al., 2005). Genetic 

counselling has been identified as a need by patients with schizophrenia and has been shown to be 

helpful in improving patients’ understanding of empiric recurrence risk of their disorder (Costain et 

al., 2012b). 

1.7.3 Prenatal identification of ND CNVs 

CMA testing is recommended as a gold standard investigation in the prenatal setting when foetuses 

are identified as having a congenital malformation (Brabbing-Goldstein et al., 2018; Shaffer et al., 

2012; Shkedi-Rafid et al., 2016). Although the use of CMA in this context is widely accepted, there 

is debate on its use in investigating structurally normal foetuses. CMA testing is an option in some 

settings for patients who undergo invasive testing for various reasons including elective testing 



18 

 

(Brabbing-Goldstein et al., 2018; Dugoff et al., 2016; Obstetricians et al., 2013); the frequency of 

pathogenic CNVs is approximately 1% in this group (Miny et al., 2013). The limited phenotypic data 

at a population level, incomplete penetrance and variable expressivity of ND CNVs have been 

identified as considerable challenges to their clinical interpretation in the prenatal setting (Brabbing-

Goldstein et al., 2018). The identification of ND CNVs in the prenatal setting can impact on parental 

choices around pregnancy, including termination of pregnancy (Brabbing-Goldstein et al., 2018). 

 

1.7.4 Clinical challenges in ND CNV interpretation 

Penetrance for various phenotypic features of ND CNVs varies significantly between individuals, 

posing challenges to clinicians counselling parents of children or individuals with these CNVs. For 

some neurodevelopmentally associated CNVs, such as the 22q11.2 deletion or those implicated in 

Prader-Willi syndrome/Angelman syndrome, the phenotypes are well established and clinical 

guidelines inform the optimal management and investigation of individuals with the variant (Bassett 

et al., 2011; McCandless, 2010). The evidence bases for clinical and phenotypic presentations of 

other recurrent ND CNVs are not as well-established. International databases have been established 

to support interpretation of variants (Feenstra et al., 2006; Firth et al., 2009; Kaminsky et al., 2011) 

and phenotyping and population studies are contributing valuable information to the understanding 

of ND CNV clinical profiles (Al Shehhi et al., 2019; Dolcetti et al., 2013; Hanson et al., 2015). 

Variants of unknown significance (VOUS) and incidental findings may be identified on CMA 

testing. VOUS are genetic variants which many have associations with the disorder of interest or 

other developmental disorders but do not have enough clinical evidence to be categorized as either a 

pathogenic or a benign variant. The ambiguity of VOUS have been suggested to cause stress when 

identified on CMA; however there is also evidence to suggest that identification of VOUS are 

important to parents of children with developmental disorders, with genetic counselling contributing 

to positive outcomes (Jez et al., 2015). Incidental findings are secondary findings unrelated to the 

indication for ordering the genetic test but that may be of medical value for patient care. Such findings 

present ethical concerns for genetic testing (Roche et al., 2015). Many experts suggest that patients 

and research participants should make the choice of whether to attain information on incidental 

findings for themselves, however complex issues regarding what constitutes a fully informed 

decision continue to provide challenges in this context (Appelbaum et al., 2017). Recommendations 

have been made to support appropriate reporting of incidental findings (Green et al., 2013). 

There is no one approach to that will align with the specific needs of every individual with an ND 

CNV and their family. Careful clinical consideration weighing up the potential risks and benefits of 

genetic testing on a case by case basis is necessary.  
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1.8 Thesis rationale 

We are beginning to comprehend the range of neurodevelopmental features and psychopathologies 

associated with ND CNVs. The phenotypic associations with ND CNVs transcend the borders of 

conventional psychiatric diagnosis and contribute to the clinical heterogeneity observed within 

disorders. Getting a clear picture of ND CNV phenotypes in different populations is essential to 

informing genetic testing for ND CNVs and to being able to provide relevant clinical information to 

those affected by ND CNVs. A comprehensive and refined understanding of phenotypes associated 

with ND CNVs may lead to insights into the aetiologies of psychiatric disorders and NDDs and may 

in the longer-term help to improve diagnostic, treatment and management strategies. 

For children presenting with unexplained ASD or developmental delay, chromosomal microarray 

(CMA) testing is now a standard diagnostic investigation (Battaglia et al., 2013; Schaefer et al., 

2013); clinically significant CNVs are identified in up to 15% of individuals with these conditions. 

The benefits associated with identification of CNVs in children with ASD are well documented 

(Moeschler et al., 2014; Schaefer et al., 2013). There is a rapidly developing evidence base indicating 

that ND CNVs may be associated with a wide spectrum of psychiatric risk in carriers, however there 

is currently insufficient data to be able to provide reliable information on psychiatric risk profiles 

associated with the majority of ND CNVs in children with ASD. Understanding psychiatric risk 

profiles in the subset of individuals with ASD who carry ND CNVs will be important in providing 

informed genetic counselling for these individuals and their families and may also provide insights 

for surveillance and management of risk for ND CNV carriers. 

A better understanding of psychiatric risk profiles associated with ND CNVs in children who do not 

present with a major NDD is also essential. ND CNVs have incomplete penetrance for NDDs and 

many carriers may not have major childhood NDDs. There is limited data available in the current 

literature on ND CNV associations with psychiatric phenotypes in large cohorts of youths. 

Identifying whether increased risk of major classes of childhood psychopathologies are associated 

with ND CNVs will be vital for child and adolescent carriers of the ND CNVs and their families.  

Evidence suggests that individuals with schizophrenia are at increased risk of carrying ND CNV, 

however, unlike children with NDDs they are not routinely tested. A major challenge to the routine 

integration of CNV screening for schizophrenia patients is that confirmed variants are carried by 

<2.5% of patients (Kirov, 2015). The identification of clinical symptoms or demographic features 

that differentiate schizophrenia patients that carry schizophrenia associated (SCZ-associated) CNVs 

would be helpful in clarifying who might benefit most from testing. Recent studies have suggested 

that identifying schizophrenia patients with co-morbid ID or multiple congenital malformations or 

dysmorphic features is likely to be helpful in identifying subsets of individuals with genomic 

disorders (Christian G. Bouwkamp et al., 2017; Lowther et al., 2017; Thygesen et al., 2018). The 

utility of other developmental indices in identifying such subsets of patients is less well explored.  
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The central aim of this thesis was to investigate the relationship between psychiatric and 

neurodevelopmental phenotypes and ND CNV carrier status using secondary data analysis of 

existing datasets, to inform our understanding of ND CNV phenotypes and provide clinically 

translatable insights. 

 

1.8.1 Aims and Hypothesis 

Analysis 1: Investigation of psychiatric phenotypes associated with neurodevelopmental copy 

number variants in a cohort of youths with ASD 

In this analysis, the first aim was to establish whether ND CNVs are associated with increased risk 

for a range of psychiatric phenotypes in a large cohort of youths with ASD. It was hypothesised that 

youths with ND CNVs would have higher rates of psychopathologies compared with youths without 

ND CNVs. Based on recent evidence suggesting sex differences in depression and anxiety 

phenotypic associations with ND CNVs (Kendall et al., 2019; Martin et al., 2019), it was 

hypothesised that there would be differences in the rates of these disorders in male and female carriers 

of ND CNVs in the sample.  

A follow up analysis was conducted in a sample of ASD-unaffected siblings, to explore whether the 

identified associations between ND CNV carriers and psychopathology in individuals with ASD also 

presented in the absence of ASD. It was hypothesised that increased risk of psychopathology 

associated with ND CNV status in the ASD sample would also present in the ASD-unaffected 

siblings. 

The data for this analysis were obtained from the Simons Simplex Collection, a cohort comprised of 

autism simplex families (n=2,644), including ASD proband and unaffected sibling genotype and 

phenotype data (Fischbach et al., 2010). 

Analysis 2: Investigation of psychiatric phenotypes associated with neurodevelopmental copy 

number variants in a large population-based clinical cohort of youths 

In this analysis, the first aim was to investigate the relationship between ND CNVs and four major 

outcomes reflective of significant psychopathology (internalising disorders, externalising disorders, 

subclinical psychotic symptoms and suicidal ideation) in a large population-based clinical cohort of 

youths. It was hypothesised that youths with ND CNVs would have higher rates of psychopathology 

compared with those without ND CNVs.  

The second aim of the analysis was to assess sex differences in the effects of ND CNVs on 

internalising disorders. It was hypothesised that ND CNV effects on internalising psychiatric 

disorders would differ between males and females. As for the first analysis, this hypothesis was based 
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on recent evidence suggesting sex differences in depression and anxiety phenotypic associations with 

ND CNVs (Kendall et al., 2019; Martin et al., 2019). 

The third aim was to identify whether NDD comorbidity was a major determinant of increased risk 

of psychopathology associated with ND CNVs. Increased risk of NDDs ASD and ID are well-

established in ND CNV carriers (Coe et al., 2014; Sanders et al., 2015). ASD and ID are associated 

with increased risk of psychiatric disorders compared with neurotypical populations (Abdallah et al., 

2011; Einfeld et al., 2011; Skokauskas et al., 2012a). Therefore, increased risk of psychopathology 

associated with ND CNVs may occur as a result of increased rates of NDDs in ND CNV carriers. 

However, a number of studies have indicated that increased risk of psychopathology associated with 

ND CNV status is not solely attributable to neurodevelopmental comorbidity (Hanson et al., 2015; 

Kendall et al., 2019; Niarchou et al., 2014; Stefansson et al., 2014). In this analysis, it was 

hypothesised that increased risk of psychopathology associated with ND CNVs would be conferred 

separately to ASD or ID comorbidity.  

These hypotheses were tested using genetic and phenotype data from a publicly available large 

cohort of youths (n=8,205), the Philadelphia Neurodevelopmental Cohort (PNC) (Calkins et al., 

2015). 

Analysis 3: Identifying schizophrenia patients who carry pathogenic genetic copy number variants 

using standard clinical assessment: a retrospective cohort study 

In this analysis, the aim was to determine whether clinically identifiable phenotypic features were 

predictive of SCZ-associated CNV carrier status in a large schizophrenia cohort. 

Based on the known overlap with other neurodevelopmental disorders and previously reported 

phenotype studies (Ahn et al., 2014; Costain et al., 2014; Derks et al., 2013; Kirov et al., 2014; Philip 

et al., 2011; Sahoo et al., 2011b; Stefansson et al., 2014; Walsh et al., 2008; Wilson et al., 2011; Yeo 

et al., 2013), it was hypothesised that individuals with schizophrenia who carry risk CNVs are likely 

to be enriched for phenotypic features suggesting pre-existing neurodevelopmental compromise, 

earlier onset of psychotic symptoms, more severe illness course, or a positive family history of 

neurodevelopmental disorder. 

This analysis was undertaken in a discovery sample of 1,215 individuals with schizophrenia and 

replicated in a sample of 479 individuals with schizophrenia. 
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Chapter 2: Investigation of psychiatric phenotypes associated with 

neurodevelopmental copy number variants in a cohort of youths 

with ASD 

 

2.1 Introduction 

2.1.1 Background 

There are limited data describing psychiatric risk profiles associated with neurodevelopmental CNVs 

(ND CNVs) in youths with autism spectrum disorder (ASD). Clinical genetic guidelines recommend 

chromosomal microarray (CMA) testing as a first tier diagnostic investigation for individuals with 

ASD; around 15% of those tested will be diagnosed with a pathogenic CNV (Carter et al., 2013; 

Schaefer et al., 2013). Identifying psychiatric phenotypes associated with ND CNV status is 

important for providing informed genetic counselling for individuals who present clinically with 

ASD and are found to be ND CNV carriers and may help with psychiatric risk monitoring, prevention 

strategies and early interventions. 

A number of population and case-control studies have identified increased rates of various 

psychopathologies associated with ND CNVs but these analyses have either excluded individuals 

with ASD from samples or assessed ASD or ASD traits as outcomes in analyses. Two large adult 

population studies have identified significant associations between depression and ND CNVs (OR 

1.34, p = 1.38 × 10−7 (Kendall et al., 2019), OR 2.86, p = 0.0017 (Stefansson et al., 2014)); both of 

these studies excluded individuals with ASD (along with other neurodevelopmental disorders) from 

the samples analysed. Interestingly, Kendall et al. identified evidence of a higher rate of depression 

among female ND CNV carriers compared with male carriers (Kendall et al., 2019). 

Childhood population studies examining associations between ND CNVs and psychopathologies 

have not excluded individuals with ASD from samples, but rather have examined ASD or ASD traits 

as outcomes in analyses. In a childhood population sample of 12,982 children, Martin et al. 

demonstrated that large ND CNVs presented with a higher frequency of “neurodevelopmental 

problems (NPs)” (NPs including: ADHD, ASD, motor problems, learning difficulties, and tic 

problems). No association was identified between CNVs and anxiety and depression in the sample, 

however findings indicated that large, rare CNVs may show sex‐specific phenotypic effects; CNVs 

were enriched in females diagnosed with depression or anxiety, as compared to diagnosed males. 

(Martin et al., 2019). In another study of a childhood population cohort, Guyatt et al. identified 

schizophrenia associated (SCZ-associated) deletions to be associated with reduced cognitive 
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attainments and with a continuous measure of ASD. Insufficient case numbers prevented the 

assessment of association between SCZ-associated CNVs and anxiety, depression, ASD and ADHD 

binary measures (Guyatt et al., 2018). 

ASD has also been included as an outcome in case-control ND CNV phenotypic association studies. 

Chawner et al. identified ND CNV carriers to be 14-times more likely to present with one or more 

psychiatric disorder compared with control siblings. ND CNV carriers presented with significantly 

higher rates of ASD, ADHD, anxiety disorders and oppositional defiant disorder (Chawner et al., 

2019). A case-control study of 16p11.2 deletion carriers compared with familial controls found that 

93% of carriers presented with psychiatric and/or developmental disorders, compared with 21% of 

non-carrier controls. The most common conditions were motor coordination disorders, speech and 

language disorders, enuresis, ASD and ADHD. The increased risk of psychiatric symptomatology in 

CNV carriers persisted when non-verbal IQ (NVIQ) and ASD diagnosis were controlled for in the 

sample (Hanson et al., 2015). In a case-control study of individuals with 22q11.2 deletion syndrome 

(22q11.2DS), more than half (54%) of children with the CNV met diagnostic criteria for one or more 

psychiatric disorder, compared with 10% of control siblings, with the affected children presenting 

with higher rates of ASD, ADHD, ODD and anxiety disorders. Mediation analysis indicated no 

significant relationship between psychopathology and IQ in children with 22q11.2DS (Niarchou et 

al., 2014). 

These studies contributed valuable information to the growing body of knowledge indicating that 

ND CNV carriers may be at increased risk of a spectrum of psychiatric risks. However, there is 

considerable variation between studies in terms of sample selection, developmental stage examined 

and methodologies, limiting generalisability of findings particularly to populations with unique 

psychiatric and developmental profiles such as children with ASD.  

Comorbid psychopathology rates are high in youths with ASD (estimated at ~70%) (Gjevik et al., 

2011; Simonoff et al., 2008) and individuals with ASD are more likely to have psychiatric 

symptomatology than neurotypical populations (Abdallah et al., 2011; Lugo-Marín et al., 2019; 

Skokauskas et al., 2012a). Psychiatric comorbidity is associated with significant clinical impairment 

and additional needs for youths with ASD and their families (Leyfer et al., 2006; Mattila et al., 2010). 

Many children and adolescents with ASD experience significant difficulties in being able to process 

and describe their experiences, emotions and mental states (Leyfer et al., 2006; Mazzone et al., 2012), 

resulting in substantial challenges to being able to identify psychiatric comorbidities in these young 

people. Core features of ASD can also be difficult to differentiate from psychiatric symptomatology 

(Cholemkery et al., 2014) presenting further diagnostic challenges. These diagnostic challenges can 

result in missed or delayed diagnosis of psychopathology with significant impacts in terms of 

outcomes. 
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In view of the evidence from population and case-control studies suggesting that ND CNV carriers 

are at increased risk of having a range of psychopathologies, ND CNV carriers with ASD may also 

be at increased risk of having psychopathologies compared with ASD probands who do not carry 

ND CNVs. Psychiatric risk profiles associated with ND CNVs in individuals with ASD have been 

understudied to date. Addressing this deficit in knowledge is essential as ND CNVs are regularly 

identified in individuals with ASD. An improved understanding of psychiatric phenotypes associated 

with ND CNVs would improve clinical awareness of these risks and could facilitate targeted 

screening and therapeutic input for ND CNV carriers with ASD. 

 

2.1.2 Aims and hypotheses 

The aim of this analysis was to assess psychiatric risk profiles associated with ND CNV carrier status 

in youths with ASD. It was hypothesised that youths with ND CNVs would have higher rates of 

psychopathologies compared with youths without ND CNVs. Based on recent evidence suggesting 

that females with depression and anxiety may be enriched for CNVs compared with males with these 

diagnoses (Martin et al., 2019) and that females with ND CNVs may be at increased risk of 

depression compared with males carriers (Kendall et al., 2019), it was hypothesised that female 

carriers of ND CNVs would have higher rates of depression and anxiety compared with males.  

A follow up analysis was conducted in a sample of ASD-unaffected siblings, to explore whether the 

identified associations between ND CNV carriers and psychopathology in individuals with ASD also 

presented in the absence of ASD. It was hypothesised that increased risk of psychopathology 

associated with ND CNV status in the ASD sample would also present in the ASD-unaffected 

siblings. 

 

2.2 Materials and Methods 

2.2.1 Sample 

The data for this analysis were obtained from the Simons Simplex Collection (SSC, version 15, data 

access approval available in Appendix 3: Data Access Approval, Figure 7-5, Figure 7-7, Figure 7-8) 

(Fischbach et al., 2010). The SSC is a large, multi-site study that was collected for the purposes of 

an autism genomics study. The study aimed to recruit “simplex families” defined as a child with 

ASD with no other first to third-degree family member with a known or suspected diagnosis of ASD. 

Each family recruited consisted of a child with autism (aged 4-18 years), an unaffected sibling and 

both parents. Individuals were ascertained through clinics located at Michigan, Yale, Emory, 

Columbia, Vanderbilt, McGill Washington, and Harvard Universities (Children's Hospital of 

Boston), and at the Universities of Washington, Illinois (Chicago), Missouri, UCLA, and the Baylor 
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College of Medicine in the United States. A comprehensive phenotyping assessment battery was 

conducted with both children in each family. The dataset downloaded for this analysis contains 

phenotype data collected from 2,644 autism simplex families. 

Autism affected youths were evaluated with gold standard autism research diagnostic assessments, 

Autism Diagnostic Interview-Revised (ADI-R) (Rutter et al.) and Autism Diagnostic Observation 

Schedule (ADOS) (Lord et al., 2012) as well as other instruments providing additional information 

on the core features of autism, measures of intellectual and adaptive functioning, psychiatric and 

behavioural problems and motor functioning and language (Fischbach et al., 2010). Autism affected 

youths were excluded from the dataset if they were younger than 4 years or older than 18. Youths 

were also excluded if they presented with a condition that could compromise the ASD diagnosis 

using the above outlined instruments, for example non-verbal age estimated below 18 months, severe 

sensory or motor difficulties, genetic evidence of fragile X or Down syndrome or history of severe 

psychological deprivation (Fischbach et al., 2010).  

Unaffected siblings closest in age to the child with ASD were selected for the collection. They were 

at least 4 years of age. A diagnosis of ASD or suspicion of the disorder was an exclusion criterion 

for siblings in the SSC, with siblings screened for ASD symptomatology and additional psychiatric 

conditions by trained clinicians (Fischbach et al., 2010; Schanding et al., 2012). Additionally, SSC 

protocol excluded siblings who were identified as having mental retardation or an adaptive behaviour 

standard score on the Vineland-II of less than 70, if they were diagnosed with schizophrenia or if 

they were diagnosed with a psychiatric disorder requiring treatment with more than one psychotropic 

medication (Fischbach et al., 2010). 

 

2.2.2 Phenotype measures used in analysis 

2.2.2.1 Measure of intellectual functioning 

In the SSC phenotype data, measures of cognitive functioning were available for the majority of ASD 

affected individuals in the dataset but not for the siblings. Data from the Vineland Adaptive Behavior 

Scale, Second Edition (VABS-II) was available for both ASD affected individuals and siblings. 

Adaptive behaviour profiles are correlated with cognitive ability in typically developing youths 

(Pathak et al., 2019) and the VABS composite score has been shown to correlate strongly with IQ in 

youths with ASD (r = 0.58, p < 0.0001) (Pathak et al., 2019). VABS composite score (described 

further in section 2.2.2.1.1) was used in this analysis as an alternative to a formalised measure of 

cognitive ability.  
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2.2.2.1.1 Vineland Adaptive Behaviour Scale (VABS-II) 

The Vineland Adaptive Behaviour Scale (VABS-II) is an informant based standardised interview 

that was administered by clinical or research staff with parents via phone interview. The interview 

measures adaptive behaviour in individuals from birth to 90 years. The VABS-II Parent/Caregiver 

rating form has been standardised based on a sample of 3,695 individuals nationally representative 

of the USA. Proportional random sampling was implemented for the normed sample according to 

demographic variables including sex, race/ethnicity, socioeconomic status, and geographic region. 

Data for norming and standardisation were collected from a range of neurodevelopmentally diverse 

groups: attention deficit/hyperactivity disorder, autism-nonverbal, autism-verbal, emotional or 

behavioural disturbance, deafness/hard of hearing, learning disability, cognitively delayed-mild 

(child and adult samples), cognitively delayed-moderate (child and adult samples), cognitively 

delayed severe/profound (adult sample) and visual impairment (Sparrow et al., 2005). The adaptive 

behaviour composite score describes the individual’s overall level of adaptive functioning. The 

normative mean is 100 with a normative standard deviation of 15 (Sparrow et al., 2005). 

 

2.2.2.2 Psychiatric phenotype outcome measures 

2.2.2.2.1 Child Behaviour Checklist 

The Child Behaviour Checklist (CBCL/6-18) is a standardised instrument frequently used in clinical 

and research settings which assesses a broad range of psychopathology in youths ranging in ages 

from 6-18. The CBCL is completed by parents and/or caregivers and describes the child’s emotional 

and behavioural functioning during the previous six months. Each of 120 problem items are measured 

on a three-point Likert scale (0= “Not True,” 1= “Somewhat or Sometimes True,” or 2= “Very True 

or Often True”). The CBCL contains two empirically derived broadband scales: eight syndrome 

scales and six DSM-oriented scales. Raw scores for each scale are converted to norm-referenced T-

scores (M = 50, SD = 10) (Achenbach, 2001). Cut points are provided for normal, borderline, clinical 

range scores on each scale. For the syndrome and DSM-oriented scales: T-scores < 65 (<93rd 

percentile) are classified as “Normal”, T-scores 65-69 (93-97th percentile) are classified as 

“Borderline” and T-scores >69 (>97th percentile) are classified as “Clinical range” (Achenbach, 

2001). There is evidence to support the use of the CBCL as a valid measure for screening and as part 

of diagnostic assessment of psychiatric symptomatology in youths with ASD and neurotypical youths 

(Bérubé, 2014; Pandolfi et al., 2012). 

In this analysis, the aim was to assess clinically relevant psychopathology outcomes. Several studies 

have suggested that the CBCL syndrome scales yield only modest associations with DSM-IV 

disorders, have limited positive predictive values, and do not map well onto specific diagnoses 

(Ferdinand, 2008; Nakamura et al., 2009). Achenbach et al. developed the CBCL DSM-oriented 
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scales to align more closely to DSM classification. DSM-oriented scales were derived through 

agreement in experts’ ratings of pre-existing items’ consistency with DSM-IV diagnostic criteria 

(Achenbach et al., 2001). There are six separate DSM-oriented scales- affective problems scale 

(items corresponding to symptoms of depression, dysthymia), anxiety problems scale (items 

corresponding to symptoms of generalised anxiety, separation anxiety and specific phobia), somatic 

problems scale (items corresponding to somatization symptoms), attention-deficit/hyperactivity 

problems scale (items corresponding to primarily hyperactive, primarily inattentive and combined 

subtypes), oppositional defiant problems (items corresponding to oppositional defiant disorder), and 

conduct problems (items corresponding to symptoms of conduct disorder) (Ebesutani et al., 2010). 

Nakamura et al. evaluated psychometric properties of the CBCL DSM-oriented scales in a clinic-

referred sample of youths and adolescents (n=673) and found good reliability (reliability coefficients 

ranging from 0.71 to 0.89), favourable internal consistency and excellent convergent and divergent 

validity of the scales (Nakamura et al., 2009). 

The CBCL DSM-oriented scales were used in this analysis as the outcomes of interest reflecting 

psychiatric phenotypes. All of the outcome measures in the CBCL were highly positively skewed, 

prohibiting simple transformation. Due to the highly skewed nature of the data and the objective of 

using clinically significant cutpoints, the variables were dichotomised for this analysis. A cutoff point 

was set at a T-score of 65 to identify a clinical risk group for each DSM-oriented scale. A score of 

above 65 indicated that the individual was in the clinical risk group. A score of below 65 indicated 

that the individual was not in the clinical risk group for the outcome.  

Table 2-1 presents a correlation matrix with tetrachoric correlations of the phenotypic variables 

assessed in the SSC proband dataset. The tetrachoric correlation coefficient (rt) measures the 

covariation between two dichotomous variables (El-Hashash et al., 2018). Several of the psychiatric 

phenotypic outcomes in the analysis were correlated, ranging from the lowest correlation between 

attention-deficit/hyperactivity problems and somatic problems (rt = 0.23) to the highest between 

oppositional defiant problems and conduct problems (rt = 0.76). Co-occurrence of psychiatric 

symptoms and optimal classification of psychiatric disorder is a well-known and widely-discussed 

issue in psychiatric clinical practice (Pincus et al., 2004) and research (Batstra et al., 2002) and is 

discussed further in the limitations section 2.4.1.3. As the six psychiatric outcomes measured by the 

DSM-oriented scales in this analysis are recognised as separate diagnostic entities in current 

classification systems (American Psychiatric Association, 2013; Diagnostic and statistical manual 

of mental disorders : DSM-IV, 1994; World Health, 2004), these outcomes were assessed as 

independent outcomes in this analysis.  
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Table 2-1. Tetrachoric correlations between the psychiatric phenotype variables in the SSC 

proband sample. 

 Affective 

Problems 

Anxiety 

Problems 

Somatic 

Problems 

ADHD 

Problems 

ODD 

Problems 

Conduct 

Problems 

Affective Problems -      

Anxiety Problems 0.56 -     

Somatic Problems 0.47 0.38 -    

ADHD Problems 0.40 0.36 0.23 -   

ODD Problems 0.52 0.45 0.32 0.54 -  

Conduct Problems 0.50 0.33 0.34 0.48 0.76 - 

Note: Correlation coefficients measured by tetrachoric correlation coefficient tr (El-Hashash et al., 2018), 

calculated using “tetrachoric” function in the “psych” package in R (W, 2019). ADHD, attention deficit 

hyperactivity disorder; ODD, oppositional defiant disorder. 

 

 

2.2.3 CNV Selection 

A list of neurodevelopmentally-associated CNVs was selected based on a list of ND CNVs 

previously described by Martin et al. (Martin et al., 2019), including CNVs previously implicated in 

autism spectrum disorder (Sanders et al., 2015), intellectual disability (Coe et al., 2014) and 

schizophrenia (Marshall et al., 2017). The CNVs associated with ASD were identified from de novo 

CNV findings by Sanders et al. from the Autism Genome Project (Pinto et al., 2014) in addition to 

the SSC findings (Sanders et al., 2015), yielding 12 de novo CNVs implicated in ASD with a false 

discovery rate (FDR) ≤ 0.1 (CNVs listed in table 2 of Sanders et al. 2015 (Sanders et al., 2015)). The 

ID associated CNVs were identified from Coe et al. and were derived from comparison of 29,085 

youths with developmental delay and 19,584 healthy controls (Coe et al., 2014). The list included 63 

autosomal CNVs, which are listed in the supplementary data of another publication by Rees et al. 

(Rees et al., 2016b). The schizophrenia associated CNVs were identified from the Psychiatric 

Genomics Consortium (PGC) centralised analysis of 21,094 cases and 22,227 controls, identifying 

eight CNV loci with genome-wide significance (included in Table 1 of that paper (Marshall et al., 

2017)). This yielded a list of 29 duplications and 40 deletions associated with at least one of these 

neurodevelopmental disorders. Full details of the ND CNV loci are presented in Appendix 1: 

Supplementary Tables, Table 7-1. 
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2.2.4 CNV data 

Rare de novo and inherited CNVs identified in SSC patients were downloaded from Sanders et al. 

2015 (Sanders et al., 2015). Rare CNVs were defined occurring at a population frequency ≤ 0.1% in 

either the Database of Genomic Variation (MacDonald et al., 2014) or among all 5,382 SSC parents 

(Sanders et al., 2015). CNVs were identified using three calling algorithms- PennCNV (Wang et al., 

2007), QuantiSNP (Colella et al., 2007) and GNOSIS (Sanders et al., 2011).  

The proband and sibling CNV data that was included in the Sanders et al. publication was cross-

referenced with the SSC phenotype data which resulted in a total of n=3600 individuals for whom 

both CNV and phenotype data was available.  

Individuals were called as carriers of ND CNVs if there was greater than 50% overlap with one of 

the genomic loci of interest. All ND CNVs identified in individuals in the analysis passed a pCNV2 

cut off point set by Sanders et al. The pCNV cut off point refers to a metric developed by Sanders et 

al. to improve the specificity of CNV predictions, the fact that all ND CNVs in the analysis passed 

the pCNV cut off point indicated that they were unlikely to be false positive or false negative calls 

(Sanders et al., 2015). 

 

2.2.5 Data analysis 

In the sample of youths with ASD, multiple logistic regression models were used to test associations 

between ND CNVs and six psychiatric outcomes analysed using the DSM-oriented scales of the 

CBCL: affective problems, anxiety problems, somatic problems, attention-deficit/hyperactivity 

problems, oppositional defiant problems, conduct problems. The dependent variables assessed all 

had dichotomous outcomes. VABS composite score, sex and age at assessment were included as 

covariates in the models. Predictor coefficients were tested using Wald tests and confidence intervals 

were obtained using the Wald method. Model fit was assessed using Nagelkerke pseudo R square 

index. 

Based on previous evidence suggesting sex differences in depression and anxiety phenotypic 

associations with ND CNVs [13, 21], an interaction variable (sex*NDD CNV status) was introduced 

 
2 There are many methods for predicting CNVs in SNP genotyping data. However, many of these methods can 

be prone to large numbers of false positives and false negatives, particularly when trying to identify extremely 

rare variants such as de novo CNVs. Sanders et al. developed a statistical approach to assess the accuracy of 

each predicted CNV. This method estimates a p-value for the null-hypothesis that there is no deviation from 

the expected distribution of data in the SNPs within a predicted CNV. This p-value is estimated by assessing 

the ratio of the likelihood of the observed deviation in log R ratio or B allele frequency for each SNP in a CNV 

in a region with two copies versus a region with one or three copies, depending the on type of CNV. The metric 

was optimized to identify rare and potentially de novo CNVs; an overview of the methodology is discussed by 

Sanders et al. in (Sanders et al., 2015). 
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to examine for differences in rates of these disorders in male and female carriers of ND CNVs in the 

ASD sample. 

Based on positive findings of significant associations between ND CNVs and specific psychiatric 

outcomes in the ASD sample, these associations were also tested for significance in the sample of 

ASD-unaffected siblings. A multiple logistic regression was used in this analysis, including VABS 

composite score, gender and age as relevant covariates. Model fit was assessed using Nagelkerke 

pseudo R square index. 

Statistical significance was set at p < 0.05. The results presented are not corrected for multiple 

comparisons as the analysis was considered exploratory. All analyses were completed in R version 

3.2.3 ("R Core Team. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria.," 2013).  
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2.3 Results 

2.3.1 ASD Proband Analysis 

2.3.1.1 Characteristics of Sample 

The sample consisted of a total of 1966 youths with ASD. There was a preponderance of males 

(86.8%) in the sample. Data collection for the SSC took place in stages, therefore the ages at which 

various instruments were completed on youths varied. Youths in the sample ranged in age from 

approximately 4-18 years. The median age of youths in the probands sample was 8.8 years (IQR 6.7-

11.3). Mean VABS composite score for the sample was 72.1 (SD = 11.8).  

 

2.3.1.2 ND CNV carrier status 

Neurodevelopmental copy number variants presented in n=63 (3.2%) of individuals in the sample. 

The ND CNVs identified in individuals in the SSC are presented in Appendix 1: Supplementary 

Tables,  

 

 

Table 7-2. The characteristics of the proband ND CNV carriers compared with non-carriers are 

presented in Table 2-2. ND CNV carriers and non-carriers did not differ significantly by sex, age or 

VABS composite score.  

Table 2-2. Comparison of characteristics of proband ND CNV carriers and non-carriers in the 

SSC. 

 

ND CNV status 

 

 

df 

Test 

statistic p 

 

ND CNV carriers 

(n =63) 

Non CNV carriers 

(n = 1903) 

 

   

Sex, M 

(%) 

 

51 

(81.0) 

 

1656 

(87.0) 

 

 
1 

 

1.47 a 

 

0.23 

 

Age, median 

(IQR) 

 

8.34 

(6.42-11.67) 

 

8.76 

(6.67-11.34) 

 

 
- 

 

62,272 b 

 

0.60 

 

VABS C, mean 

(SD) 

 

71.52 

(11.38) 

 

72.10 

(11.79) 

 

 
66.5 

 

0.39c 

 

0.70 

 

Note: ND CNV, neurodevelopmental copy number variant; VABS C, Vineland Adaptive Behaviour Scale 

composite score; IQR, interquartile range; SD, standard deviation; df, degrees of freedom. aChi-square. 
bMann-Whitney U test. cWelch two sample t-test 
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2.3.1.3 Psychiatric phenotypes 

Table 2-3 summarises the descriptive data for the psychiatric phenotypes analysed in the SSC 

proband sample, including sample numbers and the total counts of individuals presenting with 

clinical level symptoms on CBCL DSM-oriented scales (as discussed in section 2.2.2.2.1, psychiatric 

clinical risk groups were defined on CBCL DSM-oriented scales by a T-score above 65). 

