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Abstract 

Psychotic experiences (PE) are traits in the general population that resemble psychotic 

symptoms. PE are associated with an increased risk of psychiatric disorders and those 

affected by these traits or disorders are more likely to smoke tobacco. However, studies 

on adolescent smoking behaviours and PE have not considered PE dimensionally, 

adequately accounted for confounding, or included negative symptom traits. 

Longitudinal studies suggest that smoking may precede PE, but findings are 

inconclusive.  

This thesis presents evidence on the phenotypic and genetic associations 

between PE and smoking behaviours, with an emphasis on adolescent development. 

Chapter 2 provides a systematic review of the literature on the association between PE 

and smoking behaviour. In Chapter 3, regression analyses are conducted on the 

association between the regularity of tobacco use and domains of PE during adolescence 

accounting for several confounding factors. Chapter 4 presents the first twin study to 

explore the degree to which PE share genetic and environmental influences with 

smoking in a large adolescent sample. Chapter 5 investigates the degree to which 

adolescent and adult PE, schizophrenia, major depression and bipolar disorder are 

influenced by overlapping common genetic variants using genome-wide association 

summary statistics. Chapter 6 investigates genetic associations between smoking 

behaviours and psychiatric disorders and PE accounting for the genetic influences on 

covariates. It also investigates causal associations between smoking initiation and PE 

and psychiatric disorders using Mendelian randomization. This thesis concludes with a 

discussion of the main findings, broader themes, limitations and conclusions. 

Evidence from this thesis supports phenotypic and genetic associations between 

smoking and PE during adolescence. This thesis provides novel insights into the 

aetiology of PE over the lifespan and the underlying reasons why PE cooccur with 

smoking behaviour. It strengthens the evidence base for a specific biological link 

between smoking and psychiatric illness. 
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Chapter 1: Introduction 

The purpose of this chapter is to provide the rationale for investigating the 

epidemiological and genetic associations between psychotic experiences (PE) and 

smoking behaviour using selected examples from the literature. This chapter introduces 

key concepts of relevance to this thesis, including an overview of the current 

conceptualizations of psychotic disorders and PE in the community. It briefly considers 

the pharmacological and neurocognitive effects of nicotine, the genetics of smoking, and 

provides the rationale for investigating smoking behaviour and its association with PE 

and psychiatric disorders. The chapter also discusses the importance of understanding 

the association between PE and smoking behaviour particularly during adolescence, and 

why it is important to consider genetic influences on the association between PE and 

smoking behaviour. It concludes with an overview of the research aims that are 

addressed in subsequent chapters. 

 

1.1 Schizophrenia spectrum and other psychotic disorders  

This section will provide a brief definition of psychotic disorders and summarize what is 

known about the course of psychotic disorders, its development, aetiological overlap 

with other major psychiatric disorders and the proposed genetic and environmental 

causes using examples from the literature. 

Considerable efforts have been made to understand the aetiology of psychotic 

disorders with the aim of improving prevention efforts and treatment options for those 

affected. The term psychosis refers to disturbances in perception, thought and mood. 

Symptoms of psychotic disorders such as schizophrenia are delusions, hallucinations 

and disorganized speech (positive symptoms), disorganized or catatonic behaviour, 

negative symptoms such as diminished emotional expression, and associated features 

include cognitive impairments and a lack of insight into the disorder (American 

Psychiatric Association, 2013). Psychotic disorders are relatively common, with a 
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prevalence of about 1% for schizophrenia (Moreno-Kustner, Martin, & Pastor, 2018). 

Psychotic disorders typically feature acute phases of symptoms interspersed with 

periods of remission. During remission, some individuals may return to normal 

function. But for many, symptoms remain residual, functional and recovery outcomes 

remain poor, and many experience relapse into subsequent acute phases of psychosis 

despite adequate pharmacological treatment (Alvarez-Jimenez, Parker, Hetrick, 

McGorry, & Gleeson, 2011; Burns, Erickson, & Brenner, 2014). Thus, the impact of 

psychotic disorders on individuals, their families and health care providers remains 

considerable (Knapp et al., 2014).  

Psychotic disorders are hypothesized to be neurodevelopmental in nature, 

caused by a combination of genetic and environmental factors (Murray & Lewis, 1987). 

Epidemiological evidence indicates several environmental risk factors that act 

throughout the lifespan to increase susceptibility to psychosis, including prenatal risk 

factors, stressful or traumatic life events, cannabis use, migrant status, and living in an 

urban environment (Dean & Murray, 2005; Marconi, Di Forti, Lewis, Murray, & Vassos, 

2016; Misiak et al., 2017). Early twin and family studies indicated that schizophrenia has 

a genetic component (McGuffin, Owen, & Farmer, 1995; Tsuang, Stone, & Faraone, 

2001) and it is among the most highly heritable psychiatric disorders, with twin 

heritability estimates converging at around 80% (Hilker et al., 2018; P. F. Sullivan, 

Kendler, & Neale, 2003). Genome-wide association studies (GWASs) suggest that 

schizophrenia is influenced in part by many common genetic variants each of small 

effect (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014).  

Psychotic disorders may also be aetiologically related to other major psychiatric 

disorders. For example, there is substantial evidence for overlapping genetic influences 

on schizophrenia, bipolar disorder and major depression (Bipolar Disorder and 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018; Cross-

Disorder Group of the Psychiatric Genomics Consortium, 2013; Wray et al., 2018).  
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1.2 Psychotic experiences in the community 

The next section will define PE in the community and will introduce some of the main 

approaches used to assess PE. It will present findings on the prevalence of PE and 

consider findings from the literature on the heritability of PE. This section will conclude 

by highlighting the current lack of evidence for genetic overlap between different PE 

related constructs and the lack of evidence on the genetic stability of PE over the 

lifespan.  

1.2.1 Definition and assessment of psychotic experiences 

One approach to investigate the early development of psychotic disorders is by studying 

traits in the general population that resemble psychotic symptoms. PE (also called 

‘psychotic-like experiences’) resemble symptoms like paranoia, hallucinations and 

cognitive symptoms, and can be measured in the general population. 

PE have been defined and assessed using different approaches. Typically, 

assessments cover ‘positive’ symptom-like features of psychosis such as auditory and 

visual hallucinations, delusions and paranoia. Positive PE are usually operationalized as 

a binary state (those who report PE and those who do not). The semi-structured 

Psychosis-Like Symptoms Interview (PLIKSi) (Zammit et al., 2013) is an example of one 

of the commonly used assessments that consider positive PE. Items on the PLIKSi are 

rated as not present, suspected or definite PE. Studies typically class participants into 

those without any PE and those with at least suspected PE, or alternatively into those 

with no or suspected PE and those with definite PE.  

An alternative approach is to use quantitative scales to assess psychotic 

experiences and negative symptom traits (PENS). PENS include scales for positive PE, 

cognitive symptoms, and experiences that resemble negative symptoms characteristic of 

psychotic disorders such as apathy, anhedonia and social withdrawal. Examples of PENS 

assessments include the Specific Psychotic Experiences Questionnaire (SPEQ) (Ronald 

et al., 2014) and the Community Assessment of Psychic Experiences (CAPE) (Konings, 

Bak, Hanssen, van Os, & Krabbendam, 2006). The SPEQ was devised to assess 
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adolescent PENS and includes six sub-scales on self-rated paranoia, hallucinations, 

cognitive disorganisation, grandiosity and delusions, anhedonia and parent-rated 

negative symptoms. The CAPE assesses self-reports of lifetime PENS and includes 

subscales for positive, negative and depressive experiences.  

Schizotypy (Meehl, 1962) is an older and related construct which has broadly 

overlapping features compared to PENS. Assessments of schizotypy were devised to 

measure stable traits, as opposed to symptom-like experiences, that resemble a range of 

features of psychotic disorders, rather than experiences resembling more narrowly 

defined symptoms.  

PENS and schizotypy are generally assessed as quantitative traits that can vary in 

severity or frequency between individuals. The distribution of PENS scores in 

community samples is normal or positively skewed (Ronald et al., 2014). One advantage 

of assessing PENS quantitatively is that it avoids the issue of introducing arbitrary 

thresholds to define those with and without PENS, which often varies between studies 

and therefore result in a wide range of prevalence rates.  Compared to approaches that 

define PE as either present or absent, PENS scales also capture more quantitative 

information resulting in statistical power gains. Defining PENS according to specific 

subtypes measured dimensionally lends itself well to the study of individual differences 

at specific developmental stages. 

1.2.2 Prevalence of psychotic experiences 

Positive PE are common in the general population. Meta-analytic evidence indicates 

that the median prevalence rate of positive PE is 7.2% and the annual incidence of newly 

occurring PE is estimated to be 2.5%. Of those who report positive PE, ~20% experience 

persistent PE while PE in the remaining ~80% remits over time (Linscott & Van Os, 

2013). The median prevalence of positive PE in children aged 9 to 12 years is higher at 

17% and in adolescents aged 13 to 18 years it is 7.5% (Kelleher, Connor, et al., 2012), 

similar to the prevalence rates in adults. These findings suggest that, particularly during 

childhood, positive PE are common and often transient in nature.  
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1.2.3 Heritability of psychotic experiences 

Twin studies indicate that PE are heritable, with twin heritability estimates accounting 

for a third to a half of individual variation in PE during adolescence (Ericson, Tuvblad, 

Raine, Young-Wolff, & Baker, 2011; Hur, Cherny, & Sham, 2012; Linney et al., 2003; 

Polanczyk et al., 2010; Wigman et al., 2011; Zavos et al., 2014).  

To date, four published GWASs assessed associations between PE and common 

genome-wide variants (Legge et al., 2019; Ortega-Alonso et al., 2017; Pain et al., 2018; 

Zammit et al., 2014). These studies suggest significant modest single nucleotide 

polymorphism (SNP) heritability for at least some PENS in mid-adolescence (3-9%) 

(Pain et al., 2018) and for schizotypy in 31-year-old adults (20-27%) (Ortega-Alonso et 

al., 2017).  A recently published GWAS on positive PE in adults from the UK Biobank 

estimated the SNP-heritability to be 1.71% and identified two variants that reached 

genome-wide significance levels (p < 5 x 10-8) including a locus within the ANK3 gene 

region (Legge et al., 2019). ANK3 is a gene often implicated in GWAS for bipolar 

disorder (Stahl et al., 2019) and has also been implicated in a cross-disorder GWAS 

(Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013). 

There is a lack of studies that have investigated the genetic overlap of PE across 

age despite this being an important topic for understanding the aetiology and 

development of possible early signs of mental illness. It is also not known if positive PE, 

PENS and schizotypy share genetic influences, an interesting question that could shed 

light on the extent to which these phenotypes reflect similar underlying biological 

causes. 
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1.3 Psychotic experiences and the risk of psychiatric illness and 

other adverse outcomes 

This section will discuss examples from the literature that demonstrate that PE in the 

community are associated with schizophrenia and other psychiatric disorders, as well as 

with other adverse outcomes. 

Emerging evidence suggests that persistent positive PE during adolescence or 

adulthood are associated with an increased risk of developing psychotic disorders 

(Dominguez, Wichers, Lieb, Wittchen, & van Os, 2011; Hanssen, Bak, Bijl, Vollebergh, 

& van Os, 2005; Poulton et al., 2000; Welham et al., 2009; Werbeloff et al., 2012; Zammit 

et al., 2013) and to a lesser extent other psychiatric disorders (Fisher et al., 2013; Kaymaz 

et al., 2012; Kelleher, Keeley, et al., 2012). Likewise, schizotypy is associated with 

subsequently developing psychotic disorders (Debbané et al., 2015). PE have been 

associated with other adverse outcomes in addition to an increased risk of developing 

psychiatric disorders, including an increased risk of suicide attempts, self-harm 

behaviour, reduced life expectancy, lower physical activity, mental distress and reduced 

global functioning (Fisher et al., 2013; Healy et al., 2018; Kelleher et al., 2013; Kelleher et 

al., 2015; Polanczyk et al., 2010; Sharifi et al., 2015; S. A. Sullivan et al., 2015). 

These observations support the hypothesis that liability to psychosis may exist 

on a continuum in the general population, with those who experience clinical symptoms 

at the extreme end of the spectrum. The psychosis proneness-persistence-impairment 

model (van Os, Linscott, Myin-Germeys, Delespaul, & Krabbendam, 2009) postulates 

that transitory PE manifests broadly in the general population and may be part of child 

and adolescent development. For some, PE could become abnormally persistent due to a 

combination of genetic risk and exposure to environmental factors and may lead to 

impairment and clinical outcomes.  
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1.4 Genetic overlap between psychotic experiences and psychiatric 

disorders 

This section will consider the evidence on the degree of genetic overlap between PE and 

psychiatric disorders, with an emphasis on schizophrenia. This section will also 

highlight areas where research is limited, including on the genetic overlap between 

specific types of adult PE and psychiatric disorders. 

1.4.1 Genetic association between psychiatric disorders and psychotic 

experiences during adolescence 

Evidence from genome-wide studies indicate that PENS share genetic influences with 

schizophrenia and negative symptom traits with major depression (reviewed by Ronald 

& Pain, 2018). The largest GWAS on adolescent PENS to date (Pain et al., 2018) found 

that polygenic scores (PGS) for schizophrenia predicted paranoia and hallucinations 

(only in non-zero scorers; r2 = 0.09%), cognitive disorganization (r2 = 0.08%), anhedonia 

(r2 = 0.08%) and negative symptoms (r2 = 0.09%); Major depression PGS predicted 

negative symptoms and anhedonia (r2 = 0.08 – 0.11%) and PGS for bipolar disorder had 

a negative association with paranoia and hallucination-like experiences (r2 = 0.12%). 

Similar findings that schizophrenia PGS is associated with adolescent positive PE (r2 = 

0.09%) and negative symptom traits (r2 = 0.7%) have been reported in other studies (H. 

J. Jones et al., 2016; M. J. Taylor et al., 2019). Not all previous studies have found 

evidence for shared genetic liability using schizophrenia PGS to predict adolescent 

positive PE (H. J. Jones et al., 2016; Zammit et al., 2014) and PENS (Krapohl et al., 2016; 

Sieradzka et al., 2014). However, these studies may have been underpowered to detect 

associations due to small sample sizes or from using less well-powered GWAS from 

which to calculate PGS (Ronald & Pain, 2018).  

1.4.2 Genetic association between psychotic experiences and psychiatric 

disorders in adults 

A recent study by Legge et al. (2019), and the only GWAS on PE that was sufficiently 

powered to detect variants at genome-wide significance, reported significant genetic 
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correlations between positive PE in adults with schizophrenia (rg = .21) and with major 

depression (rg = .46). Evidence from earlier studies on adult samples in the general 

population was mixed. One study found an association between schizophrenia PGS with 

both positive and negative measures of schizotypy assessed using semi-structured 

interviews, but no association with self-rated PENS (van Os et al., 2017). Another study 

found no association between genome-wide significant schizophrenia variants and 

social anhedonia (Liuhanen et al., 2018). A further study did not find positive 

associations between schizophrenia PGS and adult PE (Derks, Vorstman, Ripke, Kahn, 

& Ophoff, 2012). However, their sample size was small and PGS was calculated from 

GWAS based on smaller samples than that currently available. 

 

1.5 Overlapping environmental risk factors 

This section will highlight evidence that indicate that some of the same environmental 

risk factors are associated with both PE and in psychiatric disorders like schizophrenia. 

Many of the environmental risk factors believed to contribute to the risk of 

developing psychotic disorders appear also to contribute to the development of PE in 

the community (Nelson, Fusar-Poli, & Yung, 2012). Based on findings from a meta-

analysis of overlapping environmental risk factors for psychotic traits and disorders, 

shared risk factors include cannabis, alcohol and other psychoactive substance use, 

stressful life events, minority ethnic status and urbanicity (van Os et al., 2009). Kelleher 

(2011) argues that shared risk factors between PE and schizophrenia points toward a 

shared aetiology of psychotic traits and disorders. However, it is worth noting that 

environmental risk factors such as substance use are not specific to psychosis and have 

been associated with other psychiatric disorders, including major depression and 

bipolar disorder (Lev-Ran et al., 2014; Marangoni, Hernandez, & Faedda, 2016).  
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1.6 Tobacco use 

This section will present the current prevalence rates of smoking behaviours. It will 

describe the pharmacological actions and neurocognitive consequences of nicotine. This 

section will also summarize the main findings from twin and genome-wide association 

studies on smoking behaviour, including the heritability of smoking. 

1.6.1 Prevalence of smoking 

The prevalence of smoking has been steadily declining over the past decades but 

remains high. In the UK, 14.7% of adults smoked regularly in 2018, a significant decline 

of approximately five percentage points since 2011. However, the rate of decline in 

smoking prevalence appears to have plateaued over the past couple of years (Office for 

National Statistics, 2019). Adult smoking prevalence rates in the UK are similar to the 

US and lower than in Europe as a whole where the average prevalence is 28% (Kasza et 

al., 2017; World Health Organization, 2019). Tobacco control policies appear to be the 

main reason for the reduction in the number of people who smoke regularly (Feliu et al., 

2019). Despite the decline in tobacco use prevalence, smoking remains the main cause 

of preventable deaths, accounting for 16% of the annual mortality rate in the UK (Office 

for National Statistics, 2019).  

1.6.2 Pharmacology of nicotine 

While the combustion of tobacco products exposes smokers to more than two thousand 

harmful chemicals, nicotine has been the focus of research on the association between 

smoking behaviour and mental health outcomes. Nicotine is the principal 

pharmacologically active component found in tobacco products and is considered to be 

an addictive substance responsible for sustained and compulsive smoking behaviour 

and withdrawal symptoms (Stolerman & Jarvis, 1995). Susceptibility to nicotine 

dependence, believed to be under genetic influence, varies between individuals and 

depends on a number of physiological, social and personality factors (Gilbert & Gilbert, 

1995).  



29 
 

The pharmacological actions of nicotine are complex and widespread. Nicotine 

resembles the endogenous neurotransmitter acetylcholine and acts as an agonist on 

nicotinic receptors, one of the main subtypes of cholinergic receptors (nicotinic 

acetylcholine receptors). These receptors have binding sites throughout the brain, 

including in the frontal, cingulate and insular lobes, as well as in the thalamus and basal 

ganglia. Presynaptic activation of nicotinic receptors stimulates the release of several 

neurotransmitters including dopamine, serotonin and glutamate, depending on the 

subfamily and location of nicotinic receptors (Levin, 2018; McKinney & Vansickel, 

2016). For instance, nicotine has been associated with an increased release of dopamine 

in preclinical studies, particularly in the striatum (Brody et al., 2004; McCallum, Cowe, 

Lewis, & Glick, 2012).  

1.6.3 Neurocognitive consequences of smoking 

While nicotine may enhance cognitive performance in the short term, chronic smoking 

may have detrimental effects on cognitive performance. In healthy adults without a 

psychiatric disorder, chronic smoking is associated with various neurocognitive 

consequences such as impairments in executive functioning, cognitive flexibility, 

general cognitive performance and working memory (Durazzo, Meyerhoff, & Nixon, 

2010). Chronic smoking may also have neurobiological consequences including global 

brain atrophy and biochemical and structural abnormalities in anterior frontal and 

subcortical brain regions (Durazzo et al., 2010). Adding further complexity, nicotine 

may have different neurobiological and neurocognitive consequences over the lifespan 

(Levin, 2018; Zeid, Kutlu, & Gould, 2018). For instance, animal models show that 

nicotine can affect the developing brain during gestation, resulting in persistent 

behavioural effects into adulthood (Dwyer, McQuown, & Leslie, 2009). Adolescents may 

be particularly susceptible to developing sustained dependence (Breslau & Peterson, 

1996), while cognitive enhancement has been reported during adulthood, as well as 

reduced cognitive impairment in older adults (Carrasco, Vicens, & Redolat, 2006). 