 

Table 2-3. Summary of psychiatric phenotypes analysed.  

CBCL DSM-oriented scale 

Total 

N (max = 1,966) 

In clinical risk group 

N (%) 

Affective Problems 1,962 756 (38.5) 

Anxiety Problems 1,963 888 (45.2) 

Somatic Problems 1,962 293 (14.9) 

ADHD Problems 1,961 765 (39.0) 

ODD Problems 1,963 509 (25.9) 

Conduct Problems 1,963 380 (19.4) 

Note: ADHD, attention deficit hyperactivity disorder; ODD, oppositional defiant disorder. 

 

Table 2-4 presents the proportions of individuals in psychiatric clinical risk groups in the SSC 

proband sample with classification according to ND CNV status and sex. 
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Table 2-4. Proportions of individuals in psychiatric clinical risk groups in SSC proband sample. 

 

ND CNV Carriers 

N in clinical risk group/ N total1 (%) 

 Non-Carriers 

N in clinical risk group/ N total1 (%) 

CBCL DSM-oriented scale 

 

Male Female 

 

Male Female 

Affective Problems 12/50 (24.0%) 7/11 (63.6%)  640/1654 (38.7%) 97/247 (39.3%) 

Anxiety Problems 21/50 (42.0%) 3/11 (27.3%)  763/1655 (46.1%) 101/247 (40.9%) 

Somatic Problems 9/50 (18.0%) 0/11 (0%)  248/1654 (15.0%) 36/247 (14.6%) 

ADHD Problems 23/50 (46.0%) 6/11 (54.5%)  634/1653 (38.4%) 102/247 (41.3%) 

ODD Problems 14/50 (28.0%) 5/11 (45.6%)  427/1655 (25.8%) 63/247 (25.5%) 

Conduct Problems 12/50 (24.0%) 5/11 (45.6%)  308/1655 (18.6%) 55/247 (22.3%) 

Note: 1 N total refers to total in category with available phenotypic data. ADHD; attention deficit hyperactivity disorder; ODD, oppositional defiant disorder.
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2.3.1.4 Phenotype Analysis Results 

2.3.1.4.1 Affective Problems 

ND CNV was not a significant predictor of affective problems as a main effect (Table 2-5).  

 

Table 2-5. Multiple logistic regression model assessing ND CNV association with affective 

problems.  

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

 

Intercept 0.408 0.382 1.010 0.285 1.50 (0.71-3.18) 

 

ND CNV Status -0.340 0.281 -1.211 0.226 0.71 (0.40-1.22) 

 

Sex (Male) -0.066 0.137 -0.478 0.633 0.94 (0.72-1.23) 

 

VABS C -0.011 0.004 -2.706 0.007 0.99 (0.98-1.00) 

 

Age 

 

0.535 

 

0.015 

 

0.004 

 

0.997 

 

1.00 (0.97-1.03) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared = 0.01. 

 

 

There was a significant effect of sex as an interaction variable in the model (p=0.02) suggesting sex 

differences in affective problems associated with ND CNV carrier status (Table 2-6). Females with 

an ND CNV were more likely to be in the clinical risk group for affective problems compared to 

males with (OR 5.39, 95% CI 1.02 - 32.79)3 or without (OR 2.70, 95% CI 1.04 – 8.00) an ND CNV. 

Females with ND CNVs did not have statistically significant higher odds of being in the clinical risk 

group for affective problems compared with females without ND CNVs (OR 2.70, 95% CI 0.79 – 

10.57). The proportions of individuals in the affective problems clinical risk group are presented in 

Table 2-4, with classification according to ND CNV status and sex. Of eleven female carriers of ND 

CNVs in the sample, 7 (63.6%) were in the clinical risk group for affective problems. There were 50 

male carriers of ND CNVs with affective phenotype data in the sample, 12 (24%) of whom were in 

the affective problems clinical risk group. The proportions of males and females in the affective 

 
3 Chen emphasised the importance of careful interpretation of statistical interaction effects for accurate 

reporting of complex statistical models. Methods for correct interpretation of interaction effects from multiple 

logistic regression models are provided in (Chen, 2003). An example of the method used for calculation of the 

odds ratios for affective problems in males and females depending on ND CNV status is presented in 

Appendix 2: Supplementary Figures, Figure 7-1. 
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problems clinical risk group were similar (males - 38.7%, females - 39.3%) within the non-ND CNV 

carrier group (Figure 2-1).  

Odds of being in the clinical risk group for affective problems decreased with increase in level of 

adaptive behaviour (per point increase in VABS Composite Score, odds of affective problems 

decreased by OR 0.99 (95% CI 0.98-1.00), p = 0.007). 

 

Table 2-6. Multiple logistic regression model assessing ND CNV association with affective 

problems including ND CNV status and sex interaction variable.  

 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

 

Intercept 0.342 0.383 0.893 0.372 1.41 (0.66-2.99) 

 

ND CNV status 0.995 0.641 1.552 0.121 2.71 (0.79-10.57) 

 

Sex (Male) 0.001 0.140 0.005 0.996 1.00 (0.76-1.32) 

 

VABS C -0.011 0.004 -2.691 0.007 0.99 (0.98-1.00) 

 

Age 0.001 0.015 0.042 0.967 1.00 (0.97-1.03) 

 

ND CNV status*Sex 

(Male) 

 

-1.687 

 

0.724 

 

-2.332 

 

0.020 

 

0.19 (0.04-0.74) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared = 0.01. 
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Figure 2-1. Proportion of individuals in affective problems clinical risk group by ND CNV 

status and sex. 

 

 

 

 

2.3.1.4.2 Anxiety Problems 

ND CNV status was not significantly associated with anxiety problems in the main effects model 

(Table 2-7) and there was no significant interaction between ND CNV status and sex in association 

with anxiety problems (Table 2-8). Age predicted anxiety problems significantly; the odds of being 

in the clinical risk group for anxiety problems increased with each year (OR 1.03, 95% CI 1.00-1.06, 

p = 0.036 in the main effects model) (Table 2-7). 



37 

 

Table 2-7. Multiple logistic regression model assessing ND CNV association with anxiety 

problems.  

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

 

Intercept -0.902 0.375 -2.405 0.016 0.41 (0.19-0.85) 

 

ND CNV status -0.227 0.267 -0.851 0.395 0.80 (0.47-1.34) 

 

Sex (Male) 0.232 0.136 1.700 0.089 1.26 (0.97-1.65) 

 

VABS C 0.003 0.004 0.785 0.433 1.00 (1.00-1.01) 

 

Age 

 

0.031 

 

0.015 

 

2.102 

 

0.036 

 

1.03 (1.00-1.06) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared = 0.01. 

 

 

 

 

Table 2-8. Multiple logistic regression model assessing ND CNV association with anxiety 

problems including ND CNV status and sex interaction variable. 

 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

Intercept -0.886 0.376 -2.357 0.018 0.41 (0.20-0.86) 

 

ND CNV status -0.582 0.690 -0.844 0.399 0.56 (0.12-1.99) 

 

Sex (Male) 0.217 0.139 1.559 0.119 1.24 (0.95-1.63) 

 

VABS C 0.003 0.004 0.781 0.435 1.00 (1.00-1.01) 

 

Age 0.031 0.015 2.093 0.036 1.03 (1.00-1.06) 

 

ND CNV status*Sex (Male) 

 

0.423 

 

0.749 

 

0.565 

 

0.572 

 

1.53 (0.38-7.76) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared = 0.01. 
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2.3.1.4.3 Somatic Problems 

ND CNV status was not significantly associated with somatic problems in the sample. Sex, age and 

adaptive behaviour also were not significant predictors of somatic problems in the sample. 

 

Table 2-9. Multiple logistic regression model assessing ND CNV association with somatic 

problems.  

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

Intercept -1.332 0.520 -2.563 0.010 0.26 (0.09-0.73) 

 

ND CNV status -0.018 0.367 -0.050 0.960 0.98 (0.45-1.92) 

 

Sex (Male) 0.092 0.193 0.477 0.633 1.10 (0.76-1.62) 

 

VABS C -0.004 0.006 -0.683 0.494 1.00 (0.99-1.01) 

 

Age 

 

-0.023 

 

0.021 

 

-1.104 

 

0.270 

 

0.98 (0.94-1.02) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared < 0.01. 

 

 

 

 

 

 

2.3.1.4.4 Attention-deficit/Hyperactivity Problems 

ND CNV status was not significantly associated with attention-deficit/hyperactivity problems in this 

sample. Adaptive behaviour and age were significantly associated with attention-

deficit/hyperactivity problems. Odds of being in the clinical risk group for attention-

deficit/hyperactivity problems decreased as VABS composite score increased (per point increase in 

VABS composite Score, odds decreased by OR 0.98 (95% CI 0.97-0.99, p =1.38e-05). Odds of being 

in the clinical risk group for attention-deficit/hyperactivity problems also decreased with increasing 

age (per year increased age, odds decreased by OR 0.95 (95% CI 0.92-0.98, p = 6.93e-04) (Table 

2-10). 
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Table 2-10. Multiple logistic regression model assessing ND CNV association with attention-

deficit/hyperactivity problems.  

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

Intercept 1.423 0.385 3.697 2.18e-04 4.15 (1.96-8.84) 

 

ND CNV Status 0.340 0.262 1.295 0.195 1.40 (0.84-2.35) 

 

Sex (Male) -0.110 0.137 -0.806 0.420 0.90 (0.69-1.17) 

 

VABS C -0.018 0.004 -4.347 1.38e-05 0.98 (0.97-0.99) 

 

Age 

 

-0.052 

 

0.015 

 

-3.393 

 

6.93e-04 

 

0.95 (0.92-0.98) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared = 0.02. 

 

 

 

 

2.3.1.4.5 Oppositional Defiant Problems 

ND CNV status was not significantly associated with odds of being in the clinical risk group for 

oppositional defiant problems. None of the other variables in the model predicted odds of having 

oppositional defiant problems (Table 2-11).  

 

Table 2-11. Multiple logistic regression model assessing ND CNV association with oppositional 

defiant problems.  

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

Intercept -0.697 0.423 -1.648 0.099 0.50 (0.22-1.14) 

 

ND CNV status 0.253 0.281 0.897 0.370 1.29 (0.73-2.20) 

 

Sex (Male) -0.030 0.152 -0.195 0.846 0.97 (0.72-1.32) 

 

VABS C -0.001 0.005 -0.173 0.863 1.00 (0.99-1.01) 

 

Age 

 

-0.030 

 

0.017 

 

-1.789 

 

0.074 

 

0.97 (0.94-1.00) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared < 0.01. 
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2.3.1.4.6 Conduct problems 

ND CNV status was not a significant predictor of odds of having conduct problems in the sample. 

Adaptive behaviour and age were both significant predictors of conduct disorder problems in the 

sample. Odds of being in the clinical risk group for conduct problems decreased as VABS composite 

score increased (per point increase in VABS composite Score, odds decreased by OR 0.98 (95% CI 

0.97-0.99, p = 4.96e-05). Odds of being in the clinical risk group for conduct problems also decreased 

with increasing age (per year increased age, odds decreased by OR 0.92 (95% CI 0.88-0.95, p = 

1.09e-05) (Table 2-12). 

 

Table 2-12. Multiple logistic regression model assessing ND CNV association with conduct 

problems.  

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

Intercept 1.036 0.467 2.218 0.027 2.82 (1.13-7.04) 

 

ND CNV status 0.458 0.295 1.554 0.120 1.58 (0.86-2.77) 

 

Sex (Male) -0.252 0.162 -1.559 0.119 0.78 (0.57-1.07) 

 

VABS C -0.021 0.005 -4.057 4.96e-05 0.98 (0.97-0.99) 

 

Age 

 

-0.085 

 

0.019 

 

-4.398 

 

1.09e-05 

 

0.92 (0.88-0.95) 

 

Note: Significant variables highlighted in bold. VABS C- Vineland adaptive behaviour scale composite 

score. Nagelkerke pseudo r squared = 0.03. 

 

 

 

 

 

2.3.2 Sibling Analysis 

Increased likelihood of clinical risk for affective problems was identified for females carrying ND 

CNVs in youths with ASD in the SSC sample. The association of ND CNV with affective problems 

was explored in the SSC sibling cohort. I hypothesised that there would also be an interaction effect 

of sex and ND CNV status with affective problems.  

2.3.2.1 Characteristics of sample 

The SSC sibling sample consisted of a total of 1634 siblings of youths with ASD. There was a lower 

proportion of males (n=750, 45.9%) than females in the sibling sample. As noted for the proband 

data, data collection for the SSC took place in stages, therefore the ages at which various instruments 
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were completed on youths varied. Youths in the sample ranged in age from approximately 4-18 years. 

The median age of youths in the sibling sample was 9.2 (IQR 7.1-12.0). Siblings were excluded from 

the sample if they presented with intellectual disability or a VABS composite score of less than 70. 

Mean VABS composite score for the sample was 103.3 (SD=11.2).  

 

2.3.2.2 ND CNV carrier status 

Neurodevelopmental copy number variants presented in n=18 (1.1%) of individuals in the sample. 

The ND CNVs identified in individuals in the SSC are presented in Appendix 1: Supplementary 

Tables,  

 

 

Table 7-2. The characteristics of the sibling ND CNV carriers compared with non-carriers are 

presented in Table 2-13. ND CNV carriers and non-carriers did not differ significantly by sex, age 

or VABS composite score.  

 

Table 2-13. Comparison of characteristics of sibling ND CNV carriers and non-carriers in the 

SSC. 

 ND CNV status  df 

Test 

statistic p 

 

ND CNV carriers 

(n =18) 

Non CNV carriers 

(n = 1616)     

Sex, M 

(%) 

7 

(38.9) 

743 

(46.0)  1 0.13a 0.72 

 

Age, median 

(IQR) 

7.71 

(6.71-10.36) 

9.18 

(7.09-12.01)  - 17116b 0.20 

 

VABS C, median 

(IQR) 

 

103.00 

(92.25-111.75) 

 

102.00 

(96.00-110.00) 

  

- 

 

14810b 

 

0.87 

 

Note: ND CNV, neurodevelopmental copy number variant; VABS C, Vineland adaptive behaviour scale 

composite score; IQR, interquartile range; df, degrees of freedom. a Chi square. b Mann Whitney U test 

 

 

2.3.2.3 Psychiatric phenotypes 

Affective problems presented in 5.5% of the SSC sibling sample, a much lower prevalence than in 

the proband sample where 38.5% of individuals presented in the affective problems clinical risk 
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group. Table 2-14 presents the proportions of individuals in the affective clinical risk group in the 

SSC sibling sample with classification according to ND CNV status and sex. 
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Table 2-14. Proportions of individuals in affective clinical risk group in SSC sibling sample. 

 

ND CNV Carriers  

N in clinical risk group/ N total1 (%)  

Non-Carriers 

N in clinical risk group/ N total1 (%) 

CBCL DSM-oriented scale 

 

Male Female  Male Female 

 

Affective Problems 0/7 (0%) 3/11 (27.3%)  45/741 (6.1%) 42/872 (4.8%) 

Note:1 N total refers to total in category with available phenotypic data. 
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2.3.2.4 Phenotype Analysis Results 

2.3.2.4.1 Affective problems 

None of the n = 7 males with ND CNVs in the sibling sample were in the clinical risk group for 

affective problems prohibiting estimation of meaningful parameters for the ND CNV and sex 

interaction variable for this outcome. However, omitting the ND CNV and sex interaction variable 

identified a main effect of ND CNV status for odds of affective problems in the sample (Table 2-15). 

ND CNV carriers were more likely to be in the clinical risk group for affective problems (OR 4.14, 

95% CI 1.15-14.83, p = 0.029) than non-carriers. It is notable that this result is based on a small 

sample size of ND CNV carriers (ND CNV carriers=18). The effect was largely attributable to three 

of 11 (27.3%) female sibling ND CNV carriers who were in the clinical risk group for affective 

problems (Table 2-14). 

Adaptive behaviour and age were also significant predictors of odds of having affective problems in 

the sibling sample. Odds of being in the clinical risk group for affective problems decreased with 

increasing level of adaptive behaviour (per point increase in VABS composite Score, odds of 

affective problems decreased by OR 0.98 (95% CI 0.96-0.99, p = 0.012). Odds of being in the clinical 

risk group for affective problems increased in the sibling sample with age (per year increased age, 

odds increased by OR 1.12, (95% CI 1.05-1.19, p = 4.23e-04) (Table 2-15).  

 

Table 2-15. Multiple logistic regression model assessing ND CNV main effect association with 

affective problems in the SSC sibling sample. 

 

Variable  SE 

Wald  

statistic (Z) P OR (95% CI) 

Intercept -1.521 1.091 -1.394 0.163 0.22 (0.03-1.86) 

 

ND CNV status 1.420 0.651 2.181 0.029 4.14 (1.15-14.83) 

 

Sex (Male) 0.115 0.222 0.517 0.605 1.12 (0.73-1.73) 

 

VABS C -0.025 0.010 -2.509 0.012 0.98 (0.96-0.99) 

 

Age 

 

0.114 

 

0.032 

 

3.526 

 

4.23e-04 

 

1.12 (1.05-1.19) 

 

Note: Significant variables highlighted in bold. VABS- Vineland adaptive behaviour scale. Nagelkerke 

pseudo r squared = 0.05. 
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2.4 Discussion 

A substantial proportion of youths with ASD (~15%) are diagnosed with pathogenic CNVs on routine 

CMA testing. Although a body of knowledge is developing regarding psychiatric risk associated with 

ND CNVs, there is a significant deficit in the understanding of psychiatric risk associated with ND 

CNVs in youths with ASD and in particular whether risk arises in addition to ASD as an outcome. 

An improved understanding of psychiatric risk profiles associated with ND CNVs in youths with 

ASD can inform genetic counselling and optimal surveillance of psychiatric risk in these youths.  

In this analysis of youths with ASD, sex differences were identified in the effect of ND CNV status 

on odds of having affective problems. Females with an ND CNV were more likely to present in a 

clinical risk group for affective problems compared with males with or without ND CNVs. Previous 

studies have also reported evidence of sex-specific associations between CNVs and depression 

outcomes. Martin et al. reported that females with anxiety or depression were more likely to carry 

large, rare CNVs than males in a population sample of youths (Martin et al., 2019). Kendall et al. 

observed higher rates of depression among adult female carriers of ND CNVs than among adult male 

carriers (Kendall et al., 2019). In the study described by Kendall et al., individuals with ASD and 

other NDDs were removed from the sample, indicating that the association between ND CNVs and 

depression may be independent of neurodevelopmental co-morbidity. In a sample of ASD-unaffected 

siblings assessed here, ND CNV status was significantly associated with increased likelihood of 

having affective problems (OR 4.14, p = 0.029); this effect was driven by female carriers of ND 

CNVs only. Large confidence intervals were associated with the effects of ND CNVs in this analysis, 

due to small sample sizes of carriers of ND CNVs in both cohorts.  

No evidence was identified of association between ND CNVs and other psychopathological 

outcomes, including anxiety, somatic, attention-deficit/hyperactivity, oppositional defiant or conduct 

problems in youths with ASD.  

The high rates of psychopathology reported in the youths with ASD in this sample are striking (Table 

2-3). Rates of anxiety problems, affective problems and attention-deficit/hyperactivity problems 

were particularly high at 45.2%, 38.5% and 39.0% respectively. These high rates of comorbidities 

are consistent with previous studies (Bitsika et al., 2015; Gjevik et al., 2011; Simonoff et al., 2008; 

Stevens et al., 2016; Strang et al., 2012; van Steensel et al., 2011) and emphasise the burden of mental 

health problems experienced by this group of young people.  
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2.4.1 Limitations 

2.4.1.1 Sample size and representativeness 

A limitation that frequently presents in phenotype analyses of ND CNVs is the low prevalence of 

these genotypes in populations, even in neurodevelopmental cohorts. In the samples analysed in this 

study 63 ND CNV carriers (3.2%) were identified in the sample of ASD probands and 18 ND CNV 

carriers (1.1%) were identified in the sample of ASD-unaffected siblings. The small sample sizes of 

ND CNV carriers limit the power to detect associations with increased risk of psychopathologies, if 

such associations exist. 

A lack of association was identified in the analysis between ND CNVs and anxiety, somatic, 

attention-deficit/hyperactive, oppositional defiant and conduct problems. These findings may reflect 

a true lack of association between these variables. If associations do exist however, larger sample 

size would be required to facilitate identification of associations.  

The SSC was designed for simplex pedigrees specifically and therefore may not be generalizable to 

the ASD population as a whole. Siblings of children with ASD are known to be at increased risk of 

having psychiatric disorders (Jokiranta-Olkoniemi et al., 2016) and are therefore not representative 

of a general population of ASD-unaffected youths.  

 

2.4.1.2 Secondary analysis of a retrospective cohort 

The data used in this analysis was obtained from a retrospective cohort collection. A wealth of data 

was collected for the Simons Simplex Collection, which has yielded opportunities for many research 

groups to conduct a wide range of interesting studies on the data. However, one of the limitations of 

secondary analysis of existing datasets is that the data cannot be tailored to the aims of every research 

study.  

In this analysis, psychiatric phenotypes were the primary outcome for analysis. The measure used to 

identify psychopathology in this analysis was the Child Behaviour Checklist (CBCL), a screening 

questionnaire which is used to identify those who are likely to be at clinical risk for psychiatric 

disorders but does not provide a reliable diagnosis of disorder. The CBCL has limitations in terms of 

accuracy for identifying psychiatric disorders in children with ASD (Gjevik et al., 2015). 

Identification of affective disorders has been reported to be good, but limitations have been described 

in specificity for identifying ADHD, ODD and anxiety disorders. Additionally, sensitivity for anxiety 

disorders is reported to be poor (Gjevik et al., 2015). These limitations may have contributed to 

heterogeneity in the outcomes and may have compromised the power of the analysis to detect 

associations. 
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The use of more comprehensive structured or semi-structured diagnostic interviews adapted for 

youths with ASD such as the Autism Comorbidity Interview (ACI) (Leyfer et al., 2006) may facilitate 

reliability in determining clinical cases improving homogeneity in samples, which may facilitate 

identification of any existing associations with ND CNVs.  

 

2.4.1.3 Psychiatric phenotypic outcomes 

Several of the psychiatric phenotypic outcomes in the analysis were correlated, ranging from the 

lowest correlation between attention-deficit/hyperactivity problems and somatic problems (rt = 0.23) 

to the highest between Oppositional defiant disorder problems and conduct problems (rt = 0.76). Co-

occurrence of psychiatric symptoms and optimal classification of psychiatric disorder is a well-

known and widely-discussed issue in psychiatric clinical practice (Pincus et al., 2004) and research 

(Batstra et al., 2002; Newman et al., 1998). The current approach of the most widely used 

classification systems in psychiatric clinical practice (ICD (World Health, 2004) and DSM 

(American Psychiatric Association, 2013; Diagnostic and statistical manual of mental disorders : 

DSM-IV, 1994)) is to classify psychiatric disorders as discrete disorders characterised by particular 

symptom sets. As the six DSM-oriented scale outcomes in this analysis are recognised as separate 

diagnostic entities in current classification systems, these outcomes were assessed as independent 

outcomes in this analysis.  

The outcomes assessed in this analysis were categorical dichotomous outcomes. Although 

categorization of variables is common in clinical research, dichotomization of variables can impact 

negatively on the power of the analysis (Royston et al., 2006). Dimensional approaches to research, 

focusing on measures that may present within and across disorders, such as the Research Domain 

Criteria (RDoC) project under development with the National Institute of Mental Health (NIMH) 

(Cuthbert, 2014) are an alternative approach to consider in examining phenotypic associations with 

ND CNVs in the future.  

 

2.4.1.4 Power of analyses 

Post hoc power analyses confirmed limitations in the power of this study to detect associations 

between ND CNV status and the psychiatric outcomes assessed in the SSC ASD proband sample. 

With the effect sizes identified in the analyses, the power for detecting associations varied from 5-

37% in the outcomes assessed, indicating that much larger samples will be required to detect 

associations in future studies (Table 7-3). The analysis in the SSC sibling sample had power of 56% 

to detect associations, also indicating a need for larger samples to reliably identify associations (Table 

7-3). 
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2.4.1.5 Exclusion criteria for sibling recruitment 

The SSC protocol excluded siblings who had been diagnosed with any psychiatric disorder that 

required treatment with two or more psychotropic medications (Fischbach et al., 2010). Therefore, 

the siblings most affected by psychiatric disorders were not part of the SSC sample and psychiatric 

disorder was likely under-represented in the sibling sample. The SSC sibling sample likely does not 

generalise to all siblings of children with ASD, or to more general neurotypical populations of 

children. 

Siblings were also excluded if they were identified as having mental retardation or an adaptive 

behaviour standard score on the Vineland-II of less than 70 (Fischbach et al., 2010). A well-

established phenotype associated with neurodevelopmental CNVs is a negative impact on cognitive 

functioning (Kendall et al., 2019; Sanders et al., 2015; Stefansson et al., 2014). In excluding siblings 

with ID or an adaptive behaviour score of less than 70, individuals more likely to have 

neurodevelopmental CNVs may have been excluded from the sample. ND CNVs may have been 

under-represented in the sibling group. 

 

2.4.1.6 Multiple testing 

Corrections were not made for multiple testing in this analysis. The analysis was considered 

exploratory in nature and replication of the outcomes will be pursued in future work.  

 

2.4.2 Impact 

The findings from this study add further support to possible sex differences in the phenotypic effects 

of ND CNVs, indicating an increased likelihood of depression in females with ND CNVs in a sample 

of youths with ASD. An increased likelihood of having depressive symptomatology associated with 

ND CNVs was also identified in a sample of ASD unaffected siblings; driven by female ND CNV 

carriers. The small sample sizes of ND CNV carriers in this analysis preclude confident interpretation 

of the findings, however in the context of previous studies also reporting sex-specific phenotypic 

effects of ND CNVs (Kendall et al., 2019; Martin et al., 2019), the finding of this analysis warrant 

further investigation in larger cohorts of youths with ASD. 

The potential implications of a sex-specific association between ND CNVs and affective problems 

in youths with ASD are important to consider. Depression is a disabling comorbidity for youths with 

ASD that can result in significant functional impairment and distress; depression is also a major risk 

factor for suicidal ideation in youths with ASD (Mayes et al., 2013). Diagnosis of depression in 

youths with ASD can be complicated by phenotypic overlap between the two conditions. Core 

features of ASD may mask depressive symptomatology and depression presentations may be atypical 
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in youths with ASD (Magnuson et al., 2011). These clinical challenges in identifying depression in 

youths with ASD can delay diagnosis and therapeutic input. In the sample of youths with ASD 

analysed here, 64% (n = 7/11) of the females with ND CNVs were in the clinical risk group for 

affective problems. Females with an ND CNV were significantly more likely to present with 

depressive symptoms than males with (OR 5.39, 95% CI 1.02 - 32.79) or without (OR 2.70, 95% CI 

1.04 – 8.00) an ND CNV. An increased risk of depressive symptoms in females with ASD who carry 

ND CNVs could be important information for the individuals themselves and their families to have, 

as well as their clinicians. Early identification of depressive symptomatology in these young people 

could facilitate early diagnosis and access to appropriate services and interventions, potentially 

mitigating prolonged periods of functional impairment and distress.  

If the finding of an association between ND CNVs and risk of depressive symptomatology in the 

sibling sample in this analysis is replicated in larger cohorts of youths, this could also have important 

implications. Youths who carry ND CNVs who do not present with ASD may be at increased risk of 

developing depression as well. Siblings of youths with ASD with ND CNVs may also undergo 

genetic testing for ND CNV carrier status in some contexts and those diagnosed with ND CNVs may 

be at increased risk of developing depression, even in the absence of an ASD diagnosis. This could 

facilitate early diagnosis and intervention for these young people as well. Establishing sex-specific 

effects will be important in ND CNV carriers who are unaffected by ASD, as females may be at 

increased risk in this group based on our preliminary findings and previous findings in child (Martin 

et al., 2019) and adult population studies (Kendall et al., 2019). 

2.5 Conclusion 

The data from this analysis indicate that for youths with ASD, females with ND CNVs may be at 

higher risk of presenting with depression symptomatology than males with or without ND CNVs. 

These findings require replication in larger datasets. If replicated, the findings would indicate a need 

for early targeted psychiatric screening of female ASD ND CNV carriers. Early detection of 

psychiatric disorders could facilitate earlier treatment and potentially limit associated morbidity. 

Analysis of a sample of ASD-unaffected siblings indicated an association between ND CNVs and 

depressive symptomatology; this association may also be caused a higher risk in females only, but 

this cannot be confirmed without exploration of the finding in larger cohorts of youths. 

Longitudinal studies will be crucial to an improved understanding of psychiatric co-morbidity in 

youths with ASD and the relationship with ND CNV status. Longitudinal studies would allow the 

careful characterisation over time of symptoms of depression in youths with ASD who carry ND 

CNVs and who do not carry ND CNVs. This could yield insights into aetiological subtypes of 

depression in youths with ASD and could be helpful in disentangling the complex clinical overlap 

between ASD and depression.  
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Chapter 3: Investigation of psychiatric phenotypes associated with 

neurodevelopmental copy number variants in a large population-

based clinical cohort of youths 

 

3.1 Introduction 

3.1.1 Background 

Neurodevelopmental copy number variants (ND CNVs) are associated with risk of depression 

(Kendall et al., 2019; Stefansson et al., 2014) and suicidal ideation (SI) (Stefansson et al., 2014) in 

general adult populations. Significant associations between ND CNVs and important 

psychopathologies such as depression, anxiety and subclinical psychotic symptoms have not been 

seen in childhood population samples (Guyatt et al., 2018; Martin et al., 2019). Case control studies 

suggest that ND CNV carriers (adult and child) may be at substantially increased risk of a range of 

psychopathologies compared with controls (Chawner et al., 2019; Hanson et al., 2015; Niarchou et 

al., 2014). Furthermore it appears that reported increases in the risk of psychopathology are not solely 

mediated by neurodevelopmental comorbidities such as autism spectrum disorder (ASD) and 

intellectual disability (ID) (Hanson et al., 2015; Niarchou et al., 2014). Intriguingly, evidence 

suggests that sex may moderate depression and anxiety phenotypes associated with ND CNVs 

(Kendall et al., 2019; Martin et al., 2019). 

There have been limited investigations of the association between ND CNVs and childhood onset 

psychiatric disorders to date. In chapter 2, I reported an association between ND CNV status and 

depression symptomatology in female autistic youth. Similarly, there was an association between 

ND CNV and depression symptomatology in siblings of autistic youth, indicating that ND CNVs 

may also be associated with depression risk in youths without ASD. 

There is a significant need to understand psychiatric risk that may be associated with ND CNVs in 

more general populations of youths. ND CNVs have incomplete penetrance for neurodevelopmental 

disorders (NDDs) such as ASD and ID in childhood and many carriers may not have major NDDs. 

Identifying whether a wider spectrum of psychiatric risk is associated with ND CNV status will be 

relevant for these individuals and their families. Increasingly, cytogenetic microarray genetic testing 

is completed in a range of children with mild developmental delays presenting to developmental 

paediatrics, not only those with moderate to severe ID or ASD (Fan et al., 2018; Moeschler et al., 

2014; Vissers et al., 2010). Positive test results may cause concern for parents, given the uncertainty 

of neurodevelopmental and neuropsychiatric outcomes. More concerning, in many contexts routine 
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antenatal testing includes screening for ND CNVs which has the potential to influence pregnancy 

decisions based on limited evidence (Govaerts et al., 2017). It is crucial therefore to provide accurate 

information regarding psychiatric risk and ND CNVs to inform antenatal (where relevant) and 

paediatric genetic counselling.  

This analysis aimed to address deficits in our clinical understanding of the impact of ND CNVs on 

NDD and psychiatric outcomes by investigating these relationships in a large clinical population 

cohort (n = 8,205) of youths recruited through the Children’s Hospital of Philadelphia (CHOP), the 

Philadelphia Neurodevelopmental Cohort (PNC).  

  

3.1.2 Aims and Hypotheses 

The first aim of this analysis was to assess the relationship between ND CNV carrier status and four 

major outcomes reflective of significant psychopathology (internalising disorders, externalising 

disorders, subclinical psychotic symptoms and suicidal ideation) in the PNC cohort. It was 

hypothesised that youths with ND CNVs would have higher rates of psychopathology compared with 

those without ND CNVs.  

The second aim of the analysis was to assess sex differences in the effects of ND CNVs on 

internalising disorders. Based on prior observations of sex differences in the effects of ND CNVs on 

anxiety (Martin et al., 2019) and depression phenotypes (Kendall et al., 2019; Martin et al., 2019), it 

was hypothesised that there would be observable sex differences in the effects of ND CNV on 

internalising psychiatric disorders.  

The third aim was to identify whether NDD comorbidity was a major determinant for increased risk 

of psychopathology associated with ND CNVs in a clinical cohort of youths. Increased risk of ASD 

and ID are well-established in ND CNV carriers (Coe et al., 2014; Kirov et al., 2014; Sanders et al., 

2015) and these are in turn associated with increased risk of psychiatric disorders compared with 

neurotypical populations (Abdallah et al., 2011; Lugo-Marín et al., 2019; Skokauskas et al., 2012a) 

(Einfeld et al., 2011). Therefore, increased risk of psychopathology associated with ND CNVs may 

occur as a result of increased rates of NDDs in ND CNV carriers. However, a number of studies have 

indicated that increased risk of psychopathology associated with ND CNV status is not solely 

attributable to neurodevelopmental comorbidity (Kendall et al., 2019; Niarchou et al., 2014; 

Stefansson et al., 2014). In this analysis, it was hypothesised that increased risk of psychopathology 

associated with ND CNVs would be conferred separately to ASD or ID comorbidity.  