Despite a substantial body of research on the acute effects of smoking, the 

neurobiological and neurocognitive consequences of chronic smoking in humans are 
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not fully understood. The amount of longitudinal evidence is limited, robust evaluation 

of the role of confounding factors lacking, and few studies have assessed the 

neurocognitive and neurobiological consequences of smoking behaviour within the 

same samples (Durazzo et al., 2010). 

1.6.4 The genetics of smoking 

Smoking behaviour is under genetic influence. Early twin studies indicated that various 

smoking behaviours such as smoking initiation, the number of cigarettes smoked per 

day, nicotine dependence and smoking cessation are heritable, with genetic and 

environmental factors both at play (Koopmans, Slutske, Heath, Neale, & Boomsma, 

1999; Li, Cheng, Ma, & Swan, 2003; Vink, Willemsen, & Boomsma, 2005). Twin 

heritability estimates indicate that genetic influences account for 40-60% of phenotypic 

variance in smoking behaviour.  

Over the last decade, GWAS findings have yielded robust genetic associations 

with smoking behaviour. The CHRNA5‐A3‐B4 gene cluster on chromosome 15, which 

encodes the alpha‐3, alpha‐5, and beta‐4 nicotinic receptor subunits, was initially 

associated with smoking behaviour in a candidate gene study (Saccone et al., 2007) and 

was confirmed by a GWAS soon thereafter (Thorgeirsson et al., 2008). Since then, 

several genetic loci within other gene regions have been identified, but variants within 

the CHRNA5‐A3‐B4 gene cluster remains the strongest and most robust signals 

(Erzurumluoglu et al., 2019; Hancock et al., 2015; M. Liu et al., 2019; Timofeeva et al., 

2011; Tobacco and Genetics Consortium, 2010; Wain et al., 2017). SNP heritability 

estimates indicate that genetic variants account for ~5-8% of phenotypic variance in 

smoking behaviours like the number of cigarettes smoked per day, smoking initiation, 

age of initiation and smoking cessation (M. Liu et al., 2019). 
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1.7 Smoking, psychiatric disorders and psychotic experiences 

This section will give a brief overview of the evidence for an association between 

smoking behaviour and psychiatric disorders. It will briefly outline the evidence for an 

association between PE and smoking behaviour with a more detailed and systematic 

review of the evidence pertaining to PE and smoking provided in Chapter 2. This 

section will also consider the possible mechanisms underlying the association between 

smoking and psychiatric disorders, including evidence for the self-medication 

hypothesis, the shared vulnerability hypothesis, and evidence suggesting that smoking 

may be a causal risk factor. This section will conclude by discussing the period of 

adolescence and its relevance to both smoking and PE. 

1.7.1 The association between smoking and psychiatric disorders and psychotic 

experiences 

The association between smoking behaviour and psychiatric disorders is well-

established. The high rates of tobacco smoking in those diagnosed with psychotic 

disorders (de Leon & Diaz, 2005; Gurillo, Jauhar, Murray, & MacCabe, 2015; Large & 

MacCabe, 2015) and other psychiatric disorders like depression and bipolar disorder 

(Lawrence, Mitrou, & Zubrick, 2009; Thomson et al., 2015) were initially assumed to be 

a result of environments like inpatient settings where smoking was common or a coping 

mechanism in response to symptoms, associated distress, or self-management of 

medication side effects (Kumari & Postma, 2005).  

More recently, the possibility that smoking behaviour may be a risk factor for 

psychosis has received renewed interest (Large & MacCabe, 2015). In order to assess 

whether causal relationships may explain the association between smoking and 

psychiatric disorders, previous studies have attempted to rule out confounding factors 

and investigated longitudinal and dose-response associations. The evidence suggest that 

tobacco use is associated with an increased risk and an earlier onset of psychotic illness 

(Gurillo et al., 2015) and that daily smoking during adolescence is longitudinally 

associated with an increased likelihood of being diagnosed with a psychotic disorder by 
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the age of 30 (Mustonen et al., 2018). Furthermore, a dose-response relationship 

between the number of cigarettes smoked and risk of psychosis was reported. A meta-

analysis of longitudinal studies supported a bi-directional association between smoking 

during adolescence and depression (Chaiton, Cohen, O'Loughlin, & Rehm, 2009). 

Studies that used Mendelian randomization have also found support that tobacco use 

may be causally associated with schizophrenia, bipolar disorder and major depression 

(Vermeulen, Wootton, et al., 2019; Wootton et al., 2018). 

There is also evidence for overlapping genetic influences on smoking and 

psychiatric disorders. GWAS found associations with polymorphisms within the 

CHRNA5‐A3‐B4 gene cluster (see section 1.6.4 above) to be significantly associated 

with schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). At a genome-wide level, studies have also found evidence for 

overlapping common genetic influences on smoking behaviour, schizophrenia and 

depression (Hartz et al., 2017; Wray et al., 2018).  

Mirroring findings that those diagnosed with a psychotic disorder are more 

likely to smoke tobacco, PE are also associated with tobacco use (Bhavsar et al., 2018; 

Gage et al., 2014; Koyanagi, Stickley, & Haro, 2016; Mackie, Castellanos-Ryan, & 

Conrod, 2011; McGrath et al., 2016; Rössler et al., 2015; Saha et al., 2011; Wiles et al., 

2006) even after controlling for confounding by illicit drug use and socioeconomic 

factors (Bhavsar et al., 2018). See Chapter 2 for a systematic review of the association 

between PE and smoking behaviours. 

1.7.2 Possible mechanisms underlying the association between smoking and 

psychotic experiences and disorders 

The self-medication hypothesis 

The self-medication hypothesis proposes that individuals smoke to alleviate psychotic 

experiences, symptoms or associated distress. Biologically plausible theories that may 

explain how tobacco use may be linked to psychotic experiences or disorders in line 

with the self-medication hypothesis have been proposed. For instance, since acute 
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exposure to nicotine can increase the synaptic release of dopamine, it has been proposed 

that smoking may alleviate negative symptoms (Lohr & Flynn, 1992). Acute exposure to 

nicotine has also been associated with improvements in cognitive performance and may 

therefore compensate for some cognitive symptoms of psychosis (de Leon & Diaz, 2005; 

Morisano, Wing, Sacco, Arenovich, & George, 2013). Nicotine may also compensate for 

an excessive dopamine blockage induced by antipsychotics (Kumari & Postma, 2005) 

and evidence also indicates that tobacco use can increase the metabolism of some 

antipsychotic drugs and consequently limit toxicity or some side effects like drowsiness 

(Desai, Seabolt, & Jann, 2001; Levin, Wilson, Rose, & McEvoy, 1996). 

However, while the self-medication hypothesis is still considered a plausible 

reason why some people with psychiatric disorders are more likely to smoke, evidence 

of the effect of smoking to alleviate symptoms in clinical samples does not fully support 

this notion. Studies that have compared smoking and non-smoking individuals with 

psychotic disorders on the frequency and severity of symptoms have not found evidence 

that smoking alleviates psychotic symptoms, medication side-effects or improves global 

functioning (Kotov, Guey, Bromet, & Schwartz, 2010; Levander, Eberhard, & 

Lindstrom, 2007). Among people with psychotic disorders, their siblings and healthy 

controls, those that smoke experience more symptoms or psychotic experiences 

compared to non-smokers, while patients who quit smoking do not show a reduction in 

symptom severity (Vermeulen, Schirmbeck, et al., 2019). On the association between 

cognitive function and smoking in schizophrenia, a recent meta-analysis found that 

among those diagnosed with schizophrenia, smokers performed significantly worse than 

non-smokers on many cognitive tasks (Y. Y. Wang et al., 2019). However, inconsistent 

findings between studies was noted and the association between smoking and cognitive 

function in schizophrenia remains controversial. Large longitudinal studies on the 

association between smoking and the severity of psychotic symptoms are lacking, and 

further research is required to confirm these findings (Cerimele & Katon, 2013).  

Smoking cessation may lead to a reduction in depressive symptoms, anxiety and 

stress, but improvements are reported by both those affected by mental health disorders 
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and healthy controls (G. Taylor et al., 2014). Likewise, the acute effects of smoking on 

cognitive performance are not only observed in psychiatric patients but also in healthy 

individuals and are therefore unlikely to account for the high prevalence of smoking 

among those diagnosed with psychotic disorders. 

Shared vulnerability 

According to the shared-vulnerability hypothesis (also referred to as ‘correlated risk 

factors’), the high co-occurrence of smoking and psychiatric disorders could be due to 

shared genetic or environmental factors that act to increase susceptibility to both 

smoking and psychiatric outcomes. Evidence has indicated that those who are liable to 

develop psychiatric disorders may be exposed to early life and environmental risk 

factors that also make them more liable to start smoking (de Leon & Diaz, 2005). The 

shared vulnerability hypothesis is also compatible with evidence that psychiatric 

disorders and smoking behaviour share genetic influences. 

Smoking as a causal risk factor 

There are several lines of evidence that point to the possibility that smoking behaviour 

may increase susceptibility to psychiatric disorders. The vast majority of smokers who 

have been diagnosed with a psychotic disorder started smoking before the onset of 

psychiatric illness (Beratis, Katrivanou, & Gourzis, 2001; Kelly & McCreadie, 1999). 

Furthermore, meta-analytic evidence indicates that smoking is associated with an 

increased risk and an earlier age of onset of psychotic illness (de Leon & Diaz, 2005; 

Gurillo et al., 2015; Hunter, Murray, Asher, & Leonardi-Bee, 2018). However, the 

observational nature of these studies makes it hard to draw firm conclusions about 

causation. In addition, very few studies that have investigated the association between 

smoking behaviours and psychiatric disorders adequately accounted for likely 

confounders within the same sample (Chaiton et al., 2009; Diaz et al., 2009; Fergusson, 

Goodwin, & Horwood, 2003; Hunter et al., 2018). Mendelian randomization is a 

method to investigate causal associations by taking advantage of the random nature of 

segregation of genetic variants used as instrumental variables for an exposure of interest 
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(Davey Smith & Ebrahim, 2003), and has been used to investigate this question. Recent 

Mendelian randomization studies found support that tobacco use may be causally 

associated with schizophrenia, bipolar disorder and major depression (Vermeulen, 

Wootton, et al., 2019; Wium-Andersen, Orsted, & Nordestgaard, 2015; Wootton et al., 

2018). However, not all Mendelian randomization studies found conclusive evidence 

that smoking may cause schizophrenia (Gage et al., 2017) and none of these studies 

found evidence that liability to schizophrenia causes susceptibility to become a smoker. 

While it remains challenging to determine whether tobacco use precedes the 

development of PE or vice versa, longitudinal evidence that adolescent tobacco use at 

baseline predicts PE at follow-up suggests a possible role of tobacco smoking in the 

development of these experiences (Mackie et al., 2011; Wiles et al., 2006). As of the time 

of writing, there are no studies that employed Mendelian randomization to investigate 

causal associations between smoking and PE. See Chapter 2 for a systematic literature 

review of the evidence for an association between smoking and PE.  

Confounding factors 

Another possibility is that smoking behaviour and psychiatric disorders are not directly 

associated but rather that confounding factors may account for any observed 

association. Large epidemiological surveys of the general population are an ideal way of 

investigating the role of confounding factors on the association between psychiatric 

disorders and smoking. Survey studies have found a robust association between 

smoking and some psychiatric disorders after accounting for confounding by sex, age, 

ethnicity, urbanicity and demographic region (Covey, Hughes, Glassman, Blazer, & 

George, 1994; Lasser et al., 2000).  However, these studies included very small numbers 

of cases, especially of those diagnosed with schizophrenia. Case-control studies have 

also investigated the role of confounding on smoking and psychiatric illness, but very 

few studies included robust assessment of a range of obvious confounders (de Leon & 

Diaz, 2005; Gurillo et al., 2015). Therefore, the current evidence has not adequately 

addressed whether confounding may account for the association between smoking and 

psychiatric disorders. In contrast, the role of confounding factors on the association 
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between PE and smoking have received more attention (see Chapter 2 for a review), 

likely because PE can be assessed in large community cohort studies that have 

information on a range of other sociodemographic and psychometric measures 

available. 

Neurobiological theories on the association between smoking and psychopathology 

Neurobiological mechanisms have been proposed that may explain possible causal 

pathways between smoking and psychiatric disorders. For instance, it is hypothesized 

that chronic exposure to nicotine may lead to neurobiological changes such as 

dysregulation of dopaminergic pathways known to be involved in psychotic- and mood 

disorders (Ashok, Mizuno, & Howes, 2019; Berk et al., 2011; Coyle, 2006; Hamilton et 

al., 2018; Mineur & Picciotto, 2009). A recent preclinical study on rodents demonstrated 

that exposure to nicotine, specifically during adolescence, induced marked and long-

lasting neurobiological and behavioural disturbances such as persistent hyperactivation 

of dopaminergic pathways in some brain regions (Jobson et al., 2019). In smokers, a 

significant reduction in dopamine transporters and D1 receptor availability has been 

observed, while evidence for dopamine D2/3 receptor availability and dopamine 

synthesis is mixed and limited (Mineur & Picciotto, 2009). Taken together, it is plausible 

that smoking may lead to abnormalities in dopaminergic pathways, which could explain 

a possible causal link between smoking and psychiatric outcomes. However, it is also 

possible that lower dopamine transporter levels are the underlying reason why some 

people are more susceptible to the acute effects of smoking, and consequently more 

prone to nicotine dependence (Ashok et al., 2019). 

One argument for why smoking tobacco is unlikely to be a risk factor for 

psychotic disorders is that acute exposure to nicotine, unlike exposure to 

tetrahydrocannabinol found in cannabis, does not induce psychotic symptoms in 

unaffected individuals. However, nicotine has also been associated with increased 

dopamine release via its agonistic action on nicotinic receptors (see section 1.6.2) and 

cases of nicotine-induced transient experiences of hallucinations and delusions 

following the use of nicotine-replacement therapy (nicotine patches) have been reported 
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(Foulds & Toone, 1995). In addition, cases of induced psychosis associated with 

varenicline (under the brand name ‘Champix’), a drug prescribed to treat nicotine 

addiction due to its action as a partial agonist of nicotinic receptors, have recently been 

documented (Tuman, 2017; Ueno et al., 2017). Case studies have also reported that 

varenicline could induce episodes of mania or lead to the onset of bipolar disorder 

(Francois, Odom, & Kotbi, 2011; Hussain, Kayne, Guwanardane, & Petrides, 2011; 

Knibbs & Tsoi, 2011; Kohen & Kremen, 2007). However, studies on larger samples are 

required to confirm these observations from case studies. 

Beyond nicotine, other toxic compounds that are released during the 

combustion of tobacco can cause neuro-inflammation and oxidative stress (Goncalves 

et al., 2011). Neuro-inflammation and oxidative stress have been associated with 

schizophrenia, bipolar disorder and major depression (Berk et al., 2011; Howes & 

McCutcheon, 2017; Miller, Maletic, & Raison, 2009). Compounds from smoking may 

also affect the metabolism of oestradiol and cortisol, or directly modulate dopaminergic 

and glutamatergic neurotransmission, mechanisms which have also been associated 

with psychotic disorders (Quigley & MacCabe, 2019). Another possible causal 

mechanism that could link smoking behaviour to psychosis is the effect of nitrogen 

oxides. Nitrogen oxide levels in air pollution were recently linked to an increased risk of 

PE in adolescents (Newbury et al., 2019). Nitrogen oxide is also a toxin produced during 

cigarette smoking.  

 

1.7.3 Adolescence, smoking and psychotic experiences 

This section will consider the rationale for investigating the association between PE and 

smoking behaviour during adolescence.  

Adolescence is a period during which many individuals use tobacco for the first 

time. In the UK, 35% of 15-year-olds have smoked cigarettes at least once (Office of 

National Statistics, 2017), and in the US, 21% of 15-17-year-olds have smoked at least 

once (Kasza et al., 2017) with 3-5.5% smoking daily (Johnston, O’Malley, Miech, 
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Bachman, & Schulenberg, 2015). Most regular smokers start to use tobacco regularly 

during adolescence (Marcon et al., 2018), a period during which smoking initiation can 

lead to severe nicotine dependence (Lanza & Vasilenko, 2015).  

Mental health problems often start during adolescence (Paus, Keshavan, & 

Giedd, 2008). Adolescence is an important period of development, characterized by 

physical, social and emotional changes. These changes are accompanied by dynamic 

neurobiological changes as the adolescent brain continues to develop (Blakemore, 

2012). Adolescence is characterized by developmental plasticity as neuronal systems are 

optimized and executive functions such as self-control and emotion regulation mature 

(Casey, 2015; Huttenlocher, 1979; Selemon, 2013). Adolescence is a critical period 

during which the foundations for future health are established and susceptibility to 

adverse outcomes such as poor mental health and substance use is high (Davidson, 

Grigorenko, Boivin, Rapa, & Stein, 2015; Sawyer et al., 2012). Understanding the 

development of PE specifically during adolescence is therefore relevant. 

While adolescence is a period during which smoking behaviour and mental 

health issues often start to emerge, it is also a period of development before disorders, 

substance use and the effects of treatment become entrenched. Therefore, adolescence is 

an ideal time for prevention, early intervention and aetiological research into PE and the 

reasons behind the association between PE and smoking. 

 

1.8 Rationale and research aims 

This thesis presents evidence on the phenotypic and genetic associations between PENS 

and tobacco use, with an emphasis on adolescent development. It also investigates the 

degree of genetic overlap between PE, schizophrenia, major depression and bipolar 

disorder across the lifespan. The overarching aim is to examine the underlying reasons 

why PE and psychiatric disorders are associated with smoking behaviours using a wide 

range of approaches, including epidemiological, twin and statistical genetic methods.  
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Chapter 2 sets out the findings of a systematic literature review of the 

association between PE and smoking behaviour. It considers epidemiological and 

genetic studies, findings on adolescents and adults, and includes studies that used 

different approaches to assess PE. The review aims to identify the extent of the evidence 

for an association between PE and smoking. A further aim is to review the degree to 

which previous studies were able to illuminate the underlying nature of any association 

between PE and smoking, including the role of possible confounding factors and 

overlapping genetic influences. 

Chapter 2 shows that while previous studies considered confounders like 

cannabis use and sociodemographic characteristics on the association between PE and 

smoking, factors such as sleep disturbances and stressful life events have been ignored. 

Studies on adolescent samples require replication in independent cohorts and few have 

investigated the association between smoking and types of PENS assessed as continuous 

traits. The aims for Chapter 3 are to assess whether associations between types of PENS 

and smoking are present in an independent cohort of adolescents, and whether these 

associations are robust after considering a range of putatively confounding factors. 

No previous twin studies have investigated the degree to which genetic and 

environmental influences can account for the covariation between smoking and PENS. 

In Chapter 4, this thesis aims to address this by performing bivariate twin models 

between continuous measures of PENS and an ordinal measure of tobacco use in a large 

adolescent sample of twins. 

The genetic association between adolescent and adult PE, as well as between 

different PE-related constructs (such as schizotypy, dimensional measures of PENS and 

categorical measures of positive PE), have not been studied thus far. Furthermore, the 

underlying nature of the association between these PE measures across age and with 

psychiatric disorders remains an open question. Innovative methodologies now make it 

possible to investigate genetic and causal associations and perform gene discovery using 

summary-level results from GWAS, thereby bypassing the need for these measures to be 

available within the same samples.  Chapter 5 presents the first analysis to date on the 
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degree to which specific types of PE show genome-wide genetic overlap and share 

associated genes across age by using the largest or most current GWAS summary 

statistics available for adolescent PENS and for schizotypy and positive PE measured in 

adulthood. Second, the chapter investigates the degree to which these trait measures are 

genetically associated and share genes associated with schizophrenia, major depression 

and bipolar disorder. For traits and disorders that share common additive genetic 

influences, Chapter 5 presents findings from Mendelian randomization to investigate 

whether genetic overlap reflects causal associations, including the direction of effect. 

Using the same GWAS summary statistics for psychiatric traits and disorders as 

in Chapter 5, the first aim of Chapter 6 is to assess the degree to which PE across age 

and psychiatric disorders are genetically correlated with smoking behaviours. Using 

genomic structural equation modelling techniques, the second aim of Chapter 6 is to 

investigate whether genetic overlap between smoking and PE and between smoking and 

psychiatric disorders are specific to these phenotypes or rather due to the genetic 

influences associated with covariates, namely cannabis and alcohol use, insomnia and 

risk-taking behaviour. The final aim is to investigate causal associations between 

smoking initiation and PE and psychiatric disorders using Mendelian randomization, 

thereby allowing the results to be triangulated with previous epidemiological evidence. 

This thesis concludes with a general discussion in Chapter 7 summarizing the 

results, considering the overarching themes of the findings presented here, drawing 

conclusions in the context of previous literature, and discussing the limitations and 

implications for future research.  
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Chapter 2: Systematic literature review on the 

association between psychotic experiences and tobacco 

use 

 

2.1 Introduction 

The aim of this chapter was to summarise the literature on the association between PE 

and tobacco use by conducting a systematic review of all peer-reviewed papers 

published since 1980 that used epidemiological or genetic designs and included 

participants from non-clinical general population samples. Studies that assessed 

smoking behaviour as an exposure or as an outcome and included non-smokers and/or 

levels of smoking for comparison were reviewed.  Broadly defined subclinical psychotic 

features (including personality measures like schizotypy) were considered, with an 

emphasis on studies that assessed PE that resemble symptoms of psychotic disorders. 

Studies on adolescents and young adults were discussed separately because the aetiology 

of PE may differ across the lifespan.  

This review aimed to evaluate the available evidence on the phenotypic and 

genetic associations between smoking behaviour and PE across the lifespan, the extent 

of the association between PE and smoking behaviour, and to identify the confounding 

factors previously considered and areas of research not previously addressed. 

 

2.2 Methods 

This systematic literature review was conducted in accordance to the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines 

(Moher, Liberati, Tetzlaff, & Altman, 2009; Supplementary Table 2.1). Quality 

assessment of reviewed studies was performed using the National Institute of Health 

(NIH) Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies 
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(NIH National Heart, Lung and Blood Institute, 2019; Supplementary Table 2.2). This 

was to identify potential risk of study bias relevant to observational studies included in 

this review, such as participant retention rates at follow-up, whether repeated 

assessment and different levels of the exposure of interest were available, and whether 

key confounders were controlled for. 

2.2.1 Inclusion and exclusion criteria 

Articles were included if they examined the association between PE and smoking 

behaviour in the general population using epidemiological or genetic methods. A broad 

definition of PE was adopted on the condition that studies assessed subclinical 

phenomena resembling features or symptoms of psychotic disorders in general non-

help seeking samples, including measures of PE, schizotypy and negative symptoms or 

cognitive disorganization. Studies published in peer-reviewed journals and available in 

English were considered.  

A priori exclusion criteria included studies with sample sizes <200 (including 

twin, adoption and family studies). Studies that did not report the association between 

smoking behaviour and PE with smoking behaviour as a primary outcome or exposure 

were excluded. Neuroimaging and experimental studies and studies that used clinical 

samples that did not include healthy controls were not reviewed. Genetic studies that 

assessed associations of candidate genes that were not identified from genome-wide 

association studies (GWAS) were also excluded because of lack of replication of findings 

from historical candidate gene studies (Border et al., 2019).  

2.2.2 Data sources and search terms 

Ovid was used to search the EMBASE, Medline and PsycINFO databases during March 

2019 using the truncated search terms “psychotic experience; psychotic-like experience; 

subclinical psycho; non-clinical psycho or schizotyp” or the term “psychosis proneness” 

AND “tobacco” or the truncated terms “smok or cigarette”.  
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2.2.3 Data collection and analysis 

The search resulted in 474 potential papers for review. After removing duplicate results 

and screening titles and abstracts for relevance, 46 full texts were downloaded (Figure 

2.1). After reviewing the full-texts, a further 22 studies were excluded, one due to being 

unavailable in English (Álvarez López, Gutiérrez-Maldonado, & Andres-Pueyo, 2001), 

two review papers (Hall et al., 2016; Ronald & Pain, 2018), eight studies that did not 

report associations between subclinical PE and smoking behaviour (Degenhardt & Hall, 

2001; Henquet et al., 2005; Johnson, Hyler, Skodol, Bornstein, & et al., 1995; J. D. Jones, 

Calkins, Scott, Bach, & Gur, 2017; Koyanagi, Oh, Stubbs, Haro, & DeVylder, 2017; 

Mustonen et al., 2018; Peters, Schwartz, Wang, O'Grady, & Blanco, 2014; Stewart, 

Cohen, & Copeland, 2010) and five studies that employed samples with less than 200 

participants (Binbay et al., 2017; Burch, Hemsley, & Corr, 2008; Esterberg, Jones, 

Compton, & Walker, 2007; Ferchiou et al., 2012; Kolliakou & Joseph, 2000). Four 

studies were excluded due to employing samples not representative of the general 

population including two studies conducted on samples of smokers without non-

smoking comparison groups (Joseph, Manafi, Iakovaki, & Cooper, 2003; Stewart, Vinci, 

Adams, Cohen, & Copeland, 2013), one on participants screened to be at high risk of 

substance use (Mackie et al., 2011) and one on a small sample (N < 50) at high risk of 

developing psychosis (Kristensen & Cadenhead, 2007). A GWAS on nicotine 

dependence that tested for an association between schizotypy and an un-replicated 

nicotine dependence variant was also excluded due to an inadequate GWAS sample size 

of 248 individuals (Nishizawa et al., 2015). Also note that one published paper based on 

results presented in this thesis was not included for the purposes of this systematic 

review (Barkhuizen, Taylor, Freeman, & Ronald, 2019). 

A further two studies not identified during the online search were obtained from 

references and included in this review (Krapohl et al., 2016; Wiles et al., 2006). 
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Figure 2.1 Flow diagram of search results 
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2.3 Search results 

A total of 24 studies that assessed associations between smoking behaviour and 

measures of subclinical psychotic features were included in this review (Figure 2.1). Of 

these, 19 studies employed measures of PE. Most (15 of the 19 PE studies) employed 

measures of positive PE such as paranoia, delusions, hallucinations or thought 

interference (Bhavsar et al., 2018; Davies, Sullivan, & Zammit, 2018; Degenhardt et al., 

2018; Ferdinand, van der Ende, & Verhulst, 2004; Gage et al., 2014; H. J. Jones et al., 

2018; Koyanagi et al., 2016; McGrath et al., 2016; Oh, Koyanagi, Singh, & DeVylder, 

2016; Rossler et al., 2015; Rossler, Hengartner, Angst, & Ajdacic-Gross, 2012; Saha et al., 

2011; Subramaniam, Abdin, Vaingankar, Verma, & Chong, 2014; Wiles et al., 2006; 

Wolfe, Reeves, Gibson, Cooper, & Ellman, 2017) and the remaining four PE studies 

included positive PE and negative symptom traits (PENS) (Krapohl et al., 2016; Mallet, 

Mazer, Dubertret, & Le Strat, 2018; van Gastel et al., 2013; Vermeulen, Schirmbeck, et 

al., 2019). Two studies assessed both positive PE and schizotypy (Rossler et al., 2015; 

Rossler et al., 2012) and a further five studies employed measures of schizotypy 

(Esterberg, Goulding, McClure-Tone, & Compton, 2009; Hori et al., 2013; Larrison, 

Briand, & Sereno, 1999; Wan, Friedman, Boutros, & Crawford, 2008; Williams et al., 

1996). 

2.3.1 Longitudinal studies on adolescent samples 

Table 2.1 summarises the studies conducted on adolescent samples. Three studies 

assessed both smoking behaviour and positive PE during adolescence (J. Davies et al., 

2018; Gage et al., 2014; H. J. Jones et al., 2018), all of which were conducted using 

participants from the Avon Longitudinal Study of Parents and Children (ALSPAC). The 

remaining study had measures on smoking behaviour available once participants 

reached young adulthood (Ferdinand et al., 2004). 

 Studies on ALSPAC participants that used smoking frequency to define the 

smoking status of participants (e.g. non-smokers, occasional and regular smokers) 

reported an association between smoking status and subsequent development of 
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positive PE (Gage et al., 2014), a cross-sectional association between positive PE and 

smoking by the age of 18 years (J. Davies et al., 2018) and no association between 

positive PE during childhood and smoking status by the age of 18 years (J. Davies et al., 

2018). Evidence for an association between an earlier age of smoking initiation and 

positive PE was not robust (effect sizes were no longer significant after accounting for 

confounding factors) and no evidence of an association between later initiation and PE 

was found (H. J. Jones et al., 2018). The ALSPAC studies controlled for a range of 

confounders such as cooccurring substance use and sociodemographic, childhood, and 

family history factors. Other strengths were the large sample size, longitudinal 

assessment of smoking behaviours at several follow-up assessments and PE were 

assessed using interviews including during childhood.  Limitations relevant to these 

ALSPAC studies include a risk of bias due to loss-to-follow up, especially relevant 

considering that interviewed and missing participants differed significantly on relevant 

confounding factors at later follow-up assessments (Gage et al., 2014). However, the risk 

of bias was partly mitigated by the sensitivity analyses conducted by Gage et al. using an 

imputed sample. The PE assessment conducted when participants were 18 years old 

may also have been affected by recall bias as it assessed PE since the age of 12 years 

rather than on current or recent PE (J. Davies et al., 2018). This also limits the ability to 

make inferences about temporal relationships between PE and tobacco use as PE 

assessed at age 18 years may have occurred prior to the onset of smoking behaviours 

assessed during this time period. 

In the only non-ALSPAC study during adolescence that was included in this 

review, Ferdinand et al. (2004) aimed to test whether any association between tobacco 

use and positive PE could be attributed to self-medication to relieve subclinical 

symptoms and associated distress in a longitudinal Dutch cohort. The authors reported 

an association between auditory but not visual hallucinations assessed during 

adolescence and subsequent smoking status during early adulthood. However, 

conclusions about temporality cannot be drawn from these results because this study 

assessed current tobacco use only once at follow-up when participants were aged 18-30 
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years. Consequently, it is not known whether participants had initiated smoking prior to 

or after reporting PE. Another limitation that may have introduced bias was that 

participants were categorised into age groups but assessed at different ages at baseline. 

Therefore, those in the analysed age groups were not all assessed during the same 

follow-up assessments. 
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Table 2.1 Summary of studies on adolescent samples 

Study Sample PE measure Tobacco 
measure 

Confounders Methods Findings 

Davies et 

al. (2018) 

Avon 

Longitudinal 

Study of 

Parents and 

Children 

(ALSPAC); N 

= 2,491 

adolescents in 

analysed 

sample. 

Psychosis-Like Symptom Interview 

(PLIKSi; Zammit et al., 2013) that 

includes items on hallucinations, 

delusions and thought interference at 

age 18 years (outcome) and at age 12 

years (exposure); Binary definition of 

those with no PE vs. at least one 

definite or suspected PE; Sensitivity 

analysis on continuous PE score and 

PE with 3 levels (no, suspected or 

definite PE). 

Smoking status 

at age 18 years 

defined at two 

levels: current 

regular (at least 

weekly) smokers 

vs. non-

smokers.  

Sex 

Socio-economic 

status (SES) 

measures (social 

class, housing, 

maternal 

education) 

IQ at age 8 

SDQ at age 8 

Depression at 

age 12. 

Logistic regression. No association between PE at age 12 and 

tobacco use by the age of 18 (unadjusted 

OR = 1.32, CI 0.95 – 1.84, n = 2,627). An 

association between PE by the age of 18 

and tobacco use by age 18 which remained 

robust after adjustment for sex, SES 

measures, childhood IQ and SDQ (OR = 

2.19, CI 1.53 – 3.15) and additionally 

adjusted for depression at age 18 (OR = 

1.68, CI 1.16 – 2.45). Using PE continuous 

scores, adjusted results remained robust 

but not after additionally adjusting for 

depression scores.  
Ferdinand 

et al. 

(2004) 

Dutch cohort 

of 4-16-year 

olds assessed 

in 1983 

(baseline) and 

followed up 

for 14 years; N 

= 698 - 1,606 

depending on 

age categories 

used in 

analysis. 

One item for auditory hallucinations 

and one for visual hallucinations from 

parental reports using the Child 

Behavior Checklist (CBCL; Achenbach 

1991a) and self-reports on the Youth 

Self-Report (YSR; Achenbach 1991b). 

Binary PE variables if participants 

indicated PE as sometimes/ often true 

during any follow-up assessment that 

they participated in at ages 

corresponding to dummy variable age 

categories. 

Smoking status 

(current daily 

smokers vs. 

non-smokers) 

during young 

adulthood and 

assessed at last 

follow-up when 

participants 

were aged 18 - 

30 years. 

Sex, age and 

parental SES at 

baseline. 

Created four age 

groups across 

follow up time: 4-

10, 11-14, 15-18 

and 19-24 years old; 

Mean follow-up 

period 6.8 - 12.4 

years depending on 

age category. 

Logistic regression 

(forward stepwise 

entry of predictors). 

Self-reported auditory hallucinations was 

a significant predictor of tobacco use 

during adulthood when participants were 

aged 11-14 (OR = 2.0; 95% CI:1.1 - 3.4) 

and 15-18 years (OR = 2.5; 95% CI: 1.3 - 

4.8) but not when reported at ages 4-10 

and 19-24 years. A similar pattern of 

results was found using parent-reports of 

auditory hallucinations. Visual 

hallucinations did not predict tobacco use 

during adulthood for any of the age 

categories. 
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Table 2.1 (continued) 

Study Sample PE measure Tobacco measure Confounders Methods Findings 

Gage 

et al. 

(2014) 

ALSPAC; N 

= 1,756 

adolescents 

in analysed 

sample. 

PLIKSi assessed at age 18 

and categorised into 

those with no PE, 

suspected PE, definite 

PE, and psychotic 

disorder. Excluded those 

who reported definite PE 

by age 12 or 16 years old. 

Smoking status age 16 at four 

levels: Non-, experimental, 

weekly and daily smokers. 

Additional composite variable 

on cooccurring tobacco and 

cannabis use categorised into 

low use both,  low cannabis 

high-smoking, high-cannabis 

low-smoking, 

high use of both (high use those 

that smoked cigarettes weekly or 

more or used cannabis more 

than 20 times). 

Family history of 

schizophrenia or 

depression, maternal 

education, urban living, 

and sex, IQ at age 8, 

borderline personality, 

bullying, peer problems, 

depression at age 12, and 

conduct disorder, 

cannabis use (four-

levels), alcohol and illicit 

drug use age 16. 

Ordinal 

logistic 

regression; 

sensitivity 

analysis on 

imputed 

sample to 

account for 

loss-to-

follow up 

bias. 

After excluding those who reported definite 

PE at age 12 (n = 1,756), the association 

between tobacco use at age 16 with PE at age 

18 (OR = 1.61, 95% CI: 1.31 – 1.98) was 

attenuated and after accounting for all 

confounders (OR = 1.36, 95% CI: 0.99 – 1.86). 

Similar results were reported after multiple 

imputation to account for missingness (N = 

4,484). After additionally excluding those who 

reported definite PE at age 16 (n = 1,573), the 

association between tobacco use at age 16 and 

subsequent PE at age 18 (OR = 1.62, 95% CI: 

1.23 – 2.13) remained statistically significant 

in a fully adjusted model (OR = 1.77, 95% CI: 

1.18 – 2.66).  
Jones 

et al. 

(2018) 

ALSPAC; N 

= 5,300 

adolescents.  

PLIKSi at age 18 years; 

Binary definition of 

those with no/suspected 

PE vs. at least one 

definite PE; sensitivity 

analysis on no vs. 

definite PE. 

Current smoking status assessed 

at 6 time-points between ages 

16-19 years. Smoking status 

derived from latent-class 

analysis and grouped as non-

smokers (cigarettes and 

cannabis), early or late onset 

cigarette users (excluding 

cannabis users) and early or late 

cannabis users (with or without 

cigarette use). 

Sex 

SES (maternal education) 

Prenatal maternal 

smoking 

Child Strength and 

Difficulties 

Questionnaire (SDQ) at 

age 9 

Cannabis users excluded 

from relevant latent 

classes. 

Longitudinal 

latent class 

analyses 

Logistic 

regression 

Multinomial 

regression 

(PE at age 12 

years as 

exposure). 

Early onset cigarette use (excluding cannabis 

users) was associated with PE at age 18 (OR = 

3.03; 95% CI: 1.13-8.14) but attenuated after 

adjustment for additional confounders (OR = 

1.78; CI: 0.54-5.88). Late onset tobacco use 

was not associated with PE at age 18. PE at age 

12 years was associated with a late onset of 

tobacco use (OR = 1.76; CI: 1.01-3.10) but not 

after adjustment for confounders (OR = 1.60; 

CI: 0.91-2.82). PE at age 12 was not associated 

with an early age of smoking onset. 
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2.3.2 Longitudinal studies on adult samples 

Three studies were identified that assessed longitudinal associations between PE and 

smoking behaviour in adults (Table 2.2). Wiles et al. (2006) investigated the risk factors 

associated with newly emerging positive PE in a large national survey of British 

participants. The authors reported an association between smoking status (current 

smokers vs. non-smokers) at baseline and the 18-month incidence of PE after 

accounting for all significant predictors of incident PE. However, this association did 

not remain robust after additionally controlling for non-significant predictors of PE, 

including for cannabis use. This study was the only example that used incident (newly 

occurring) PE in adults. However, the binary definition of both smoking status and 

positive PE lowered statistical power and it remains possible that those who reported 

newly occurring PE in the past 18 months may have had an earlier age of PE onset with 

remission prior to the period assessed at baseline. 

 In a comparatively small longitudinal sample, Rossler et al. (2012) found no 

association between those with an early or late onset of tobacco use (before or after the 

age of 20 years) and time to first occurrence of positive PE in survival analysis. 

Furthermore, no association was found between positive PE and smoking status (non-

smokers vs. regular smokers) over the follow-up period. This study’s strengths were the 

long follow-up period, the inclusion of several possible confounders and analyses tested 

associations over time. Generalisability of findings were limited because this study 

oversampled those at highest risk of developing mental health disorders and second 

because bias due to loss-at-follow-up is possible. The authors also reported low power at 

later follow-up assessments. Another limitation was that this study assessed positive PE 

that occurred over the past month but with long periods between each follow-up 

assessment. Therefore, participants who experienced PE during periods not captured by 

the interspersed follow-up assessments may have been missed. 