These hypotheses were tested using genetic and phenotype data from a publicly available large cohort 

of youths (n=8,205), the Philadelphia Neurodevelopmental Cohort (PNC). 
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3.2 Materials and methods 

3.2.1 Sample 

3.2.1.1 The Philadelphia Neurodevelopmental Cohort 

The PNC is a population-based prospectively ascertained clinical sample of 8-21 year old youths 

(Calkins et al., 2015). The data in the PNC was collected through a collaboration between the 

Children’s Hospital of Philadelphia (CHOP) and the University of Pennsylvania. The data collected 

were made publicly available through the National Institute of Mental Health’s Database of 

Genotypes and Phenotypes (dbGaP) and were downloaded for use in this study from the dbGaP 

website, under phs000607.v3.p2 (https://www.ncbi.nlm.nih.gov/projects/gap/cgi-

bin/study.cgi?study_id=phs000607.v3.p2). Data access approval available in Appendix 3: Data 

Access Approval, Figure 7-6. 

Participants for the PNC were recruited by the Center for Applied Genomics at CHOP between 2006 

and 2012 through a paediatric healthcare network in community sites in Pennsylvania, New Jersey 

and Delaware. The team recruited 50,293 youths who were genotyped and who provided written 

informed consent (for participants aged ≥ 18 years) and written assent and permission from a parent 

or legal guardian (for those aged < 18 years) for re-contact for future studies and authorizing access 

to their Electronic Medical Records (EMR). The majority of individuals (70%) were ascertained 

through outpatient medicine and 30% through preoperative surgery clinics. Participants were not 

recruited through psychiatric clinics (Merikangas et al., 2015b). The EMRs of the participants were 

reviewed for preliminary eligibility for the PNC study. Potential participants were included if they 

were between 8-21 years, had provided written informed consent/assent to be re-contacted for future 

studies, were proficient in the English language and would be able to complete the study procedures 

including computerized neurocognitive testing. Youths with significant developmental delays or 

physical conditions that would impair their ability to complete study procedures (including 

significant hearing loss) were not invited to participate in the study (Calkins et al., 2015; Merikangas 

et al., 2015b). As a result of the screening procedure, 19,161 youths were eligible for further 

participation in the study. Participants were enrolled on the study between November 2009 and 

December 2011. Participants were contacted via a letter introducing the study and were subsequently 

contacted by phone. The University of Pennsylvania and CHOP Institutional Review Boards 

approved the procedures associated with the PNC (Calkins et al., 2015). Of the 19,161 individuals 

who were screened as eligible for further participation, 13,598 were invited to participate further, 

9,498 were enrolled and 9,421 completed the assessment. The recruitment flow chart and 

demographic details of the recruitment pool (n=19,161) of the PNC sample are available from 

Calkins et al. (Calkins et al., 2015) and are presented in Appendix 2: Supplementary Figures, Figure 

7-2 and Appendix 1: Supplementary Tables, Table 7-4 respectively. 

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v3.p2
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v3.p2
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3.2.1.2 Phenotype Measures 

3.2.1.2.1 Psychopathology Assessment in the PNC 

Clinical phenotypic data was collected in the PNC through a computerised, structured interview- 

named “GOASSESS”, an assessment developed from a modified version of the epidemiologic 

version of the NIMH Genetic Epidemiology Research Branch Kiddie-Schedule for Affective 

Disorders and Schizophrenia (K-SADS) (Calkins et al., 2015; Merikangas et al., 2009b). The K-

SADS is a semi-structured interview designed to assess DSM-IV disorders. It consists of a screening 

interview covering a range of disorders and further interviews with questions relating to specific 

disorders. The K-SADS is widely used in clinical practice and research of psychiatric disorders in 

children (Kaufman et al., 1997). The K-SADS is also used in studies to assess comorbid psychiatric 

disorders in children with ASD (Gjevik et al., 2015). The GOASSESS interview was modified from 

the K-SADS with the aims of allowing rapid training and standardization across many assessors and 

allowing brief administration in order to facilitate high throughput of assessments (100-165 

participants per week). Modifications of the K-SADS for the GOASSESS included the addition of 

diagnostic screening questions from the adolescent version of the WHO Composite International 

Diagnostic Interview (CIDI) to the start of each psychopathological domain, the inclusion of 

dimensional ratings of distress and impairment associated with symptoms and some variations from 

the K-SADS in the response options for symptoms (Calkins et al., 2015). The GOASSESS interview 

was administered to the youth and/or caregivers to collect clinical information. Additional response 

variables in the GOASSESS interview included demographics, medical and medication history, the 

Children’s Global Assessment Scale (Shaffer et al., 1983), and interviewer observations. 

The psychopathology assessment addressed psychiatric and psychological treatment history and 

lifetime occurrence of psychopathological domains including mood (major depressive episode, 

manic episode), anxiety (generalised anxiety disorder, separation anxiety disorder, specific phobia, 

social phobia, panic disorder, agoraphobia, obsessive compulsive disorder, agoraphobia, post-

traumatic stress disorder), attention deficit hyperactivity disorder (ADHD), behavioural disorders 

(oppositional defiant disorder, conduct disorder), eating disorders (anorexia nervosa, bulimia 

nervosa) and death wish and suicidal ideation. The dataset included screening questions for relevant 

disorders and additional data consistent with Diagnostic and Statistical Manual of Mental Disorders, 

Fourth Edition (DSM-IV) criteria, including further relevant symptoms, duration of symptoms, 

symptom frequency. The severity of the relevant disorder was rated in terms of associated distress 

and/or functional impairment (each was measured on an individual 11-point Likert scale ranging 

from 0 (no bother/problems) to 10 (extremely serious bother/problems)) (Calkins et al., 2015). A 

sample of the GOASSESS proband screener section is provided by Calkins et al. is presented in 

Appendix 2: Supplementary Figures, Figure 7-3. 
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The psychosis spectrum was assessed via three screening tools in the GOASSESS programme. 

Positive subpsychotic symptoms in the last year were assessed using the 12-item PRIME Screen-

Revised (Kobayashi et al., 2008; Miller, 2004), positive threshold psychotic symptoms were assessed 

with the K-SADS psychosis screen and negative/disorganised symptoms were assessed using six 

assessor-rated subscales of the Scale of Prodromal Symptoms (SOPS) from the Structured Interview 

for Prodromal Symptoms (SIPS) (McGlashan, 2003). 

Further details on the training and interrater reliability of the PNC interviewers are provided by 

Calkins et al. in (Calkins et al., 2015). 

 

3.2.1.2.2 Additional Measures in the PNC 

The Wide Range Achievement Test (WRAT-4) measures the basic academic skills of reading, 

arithmetic and spelling (Wilkinson et al., 2006). Participants in the PNC completed the WRAT-4 

Reading Subscale test in a Computerized Neurocognitive Battery (CNB) (Gur et al., 2012). The 

WRAT-4 Reading Subscale has a phenotypic correlation of ~0.4 with full-scale intelligent quotient 

(Shafee et al., 2018) and was used in the PNC to provide an estimate of IQ (Calkins et al., 2015). 

Standard scores for the WRAT-4 subtests range from 55-145 and have a mean of 100 and standard 

deviation of 15 (Wilkinson et al., 2006).  

Autism spectrum disorder and pervasive developmental disorder diagnosis were assessed in the 

medical history section of the PNC with the question: “Autism or Pervasive Developmental Disorder 

- Do/did you have this problem?” (modified to be appropriate for proband or collateral 

questionnaire). 

History of death wish and suicidal ideation were assessed with the questions: “Suicide: Have you 

ever thought a lot about death or dying?” and “Suicide: Have you ever thought about killing 

yourself?” (modified to be appropriate for proband or collateral questionnaire). 

 

3.2.2 Clinical Phenotype Algorithms 

The phenotypic data from the PNC provided through dbGaP was obtained in raw, uncoded format. 

A sample of the phenotype data available through dbGaP is available in - Appendix 1: Supplementary 

Tables, Table 7-5, showing the variables that were provided for ADHD. Clinical algorithms for the 

scoring of the GOASSESS data were not provided from the dbGaP dataset and are not included in 

PNC published literature. Contact was made with the research group who designed the GOASSESS 

and collected data for the PNC, however scoring algorithms could not be obtained from the group.  
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Scoring algorithms were created to identify participants with presentations consistent with clinical 

disorders as per DSM IV criteria or the PRIME Revised criteria for subclinical positive psychotic 

symptoms. Development of the clinical algorithms is described in sections 3.2.2.1 and 3.2.2.2. 

 

3.2.2.1 DSM-IV Based Clinical Scoring Algorithms 

Clinical scoring algorithms were developed for the mental health disorders presented in Table 3-1. 

Raw phenotype data were aligned with DSM IV criteria. A sample of the raw phenotype data for 

ADHD are presented in Appendix 1: Supplementary Tables, Table 7-5. The first step of each of the 

clinical algorithms integrated the screening questions for the disorder of the GOASSESS assessment. 

Further steps in the algorithms related to aspects of DSM-IV criteria including symptom frequency, 

duration of symptoms and episodes and level of associated distress and/or functional impairment. 

Computerised algorithms were applied to phenotypic data to generate diagnostic outcomes.  

Diagnostic outcomes were dichotomous with “Yes” indicating that the individual positively endorsed 

all available DSM-IV criteria for the specific mental health disorder, strongly indicating that they 

met criteria for the disorder. “No” indicated that they negatively endorsed at least one DSM-IV 

criterion for the disorder, therefore the individual did not meet criteria for the diagnosis. “NA” 

indicated that at least one DSM-IV criterion was “unknown” or “NA” for the disorder, therefore the 

individual could not be conclusively identified as meeting or not meeting DSM-IV criteria for the 

disorder. The diagnostic algorithm for agoraphobia is presented in Appendix 2: Supplementary 

Figures, Figure 7-4 for illustration of the algorithmic processes. Proportions of outcomes for each 

disorder are presented in Appendix 1: Supplementary Tables, Table 7-6. 
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Table 3-1. Mental health disorders and diagnostic criteria used to formulate clinical scoring 

algorithms.  

 

Mental Health Disorder Diagnostic criteria  

Anxiety Disorders 

Diagnostic And Statistical 

Manual of Mental 

Disorders: DSM-IV 

(Diagnostic and statistical 

manual of mental disorders 

: DSM-IV, 1994) 

Agoraphobia 

Obsessive Compulsive Disorder 

Generalised Anxiety Disorder 

Panic Disorder 

Post-Traumatic Stress Disorder 

Separation anxiety disorder 

Social phobia 

Affective disorders 

Major depression (Major depressive episode) 

Manic episode 

Behaviour Disorders 

Conduct Disorder 

Oppositional defiant disorder 

Attention Deficit Hyperactivity Disorder 

Predominantly inattentive type 

Predominantly hyperactive/impulsive type 

Psychotic Disorders PRIME Screen Revised 

(Kobayashi et al., 2008; 

Miller, 2004) 

Subclinical positive psychotic symptoms 
 

  

 

Separate scoring algorithms were created for adults (age ≥ 18 years) and children (age < 18 years) 

for a number of disorders (generalised anxiety disorder, social phobia and specific phobia) as the 

DSM-IV criteria differ for adults and children. The age-relevant algorithms for these disorders were 

applied to the appropriate groups in the cohort (children or adults) and observations were then 

classified into aggregate “Yes”, “No” and “NA” groups for these disorders. 

 

3.2.2.2 PRIME Screen-Revised Scoring Algorithm  

The PRIME screen was developed by the Prevention through Risk Identification, Management, and 

Education (PRIME) group at Yale University as a screening instrument to identify individuals at risk 

of developing psychosis (Miller, 2004). The PRIME screen is a short self-administered questionnaire 
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based on the positive symptom portion of the Structured Interview for Psychosis-Risk Syndromes 

(SIPS), a more comprehensive psychosis risk screening tool (Miller et al., 2003).  

There are twelve questions in the PRIME screen identifying presence or absence of: unusual thought 

content, delusional ideas, suspiciousness, persecutory ideas, grandiose ideas, perceptual 

abnormalities, hallucinations and loss of insight. Responses are measured on a Likert-scale of 0 

(definitely disagree) to 6 (definitely agree) with a response of ‘not sure’ being 3. The PRIME screen 

has been shown to have high sensitivity, specificity and negative predictive value compared with 

other screening tools for identifying individuals at clinical high risk of psychosis (Addington et al., 

2015).  

Kobayashi et al. modified the PRIME screen by adding a “duration of symptoms” section to the 

PRIME Screen, developing the PRIME Screen-Revised (PS-R) to improve the specificity of the 

instrument in identifying prodromal or early onset psychosis in general populations (Kobayashi et 

al., 2008). The last item of the PRIME Screen was excluded in the PS-R to improve consistency as 

it did not refer to attenuated positive symptoms. The PS-R was validated in clinical and university 

populations of youths. Specificity and sensitivity of the PS-R, using the SIPS as a gold standard, 

were 0.74 and 1.00 respectively (Kobayashi et al., 2008).  

Outcomes of the PS-R were classified into 11 levels by Kobayashi et al., integrating severity of 

symptoms, duration of symptoms and the total score of the PS-R (Table 3-2). Subjects with a rank 

of 4 or over were regarded as screening positive (Kobayashi et al., 2008). There were four 

permutations which resulted in receiving a rank of 4 or above: 

• Selected one or more “definitely agree” response with a duration of more than one 

year or  

• Selected two or more “definitely agree” responses without regard to the duration or 

• Selected two or more “somewhat agree” responses with durations of more than one 

year or 

• Have a total PS-R score of 39 or over 
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Table 3-2. Severity ranking of the PRIME Screen-Revised scores by Kobayashi et al. 

(Kobayashi et al., 2008). 

 

Rank 

 

Definition 

10 Selected three or more “definitely agree” responses with durations of more than one year 

9 Selected two “definitely agree” responses with durations of more than one year 

8 
 

Selected two “definitely agree” responses with durations of more than one year or 

selected two or more “definitely agree” responses without regard to the duration and one 

or more “somewhat agree” response with a duration of more than one year 
 

7 
 

Selected one “definitely agree” response with a duration of more than one year and one 

or more “somewhat agree” response with a duration of more than one year 
 

6 
 

Selected two or more “definitely agree” responses without regard to the 

duration or selected three or more “somewhat agree” responses with durations of more 

than one year 
 

5 
selected one “definitely agree” response with a duration of more than one 

year or selected two “somewhat agree” response with durations of more than one year 

4 Have a total PS-R score of 39 or over 

3 
Selected one “definitely agree” response without regard to the duration or selected one 

“somewhat agree” response with a duration of more than one year 

2 

Selected one or more “somewhat agree” response without regard to the 

duration or selected one or more “slightly agree” response with a duration of more than 

one year 

1 Selected one or more “slightly agree” response without regard to the duration 

0 Not selected any kind of “agree” response 

  

 

The PS-R measure was used in this analysis to identify youths with subclinical psychotic symptoms. 

A scoring algorithm was formulated based on the criteria developed by Kobayashi et al. (Kobayashi 

et al., 2008) as described above. Outcomes were dichotomised, either meeting criteria by scoring 

above a rank of 4 on the PS-R (outcome “Yes”) or not (outcome “No”). If relevant questions were 

unanswered, outcomes were classified as “NA”. Proportions of outcomes are presented in Table 3-4. 
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3.2.3 Clinical Phenotype Categories 

The statistical power of retrospective cohort studies of phenotypic associations with ND CNVs are 

often limited due to the low proportions of ND CNV carriers in samples. This was an important 

consideration in the planning of this study and in selecting the clinical phenotype categories for 

analysis. It was a priority to select clinical outcomes that were relevant to youths and to maximise 

statistical power for the analysis while minimising multiple testing of outcomes.  

The majority of psychiatric diagnoses have been shown to converge onto internalising, externalising 

and psychotic dimensions in community and clinical samples (Kessler et al., 2011; Kotov et al., 2010; 

Kotov et al., 2017). The American Psychiatric Association has endorsed internalising and 

externalising groupings in the DSM-V (American Psychiatric Association, 2013). The internalising 

group are described as representing disorders with prominent anxiety, depressive and somatic 

symptoms and the externalising group as representing disorders with prominent impulsive, disruptive 

conduct and substance use symptoms. One goal of grouping the disorders in this way is to facilitate 

research on the genetic and neurobiological aetiologies of these dimensions as covariation/clustering 

of the disorders may occur as a result of shared underlying disease processes (Achenbach et al., 2016; 

American Psychiatric Association, 2013; Kotov et al., 2010). Within each group, the sharing of 

genetic and environmental risk factors have been cited as likely to explain comorbidities within the 

groups, at both a clinical and population level (American Psychiatric Association, 2013). 

The majority of factor analytic studies examining internalising and externalising categories of mental 

health conditions have focussed on relatively common disorders in general populations and/or on 

participants who are relatively well (Kotov et al., 2010). Few studies have examined psychosis-

spectrum disorders (Kotov et al., 2010) in this context. Kotov et al. assessed two samples, an inpatient 

sample with psychosis (Kotov et al., 2010) and a general outpatient sample (Kotov et al., 2011) and 

replicated the finding of the two dimensions of internalising and externalising groups in these clinical 

populations and identified a third dimension consistent with psychosis-spectrum disorders (Kotov et 

al., 2010; Kotov et al., 2011). 

Analysis of internalising disorder, externalising disorder and subclinical psychotic symptom 

(dichotomous) outcomes were selected in this analysis, maximising statistical power and reducing 

the number of outcomes assessed overall (compared with assessing each diagnosis individually). 

Suicidal ideation was also selected as an outcome for analysis due to the clinical importance of this 

outcome (Rufino et al., 2019). An association has previously been identified between ND CNVs and 

SI in an adult population sample (Stefansson et al., 2014). 
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3.2.3.1 Internalising disorders 

The internalising disorders variable was comprised of anxiety disorders and depression (symptoms 

consistent with a major depressive episode). The internalising variable was a categorical variable 

with a dichotomous outcome. Individuals who met criteria for at least one internalising disorder were 

classified into a “Yes” category. Those who obtained a “No” outcome for all internalising disorders 

were classified into a “No” category. Participants who could not be definitively classified into a 

“Yes” or “No” category were categorised as “NA” and were excluded from the analysis for the 

outcome. To illustrate this scoring system, the possible outcomes for the internalising disorders 

variable are presented in Appendix 1: Supplementary Tables, Table 7-7. 

 

3.2.3.2 Externalising disorders 

The externalising disorders variable was comprised of attention deficit hyperactivity disorder 

(ADHD), oppositional defiant disorder (ODD) and conduct disorder and was a categorical variable 

with a dichotomous outcome. Individuals presenting with reported symptoms consistent with a 

diagnosis of an externalising disorder based on the diagnostic algorithms were classified into a “Yes” 

category. Those who obtained a “No” outcome for all externalising disorders were classified into a 

“No” category. Participants who could not be definitively classified into a “Yes” or “No” category 

were categorised as “NA” and were excluded from analysis for the outcome. 

 

3.2.3.3 Subclinical psychotic symptoms 

The subclinical psychotic symptom variable was formulated based on the PS-R as described in 

section 3.2.2.2. The variable was dichotomous, with individuals classified into “Yes” or “No” 

outcomes on the basis of the PS-R rank score. Participants who could not be definitively classified 

into a “Yes” or “No” category were categorised as “NA” and were excluded from analysis for the 

outcome. 

 

3.2.3.4 Suicidal ideation 

History of death wish and suicidal ideation were assessed with forced choice yes or no responses to 

two probe questions in the PNC (modified to be appropriate for proband or collateral questionnaire): 

• “Suicide: Have you ever thought a lot about death or dying?” 

• “Suicide: Have you ever thought about killing yourself?” 
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In this analysis, the probe “Have you ever thought about killing yourself?” was selected for analysis 

of suicidal ideation in the sample as this probe was more specific to suicidal ideation than the first 

probe. Individuals who did not provide an answer were excluded from the analysis for the outcome. 

 

3.2.4 CNV selection 

The same list of neurodevelopmentally-associated CNVs discussed in Chapter 2, section 2.2.3 was 

used for this analysis. In brief, this consisted of a list of 69 “neurodevelopmental” copy number 

variants that were previously implicated in autism spectrum disorder (Sanders et al., 2015), 

intellectual disability (Coe et al., 2014) and schizophrenia (Marshall et al., 2017). Full details of the 

ND CNV are described in Chapter 2, section 2.2.3 and all ND CNV loci are presented in Appendix 

1: Supplementary Tables, Table 7-1.  

 

3.2.5 CNV data 

Subjects were genotyped using Illumina SNP-array platform at the Center for Applied Genomics at 

The Children' s Hospital of Philadelphia. Details of genotyping methods are described in (Glessner 

et al., 2010). Individuals were called as carriers of ND CNVs if there was greater than 50% overlap 

with one of the genomic loci of interest and there was agreement across at least two CNV calling 

platforms including PennCNV, QuantiSNP and dnaCopy (Xu et al., 2013). No CNVs at the 2p16.3 

region met the criteria of at least 50% overlap due to the relatively small size of this CNV region. 

This is a known ND CNV that typically affects the neurexin1 gene (Nrxn1 deletions). Smaller CNVs 

in the Nrxn 1 region have previously been reported to be associated with neurodevelopmental 

disorders (Priebe et al., 2013; Rujescu et al., 2009a) and clinical microarrays have included additional 

probes for detection across this region (Kirov et al., 2009b). Hence the criteria for 2p16.3 calling in 

this analysis were relaxed. Criteria used in a previous analysis for detection of Nrxn1 CNVs required 

deletions to intersect at least one exon and duplications to cover the whole gene (Kendall et al., 2016). 

In this analysis, at least 10% overlap was required in the Nrxn1 region. Again, agreement on two of 

the CNV calling platforms was required.  

Subjects were cross-referenced to identify those with genotype and phenotype data available which 

resulted in a total of n=8,205 individuals. 

 

3.2.6 Data analysis 

Multiple logistic regression models were used to test associations between ND CNVs and the four 

selected phenotypic outcomes: internalising disorders, externalising disorders, subclinical psychotic 

symptoms and suicidal ideation. Sex, age, ASD status and WRAT standardised score were included 
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as covariates in the models. For each of the regression models, the variance inflation factor (VIF) 

and tolerance statistics were examined to check for significant multicollinearity in the data (Cohen 

et al., 2013). The VIF values were below 10 and tolerance statistics were above 0.1, indicating that 

multicollinearity was not a significant issue in the models (Table 7-9, Table 7-10, Table 7-11, Table 

7-12). Predictor coefficients were tested using Wald tests and confidence intervals obtained using 

the Wald method. Model fit was assessed using Nagelkerke pseudo R square index. 

Based on previous evidence suggesting sex differences in depression and anxiety phenotypic 

associations with ND CNVs (Kendall et al., 2019; Martin et al., 2019), an interaction variable 

(sex*NDD CNV status) was added to the model assessing ND CNV association with internalising 

disorders, to examine for differential effects of ND CNVs on phenotypic outcomes between sexes. 

Statistical significance was set at p < 0.05. The results presented are not corrected for multiple 

comparisons. All analyses were completed in R version 3.2.3 ("R Core Team. R: A language and 

environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.," 

2013). 

 

3.3  Results 

3.3.1 Characteristics of sample 

The sample consisted of a total of n = 8,205 individuals. There was a slight preponderance of females 

(50.9%) in the PNC total sample. The median age at clinical assessment in the sample was 14.0 years 

(IQR 10.0-17.0). WRAT standardised scores ranged from 55.0 to 145. The median WRAT 

standardised score in the sample was 101.0 (IQR 92.0-112.0). A total of 283 individuals (3.4%) were 

reported as having autism spectrum disorder or pervasive developmental disorder in the sample. 

 

3.3.1.1 Frequency of ND CNVs and characteristics of ND CNV carriers 

A total of 158 (1.9%) carriers of ND CNV were identified in the sample. The ND CNVs identified 

in individuals are presented in Appendix 1: Supplementary Tables, Table 7-8. 

The characteristics of the ND CNV carriers compared with non-carriers are presented in Table 3-3. 

There were no significant differences in sex distribution or mean age at clinical assessment between 

the ND CNV carriers and non-carriers. ND CNV carriers and non-carriers differed significantly in 

terms of estimated cognitive level, with carriers presenting with a median WRAT standard score 6 

points lower than the non-carriers (p=1.17e-05) which was expected given the well-established impact 

of ND CNVs on general cognitive functioning (Kendall et al., 2019; Sanders et al., 2015; Stefansson 
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et al., 2014). ASD presented at a higher frequency in ND CNV carriers (6.3%) compared to non-

carriers (3.4%), but the difference was not statistically significant (p = 0.08) in the sample. 

 

Table 3-3. Comparison of characteristics of ND CNV carriers and non-carriers in the PNC. 

 

ND CNV status 

 

 

df 

Test 

statistic p 

 

ND CNV carriers 

(n = 158) 

Non CNV carriers 

(n = 8047) 

 

   

Sex, M 

(%) 

 

84 

(53.2) 

3935 

(48.9) 
 1 1.23a 0.27 

Age, median 

(IQR) 

 

14.0 

(10.0-17.0) 

14.0 

(10.0-17.0) 
 - 635,000b 0.98 

WRAT std, median 

(IQR) 

 

95.0 

(87.0-105.0) 

101.0 

(92.0-112.0) 
 - 759,000b 1.17e-05 

ASD present 

(%) 

 

10 

(6.3) 

273 

(3.4) 
 1 3.09a 0.08 

Note: ND CNV, neurodevelopmental copy number variant; WRAT std, Wide ranging achievement test 

standardized score; ASD, autism spectrum disorder. Sd, standard deviation; df, degrees of freedom. aChi-

square, bMann-Whitney U test 
 

 

3.3.2 Psychopathology in PNC sample 

The prevalence rates of the psychopathological categories analysed are presented in Table 3-4. The 

internalising and externalising variables were composed from specified DSM-IV disorders (as 

discussed in section 3.2.3.1, 3.2.3.2). To be classified as a “Yes” outcome for internalising or 

externalising disorders, participants met criteria for at least one relevant DSM-IV disorder. To be 

classified as a “No” outcome, participants definitively did not meet criteria for the relevant DSM-IV 

disorders. Participants who could not be classified into “Yes” or “No” outcomes were classified as 

“NA” and were excluded from analysis for the outcome. Prevalence of internalising disorders and 

externalising disorders was similar- 28.6% and 28.4% respectively. The proportion of missing data 

for internalising disorders was sizeable at 28.8%. 

Subclinical psychotic symptoms presented in 7.3% of the sample. A positive history of suicidal 

ideation was reported by 7.9% of individuals in the sample. 
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Table 3-4. Prevalence of psychopathology outcomes in PNC. 

Psychopathology outcome 

No 

N (%) 

Yes 

N (%) 

NA 

N (%) 

Internalising disorders 3,493 (42.6) 2,348 (28.6) 2,364 (28.8) 

Externalising disorders 5,579 (68.0) 2,334 (28.4) 292 (3.6) 

Subclinical psychotic symptoms 6,590 (80.3) 599 (7.3) 1,016 (12.4) 

Suicidal ideation 7,458 (90.9) 649 (7.9) 98 (1.2) 

    

 

Table 3-5 presents the proportions of individuals with positive presentations of the 

psychopathologies examined in the PNC with classification according to ND CNV status.  

 

Table 3-5. Psychiatric phenotypic outcomes in ND CNV carriers and non-carriers in PNC 

(Total sample). 

 N with positive history/ N total1 (%) 

 

Psychiatric Outcome 

 

ND CNV Carriers 

 

Non-Carriers 

Internalising disorders 48/112 (42.9%) 2300/5729 (40.1%) 

Externalising disorders 49/154 (31.8%) 2285/7759 (29.4%) 

Subclinical psychotic symptoms 21/135 (15.6%) 578/7054 (8.2%) 

Suicidal ideation 13/155 (8.4%) 636/7952 (8.0%) 

Note:1 N total refers to total in category with available phenotypic data.
 

 

 

Correlations were observed between all of the variables of interest, however these outcomes are also 

individually associated with specific risk factors and psychiatric presentations (Hedley et al., 2018; 

Kelleher et al., 2011; Ormel et al., 2005; Segers et al., 2014; Williams et al., 2009; Woodman et al., 

2016) and therefore were analysed as individual outcomes. 
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Table 3-6. Tetrachoric correlations between the psychopathology outcomes in PNC. 

 
Internalising 

disorders 
Externalising 

disorders 

Subclinical 

psychotic 

symptoms 
Suicidal 

ideation 

 

Internalising disorders -    

 

Externalising disorders 0.58 -   

 

Subclinical psychotic 

symptoms 0.52 0.35 -  

 

Suicidal ideation 0.64 0.44 0.36 - 

Note: Correlation coefficients measured by tetrachoric correlation coefficient tr (El-Hashash et al., 2018), 

calculated using “tetrachoric” function in the “psych” package in R (W, 2019).  

 

 

3.3.3 Phenotype analysis results 

3.3.3.1 Internalising Disorders 

ND CNV status was not a significant predictor of internalising disorders in the PNC sample (p = 

0.683). Sex, age, estimated cognitive level and ASD status were significant predictors of internalising 

disorders in the sample. Males were less likely to have internalising disorders (OR 0.62, 95% CI 

0.55-0.69, p <2e-16) compared with females. Likelihood of having an internalising disorder increased 

with age (per year of increased age, odds increased by OR 1.14 (95% CI 1.13-1.16, p <2e-16) and 

decreased with increasing estimated cognitive level (per point of increased WRAT standardised 

score, likelihood decreased by OR 0.99 (95% CI 0.99-0.99, p = 3.91e-08). Youths with ASD were 

more likely to have internalising disorders (OR 4.28, 95% CI 3.10-5.94, p <2e-16) compared to youths 

without ASD (Table 3-7). 
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Table 3-7. Multiple logistic regression model assessing ND CNV association with internalising 

disorders.  

 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

Intercept -1.079 0.224 -4.823 1.42e-06 0.34 (0.22-0.53) 

ND CNV (Yes) 0.096 0.204 0.471 0.683 1.10 (0.74-1.64) 

Sex (Male) -0.484 0.057 -8.511 <2e-16 0.62 (0.55-0.69) 

Age 0.135 0.008 17.178 <2e-16 1.14 (1.13-1.16) 

WRAT Std Score -0.010 0.002 -5.495 3.91e-08 0.99 (0.99-0.99) 

ASD Status 1.453 0.166 8.772 <2e-16 4.28 (3.10-5.94) 

Note: Significant variables highlighted in bold. WRAT std score- Wide range achievement test 

standardised score. Nagelkerke pseudo r squared = 0.13. 

 

Sex differences in the effect of ND CNV status on risk of internalising disorders were examined by 

adding an interaction variable to the model. There was no evidence of an interaction effect between 

ND CNV status and sex on risk of internalising disorders (p = 0.807) (Table 3-8). 

Table 3-8. Multiple logistic regression model assessing ND CNV association with internalising 

disorders including ND CNV status and sex interaction variable. 

 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

Intercept -1.077 0.224 -4.811 1.50e-06 0.34 (0.22-0.53) 

ND CNV (Yes) 0.041 0.305 0.133 0.894 1.04 (0.57-1.90) 

Sex (Male) -0.486 0.057 -8.463 <2e-16 0.62 (0.55-0.69) 

Age 0.135 0.008 17.173 <2e-16 1.14 (1.13-1.16) 

WRAT Std Score -0.010 0.002 -5.498 3.84e-08 0.99 (0.99-0.99) 

ASD Status 1.453 0.166 8.771 <2e-16 4.27 (3.10-5.94) 

ND CNV (Yes)*Sex 

(Male) 0.100 0.408 0.244 0.807 1.10 (0.49-2.46) 

Note: Significant variables highlighted in bold. WRAT std score- Wide range achievement test standardized 

score. Nagelkerke pseudo r squared = 0.13. 
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3.3.3.2 Externalising Disorders 

ND CNV status was not a significant predictor of externalising disorders in the PNC sample (p = 

0.732). Sex, age, estimated cognitive level and ASD status were significant predictors of 

externalising disorders in the sample. Males were more likely to have externalising disorders (OR 

1.35, 95% CI 1.22-1.50, p = 5.16e-09) compared with females. Likelihood of having an externalising 

disorder increased with age (per year of increased age, risk increased by OR 1.03 (95% CI 1.01-1.04, 

p = 8.32e-05) and decreased with increasing estimated cognitive level (per point of increased WRAT 

standardised score, risk decreased by OR 0.98 (95% CI 0.97-0.98, p < 2e-16). Youths with ASD were 

more likely to have externalising disorders (OR 3.69, 95% CI 2.83-4.82, p <2e-16) compared to 

youths without ASD (Table 3-9). 

Table 3-9. Multiple logistic regression model assessing ND CNV association with externalising 

disorders. 

 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

Intercept 1.065 0.209 5.085 3.68e-07 2.90 (1.93-4.38) 

ND CNV (Yes) -0.062 0.183 -0.342 0.732 0.94 (0.65-1.34) 

Sex (Male) 0.301 0.052 5.842 5.16e-09 1.35 (1.22-1.50) 

Age 0.028 0.007 3.935 8.32e-05 1.03 (1.01-1.04) 

WRAT Std Score -0.025 0.002 -14.563 <2e-16 0.98 (0.97-0.98) 

ASD Status 1.307 0.135 9.690 <2e-16 3.69 (2.83-4.82) 

Note: Significant variables highlighted in bold. WRAT std score- Wide range achievement test standardized 

score. Nagelkerke pseudo r squared = 0.09. 

 

 

3.3.3.3 Subclinical Psychotic Symptoms 

ND CNV status was significantly associated with risk of subclinical positive psychotic symptoms in 

the PNC sample. Carriers of ND CNVs were more likely to have subclinical psychotic symptoms 

than non-carriers (OR 1.87, 95% CI 1.13-2.95, p = 0.01) (Table 3-10). A total of 15.6% (21/135) of 

youths with ND CNVs had subclinical positive psychotic symptoms, compared with 8.2% 

(578/7,054) (Appendix 1: Supplementary Tables, Table 3-5). 