 More recently, Vermeulen et al. (2019) investigated the longitudinal association 

over 6-years between smoking frequency and PENS in patients and their families. Of 

relevance to this review, the authors also tested associations in a sub-sample of 
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unaffected adults and found an association between smoking status and positive and 

depressive subscales, but not with negative symptom traits. They also reported an 

association between the number of cigarettes smoked per day and positive and negative 

symptom traits, but not with depressive traits. While the sample size in Vermeulen et al. 

was modest, the use of continuous scales to account for the severity of PENS benefitted 

the study’s statistical power. A limited number of confounders were accounted for, but 

unlike other studies in this review, this study used an objective measure of cannabis use 

(urine screening) as a covariate in associations with smoking status. 
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Table 2.2 Longitudinal studies on adult samples 

Study Sample PE measure Tobacco 
measure 

Confounders Methods Findings 

Rossler et 

al. (2012) 

The Zurich Study; N = 

591 at baseline, N = 

335 at last follow-up; 

Age 19-20 years old at 

baseline and 49-50 at 

last follow-up. 

Derived and validated 

'Schizophrenia nuclear symptoms' 

and 'Schizotypal signs' form items 

of the Symptom Checklist 90—

Revised (SCL-90-R). Binary at 

each time-point. PE present if 

scoring above the 85th percentile 

to reflect pronounced but 

subclinical experiences as 

indicated by prevalence rates of 

~15%. 

 

Age of initiation. 

Smoking status 

(ever vs. never 

smokers). 

Sex, familial 

background, SES, 

family history of 

psychiatric illness 

or family 

problems, 

problems at 

school. 

Discrete 

time 

survival 

analysis. 

Survival analyses adjusted for all 

confounders found no significant 

association between the onset of tobacco use 

before or after the ages of 19-20 with the 

occurrence of schizotypal signs over 30 

years. Tobacco use was associated with the 

occurrence of schizotypal signs (OR = 1.76; 

95% CI 1.09 - 2.82). Neither the age of onset 

categories nor tobacco use since the ages of 

19-30 were significantly associated with 

positive PE.  

Vermeulen 

et al. (2019) 

Genetic Risk and 

Outcome of Psychosis 

(GROUP) study - 

Netherlands and 

Belgum; N = 579; 

Three- and six-year 

follow-up; Mean age 

26.9 years (SD = 9.9) 

at baseline. 

Self-reported positive, negative 

and depressive scales (continuous) 

from the Composite International 

Diagnostic Interview (CIDI). 

Current smoking 

status (binary) 

with smokers 

defined as those 

who smoked 

daily for at least 

one month 

within past year. 

Cigarettes per 

day. 

Age and sex. 

Sensitivity analysis 

on smoking status 

(not cigarettes per 

day) additionally 

controlled for SES 

(years of 

education) and 

cannabis (urine 

screen). 

Linear-

mixed 

models 

using 

restricted 

maximum 

likelihood 

(REML) 

Significant associations over time between 

smoking status and positive PE (estimate = 

0.028; SE = 0.011; p = 0.012) and depressive 

symptom scales (estimate = 0.053; SE = 

0.027; p = 0.043), but not with negative PE 

(p = 0.185) corrected for the effects of sex, 

age, education years and cannabis use. 

Significant associations over time between 

cigarettes per day and positive (estimate = 

0.002; SE = 0.001; p = 0.003) and negative 

PE (estimate = 0.004; SE = 0.002; p = 0.013), 

but not with depressive symptoms (p = 

0.055) corrected for sex and age. 

  



53 
 

Table 2.2 (continued) 

Study Sample PE measure Tobacco 
measure 

Confounders Methods Findings 

Wiles 

et al. 

(2006) 

British National 

Survey of Psychiatric 

Morbidity conducted 

by the Office for 

National Statistics 

(ONS) 2000; 18-

month follow-up; N 

= 1,795; Age range 

16-74 years. 

At baseline, positive PE 

(hallucinations, delusions and 

thought insertion) that occurred 

in the past year was assessed using 

the Psychosis Screening 

Questionnaire (PSQ; Bebbington 

& Nayani, 1995) screening items. 

At follow-up, positive PE that 

occurred since baseline was 

assessed. 

Current 

smoking 

status at 

baseline 

(binary). 

Sex, age, urbanicity, 

marital status, 

cooccurring drug and 

alcohol use, IQ, adverse 

life events, social 

support. Excluded 

those with psychotic 

disorders at baseline. 

Prevalence rates of PE 

at baseline and of 

persistent PE. 

Incidence rates of 

positive PE (new onset 

at follow-up of those 

who reported no PE at 

baseline). 

Multivariable logistic 

regression.  

Baseline prevalence of positive PE was 

10.9% (95% CI 9.5–12.4). Prevalence of 

persistent PE was 3.3% (95% CI 2.4 - 

4.3). The 18 month incidence of 

positive PE was 4.4% (95% CI 3.3 - 5.6). 

Compared to non-smokers, current 

smokers at baseline were twice as likely 

to report incident PE in models 

adjusted for all other significant risk 

factors considered (OR = 1.89; 95% CI 

1.13 - 3.17), but not after further 

adjustment for predictors that were not 

independently associated with incident 

PE (cannabis use, IQ score and marital 

status), OR = 1.67; 95% CI 0.93 - 3.01. 
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2.3.3 Cross-sectional studies on adult samples 

This review identified 11 cross-sectional studies on the association between smoking 

behaviour and PE (Table 2.3). Three of these studies were conducted on young adults 

(aged 18-30 years), one of which included measures of PENS (van Gastel et al., 2013) 

while the other two studies assessed positive PE (McGrath et al., 2016; Wolfe et al., 

2017).  

The study by van Gastel et al. (2013) aimed to investigate the extent to which the 

association between cannabis use and PENS may be confounded by tobacco use. This 

study controlled for several other confounding factors and found that daily tobacco use 

was associated with the frequency of reported PENS total scores and with associated 

distress. Positive associations were also found with the positive, negative and depressive 

subscales. The authors concluded that, compared to cannabis use, tobacco use was 

equally strongly associated with PENS and more robustly associated with distress caused 

by PENS. This study had several strengths including the use of continuous measures of 

PENS, the inclusion of negative symptom traits, a stringent threshold for daily smoking, 

and adjustment for several confounders, many of which were not considered by most 

other studies in this review (such as parental history of substance misuse and 

immigration status). Limitations were the binary definition of smoking status that limits 

power and since this survey was conducted over five years, the authors could have 

accounted for the year of participation to control for possible social and environmental 

changes over time. 

One of the few studies to use nicotine dependence scores and cigarettes per day 

as robust measures of smoking behaviour, Wolfe et al. (2017) found an association 

between positive PE and smoking status, but not with nicotine dependence or cigarettes 

per day. This study concluded that while smoking behaviour and positive PE was 

associated, there was no evidence to support a dose-response relationship.  

McGrath et al. (2016) investigated the association between the age of smoking 

initiation (assessed retrospectively) and subsequent positive PE. In models adjusted for 
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age and sex and excluding cannabis users, participants who started smoking before the 

age of 16 years were more likely to report subclinical hallucinations and delusions 

compared to non-smokers. A later age of smoking initiation was associated with 

hallucinations but not with delusions. In contrast to the previously discussed study by 

Jones et al. (2018) that did not find a robust association between the age of smoking 

initiation and positive PE during adolescence, the study by McGrath et al. relied on 

retrospective accounts of smoking behaviour and did not control for as many 

confounders. 

In addition to the studies on young adults, a further eight cross-sectional studies 

on seven different adult samples met the inclusion criteria (Table 2.3).  All of the studies 

that investigated the relationship between positive PE and smoking status found support 

for an association that remained robust for regular/daily smokers but generally not for 

occasional or former smokers after accounting for a range of confounding factors 

(Bhavsar et al., 2018; Koyanagi et al., 2016; Mallet et al., 2018; Oh et al., 2016; Rossler et 

al., 2015; Saha et al., 2011) while one study found an association in both current and 

former smokers (Subramaniam et al., 2014). 

Two studies reported a dose-response relationship such that an increase in 

cigarettes per day or smoking frequency was associated with increased odds of reporting 

a greater number of positive PE (Bhavsar et al., 2018; Koyanagi et al., 2016).  

Smoking initiation and positive PE was associated among both those who 

initiated smoking prior to their reported onset of positive PE and in those who reported 

an onset of PE prior to when they started to smoke (Degenhardt et al., 2018). However, 

this pattern of results was not consistent across measures of smoking behaviour. Like 

McGrath et al. (2016), Koyanagi et al. (2016) found that daily smokers with an early age 

of smoking onset, compared to those with a later age of onset, were more likely to report 

positive PE.  

 Mallet et al. (2018) employed a measure of PENS and found that current 

smokers compared to non-smokers had higher odds of reporting the presence of at least 
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one and at least 5 PENS items after accounting for several confounders (Mallet et al., 

2018). 
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Table 2.3 Cross-sectional studies on adults 

Study Sample PE measure Tobacco measures Confounders Methods Findings 

Saha et 

al. (2011) 

Australian 

National Survey 

of Mental 

Health and 

Wellbeing 2007; 

N = 8,773; Age 

range 16 - 85 

years. 

Presence of delusion-like 

experiences from CIDI 

3.0. 

Current smoking 

status (daily, 

weekly, never). 

Tobacco users 

categorised 

according to age of 

onset (quartiles) 

and cigarettes per 

day (quartiles) and 

compared to non-

smokers. 

Sex, age, anxiety and 

depressive disorders, 

physical disorders, 

marital status, 

migrant status, 

employment status, 

educational status, 

other drug use 

(alcohol, cannabis, 

opioid, stimulants 

and sedatives). 

Proc 

Surveylogistic 

(specialist 

survey 

analytic 

software in 

SAS) Chi-

square tests 

for dose-

response 

relationships. 

Compared to non-smokers, daily smokers were more 

likely to endorse delusion-like experiences after 

adjustment for all confounders (OR = 1.39 (95% CI: 

1.07 - 1.81) but not weekly smokers. Compared to 

non-smokers, those with an age of onset of smoking 

younger than 16 (OR = 1.61, 95% CI: 1.09 - 2.36) and 

who smoked more than 22 cigarettes per day (OR = 

1.63, 95% CI: 1.06 - 2.51) were more likely to screen 

positive for delusion-like experiences, but not those in 

the lower frequency or later onset smoking groups. No 

evidence of a dose-response relationship was observed. 

van 

Gastel et 

al. (2013) 

Internet survey 

from the 

Netherlands 

conducted 

between 2006 - 

2011; N = 1,929;  

Mean age 21.2 

years old (SD = 

2.6; range 18 - 

30). 

PE frequency (lifetime, 

continuous) and 

associated distress from 

the Community 

Assessment of Psychic 

Experiences (CAPE). 

Post hoc analyses on 

separate subscales 

(positive, negative and 

depressive). 

Smoking status 

(binary) with 

smokers defined as 

those who smoked 

at least daily for one 

month in the past 

year. 

Age, sex, cannabis 

use (ever used on a 

monthly basis), 

heavy alcohol use, 

ever used illicit 

drugs, level of 

education, parental 

history of mental or 

substance use 

disorder, 

immigration status. 

Linear 

regression 

In fully adjusted models, daily smoking was associated 

with frequency of PE ( = 0.098, p = 0.001) and with 

distress caused by PE ( = 0.107, p < 0.001). 

In fully adjusted models, smoking was also 

significantly associated with the positive (β = 0.082, p 

< 0.01), negative (β = 0.080, p  < 0.01) and depressive 

subscales (β = 0.086, p < 0.01) of CAPE. 
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Table 2.3 (continued) 

Study Sample PE measure Tobacco 
measure 

Confounders Methods Findings 

Subramania

m et al. 

(2014) 

The Collaborative 

Psychiatric 

Epidemiology 

Surveys (CPES); N = 

6,616; Age range 18-

89 years old. 

Positive PE from the 

Psychosis Screen 

section of the 

Composite 

International 

Diagnostic Interview 

version 3.0 (CIDI 

3.0). 

Smoking 

status (never, 

former and 

current 

smokers). 

Nicotine 

Dependence 

disorder 

assessed by 

CIDI. 

Socio-

demographic 

factors (paper 

does not 

specify which 

factors or how 

these were 

defined). 

Factor Mixture Modelling 

to investigate the latent 

structure of positive PE 

items assessed (at least one 

lifetime PE). Multiple 

logistic regression between 

ND and latent PE structure 

conducted within structural 

equation model. Multiple 

linear regression for 

analyses using PE total 

score. 

 

Support for a one factor model for delusions, 

hallucinations and thought interference items. 

Significantly higher prevalence of PE for ever 

smokers. Associations between the one-factor PE 

latent structure and current/past smoking was 

significant accounting for sex, age, ethnicity, area of 

residence and vocational education. No association 

between positive PE (total score) and nicotine 

dependence disorder after accounting for 

sociodemographic variables, any chronic physical 

condition or cooccurring mental health disorders ( 

= 0.043, 95% CI: -0.057 - 0.106). 

Rossler et al. 

(2015) 

Zurich Programme 

for Sustainable 

Development of 

Mental Health 

Services (ZInEP) -

telephone screening 

of epidemiological 

survey; N = 9,827; 

Mean age 28.9 years 

(SD = 7.9, range 20-

41 years). 

Positive PE 

(continuous scale 

assessing severity in 

past month) 

assessed using four 

items on thought 

interference and 

hearing voices from 

an updated version 

of the Symptom 

Checklist-90 Revised 

(SCL-90-R; Rössler 

et al. 2007). 

Smoking 

status - non-

smokers, 

occasional 

smokers and 

daily 

smokers. 

Age and sex. Regression with inverse 

Gaussian distribution and 

log-link function 

Significant association between positive PE and 

smoking status with mean scores for non-smokers 

1.14 (95% CI: 1.13 - 1.15), for occasional smokers 1.17 

(95% CI: 1.15 - 1.20) and daily smokers 1.21 (95% CI: 

1.20 - 1.23), p < 0.001.  
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Table 2.3 (continued) 

Study Sample PE measure Tobacco 
measures 

Confounders Methods Findings 

Koyanagi 

et al. 

(2016) 

 World Health 

Organization 

World Health 

Survey (from 44 

countries) in 2002-

2004; N = 192,474 

(not excluding 

those with missing 

data); Aged 18-

years or over. 

CIDI (3.0) assessed 

presence in past 

year of positive PE 

assessed by 

interviewers (over 

the phone or in 

person). 

Smoking status: 

non-current vs. 

current smokers. 

Among current 

daily smokers, 

heavy smoking 

defined as ≥ 30 

cigarettes per 

day; Early age of 

initiation 

defined as ≤ 15 

years old. 

Sex, age, 

education, 

income, 

alcohol use, 

depression 

and country. 

1) Association between 

presence of PE (at least one) 

and smoking, adjusted for sex 

and age, meta-analysed across 

countries. 

2) Association between 

number of PE (1, 2 or more) 

and smoking, multivariable 

analysis and trend-test (PE as 

continuous) in pooled sample 

adjusted for confounders. 

3) In daily smokers, association 

between presence of PE with 

heavy smoking and early 

initiation. 

 

1) Daily smokers had higher odds of reporting at least 

one positive PE (OR = 1.35, 95% CI: 1.27–1.43). 

2) After adjustment for confounders, greater odds for 

smoking was observed in those that reported at least 

one PE in the past year (OR = 1.19, 95% CI: 1.07 - 

1.32), two PE (OR = 1.26, 95% CI: 1.08 - 1.46), and 

three or more PE (OR = 1.34, 95% CI: 1.09 - 1.64) 

compared to no PE, with trend tests indicating a dose-

response relationship (p < .0001). 

3) An increased odds of reporting PE was observed 

among daily smokers who smoked heavily (OR = 1.40, 

95% CI 1.05 - 1.87) and initiated smoking before the 

age of 16 (OR = 1.22, 95% CI: 1.04 - 1.42). 

McGrath 

et al. 

(2016) 

Mater-University 

Study of 

Pregnancy 

(MUSP) birth 

cohort assessed 

during 2002 - 

2004; N = 3,801; 

Mean age = 20.1 

years (SD = 0.9, 

range: 18-23). 

Positive PE from 

Peters Delusional 

Inventory (PDI) 

categorised into 

quartiles and 

CIDI (two items 

assessing auditory 

and visual 

hallucinations, 

coded as binary 

variable). 

Age of smoking 

initiation with 3 

ordinal levels: 

Never smoked, 

late onset 

(between 16-21 

years of age) and 

early onset (age 

15 years or 

younger). 

Age and sex 

Excluded 

current 

cannabis 

users and 

those with a 

history of 

cannabis 

abuse. 

Maximum-likelihood logistic 

regression and Wald chi-

square to test linear trends. 

Compared to never-smokers and after excluding 

cannabis users, those with a late (OR = 2.0, CI: 1.3 - 

3.2) and early age of smoking onset (OR = 2.6, CI: 1.6 - 

4.0) were more likely to endorse hallucinatory 

experiences in a linear trend (p <.001). 

After excluding cannabis users, there was an 

association between the number of delusion-like 

experiences endorsed (quartiles) and late smoking 

onset (OR = 1.7, CI:1.2 - 2.5) while the association with 

an early age of smoking initiation did not remain 

significant (OR = 1.2, CI: 0.8 - 1.8).  
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Table 2.3 (continued) 

Study Sample PE measure Tobacco measure Confounders Methods Findings 

Oh et al. 

(2016) 

Zurich 

Programme for 

Sustainable 

Development of 

Mental Health 

Services 

(ZInEP); N = 

1,675 - 4,974; 

Adults over 18 

years old. 

Positive PE was assessed 

using the WHO-CIDI 3.0 

Psychosis Screen (Kessler 

& Ustun, 2004) and a 

binary definition of at least 

one positive PE vs no PE 

employed. 

Smoking status 

(current, former, 

never smoked) in 

NCS-R and the 

NLAAS surveys, 

defined slightly 

differently for 

each of the three 

survey studies. 

Specific ethnicity within 

each broad ethnic 

grouping (e.g. within 

Latino sample for Puerto 

Rican, Mexican, etc.), 

sex, age, level of 

education and SES. 

Additionally, for anxiety-

, mood- and substance 

abuse disorders. 

Logistic 

regression 

Compared to never smokers, current smokers in all 

four samples had greater odds of reporting any lifetime 

PE (OR range 1.39 – 2.69). After adjustment for 

demographic and cooccurring substance use disorder, 

this association remained robust in the Caucasian (OR 

= 1.63, 95% CI: 1.06 – 2.51) and Asian samples (OR 

=2.84, 95% CI: 1.33 – 6.07) but not the Latino and 

Black samples. After further adjustment for lifetime 

anxiety and mood disorders, the association between 

lifetime PE and current smoking remained significant 

in the Asian sample only. 

 

Wolfe 

et al. 

(2017) 

Undergraduate 

students at 

Temple 

University, 

Philadelphia, 

US; N = 930; 

Aged 18 - 35 

years. 

Attenuated positive 

psychotic symptoms (total 

score) assessed using the 

Prodromal Questionnaire. 

Exploratory analyses 

classed participants as at 

clinical high risk (eight or 

more distressing PE) and 

low risk (three or fewer 

distressing PE). 