Estimated cognitive level and ASD status were also associated with risk of subclinical psychotic 

symptoms. As estimated cognitive level decreased, likelihood of having subclinical psychotic 
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symptoms increased (per point of increased WRAT standardised score, likelihood of having 

subclinical psychotic symptoms decreased by OR 0.98 (95% CI 0.98-0.99, p = 4.87e-10). Youths with 

ASD were more likely to have subclinical psychotic symptoms (OR 2.18, 95% CI 1.49-3.10, p = 

3.10e-05) than youths without ASD. 

Table 3-10. Multiple logistic regression model assessing ND CNV association with subclinical 

psychotic symptoms. 

 

Variable  SE 

Wald statistic 

(Z) P OR (95% CI) 

Intercept -0.990 0.353 -2.807 5.0e-03 0.37 (0.19-0.74) 

ND CNV (Yes) 0.626 0.245 2.559 0.01 1.87 (1.13-2.95) 

Sex (Male) 0.175 0.088 1.989 0.05 1.19 (1.00-1.41) 

Age 0.016 0.012 1.359 0.174 1.02 (0.99-1.04) 

WRAT Std Score -0.018 0.003 -6.223 4.87e-10 0.98 (0.98-0.99) 

ASD Status 0.778 0.187 4.166 3.10e-05 2.18 (1.49-3.10) 

Note: Significant variables highlighted in bold. WRAT std score- Wide range achievement test standardized 

score. Nagelkerke pseudo r squared = 0.04. 

 

To identify whether ASD or likely ID comorbidity were the main determinants of the increased risk 

of subclinical psychotic symptoms in individuals with ND CNVs, we re-examined the relationship 

in a sample excluding those with reported ASD and with likely ID. Individuals with likely ID were 

defined as those with a WRAT standardised score of at least two standard deviations below the mean 

WRAT standardised score of 100 (WRAT std score < 70). This resulted in a sample of n = 7,736 

individuals. A total of 142 (1.8%) individuals in this sample carried an ND CNV. Sample 

characteristics and comparisons of ND CNV carriers and non-carriers in this sample are presented in 

Appendix 1: Supplementary Tables, Table 7-13, Table 7-14).  

ND CNV carrier status was associated with subclinical psychotic symptoms in the sample excluding 

individuals with ASD and likely ID. Youths with ND CNVs were more likely to have subclinical 

psychotic symptoms (OR 1.90, 95% CI 1.10-3.09, p = 0.01) than youths without ND CNVs in this 

sample (Table 3-11). Of the ND CNV carriers, 14.9% (18/121) had subclinical psychotic symptoms, 

compared to 7.8% (523/6683) of the non-carriers (Appendix 1: Supplementary Tables, Table 7-15). 

In this sample, estimated cognitive level remained significantly associated with risk of subclinical 

psychotic symptoms, with odds of psychotic symptoms decreased by OR 0.98 (95% CI 0.98-0.99, p 

= 8.49e-09) per point of increased WRAT standardised score. 
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Table 3-11. Multiple logistic regression model assessing ND CNV association with subclinical 

psychotic symptoms in sample with individuals with ASD and likely ID excluded. 

 

Variable  SE 

Wald statistic 

(Z) P OR (95% CI) 

Intercept -0.774 0.380 -2.038 0.04 0.46 (0.22-0.97) 

ND CNV (Yes) 0.641 0.262 2.451 0.01 1.90 (1.10-3.09) 

Sex (Male) -0.178 0.091 -1.968 0.05 0.84 (0.70-1.00) 

Age 0.016 0.012 1.273 0.20 1.02 (0.99-1.04) 

WRAT Std Score -0.018 0.003 -5.758 8.49e-09 0.98 (0.98-0.99) 

Note: Significant variables highlighted in bold. WRAT std score, Wide ranging achievement test 

standardized score. Nagelkerke pseudo r squared = 0.02. 

 

 

3.3.3.4 Suicidal Ideation 

ND CNV status was not a significant predictor of risk of suicidal ideation in the PNC sample. Risk 

of having suicidal ideation was associated with age and with ASD status. Youths with ASD were 3.6 

times more likely to have suicidal ideation (95% CI 2.47-5.04, p = 2.24e-12) than youths without 

ASD. Risk of suicidal ideation increased with increasing age (increase of OR 1.18 (95% CI 1.15-

1.21, p < 2e-16 per year of increased age). 
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Table 3-12. Multiple logistic regression model assessing ND CNV association with suicidal 

ideation. 

 

Variable  SE 

Wald statistic 

(Z) P OR (95% CI) 

Intercept -4.928 0.353 -13.958 <2e-16 0.01 (0.00-0.01) 

ND CNV (Yes) 0.037 0.298 0.126 0.90 1.04 (0.55-1.79) 

Sex (Male) -0.155 0.086 -1.808 0.07 0.86 (0.72-1.01) 

Age 0.166 0.012 13.343 <2e-16 1.18 (1.15-1.21) 

WRAT Std Score 0.001 0.002 0.223 0.82 1.00 (1.00-1.01) 

ASD Status 1.272 0.181 7.019 2.24e-12 3.57 (2.47-5.04) 

Note: Significant variables highlighted in bold. WRAT std score- Wide range achievement test standardized 

score. Nagelkerke pseudo r squared = 0.08. 

 

 

3.4 Discussion 

It is important to identify if ND CNVs increase psychiatric risk in clinical youth cohorts to provide 

greater certainty regarding outcomes to patients and families. ND CNVs have incomplete penetrance 

for NDDs such as ASD and ID in childhood and many carriers may not have major NDDs, however 

independently they may be more at risk of other disabling psychiatric disorders. ND CNVs are known 

to be associated with risk of schizophrenia (Marshall et al., 2017), depression (Kendall et al., 2019; 

Stefansson et al., 2014) and SI (Stefansson et al., 2014) in adult populations. There is also evidence 

from case control studies that ND CNV carriers may be at substantially increased risk of a range of 

psychopathologies including anxiety, affective and behavioural disorders compared with controls 

(Chawner et al., 2019; Hanson et al., 2015; Niarchou et al., 2014). Studies of childhood population 

samples have not to date identified significant associations between ND CNVs and 

psychopathologies such as depression, anxiety and subclinical psychotic symptoms (Guyatt et al., 

2018; Martin et al., 2019); a common limitation in these studies have been small samples of ND 

CNV carriers. Greater certainties regarding these risks has implications for screening, diagnosis and 

management of psychiatric presentations in ND CNV carriers and for more accurate genetic 

counselling (Govaerts et al., 2017) given reduced penetrance of these outcomes.  

In this analysis, the relationships between ND CNVs and four important child and adolescent mental 

health outcomes were investigated in a large clinical cohort of youths. ND CNV status was 

significantly associated with risk of subclinical psychotic symptoms in the sample. Youths with ND 
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CNVs were 1.9 times (p = 0.01) more likely to have subclinical psychotic symptoms than those 

without ND CNVs. The model testing this association indicated that ASD status and an estimate of 

cognitive ability (WRAT std score) were also associated with risk of subclinical psychotic symptoms. 

The effect of ND CNV status was also assessed in a sample that excluded individuals with ASD and 

likely ID (individuals with WRAT std score < 70). The association between ND CNV status and 

subclinical psychotic symptoms remained significant when individuals with ASD and with likely ID 

were excluded from the sample (OR 1.9, p = 0.01), suggesting that carriers of ND CNVs may still 

be at increased risk of having subclinical psychotic symptoms even if they do not have ASD or 

suspected intellectual disability. Notably, cognitive ability continued to predict subclinical psychotic 

symptoms significantly in the model excluding individuals with ASD and suspected ID. It is possible 

that, even for ND CNV carriers whose cognitive ability is within normal range, the association with 

subclinical psychotic symptoms is mediated by level of cognitive ability. This analysis was 

underpowered to be able to examine this possibility effectively. 

Although associations between ND CNVs and schizophrenia are well established (Kirov, 2015), 

population and case-control studies of youths have not to date identified significant associations 

between ND CNVs and subclinical psychotic symptoms. Guyatt et al. found no evidence of 

association between schizophrenia-associated CNVs and psychotic experiences in a childhood 

population sample (n = 6,807), postulating that this outcome may have been attributable to a lack of 

power in the study or may have presented as a result of psychotic experiences in childhood and 

adolescence being more strongly attributable to environmental factors (e.g. childhood trauma, 

substance misuse) than to genetic predisposition to psychosis (Guyatt et al., 2018). In a case-control 

study of ND CNV carriers (n = 258) compared with sibling controls (n = 106), Chawner et al. found 

that subclinical psychotic experiences were present in ND CNV carriers, but the prevalence was not 

significantly increased compared with controls (Chawner et al., 2019). The rate of psychotic-like 

experiences was found to be similar between children with 22q11.2DS compared with control 

siblings in a study by Niarchou et al. (Niarchou et al., 2014).  

This study provides novel evidence of an association between ND CNVs and subclinical psychotic 

symptoms in a large clinical cohort of youths. There are several possible explanations for the 

association identified. Prior studies showed that young people with psychotic symptoms were at 

increased risk for psychotic disorder in adulthood (Poulton et al., 2000; Welham et al., 2009b). 

Individuals with psychotic symptoms were also more likely to present with non-psychotic 

psychopathology, particularly depression in adults (Nishida et al., 2008; Scott et al., 2009; Wigman 

et al., 2011) and youths (Kelleher et al., 2012). Subclinical psychotic symptoms in this cohort may 

be related to severe and comorbid non-psychotic psychopathology. It is also possible that subclinical 

psychotic symptoms in ND CNV carriers may be a precursor to later development of psychotic 

disorder. The finding of ND CNV association with increased risk of subclinical psychotic symptoms 

requires further exploration in longitudinal cohorts to elucidate clinical and prognostic implications. 
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ND CNV status was not significantly associated with risk of internalising disorders in this analysis, 

a variable including anxiety and depression outcomes. Moreover, there was no significant interaction 

effect between ND CNV status and sex for risk of internalising disorders. The reported association 

between ND CNVs and internalising disorders more generally is variable, depending on age group 

studied (adult, child samples), study type (population studies, case control studies) and specific 

disorder (depression, anxiety). In the analysis described in chapter 2, ND CNV status was a 

significant predictor for affective problems in autistic females in a youth cohort and for affective 

problems in unaffected siblings. Depression is associated with ND CNV carrier status in adults but 

anxiety is not (Kendall et al., 2019; Stefansson et al., 2014). Neither anxiety nor depression were 

associated with ND CNV carrier status in children (Martin et al., 2019). Case control studies have 

however indicated increased risk in ND CNV carriers of internalising disorders (Reddy et al., 2007), 

anxiety (Chawner et al., 2019; Niarchou et al., 2014; Royston et al., 2017) and affective problems 

(Hanson et al., 2015) in samples of youths.  

The lack of association between ND CNVs and internalising disorders in this study may be 

attributable to several possible factors. Phenotype measurement methods based on the algorithms I 

developed may have excluded “false negatives” disproportionately from the clinically affected 

groups impacting negatively on the power to detect association (discussed further in Limitations 

section 3.4.1.1). The analysis was also likely affected by the substantial proportion of missing data 

present within the internalising disorder phenotype; 28.8% of individuals were classified as “NA” 

due to missing phenotype data resulting in failure to definitively classify them (discussed further in 

Limitations section 3.4.1.2). The analysis of broad internalising and externalising psychopathological 

categories also presents with limitations. The rationale behind examining internalising and 

externalising disorders as hierarchical categories here was to try to limit phenotypic overlap between 

categories examined, while also reducing multiple testing in the analysis. The disadvantage of 

examining hierarchical categories is that if there are more subtle, specific phenotypic features 

associated with ND CNVs (that may be better represented by subcategories such as anxiety and 

depression diagnoses), analysis of hierarchical categories will not facilitate identification of such 

associations. Finally, limitations in statistical power due to insufficient sample size of ND CNV 

carriers may have contributed to the findings in this analysis.  

ND CNV status was not significantly associated with risk of externalising disorders in this analysis. 

Externalising disorders, ADHD, ODD and conduct disorder have been significantly associated with 

specific neurodevelopmental CNVs in case control studies (Chawner et al., 2019; Hanson et al., 

2015; Niarchou et al., 2014; Skokauskas et al., 2012b). There are few studies of externalising disorder 

associations with ND CNVs in large cohorts of youths. Guyatt et al. were unable to examine for 

association between schizophrenia-associated CNVs and ADHD traits in the Avon Longitudinal 

Study of Parents and Children (ALSPAC) population due to insufficient case numbers (Guyatt et al., 

2018). The lack of association between ND CNVs and externalising disorders in this analysis may 
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be reflective of a true lack of association in general clinical populations of youths. If a true association 

does exist and was not identified in this analysis, factors including phenotype measurement, missing 

data, the general nature of hierarchical categorical classification and insufficient sample size may 

have contributed to the finding.  

ND CNV status was not significantly associated with risk of having suicidal ideation (SI) in this 

sample. This may represent a true lack of association or may present as a result of lack of statistical 

power to identify associations due to limited sample size of ND CNV carriers. Discussion of the 

other variables (age, sex, estimate of cognitive level, ASD status) assessed in this study in relation to 

SI (a known predictor of suicide attempts (Wichstrøm, 2000)) are important in the context of 

increasing rates of suicide attempts and deaths in youths and an urgent need to better understand risk 

factors that contribute to suicide risk in this group (Rufino et al., 2019). A notable finding was the 

association between ASD and SI in the sample. Risk of SI was substantially increased in those who 

reported having an ASD (OR 3.57, p =2.24e-12). Systematic review has previously identified high 

rates of suicidality ~11–66% in ASD (adult and child) samples (Hedley et al., 2018). Rates of suicidal 

ideation in adults with ASD have been reported to be significantly higher than general adult 

populations (Cassidy et al., 2014; Cassidy et al., 2017) and there is an increased risk of premature 

death by suicide in people with ASD (Hedley et al., 2018; Hirvikoski et al., 2016; Kirby et al., 2019). 

Evidence is accumulating of increased prevalence of suicidal ideation and behaviour in children and 

adolescents with ASD compared with typically developing populations (Chen et al., 2017) (Aitken 

et al., 2016; Hunsche et al., 2020), however overall there is a dearth of studies on suicide risk in 

autistic youth. It is also notable in this analysis that autistic youths presented with increased risk of 

internalising disorders, externalising disorders and subclinical psychotic symptoms compared with 

non-autistic youth. Previous studies identified psychiatric co-morbidities as potential risk factors for 

suicidality in autistic youths (Horowitz et al., 2018; Oliphant et al., 2020), however further research 

is needed to better understand the relationship between ASD, psychiatric comorbidity and suicide 

risk (Oliphant et al., 2020). Some or all of the increased likelihood of having suicidal ideation in 

youths with ASD in this sample may have been mediated by psychiatric co-morbidities; analysis of 

this was beyond the scope of this study but future investigation of this would be important. The 

current findings contribute further evidence of higher risk of SI in youths with ASD and highlight 

the high rates of mental health problems experienced by these individuals.  

Risk of SI increased with increasing age in this sample (OR 1.18, p < 2e-16 per year of increased age). 

Previous studies have also identified increases in SI associated with increasing age (Peter et al., 2008; 

Rueter et al., 2005). Sex and estimate of cognitive level were not significant predictors of risk of 

having SI in this sample. Previous findings indicated that female youths presented with higher rates 

of SI compared with males (Beautrais, 2002; Souza et al., 2010); in this analysis, males were less 

likely to have SI than females, but this did not reach statistical significance (p = 0.07). A previous 
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study exploring the relationship between IQ and SI in adolescents did not find evidence of significant 

association between SI and the WRAT3 (Alati et al., 2009).  

 

3.4.1 Limitations 

3.4.1.1 Psychiatric assessment algorithms  

Clinical phenotypic data was collected in the PNC through a computerised, structured interview 

(GOASSESS) which was based on a modified version of the K-SADS, a semi-structured interview 

designed to assess DSM-IV disorders (Calkins et al., 2015; Merikangas et al., 2009b). The 

GOASSESS interview was modified from the K-SADS with the aims of allowing rapid training and 

standardization across many assessors and allowing brief administration in order to facilitate high 

throughput of assessments. Modifications included the addition of diagnostic screening questions 

from another structured psychiatric interview, the inclusion of dimensional ratings of distress and 

impairment associated with symptoms and some variations from the K-SADS in the response options 

for symptoms (Calkins et al., 2015). The structural validity of the GOASSESS and psychosis 

spectrum tools were explored with factor analyses by the group that created it and were reported to 

be good. However, they noted that the structured and abbreviated format of the assessment tool may 

reduce sensitivity to clinically significant symptoms (Calkins et al., 2015). 

I constructed scoring algorithms for this study to identify participants with presentations consistent 

with clinical disorders. The clinical algorithms were constructed based on DSM-IV criteria for 

internalising and externalising disorders and PRIME screen revised for subclinical psychotic 

symptoms. The aim of the approach used in constructing the clinical algorithms was to be consistent 

with psychiatric diagnostic classification systems used in clinical practice, where dichotomous 

diagnostic outcomes are used.  

Current psychiatric nosological systems although clinically practical, present limitations in many 

areas of psychiatric research and clinical practice. For clinical use, diagnostic thresholds have been 

defined to differentiate between “normality” and “disorder” in systems such as ICD and DSM, 

however this can result in diagnostic errors that are relevant in clinical and research settings. As 

stated by Vella et al: “The reality is that wherever the diagnostic threshold is set, diagnostic errors 

will still occur, with both false positive and negative diagnoses” (Vella et al., 2013). It has been 

argued that false positives may be more harmful than false negatives in clinical practice (Vella et al., 

2013) and extensive efforts have been made in classification systems to deal with “the false positives 

problem” (Spitzer et al., 1999). False negative diagnoses have been identified as a significant issue 

arising from strict utilisation of DSM-IV criteria (Spitzer et al., 1999). The scoring algorithms for 

this analysis were developed based on DSM-IV criteria. Individuals who were categorised as having 

a “Yes” outcome on the scoring algorithms in this analysis were likely to be true positives as they 
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clearly endorse all included criteria for the disorder. Negative endorsement of any criterion meant 

that an individual was classified in the “No” outcome; this may have resulted in some false negatives 

in this category (Robert L. Spitzer et al., 1999). Access to medical records to verify clinical diagnoses 

was not possible.  

In genetic research precision and accuracy in the definition and measurement of phenotype groups 

(minimising false positives and false negatives in the “case” group) directly impact the ability to 

detect genetic associations (Gage et al., 2018). False negative cases may have impacted on the power 

to detect significant associations with ND CNVs in this analysis. 

 

3.4.1.2 Missing data 

There was substantial variability in the proportions of missing data for different DSM-IV disorders 

in the PNC (Table 7-6). Although contact was made with researchers involved in the collection of 

the data for the PNC, the reasons for missingness and variability between DSM-IV disorders in the 

PNC have not been reported.  

The scoring criteria for the algorithms may also have contributed to the high proportions of “NA” 

outcomes for some of the psychopathology outcome variables. If individuals did not answer or 

answered “unknown” for any component of the DSM-IV diagnostic criteria for a disorder, it was 

deemed that they could not be reliably classified as meeting criteria or not and they were therefore 

categorised as “NA” for the outcome. The highest proportion (28.8%) of observations classified as 

“NA” was in the internalising disorders variable (Table 3-4). Outcomes from the analyses of this 

variable must be interpreted with caution.  

Missing values for the outcome variables may have reduced statistical power in this analysis and, 

depending on the reasons for missing data, may have biased the estimates of the analysis (Kang, 

2013). Consideration was given to utilising multiple imputation techniques for dealing with the 

missing data but since it has not been possible to date to confirm the cause of the missing data, 

proceeding with multiple imputation was not appropriate for the analysis. 

In order to resolve this issue for future researchers who wish to use the PNC sample, I am now 

involved with a working group headed by Dr Kathleen Merikangas, Senior Investigator and Chief of 

the Genetic Epidemiology Research Branch in the Intramural Research Program at the National 

Institute of Mental Health (NIMH) to derive a final standardised set of clinical algorithms for the 

PNC cohort to enhance the usability of the data by researchers accessing these data. We plan to make 

the code for the algorithms freely available to other research groups to support further analysis of the 

dataset.  
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3.4.1.3 Dichotomous outcomes 

In this sample, I constructed computerised clinical scoring algorithms, processing psychiatric 

phenotypic data to identify those in clinical risk groups. These clinical outcome variables were 

dichotomous. The data used in this analysis were collected based on a computerised version of the 

K-SADS interview (Orvaschel et al., 1987). The instrument provides dichotomous outcome variables 

and does not provide a quantitative measure of symptoms or severity. Although dichotomisation is 

intuitively favourable for medical researchers coming from a background where clinical diagnosis is 

generally based on dichotomous classification, dichotomisation results in a loss of power to detect 

relationships (Royston et al., 2006). Dichotomisation of phenotypic outcomes further limited power 

in this analysis. In the working group established for the development of standardised clinical scoring 

algorithms for the PNC data (discussed in section 3.4.1.2 above), development of a categorical 

scoring approach with ordinal outcomes for the psychopathology measures is under consideration 

with the aim of improving power for further studies examining associations with psychopathology 

in the PNC.  

3.4.1.4 Sample size 

The sample size of ND CNV carriers in this analysis may have limited the detection of effects of ND 

CNV on psychopathological outcomes. ND CNVs are rare genetic variants, individually presenting 

at frequencies of <0.3% in general populations (Kirov et al., 2014). The youth clinical cohort sample 

that was assessed here was relatively large (n=8,205), but the proportion of ND CNV carriers in the 

sample was 1.9% (n=158). Childhood cohort studies to date have been limited by relatively small 

samples (Guyatt et al., 2018; Martin et al., 2019) in their capacity to clearly establish relationships 

between ND CNVs and psychopathologies, as was likely the case for this analysis. Adult population 

samples that have previously identified significant associations between ND CNVs and 

psychopathologies (Kendall et al., 2019; Stefansson et al., 2014) have analysed samples of more than 

100,000 individuals (Kendall et al., 2019), (Stefansson et al., 2014).  

Much larger cohorts of youths are likely to be required for studies such as this one to reliably identify 

associations between ND CNVs and psychopathologies. 

 

3.4.1.5 Power of analyses 

Post hoc power analyses were carried out to evaluate the power of the phenotype analyses in the PNC 

sample. The power of the analyses ranged from 6% to 74% (Table 7-16), based on the effect sizes 

identified in the analyses. Much larger samples are required to effectively assess associations 

between ND CNV status and internalising symptoms, externalising symptoms and suicidal ideation 

in future studies of youth populations. 
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3.4.1.6 Clinical population 

Although efforts were made through the recruitment approach used in collecting the PNC (Calkins 

et al., 2015), the sample was recruited through paediatric clinics. Psychiatric disorders are prevalent 

in youths with physical health problems and associations have been identified between severity of 

physical health conditions and mental health disorders (Merikangas et al., 2015b). Psychiatric 

disorders may be over-represented in this sample compared with general populations of youths. This 

limits the generalisability of the findings in terms of general youth populations.  

 

3.4.1.7 Multiple testing 

Corrections were not made for multiple testing in this analysis. This analysis was considered 

preliminary in nature and replication of the outcomes in further datasets is required. 

 

3.4.2 Impact 

Identifying whether youths with ND CNVs are at increased risk of developing psychopathologies is 

important as early screening and identification in those at risk may facilitate early diagnosis and 

intervention resulting in improved outcomes (Dadds et al., 1997; Snell et al., 2013) (Aos et al., 2004; 

Beitchman et al., 1992a; Beitchman et al., 1992b). Understanding the impact of ASD or ID co-

morbidity and the role of sex in the relationship between childhood onset psychiatric disorder and 

ND CNVs can contribute to informed psychiatric screening and intervention strategies for carriers. 

In this study, we identified children with ND CNVs to be at significantly increased risk of presenting 

with subclinical psychotic symptomatology. The effect of ND CNVs on risk of subclinical psychotic 

symptoms was present both in a sample including individuals with ASD and likely ID and in a sub-

sample that excluded them. These findings require replication in further datasets for reliable 

interpretation, however there are important factors to consider based on these results. Screening for 

subclinical psychotic symptoms may be important in child and adolescent carriers of ND CNVs 

(including carriers with NDDs such as ASD/ID and carriers without these NDDs). Young people 

who present with subclinical psychotic symptoms are at higher risk of developing psychosis later in 

life (Poulton et al., 2000; Welham et al., 2009b) but psychotic like experiences may also be indicators 

of current severe non-psychotic psychopathology and co-morbidity (Nishida et al., 2008; Scott et al., 

2009; Wigman et al., 2011). For ND CNV carriers in whom subclinical psychotic symptoms are 

identified, referral for further psychiatric assessment and follow up may be helpful for further 

assessment and monitoring. Further clinical characterisation of subclinical psychotic symptoms in 

ND CNV carriers in longitudinal cohorts will be helpful in exploring the clinical and prognostic 

significance of this association. ND CNV status should be considered as a candidate predictor 

variable for studies of transition to psychosis in youths at clinical high risk. 
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Although a lack of association was identified between ND CNVs and risk of internalising and 

externalising disorders and suicidal ideation in this study, previous case-control studies and adult 

population studies have identified significant associations between ND CNVs and various 

internalising and externalising disorders as well as suicidal ideation. Further exploration of 

psychiatric risk profiles in the context of ND CNVs will need to be explored in larger, well 

phenotyped cohorts of youths to provide more conclusive data on these relationships. 

 

3.5 Conclusion 

The data from this analysis indicate that youths with ND CNVs are at higher risk of having 

subclinical psychotic symptoms than youths without ND CNVs. The data suggest that this 

association is present even in carriers without an ASD diagnosis or significant cognitive impairment. 

The analysis contributes information to the growing base of knowledge on psychiatric risk profiles 

associated with ND CNVs in youths. A better understanding of the association between ND CNVs 

and subclinical psychotic symptoms will have considerable implications for the screening, diagnosis 

and clinical support of young people with ND CNVs. The findings of this analysis require replication, 

preferably in large, population-based samples of youths. Clinical characterisation of subclinical 

psychotic symptoms in ND CNV carriers in longitudinal cohorts will be helpful in exploring the 

clinical and prognostic significance of the association.  

The lack of association between ND CNVs and risk of having internalising, externalising disorders 

and suicidal ideation identified in this study also require exploration in larger, well phenotyped 

population cohorts of youths to get more conclusive insights into these relationships.  
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Chapter 4: Identifying schizophrenia patients who carry pathogenic 

genetic copy number variants using standard clinical assessment: 

a retrospective cohort study 

 

 

Parts of this chapter have been adapted from the following article: 

Foley C, Heron EA, Harold D, Walters J, Owen M, O'Donovan M, Gallagher L, Corvin A et al. 

Identifying schizophrenia patients who carry pathogenic genetic copy number variants using standard 

clinical assessment: retrospective cohort study. The British Journal of Psychiatry. 2020:1-5. 

I worked with E.H., M.G., L.G., A.C. on the study conception and design. I undertook and supervised 

the compilation, collection and coding of the phenotype data from existing research cohorts for the 

discovery dataset (supervised A.D.), analysed the phenotype data and wrote and revised the 

manuscript for publication under the supervision of A.C., L.G. and E.H., C.M., E.K., D.H., D.M., 

C.P., P.C., G.D. were responsible for the collection and processing of genetic and phenotype data 

from the pre-existing discovery dataset. J.W., M.O. and M.O’D contributed the data for the 

replication dataset and provided feedback with regard to the data analysis and interpretation. J.S. 

contributed to the core analysis of the genetic data used in the study. C.F., E.H., L.G., A.C. 

contributed to the data analysis and interpretation. All authors reviewed and approved the final 

manuscript. 
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4.1 Introduction 

4.1.1 Background 

Schizophrenia is a heterogeneous clinical syndrome characterised by positive symptoms (delusions, 

hallucinations, formal thought disorder), negative symptoms (anhedonia, flat affect, alogia) and 

cognitive impairments. There is marked variability between individuals with the disorder in terms of 

clinical course and symptomatology. The disorder affects ~0.5-1% of populations worldwide 

(Fischer et al., 2017; McGrath et al., 2008) and is a leading cause of disability globally (Murray et 

al., 1996). Schizophrenia is a devastating disorder for those it affects and their families and presents 

considerable social and economic demands for society (Knapp et al., 2004; Thornicroft et al., 2004).  

The aetiology of schizophrenia is complex, both common and rare genetic risk factors are likely to 

augment risk, as well as environmental factors (Fusar-Poli et al., 2017). In 2014, a large genome 

wide association study conducted by the Psychiatric Genomics Consortium (PGC) identified 108 

genomic risk loci for schizophrenia (Ripke et al., 2014). Implicated genes are enriched in pathways 

of glutamatergic neurotransmission, neuronal calcium signalling, broad synaptic function and 

immune function (Network et al., 2015; Ripke et al., 2014). For most affected individuals, 

schizophrenia has a polygenic architecture in which hundreds, or even thousands of variants 

collectively contribute to risk (Gratten et al., 2014; Ripke et al., 2014). Common genetic risk factors 

(polygenic risk) have been estimated to collectively account from some 30% of heritability (Loh et 

al., 2015); the great proportion of schizophrenia heritability is yet to be explained.  

Copy number variants (CNVs) have a larger role to play in a small subset of cases. There is evidence 

genome-wide significant association with schizophrenia at eight CNVs (1q21.1, 2p16.3 (NRXN1), 

3q29, 7q11.2, 15q13.3, distal 16p11.2, proximal 16p11.2 and 22q11.2) and suggestive support for 

eight more (2017). Presence of a schizophrenia-associated CNV in an individual increases the risk 

of developing schizophrenia by OR 2-30 (Rees et al., 2014b). These rare but recurrent copy number 

variants may be inherited or present de novo. High selection pressure has been identified against 

schizophrenia associated CNVs in the population, suggesting that these recurrent CNVs are likely 

caused by relatively recent de novo mutations (they appear to persist in populations for only a few 

generations) and recur in populations due to relatively high mutation rates (Marshall et al., 2017; 

Rees et al., 2011). Collectively, known schizophrenia associated CNVs are carried by <2.5% of 

patients (Kirov, 2015). 

Family and comorbidity studies have long suggested shared genetic risk factors between 

neurodevelopmental disorders (NDDs). There is an increased risk of autism spectrum disorder (ASD) 

in children of parents with schizophrenia spectrum disorders (Larsson et al., 2005; Sullivan et al., 

2012b) and more significant ASD traits have been identified in the siblings of children with 

childhood onset schizophrenia (Sporn et al., 2004). There is also an increased risk of intellectual 
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disability (ID) in children of mothers with schizophrenia, bipolar disorder or unipolar major 

depression (Morgan et al., 2012). Evidence is accumulating of both common and rare variants shared 

between NDDs (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013; Kirov et al., 

2014). All known schizophrenia-associated CNVs are pleiotropic, carrying increased risk not only 

for schizophrenia but also for other NDDs such as ASD, ID or other developmental delays (Rees et 

al., 2014b). Penetrance of the CNVs is variable, with schizophrenia penetrance ranging from 2-18% 

and penetrance of developmental delay/ASD/congenital malformation ranging from 8-88% 

depending on the specific CNV (Kirov et al., 2014). Even in the absence of a psychiatric diagnosis, 

carriers of CNVs associated with schizophrenia have significant, but variable cognitive deficits 

(Kendall et al., 2016; Stefansson et al., 2014). These CNVs are therefore potentially pathogenic and 

clinically significant, but outcomes range from subtle cognitive effects to severe NDDs. Despite 

significant progress in our understanding of the genetics of schizophrenia, the progress in 

schizophrenia genetic discovery has yet to be leveraged in the context of clinical psychiatry. 

Chromosomal microarray analysis (CMA) is a first line routine test in ASD and ID; 10-15% of 

individuals with these disorders carry identifiable genetic aetiologies that may have implications for 

clinical management and genetic counselling (Bass et al., 2018; Carter et al., 2013; Schaefer et al., 

2013). For schizophrenia, the diagnostic yield is unlikely to be as high. CNVs with known 

schizophrenia risk are found in ~2.5% of individuals with the disorder (Kirov, 2015); clinically 

significant CNVs may present in up to 8% of individuals with schizophrenia (Costain et al., 2013). 

Although CMA testing costs are modest compared with other clinical investigations such as 

neuroimaging (Baker et al., 2014) and costs of testing continue to decline, the relatively low 

prevalence of known schizophrenia-risk CNVs would result in low pick up rates in general 

schizophrenia populations, limiting cost-effectiveness of genetic testing. In ASD and ID, 

identification of ‘syndromal’ cases who have additional phenotypes and dysmorphic features can 

increase diagnostic yield of genetic testing (Miles et al., 2008a). The identification of clinical 

symptoms or demographic features that differentiate schizophrenia patients that carry risk CNVs 

may be helpful in clarifying who might benefit most from testing. Recent studies have suggested that 

identifying schizophrenia patients with co-morbid ID, multiple congenital malformations or 

dysmorphic features is likely to be helpful in identifying subsets of individuals with genomic 

disorders (Christian G. Bouwkamp et al., 2017; Lowther et al., 2017; Thygesen et al., 2018). The 

utility of other developmental indices in identifying such subsets of patients is less well explored.  

4.1.2 Aims and Hypotheses 

The objective of this work was to determine whether clinically identifiable phenotypic features were 

predictive of SCZ-associated CNV carrier status in a large schizophrenia cohort. Based on the known 

overlap with other NDDs and previously reported phenotype studies (Ahn et al., 2014; Derks et al., 

2013; Kirov et al., 2014; Philip et al., 2011; Rujescu et al., 2009b; Sahoo et al., 2011b; Stefansson et 
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al., 2014; Walsh et al., 2008; Yeo et al., 2013), it was hypothesised that individuals with 

schizophrenia who carry risk CNVs are likely to be enriched for phenotypic features suggesting pre-

existing neurodevelopmental compromise, earlier onset of psychotic symptoms, more severe illness 

course, or a positive family history of neurodevelopmental disorder.  