Nicotine 

dependence, 

cigarettes per day 

and smoking 

status (binary) 

assessed using 

Cigarette 

Dependence Scale 

(CDS-12) 

Sex and ever used other 

drugs (tranquilizers, 

amphetamines, 

barbiturates, marijuana, 

heroin, synthetic 

narcotics, and other 

narcotics) included as 

covariates if univariate 

associations present. 

Logistic 

and linear 

regression 

After accounting for the effects of sex and other drug 

use, those who reported a greater number of PE were 

more likely to be smokers (adjusted OR = 1.04, 95% 

CI: 1.01 – 1. 07), but no association was found with 

nicotine dependence ( = 0.05, SE = 0.15, p = 0.660) 

and cigarettes per day ( = -0.04, SE = 0.01, p = 0.704). 

Exploratory analysis comparing those at high risk with 

prodromal symptoms (12.9% of the sample) to those at 

low risk (53.3% of the sample) found a similar pattern 

of results. 

 

  



61 
 

Table 2.3 (continued) 

 

Study Sample PE measure Tobacco measure Confounders Methods Findings 

Bhavsar et 

al. (2018) 

South East 

London 

Community 

Health study; 

N = 1,680; 

Age range 16-

90-year-olds. 

Psychosis Screening 

Questionnaire 

(PSQ) - presence of 

positive PE (binary). 

Tobacco use at four 

levels: non-smoker, 

ex-smoker, 

occasional smoker 

and daily smoking. 

Cigarettes per day 

(0, 1-9, 10-19 and 20 

or more cigarettes 

smoked per day). 

Age, sex, ethnicity, 

stimulant and cannabis 

use (Cognitive ability, 

marital status, 

employment status, SES 

and educational 

attainment did not 

affect odds ratios > 

10%). 

Logistic 

regression 

weighted for 

age and sex 

(to adjust for 

non-

response) 

and adjusted 

for 

confounding 

Compared to non-smokers, daily smokers had a 

significantly higher odds of reporting positive PE (OR = 

1,76, CI: 1.27 – 2.42) even after adjustment for 

confounding (OR = 1.47, CI: 1.01 – 2.15). No association 

was found between PE with occasional or past smoking. 

An increase in cigarettes per day showed significant 

positive linear trends with the odds of reporting any PE 

(1.04 increase in relative odds, CI 1.02–1.07) and with the 

odds of reporting a greater number of PE items (1.58 

increase in relative odds of reporting an additional PE 

item, CI: 1.32–1.90). 

Mallet et al. 

(2018)  

National 

Epidemiologic 

Survey of 

Alcohol and 

Related 

Conditions 

(NESARC), 

US; N = 

34,653 adults 

over 18 years 

old. 

Structured interview 

contained 22 items 

that assessed 

positive, negative, 

mania, 

disorganization, and 

depression factors. 

selected based on 

similarity to PANSS.  

Smoking status 

(current, former and 

non-smokers) with 

smokers defined as 

those who smoked 

at least 1 type of 

tobacco in the past 

12 months 

(cigarettes, cigars, 

pipe, snuff, and 

chewing tobacco). 

Sex, race/ethnicity, 

nativity, age, 

educational level, 

income, marital status, 

urbanicity, region of 

residence, lifetime 

substance use disorder, 

cannabis use frequency 

within the past 12 

months and lifetime 

depression. 

Logistic 

regression. 

Reported associations for each of the 22 items, comparing 

current smokers to non-smokers and current smokers to 

former smokers. Compared to non-smokers, current 

smokers had higher odds of reporting at least one PE (OR 

= 1.19, CI = 1.09 - 1.30) and at least 5 PE (OR = 1.36, CI 

1.14 - 1.62) after accounting for all listed confounders.  



62 
 

Table 2.3 (continued) 

 

 

 

 

Study Sample PE measure Tobacco measure Confounders Methods Findings 

Degenhardt 

et al. (2018) 

 World 

Health 

Organization 

World 

Mental 

Health 

surveys (from 

9 countries 

for tobacco 

measures); N 

= 17,017; 

Aged 18-

years or 

older. 

As both 

outcome and 

exposure, used 

age of onset of 

positive PE 

(items on 

hallucinatory 

and delusional 

experiences) 

as measured 

by CIDI (3.0). 

Ever smoked. 

Daily tobacco use 

(for prevalence) 

were those who 

smoked 

daily/nearly every 

day for at least 2 

months. 

Nicotine 

dependence 

(DSM-IV 

criteria). 

For bidirectional 

analyses, a 

person-year 

variable derived 

from age of onset 

of tobacco use was 

used. 

Survival analyses 

controlled for age, 

sex, country and 

year of onset of 

the outcome for 

each participant 

in base models. 

Fully adjusted 

models 

additionally 

accounted for 

other substance 

use and mental 

disorders. 

Rao-Scott 2 for 

associations. 

Discrete-time 

survival models 

accounting for age 

of onset of outcome 

and various 

confounders on two 

subsets of the data: 

those who reported 

PE prior to tobacco 

use onset and those 

who reported onset 

of tobacco use prior 

to PE onset. 

Lifetime prevalence of tobacco use was higher among those 

who reported PE (69.5%) compared to those who did not 

report PE (49.9%), 2 = 60.4, p <0.001. Lifetime prevalence of 

daily tobacco use was higher among those who reported PE 

(46.0%) vs. no PE (35.4%), 2 = 24.2, p <0.001. Lifetime 

prevalence of nicotine dependence was higher among those 

who reported PE (28.1%) compared to those who did not 

report PE (14.4%), 2 = 57.4, p <0.001. 

Among those that reported tobacco use onset prior to PE 

onset, all tobacco use measures was associated with an 

increased odds of subsequent onset of PE. After accounting for 

all covariates, association with ever-smoking remained (OR = 

1.3, CI 1.0 - 1.8) but not for daily tobacco use (OR = 1.1, CI 0.8 

- 1.6) and nicotine dependence (OR = 1.2, CI 0.9 - 1.6). 

For prior PE and subsequent tobacco use, effects remained 

unchanged in fully adjusted models and PE was associated with 

an increased odds of subsequent smoking initiation (OR = 1.5, 

CI 1.2 - 1.9) and nicotine dependence (OR = 1.4, CI 1.1 - 2.0), 

but not daily smoking (OR = 1.1, CI 0.9 - 1.4). 
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2.3.4  Schizotypy and smoking behaviour 

Seven studies that assessed the association between schizotypy and smoking behaviours 

were included in this review and are summarized in Table 2.4. Only one of these studies 

had a longitudinal design that followed up participants from non-clinical or non-high-

risk samples (Rossler et al., 2012). This study found an association between schizotypy 

scores and smoking status but not with an early or later onset of tobacco use after 

adjustment for confounders. 

Three schizotypy studies were included in this review that assessed cross-

sectional associations in young adults (undergraduate students). These studies reported 

an association between schizotypy and both smoking status and smoking frequency but 

not the age of smoking onset and not consistently for all domains of schizotypy 

(Esterberg et al., 2009; Larrison et al., 1999; Wan et al., 2008). None of these studies 

controlled for confounding by factors other than sex and age. 

Studies in the general adult population reported significant cross-sectional 

associations between smoking status and schizotypy (Hori et al., 2013; Rossler et al., 

2015; Williams et al., 1996). One study found an association between poorer 

performance on attention and concentration tasks and schizotypy in those who smoked 

but not in non-smokers (Hori et al., 2013).  
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Table 2.4 Studies on schizotypy and smoking behaviours 

 

Study Sample PE measure Tobacco measure Confounders Methods Findings 

Williams 

et al. 

(1996) 

UK sample recruited from 

newspaper advertisements 

and an employment agency; 

N = 360; Mean age 23 years 

(range 17-52). 

 

Total scores on 

schizotypy scale 

form Claridge 

and Broks 

(1984). 

Smoking status 

(current vs. non-

current smokers). 

Age, sex, 

education, 

psychoticism and 

neuroticism 

scores. 

Linear regression. Schizotypy scores and smoking status were 

significantly associated after controlling for all 

covariates, t = 1.84, p < .05. 

Larrison 

et al. 

(1999) 

Undergraduate students 

from the State University of 

New Jersey, US; N = 286; 

Mean age of smokers 22.7 

years and non-smokers 21.6 

years.  

Total scores on 

the Rust 

Inventory of 

Schizotypal 

Cognition 

(RISC; Rust, 

1988).  

Smoking status (ever 

vs. never smokers) 

with smokers defined 

as those who smoked 

daily for at least 6 

months. 

None. ANOVA with three 

factors: smoking 

status, caffeine and 

alcohol use. 

Reported a significant main effect of smoking 

status on schizotypy scores, with smokers 

scoring higher, F(1, 273) = 6.32, p = 0.01 .  

Wan et al 

(2008) 

Undergraduate students 

from the Virginia 

Polytechnic Institute and 

State University; N = 523; 

Mean age of 19 (SD = 1.2) 

years old, range 19-21 years. 

Schizotypal 

Personality 

Questionnaire 

(SPQ; Raine, 

1991). 

Smoking status 

(current daily, 

current non-daily, 

non-smokers). 

None. MANOVA to assess 

sex differences on 

association between 

smoking status and 

schizotypy 

domains. 

A significant effect of smoking status on the 

cognitive-perceptual schizotypy domain 

scores (p = 0.037), with daily smokers (but not 

occasional smokers) scoring significantly 

higher than non-smokers. No main effects of 

smoking status on the interpersonal and 

disorganized domains were found. 
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Table 2.4 (continued) 

 

 

 

  

Study Sample PE measure Tobacco measure Confounders Methods Findings 

Esterberg 

et al. 

(2009) 

Undergraduate 

college students 

from an urban 

state university, 

US; N = 825; 

Age range 18-26 

years. 

SPQ; Used factor analyses to categorise 

items into cognitive-perceptual, 

paranoid, negative and disorganised 

domains. 

Smoking status 

(ever vs. never 

smoked and 

current smoking 

status), age of 

onset, smoking 

frequency (days 

per week). 

Age and sex. Regression 

models with 

simultaneous 

entry of the 

four 

schizotypy 

domains. 

Schizotypy significantly predicted ever-

smoked status, current smoking status and 

smoking frequency, but not age of onset of 

tobacco use. Only the disorganized schizotypy 

domain was an independent predictor of 

these smoking behaviours (OR for ever-

smoked = 1.08, 95% CI: 1.03 – 1.14; OR for 

current smoking = 1.09, CI: 1.03 – 1.15; 

smoking frequency  = 0.16, p< .05). 

 

Rossler et 

al. (2012) 

The Zurich 

Study; N = 591 

at baseline, N = 

335 at last 

follow-up; Age 

19-20 years old 

at baseline and 

49-50 at last 

follow-up. 

Derived and validated 'Schizophrenia 

nuclear symptoms' (PE, see Table 2.2) 

and 'Schizotypal signs' form items of 

the Symptom Checklist 90—Revised 

(SCL-90-R). Binary at each time-point. 

PE present if scoring above the 85th 

percentile to reflect pronounced but 

subclinical experiences as indicated by 

prevalence rates of ~15%. 

 

Age of initiation. 

Smoking status 

(ever vs. never 

smokers). 

Sex, familial 

background, 

SES, family 

history of 

psychiatric 

illness or family 

problems, 

problems at 

school. 

Discrete time 

survival 

analysis. 

Survival analyses adjusted for all confounders 

found no significant association between the 

onset of tobacco use before or after the ages of 

19-20 with the occurrence of schizotypal signs 

over 30 years. Tobacco use was associated 

with the occurrence of schizotypal signs (OR 

= 1.76; 95% CI 1.09 - 2.82).  
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Study Sample PE measure Tobacco measure Confounders Methods Findings 

Hori et 

al. 

(2013) 

Japanese adults 

recruited via 

advertisement and 

word of mouth; N = 

501; Age range 20-

74 years. 

SPQ; Total score 

and three 

dimensions: 

cognitive/ 

perceptual 

(positive), 

interpersonal 

(negative 

symptoms) and 

disorganized. 

Smoking status 

(current daily 

smokers vs non-

current smokers). 

Age and sex. Other potential 

confounders that were not 

significantly associated with 

smoking status were 

handedness, years in education 

and family history of psychiatric 

disease and were not included in 

ANCOVA/partial correlation 

analyses. Those with a history of 

psychiatric illness or symptoms 

and drug use were excluded. 

Interaction analyses on specific 

SPQ dimensions controlled for 

other dimensions. 

ANCOVA Small but significant difference between smokers and 

non-smokers on the cognitive perceptual scale 

(smokers scored higher; partial correlation 

coefficient = 0.01, p = 0.048) but no significant 

differences on the total SPQ and interpersonal and 

disorganized scores. Total SPQ and the interpersonal 

and disorganized dimensions had significant 

interaction effects on the association between 

smoking status and attention/concentration 

(participants who scored high on schizotypy and 

smoked had poorer performance). Post hoc analyses 

revealed associations between these schizotypy 

measures and attention/concentration in smokers 

but not in non-smokers.  

 

Rossler 

et al. 

(2015) 

Zurich Programme 

for Sustainable 

Development of 

Mental Health 

Services (ZInEP) -

telephone screening 

of epidemiological 

survey; N = 9,827; 

Mean age 28.9 years 

(SD = 7.9, range 20-

41 years). 

Schizotypy 

assessed using 

eight items from 

the SCL-90-R 

assessing ideas 

of reference, 

odd beliefs and 

suspicion/ 

paranoid 

ideation. 

 

Smoking status - 

non-smokers, 

occasional 

smokers and daily 

smokers. 

Age and sex. Regression 

with inverse 

Gaussian 

distribution 

and log-link 

function 

Significant association between schizotypy and 

smoking status with mean scores for non-smokers 

1.57 (95% CI: 1.56 - 1.58), for occasional smokers 

1.67 (95% CI: 1.63 - 1.71) and daily smokers 1.76 

(95% CI: 1.74 - 1.79), p < 0.001. 
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2.3.5 Genetic association between smoking behaviour and psychotic 

experiences 

Only one study identified during this systematic review investigated the genetic overlap 

between PE and tobacco use. Krapohl et al. (2016) calculated genome-wide polygenic 

scores (PGS) for smoking initiation based on summary statistics from the Tobacco and 

Genetics Consortium (Tobacco and Genetics Consortium, 2010) among adolescent 

participants in the Twins Early Development Study and reported a significant 

correlation between smoking initiation PGS and one of four types of PENS scales (for 

grandiosity but non-significant associations with paranoia, cognitive disorganisation or 

negative symptoms).  As noted by the authors, due to the high multiple-testing burden 

for genetic associations among PGS for 13 phenotypes and 50 traits, this study was not 

designed to rule out the presence of genetic overlap between specific trait pairs. As such, 

whether PE and smoking behaviours share genetic influences remains an open question. 

 

2.4 Discussion 

This is the first systematic review of epidemiological and genetic studies that have 

investigated the association between PE and smoking behaviour in the general 

population. Overall, most studies found support for an association between PE and 

smoking status or frequency after controlling for several important confounding factors, 

while findings of an association with the age of smoking onset were inconsistent across 

studies. 

To date, a limited number of published studies investigated the association 

between PE and smoking behaviour during adolescence, an important period of 

development and an age at which most individuals who smoke start using tobacco 

regularly (Marcon et al., 2018). Longitudinal evidence that aimed to investigate whether 

smoking behaviour was associated with subsequent reports of PE supported a consistent 

and robust association between smoking initiation or frequency of tobacco use and 

subsequent adolescent positive PE (J. Davies et al., 2018; Ferdinand et al., 2004; Gage et 
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al., 2014) but not between PE and the age of smoking initiation (H. J. Jones et al., 2018). 

Furthermore, no support for the self-medication hypothesis (smoking to alleviate PE) 

was found during adolescence (J. Davies et al., 2018). However, evidence to support 

directional associations were weak as these studies were not able to establish whether the 

onset of PE preceded the onset of smoking and vice versa. Of the studies on adolescent 

samples, measures of smoking behaviour assessed during adolescence were available 

from only one sample (ALSPAC). Therefore, replication in independent adolescent 

samples is required. None of the reviewed studies on adolescent samples assessed 

negative symptom traits, considered the frequency or severity of PE (all studies used 

binary variables to indicate the presence or absence of PE), and confounders like sleep 

disturbances have not yet been considered.  

Very little is known about the genetic overlap between PE and smoking 

behaviour. This may in part be due to an assumption that tobacco use is an 

environmental factor. In fact, twin studies indicate that smoking behaviour is influenced 

by both environmental and genetic factors (Bares, Kendler, & Maes, 2015). This review 

found no previous twin or family studies that aimed to investigate the extent to which 

genetic and environmental influences could explain the covariance between PE and 

smoking behaviours. Evidence from GWAS indicates that some of the same genes may 

be associated with smoking behaviours and schizophrenia, including CHRNA3, 

CHRNA5 and CHRNB4 (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). Furthermore, genome-wide genetic correlations have been reported 

between smoking behaviours and schizophrenia of 0.10 to 0.14 (Hartz et al., 2017), 

major depression (rg = 0.33 for smoking initiation) and bipolar disorder (rg = 0.13 and 

0.21 for smoking initiation and cigarettes per day respectively) (Anttila et al., 2018). As 

such, the extent of genetic overlap between PE and smoking behaviours may be a 

worthwhile area to consider in future research using well powered GWAS.  

The findings of an association between PE and the age of smoking onset was 

inconsistent. However, one study found that an earlier age of smoking onset was 

associated with PE specifically in those who smoked frequently but not in occasional 
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smokers (Saha et al., 2011). Studies that did not find an association between PE and the 

age of smoking onset may not have employed adequate smoking thresholds to detect an 

association. Future studies should consider employing measures that assess the age of 

onset of regular smoking.  

An important but challenging question to address is the extent to which the 

evidence for an association between PE and smoking behaviour is due to causal 

associations (in either or both directions). To answer this, several types of evidence 

should be considered including the consistency of the association across different 

studies and contexts, the robustness of the association after accounting for other factors 

that may better explain the association between PE and smoking behaviour, the 

temporality between exposure and outcome, dose-response relationships and the 

biological feasibility of any directional associations (Lawlor, Tilling, & Davey Smith, 

2016). The available evidence considered in this review was able to address some of 

these considerations. First, the evidence that there is an association between PE and the 

smoking status or smoking frequency of participants was consistent in all but one of the 

studies reviewed here (Rossler et al., 2012). Second, significant effects were observed by 

most of these studies after including multiple possible confounders. Evidence of a dose-

response relationship between the severity of PE and smoking frequency was observed 

by some studies (Bhavsar et al., 2018; Koyanagi et al., 2016) but not by others (Saha et 

al., 2011; Wolfe et al., 2017). Finally, longitudinal evidence indicates that adolescents 

who smoke are almost twice as likely to report positive PE two years later (Gage et al., 

2014).  Of note, reports of PE in this study can be considered as new onset of PE because 

the authors excluded those who reported PE at younger ages. While similar reports were 

available from other studies, few others were able to control for preceding PE or 

smoking behaviour.  Due to the limitations of establishing causal association solely from 

observational studies, future studies could use approaches like Mendelian 

Randomization to investigate causal associations (Davey Smith & Ebrahim, 2003) 

between smoking behaviour and PE and triangulate evidence with the longitudinal 

evidence reviewed here. 
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In general, the association between smoking status and PE remained robust after 

accounting for socio-demographic confounds such as age, sex, various socio-economic 

measures, urbanicity and ethnicity. Attenuation of effect sizes were more obvious after 

accounting for (or excluding those with) cooccurring substance use like excessive 

alcohol use, cannabis use and other illicit drugs used (e.g. Wiles et al.,2006). 

Nonetheless, most studies reported significant associations between PE and smoking 

behaviour after accounting for other harmful substances used suggesting that effects 

related to both general substance misuse and effects specific to tobacco use are 

pertinent.  

A common theme was for studies to aim to disentangle the roles of tobacco use 

and cannabis use as relevant risk factors associated with PE (Gage et al., 2014; H. J. Jones 

et al., 2018; van Gastel et al., 2013). The challenge with this approach is that most 

cannabis users, even those who report not smoking cigarettes, use tobacco with 

cannabis. Therefore, it is easier for studies that assess associations with tobacco use to 

adequately control for cooccurring cannabis use than it is to control for tobacco use in 

cannabis users.  

Smoking behaviour may also be more strongly associated with some domains of 

PE but not with all PE subtypes (Ferdinand et al., 2004). Few studies assessed negative 

symptom traits, an often-neglected dimension of PE. Therefore, it is important for 

future research to assess specific PENS domains rather than adopting a binary definition 

of PENS or only assessing positive PE.  

An outstanding question is whether measures of PE or PENS and measures of 

schizotypy reflect the same underlying phenotype. Both approaches aim to assess 

subclinical features of a wider psychosis spectrum. In fact, some items in commonly 

used schizotypy assessments and those in PE/PENS assessments are very similar. 

Nonetheless, differences between the two approaches are obvious. Schizotypy reflects a 

personality construct and measures often include a wider range of (personality) features 

not directly mapped to standard diagnostic criteria for psychiatric disorders. In contrast, 

items contained in typical PE/PENS measures were devised to assess subclinical 
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symptoms of psychotic disorders. As such, this review included the evidence for an 

association between smoking behaviour and both PE and schizotypy.  

 

  



72 
 

2.5 Appendix 

Supplementary Table 2.1 Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines. 

Section Item Checklist item Page number 

Title 

Title 1 
Identify the report as a systematic review, 

meta-analysis, or both. 
41 

Abstract 

Abstract 2 

Provide a structured summary including, 

as applicable: background; objectives; 

data sources; study eligibility criteria, 

participants, and interventions; study 

appraisal and synthesis methods; results; 

limitations; conclusions and implications 

of key findings; systematic review 

registration number. 

NA 

Introduction 

Rationale 3 
Describe the rationale for the review in 

the context of what is already known. 
Chapter 1; p41 

Objectives 4 

Provide an explicit statement of 

questions being addressed with reference 

to participants, interventions, 

comparisons, outcomes, and study design 

(PICOS). 

41-42 

Methods 

Protocol and 

registration 
5 

Indicate if a review protocol exists, if and 

where it can be accessed (e.g., Web 

address), and, if available, provide 

NA 
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registration information including 

registration number. 

Eligibility 

criteria 
6 

Specify study characteristics (e.g., PICOS, 

length of follow-up) and report 

characteristics (e.g., years considered, 

language, publication status) used as 

criteria for eligibility, giving rationale. 

42 & 

Supplementary 

Table 2.2 

Information 

sources 
7 

Describe all information sources (e.g., 

databases with dates of coverage, contact 

with study authors to identify additional 

studies) in the search and date last 

searched. 

42-43 

Search 8 

Present full electronic search strategy for 

at least one database, including any limits 

used, such that it could be repeated. 

42 

Study selection 9 

State the process for selecting studies (i.e., 

screening, eligibility, included in 

systematic review, and, if applicable, 

included in the meta-analysis). 

42 

Data collection 

process 
10 

Describe method of data extraction from 

reports (e.g., piloted forms, 

independently, in duplicate) and any 

processes for obtaining and confirming 

data from investigators. 

NA 

Data items 11 
List and define all variables for which 

data were sought (e.g., PICOS, funding 

NA 
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sources) and any assumptions and 

simplifications made. 

Risk of bias in 

individual 

studies 

12 

Describe methods used for assessing risk 

of bias of individual studies (including 

specification of whether this was done at 

the study or outcome level), and how this 

information is to be used in any data 

synthesis. 

41-42; 

Supplementary 

Table 2.2 

 

Summary 

measures 
13 

State the principal summary measures 

(e.g., risk ratio, difference in means). 
NA 

Synthesis of 

results 
14 

Describe the methods of handling data 

and combining results of studies, if done, 

including measures of consistency 

NA 

Risk of bias 

across studies 

 

15 

Specify any assessment of risk of bias that 

may affect the cumulative evidence (e.g., 

publication bias, selective reporting 

within studies). 

Not reported 

Additional 

analyses 
16 

Describe methods of additional analyses 

(e.g., sensitivity or subgroup analyses, 

meta-regression), if done, indicating 

which were pre-specified. 

NA 

Results 

Study selection 17 

Give numbers of studies screened, 

assessed for eligibility, and included in 

the review, with reasons for exclusions at 

each stage, ideally with a flow diagram. 

43-44;        

Figure 2.1 
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Study 

characteristics 
18 

For each study, present characteristics for 

which data were extracted (e.g., study 

size, PICOS, follow-up period) and 

provide the citations. 

45-66 

Risk of bias 

within studies 
19 

Present data on risk of bias of each study 

and, if available, any outcome level 

assessment (see item 12). 

45-66 

Results of 

individual 

studies 

20 

For all outcomes considered (benefits or 

harms), present, for each study: (a) 

simple summary data for each 

intervention group (b) effect estimates 

and confidence intervals, ideally with a 

forest plot. 

a) 45-66;    

Tables 2.1-2.4 

b) NA 

Synthesis of 

results 
21 

Present results of each meta-analysis 

done, including confidence intervals and 

measures of consistency. 

NA 

Risk of bias 

across studies 
22 

Present results of any assessment of risk 

of bias across studies (see Item 15). 
NA 

Additional 

analysis 
23 

Give results of additional analyses, if 

done (e.g., sensitivity or subgroup 

analyses, meta-regression [see Item 16]). 

NA 

Discussion 

Summary of 

evidence 

 

24 

Summarize the main findings including 

the strength of evidence for each main 

outcome; consider their relevance to key 

groups (e.g., healthcare providers, users, 

and policy makers). 

67-71 
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Limitations 25 

Discuss limitations at study and outcome 

level (e.g., risk of bias), and at review-

level (e.g., incomplete retrieval of 

identified research, reporting bias). 

68-70 

Conclusions 26 

Provide a general interpretation of the 

results in the context of other evidence, 

and implications for future research. 

69-71 

Funding 

Funding 27 

Describe sources of funding for the 

systematic review and other support (e.g., 

supply of data); role of funders for the 

systematic review. 

18 
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Supplementary Table 2.2 Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies 

 

*CD, cannot determine; NA, not applicable; NR, not reported

Other
(CD, NR, 
NA)*

1. Was the research question or objective in this paper clearly stated?

2. Was the study population clearly specified and defined?

3. Was the participation rate of eligible persons at least 50%?

4. Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were inclusion 
and exclusion criteria for being in the study prespecified and applied uniformly to all participants?

5. Was a sample size justification, power description, or variance and effect estimates provided?

6. For the analyses in this paper, were the exposure(s) of interest measured prior to the outcome(s) being measured?

7. Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if it 
existed?

8. For exposures that can vary in amount or level, did the study examine different levels of the exposure as related to the outcome 
(e.g., categories of exposure, or exposure measured as continuous variable)?

9. Were the exposure measures (independent variables) clearly defined, valid, reliable, and implemented consistently across all 
study participants?

10. Was the exposure(s) assessed more than once over time?

11. Were the outcome measures (dependent variables) clearly defined, valid, reliable, and implemented consistently across all study 
participants?

12. Were the outcome assessors blinded to the exposure status of participants?

13. Was loss to follow-up after baseline 20% or less?

14. Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between 
exposure(s) and outcome(s)?

Quality Rating (Good, Fair, or Poor)
Rater #1 initials:
Rater #2 initials:
Additional Comments (If POOR, please state why):

Criteria Yes No
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Chapter 3: The Association Between Psychotic 

Experiences and Tobacco Use During Adolescence 

3.1 Introduction 

As reviewed in Chapter 2 previous studies on tobacco use and PE, mostly conducted on 

adults, found that regular tobacco use increased the odds of experiencing PE by 20-47% 

after accounting for sociodemographic characteristics, cannabis use, and comorbid 

mental and physical disorders (Bhavsar et al., 2018; Koyanagi et al., 2016; McGrath et 

al., 2016; Rossler et al., 2015; Saha et al., 2011; Vermeulen, Schirmbeck, et al., 2019). 

These studies measured only positive PE, such as hallucinations and delusions, defined 

categorically. In the studies that assessed the age of smoking initiation, individuals who 

started smoking during or prior to adolescence were more likely than non-smokers to 

report PE as adults (McGrath et al., 2016; Saha et al., 2011). 

Other factors associated with PE during adolescence include cannabis use 

(Griffith-Lendering et al., 2013; H. J. Jones et al., 2018; Shakoor et al., 2015; van Gastel et 

al., 2012), stressful life events (Cullen, Fisher, Roberts, Pariante, & Laurens, 2014; 

Shakoor et al., 2016), illicit drug use (Mackie et al., 2011; van Os et al., 2009), sleep 

disturbance (Reeve, Emsley, Sheaves, & Freeman, 2018; M. J. Taylor, Gregory, Freeman, 

& Ronald, 2015) and prenatal maternal smoking (Zammit et al., 2009). Because these 

factors may also be associated with tobacco use, it is sensible to investigate the 

contribution of tobacco use while accounting for these factors, some of which were not 

considered previously. 

In this chapter, the aims were to investigate whether associations between 

tobacco use and PE exist in adolescence and whether they remain after adjusting for sex, 

age, ethnicity, socio-economic status, cannabis use, stressful life events, sleep 

disturbances and prenatal maternal smoking. The analyses in Chapter 3 consider a 

range of PE including paranoia, hallucinations, cognitive disorganization, grandiosity, 
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anhedonia and parent-rated negative symptoms (such as flattened affect and low 

motivation), assessed as dimensional traits. 

 

3.2 Methods 

3.2.1 Sample 

Research participants came from the Twins Early Development Study (TEDS), a UK-

based community sample of twins born in 1994-1996 (Haworth, Davis, & Plomin, 2013) 

who along with their parents partook in the Longitudinal Experiences and Perceptions 

Study (LEAP) (Ronald et al., 2014) at age 16 years. Of the 8,534 families invited to report 

on PE and substance use, 4,014 (47.0%) participated. Supplementary Table 3.1, available 

in the appendix to this chapter, compares participating and non-participating families. 

For regression analyses, one twin per family was chosen randomly to select a 

sample of unrelated individuals. Participants were excluded if they had missing zygosity 

data (n = 28), no consent information (n = 18), severe medical conditions such as 

autism spectrum conditions, Fragile X syndrome, cystic fibrosis, Down syndrome and 

cerebral palsy (n = 128) or severe perinatal complications (n = 70). After these 

exclusions, the sample included 3,787 individuals.  

The Institute of Psychiatry Ethics Committee, King’s College London granted 

ethical approval for TEDS. All research participants granted informed consent. The 

Birkbeck Department of Psychological Sciences’ Ethics Committee and the core TEDS 

team approved this study. 

3.2.2 Measures 

Psychotic experiences 

Psychotic experiences were assessed using the Specific Psychotic Experiences 

Questionnaire (SPEQ) (Ronald et al., 2014). The SPEQ was developed based on 

established adult PE measures and adapted for age appropriateness based on expert 
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clinical opinion. Principle-components analysis supported a six-subscale composition of 

the SPEQ with included three subscales measuring ‘positive’ PE (paranoia, 

hallucinations, and grandiosity), two measuring ‘negative’ PE (parent-rated negative 

symptoms and anhedonia) and one cognitive disorganization subscale. Subscales 

consisted of 8 to 15 items and were self-rated by the twins (except for the negative 

symptoms subscale that was parent-rated) and asked about frequency or severity of 

recent PE. The paranoia scale included 15 items that assessed the frequency of thoughts 

such as “People might be conspiring against me”. Hallucinations (9 items) assessed the 

frequency of experiences of sensory abnormalities (e.g. “Hear noises or sounds when 

there is nothing about to explain them”). For the cognitive disorganization subscale (11 

items), participants were asked to rate whether they have had experiences over the past 

month such as “Do you often have difficulties in controlling your thoughts?”. The 8 

grandiosity items assessed the occurrence of grandiose self-beliefs over the past month 

(e.g. “I am much more unique than anyone else”). Anhedonia was measured by inversing 

the total scores from 10 items that assessed hedonia over the past month (e.g. “When 

something exciting is coming up in my life, I really look forward to it.”). Negative 

symptoms were assessed using 10 items devised from the Scale for the Assessment of 

Negative Symptoms (SANS) (Andreasen, 1989) that asked parents to rate how 

applicable statements were in relation to their children (e.g. “Seems emotionally ‘flat’, for 

example, rarely changes the emotions he/she shows”).  The SPEQ subscales have been 

found to have good-to-excellent internal consistency (Cronbach’s  = .77–.93) and test–

retest reliability over 9 months (r = .65–.74) (Ronald et al., 2014).  

Untransformed SPEQ scores were used in descriptive statistics. Subscales with a 

positive skew (paranoia, hallucinations, grandiosity and parent-rated negative 

symptoms) were square-root transformed. After data transformation, all quantitative 

scores had skew statistics that ranged between -1 and 1. See Supplementary Table 3.2 for 

summary and skew statistics before and after data transformation. PE were standardized 

to have a mean of 0 and a standard deviation (SD) of 1. 
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Tobacco use  

A tobacco use variable was created with three levels: Non-smokers were those who 

answered no to “Have you ever smoked a cigarette (including roll-ups)?”; occasional and 

regular smokers were defined based on the item “How many cigarettes have you smoked, 

in total, in your lifetime?”.  Occasional smokers were those who smoked <50 cigarettes 

and regular smokers as ≥50. Those who had not smoked in the past year were 

considered non-smokers. The threshold of 50 cigarettes (rather than a higher threshold) 

was chosen because adolescents have had less access to resources and opportunity to 

smoke than adults. The validity of this threshold was supported since this definition of 

tobacco use also broadly overlapped with an item on smoking frequency. In the regular 

smoking group, 68.25% of participants smoked weekly or more (59.26% daily). Most 

occasional smokers (67.43%) reported trying smoking once or twice. For smoking 

frequency by group, see Supplementary Table 3.3 available in the appendix. 

Confounding variables 

Variables adjusted for in the multiple regression models included sex, age, ethnicity, 

socioeconomic status (SES), prenatal maternal smoking, and self-rated measures (at age 

16) of cannabis use, sleep disturbance measured by the Pittsburgh Sleep Quality Index 

(PSQI) (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989) and stressful life events 

(SLE) measured by an abbreviated Coddington Life Events Record (Coddington, 1972).  

The PSQI consisted of 17 items that assessed various aspects of sleep quality over 

the previous month such as sleep duration, time spent in bed, daytime sleeping, the use 

of sleep medication and sleep disruption due to difficulties falling or staying asleep. 

Total scores on the PSQI ranged from 0 – 21 with higher scores indicating poorer 

quality of sleep. The PSQI have been shown to have good sensitivity and specificity in 

detecting individuals with insomnia and those with persistent poor sleep quality and is 

highly correlated with objective measures of sleep markers (Backhaus, Junghanns, 

Broocks, Riemann, & Hohagen, 2002; Boudebesse et al., 2014; Buysse et al., 1989).  
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Adolescent participants self-reported on the abbreviated Coddington Life Events 

Record that consisted of 20 yes/no items on SLE that occurred in the past year. Items 

included events like breaking up with a boyfriend or girlfriend and the death of a friend 

or relative. SLE scores were square-root transformed to reduce skewness (see 

Supplementary Table 3.2).   

Cannabis use was determined from “yes” responses to “Have you ever tried 

cannabis?” Those who indicated no use during the past year were considered non-

cannabis-users. SES was a standardized score derived from the highest level of parental 

educational qualifications, parental employment categories and mother's age at birth of 

her first child (ascertained at first contact when the twins were aged 18 months). 

Prenatal maternal smoking was determined at first contact from “yes” responses to “Did 

you smoke cigarettes whilst pregnant?”.  

Descriptive statistics were performed on raw scores and continuous 

confounding variables were standardized prior to conducting regression analyses. 

3.2.3 Analyses 

Differences between non-, occasional- and regular smokers on SPEQ scores and 

covariates were tested using one-way ANOVAs (for continuous variables) and Chi-

square tests (categorical variables). Pairwise comparisons were performed using 

Bonferroni corrected p-values. 

Regression analyses were conducted using the lm() function in R (R Core Team, 

2018). PE were the outcome variables and tobacco use the exposure. Missing data was 

omitted on a pairwise basis. Linear regression between PE and tobacco use was run to 

estimate unadjusted models. In adjusted models, predictor variables were entered 

simultaneously. The presence of multicollinearity was assessed by computing variance 

inflation factors (VIF), where VIF > 4 indicates multicollinearity. Significance 

thresholds were set at p < .05 and adjusted R2-values reported to account for the number 

of predictors in models. Pairwise correlations between PE scales and covariates are 

reported in Supplementary Table 3.4. For correlations between two continuous 
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variables, Pearson correlations were performed. Polyserial correlations were conducted 

between ordinal-continuous variables and tetrachoric/polychoric correlations reported 

between two ordinal variables. 

As sensitivity analyses to the regression analyses, doubly robust conditional 

Generalized Estimating Equation (GEE) models were performed on the full sample 

(including both twins from sibling pairs). GEE allows for related individuals to be 

included in regression models. This method accounts for the non-independence of 

related individuals by fitting restricted mean models for the association between an 

exposure and an outcome, conditional on the covariates (Zetterqvist, Vansteelandt, 

Pawitan, & Sjolander, 2016). GEE models were conducted in the drgee() package for R. 

 

3.3 Results 

In the current sample (N = 3,787; 45.9% male; M: 16.16 years; SD: 0.68), 31.4% reported 

ever having smoked cigarettes. Of the 3610 adolescents who provided information on 

the regularity of their tobacco use in the past year, 2985 (82.7%) were non-smokers, 436 

(12.1%) occasional and 189 (5.2%) regular smokers.  

PE scores were significantly different across tobacco use groups (Table 3.1). 

Pairwise comparisons indicated that occasional smokers scored significantly higher than 

non-smokers on paranoia (p < .001), hallucinations (p = .002) and cognitive 

disorganization (p < .001), lower on anhedonia (p = .023), with no significant 

differences on grandiosity (p = 1.00) and parent-rated negative symptoms (p = .078). 