 

4.2 Methods 

4.2.1 Selection of phenotypic variables 

A literature review was conducted in PubMed to identify clinical and phenotypic features reported 

to be associated with copy number variation in schizophrenia using the search terms “schizophrenia”, 

“copy number variant” and “phenotype” from January 2008 to February 2016 when the study 

commenced. Publications that specifically described CNV associated clinical and phenotypic 

features in schizophrenia were selected to identify neurodevelopmental phenotypic categories. 

Identified phenotypic domains included early onset of psychosis; premorbid cognitive difficulties; 

delays in developmental milestones; and syndromal characteristics (dysmorphic features, congenital 

malformations). Having a first degree relative with schizophrenia is one of the greatest risk factors 

for the disorder, increasing risk by ~10 times (Rutkowski et al., 2017). Since copy number variants 

may be inherited (Rutkowski et al., 2017) and schizophrenia-risk CNVs are also associated with 

increased risk of early neurodevelopmental disorders such as ASD and ID (Kirov et al., 2014), it was 

hypothesised that individuals with a family history of neurodevelopmental disorder would be at 

increased risk of carrying an inherited schizophrenia-risk CNV and family history of 

neurodevelopmental disorder was therefore included as a variable in the analysis. Eight phenotypic 

variables were identified through expert clinical consensus (research psychiatrist, principal 

investigators) that are readily identifiable in a standard clinical evaluation and therefore ultimately 

of clinical utility and acceptability. Consequently ‘dysmorphic features’ and ‘congenital anomalies’ 

were excluded as reliable identification of these features requires additional training or clinical tools 

(Miles et al., 2008b). The phenotypic variables selected for analysis and associated references are 

presented in Table 4-1. 
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Table 4-1. Phenotypic variables selected for analysis. 

Phenotypic Variable Definition References 

Early onset of symptoms 

 

Onset of symptoms < 18 years. 

 

(Ahn et al., 2014; 

Walsh et al., 2008) 

 

History of learning 

difficulties 

 

Any difficulties with learning reported in 

school (excluding behavioural 

difficulties). 

 

(Kendall et al., 2016; 

Stefansson et al., 2014) 

 

Specific learning disorder 

 

Identified as report of diagnosed 

dyslexia, dyscalculia or dysgraphia. 

 

(Carrion‐Castillo et al., 

2013; Stefansson et al., 

2014) 

 

Remedial school support 

 

Reported learning support in school, 

within class, separate classes, special 

school. 

 

(Kendall et al., 2016; 

Stefansson et al., 2014) 

 

Low educational 

attainment 

 

Attained primary school education only. 

 

(Kendall et al., 2016; 

Stefansson et al., 2014) 

 

History of developmental 

delay 

 

Delayed milestones- motor, speech, 

toilet training. 

 

(Kirov et al., 2014; 

Sahoo et al., 2011b) 

 

Comorbid 

neurodevelopmental 

diagnosis 

 

Diagnosis of ASD, ID or epilepsy. 

 

(Kirov et al., 2014; 

Sahoo et al., 2011b) 

 

Family history of 

Neurodevelopmental 

disorder 

 

Reported diagnosis of schizophrenia, 

ASD, ID or epilepsy in a first/second 

degree family member. 

 

(Costain et al., 2014; 

Wilson et al., 2011) 

 

 

 

 

4.2.2 Clinical subjects 

4.2.2.1 Discovery dataset 

4.2.2.1.1 Sample 

The discovery dataset consisted of 1,215 individuals of Irish ancestry where both clinical phenotype 

and genome-wide SNP array data was available. Cases were all over 18 years of age and had a 

diagnosis of Schizophrenia or Schizoaffective Disorder after a structured clinical assessment (as 

described in (First, 2002)). Diagnosis was made based on the consensus lifetime best estimate method 
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using all available information (interview, family or staff report, chart review) with DSM-IV criteria 

as per the Structured Clinical Interview for DSM-IV-TR Axis I Disorders, research edition (SCID-

P) (First, 2002). The SCID-P is the research version of the SCID, a semi-structured diagnostic 

interview, to ascertain DSM diagnostic criteria. Diagnostic assessments involved structured clinical 

interview and preparation of a clinical vignette based on all available information including chart 

review and collateral history. These were rated blind by the assessor. For all cases the vignettes were 

also rated blind by Professor Corvin. Where there were discrepancies across diagnoses, there was a 

consensus panel (principal investigator, a research psychiatrist, research nurses) who reached a 

consensus diagnosis based on all available information (there were few cases where this was 

required).  

 

4.2.2.1.2 Ethical approval 

All subjects provided written informed consent. Each referral center obtained local Research Ethics 

Committee (REC) approval.  

 

4.2.2.1.3 Development of phenotype dataset 

Phenotypic data were collected retrospectively from previous research (Irish Schizophrenia 

Genomics Consortium, 2012). The phenotypic data were collected from diagnostic assessments 

including information from structured clinical interview, clinical vignette, chart review and collateral 

history. The phenotype variable details that were collected and included in the analyses are presented 

in Table 4-2, including probe questions in structured assessments and details on coding criteria. 

Phenotypic data were coded as categorical variables. Missing information is described in Table 4-3.  

 



 

 

 

8
5

 Table 4-2. Phenotype definitions, probe questions, specific details and outcome codes used in discovery dataset.  

Phenotype Variable Source 
Probe Questions in Clinical 

Interview 
Specifying details Coding 

Early onset of 

symptoms 

 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“When was the first time you saw 

someone for psychiatric problems 

(YEAR)? How old were you?” 

 

Age specified in years. 

 

0 = Age ≥ 18 years 

1 = Age < 18 years 

“Don’t know” or not 

answered- coded as missing. 

 

History of learning 

difficulties 

 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“Any problems with 

schoolwork?” 

 

Details specified. If behavioural 

problems reported without 

learning problems, coded as “No”. 

 

 

0 = No, no difficulties with 

schoolwork indicated. 

1 = Yes, difficulties with 

schoolwork indicated. 

“Don’t know” or not 

answered- coded as missing. 

 

Specific learning 

disorder 

 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“Any problems with 

schoolwork?” 

 

Details specified- dyslexia, 

dyscalculia or dysgraphia. 

 

0= No, no specific learning 

difficulty indicated. 

1 = Yes, specific learning 

difficulty including 

dyslexia, dyscalculia or 

dysgraphia specified. 

“Don’t know” or not 

answered- coded as missing. 

 

Remedial school 

support 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

“Any problems with 

schoolwork?” 

 

Details specified- Reported 

learning support in school, within 

class, separate classes, special 

school. 

0 = No, no specific learning 

support indicated. 

1 = Yes, specified learning 

support, within class, 
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Phenotype Variable Source 
Probe Questions in Clinical 

Interview 
Specifying details Coding 

  separate classes or special 

school. 

“Don’t know” or not 

answered- coded as missing. 

 

Low educational 

attainment 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“At what stage did you leave 

school?” 

 

Details specified. Primary, 

Secondary, Tertiary. 

 

0 = Completed education 

past primary school level. 

1 = Completed school to 

primary school level only. 

“Don’t know” or not 

answered- coded as missing. 

 

History of 

developmental delay 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“Did you have any early learning 

difficulties?” 

 

If answered affirmatively, details 

were specified: “Late walking?”, 

“Late talking?”, “Problems with 

toilet training?” 

 

0 = No early learning 

difficulties indicated. 

1 = Early difficulties 

indicated and specified as 

late walking, talking or 

toilet training. 

“Don’t know” or not 

answered- coded as missing. 

 

Comorbid 

neurodevelopmental 

diagnosis 

 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“Did you ever attend your GP or 

another doctor for assessment of 

any developmental problems?”- 

Details specified 

 

Details specified. 

Specific report of history of 

autism spectrum disorder, autism, 

Asperger’s disorder, pervasive 

developmental disorder, 

0 = No evidence comorbid 

neurodevelopmental 

diagnosis. 

1 = Specified an autism 

spectrum disorder, 

intellectual disability or 
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Phenotype Variable Source 
Probe Questions in Clinical 

Interview 
Specifying details Coding 

“Have you ever been in 

hospital/attended your GP for a 

medical problem?” Specified: 

“Epilepsy?” 

 

mild/moderate/severe intellectual 

disability. 

Specified a diagnosis of epilepsy 

or reference to specific seizures 

including grand mal (tonic-clonic) 

seizures, temporal lobe seizures, 

absence seizures, myoclonic 

seizures. Febrile seizures or 

psychogenic seizures not coded as 

positive for variable. 

 

epilepsy diagnosis or 

epileptiform seizure. 

“Don’t know” or not 

answered- coded as missing. 

 

Family history of 

neurodevelopmental 

disorder 

 

 

Structured clinical 

interview, clinical 

vignette, chart review and 

collateral history. 

 

“Any history of mental health 

problems in your family?” 

“Any history of medical problems 

in your family?” 

“Family history of epilepsy?” 

“Family history of learning 

disability?” 

“Family history of pervasive 

developmental disorder?” 

 

Details specified. 

Specific report of family member 

with history of schizophrenia, 

autism spectrum disorder, 

intellectual disability or epilepsy. 

First and second-degree relatives 

included. 

 

0 = No reported family 

history of 

neurodevelopmental 

disorder. 

1 = Specific report of family 

history of schizophrenia, 

ASD, ID or epilepsy in first 

or second degree relative. 

“Don’t know” or not 

answered- coded as missing. 
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Table 4-3. Proportions of missing data in the Irish cohort for the phenotypes included in the 

analysis (discovery dataset). 

  

4.2.2.2 Replication sample 

The identified replication dataset was based on 19,879 schizophrenia cases published by the 

Schizophrenia Working Group of the Psychiatric Genomics Consortium (PGC) cohorts (representing 

40 cohorts excluding the Irish data) (Marshall et al., 2017). Contributors of the constituent datasets 

were approached to request access to additional phenotypic data to replicate the discovery findings. 

Only one cohort (Cardiff dataset) was identified with the requisite phenotype data and adequate 

sample size for replication (many of the well phenotyped cohorts were small and consequently had 

no CNV carriers).  

 

4.2.2.2.1 Sample 

The Cardiff dataset (n=479) consisted of participants from the previously reported CardiffCOGS 

study (Hamshere et al., 2013; Rees et al., 2014b) and was provided for this analysis by Dr James 

Walters and colleagues. Patients had a clinical diagnosis of schizophrenia; they were interviewed 

with the Schedules for Clinical Assessment in Neuropsychiatry (SCAN) and case-notes were 

reviewed to derive a best-estimate lifetime diagnosis according to DSM-IV criteria.  

 

Variable 

Total 

N 

Data 

available 

N % Complete 

Early age of onset of symptoms 1,215 1,199 98.7 

History of learning difficulties 1,215 1,195 98.4 

History of specific learning disorder 1,215 1,192 98.1 

History of school supports 1,215 1,195 98.4 

Primary school attainment only 1,215 1,204 99.1 

History of developmental delay 1,215 1,162 95.6 

Comorbid neurodevelopmental diagnosis 1,215 1,195 98.4 

Family history of neurodevelopmental disorder 1,215 1,087 89.5 
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4.2.2.2.2 Ethical approval 

The sample was recruited with REC approval from community, in-patient and voluntary sector 

mental health services in the UK. Written informed consent was obtained from all subjects/patients. 

 

4.2.2.2.3 Phenotype data provided 

The comparable phenotype variables investigated in the Cardiff dataset were: 1/ “History of 

developmental delay”, which was directly comparable to the Irish cohort defined as “clinically 

relevant delays in speech, walking, co-ordination or diagnosed developmental problem” and 2/ A 

positive history of epilepsy, intellectual disability and/or ASD was included as “Co-morbid 

neurodevelopmental disorder”. Intellectual disability referred to an IQ < 70 and clinical specialist 

service involvement (diagnosis was based on evidence from interview, clinical notes review and 

patient questionnaires and corroborative history from a clinical team). The ASD and epilepsy 

variables were interview self-report of a clinical diagnosis- with data obtained through the question 

“Has a doctor or other healthcare professional ever diagnosed you with the following conditions?”- 

“Autism”, “Epilepsy”. Missing information is described in Table 4-4. The other phenotypic variables 

selected in the initial analysis were not collected in this dataset. 

Table 4-4 Proportions of missing data in the Cardiff cohort for the phenotypes included in the 

analysis (replication dataset). 

 

 

 

4.2.3 CNV list 

The target CNVs used in the analysis were fifteen CNVs with the strongest evidence of association 

with schizophrenia analysed by Rees et al. in (Rees et al., 2014b) at the time of analysis (Table 4-5). 

Twelve of these were also identified in a large PGC-CNV meta-analysis (Malhotra et al., 2012) and 

an additional three loci were included by Rees et al.: exon disrupting deletions at the NRXN1 gene, 

deletion at distal 16p11.2 and duplications at the WBS region based on expert consensus or evidence 

published after the meta-analysis (Rees et al., 2014b). 

Variable 

Total 

N 

Data 

available 

N % Complete 

History of developmental delay 479 337 70.4 

Comorbid neurodevelopmental diagnosis 479 417 87.1 
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Table 4-5 Schizophrenia-associated risk CNVs, table was adapted from Rees et al. 2014 (Rees 

et al., 2014b). 

Locus Position in Mb 

1q21.1 del chr1:146,57-147,39 

1q21.1 dup chr1:146,57-147,39 

NRXN1 del chr2:50,15-51,26 

3q29 del chr3:195,73-197,34 

WBS dup chr7:72,74-74,14 

VIPR2 dup chr7:158,82-158,94 

15q11.2 del chr15:22,80-23,09 

AS/PWS dup chr15:24,82-28,43 

15q13.3 del chr15:31,13-32,48 

16p13.11 dup chr16:15,51-16,30 

16p11.2 distal del chr16:28,82-29,05 

16p11.2 dup chr16:29,64-30,20 

17p12 del chr17:14,16-15,43 

17q12 del chr17:34,81-36,20 

22q11.2 del chr22:19,02-20,26 

Note: Copy number variant loci listed in Rees et al. (Rees et al., 2014b) with previous evidence for 

associations with schizophrenia. Copy number variation positions are in UCSC Build 37. Del, 

deletion; dup, duplication; WBS, Williams-Beuren Syndrome; AS/PWS, Angelman/Prader-Willi 

syndrome. 

 

4.2.4 Genotyping and CNV calling 

The Irish sample was genotyped on the Affymetrix 6.0 array (n=802) or the Illumina 

HumanCoreExome chip (n=413) (full details available in (Irish Schizophrenia Genomics 

Consortium, 2012)). The Cardiff samples were all genotyped using HumanOmniExpress-12v1-1_B 

arrays (Illumina) (Rees et al., 2016b). To control for platform effects, raw intensity data was provided 

to the PGC CNV Analysis Group. This provided a centralized pipeline for systematic CNV calling 

including multiple CNV callers run in parallel. The final CNV set was defined as those >20kb in 

length including at least 10 probes and <1% minor allele frequency (MAF) (Marshall et al., 2017). 
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4.2.5 Statistical analyses 

4.2.5.1 Discovery dataset 

Univariate analyses (Fisher’s exact tests) were first performed to assess associations between 

phenotypic predictors and SCZ-associated CNV status in the Irish Cohort. Multiple logistic 

regression analysis was then carried out to examine the effects of significant phenotypic variables, 

identified on univariate analysis, in modelling SCZ-associated CNV status. The final independent 

variables included in the model were those with a significance level of 0.05 following backward 

elimination steps. Model fit was assessed using Nagelkerke pseudo R-squared index. 

In view of the rarity of SCZ-associated CNVs in the samples, the risk of small-sample bias in the 

analysis was considered. To examine this, a penalised likelihood method (Firth method) of logistic 

regression was also applied to the discovery sample for comparison with the classical logistic 

regression model. Penalised likelihood is a general approach to reducing small-sample bias in 

maximum likelihood estimation (FIRTH, 1993). The “logistf” package in R was used for this analysis 

(Heinze et al., 2016). 

Receiver operating characteristic (ROC) curve analysis was used to test validity, sensitivity and 

specificity of the logistic regression parameters for modelling SCZ-associated CNV carrier status in 

the discovery dataset. The “OptimalCutpoints” package in R was used for this analysis (López-Ratón 

et al., 2014). 

 

4.2.5.2 Replication dataset 

The Cardiff replication dataset collected data on two of the three phenotypic variables identified in 

the discovery dataset as significant in modelling SCZ-associated CNV status. A model was trained 

on the discovery dataset with the two variables that were common to both datasets. This two-variable 

model was then applied to the replication dataset. The missing predictor variable was omitted. ROC 

curve analysis was used to assess the accuracy of the predictor variables in modelling SCZ-associated 

CNV carrier status in the replication dataset. 

The analyses were considered exploratory and corrections were not made for multiple testing. 

 All analyses were completed in R version 3.2.3 ("R Core Team. R: A language and environment for 

statistical computing. R Foundation for Statistical Computing, Vienna, Austria.," 2013). 
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4.3 Results 

4.3.1 Discovery data set 

Nineteen individuals (1.6%) carried one of the fifteen identified SCZ-associated CNVs (Rees et al., 

2014b) from the total sample of 1,215 cases. No individuals carried more than one SCZ-associated 

CNV. The details of the copy number variants and positions are presented in Appendix 1: 

Supplementary Tables, Table 7-17. Proportions of individuals with positive history of phenotypic 

variables and SCZ-associated pathogenic CNV status are presented in Table 4-6. 
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Table 4-6 Proportion of individuals with positive history of phenotypic variables in discovery and replication samples.  

 
Discovery Sample  Replication Sample 

 

Phenotypic Variable 

CNV 

(n = 19) 

No CNV 

(n = 1,196) 

Total 

(n = 1,215) 

 

CNV 

(n = 8) 

No CNV 

(n = 471) 

Total 

(n = 479) 

Early onset of symptoms 6 (31.6%) 270 (22.6%) 276 (22.7%)  - - - 

History of learning difficulties 8 (42.1%) 181 (15.1%) 189 (15.6%)  - - - 

Specific learning disorder 2 (10.5%) 15 (1.3%) 17 (1.4%)  - - - 

Remedial school support 1 (5.3%) 36 (3.0%) 37 (3.0%)  - - - 

Low educational attainment 4 (21.1%) 150 (12.5%) 154 (12.7%)  - - - 

History of developmental delay 5 (26.3%) 77 (6.4%) 82 (6.7%)  3 (37.5%) 92 (19.5%) 95 (19.8%) 

Comorbid neurodevelopmental diagnosis 3 (15.8%) 43 (3.6%) 46 (3.8%)  4 (50.0%) 40 (8.5%) 44 (9.2%) 

Family history of NDD 5 (26.3%) 343 (28.7%) 348 (28.6%)  - - - 

Note: Proportions of individuals with positive history of phenotypic variables and SCZ-associated pathogenic CNV status. NDD, neurodevelopmental disorder. 
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Univariate analyses identified four phenotypic variables with significant associations with SCZ-

associated CNV status: “History of developmental delay”, “Co-morbid neurodevelopmental 

disorder”, “History of learning difficulties” and “Specific learning difficulties” (Table 4-7).  

 

Table 4-7. Univariate analyses assessing associations between selected phenotypic variables 

and SCZ-associated CNV status in the discovery cohort. 

Phenotypic Variable OR (95% CI) P 

Early onset of symptoms 1.55 (0.58 - 4.27) 0.41 

History of learning difficulties 3.99 (1.55 - 10.30) 0.005 

Specific learning disorder 9.03 (1.38 - 39.98) 0.03 

Remedial school support 1.76 (0.08 - 10.66) 0.45 

Low educational attainment 1.84 (0.55 - 5.74) 0.29 

History of developmental delay 5.76 (1.91 - 16.44) 0.005 

Comorbid neurodevelopmental diagnosis 4.93 (1.18 - 16.73) 0.034 

Family history of Neurodevelopmental disorder 1.06 (0.35 - 3.28) 1 

Note: Fisher's exact tests were used to assess associations between phenotypic variables and CNV status 

groups. Significant results are in bold. 

 

 

Correlations between significant phenotypic variables are presented in Table 4-8. The variables 

“History of learning difficulties” and “Specific learning disorder” were correlated (tetrachoric 

correlation, rt = 0.68) and were likely capturing similar phenotypic information. 
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Table 4-8. Tetrachoric correlations between four phenotypic variables significantly associated 

with schizophrenia-risk CNV status in the discovery cohort. 

 HLD SLD HDD CNDD 

 

History of learning difficulties (HLD) 

 

-    

 

Specific learning disorder (SLD) 

 

0.68 -   

 

History of developmental delay (HDD) 

 

0.20 0.22 -  

 

Comorbid NDD (CNDD) 

 

0.25 0.08 0.07 - 

Note: Correlation coefficients measured by tetrachoric correlation coefficient tr (El-Hashash et al., 2018) 

calculated using “tetrachoric” function in the “psych” package in R (W, 2019). NDD, 

neurodevelopmental disorder 

 

A multiple logistic regression model was fitted using the four identified variables with significant 

associations with schizophrenia-risk CNV status and backward elimination at this point removed 

with the variable “History of learning difficulties” from the model. The final independent variables 

in the model were “History of developmental delay”, “Co-morbid neurodevelopmental disorder” and 

“Specific learning disorder”. These variables had odds ratios of 5.19 (95% CI 1.58-14.76, p=0.003), 

5.87 (95% CI 1.28 – 19.69, p=0.009) and 8.12 (95% CI 1.16 – 34.88, p=0.012) respectively when 

included in the logistic regression model (Table 4-9). Nagelkerke pseudo r square for the model was 

0.196, indicating that the phenotypic variables accounted for 19.6% of the variance in SCZ-

associated CNV status in this sample. 
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Table 4-9. Multiple logistic regression model to determine whether clinically identifiable 

phenotypic features could be used to model schizophrenia associated CNV carrier status 

 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

 

Intercept -4.72 0.32 -14.607 < 2e-16 0.01 (0.01-0.02) 

 

History of 

developmental delay 1.65 0.56 2.95 0.003 5.19 (1.58-14.76) 

 

Comorbid 

neurodevelopmental 

disorder 1.77 0.67 2.63 0.009 5.87 (1.28-19.69) 

 

Specific learning 

disorder 

 

2.09 

 

0.83 

 

2.53 

 

0.012 

 

8.12 (1.16-34.88) 

 

Note: Generalised linear model. Predictor coefficients were tested using Wald tests and confidence intervals 

obtained using the Wald method. Significant variables highlighted in bold. Nagelkerke pseudo R Square = 

0.196. 

 

The performance of the three significant independent variables in modelling SCZ-associated CNV 

carrier status were tested using Receiver Operating Characteristic (ROC) curve analysis. An area 

under the ROC (AUROC) curve of 74.2% (95% CI 61.9 - 86.4%) was achieved, accounting for 

58.8% (95% CI 32.9 - 81.6%) sensitivity and 89.1% (95% CI 87.1 - 90.9%) specificity in modelling 

SCZ-associated CNV carrier status (Table 4-10). The positive predictive value (PPV) of the model 

was 7.5% (95% CI 6.3-20.1%) and negative predictive value (NPV) was 99.3% (95% CI 98.0-

99.4%), influenced by the low prevalence (1.6%) of the SCZ-associated CNVs in the sample.  

Table 4-10. ROC curve results for modelling schizophrenia associated CNV status in the Irish 

dataset.  

Cutoff 

Value 

Sensitivity 

% 

(95% CI) 

Specificity 

% 

(95% CI) 

AUC 

% 

(95% CI) 

PPV 

% 

(95% CI) 

NPV 

% 

(95% CI) 

0.04 

58.8 

(32.9-81.6) 

89.1 

(87.1-90.9) 

74.2 

(61.9-86.4) 

7.5 

(6.3-20.1) 

99.3 

(98.0- 99.4) 

Note: Optimal Cutoff Value, Sensitivity, Specificity, Area Under The Curve, and Predictive Values using 

three independent variables (“History of developmental delay”, “Comorbid neurodevelopmental disorder”, 

“Specific learning disorder”) to model for SCZ-associated CNV status in Irish cohort (discovery dataset). 

CI, confidence interval; AUC, area under the curve; PPV, positive predictive value; NPV, negative 

predictive value 
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The risk of small-sample bias in the analysis was considered in the analysis and a penalized likelihood 

method (Firth method) of logistic regression was applied to the discovery sample for comparison 

with the classical generalized linear models described above. The coefficients and significance values 

using the penalized likelihood model did not differ substantially from the generalized linear model 

indicating that small sample bias was not a notable issue in the results presented above. The results 

of the penalized likelihood method are presented in Appendix 1: Supplementary Tables, Table 7-18, 

but are not referred to further in discussion of the results of this chapter. 

 

4.3.2 Cardiff data set 

Eight individuals (1.7%) in the Cardiff dataset (n = 479) set carried one of the fifteen identified risk 

CNVs, including one 1q21.2 duplication, one NRXN1 deletion, one Williams-Beuren region 

duplication, three 15q11.2 deletions and two 22q11.2 deletions. No individual carried more than one 

of these CNVs. 

The Cardiff replication dataset included data on two of the phenotypic variables of interest: “History 

of developmental delay” and “Co-morbid neurodevelopmental disorder”. Proportions of individuals 

with positive history of phenotypic variables and SCZ-associated pathogenic CNV status are 

presented in Table 4-6. The Irish discovery dataset was used to build a multiple logistic regression 

model using these two variables (Appendix 1: Supplementary Tables, Table 7-19, Table 7-20). 

Applying this model to the Cardiff study population gave an AUROC of 83% (95% CI 52.0-100.0%) 

in identifying SCZ-associated CNV status. The sensitivity and specificity were 75.0% (95% CI 19.4-

99.4%) and 97.6% (95% CI 95.1-99.0%) respectively (Table 4-11). The PPV for the model in this 

sample was 30.0% (95% CI 17.0-95.7%). 

Table 4-11. ROC curve results for the Cardiff dataset.  

Cutoff 

Value 

Sensitivity  

(%) 

(95% CI) 

Specificity  

(%) 

(95% CI) 

AUC 

(%) 

(95% CI) 

PPV 

(%) 

(95% CI) 

NPV 

(%) 

(95% CI) 

0.241 75.0  

(19.4-99.4) 

97.6  

(95.1-99.0) 

83.0  

(52.0-100) 

30.0  

(17.0-95.7) 

99.6  

(95.8-99.9) 

Note: Optimal Cutoff Value, Sensitivity, Specificity, Area Under the Curve, and Predictive Values using two 

independent variables (“History of developmental delay”, “Comorbid neurodevelopmental disorder”) to 

model for SCZ-associated CNV status in Cardiff cohort (replication dataset). CI, confidence interval; AUC, 

area under the curve; PPV, positive predictive value; NPV, negative predictive value 
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4.4 Discussion 

In this analysis, phenotypic information that can be generated by a standard clinical assessment was 

investigated for utility in identifying schizophrenia patients at greater risk of carrying pathogenic 

CNVs. On initial investigation of univariate associations, four phenotypic variables were identified 

to have significant associations with schizophrenia-associated CNV status: history of learning 

difficulties (OR 3.99, p = 0.005), specific learning disorder (OR 9.03, p = 0.03), history of 

developmental delay (OR 5.76, p = 0.005) and comorbid neurodevelopmental diagnosis (OR 4.93, p 

= 0.034). Previous studies that have identified associations between schizophrenia-

risk/neurodevelopmentally associated CNVs and cognitive impairments (Kendall et al., 2016; 

Stefansson et al., 2014), autism spectrum disorders (Kirov, 2015; Kirov et al., 2014), intellectual 

disabilities (Kirov et al., 2014) and epilepsy (Sahoo et al., 2011a; Stewart et al., 2011). Individual 

pathogenic CNVs, such as the 15q11.2(BP1-BP2) deletion have previously shown associations with 

specific learning disorders dyslexia and dyscalculia (Stefansson et al., 2014; Ulfarsson et al., 2017). 

Other clinical features such as early onset of psychosis, low educational attainment or a family history 

of neurodevelopmental disorders were not associated with SCZ-associated CNV carrier status in this 

cohort. Early onset psychotic experiences have been associated with autistic symptomatology in 

longitudinal studies (Bevan Jones et al., 2012; De Crescenzo et al., 2019; Sullivan et al., 2013), with 

reports of 20-50% of individuals with childhood onset schizophrenia meeting criteria for premorbid 

autism spectrum disorder (De Crescenzo et al., 2019; Rapoport et al., 2009). On this basis, the 

hypothesis followed that individuals with early onset psychosis may be at higher risk of carrying 

neurodevelopmentally associated copy number variants. It is possible that the low number of CNV 

carriers in the sample contributed to the lack of significance in this association (OR 1.55, p = 0.41), 

however it is also possible that there is no association between ND CNVs and early onset psychosis. 

The finding may be better explored when larger well-phenotyped datasets are available. The lack of 

association with family history of neurodevelopmental disorders (OR 1.06, p = 1) was notable. High 

selection pressure has been identified against schizophrenia associated CNVs, suggesting that 

recurrent schizophrenia-associated CNVs are likely to be caused by relatively recent de novo 

mutations (Rees et al., 2011). Exome sequencing analysis comparing rare inherited and de novo 

mutations in schizophrenia cases has also indicated that de novo mutations are likely to account for 

at least 50% of sporadic cases of schizophrenia (Xu et al., 2011). This may account for the lack of 

association with family history of neurodevelopmental disorders in our sample. Again, large well-

phenotyped datasets would provide further information in this context. 

In the discovery cohort, having a specific learning disorder (OR 8.12, p = 0.012); developmental 

delay (OR 5.19, p = 0.003); or comorbid neurodevelopmental disorder (OR 5.87, p = 0.009) modelled 

positive carrier status for a SCZ-associated CNV with a relatively high specificity (89.1%, 95% CI 

87.1-90.9%) but more modest sensitivity (58.8%, 95% CI 32.9-81.6%). The positive predictive value 

(PPV) of the model was 7.5% (95% CI 6.3-20.1%) and negative predictive value (NPV) was 99.3% 
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(95% CI 98.0-99.4). The PPV and NPV of a test are influenced by the prevalence of the disease/risk 

factor tested for in the sample examined (Maxim et al., 2014; Ranganathan et al., 2018). The low 

prevalence of the SCZ-associated CNVs in the discovery sample (1.6%) strongly influenced these 

outcomes. PPV is important because it indicates the probability that a positive test result represents 

the presence of the risk factor of interest. The relatively low PPV may limit the model’s value in this 

regard, however given that identifying the relevant information for the model in the clinical setting 

would be simple for clinicians and inexpensive, the clinical utility of the model could still be relevant 

as a first step in increasing diagnostic yield for genetic testing in schizophrenia populations.  

Information on “Specific learning disorders” was not available for the Cardiff sample. Based on the 

remaining two variables, “Comorbid neurodevelopmental disorder” and “History of developmental 

delay”, a model trained from the discovery dataset was applied to the Cardiff sample. This too 

showed relatively high specificity (97.6%, 95% CI 95.1-99.0%) but more modest sensitivity (75.0%, 

95% CI 19.4-99.4%) in modelling carrier status for a SCZ-associated CNV. 

Recent studies have suggested that identifying schizophrenia patients with co-morbid intellectual 

disability is likely to be helpful in identifying subsets of individuals with genomic disorders. 

Thygesen and colleagues reported an approximately three-fold higher rate of pathogenic CNVs in 

patients with psychosis and intellectual disability compared to rates in the general schizophrenia 

population (Thygesen et al., 2018). Lowther et al. examined the genome-wide burden of pathogenic 

CNVs in a schizophrenia cohort (n=546) and demonstrated a significantly higher burden of 

pathogenic CNVs (OR 5.01, p = 0.0001) in patients with schizophrenia and low IQ (IQ< 85) 

compared with those with average IQ (IQ ≥ 85). Based on their findings, the authors concluded that 

individuals with schizophrenia and low IQ should be prioritised for clinical microarray testing in 

clinical and research contexts (Lowther et al., 2017). The findings reported from this study provide 

further support to this recommendation, but indicate that other developmental indices, which could 

be captured by a clinical neurodevelopmental history, will likely be important in the development of 

any future guidelines for schizophrenia genetic testing.  

 

4.4.1 Limitations 

4.4.1.1 Limited sample size of rare CNV carriers 

The strength of this study was the well-characterised phenotype data set that was compiled from 

extensive clinical and research data that was systematically collected from previous schizophrenia 

research studies. It was possible to test multiple phenotypic features for potential in identifying 

pathogenic CNV status and identify three variables that are easily clinically identified and that show 

considerable promise in identifying a high-risk group.  
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Recurrent schizophrenia-associated CNVs are rare events (~1:150 to 1:1,000 (Kirov et al., 2014)) 

and individual cohorts are likely to identify only a modest number of known CNVs, as demonstrated 

in our sample of 1,215 schizophrenia cases. The small sample size of schizophrenia-risk CNV 

carriers resulted in low precision for parameter estimates in the analysis, reflected in the wide 

confidence intervals. Identifying suitable replication datasets for the analysis was a significant 

challenge. Other than the dataset provided by the Cardiff team, datasets of sufficient size with the 

requisite phenotype data were not available for further replication.  

 

4.4.1.2 Pathogenic copy number variant selection 

The list of pathogenic CNVs associated with schizophrenia, autism and other neurodevelopmental 

disorders is continuously evolving in the context of ongoing research in the field and new 

investigative methods (e.g. whole genome sequencing) (Foley et al., 2017).  

In schizophrenia populations, copy number variants associated with other developmental disorders 

may also be relevant, however to date it has not been possible to confidently identify such CNVs 

because they are too rare, have smaller effect sizes for the development of schizophrenia, or both 

(Rees et al., 2016b). The phenotypic variables selected in the study aimed to identify individuals with 

evidence of early neurodevelopmental compromise and may have been relevant in identifying 

individuals with other ND CNVs as well as SCZ-associated CNVs. 