Compared to non-smokers, regular smokers scored significantly higher on paranoia (p 

< .001), hallucinations (p < .001), cognitive disorganization (p < .001), grandiosity (p = 

.002) and negative symptoms (p < .001), but not on anhedonia (p = .061). Compared to 

occasional smokers, regular smokers scored significantly higher on all six scales 

including paranoia (p = .006), hallucinations (p < .001), cognitive disorganization (p < 

.001), grandiosity (p = .018), anhedonia (p = .001) and negative symptoms (p < .001). 
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Variance inflation factors for all predictors ranged between 1.07 and 1.51 which 

indicated no multicollinearity between predictor variables (see Supplementary Table 3.4 

for correlations between variables). Unadjusted models (Table 3.2) indicated regular 

smoking, compared to not smoking, significantly predicted higher scores on all PE 

subscales, specifically for paranoia (p < .001), hallucinations (p < .001), cognitive 

disorganization (p < .001), grandiosity (p = .003), anhedonia (p = .020), and parent-

rated negative symptoms (p < .001).  Occasional smoking, compared to not smoking, 

significantly predicted higher scores for paranoia (p < .001), hallucinations (p < .001) 

and cognitive disorganization (p < .001), lower scores for anhedonia (p = .008), and did 

not predict grandiosity (p = .361) and parent-rated negative symptoms (p = .210). 

Models accounted for 0.3%-2.5% of variance in PE scores, most for cognitive 

disorganization, paranoia and hallucinations.    

Adjusted models accounted for 4.6-22.6% of variance in PEs (Table 3.2), highest 

being for cognitive disorganization (22.6%), paranoia (16%) and hallucinations (14.5%).  

After accounting for the effects of the confounders, standardized coefficients 

indicated that paranoia increased by .13 SD and .17 SD in occasional (p = .023) and 

regular smokers (p = .049), respectively, compared to non-smokers. Fully adjusted 

models comparing regular to non-smokers indicated an increase of .24 SD, .34 SD and 

.23 SD, respectively, for hallucinations (p = .007), cognitive disorganization (p < .001) 

and parent-rated negative symptoms (p = .015). Regular tobacco use did not 

significantly predict grandiosity in models that adjusted for covariates. Occasional 

smoking did not significantly predict hallucinations (p = .199), cognitive 

disorganization (p = .107), grandiosity (p = .394) and parent-rated negative symptoms 

(p = .294). Anhedonia scores decreased on average by .12 SD in occasional smokers 

compared to non-smokers. Compared to unadjusted models, standardized coefficients 

for tobacco use generally decreased in adjusted models.  

Sleep disturbance significantly predicted all but the grandiosity and anhedonia 

scores and, compared to the coefficients of other covariates, was the strongest predictor 
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in models for paranoia, hallucinations and cognitive disorganisation. SLE generally 

predicted higher scores on PE but lower scores on anhedonia and did not predict 

parent-rated negative symptoms. Cannabis use did not predict any PE in fully adjusted 

models. Apart from higher scores on parent-rated negative symptoms, maternal 

smoking during pregnancy did not predict PE.  

Sensitivity analyses employing Generalized Estimating Equation models to 

include both twins did not affect the conclusions (see Table 3.3). 
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Table 3.1. Sample characteristics and descriptive statistics for total sample and split by tobacco use 

  
  Total sample   Non-smokers Occasional smokers Regular smokers   F p 

Range  N  Mean (SD)   n  Mean (SD)   n Mean (SD)   n Mean (SD)      

Psychotic experiences                            

Paranoia 0 – 75 3603 11.70 (10.54)   2978 11.12 (10.31)   436 13.43 (10.56)   189 16.25 (12.81)   30.33 <.001 

Hallucinations 0 – 45 3607 4.56 (6.07)   2983 4.28 (5.81)   436 5.33 (6.62)   188 7.35 (8.16)   25.61 <.001 

Cognitive disorganization 0 – 11 3606 3.90 (2.83)   2982 3.72 (2.79)   436 4.27 (2.75)   188 5.64 (2.95)   46.86 <.001 

Grandiosity 0 – 24 3606 5.41 (4.52)   2981 5.34 (4.47)   436 5.39 (4.28)   189 6.47 (5.32)   4.52 .011 

Anhedonia 0 – 50 3604 16.31 (7.79)   2979 16.36 (7.84)   436 15.29 (7.14)   189 17.71 (8.58)   6.86 .001 

Negative symptoms 0 – 30 3583 2.86 (3.88)   2965 2.74 (3.69)   431 2.52 (3.64)   187 4.57 (5.26)   19.49 <.001 

Covariates (continuous)               
Age 14.9 – 18.7 3610 16.16 (.68)   2985 16.12 (.68)   436 16.35 (.65)   189 16.38 (.62)   33.44 <.001 

SES -2.6 – 2.6 3430 0.25 (.98)   2840 0.26 (.97)   412 .36 (1.02)   178  -0.07 (1.01)   12.06 <.001 

Sleep disruption 0 – 21 3603 5.48 (2.69)   2980 5.32 (2.64)   434 5.92 (2.79)   189 6.72 (3.04)   31.52 <.001 

Stressful life events 0 – 20 3236 2.31 (1.74)   2672 2.12 (1.61)   392 2.79 (1.72)   172 3.92 (2.42)   79.98 <.001 

Covariates (categorical)   n      n  %   n  %     n %   2 p 

Sex                  0.07 .967 

   Males  1660    1370 82.53%   203 12.23%   87 5.24%   
 

  

   Females  1950    1615 82.82%   233 11.95%   102 5.23%   
 

  

Ethnicity                        8.31 .016 

   White  3376    2778 82.29%   420 12.44%   178 5.27%   
 

  

   Other  225    201 89.33%   14 6.22%   10 4.44%   
 

  

Cannabis use                        1099.90 <.001 

   No  3159    2666 84.39%   372 11.78%   121 3.83%   
 

  

   Yes  438    307 70.09%   63 14.38%   68 15.53%   
 

  

Maternal smoking during pregnancy                       111.81 <.001 

   No  3159    2666 84.39%   372 11.78%   121 3.83%   
 

  

   Yes  438    307 70.09%   63 14.38%   68 15.53%   
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Table 3.2 Linear regression models showing tobacco use as a predictor of psychotic experiences 

 Unadjusted model  Adjusted model   Unadjusted model  Adjusted model 
 R2  95% CI  R2  95% CI   R2  95% CI  R2  95% CI 

Paranoia .017    .160   
 Grandiosity .003    .046   

Tobacco (ref: non-smokers)        Tobacco (ref: non-smokers)       

    Occasional smokers  0.27 0.17 – 0.37     0.13   0.02 – 0.23      Occasional smokers  0.05 -0.05 – 0.15     0.05 -0.07 – 0.17 

    Regular smokers  0.46 0.31 – 0.60     0.17   0.00 – 0.34      Regular smokers  0.22 0.07 – 0.37     0.17 -0.01 – 0.35 

Sex       -0.04 -0.11 – 0.02  Sex         0.26  0.19 – 0.33 

Age      -0.08 -0.13 – -0.03  Age      -0.02 -0.08 – 0.03 

Ethnicity       -0.07 -0.21 – 0.07  Ethnicity         0.36   0.21 – 0.51 

Cannabis use         0.10 -0.04 – 0.24  Cannabis use       -0.04 -0.19 – 0.12 

Sleep disturbance        0.34   0.31 – 0.38  Sleep disturbance      -0.02 -0.05 – 0.02 

Significant life events        0.10   0.07 – 0.14  Significant life events        0.15   0.12 – 0.19 

Socio-economic status        0.08   0.05 – 0.12  Socio-economic status        0.01 -0.02 – 0.05 

Prenatal maternal smoking      0.01 -0.10 – 0.11  Prenatal maternal smoking      0.00 -0.12 – 0.11 
               

Hallucinations .014    .145   
 Anhedonia .004    .083   

Tobacco (ref: non-smokers)        Tobacco (ref: non-smokers)       

      Occasional smokers  0.19 0.09 – 0.29     0.07 -0.04 – 0.18      Occasional smokers  -0.14 -0.24 – -0.04   -0.12 -0.23 – -0.01 

      Regular smokers  0.48 0.33 – 0.62     0.24   0.06 – 0.41      Regular smokers  0.17 0.03 – 0.32     0.16 -0.02 – 0.34 

Sex       -0.10 -0.16 – -0.03  Sex         0.49   0.42 – 0.56 

Age      -0.09 -0.14 – -0.04  Age      -0.01 -0.06 – 0.04 

Ethnicity         0.11 -0.03 – 0.26  Ethnicity         0.00 -0.15 – 0.15 

Cannabis use         0.11 -0.04 – 0.25  Cannabis use         0.01 -0.14 – 0.16 

Sleep disturbance        0.32   0.28 – 0.35  Sleep disturbance        0.14   0.11 – 0.18 

Significant life events        0.12  0.08 – 0.15  Significant life events      -0.11 -0.15 – -0.07 

Socio-economic status      -0.03 -0.07 – 0.00  Socio-economic status        0.02 -0.02 – 0.06 

Prenatal maternal smoking    -0.03 -0.14 – 0.07  Prenatal maternal smoking      0.01 -0.11 – 0.12 
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Table 3.2 (continued) 

 Unadjusted model  Adjusted model   Unadjusted model  Adjusted model 
 R2  95% CI  R2  95% CI   R2  95% CI  R2  95% CI 

Cognitive disorganization .025    .226   
 Negative symptomsa .011    .052   

Tobacco (ref: non-smokers)        Tobacco (ref: non-smokers)       

    Occasional smokers  0.20 0.10 – 0.30     0.09 -0.02 – 0.19      Occasional smokers  -0.06 -0.16 – 0.04   -0.06 -0.18 – 0.05 

    Regular smokers  0.68 0.54 – 0.83     0.34   0.17 – 0.50      Regular smokers    0.45   0.30 – 0.59     0.23   0.04 – 0.41 

Sex)      -0.30 -0.37 – -0.24  Sex         0.19   0.12 – 0.26 

Age      -0.05 -0.10 – -0.00  Age      -0.10 -0.15 – -0.04 

Ethnicity         0.02 -0.11 – 0.16  Ethnicity         0.06 -0.09 – 0.21 

Cannabis use         0.06 -0.08 – 0.20  Cannabis use         0.05 -0.10 – 0.21 

Sleep disturbance        0.40   0.36 – 0.43  Sleep disturbance        0.14   0.10 – 0.18 

Significant life events        0.06   0.02 – 0.09  Significant life events      -0.02 -0.06 – 0.02 

Socio-economic status      -0.08 -0.11 – -0.04  Socio-economic status      -0.13 -0.17 – -0.09 

Prenatal maternal smoking      0.03 -0.08 – 0.13   Prenatal maternal smoking      0.13   0.01 – 0.24 

Note: Significance at p <.05 is shown in bold; Adjusted R2 reported for adjusted models; Reference group for sex: ‘female’, for ethnicity: ‘white’, for cannabis 

use: ‘no’ and for prenatal maternal smoking: ‘no’. Unadjusted model results: Paranoia (F(2;3600)=30.33, p<.001), hallucinations (F(2;3604)=25.61, 

p<.001), cognitive disorganization (F(2;3603) = 46.86, p<.001), grandiosity (F(2;3602) = 4.52, p = .011), anhedonia (F(2;3601) = 6.86, p = .001) and 

parent-rated negative symptoms (F(2;3580)=19.49, p<.001); Adjusted model results: Paranoia (F(10;2985) = 57.88, p<.001), hallucinations (F(10;2989) = 

51.86, p<.001), cognitive disorganization (F(10;2989) = 88.65, p<.001), grandiosity (F(10;2989) = 15.56, p<.001), anhedonia (F(10;2986) = 28.02, p<.001) 

and parent-rated negative symptoms (F(10;2970) = 17.30, p<.001). 

aparent-rated.
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Table 3.3 Sensitivity analyses: Generalized estimating equation models that include related siblings showing tobacco use as a predictor of 

psychotic experiences 

 Unadjusted model  Adjusted model    Unadjusted model  Adjusted model 
   95% CI    95% CI      95% CI    95% CI 

Paranoia          Grandiosity        

Tobacco (ref: non-smokers)         Tobacco (ref: non-smokers)       

    Occasional smokers 0.32 .23 - .41   0.15 .05 - .24       Occasional smokers -0.06 -.15 - .03   -0.07 -.17 - .03 

    Regular smokers 0.48 .33 - .64   0.17 .00 - .35       Regular smokers 0.14 -.01 - .29   0.04 -.16 - .24 

Sex      0.00 -.06 - .07   Sex      0.27 .20 - .33 

Age     -0.10 -.15 - -.05   Age     -0.01 -.06 - .04 

Ethnicity      -0.14 -.28 - .00   Ethnicity      0.26 .11 - .41 

Cannabis use      0.10 -.04 - .24   Cannabis use      0.06 -.09 - .21 

Sleep disturbance     0.35 .31 - .38   Sleep disturbance     -0.04 -.07 - 0 

Significant life events     0.09 .06 - .13   Significant life events     0.15 .12 - .19 

Socio-economic status     0.07 .03 - .10   Socio-economic status     0.01 -.03 - .05 

Prenatal maternal smoking    0.01 -.09 – .11   Prenatal maternal smoking    -0.03 -.14 - .08 
                

Hallucinations          Anhedonia        

Tobacco (ref: non-smokers)         Tobacco (ref: non-smokers)       

      Occasional smokers 0.22 .13 - .32   0.09 -.01 - .19       Occasional smokers 0 -.10 - .09   -0.01 -.12 - .09 

      Regular smokers 0.42 .26 - .59   0.21 .02 - .40       Regular smokers 0.20 .02 - .38   0.18 -.03 - .39 

Sex      -0.03 -.09 - .04   Sex      0.51 .44 - .58 

Age     -0.09 -.14 - -.04   Age     -0.05 -.10 - .00 

Ethnicity      0.07 -.07 - .21   Ethnicity      -0.02 -.18 - .14 

Cannabis use      0.00 -.16 - .16   Cannabis use      0.07 -.08 - .22 

Sleep disturbance     0.33 .30 - .36   Sleep disturbance     0.12 .08 - .16 

Significant life events     0.11 .07 - .14   Significant life events     -0.11 -.14 - -.07 

Socio-economic status     -0.03 -.07 - .00   Socio-economic status     0.00 -.03 - .04 

Prenatal maternal smoking    0.00 -.10 – .11   Prenatal maternal smoking    0.04 -.07 - .16 
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Table 3.3 (continued) 

 Unadjusted model  Adjusted model    Unadjusted model  Adjusted model 
   95% CI    95% CI      95% CI    95% CI 

Cognitive disorganization          Negative symptomsa        

Tobacco (ref: non-smokers)         Tobacco (ref: non-smokers)       

    Occasional smokers 0.30 .20 - .39   0.15 .05 - .24       Occasional smokers -0.04 -.14 - .05   -0.07 -.18 - .03 

    Regular smokers 0.59 .43 - .74   0.24 .08 - .40       Regular smokers 0.52 .35 - .70   0.28 .07 - .49 

Sex      -0.27 -.33 - -.21   Sex      0.17 .09 - .24 

Age     -0.05 -.10 - -.01   Age     -0.12 -.18 - -.06 

Ethnicity      -0.01 -.16 - .13   Ethnicity      0.05 -.12 - .22 

Cannabis use      0.05 -.08 - .19   Cannabis use      0.10 -.06 - .25 

Sleep disturbance     0.39 .36 - .42   Sleep disturbance     0.14 .10 - .17 

Significant life events     0.05 .02 - .08   Significant life events     -0.03 -.06 - .01 

Socio-economic status     -0.06 -.10 - -.03   Socio-economic status     -0.11 -.15 - -.07 

Prenatal maternal smoking    0.04 -.05 - .14   Prenatal maternal smoking    0.15 .02 - .27 

Note: Both twins included in Generalized Estimating Equation (GEE) models; GEE models were conducted in the drgee() package for R; Reference group 

for sex: ‘female’, for ethnicity: ‘white’, for cannabis use: ‘no’ and for maternal smoking during pregnancy: ‘no’; aParent-rated.  
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3.4 Discussion 

This chapter investigated the relationship between PE and tobacco use in a large 

adolescent sample and established that associations between tobacco use and specific 

types of PE were present during adolescence and remained for most PE after controlling 

for several covariates.  

The finding that tobacco use is associated with PE in adolescents is in line with 

previous findings. Gage et al. (2014) found an association between tobacco at age 16 and 

PE at age 18 after controlling for cannabis use, familial depression, maternal education, 

IQ, bullying and childhood psychosocial issues. McGrath et al. (2016) reported that 

those who commenced smoking before the age of 15 were more likely to have 

experienced hallucinations at age 21 years. The current chapter found similar evidence 

while accounting for confounders not previously considered, specifically sleep 

disturbance and SLE.  

Tobacco use predicted PE to a lesser extent after including covariates, and 

adjusted models explained more variation in PE than models for tobacco use only. For 

example, after including covariates the effect sizes of regular smoking on paranoia, 

hallucinations, cognitive disorganization and negative symptoms approximately halved. 

Therefore, some of the associations between tobacco use and PE were attributable to the 

covariates tested, most notably to sleep disturbance. Considering these results and 

known aetiological association between PE and sleep disturbance (M. J. Taylor et al., 

2015), future studies could explore the relationship between PE, tobacco use and sleep 

disturbance.  

The study reported in this chapter found regular smoking to be associated with 

paranoia, hallucinations, cognitive disorganization and parent-rated negative 

symptoms, the latter two being less commonly studied compared to positive PE. The 

relationship between tobacco use and anhedonia diverged from this trend. Occasional 

smoking appears to be associated with lower anhedonia, but regular smoking, albeit not 

significantly, with higher anhedonia. Perhaps adolescents who experimented with 
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tobacco, but not those who habitually smoked were more likely to engage in pleasure-

seeking behavior. Negative symptoms were parent-rated while anhedonia self-rated, 

which may partly account for different effect sizes between these two negative symptom 

scales. 

Untangling the effects of tobacco and cannabis on PE has proven challenging, 

not least because almost all cannabis users concurrently consume tobacco whether they 

are cigarette smokers or not. This chapter found that while tobacco use during 

adolescence predicted PE, cannabis use did not. There are similar findings in other 

samples: Mackie et al. (2011) found that tobacco but not cannabis use had a predictive 

association with the developmental trajectories of PE during adolescence. Because most 

cannabis users also use tobacco, many studies primarily interested in the relationship 

between cannabis and PE have arguably not been able to adequately control for the 

confounding effects of tobacco. Interestingly, a previous TEDS study concluded that PE 

and cannabis use cooccurred due to shared environmental factors (Shakoor et al., 2015). 

In the current analyses, this chapter controlled for confounding by several other 

(environmental) factors which may explain why cannabis use did not predict PE here. 

However, as is the case with most studies, a binary variable for cannabis use was used in 

the analyses presented in this chapter. Binary definitions of cannabis use have been 

shown to be less accurate in predictive models than more detailed measures that capture 

the frequency of cannabis use (Gage et al., 2014). 

To our knowledge, no other investigations into the association between 

adolescent smoking and PE have considered maternal smoking during pregnancy. 

Maternal smoking may have implications for prenatal neurodevelopment and familial 

effects influencing offspring behaviour (Curtis, 2017). In the findings from this chapter, 

adolescent smoking, but not maternal smoking during pregnancy, predicted most PE 

with one exception: Maternal smoking predicted higher scores on the negative 

symptoms subscale. It is important to note that unlike the other PE types, negative 

symptoms were parent-rated (mostly by mothers) and as such correlated rater effects 

cannot be ruled out.  



93 
 

This is the first report that considered possible confounding by sleep disturbance 

on the association between PE and tobacco use. Sleep disturbance stood out as the 

strongest predictor in fully adjusted models for paranoia, hallucinations and cognitive 

disorganisation, suggesting it may be promising target for interventions. A recent study 

found that an intervention aimed at improving sleep can reduce PE (Reeve et al., 2018). 