Clinical interpretation of CNVs remains challenging in view of their variable penetrance and 

heterogeneous phenotypic presentations. The purpose of this study was to identify whether there 

were specific phenotypic features easily identifiable within schizophrenia populations which are 

more commonly identified in the carriers of the currently best understood risk CNVs. In this analysis 

therefore, a list of 15 CNVs was selected which, on review of the literature at the time, showed the 

strongest evidence of association with schizophrenia.  

 

4.4.1.3 Power of analyses 

Post hoc power analyses were carried out to evaluate the power of the univariate analyses of SCZ-

associated CNV status and the selected phenotypic variables. Based on the effect sizes identified in 

the analyses, the power analyses confirmed that larger samples would be required to effectively 

assess associations between SCZ-associated CNV status and some of the phenotypic variables 

including early onset of symptoms, remedial school support, low educational attainment and family 

history of neurodevelopmental disorder (Table 7-21). 



 

101 

 

4.4.1.4 Secondary analysis of existing data 

The discovery and replication cohorts used retrospective phenotypic data from which variables were 

identified that provided estimates of sensitivity and specificity for modelling SCZ-associated CNV 

carrier status. Significantly larger, well-characterized phenotypic samples (e.g. prospective cohorts) 

will be required to provide more refined estimates of sensitivity and specificity to inform genetic 

screening guidelines. 

  

4.4.1.5 Lack of patient perspective 

Patients with serious mental illness and their families have expressed interest in attaining an 

aetiological genetic diagnosis (Costain et al., 2012a; Inglis et al., 2015). Genetic testing and 

counselling have been shown to decrease internalised stigma and self-blame experienced by some 

patients (Costain et al., 2012b) and genetic diagnoses may also improve therapeutic alliances between 

patients and health providers (Costain et al., 2012a). Although it was beyond the scope of this study, 

it will be vital to be informed by the patient and family perspective in the development of future 

guidelines for genetic testing in schizophrenia.  

 

4.4.2 Implications 

A small subset of schizophrenia patients (~2.5%) carry CNVs that substantially increase risk for 

schizophrenia but also other NDDs. The clinical benefits of identifying such patients have been 

demonstrated for other NDDs (Miller et al., 2010b; Schaefer et al., 2013). Similar benefits are likely 

to apply in schizophrenia, but as these events are rare, routine genetic testing for all individuals is 

probably not indicated. Previous studies suggest that targeting schizophrenia patients with co-morbid 

ID is likely to be more fruitful in identifying such cases (Lowther et al., 2017; Thygesen et al., 2018). 

The findings from this study suggest that careful clinical history taking to document developmental 

delay; reported learning disorders; or a co-morbid diagnosis of ASD or epilepsy may also be 

informative in screening for schizophrenia patients at higher risk of carrying known SCZ-associated 

CNV.  

 

4.5 Conclusions 

The results from this study indicate that a detailed neurodevelopmental history identifying specific 

neurodevelopmental features may be informative in screening for schizophrenia patients at higher 

risk of carrying known SCZ-associated CNVs. Identification of genomic disorders in these patients 

may have clinical benefits similar to those demonstrated for other neurodevelopmental disorders. 
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Chapter 5: Discussion 

 

5.1 Introduction 

Psychiatric and neurodevelopmental disorders have profound implications for the well-being of 

affected individuals, their families, and society (Arim et al., 2017; Boyle et al., 2011; Jensen et al., 

2011; Ochoa et al., 2003; Tomlinson et al., 2009). The majority of these disorders have complex 

aetiologies, with a significant genetic component to their development. Rare, recurrent CNVs 

contribute substantially to the development of autism spectrum disorder (ASD), intellectual disability 

(ID) and schizophrenia in subsets of individuals with the disorders. The presence of a 

neurodevelopmental CNV (ND CNV) can increase an individual’s risk for schizophrenia (penetrance 

2-18%) and ASD or ID (penetrance 8-18%) (Kirov et al., 2014). Even in the absence of a major 

NDD, ND CNV carriers may manifest subtle cognitive deficits (Kendall et al., 2016; Stefansson et 

al., 2014), other psychiatric disorders (Chawner et al., 2019; Hanson et al., 2015; Kendall et al., 2019; 

Niarchou et al., 2019; Niarchou et al., 2014; Stefansson et al., 2014) or have no evidence of cognitive, 

neurodevelopmental or psychiatric symptoms.  

Establishing a comprehensive and refined understanding of the phenotypes associated with ND 

CNVs in different populations can provide clinically important information for ND CNV carriers 

and their families and may guide neurodevelopmental and psychiatric risk monitoring and 

intervention. In this thesis, I used secondary data analysis techniques to leverage existing datasets for 

the identification of neurodevelopmental and psychiatric phenotypes associated with ND CNV status 

in specific populations that have been understudied to date.  

 

5.2 Overview of thesis aims and results 

5.2.1 Analysis 1: Investigation of psychiatric phenotypes associated with ND CNVs in a 

cohort of youths with ASD 

A substantial proportion of youths with ASD (~15%) are diagnosed with pathogenic CNVs on routine 

CMA testing (Carter et al., 2013; Schaefer et al., 2013). Identifying whether ASD-affected youths 

with ND CNVs are at increased risk of presenting with specific psychiatric disorders has implications 

for screening, diagnosis and therapeutic inputs for these young people. 

This analysis aimed to assess psychiatric risk profiles associated with ND CNV carrier status in 

youths with ASD and to identify whether there was a significant interaction effect between sex and 
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ND CNV status in terms of risk of depression and anxiety in the sample. A follow up analysis was 

conducted in a sample of ASD-unaffected siblings, to explore whether the identified associations in 

individuals with ASD also presented in the absence of ASD. Proband and sibling data from the 

Simons Simplex Collection (SSC) was used for this analysis. 

Sex differences were identified in the effect of ND CNV status on risk of affective problems in ASD-

affected youths. Females with an ND CNV were significantly more likely to present with depressive 

symptoms than males with (OR 5.39, 95% CI 1.02 - 32.79) or without (OR 2.70, 95% CI 1.04 – 8.00) 

an ND CNV. This finding was consistent with previous studies that have also reported evidence of 

sex-specific effects of CNVs on depression outcomes. Martin et al. reported that females with anxiety 

or depression were more likely to carry large, rare CNVs than males in a population sample of youths 

(Martin et al., 2019). In an adult population sample, Kendall et al. observed higher rates of depression 

among female carriers of ND CNVs than among male carriers (Kendall et al., 2019). In the study 

described by Kendall et al., individuals with ASD and other NDDs were excluded from the sample, 

indicating that the association between ND CNVs and depression may be independent of 

neurodevelopmental co-morbidity. In the sample of apparently typically developing siblings assessed 

here, ND CNV status was significantly associated with increased risk of affective problems; this 

effect was driven by female carriers of ND CNVs only, however an interaction effect between ND 

CNVs and sex could not be tested in this sample due to sample size limitations. 

These findings are potentially important in highlighting increased risk of affective problems that is 

gender specific in youths with ASD who carry ND CNVs. This may enhance awareness among 

clinicians to screen for affective problems in female carriers of ND CNVs. Early diagnosis and 

treatment of this difficult to identify and disabling comorbidity could mitigate prolonged periods of 

functional impairment, distress and progression to urgent psychiatric presentations such as suicidal 

ideation. 

The analysis in the sample of siblings indicated that typically developing siblings who are carriers of 

ND CNV may also be at increased risk for affective problems. Increased awareness of risk of 

affective problems in apparently typically developing youth carriers of ND CNV also has important 

implications for mental health screening. This provides some evidence of a relationship between ND 

CNV carriers and depression in typically developing youth, reflecting previous reports from adult 

studies (Kendall et al., 2019; Stefansson et al., 2014). However, given that these youths were 

ascertained on the basis of positive family history for ASD, the association and any potential 

interaction effects, such as sex, need to be further assessed in other samples. 

The clinical interpretation of the findings from this analysis are limited at this point due to the small 

sample size on which the results are based; replication in larger datasets will be required to progress 

the translation of these findings to clinical practice. Studies involving longitudinal follow up of 
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youths with ASD with and without ND CNVs are required to fully investigate the relationships 

between ND CNV carrier status and psychopathology.  

 

5.2.2 Analysis 2: Investigation of psychiatric phenotypes associated with ND CNVs in a 

large population-based clinical cohort of youths 

Exploration of childhood onset psychiatric disorder association with ND CNVs in large cohorts of 

youths has been limited to date. There is a significant need to understand psychiatric risk that may 

be associated with ND CNVs in populations of youths, particularly for those individuals who present 

clinically with developmental delay and are found to be ND CNV carriers. However, ND CNVs have 

incomplete penetrance for ASD and ID in childhood and many carriers may not have major NDDs. 

In Analysis 1, evidence was identified of gender-specific increased risk of affective problems in 

youths with ASD carrying ND CNVs; exploratory analysis in a cohort of typically developing 

siblings indicated that individuals without major NDDs who carry ND CNV may also be at increased 

risk for affective problems. Further exploration of risk of childhood psychiatric disorders associated 

with ND CNVs in the presence or absence of comorbid major NDDs can provide important 

information in the context of genetic counselling for ND CNV carriers and may help with monitoring 

risks, prevention strategies and early interventions.  

The first aim of this analysis was to assess the relationship between ND CNVs and four major 

outcomes reflective of significant psychopathology (internalising disorders, externalising disorders, 

subclinical psychotic symptoms and suicidal ideation) in a large clinical cohort of youths. The second 

aim of the analysis was to assess sex differences in the effects of ND CNVs on internalising disorders. 

The third aim was to identify whether NDD comorbidity was a major determinant for increased risk 

of psychopathology associated with ND CNVs. Genetic and phenotypic data from a publicly 

available large cohort of youths (n=8205), the Philadelphia Neurodevelopmental Cohort (PNC), was 

used.  

The data from the analysis indicated that youths with ND CNVs were at higher risk of having 

subclinical psychotic symptoms than youths without ND CNVs. Youths with ND CNVs were nearly 

twice as likely (OR 1.9, 95% CI 1.1 – 3.0) to have subclinical psychotic symptoms compared with 

youths without ND CNVs in the sample; 15.6% of those with ND CNVs had subclinical psychotic 

symptoms, compared with 8.2% of non-carriers. The association between ND CNVs and subclinical 

psychotic symptoms was also present in a subset of individuals without an ASD diagnosis or 

significant general cognitive deficits. Although the association between ND CNVs and schizophrenia 

risk in adults is well-established, my study provides novel evidence of an association between ND 

CNVs and subclinical psychotic symptoms in a population of youths.  
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Screening for subclinical psychotic symptoms may be important in child and adolescent carriers of 

ND CNVs. Subclinical psychotic symptoms in youths may be a precursor to the development of 

psychotic illness later in life (Poulton et al., 2000; Welham et al., 2009b), but psychotic-like 

experiences may also be indicators of current severe non-psychotic psychopathology and co-

morbidity (Kelleher et al., 2012; Nishida et al., 2008; Scott et al., 2009; Wigman et al., 2011). In this 

study, ND CNVs were not associated with other psychopathological outcomes including 

internalising disorders, externalising disorders and suicidal ideation. This lack of association with 

other psychiatric disorders may suggest that the association with subclinical psychotic symptoms is 

more reflective of a psychotic prodrome, however a number of limitations in the analysis, including 

a substantial proportion of missing data from the variable measuring internalising disorders preclude 

confident interpretation of this.  

For the majority of patients with schizophrenic psychoses, frank psychotic symptoms do not present 

initially but are preceded by a slow emergence over an average period of 4-5 years with non-specific 

prodromal symptoms followed by attenuated psychotic symptoms (Riecher-Rössler et al., 2017). 

Early identification and intervention for first episode psychosis can have a profound impact on 

outcomes for individuals with psychosis (Anderson et al., 2018). Longitudinal studies monitoring 

youths with ND CNVs with subclinical psychotic symptoms will be crucial to estimate the risk of 

conversion to frank psychotic states over time; such estimates would inform needs with regard to 

routine screening, prevention strategies and early interventions for this group. 

The lack of evidence of an interaction between ND CNVs and sex in the context of internalising 

disorders in this analysis was of particular interest given that a significant association was identified 

between depression (an internalising disorder) and ND CNVs in female carriers in the previous study. 

There are a number of possible reasons for this. Unfortunately, the internalising disorders variable in 

this analysis included a substantial proportion of missing data (29%); which reduced the statistical 

power of the analysis and may have biased estimates for the outcome (Kang, 2013). It is also possible 

that ND CNV associations may be specific to symptoms of depression and not anxiety. Stefansson 

et al. previously identified association between ND CNVs and depression in an adult population 

sample, but did not identify an association with anxiety in the population (Stefansson et al., 2014). 

The study may also have been underpowered to detect associations with the other psychopathological 

outcomes assessed (externalising disorders, suicidal ideation) due to small sample size of ND CNV 

carriers.  
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5.2.3 Analysis 3: Identifying schizophrenia patients who carry pathogenic genetic copy 

number variants using standard clinical assessment: a retrospective cohort study 

Chromosomal microarray testing is a first line routine investigation in ASD and ID; 10-15% of 

individuals with these disorders carry identifiable genetic aetiologies that may have implications for 

clinical management and genetic counselling (Bass et al., 2018; Carter et al., 2013; Schaefer et al., 

2013). Despite the association with ND CNV in 2.5% of individuals with schizophrenia (Kirov, 

2015), routine clinical genetic testing with CMA is not available to this clinical group. This means 

that individuals with potentially identifiable genetic causes are not identified and miss the 

opportunity for associated interventions such as genetic counselling. Since ND CNV have been 

defined across disorders, with stronger penetrance for early onset NDDs, it is plausible that the 

presence of NDD-related traits in schizophrenia patients may indicate an increased risk of ND CNV 

carrier status. Few studies have investigated clinically identifiable indicators of SCZ-associated CNV 

status. Here I sought to identify specific clinical or demographic features that are predictive of ND 

CNV carrier status in the context of schizophrenia. Identification of such features would be useful in 

informing decisions regarding genetic testing.  

Based on the known overlap with other neurodevelopmental disorders and previously reported 

phenotype studies (Ahn et al., 2014; Derks et al., 2013; Kirov et al., 2014; Philip et al., 2011; Rujescu 

et al., 2009b; Sahoo et al., 2011b; Stefansson et al., 2014; Walsh et al., 2008; Yeo et al., 2013), it 

was hypothesised that individuals with schizophrenia who carry SCZ-associated CNVs were likely 

to be enriched for phenotypic features suggesting pre-existing neurodevelopmental compromise, 

earlier onset of psychotic symptoms, more severe illness course, or a positive family history of NDD.  

In a discovery cohort, specific learning disorder, developmental delay, and comorbid 

neurodevelopmental disorder were significant independent variables in modelling positive carrier 

status for a SCZ-associated CNV, with an AUROC of 74.2% (95% CI 61.9 - 86.4%). A model 

constructed from the discovery cohort including developmental delay and comorbid 

neurodevelopmental disorder variables resulted in an AUROC of 83% (95% CI 52.0-100.0%) in a 

replication cohort. The small sample size of schizophrenia-risk CNV carriers resulted in low 

precision (reflected by the wide confidence intervals) for the estimated parameters. 

Recent studies have suggested that identifying schizophrenia patients with co-morbid intellectual 

disability is likely to be helpful in identifying subsets of individuals with genomic disorders. 

Thygesen and colleagues reported an approximately three-fold higher rate of pathogenic CNVs in 

patients with psychosis and intellectual disability compared to rates in the general schizophrenia 

population (Thygesen et al., 2018). Lowther et al. examined the genome-wide burden of pathogenic 

CNVs in a schizophrenia cohort and demonstrated a significantly higher burden of pathogenic CNVs 

in patients with schizophrenia and low IQ (IQ< 85) compared with those with average IQ (IQ ≥ 85). 

Based on their findings, the authors concluded that individuals with schizophrenia and low IQ should 
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be prioritised for clinical microarray testing in clinical and research contexts (Lowther et al., 2017). 

The findings reported from my study provide further support to this recommendation, but indicate 

that other developmental indices, which could be captured by a clinical neurodevelopmental history, 

will likely be important in the development of any future guidelines for schizophrenia genetic testing.  

Significantly larger, well-characterized phenotypic samples (e.g. prospective cohorts) will be 

required to provide more refined estimates of sensitivity and specificity to inform genetic screening 

guidelines.  

5.3 Implications 

This thesis adds to the growing body of clinical knowledge on the phenotypic features of youth and 

adult carriers of ND CNVs and takes steps towards translating some important findings in psychiatric 

genetics into clinically impactful information.  

The clinical knowledge of psychiatric risk profiles associated with the majority of ND CNVs in 

populations of youths is limited. As a result of this lack of knowledge, young people with these CNVs 

and their families cannot at this point be optimally counselled with regard to psychiatric risk; this is 

a particular issue for youths with ASD, up to 15% of whom may be diagnosed with a pathogenic 

CNV on CMA testing (Schaefer et al., 2013). The lack of knowledge around psychiatric risk 

associated with ND CNVs could also delay screening and early intervention for young people who 

may be at risk of developing serious psychiatric symptoms, the outcomes of which could be improved 

through early identification and management (Dadds et al., 1997; Snell et al., 2013) (Aos et al., 2004; 

Beitchman et al., 1992a; Beitchman et al., 1992b).  

The first two studies in this thesis contribute information addressing the deficit in knowledge around 

psychiatric risk profiles associated with ND CNVs. Findings from the first study suggest that females 

with ASD who carry ND CNVs may be at increased risk of depressive psychopathology compared 

with males with or without ND CNVs. The findings of the study contribute support to previous 

findings of associations between depression and ND CNVs (Kendall et al., 2019; Stefansson et al., 

2014). If replicated in future studies, the findings may be clinically useful in terms of developing 

screening and management strategies for a subgroup of youths with ASD at increased risk of 

depression.  

Findings from the second analysis suggested that youths with ND CNVs are at increased risk of 

having subclinical psychotic symptoms and that this increased risk is present even in those without 

a major NDD. Screening for subclinical psychotic symptoms may be important in child and 

adolescent carriers of ND CNVs. Subclinical psychotic symptoms in youths may represent a 

precursor to later development of psychotic disorder or indicate severe non-psychotic 

symptomatology. The nature of subclinical psychotic symptoms for youths with ND CNVs cannot 

be inferred from this analysis. The next step in making this finding clinically useful will be to 
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replicate the finding. Further clinical characterisation of subclinical psychotic symptoms in ND CNV 

carriers and assessment in longitudinal cohorts will then be useful in further determining clinical and 

prognostic implications.  

Although significant progress has been made identifying specific CNVs as aetiological risk factors 

for schizophrenia, there is inadequate knowledge to be able to inform the practice of clinical genetic 

testing for this disorder. The final study in this thesis aimed to identify clinical phenotypic indicators 

that will be relevant in informing genetic testing in schizophrenia. Results from the study indicate 

that evaluation of specific developmental indices, identifiable through clinical neurodevelopmental 

history taking will be informative in screening for adult schizophrenia patients at higher risk of 

carrying known SCZ-associated CNVs. Incorporation of this information will likely be important in 

the development of any future guidelines for schizophrenia genetic testing. 

5.4 Limitations 

Limitations of each study described in this thesis are discussed in detail in respective chapters. A 

significant challenge that affected all three studies was the attainment of samples of sufficient size, 

with sufficient depth of phenotyping to be able to explore the hypotheses of interest and replicate 

findings.  

The magnitude of sample sizes required to identify significant genetic associations in complex 

disorders have been illustrated by genome wide association studies (GWAS). In schizophrenia GWA 

studies, significant genome-wide significant associations were elusive until sample sizes reached a 

tipping point of ~15,000 cases, beyond which the number of significant genome-wide significant 

associations identified increased linearly (Levinson et al., 2014; Smoller et al., 2019). Although rare 

variants can present with much larger effect sizes than common variants, their low prevalence and 

variable penetrance also result in the need for large sample sizes to amass adequate carrier counts. 

ND CNVs are rare, even in neurodevelopmental populations (individual frequency ~ 0.6/1,000-

8/1,000 in people with NDDs (Kirov et al., 2014)). Individual cohorts are likely to identify only a 

modest number of known CNVs.  

In the studies assessing psychiatric risk profiles associated with ND CNV status described in this 

thesis, the power limitations were reflected in large confidence intervals of the effects associated 

with CNVs. For replication of these analyses, much larger samples are likely to be required to 

robustly support the findings identified. Adult population studies that have successfully identified 

associations between ND CNVs and depression in the last number of years were composed of very 

large, national samples (n > 100,000 (Kendall et al., 2019; Stefansson et al., 2014)). The collection 

of similarly sized youth population samples will require considerable resources, planning and 

organisation but will likely be required to progress research of rare ND CNVs at a population level.  
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Although a large sample is critical for sufficient statistical power of phenotypic associations with 

ND CNVs, sufficient detail in the phenotypic data collected is also of key importance. Collection of 

detailed phenotypic data can facilitate homogeneity within samples, another important factor in 

reaching sufficient statistical power for genetic association studies (Traylor et al., 2015). Collecting 

detailed phenotypic data is time consuming and requires substantial research resources to collect, 

which in practical terms slows the rate of ascertainment and can limit the scope of sample sizes in 

practice. Each of the samples used in the studies described in this thesis had strengths and limitations 

in terms of available phenotypic data. The Simons Simplex Collection contained a wealth of 

phenotypic data on a diverse set of variables, however the psychiatric phenotypic data collected was 

based on a psychiatric screening questionnaire (Achenbach et al., 1983; Fischbach et al., 2010). The 

CBCL has shown good sensitivity but limited specificity for identifying psychiatric disorders in 

youths with ASD, which may have impacted on the homogeneity within samples. More structured, 

in-depth interviews specifically developed for identification of psychiatric disorders in youths with 

ASD may be favourable in terms of their sensitivity and specificity for identifying psychiatric 

disorders in youths with ASD and improving the psychiatric homogeneity within samples. However, 

of course collection of data through structured interviews require much more time and resources.  

The principal investigators of Philadelphia Neurodevelopmental Cohort sought to facilitate rapid 

assessor training and assessment of high volumes of participants by creating a computerised, 

modified version of a structured psychiatric interview, creating the GOASSESS analysis and they 

succeeded in collecting a large dataset with an abundance of phenotype data. A detailed description 

of the modifications made for the GOASSESS system and the scoring algorithms were not made 

publicly available and therefore it was necessary to create a set of diagnostic algorithms based on 

DSM-IV criteria to analyse the data. Although the abbreviated format of the GOASSESS facilitated 

rapid data collection, it also may have limited sensitivity of the tool for identifying clinically 

significant symptoms (Calkins et al., 2015). 

The well characterised phenotype discovery data set used in the schizophrenia study was built based 

on access to extensive clinical and research data compiled from previous schizophrenia research 

studies. There were challenges in attaining further samples for replication which were of adequate 

size and had the required neurodevelopmental phenotype data. Member groups of the Schizophrenia 

Working Group of the Psychiatric Genomics Consortium (PGC) (representing 40 cohorts excluding 

the Irish data) were approached to request access to additional phenotypic data to replicate the 

discovery findings (Marshall et al., 2017). Only one cohort (Cardiff dataset) was identified with the 

requisite phenotype data and adequate sample size for replication (many of the well phenotyped 

cohorts were small and consequently had no CNV carriers).  

Collecting adequately detailed phenotype data in the context of the large samples required for ND 

CNV research is an ongoing challenge for researchers in this field.  
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A further challenge that was relevant to the studies analysing psychiatric risk profiles associated with 

ND CNVs in youths was the use of current psychiatric classification systems. The two major 

psychiatric classification systems most widely used in clinical and research practice, the Diagnostic 

and Statistical Manual of Mental Disorders (DSM) (American Psychiatric Association, 2013) and 

International Classification of Diseases (ICD) (World Health, 2004) classification systems use 

categorical approaches to the diagnosis of psychiatric disorders. These categorical approaches to 

diagnosis have been criticised for generating substantial phenotypic heterogeneity within diagnostic 

categories (Allsopp et al., 2019; Hengartner et al., 2017; Lilienfeld et al., 2016). Frequent co-

occurrence of psychiatric disorders and symptomatic overlap between diagnoses is also frequently 

observed (Allsopp et al., 2019). The dichotomous outcomes associated with current categorical 

classification systems are also unfavourable in the context of genetic association studies due to the 

negative impact that they have on statistical power compared with quantitative outcomes (Royston 

et al., 2006). The added power limitations of imprecise phenotype definitions and sample 

heterogeneity can be detrimental in phenotypic analyses of ND CNVs where power is already 

challenged by low carrier frequency. Dichotomous outcome variables based on a standard psychiatric 

classification systems (DSM) were utilised in the analyses in this thesis, which may have posed issues 

to statistical power of the analyses. Alternative classification systems such as dimensional 

approaches may offer advantages in terms of increased statistical power from the quantification of 

traits (Helzer et al., 2006; Hengartner et al., 2017; Insel et al., 2010; Kelly et al., 2018; Simmons et 

al., 2014). However, the ultimate aim of the research described in this thesis was to improve outcomes 

for individuals who carry neurodevelopmental CNVs by identifying clinically applicable psychiatric 

insights; in that context the phenotypic definitions selected in this work were informed by clinical 

relevance and applicability.  

It is notable that the samples used in this thesis were all derived from Western countries, limiting 

international generalisability of the findings. Most neurodevelopmental research at present comes 

from Western countries, resulting in an under-representation of lower- and middle-income countries 

in spite of the considerable burden of neurodevelopmental disorders in these countries (Bitta et al., 

2017; Tromans et al., 2020). International collaborations will be important in progressing 

neurodevelopmental research at a global level. The University of Liverpool’s INDIGO study, for 

example, is bringing together professionals from the UK, Canada, Pakistan, Malawi and Uganda in 

a network of clinicians and researchers working to advance neurodevelopmental research in lower- 

and middle-income countries. Such approaches will be essential to achieve the United Nations 

mandate of full child health and neurodevelopment as a basic human right for all (Boivin et al., 2015; 

Unicef, 2013; United Nations, 2002). 
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5.5 Future Directions 

Understanding how ND CNVs contribute to the development of psychiatric and neurodevelopmental 

conditions may add key insights to the overall understanding of mental health, potentially leading to 

improved strategies for treatment and prevention of psychopathology. Illuminating the pathways 

from ND CNV to neurobiology to clinical outcomes will be highly challenging. There are many more 

challenges to be considered as well, such as where ND CNVs fit in with the broader genetic 

architecture of psychiatric and neurodevelopmental disorders and how environmental factors may 

influence their effects. Where translating research findings into clinical practice is the ultimate goal, 

consideration of pathways for dissemination of research evidence and clinical care requirements will 

also be essential to successful translation. 

 

5.5.1 Collaboration 

It is important to highlight collaborative work as an integral factor for progress in studying 

neurodevelopmental and psychiatric disorders. Ascertaining sufficient samples of ND CNV carriers 

for well-powered analyses is especially challenging for individual research groups and international 

collaboration is essential to move progression in ND CNV research. It will be vital to ensure that 

sampling methods, phenotyping batteries, genotyping and coding methods are systematised and 

standardised so that samples can be efficiently combined for analysis. Sharing of data and 

methodologies will also be central to ensure efficient progress in the field.  

The work of the Psychiatric Genomics Consortium (PGC) exemplifies the progress that can be made 

with combined research efforts at an international level. In 2014, the PGC published a genome wide 

association study of schizophrenia, providing robust evidence of association at 108 risk loci (Ripke 

et al., 2014). The work of the PGC also enabled the identification of eight CNV loci as having 

genome-wide significant association with schizophrenia (Marshall et al., 2017). The PGC attributes 

much of the success of these important studies to the level of teamwork that is committed and to the 

rigorous, harmonised methodologies used across groups (Corvin et al., 2016). The PGC has an open-

source approach, making data widely available, within the limits of national laws and ethical review 

restrictions.  

Networks specifically focussing on NDDs in the context of CNV such as the Maximising Impact of 

research in Neurodevelopmental Disorders (MINDDS) group can have a huge impact in facilitating 

collaborative advances in understanding ND CNVs (https://mindds.eu/). MINDDS is a pan-European 

partnership between researchers, clinicians and patient organizations funded by the European 

Cooperation in Science and Technology (COST) network set up to facilitate research on NDDs 

associated with pathogenic CNV. The MINDDS initiative aims to focus on the development of 
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improved assessment, standardisation of research protocols and methodologies for data sharing and 

analysis in NDD research.  

Involvement with international collaborative groups will likely accelerate the ascertainment of large 

samples, with standardised data and evaluation methods which will progress research in ND CNVs 

and in neurodevelopmental and psychiatric disorders in general. Specifically, for the work described 

in this thesis, a priority will be to identify suitable cohorts for replication and further refinement of 

findings of the studies. The TCD Neuropsychiatric Genetics group are actively involved with both 

of the above described collaborations which may facilitate access to suitable cohorts, or collaborative 

efforts to assemble such cohorts.  

A significant limitation of one of the studies in this thesis, the study of the Philadelphia 

Neurodevelopmental Cohort, was the lack of access to standardised scoring methods for the dataset. 

I am now involved with a working group headed by Dr Kathleen Merikangas, Senior Investigator 

and Chief of the Genetic Epidemiology Research Branch in the Intramural Research Program at the 

National Institute of Mental Health (NIMH) to devise a final standardised set of clinical algorithms 

for the PNC cohort to enhance the usability of the data by researchers accessing these data through 

the National Center for Biotechnology Information. We plan to make the code for the algorithms 

freely available to other research groups to support further analysis of the dataset.  

 

5.5.2 Further clinical characterisation of ND CNV phenotypes 

In this thesis, the studies focussed on identifying neurodevelopmental and psychiatric phenotypic 

associations with ND CNVs using secondary data analysis of available data on large cohorts of 

individuals. It will be very important to carefully characterise the psychiatric and 

neurodevelopmental associations identified. For example, in the analysis of the Philadelphia 

Neurodevelopmental Cohort, individuals with ND CNVs were observed to present with increased 

risk of having subclinical psychotic symptoms. Careful clinical characterisation of these symptoms 

as well as other psychopathology could help to understand whether the subclinical psychotic 

symptoms identified in this group are prodromal psychotic symptoms or are indicative of non-

psychotic psychopathology.  

A number of national and international collaborative groups have been established to accelerate the 

collection of standardised, detailed phenotypic data for large neurodevelopmental cohorts. The 

Intellectual Disability and Mental Health: Assessing the Genomic Impact on Neurodevelopment 

(IMAGINE-ID) consortium is a multi-centre research team based in the UK studying associations 

between rare genetic variants and mental health outcomes in children with ID. The IMAGINE-ID 

team recruited over 3,400 families over a 5-year period. Using multi-informant deep phenotyping 

methods, the group identified a range of cognitive, behavioural and psychiatric domains affected by 
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ND CNVs. As a result of the large sample of individuals with ND CNVs and the depth of phenotypic 

data collected, they were also able to successfully identify evidence of qualitative and quantitative 

differences between phenotypes associated with different ND CNVs (Chawner et al., 2019). Other 

national collaborations focussed on deep phenotyping of ND CNVs include the Simons Searchlight 

initiative (formerly termed the Simons Variation in Individuals Project (Simons VIP)) and the Cardiff 

University Experiences of Children With Copy Number Variants (ECHO) Study. International 

collaboration between these groups have also yielded important insights into the details of psychiatric 

phenotypes associated with ND CNVs (Niarchou et al., 2019). 

Very large cohorts of genotyped schizophrenia patients are becoming available and it is likely that 

whole genome sequence analysis of >30,000 patients will soon be completed. As this data is 

analysed, the subset of schizophrenia patients who carry rare mutations and CNVs of likely clinical 

significance will increase, as has been the case for other NDDs. There is a dearth of phenotypic 

information available for many schizophrenia cohorts. For future cohorts, having detailed phenotypic 

information with neurodevelopmental and medical history, will likely be helpful in refining variables 

that are predictive of ND CNV status, which ultimately may inform guidelines for genetic testing for 

schizophrenia patients.  

Analysis of large cohorts of individuals with NDDs with rich phenotype data available will be 

essential to the improved understanding of the complex and subtle phenotypes associated with ND 

CNVs and will contribute to the deeper understanding of psychopathological and 

neurodevelopmental aetiologies. 

 

5.5.3 Longitudinal studies 

Longitudinal studies will allow us to closely follow the developmental trajectories of individuals 

with ND CNVs, detecting subtle changes in cognitive and behavioural presentations at different 

developmental stages. This will be essential to tracking the progressive appearance of clinical 

symptoms (or lack thereof) and the impact of environmental factors in ND CNV carriers. The 

European Autism Interventions - A Multicentre Study for Developing New Medications (EU-AIMS) 

Longitudinal European Autism Project (LEAP) is a large multi-centre, multi-disciplinary 

observational study operating worldwide that aims to identify and validate stratification biomarkers 

for ASD (Charman et al., 2017). There are huge opportunities from such a study to gain insights into 

the development of psychiatric comorbidities in children with ASD. It would be fascinating to be 

able to compare carriers of ND CNVs with non-carriers in this context if sample sizes permit 

sufficient statistical power. 

Calkins et al. published a prospective evaluation of youths with early psychotic-like experiences from 

the PNC in 2017. They identified that symptom persistence was predicted by higher severity of 
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subclinical psychotic symptoms, lower global functioning, and prior psychiatric medication at 

baseline (Calkins et al., 2017). Examining the role of ND CNVs in the context of symptom 

persistence in this cohort would be fascinating; small sample sizes may limit the statistical power for 

such an analysis however the study by Calkins et al. demonstrates the important insights that can be 

gained from careful longitudinal follow up of young people with psychiatric or neurodevelopmental 

symptomatology. 

 

5.5.4 Insights for Therapeutic Strategies 

A further consideration for ND CNV research is to consider how phenotypic profiles of ND CNV 

carriers may impact on therapeutic strategies. Effects of therapeutic strategies for individuals with 

NDDs and psychiatric disorders are almost universally heterogeneous, likely as a result of the clinical 

and aetiological heterogeneity associated with these conditions. Recently, Tammimies et al. studied 

associations between copy number variation and response to social skills training in children with 

ASD. Carriers of clinically significant, large genic CNVs showed inferior outcomes post-

intervention and at follow up (Tammimies et al., 2019).  

Copy number variation may also contribute to differences in how individuals with psychopathology 

respond to medications. Tansey et al. examined the role of CNVs in treatment response to 

antidepressants in depressed patients. No association was identified between antidepressant response 

for global number or burden of CNVs, but nominally significant associations with 15q13.3 

duplications and exonic NRXN1 deletions were identified, with carriers of these CNVs having poorer 

response to treatments (Tansey et al., 2014).  

ND CNV status could in the future be a factor in helping to guide treatment selection for patients. 

  

5.5.5 Identifying intermediate phenotypes 

Intermediate phenotypes are phenotypes that lie on the causal path between genetic variation and 

psychiatric or neurodevelopmental disorder (Figure 5-1), (Smoller et al., 2019). Investigation of 

intermediate phenotypes may help to illuminate the paths from ND CNVs to clinical outcomes. 
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Figure 5-1. Schematic diagram illustrating pathway from genotype to phenotype. Adapted 

from Sporns et al. (Sporns, 2013). 

 

Mouse models can yield important insights into intermediate phenotypes associated with ND CNVs. 

A recent study of a mouse model of the 16p11.2 duplication identified evidence of relatively selective 

dysfunction of hippocampal-orbitofrontal-amygdaloid circuitry, modulated in part by GABAergic 

interneuron dysfunction, along with corresponding behavioural effects that resemble characteristics 

of patients with schizophrenia (Bristow et al., 2020). Mouse models of the 22q11.2 microdeletion 

have indicated deficits in the synchronization of the prefrontal cortex (PFC) and hippocampal 

networks linked with working memory demands, likely secondary to deficiencies in the growth of 

pyramidal cell axons in the PFC at the perinatal stage (del Pino et al., 2018).  

Given that associations with ND CNVs transcend conventional diagnostic boundaries, it will be 

interesting to assess intermediate phenotypes of ND CNVs and how they fit in with multiple NDDs 

and psychiatric disorders. Voineskos and colleagues analysed structural brain differences associated 

with Nrxn1 variants in a sample of 53 healthy controls. Compared to non-risk homozygotes, healthy 

individuals who were homozygous for a specific risk allele (rs1045881C) exhibited reduced frontal 

lobe white matter volume and thalamic volume (Voineskos et al., 2011). The variant also influenced 

sensorimotor performance, a neurocognitive function that is impaired in both ASD (Sigman et al., 

1981) and schizophrenia (Rajji et al., 2008; Voineskos et al., 2011; Welham et al., 2009a). 

Interestingly, there is also accumulating evidence indicating that sensorimotor dysfunction can have 

modulatory effects on mood and depressive symptoms as well (Canbeyli, 2010). 
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5.5.6 ND CNVs in the aetiological framework of neurodevelopmental disorders 

As well as studying the phenotypic outcomes and neurobiological pathways specific to ND CNVs, 

it will be essential to understand where ND CNVs fit in to the aetiological context of 

neurodevelopmental and psychiatric disorders and how they may interact with environmental or 

other genetic risk factors to produce pathological phenotypes.  

The developmental brain is characterised by substantial plasticity and is critically responsive to 

environmental change. Research over the last decade has advanced the understanding of the genetic 

basis of neurodevelopmental disorders, identifying risk loci and suggesting biological pathways 

through which genetic risk may be conferred, but much remains unknown. Twin studies of 

neurodevelopmental disorders indicate that genetic risk factors are likely to contribute a significant 

proportion, but not all, of the risk for neurodevelopmental disorders, suggesting that developmental 

and environmental factors also have a role to play (Moran et al., 2016). Epidemiological studies have 

suggested that many different factors such as prenatal infection/immune activation, advanced 

parental age, perinatal complications and social stress and/or trauma in youth are associated with 

increased risk of developing neurodevelopmental disorders (Boat et al., 2015; Modabbernia et al., 

2017; Moran et al., 2016; Pesta et al., 2020; Zwicker et al., 2018).  

The hypothesis of “behavioural sensitization” has been postulated as an aetiological model for 

schizophrenia (Lardinois et al., 2011; Van Winkel et al., 2008). The model asserts that repetitive 

stress increases the biological and behavioural response to subsequent stressors. Dysregulation of the 

hypothalamic-pituitary-adrenal (HPA) axis, with associated increased plasma cortisol has been 

suggested to contribute to subsequent dopamine dysregulation and sensitisation of the mesolimbic 

region of the brain. Mutations and polymorphisms of genes impacting catecholamine 

neurotransmission, neuroplasticity and stress activation (for example Catechol-O-methyltransferase, 

dopamine transmitters, brain-derived neurotrophic factor, HPA axis) could then impact the extent of 

the sensitization process. However, findings from studies examining genetic-environmental 

interaction hypotheses formulated on this basis are not robust at this point (Giegling et al., 2017; 

Lardinois et al., 2011; Van Winkel et al., 2008).  

The role of life events in psychosis was examined by Beards et al. in a review and meta-analysis, 

identifying some evidence that adult life events were associated with increased risk of psychotic 

disorder and subclinical psychotic experiences (OR 3.19, 95% CI 2.15–4.75), however the authors 

urged caution in the interpretation of the results owing to low methodological quality of many of the 

studies (Beards et al., 2013). Miller et al. completed a review of studies examining prenatal 

inflammation and risk of schizophrenia, concluding that inflammation may be associated with 

abnormal neurodevelopment (Miller et al., 2013).  

The most well-established environmental risk factor for ASD is advanced parental age, with most 

evidence indicating that this risk factor contributes to genetic risk (Hultman et al., 2011; Muhle et 
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al., 2018; Sandin et al., 2012). For every 10-year increase in the age of the parent, risk of ASD 

increases by 18% for mothers and 21% for fathers (Modabbernia et al., 2017). Maternal and paternal 

age appear to be independent risk factors (Modabbernia et al., 2017; Muhle et al., 2018). Premature 

birth is a further well-supported risk factor for ASD (Lyall et al., 2017; Muhle et al., 2018). Major 

cognitive and motor impairments are more likely to be associated with ASD in those with very low 

birth weight and extreme preterm birth (Movsas et al., 2013). Many other environmental factors 

including birth complications with hypoxia or trauma, maternal obesity, medication exposure during 

pregnancy and prenatal use of anticonvulsants have been associated with ASD risk however further 

evidence is needed to confirm associations robustly (Muhle et al., 2018). 

Epigenetic factors that result in changes in gene expression and function may be inherited or acquired 

during an individual’s lifetime as a result of various environmental influences (for example toxins, 

stress, medications). Epigenetic regulation of the genome has been identified as a mechanism likely 

to mediate prenatal environmental factors (such as viruses, toxins, nutritional deficiencies) 

influencing risk of schizophrenia (Giegling et al., 2017; Maric et al., 2012). 

Twin studies have identified the influence of epigenetics on the modulation of ASD phenotype; for 

example, Wong et al. studied 50 pairs of monozygotic twins discordant for ASD and demonstrated 

a number of ASD-associated differentially methylated regions (Wong et al., 2014).A recent review 

of 215 ASD candidate genes estimated that 19.5% were epigenetic regulators, suggesting a 

significant role for genes with epigenetic-modulating functions in ASD susceptibility (Duffney et al., 

2018) (Rylaarsdam et al., 2019).  

A “multihit” model has been proposed for schizophrenia and autism spectrum disorder, which is 

likely to involve a combination of SNPs, rare penetrant mutations such as CNVs, and other genetic 

and environmental factors (Grice et al., 2015; Leblond et al., 2012; Moran et al., 2016; Rudd et al., 

2014).  

Mazina et al. assessed for interaction effects between CNVs and an established environmental risk 

factor for ASD- maternal immune activation (MIA). They found significant interaction effects 

between CNVs and MIA for social communication deficits and repetitive and restrictive behaviours 

in children with ASD, but not for cognitive or adaptive outcomes (Mazina et al., 2015). Weiner et al. 

examined the influence of common variant risk on ASD in individuals with rare deleterious de novo 

variants, finding an additive effect between the common and rare variants for ASD (Weiner et al., 

2017).  

To gain a comprehensive understanding of the complexities of neurodevelopmental and psychiatric 

aetiologies, it is likely that interactive effects of common and rare variants as well as environmental 

influences will need to be examined in well powered and designed studies of gene x environment, 

gene x gene and epigenetic studies. 
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5.5.7 Pathobiology of ND CNVs 

The clinical phenotypes associated with ND CNVs are highly variable. The molecular pathologies 

underlying neurodevelopmental and psychiatric disorders are not yet known. Identifying specific 

cellular phenotypes associated with ND CNVs may be helpful in progressing our understanding of 

neurodevelopmental and psychiatric phenotypes associated with these CNVs. 

Recently Khan et al., induced pluripotent stem cells from 15 individuals with a 22q11.2 deletion and 

15 individuals without the deletion and established three-dimensional cortical organoids and cortical 

neurons from the stem cells. They assessed gene expression in the developing organoids and found 

changes in the expression of genes associated with neuronal excitability in the 22q11.2 deletion 

organoids. Neuronal excitability was examined further by imaging cells and recording the electrical 

activity of neurons obtained from the individuals with the deletions. Abnormalities were identified 

in calcium transportation systems in the cells that were related to a defect in the resting electrical 

potential of the cell membrane (Khan et al., 2020). The DGCR8 gene, contained within the 22q11.2 

region has previously been implicated in neuronal abnormalities in rodent models of the syndrome 

(Schofield et al., 2011). Khan et al. identified that heterozygous loss of the gene was enough to induce 

the changes in excitability observed in the 22q11.2 deletion neurons. They also identified that treating 

these neurons with specific antipsychotic medications could restore deficits in resting membrane 

potential (Khan et al., 2020). This study demonstrates the value of developing ND CNV models to 

help elucidate the neurobiology of complex neuropsychiatric disorders and the potential for 

identifying therapeutic targets. 

 

5.5.8 Clinical considerations 

5.5.8.1 Accumulating Clinical and Phenotypic Data for Variant Interpretation 

For some ND CNVs (e.g. 22q11.2 deletion, Prader-Willi syndrome/Angelman syndrome), clinical 

phenotypes are relatively well established and clinical guidelines inform the optimal management 

and investigation of patients (Bassett et al., 2011; McCandless, 2010). The evidence bases for clinical 

and phenotypic presentations of other recurrent ND CNVs are not as well-established, limiting the 

clinical information that can be provided to patients and families. International databases such as 

DECIPHER (Wright et al., 2018) and ClinVar (Landrum et al., 2016) have been established to 

support interpretation of variants (Feenstra et al., 2006; Firth et al., 2009; Kaminsky et al., 2011).  

The collection of detailed phenotypic data is expensive and time consuming and it will be essential 

to consider ways of collecting data in a cost and resource-efficient manner. Electronic health records 

(EHRs) could offer a rich source of phenotypic data that could empower variant interpretation (Son 
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et al., 2018). Although EHRs are not yet widely used in the public health system in Ireland, a national 

EHR has been identified by the national health service in Ireland as a key requirement for the future 

delivery of healthcare ("National Electronic Health Record," 2016). There are ethical, legal, data 

security, and intellectual property issues to consider as EHRs are integrated into the clinical system 

in Ireland. It will be important for researchers and clinician scientists to be centrally involved in the 

integration of EHRs into clinical practice in Ireland so that the data collected can be leveraged 

efficiently into research. Phenotypic data collected through EHRs could provide important data that 

contribute to the clinical interpretation of rare variants for patients and could ultimately help to 

establish insights into the aetiologies of psychopathologies and NDDs.  

 

5.5.8.2 Clinical care pathways 

Neurodevelopmental CNVs are associated with multiple neurodevelopmental (Chawner et al., 2019; 

Coe et al., 2014; Marshall et al., 2017; Sanders et al., 2015), psychiatric (Chawner et al., 2019; Guyatt 

et al., 2018; Kendall et al., 2019; Niarchou et al., 2019; Niarchou et al., 2014; Stefansson et al., 2014) 

and medical conditions (Bassett et al., 2011; Mefford et al., 2010). Interventions required over a 

lifetime from various medical, developmental and psychiatric services as well as academic and 

psychosocial support likely result in high financial costs for families and the health system, 

particularly where these services are delivered at different sites in an uncoordinated manner (Lawlor 

et al., 2017). The European Union Committee of Experts on Rare Diseases have made the 

recommendation that care of patients with rare diseases should be delivered through centres of 

expertise; recommended inputs include psychosocial care and the development of clinical care 

pathways (Aymé et al., 2014; Lawlor et al., 2017). Co-ordinated multi-disciplinary care delivery 

through dedicated clinical care pathways could be beneficial to individuals with ND CNVs and their 

families with development of standardised screening, psychoeducation and management protocols. 

This could help to develop gold-standard care for this group of individuals and could also reduce 

cost of care (Battersby, 2005; Peter et al., 2011). 

 

5.5.8.3 Psychoeducation and individual perspectives 

Psychiatrists across multiple studies have reported concern that they do not feel they have the 

expertise necessary to manage genomic testing and findings (Ward et al., 2019). It will be important 

to provide clinicians with standardised guidelines and practice recommendations in this context. I 

am a member of the COST funded Enhancing Psychiatric Genetic Counselling, Testing, and Training 

in Europe (EnGagE) initiative. This group aims to develop standardised guidelines, practice 

recommendations and research protocols for psychiatric genetic testing and counselling in Europe.  
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5.6 Conclusion 

Neurodevelopmental CNVs present with clinically pleiotropic effects, transcending psychiatric 

diagnostic borders. This thesis identified associations between neurodevelopmental and psychiatric 

phenotypes and ND CNVs that could have clinical impacts for a number of previously understudied 

populations. In an ASD sample, females with an ND CNV were significantly more likely to present 

with depressive symptoms than males with or without an ND CNV. ND CNV status was also 

significantly associated with increased risk of affective problems in an associated sample of typically 

developing siblings; this effect was driven by female carriers of ND CNVs only. In a large clinical 

cohort of youths, an increased risk of subclinical psychotic symptoms in youths with ND CNVs was 

identified, which was independent of neurodevelopmental comorbidity in the sample. In adults with 

schizophrenia three phenotypic variables indicative of early neurodevelopmental compromise were 

significant in modelling positive carrier status for schizophrenia associated CNVs; replication 

analysis in a separate cohort confirmed neurodevelopmental phenotypic variables as significant 

predictors of positive carrier status for schizophrenia associated CNV status. Exploration of these 

results in longitudinal cohorts could facilitate successful clinical translation of the findings. Gaining 

clarity on the neurodevelopmental and psychiatric phenotypic effects of ND CNVs in different 

populations is essential to providing clinically relevant information and services to carriers and may 

contribute to our understanding of the marked heterogeneity observed within disorders and frequent 

comorbidity between disorders. 
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7.1 Appendix 1: Supplementary Tables 

Supplementary Tables- Chapter 2 

Table 7-1. Neurodevelopmental copy number variant list. Based on list previously compiled by Martin et al. (Martin et al., 2019) and contains ND CNVs with 

association with ASD (Sanders et al., 2015), ID (Coe et al., 2014; Rees et al., 2016b) and schizophrenia (Marshall et al., 2017). 

Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

1p36 del 1p36 1 3588 2,474,467 0 2500000 

(Coe et al., 2014; Rees et 

al., 2016b) 

1p36 dup 1p36 1 3588 2474467 0 2500000 

(Coe et al., 2014; Rees et 

al., 2016b) 

TAR del 1q21.1 1 144087069 144461205 145394955 145807817 

(Coe et al., 2014; Rees et 

al., 2016b) 

TAR dup 1q21.1 1 144087069 144461205 145394955 145807817 

(Coe et al., 2014; Rees et 

al., 2016b) 

1q21.1 del 1q21.1 1 145045482 145863214 146527987 147394444 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

1q21.1 dup 1q21.1 1 145045482 145863214 146527987 147394444 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 
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 Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

1q24 (FMO and DNM3) del 1q24 1 167946957 171569960 169680333 173303337 

(Coe et al., 2014; Rees et 

al., 2016b) 

NRXN1 del 2p16.3 2 50000992 51113178 50145643 51259674 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

2p15-16.1 proximal (PEX13 to AHSA2) 

dup 2p15-16.1 2 61098792 61268076 61245288 61414572 

(Coe et al., 2014; Rees et 

al., 2016b) 

2q11.2 del 2q11.2 2 96107648 97075984 96742409 97677516 

(Coe et al., 2014; Rees et 

al., 2016b) 

2q13 del 2q13 2 111109777 111727681 111394040 112012649 

(Coe et al., 2014; Rees et 

al., 2016b) 

2q13 dup 2q13 2 111109777 111727681 111394040 112012649 

(Coe et al., 2014; Rees et 

al., 2016b) 

2q33.1 (SATB2) del 2q33.1 2 199842469 200033500 200134224 200325255 

(Coe et al., 2014; Rees et 

al., 2016b) 

2q37 (HDAC4) del 2q37 2 239370000 242120000 239716679 243199373 

(Coe et al., 2014; Rees et 

al., 2016b) 

3p25.3 (JAGN1 to TATDN2) dup 3p25.3 3 9907271 10297902 9932271 10322902 

(Coe et al., 2014; Rees et 

al., 2016b) 

3p11.2 (CHMP2B to POU1F1) del 3p11.2 3 87350302 87614321 87267612 87531631 

(Coe et al., 2014; Rees et 

al., 2016b) 
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Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

3q13 (GAP43) del 3q13 3 116815024 116986728 115332334 115504038 

(Coe et al., 2014; Rees et 

al., 2016b) 

3q28-29 (FGF12) del 3q28-29 3 193342422 193608706 191859728 192126012 

(Coe et al., 2014; Rees et 

al., 2016b) 

3q29 del 3q29 3 197244323 198830949 195720167 197354826 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

Wolf-Hirschhorn del 4p16.3 4 1840000 1980000 1552030 2091303 

(Coe et al., 2014; Rees et 

al., 2016b) 

Wolf-Hirschhorn dup 4p16.3 4 1840000 1980000 1552030 2091303 

(Coe et al., 2014; Rees et 

al., 2016b) 

4q21 (BMP3) del 4q21 4 82164501 82204351 81945477 81985327 

(Coe et al., 2014; Rees et 

al., 2016b) 

5q14 (MEF2C) del 5q14 5 88047410 88236459 88011654 88200703 

(Coe et al., 2014; Rees et 

al., 2016b) 

Sotos syndrome del 5q35.3 5 175664037 176981275 175720924 177052594 

(Coe et al., 2014; Rees et 

al., 2016b) 

Williams-Beuren syndrome (WBS) del 7q11.23 7 72383764 73783369 72744915 74142892 

(Coe et al., 2014; Marshall 

et al., 2017; Rees et al., 

2016b) 
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 Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

WBS dup 7q11.23 7 72383764 73783369 72744915 74142892 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b) 

7q11.23 7q11.23 7 72411506 72795997 72773570 73158061 (Sanders et al., 2015) 

7q11.23 7q11.23 7 72411506 72795997 72773570 73158061 (Sanders et al., 2015) 

7q11.23 7q11.23 7 73616737 73782113 73978801 74144177 (Sanders et al., 2015) 

7q11.23 7q11.23 7 73616737 73782113 73978801 74144177 (Sanders et al., 2015) 

8p23.1 del 8p23.1 8 8142910 11902028 8098990 11872558 

(Coe et al., 2014; Rees et 

al., 2016b) 

8p23.1 dup 8p23.1 8 8142910 11902028 8098990 11872558 

(Coe et al., 2014; Rees et 

al., 2016b) 

9p13 dup 9p13 9 32638800 38798255 32648800 38808255 

(Coe et al., 2014; Rees et 

al., 2016b) 

9q34 dup 9q34 9 137600518 140156247 138460697 141036426 

(Coe et al., 2014; Rees et 

al., 2016b) 

10q11.21q11.23 dup 

10q11.21-

q11.23 10 49063225 50726582 49390199 51058796 

(Coe et al., 2014; Rees et 

al., 2016b) 

10q23 del 10q23 10 82020665 88871284 82045472 88931651 

(Coe et al., 2014; Rees et 

al., 2016b) 

Potocki-Shaffer syndrome del 11p11.2 11 43940000 46020000 43940000 46020000 

(Coe et al., 2014; Rees et 

al., 2016b) 
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Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

12p13 (SCNN1A to PIANP) dup 12p13 12 6342220 6696216 6471959 6825955 

(Coe et al., 2014; Rees et 

al., 2016b) 

Prader-Willi syndrome/Angelman 

syndrome (PWS/AS) del 15q11.2-13.1 15 20306099 26244113 22805313 28390339 

(Coe et al., 2014; Rees et 

al., 2016b) 

PWS/AS dup 15q11.2-13.1 15 20306099 26244113 22805313 28390339 

(Coe et al., 2014; Rees et 

al., 2016b) 

15q11.2 BP1-BP2 del 15q11.2 15 20353880 20643728 22805313 23094530 

(Coe et al., 2014; Rees et 

al., 2016b; Sanders et al., 

2015) 

15q12 15q12 15 24522927 25131566 26971834 27548820 (Sanders et al., 2015) 

15q13.2-13.3 15q13.2-13.3 15 28730804 30303141 30943512 32515849 (Sanders et al., 2015) 

15q13.3 del 15q13.3 15 28863083 30234145 31080645 32462776 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

15q24 del 15q24 15 70761609 75943228 72900171 78151253 

(Coe et al., 2014; Rees et 

al., 2016b) 

15q24 dup 15q24 15 70761609 75943228 72900171 78151253 

(Coe et al., 2014; Rees et 

al., 2016b) 

15q25 del 15q25 15 82940819 83517628 85139815 85716624 

(Coe et al., 2014; Rees et 

al., 2016b) 
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 Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

16p13.11 del 16p13.11 16 15420294 16201433 15511655 16293689 

(Coe et al., 2014; Rees et 

al., 2016b) 

16p13.11 dup 16p13.11 16 15420294 16201433 15511655 16293689 

(Coe et al., 2014; Rees et 

al., 2016b) 

16p12.1 del 16p12.1 16 21857379 22338610 21950135 22431889 

(Coe et al., 2014; Rees et 

al., 2016b) 

16p11.2 distal del 16p11.2 16 28730590 28954235 28823196 29046783 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b) 

16p11.2 distal dup 16p11.2 16 28730590 28954235 28823196 29046783 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b) 

16p11.2 del 16p11.2 16 29558245 30108138 29650840 30200773 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

16p11.2 dup 16p11.2 16 29558245 30108138 29650840 30200773 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

17p13.3 (YWHAE and PAFAH1B1) del 17p13.3 17 1194584 2535659 1247834 2588909 

(Coe et al., 2014; Rees et 

al., 2016b) 
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Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

17p13.3 (YWHAE and PAFAH1B1) dup 17p13.3 17 1194584 2535659 1247834 2588909 

(Coe et al., 2014; Rees et 

al., 2016b) 

Smith-Magenis syndrome del 17p11.2 17 16752468 20157424 16812771 20211017 

(Coe et al., 2014; Rees et 

al., 2016b) 

Potocki-Lupski syndrome dup 17p11.2 17 16752468 20157424 16812771 20211017 

(Coe et al., 2014; Rees et 

al., 2016b) 

17q11.2 del 17q11.2 17 26132227 27288567 29107491 30265075 

(Coe et al., 2014; Rees et 

al., 2016b) 

17q11.2 dup 17q11.2 17 26132227 27288567 29107491 30265075 

(Coe et al., 2014; Rees et 

al., 2016b) 

17q12 del 17q12 17 31890685 33289785 34815904 36217432 

(Coe et al., 2014; Rees et 

al., 2016b) 

17q12 dup 17q12 17 31890685 33289785 34815904 36217432 

(Coe et al., 2014; Rees et 

al., 2016b) 

17q21.31 (Koolen-de Vries syndrome) del 17q21.31 17 41061902 41520974 43705356 44164691 

(Coe et al., 2014; Rees et 

al., 2016b) 

22q11.2 (DiGeorge/VCFS syndrome) del 22q11.2 22 17404860 19799135 19037332 21466726 

(Coe et al., 2014; 

Marshall et al., 2017; 

Rees et al., 2016b; 

Sanders et al., 2015) 

22q11.2 dup 22q11.2 22 17404860 19799135 19037332 21466726 

(Coe et al., 2014; 

Marshall et al., 2017; 
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 Locus/Syndrome Locus Chr Start (hg18) End (hg 18) Start (hg19) End(hg19) Reference 

Rees et al., 2016b; 

Sanders et al., 2015) 

distal 22q11.2 del 22q11.2 22 20250486 21982202 21920127 23653646 

(Coe et al., 2014; Rees et 

al., 2016b) 

distal/22q11.2 dup 22q11.2 22 20250486 21982202 21920127 23653646 

(Coe et al., 2014; Rees et 

al., 2016b) 

Phelan-McDermid syndrome del 22q13.33 22 49459936 49518507 51113070 51171640 

(Coe et al., 2014; Rees et 

al., 2016b; Sanders et al., 

2015) 

Phelan-McDermid syndrome dup 22q13.33 22 49459936 49518507 51113070 51171640 

(Coe et al., 2014; Rees et 

al., 2016b; Sanders et al., 

2015) 

Note: hg18, human reference genome version 18; hg19, human reference genome version 19; del, deletion; dup, duplication.  
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Table 7-2. Copy number variants identified in individuals in SSC (probands and siblings). 

Case Band Chr Size CNV Position in Mb 

     Start Stop 

Case 1 1q21.1 1 1668719 Dup 146007521 147920973 

Case 2 1q21.1 1 2743667 Dup 145900678 149089078 

Case 3 1q21.1 1 1402895 Dup 146467203 147870096 

Case 4 1q21.1 1 1327988 Dup 146494246 147822234 

Case 5 1q21.1 1 1841899 Dup 145771576 147858208 

Case 6 1q21.1 1 360062 Del 145388137 145748199 

Case 7 1q21.1 1 2674563 Del 146126818 149246114 

Case 8 1q21.1 1 1354367 Del 146503841 147858208 

Case 9 1q21.1 1 3922572 Dup 143663775 147911246 

Case 10 1q21.1 1 3922572 Dup 143663775 147911246 

Case 11 1q21.1 1 376734 Dup 145386225 145762959 

Case 12 1q21.1 1 58801 Del 143663775 143722576 

Case 13 1q21.1 1 1577259 Dup 146089254 147911246 

Case 14 2q11.2 2 1453239 Del 96658588 98109123 

Case 15 2q13 2 1723146 Dup 111376870 113100014 

Case 16 2q13 2 1713783 Dup 111386233 113100014 
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 Case Band Chr Size CNV Position in Mb 

     Start Stop 

Case 17 2q11.2 2 1459095 Del 96737083 98193473 

Case 18 2q11.2 2 1429521 Del 96741757 98168573 

Case 19 2q11.2 2 1525675 Del 96499474 98022737 

Case 20 3q29 3 1631717 Del 195734915 197366632 

Case 21 3q29 3 1599573 Del 195747398 197346971 

Case 22 3q28 3 125557 Del 191921546 192047103 

Case 23 3q29 3 1612056 Del 195734915 197346971 

Case 24 7q11.23 7 1421196 Dup 72722981 74144177 

Case 25 7q11.23 7 509974 Dup 73978801 74488775 

Case 26 7q11.23 7 1421196 Dup 72722981 74144177 

Case 27 7q11.23 7 1370607 Dup 72773570 74144177 

Case 28 7q11.23 7 2019505 Dup 74455447 76274952 

Case 29 7q11.23 7 2384025 Del 74455447 76639472 

Case 30 10q11.21,10q11.22,

10q11.23 

10 5557765 Dup 46518615 51826380 

Case 31 15q25.2,15q25.3 15 792026 Del 84947899 85729925 

Case 32 15q25.2,15q25.3 15 814178 Del 84952634 85756812 

Case 33 15q13.2,15q13.3 15 1579688 Dup 30936285 32515973 

Case 34 15q11.1,15q11.2,15

q12,15q13.1 

15 8452637 Dup 20015396 28929005 

Case 35 15q13.2,15q13.3 15 1796251 Del 30732837 32529088 
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Case Band Chr Size CNV Position in Mb 

     Start Stop 

Case 36 15q13.2,15q13.3 15 1581629 Del 30934220 32515849 

Case 37 15q11.2 15 1499046 Del 21021056 23228712 

Case 38 15q11.2,15q12,15q

13.1 

15 4909512 Dup 23683783 28471141 

Case 39 15q11.2,15q12,15q

13.1 

15 5964103 Dup 22652330 28494202 

Case 40 15q11.2,15q12,15q

13.1 

15 6547570 Dup 22750305 29050198 

Case 41 15q11.1,15q11.2,15

q12,15q13.1,15q13.

2,15q13.3 

15 12142124 Dup 20005287 32620127 

Case 42 16p11.2 16 581055 Del 29624247 30205302 

Case 43 16p11.2 16 568279 Del 29647342 30215621 

Case 44 16p13.11 16 1333059 Del 14975292 16308351 

Case 45 16p13.11 16 906289 Dup 15445228 16351517 

Case 46 16p11.2 16 592186 Del 29647342 30239528 

Case 47 16p13.11 16 1193494 Dup 15069867 16263361 

Case 48 16p11.2 16 684861 Dup 29647342 30332203 

Case 49 16p11.2 16 557960 Dup 29647342 30205302 

Case 50 16p11.2 16 552463 Del 29647342 30199805 

Case 51 16p11.2 16 584367 Del 29624247 30208614 
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 Case Band Chr Size CNV Position in Mb 

     Start Stop 

Case 52 16p12.3,16p13.11 16 2851345 Dup 15459174 18310519 

Case 53 16p11.2 16 575558 Del 29624247 30199805 

Case 54 16p11.2 16 568279 Del 29647342 30215621 

Case 55 16p12.3,16p13.11 16 2804168 Del 15479879 18284047 

Case 56 16p13.11 16 1239237 Dup 15052746 16291983 

Case 57 16p11.2 16 596312 Dup 29603493 30199805 

Case 58 16p11.2 16 575558 Del 29624247 30199805 

Case 59 16p11.2 16 567497 Dup 29655864 30223361 

Case 60 16p13.11 16 921498 Del 15383857 16305355 

Case 61 16p13.11 16 1199205 Del 15092778 16291983 

Case 62 16p13.11 16 1316691 Dup 14975292 16291983 

Case 63 16p11.2 16 547706 Dup 29647342 30195048 

Case 64 16p11.2 16 220677 Del 28822773 29043450 

Case 65 16p11.2 16 604322 Dup 29595483 30199805 

Case 66 16p11.2 16 631004 Dup 29592357 30223361 

Case 67 16p11.2 16 552463 Dup 29647342 30199805 

Case 68 16p11.2 16 599565 Dup 29595483 30195048 

Case 69 16p13.11 16 1269997 Dup 15021986 16291983 

Case 70 16p13.11 16 1239237 Dup 15052746 16291983 

Case 71 16p12.1 16 586069 Del 21839340 22425409 

Case 72 16p11.2 16 633857 Dup 29581764 30215621 
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Case Band Chr Size CNV Position in Mb 

     Start Stop 

Case 73 16p13.11 16 1212577 Dup 15092778 16305355 

Case 74 16p13.11 16 825476 Dup 15479879 16305355 

Case 75 17q12 17 1448856 Del 34815551 36264149 

Case 76 17q11.2 17 1320156 Dup 29060212 30380381 

Case 77 17q12 17 1448856 Del 34815551 36264149 

Case 78 22q11.21 22 2127049 Del 18874965 21052014 

Case 79 22q11.21 22 2875076 Dup 18886915 21811991 

Case 80 22q11.21 22 2539514 Dup 18874965 21464479 

Case 81 22q11.21 22 2708385 Del 18874965 21633350 

Note: Copy number variation positions are in UCSC build hg19. Del, deletion; dup, duplication. 
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 Table 7-3. Power analyses for associations between psychiatric phenotypes and ND CNV status in SSC sample. Power analyses for associations between 

psychiatric phenotypes and ND CNV status in SSC sample. 

 SSC ASD Proband Sample  

SSC Sibling 

Sample 

Input 

parameter 

Affective 

problems 

Anxiety 

problems 

Somatic 

problems 

ADHD 

problems 

Oppositional defiant 

problems 

Conduct 

problems  

Affective 

problems 

Tail(s) Two Two Two Two Two Two  Two 

Odds ratio 0.71 0.80 0.98 1.4 1.29 1.58  4.14 

Pr(Y=1|X=1) H0 0.39 0.45 0.15 0.39 0.26 0.19  0.05 

 err prob 0.05 0.05 0.05 0.05 0.05 0.05  0.05 

Total sample 

size 
1966 1966 1966 1966 1966 1966  1634 

R2 other X 0.001 0.001 0.001 0.001 0.001 0.001  0.001 

X distribution Binomial Binomial Binomial Binomial Binomial Binomial  Binomial 

X parm  0.03 0.03 0.03 0.03 0.03 0.03  0.01 

Output 

parameter 
        

Critical Z -1.96 -1.96 -1.96 1.96 1.96 1.96  1.96 

Power 0.22 0.13 0.05 0.25 0.16 0.35  0.56 

Note: Test family, z tests; Statistical test, Logistic regression; Type of power analysis, Post hoc. Power analyses completed using G*Power (Faul et al., 2009). 
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Supplementary Tables- Chapter 3 

Table 7-4. Demographic characteristics of recruitment pool (n=19,161) by enrolment status, from Calkins et al. (Calkins et al., 2015). 

 

 

 

 

 

 

 

 

Note: Table used directly from supplementary information of Calkins et al.(Calkins et al., 2015). Following details provided from Calkins et al.(Calkins et al., 2015): 

“Note: Analyses excluded those in the pool who were deceased or outside the study age range of 8-21. *Post-hoc pairwise comparison significantly different from 

enrolled (all p’s <0.05). Cohen’s d = effect size of mean difference between enrolled and comparison group. EA=European-American. aAs shown in Figure 1, the 

majority of individuals in the not invited category were unreachable, and this was disproportionately so in the non-EA group (57.1%) compared to the EA group 

(42.9%). bAmong those excluded, a disproportionately high number of non-EA (65.1%) compared to EA (34.9%) were excluded due to multiple no-shows, 

cancellations or re-schedulings.” 

  

 Recruitment Status  Comparison 

 Enrolled Not 

Inviteda 

Declined Excludedb  Statistical Test df Result p 

Age           

Mean 14.27 15.04* 14.70* 14.90*  ANOVA 3,18497 53.67 0.001 

s.d. 3.67 3.84 3.63 3.83      

Cohen’s d -- 0.21 0.12 0.17      

Sex          

M:F % 48:52 49:51 52:48 50:50  Chi-Square 6 11.51 n.s. 

Race          

EA:non-EA % 58:42 44:56* 65:36* 42:58*  Chi-square 3 468.43 0.001 
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Table 7-5. Phenotype Variables for ADHD in PNC provided through dbGaP. 

Variable 

Code Variable Outcome Code 

ADD011 
 

Attention Deficit Disorder: Did you often have trouble paying attention or keeping your mind 

on your school, work, chores, or other activities that you were doing? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD012 
 

Attention Deficit Disorder: Did you often have problems following instructions and often fail 

to finish school, work, or other things you meant to get done? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD013 
Attention Deficit Disorder: Did you often dislike, avoid, or put off school or homework (or 

any other activity requiring concentration) 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD014 
Attention Deficit Disorder: Did you often lose things you needed for school or projects at 

home (assignments or books) or make careless mistakes in schoolwork or other activities? 

No 0 

Yes 1 
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Variable 

Code Variable Outcome Code 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD015 
 

Attention Deficit Disorder: Did you often have trouble making plans, doing things that had to 

be done in a certain kind of order, or that had a lot of different steps? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD016 
 

Attention Deficit Disorder: Did you often have people tell you that you did not seem to be 

listening when they spoke to you or that you were daydreaming? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD017 Attention Deficit Disorder: Did you have these difficulties at home (with your parents)? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD018 Attention Deficit Disorder: Did you have these difficulties at school (with your teachers)? 
No 0 

Yes 1 
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Variable 

Code Variable Outcome Code 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD019 Attention Deficit Disorder: Did you have these difficulties anywhere else (with other adults)? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD020 

Attention Deficit Disorder: Did you often have difficulty sitting still for more than a few 

minutes at a time, even after being asked to stay seated, or did you often fidget with your 

hands or feet or wiggle in your seat or were you "always on the go"? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD021 
 

Attention Deficit Disorder: Did you often blurt out answers to other people's questions before 

they finished speaking or interrupt people abruptly? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD022 
 

Attention Deficit Disorder: Did you often join other people's conversations or have trouble 

waiting your turn (e.g., waiting in line, waiting for a teacher to call on you in class)? 

No 0 

Yes 1 
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Variable 

Code Variable Outcome Code 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD023 Attention Deficit Disorder: Did you have these difficulties at home (with your parents)? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD024 Attention Deficit Disorder: Did you have these difficulties at school (with your teachers)? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown NA 

ADD025 
 

Attention Deficit Disorder: Did you have these difficulties anywhere else (with others 

adults)? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD026 
 

Attention Deficit Disorder: When did these difficulties with attention and/or restlessness 

begin? (age) 
 

Numerical value 
 

0-21 
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Variable 

Code Variable Outcome Code 

ADD027 
 

Attention Deficit Disorder: You told me that you (list endorsed attentional problems). How 

much did having difficulties with concentration, attention, or being restless or impatient upset 

or bother you? 
 

Value range (0-10, NA). 

0=None, 5=Significant, 

10=Extremely Serious 
 

0-10, NA 

 

ADD028 

 
 

Attention Deficit Disorder: Did family members seem upset, angry, or annoyed with you 

because of your difficulties? 
 

Value range (0-10, NA) 

0=None, 5=Significant, 

10=Extremely Serious 
 

0-10, NA 

 

ADD029 
 

Attention Deficit Disorder: Did these behaviors/inattention bother your friends? 
 

Value range (0-10, NA) 

0=None, 5=Significant, 

10=Extremely Serious 
 

0-10, NA 

 

ADD030 

 
 

Attention Deficit Disorder: Did teachers or classmates (or co-workers/supervisors) complain 

about your inattention/behavior? 
 

Value range (0-10, NA) 

0=None, 5=Significant - 

10=Extremely Serious 
 

0-10, NA 

 

ADD032 
 

Attention Deficit Disorder: Did you stay home from school or work because of your 

difficulties with inattention or overactivity? (For example: Were you sent home?) 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD033 

 
 

Attention Deficit Disorder: How many days of school or work did you miss because of your 

difficulties with attention or overactivity? (lifetime) 
 

Numerical Value 
 

0-780, 

NA 
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Variable 

Code Variable Outcome Code 

ADD034 

 
 

Attention Deficit Disorder: How old were you the first time you did these (list behaviors)? 

(Age) 
 

Numerical Value 
 

0-18 

 

ADD034A 
 

Attention Deficit Disorder: How old were you the first time you did these (list behaviors)? 

(Always) 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD035 Attention Deficit Disorder: Do you still have any of these (list behaviors)? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown 
 

NA 

 

ADD036 
 

Attention Deficit Disorder: How old were you the last time you did this behavior? 
 

Numerical Value 
 

0-25, NA 

 

ADD050 
 

Attention Deficit Disorder: Did a teacher ever talk to your parents about problems paying 

attention or sitting still? 

No 0 

Yes 1 

Not Available/Pending Validation 9 

Unknown NA 
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Table 7-6. Proportions of outcomes for DSM-IV disorders in PNC. 

DSM-IV Disorder 

No 

N (%) 

Yes 

N (%) 

NA 

N (%) 

Major depression (Major depressive episode) 5421 (65.7) 738 (9.5) 2046 (24.8) 

Anxiety disorder 4351 (53.0) 2061 (25.1) 1793 (21.9) 

ADHD 7110 (86.7) 749 (9.1) 346 (4.2) 

ODD 6298 (76.8) 1797 (21.9) 110 (1.3) 

Conduct Disorder 7532 (91.8) 604 (7.4) 69 (0.8) 

Note: Yes- indicates proportion of individual who met DSM-IV criteria for disorder based on clinical 

scoring algorithm; No- indicates proportion of individual who did not meet DSM-IV criteria for disorder 

based on clinical scoring algorithm; NA- indicates insufficient data to classify into Yes or No outcome. 

 ADHD, attention deficit hyperactivity disorder; ODD, oppositional defiant disorder 
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Table 7-7. Possible classification outcomes for internalising disorders variable. 

Met DSM-IV criteria 

for major depressive 

episode 

Met DSM-IV criteria 

for an anxiety 

disorder 

 Internalising 

disorder 

classification 

Explanation for classification 

Yes Yes → Yes Meets criteria for at least one internalising disorder. 

 

Yes No → Yes Meets criteria for at least one internalising disorder. 

 

No Yes → Yes Meets criteria for at least one internalising disorder. 

 

Yes NA → Yes Meets criteria for at least one internalising disorder. 

 

NA Yes → Yes Meets criteria for at least one internalising disorder. 

 

No No → No Does not meet criteria for either internalising disorder. 

 

No NA → NA Does not meet criteria for one internalising disorders. Status regarding one 

internalising disorder not known. Cannot conclusively outrule internalising 

disorder. 

 

NA No → NA Does not meet criteria for one internalising disorders. Status regarding one 

internalising disorder not known. Cannot conclusively outrule internalising 

disorder. 

NA NA → NA  

Status regarding both internalising disorders not known. Cannot conclusively 

outrule internalising disorder. 
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 Table 7-8. Neurodevelopmental copy number variants identified in individuals in the Philadelphia Neurodevelopmental Cohort. 

Case Locus/syndrome Chr Size CNV Position in Mb 
     

Start(hg19) End(hg19) 

Case 1 1p36 dup 1 1314749 391411 1706160 

Case 2 1p36 dup 1 1314749 391411 1706160 

Case 3 1p36 dup 1 1314749 391411 1706160 

Case 4 1q21.1 del 1 1333583 146494246 147827829 

Case 5 1q21.1 del 1 1368748 146501348 147870096 

Case 6 1q21.1 del 1 1350132 146476526 147826658 

Case 7 1q21.1 del 1 1326481 146501348 147827829 

Case 8 1q21.1 del 1 1330896 146499479 147830375 

Case 9 1q21.1 dup 1 1351303 146476526 147827829 

Case 10 1q21.1 dup 1 1706685 146089254 147795939 

Case 11 1q21.1 dup 1 1350132 146476526 147826658 

Case 12 TAR del 1 391163 145397947 145789110 

Case 13 TAR del 1 391163 145397947 145789110 

Case 14 TAR del 1 368004 145394955 145762959 

Case 15 TAR del 1 391163 145397947 145789110 

Case 16 TAR dup 1 352508 145394955 145747463 

Case 17 TAR dup 1 352508 145394955 145747463 

Case 18 TAR dup 1 517637 145394955 145912592 

Case 19 TAR dup 1 352508 145394955 145747463 
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Case Locus/syndrome Chr Size CNV Position in Mb 
     

Start(hg19) End(hg19) 

Case 20 TAR dup 1 394155 145394955 145789110 

Case 21 TAR dup 1 368004 145394955 145762959 

Case 22 TAR dup 1 368004 145394955 145762959 

Case 23 TAR dup 1 436205 145394955 145831160 

Case 24 TAR dup 1 346903 145416056 145762959 

Case 25 TAR dup 1 612566 145394955 146007521 

Case 26 2p15-16.1 dup 2 95331 61273201 61368532 

Case 27 2q11.2 del 2 1456454 96166556 97623010 

Case 28 2q13 del 2 479605 111451816 111931421 

Case 29 2q13 dup 2 426399 111392259 111818658 

Case 30 NRXN1 del 2 564201 50741932 51306133 

Case 31 NRXN1 del 2 291803 50932288 51224091 

Case 32 NRXN1 del 2 157294 51136802 51294096 

Case 33 NRXN1 del 2 356346 50184394 50540740 

Case 34 NRXN1 del 2 139226 50943528 51082754 

Case 35 3p25.3 dup 3 267953 9947997 10215950 

Case 36 3q29 del 3 1609261 195734915 197344176 

Case 37 8p23.1 dup 8 4744051 7718061 12462112 

Case 38 10q11.21q11.23 dup 10 1491003 49636507 51127510 

Case 39 10q11.21q11.23 dup 10 976933 50075461 51052394 

Case 40 10q11.21q11.23 dup 10 2910510 49456053 52366563 
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 Case Locus/syndrome Chr Size CNV Position in Mb 

     
Start(hg19) End(hg19) 

Case 41 10q11.21q11.23 dup 10 3011636 49402084 52413720 

Case 42 15q11.2 del 15 464126 22763396 23227522 

Case 43 15q11.2 del 15 346461 22769771 23116232 

Case 44 15q11.2 del 15 208512 22853808 23062320 

Case 45 15q11.2 del 15 472337 22755185 23227522 

Case 46 15q11.2 del 15 208512 22853808 23062320 

Case 47 15q11.2 del 15 522428 22750305 23272733 

Case 48 15q11.2 del 15 472337 22755185 23227522 

Case 49 15q11.2 del 15 348691 22787103 23135794 

Case 50 15q11.2 del 15 472337 22755185 23227522 

Case 51 15q11.2 del 15 372398 22763396 23135794 

Case 52 15q11.2 del 15 327150 22769771 23096921 

Case 53 15q11.2 del 15 352836 22763396 23116232 

Case 54 15q11.2 del 15 522428 22750305 23272733 

Case 55 15q11.2 del 15 522428 22750305 23272733 

Case 56 15q11.2 del 15 475949 22750305 23226254 

Case 57 15q11.2 del 15 208512 22853808 23062320 

Case 58 15q11.2 del 15 346461 22769771 23116232 

Case 59 15q11.2 del 15 366023 22769771 23135794 

Case 60 15q11.2 del 15 441204 22750305 23191509 

Case 61 15q11.2 del 15 352836 22763396 23116232 
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Case Locus/syndrome Chr Size CNV Position in Mb 
     

Start(hg19) End(hg19) 

Case 62 15q11.2 del 15 472337 22755185 23227522 

Case 63 15q11.2 del 15 522428 22750305 23272733 

Case 64 15q11.2 del 15 329258 22755185 23084443 

Case 65 15q11.2 del 15 348691 22787103 23135794 

Case 66 15q11.2 del 15 475949 22750305 23226254 

Case 67 15q11.2 del 15 472337 22755185 23227522 

Case 68 15q11.2 del 15 372398 22763396 23135794 

Case 69 15q11.2 del 15 477217 22750305 23227522 

Case 70 15q13.2-13.3 dup 15 1626431 30918248 32544679 

Case 71 15q13.2-13.3 dup 15 1578641 30936285 32514926 

Case 72 15q13.2-13.3 dup 15 1578641 30936285 32514926 

Case 73 15q13.2-13.3 dup 15 1551408 30963518 32514926 

Case 74 15q13.2-13.3 dup 15 1676615 30943512 32620127 

Case 75 15q13.2-13.3 dup 15 1918508 30936285 32854793 

Case 76 15q13.3 del 15 1587716 30927210 32514926 

Case 77 15q25 del 15 653406 85075428 85728834 

Case 78 Prader-Willi del 15 4851483 23683783 28535266 

Case 79 Prader-Willi del 15 4914407 23620859 28535266 

Case 80 PWS/AS dup 15 5592496 22751742 28344238 

Case 81 PWS/AS dup 15 4685929 23683783 28369712 

Case 82 16p11.2 del 16 547091 29652488 30199579 
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 Case Locus/syndrome Chr Size CNV Position in Mb 

     
Start(hg19) End(hg19) 

Case 83 16p11.2 del 16 555405 29644174 30199579 

Case 84 16p11.2 del 16 563133 29652488 30215621 

Case 85 16p11.2 del 16 217401 28826049 29043450 

Case 86 16p11.2 del 16 217845 28825605 29043450 

Case 87 16p11.2 del 16 155044 28855727 29010771 

Case 88 16p11.2 del 16 160482 28837515 28997997 

Case 89 16p11.2 del 16 205935 28837515 29043450 

Case 90 16p11.2 del 16 205935 28837515 29043450 

Case 91 16p11.2 dup 16 217401 28826049 29043450 

Case 92 16p11.2 dup 16 217401 28826049 29043450 

Case 93 16p11.2 dup 16 185805 28857645 29043450 

Case 94 16p11.2 dup 16 205935 28837515 29043450 

Case 95 16p11.2 dup 16 205935 28837515 29043450 

Case 96 16p11.2 dup 16 217401 28826049 29043450 

Case 97 16p11.2 dup 16 521148 29653836 30174984 

Case 98 16p11.2 dup 16 338061 29595483 29933544 

Case 99 16p11.2 dup 16 485393 29692414 30177807 

Case 100 16p11.2 dup 16 530465 29647342 30177807 

Case 101 16p12.1 del 16 474576 21949122 22423698 

Case 102 16p12.1 del 16 474576 21949122 22423698 

Case 103 16p12.1 del 16 596471 21839340 22435811 
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Case Locus/syndrome Chr Size CNV Position in Mb 
     

Start(hg19) End(hg19) 

Case 104 16p12.1 del 16 474576 21949122 22423698 

Case 105 16p12.1 del 16 486689 21949122 22435811 

Case 106 16p12.1 del 16 474576 21949122 22423698 

Case 107 16p13.11 del 16 1165658 15125441 16291099 

Case 108 16p13.11 del 16 825476 15479879 16305355 

Case 109 16p13.11 dup 16 661948 15593292 16255240 

Case 110 16p13.11 dup 16 1280143 15383857 16664000 

Case 111 16p13.11 dup 16 1210610 15092778 16303388 

Case 112 16p13.11 dup 16 1164091 15125441 16289532 

Case 113 16p13.11 dup 16 1164091 15125441 16289532 

Case 114 16p13.11 dup 16 1164091 15125441 16289532 

Case 115 16p13.11 dup 16 811220 15479879 16291099 

Case 116 16p13.11 dup 16 1118688 15125441 16244129 

Case 117 16p13.11 dup 16 1164091 15125441 16289532 

Case 118 16p13.11 dup 16 809653 15479879 16289532 

Case 119 16p13.11 dup 16 698836 15593292 16292128 

Case 120 16p13.11 dup 16 1164091 15125441 16289532 

Case 121 16p13.11 dup 16 809653 15479879 16289532 

Case 122 17q11.2 del 17 1017662 29107708 30125370 

Case 123 17q12 dup 17 1396108 34815551 36211659 

Case 124 17q12 dup 17 1424585 34824845 36249430 
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 Case Locus/syndrome Chr Size CNV Position in Mb 

     
Start(hg19) End(hg19) 

Case 125 17q12 dup 17 1430217 34815551 36245768 

Case 126 17q12 dup 17 1500928 34815551 36316479 

Case 127 17q12 dup 17 1433879 34815551 36249430 

Case 128 17q12 dup 17 1379321 34815551 36194872 

Case 129 22q11.2 del 22 2519388 18945091 21464479 

Case 130 22q11.2 del 22 2574989 18889490 21464479 

Case 131 22q11.2 del 22 2584566 18877787 21462353 

Case 132 22q11.2 del 22 2523986 18938367 21462353 

Case 133 22q11.2 del 22 2584566 18877787 21462353 

Case 134 22q11.2 del 22 2742984 18718623 21461607 

Case 135 22q11.2 del 22 2584566 18877787 21462353 

Case 136 22q11.2 del 22 2584566 18877787 21462353 

Case 137 22q11.2 del 22 1292734 20170996 21463730 

Case 138 22q11.2 del 22 2584566 18877787 21462353 

Case 139 22q11.2 del 22 2584566 18877787 21462353 

Case 140 22q11.2 del 22 2584566 18877787 21462353 

Case 141 22q11.2 del 22 1437703 18874965 20312668 

Case 142 22q11.2 del 22 2584566 18877787 21462353 

Case 143 22q11.2 del 22 2545597 18916756 21462353 

Case 144 22q11.2 dup 22 2574685 18889794 21464479 

Case 145 22q11.2 dup 22 2574685 18889794 21464479 
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Case Locus/syndrome Chr Size CNV Position in Mb 
     

Start(hg19) End(hg19) 

Case 146 22q11.2 dup 22 2586949 18877530 21464479 

Case 147 22q11.2 dup 22 2974458 18738296 21712754 

Case 148 22q11.2 dup 22 2576815 18886915 21463730 

Case 149 22q11.2 dup 22 2647461 18877787 21525248 

Case 150 22q11.2 dup 22 2587993 18877787 21465780 

Case 151 22q11.2 dup 22 2584566 18877787 21462353 

Case 152 22q11.2 dup 22 2582709 18881770 21464479 

Case 153 distal/22q11.2 dup 22 1057116 21914652 22971768 

Case 154 distal/22q11.2 dup 22 3065984 21964761 25030745 

Case 155 22q11.2 del 22 1061218 21899201 22960419 

Case 156 22q11.2 del 22 1032093 21939675 22971768 

Case 157 Phelan-McDermid syndrome del 22 73473 51078251 51151724 

Case 158 Phelan-McDermid syndrome del 22 90742 51087348 51178090 

Note: Copy number variation positions are in UCSC build hg19. Del, deletion; dup, duplication. TAR, thrombocytopenia-absent radius; BP, breakpoint; VCFS, 

Velocardiofacial syndrome. 
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Table 7-9. Results of multicollinearity tests for internalising disorders model. 

 

Variable 

Variance Inflation Factor 

(VIF) Tolerance 

ND CNV status 1.00 1.00 

Sex 1.02 0.98 

Age 1.02 0.98 

WRAT Std Score 1.01 0.99 

ASD Status 1.03 0.97 

 

 

Table 7-10. Results of multicollinearity tests for externalising disorders model. 

 

Variable 

Variance Inflation Factor 

(VIF) Tolerance 

ND CNV status 1.00 1.00 

Sex 1.02 0.98 

Age 1.03 0.97 

WRAT Std Score 1.02 0.98 

ASD Status 1.02 0.98 

  

 

Table 7-11. Results of multicollinearity test for subclinical psychotic symptoms model. 

 

Variable 

Variance Inflation Factor 

(VIF) Tolerance 

ND CNV status 1.00 1.00 

Sex 1.03 0.97 

Age 1.04 0.96 

WRAT Std Score 1.03 0.98 

ASD Status 1.03 0.97 
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Table 7-12. Results of multicollinearity test for suicidal ideation model. 

 

Variable 

Variance Inflation Factor 

(VIF) Tolerance 

ND CNV status 1.00 1.00 

Sex 1.03 0.97 

Age 1.05 0.95 

WRAT Std Score 1.03 0.97 

ASD Status 1.05 0.96 

  

 

 

 

 

 

Table 7-13. Characteristics and relevant variables in the PNC sub-sample excluding 

individuals with ASD and likely ID. 

 

Variable 

PNC sub-sample 

(n=7736) 

Sex, M 

(%) 

 

3702 

(48.0) 

 

Age in years, median 

(IQR) 

 

14.0 

(11.0-17.0) 

 

WRAT std score, median 

(IQR) 

 

102.0 

(93.0-112.0) 

 

Note: IQR, interquartile range; WRAT std score, wide ranging achievement test standardised score. 
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Table 7-14. Comparison of characteristics of ND CNV carriers and non-carriers in PNC 

sample with individuals ASD and likely ID excluded.  

 
ND CNV status  

df 

Test 

Statistic p 

 

ND CNV carriers 

(n = 142) 

Non CNV carriers 

(n = 7594)     

Sex, M 

(%) 

 

75 

(53.5%) 

3627 

(47.9%) 

 1 1.55a 0.21 

Age, median 

(IQR) 

 

14.0 

(10.0-17.0) 

14.0 

(11.0-17.0) 

 - 533000b 0.82 

WRAT std score, 

median 

(IQR) 

96.0 

(87.0-105.8) 

102.0 

(93.0-112.0) 

 - 649000b 3.12e-05 

Note: WRAT std score, Wide ranging achievement test standardized score; Sd, standard deviation; df, 

degrees of freedom. aChi square. bMann-Whitney U Test. 

 

 

 

 

Table 7-15. Psychiatric phenotypic outcomes in ND CNV carriers and non-carriers in PNC 

(sample excluding individuals with likely ASD and ID). 

  

N with positive history/ N total1 (%) 

Psychiatric Outcome 

 

ND CNV Carriers Non-Carriers 

Subclinical psychotic symptoms 
 

18/121 (14.9%) 

 

523/6683 (7.8%) 

Note: 1 N total refers to total in category with available phenotypic data.
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Table 7-16. Power analyses for associations between psychopathological phenotypes and ND CNV status in Philadelphia Neurodevelopmental 

Cohort sample.  

  

PNC Sample 

Input parameter Internalising symptoms Externalising symptoms 

Subclinical psychotic 

symptoms Suicidal ideation 

Tail(s) Two Two Two Two 

Odds ratio 1.10 0.94 1.87 1.04 

Pr(Y=1|X=1) H0 0.40 0.29 0.08 0.08 

 err prob 0.05 0.05 0.05 0.05 

Total sample size 8205 8205 8205 8205 

R2 other X 0.004 0.003 0.004 0.003 

X distribution Binomial Binomial Binomial Binomial 

X parm  0.02 0.02 0.02 0.02 

Output parameter     

Critical Z 1.96 -1.96 1.96 1.96 

Power 0.09 0.06 0.74 0.06 

Note: Test family, z tests; Statistical test, Logistic regression; Type of power analysis, Post hoc. Power analyses completed using G*Power (Faul et al., 2009). 
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 Supplementary Tables- Chapter 4 

Table 7-17 Copy number variants identified in individuals in discovery dataset. 

Case Locus CNV Chr Position in Mb 

    Start Stop 

Case 1 1q21.1 Del 1 145932468 147831184 

Case 2 1q21.1 Del 1 146330584 147825662 

Case 3 1q21.1 Del 1 146717564 146970946 

Case 4 NRXN1 Del 2 50870373 50971478 

Case 5 15q11.2 Del 15 22751094 23487547 

Case 6 15q11.2 Del 15 22770994 23236972 

Case 7 15q11.2 Del 15 22770994 23236972 

Case 8 15q13.3 Del 15 30755047 32489254 

Case 9 17p12 Del 17 14098277 15475088 

Case 10 WBS Dup 7 72732833 74142105 

Case 11 AS/PWS Dup 15 24727231 25107593 

Case 12 16p13.11 Dup 16 14929751 16396513 

Case 13 16p13.11 Dup 16 15481934 18314234 

Case 14 16p13.11 Dup 16 15481934 17296550 

Case 15 16p13.11 Dup 16 15481934 16340441 
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Case Locus CNV Chr Position in Mb 

    Start Stop 

Case 16 16p11.2 Dup 16 29517711 30177808 

Case 17 16p11.2 Dup 16 29517711 30306969 

Case 18 16p11.2 Dup 16 29580034 30191908 

Case 19 16p11.2 Dup 16 29595483 30017620 

Note: Copy number variation positions are in UCSC Build 37. Del, deletion; dup, duplication; WBS, Williams-Beuren Syndrome; AS/PWS, Angelman/Prader-Willi 

syndrome. 
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Table 7-18. Penalised likelihood method of logistic regression applied for comparison with 

generalised linear model, to examine for effects of small sample bias.  

Variable  

 

95% CI SE Chi Square P 

Intercept -4.66 -5.33,-4.10 0.31 Inf < 2e-16 

History of developmental delay 1.67 0.54,2.68 0.54 7.69 0.006 

Comorbid NDD 1.85 0.45,3.00 0.64 6.18 0.013 

Specific learning disorder 2.21 0.49,3.58 0.78 5.79 0.016 

Note: Significant variables highlighted in bold. NDD, neurodevelopmental disorder. 

In view of the rarity of SCZ-associated CNVs in the samples, the risk of small-sample bias in the 

analysis was considered and a penalised likelihood method (Firth method) of logistic regression was 

applied to the discovery sample for comparison. The coefficients and significance values using the 

penalised likelihood model did not differ substantially from the generalised linear model Table 7-18. 

 

 

Table 7-19. Multiple logistic regression model using two phenotypic variables to model SCZ-

associated CNV carrier status in Irish data set. 

Variable  SE 

Wald 

statistic (Z) P OR (95% CI) 

Intercept -4.63 0.31 -14.89 < 2e-16 0.01 (0.01-0.02) 

Comorbid NDD 1.76 0.67 2.63 0.009 5.81 (1.28-19.29) 

History of 

developmental delay 1.72 0.55 3.13 0.002 5.60 (1.73-15.74) 

Note: Predictor coefficients were tested using Wald tests and confidence intervals obtained using the Wald 

method. Significant variables highlighted in bold. Nagelkerke pseudo R Square = 0.172). NDD, 

neurodevelopmental disorder. 
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Table 7-20. ROC curve results for modelling SCZ-associated CNV status using two phenotypic 

variables in the Irish dataset. 

Cutoff 

Value 

Sensitivity 

(%) 

(95% CI) 

Specificity 

(%) 

(95% CI) 

AUC 

(%) 

(95% CI) 

PPV 

(%) 

(95% CI) 

NPV 

(%) 

(95% CI) 

0.05 

47.1 

(23.0-72.2) 

90.1 

(88.3-91.8) 

68.6 

(56.3-80.9) 

6.7 

(5.5-17.3) 

99.1 

(97.4-99.3) 

Note: Optimal Cutoff Value, Sensitivity, Specificity, Area Under the Curve, and Predictive Values using two 

independent variables (“History of developmental delay”, “Comorbid neurodevelopmental disorder”) to 

model for SCZ-associated CNV status in Irish cohort (discovery dataset). CI, confidence interval; AUC, 

area under the curve; PPV, positive predictive value; NPV, negative predictive value 
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 Table 7-21. Power analyses for associations between SCZ-associated CNV status and phenotype variables in discovery cohort. 

 

 

Discovery sample 

Input parameter 

Early onset 

of symptoms 

History of 

learning 

difficulties 

Specific 

learning 

disorder 

Remedial 

school 

support 

Low 

educational 

attainment 

History of 

development

al delay 

Comorbid 

NDD 

Family 

history of 

NDD 

Tail(s) Two Two Two Two Two Two Two Two 

Proportion of positive 

phenotype in SCZ-

associated CNV carriers 

(p2) 

0.32 0.42 0.11 0.05 0.21 0.26 0.16 

 

0.26 

 

Proportion of positive 

phenotype in non CNV 

carriers (p1) 

0.23 0.15 0.01 0.03 0.13 0.06 0.04 0.29 

 error probability 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Sample size group 1 1196 1196 1196 1196 1196 1196 1196 1196 

Sample size group 2 19 19 19 19 19 19 19 19 

Output parameter         

Critical z 1.96 1.96 1.96 1.96 1.96 1.96 1.96 -1.96 

Power 0.18 0.83 0.78 0.15 0.23 0.81 0.64 0.05 

Note: Test family, z tests; Statistical test, Proportions: Difference between two independent proportions; Type of power analysis, Post hoc. Power analyses completed using 

G*Power (Faul et al., 2009). 

  



  

198 

 

7.2 Appendix 2: Supplementary Figures 

Supplementary Figures- Chapter 2 

Figure 7-1. Example of calculation of odds ratios comparing ND CNV effects in sexes 
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Supplementary Figures- Chapter 3 

Figure 7-2. Recruitment flow of Philadelphia Neurodevelopmental Cohort, from Calkins et 

al.(Calkins et al., 2015). 
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Figure 7-3. Sample GOASSESS proband screener section provided in supplementary material 

from Calkins et al. (Calkins et al., 2015). 
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Figure 7-4. Clinical scoring algorithm formulated for scoring of PNC raw phenotype data for Agoraphobia based on DSM IV Diagnostic Criteria.  

DSM-IV Diagnostic criteria for Agoraphobia  Clinical Scoring Algorithm Formulated from PNC Phenotype Data 

        

        
A. Anxiety about being in places or situations 

from which escape might be difficult (or 

embarrassing) or in which help may not be 

available   NA  AGR010 

Agoraphobia: Have you been afraid of being in places because you were worried 

that you might get trapped, couldn't escape, would be embarrassed to escape or 

couldn't get help? → No 

        

     Yes    

        

In the event of having an unexpected or 

situationally predisposed Panic Attack or panic-

like symptoms.  

   

AGR009 

Agoraphobia: Have you been afraid about (insert all situations endorsed) because 

you were worried about having a scary/strange feeling in your body or other body 

problem(s)?   

   

AGR011 

Agoraphobia: When you had to do (insert all situations endorsed), did your heart 

ever beat very fast, did you feel sweaty or have trouble breathing, did you feel like 

crying, losing your temper, or like you couldn't move around?   

  
NA (if 

either 

are 

NA)    ≥ 2 → 

No 

(if 

both 

are 

No) 
    

    
    

 Yes [if both are Yes]   
    

    
Agoraphobic fears typically involve 

characteristic clusters of situations that include 

being outside the home alone; being in a crowd 

or standing in a line; being on a bridge; and 

traveling in a bus, train, or automobile. 

   

AGR001 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

being in crowds (for example, a classroom, cafeteria, restaurant, or movie theater)?   



  

 

 

2
0

2
 

   

AGR002 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

going to public places (such as a store or shopping mall)?   

   

AGR003 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

being in an open field?   

   

AGR004 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

going over bridges or through tunnels?   

   

AGR005 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

traveling by yourself?   

   

AGR006 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

traveling away from home?   

   

AGR007 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

traveling in a car?   

   

AGR008 

Agoraphobia: Looking at this card, have you ever been very nervous or afraid of: 

using public transportation like a bus or SEPTA?   
Note: Consider the diagnosis of Specific Phobia 

if the avoidance is limited to one or only a few 

specific situations, or Social Phobia if the 

avoidance is limited to social situations. 

 

NA    ≥ 2 → No 

        

     Yes   

        

B. The situations are avoided (e.g., travel is 

restricted) or else are endured with marked 

distress or with anxiety about having a Panic 

Attack or panic-like symptoms or require the 

presence of a companion  NA  AGR013 

Agoraphobia: When you had to face (feared situations), did you try to avoid it or if 

you couldn't avoid it, did you feel very distressed or need someone with you when 

you faced it? → No 

        

     Yes   

        

    AGR014 Agoraphobia: How much did having this fear upset or bother you?   
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      Or   

    AGR015 

Agoraphobia: How much did the fear you told me about cause problems for you at 

home, at school or work, or with your family or friends?   

  NA    ≥ 5 → No 

        

     Yes   
c. The anxiety or phobic avoidance is not better 

accounted for by another mental disorder, such as 

Social Phobia (e.g., avoidance limited to social 

situations because of fear of embarrassment), 

Specific Phobia (e.g., avoidance limited to a 

single situation like elevators), Obsessive 

Compulsive Disorder (e.g., avoidance of dirt in 

someone with an obsession about 

contamination), Posttraumatic Stress Disorder 

(e.g., avoidance of stimuli associated with a 

severe stressor), or Separation Anxiety Disorder 

(e.g., avoidance of leaving home or relatives).        

    Suggestive of Agoraphobia Diagnosis based on DSM-IV Criteria   
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7.3 Appendix 3: Data Access Approval 
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Figure 7-5. Data Access Approval- Simons Simplex Collection 
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Figure 7-6. Data Access Approval- Philadelphia Neurodevelopmental Cohort at dbGaP 

(weblink below). 

 

 

Weblink: 

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-

bin/study.cgi?study_id=phs000607.v3.p2#authorized-requests-section 

  

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v3.p2#authorized-requests-section
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v3.p2#authorized-requests-section
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Figure 7-7. Philadelphia Neurodevelopmental Cohort at dbGaP, Data Access Approval 

Technical Research Use Statement. 
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Figure 7-8. Philadelphia Neurodevelopmental Cohort at dbGaP, Data Access Approval, Non-

Technical Research Use Statement. 
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