The study presented in this chapter was not designed to assess nicotine 

dependency since never-smokers, for whom susceptibility to dependency is unknown, 

were included in the tobacco use measure. It is known that there may be some 

etiological differences between smoking initiation and nicotine dependency (Vink et al., 

2005). Another limitation is that attrition bias cannot be ruled out because participating 

families were more likely to report higher socio-economic status than non-participating 

families. 

Adolescent tobacco use is modifiable risk factor. Understanding the nature of 

the association between PE, a possible early manifestation of psychiatric disorder in 

some, and tobacco use, is of great interest. This chapter contributed to the field by 

showing that significant associations exist between specific PE domains and tobacco use 

in mid-adolescence even after accounting for key confounding factors. 
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3.5 Appendix 

Supplementary Table 3.1 Comparison between participating and non-participating 

families 

Note: Obtained at first contact when the twins were aged 18 months; Higher qualification 

defined as those who have post-school qualifications (usually after the age of 18) including 

higher diploma/certificate, undergraduate or post-graduate degrees; d = Cohen’s d where 

small effect d = .2, medium d = .5 and large d = .8; φc = Phi, an estimation of effect size 

appropriate for Chi-square tests with small effect φc = .1, medium φc = .3 and large φc = .5.

  
Participating  Non-participating     

N Mean (SD)  N Mean (SD)  t-test d p 

Socio-economic status 3695 0.25 (0.98)  3722 -0.09 (0.97)  -15.09 .35 <.001 

Natural mother’s age at birth of twins 3943 31.47 (4.57)  4290 30.60 (4.96)  -8.27 .18 <.001 

Natural father’s age at birth of twins 3651 33.84 (5.67)  3757 33.30 (5.95)  -3.99 .09 <.001 

          

 N %  N %  2 φc p 

Ethnicity of twins       15.18 .04 <.001 

   White 3726 93.45%  3996 91.15%     

   Other 261 6.55%  388 8.85%     

Proportion with cohabiting parents 3738 93.54%  3895 88.58%  64.29 .09 <.001 

Has higher qualification          

   Mothers 1172 29.72%  863 19.98%  104.72 .11 <.001 

   Fathers 1473 40.06%  1073 28.33%  113.78 .12 <.001 

Mother’s employment status       54.48 .08 <.001 

   Unemployed 397 10.00%  662 15.20%     

   Employed 1888 47.56%  1866 42.84%     

   Staying home to look after children 1685 42.44%  1828 41.96%     

Father’s employment status       23.13 .06 <.001 

   Unemployed 154 4.13%  251 6.53%     

   Employed 3499 93.86%  3503 91.08%     

   Staying home to look after children 75 2.01%  92 2.39%     
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Supplementary Table 3.2 Summary statistics and skew statistics before and after square-root transformation 

 Before data transformation  After square-root data transformation 

 Mean (SD) Median Skew Kurtosis  Mean (SD) Median Skew Kurtosis 

Paranoia 11.70 (10.54) 9.00 1.71 3.99  3.05 (1.55) 3.00 0.21 0.15 

Hallucinations 4.56 (6.07) 2.00 2.16 5.82  1.63 (1.38) 1.41 0.60 -0.21 

Cognitive disorganization 3.90 (2.83) 4.00 0.47 -0.62  - - - - 

Grandiosity 5.41 (4.52) 4.00 1.17 1.33  2.07 (1.05) 2.00 -0.09 -0.25 

Anhedonia 16.31 (7.79) 16.00 0.46 0.05  - - - - 

Negative symptoms 2.86 (3.88) 1.46 2.29 6.69  1.26 (1.13) 1.21 0.56 -0.27 

Sleep disturbances 5.48 (2.69) 5.10 0.87 0.87  - - - - 

Stressful life events 2.31 (1.74) 2.00 1.25 4.06  1.37 (0.67) 1.41 -0.46 0.20 
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Supplementary Table 3.3 Frequency of tobacco use by tobacco group 

 Non-smokers  
Occasional 
(<50  
cigarettes) 

 
Regular  
(≥50  
cigarettes) 

Smoking frequency n %  n %  n % 

Never tried smoking 2789 93.43   -  -   -  - 

Tried once or twice 161 5.39  294 67.43  0 0.00 

Used to smoke but not now 23 0.77  53 12.16  20 10.58 

Less than one a week 0 0.00  57 13.07  26 13.76 

1-6 a week 0 0.00  6 1.38  10 5.29 

more than 6 a week but not daily 0 0.00  1 0.23  7 3.70 

One or more every day 0 0.00  3 0.69  112 59.26 

No information on smoking 

frequency 
12 0.40  22 5.05  14 7.41 

Total: 2985 100.00  436 100.00  189 100.00 
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Supplementary Table 3.4 Correlation matrix between psychotic experiences subscales and covariates 
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Paranoia 1              

Hallucinations    .46** 1             

Cognitive disorganisation    .42**    .44** 1            

Grandiosity    .10**    .18**   .04* 1           

Anhedonia    .08** .03 .01   -.19** 1          

Negative symptoms    .14**    .11**    .25** -.02    .12** 1         

Tobacco use    .18**    .16**    .20**   .06* 0    .08** 1        

Age -.02   -.01 .01 .02 -.02   -.05**    .19** 1       

Ethnicity -.01  -.09* -.06*   -.20** .02 -.01   .11*  -.06* 1      

Cannabis    .19**    .17**    .17**   .06* .04    .10**    .83**    .17** .01 1     

Sleep disturbance    .37**    .35**    .43** -.01    .11**    .13**    .17**    .06** -.05    .17** 1    

Stressful life events    .16**    .17**    .13**    .16**   -.09** .01    .32**    .19**   -.13**    .39**    .14** 1   

SES    .07** -.04*   -.08** -.02 .03   -.13** -.04   -.07** .05 .05 .02   -.05** 1  

Prenatal maternal smoking .05   .07*    .11** 0 -.01    .17**    .31** .04 .08    .26**    .07*    .10**   -.39** 1 

Note: Pearson correlation reported between two continuous variables; Polyserial correlations conducted between ordinal-continuous variables; 

Tetrachoric/polychoric correlations reported between two ordinal variables. Continuous scales were square-root transformed to have skew statistics 

ranging from -1 to 1 prior to analyses; SES=socio-economic status; *p < .05; **p >.005  
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Chapter 4: A Twin Study on the Shared Genetic and 

Environmental Influences on Psychotic Experiences and 

Tobacco Use During Adolescence 

 

4.1 Introduction 

The systematic literature review provided in Chapter 2 reported a lack of evidence 

regarding the degree to which PE and tobacco use may share genetic or environmental 

influences. 

While tobacco might be considered an environmental exposure, twin studies 

estimate significant heritability of tobacco use during adolescence (36-60%) (Bares et al., 

2015; Hopfer, Crowley, & Hewitt, 2003; Koopmans et al., 1999; Maes et al., 1999; 

McGue, Elkins, & Iacono, 2000). It is therefore important to consider both genetic and 

environmental influences when investigating the association between adolescent PE and 

tobacco use. Twin studies on PE indicate genetic and unique environmental influences 

as important while common environmental influences are small or negligible (Ronald, 

2015).  

The twin design is a paradigm ideally suited to investigate the association 

between behavioral traits and specific environmental factors such as tobacco use that are 

themselves under genetic influence (Plomin & Bergeman, 1991). The classic twin design 

assumes that variance in each phenotype consists of genetic and environmental 

components. It aims to disentangle these genetic and environmental influences by 

comparing identical (or monozygotic; MZ) and fraternal (or dizygotic; DZ) twin 

siblings on their resemblance. If genetic influences are involved in the expression a 

phenotype, genetically identical siblings will be more similar compared to first-degree 

relatives (fraternal twins) who share on average half their segregating genetic makeup. 

Bivariate twin analysis extends this logic to deduce the genetic and environmental 

components on the covariance between two phenotypes (Purcell, 2008).  
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The aim of this chapter was to test the degree to which shared genetic and 

environmental influences underlie the association between adolescent PE and tobacco 

smoking.  

 

4.2 Methods 

4.2.1 Sample 

Twin analyses were performed on data from the same 3,941 participating families from 

the Twins Early Development Study (TEDS) as descripted in Chapter 3. Zygosity was 

determined using a parent-rated measure and confirmed using DNA testing in 

ambiguous cases (Haworth et al., 2013). The sample, after exclusions (see section 3.2.1 

of Chapter 3), consisted of 1,345 monozygotic (MZ; 43.8% male) and 1,228 same-sex 

dizygotic (DZ) pairs (44.5% male). Opposite sex DZ pairs (1,214) were not included due 

to limited power in bivariate twin models to test for qualitative sex differences in 

categorical data (Neale et al., 2016).   

4.2.2 Measures 

The measures for adolescent PE and tobacco use was described in Chapter 3. In brief, six 

PE subscales were assessed using the Specific Psychotic Experiences Questionnaire 

(SPEQ) (Ronald et al., 2014) including paranoia, hallucinations, grandiosity, parent-

rated negative symptoms, anhedonia and cognitive disorganization. Prior to performing 

bivariate twin models, scores on paranoia, hallucinations, grandiosity and parent-rated 

negative symptoms were square-root transformed to reduce skew, and all scales were 

standardized. 

As per in Chapter 3, a three-level tobacco use variable was created to indicate 

non-smokers (those who never smoked or have not smoked in the past year), occasional 

smokers (<50 lifetime cigarettes) and regular smokers (≥50 lifetime cigarettes). For 

smoking frequency by group, see Supplementary Table 3.3 provides a breakdown of 

smoking frequencies for the tobacco use groups. 
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4.2.3 Structural equation twin modelling  

The twin design enables individual differences to be decomposed into genetic and 

environmental components. If a trait is heritable, MZ within-pair similarity is higher 

than DZ similarity. Shared environmental influences make children growing up in the 

same family similar as indexed by DZ within-pair similarity being greater than half MZ 

within-pair similarity. Nonshared environmental influences make children growing up 

in the same family different, present where MZ within-pair similarity is less than unity.  

Structural equation twin modelling was conducted in OpenMx 2.0 (Neale et al., 

2016) for R (R Core Team, 2018). The effects of sex and age were regressed out of SPEQ 

scales after normalization. Twin models were fitted if the correlation between PE and 

tobacco use was >.15 to allow for enough covariance to be decomposed into genetic and 

environmental influences. Liability-threshold models, which assume an underlying 

normal distribution to ordinal data, were fitted for univariate tobacco use models. For 

bivariate analyses, joint ordinal-continuous twin models were fitted that modelled 

liability to tobacco use and variation in PE.  

Twin correlations were calculated using intraclass correlations. Saturated 

models, constraining means, thresholds and phenotypic correlations across twin order, 

were run between PE and tobacco use to calculate cross-twin cross-trait (CTCT) and 

phenotypic polyserial correlations. Saturated models provide a full description of the 

data. ACE models, which decompose variance/covariance into genetic (A), common 

environmental (C) and unique environmental (E) influences were compared to 

saturated models. Subsequently, statistical significance of the variance components was 

tested by systematically fixing each to zero in sub-models (while retaining E because it 

contains residual error) and comparing to the full ACE model. The most parsimonious 

model is preferred and was identified if a likelihood-ratio test at p < .05 indicated a not 

significantly worse fit compared to full model and based on the lowest Akaike 

Information Criterion (AIC) (Neale et al., 2016). 
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The bivariate ACE model generates the following useful statistics. The extent to 

which the same genes or environments influence PE and tobacco use was estimated 

from the genetic correlations (rA), shared environmental correlations (rC) and unique 

environmental correlations (rE).  The bivariate heritability (biva2) and equivalent 

bivariate values for shared (bivc2) and unique environments (bive2) provided estimates 

of the degree to which the covariation between tobacco use and PE was explained by A, 

C and E, respectively. These values were divided by the phenotypic correlations to 

calculate the proportion of the covariance explained by genetic and environmental 

influences.  

 

4.3 Results 

Phenotypic correlations (Table 4.1) were sufficiently large (>.15) to run bivariate models 

between tobacco use and paranoia, hallucinations and cognitive disorganization.  

Univariate MZ twin correlations (Table 4.1) were higher than DZ correlations 

for tobacco use, paranoia, hallucinations and cognitive disorganization, which implied 

genetic influences (A). Common environmental influences (C) were indicated for 

hallucinations and tobacco use, and somewhat for paranoia, because DZ correlations 

were greater than half the MZ correlations, but not for cognitive disorganization. 

Unique environmental influences (E) were indicated for all measures because MZ 

correlations were < 1.  

A full ACE liability-threshold model was indicated for tobacco use (Table 4.2) 

with A = .32 (CI: .17-.49), C = .51 (.36-.64) and E = .17 (.13-.29). As such, a third of the 

variance in tobacco use was explained by genetic influences and half due to common 

environment. Univariate models for SPEQ subscales have been published previously 

from the TEDS sample (Shakoor et al., 2015) showing genetic (A = .27-.54) and 

nonshared environmental (E = .12-.50) influences explain most variation in PE. Cross-

twin cross-trait (CTCT) correlations (Table 4.1) were higher in MZ than DZ pairs, 

indicating A on the covariance between PE and tobacco use. DZ CTCT correlations 
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were greater than half that of MZ correlations for paranoia and hallucinations (but not 

for cognitive disorganization), implicating C influences on covariation. Some E 

influences on the covariation between tobacco use with paranoia, hallucinations and 

cognitive disorganization were suggested since MZ CTCT correlations were lower than 

phenotypic correlations. 

Fit statistics for bivariate models are shown in Table 4.3 with grey shading 

indicating the parameters from the most parsimonious models. The fit statistics 

indicated that, compared to saturated models, ACE models did not fit significantly 

worse. Partial-AE models, in which C parameters were dropped for PE and for 

covariance paths between tobacco and PE (C was retained for tobacco because 

univariate results indicated that C influences tobacco use), were compared to the full 

ACE models. Partial-AE models did not fit significantly worse than ACE models for 

tobacco use with both paranoia and cognitive disorganization. Partial-AE models 

dropping genetic correlations had significantly worse fits compared to ACE models.  

For tobacco use and hallucinations, ACE models dropping either rA or rC, but 

not both, were not significantly worse in terms of fit compared to the full ACE model. 

AIC values for the ACE models that dropped either rA or rC were equally low and could 

not be distinguished in terms of fit. These results indicated overlapping familial (genetic 

and/or shared environmental) influences between tobacco use and hallucinations. Thus, 

the full ACE model is reported.  

The bivariate statistics and genetic and environmental correlations for the most 

parsimonious models (shown in grey shading) and full ACE models are shown in Table 

4.4. Corresponding path diagrams for the most parsimonious models are displayed in 

Figure 4.1. The results suggested significant genetic overlap between tobacco use with 

paranoia (rA =.37) and with cognitive disorganization (rA =.45), no shared 

environmental overlap and modest overlapping unique environmental influences (rE 

=.09-.12). As a proportion of the phenotypic correlations (Table 4.1), genetic influences 

accounted for 84% of the covariance between tobacco use and paranoia and 81% 

between tobacco use and cognitive disorganization. The ACE model for hallucinations 
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and tobacco indicated familial influences (A or C) accounted for 80% of the phenotypic 

correlation.  

Sensitivity analyses employing a dichotomous definition of tobacco use 

corroborated these findings (see Supplementary Table 4.1, Supplementary Table 4.2 and 

Supplementary Figure 4.1). In these models, non-smokers were defined as those who 

have never smoked or smoked less than 50 lifetime cigarettes. Smokers were those who 

smoked 50 or more lifetime cigarettes and who have smoked in the past year. The 

advantage of using a binary definition of tobacco use was that it allowed for higher 

correlation estimates between some PE and tobacco use which resulted in high enough 

covariance between negative symptoms and tobacco use to be decomposed into A, C 

and E. The disadvantage of binary variables in joint ordinal-continuous bivariate twin 

models is that fewer levels in ordinal variables results in a loss of statistical power. 
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Table 4.1 Phenotypic correlations and univariate and bivariate twin correlations 

 Tobacco       

Phenotypic correlations r CI       

Paranoia .19 .15 - .24       

Hallucinations .15 .11 - .20       

Cognitive disorganization .21 .16 - .25       

Grandiosity and delusions .01 -.03 - .05       

Negative symptomsa  .10 .06 - .15       

Anhedonia .05 .01 - .09       

 MZ     DZ   

Twin correlations r CI  r CI 

Paranoia .53 .49 - .56   .30 .25 - .35 

Hallucinations .43 .38 - .47   .29 .24 - .34 

Cognitive disorganization .46 .41 - .50   .22 .17 - .28 

Tobacco .82 .76 - .87   .68 .60 - .75 

 
Cross-twin cross-trait correlations (psychotic experiences and tobacco) 

Paranoia .15 .10 - .20   .12 .06 - .17 

Hallucinations .11 .06 - .16   .08 .03 - .14 

Cognitive disorganization .18 .13 - .22   .11 .05 - .16 

Note: DZ = dizygotic twins; MZ = monozygotic twins. aParent-rated. 
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Table 4.2 Univariate liability threshold model results for tobacco use 

Note: Δdf = difference in degrees of freedom comparing each model to the base model; Δ-

2LLlog-likelihood ratio chi-square test comparing the -2LL fit of each model to the -2LL 

fit of the base model; -2LL= minus 2 log-likelihood; A = additive genetic influences; AIC = 

Akaike's Information Criterion (lower values reflect a better fit); Base = comparison model 

(full ACE compared to saturated models and sub models compared to full ACE); C = 

common environmental influences; E = unique environmental influences; df = degrees of 

freedom; EP = number of estimated parameters; Sub 1 = Submodel with equal thresholds 

across twin order; Sub 2 = Submodel with equal thresholds across twin order and zygosity; 
amost parsimonious model. 

 

 

 

     
Model fit 

          Parameters for most 
parsimonious model 

Model Base EP  -2LL df AIC -2LL df p A (CI) C (CI) E (CI) 

Sat  - 10 4755.55 4894 -5032.45 - - - - - - 

Sub 1 Sat 6 4757.02 4898 -5038.98 1.47 4 0.650 - - - 

Sub 2 Sat 4 4758.86 4900 -5041.14 3.31 6 0.202 - - - 

ACEa Sat 5 4758.86 4901 -5043.14 3.31 7 0.860 

.32 

(.17-

.49) 

.51 

(.36-

.64) 

.17 

(.13-

.21) 

AE ACE 4 4792.97 4902 -5011.03 34.12 1 <.001 - - - 

CE ACE 4 4776.80 4902 -5027.20 17.94 1 <.001 - - - 

E ACE 3 5266.30 4903 -4539.70 507.44 2 <.001 - - - 
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Table 4.3 Fit statistics for bivariate twin models of tobacco use and psychotic experiences 

       Model fit       
 

  

  Model Base EP  -2LL df AIC -2LL df p 

Paranoia Saturated  - 13 18583.63 9990 -1396.37 - - - 

  ACE Sat 12 18585.27 9993 -1400.73 1.64 3 .650 

  AE (retained C for tobacco)a ACE 10 18588.47 9995 -1401.53 3.20 2 .202 

  ACE dropped rA ACE 11 18587.60 9994 -1400.40 2.33 1 .127 

  ACE dropped rC ACE 11 18587.21 9994 -1400.79 1.94 1 .164 

  ACE dropped rA and rC ACE 10 18626.77 9995 -1363.23 41.50 2 <.001 

  AE dropped rA ACE 9 18628.58 9996 -1363.42 43.31 3 <.001 
                

Hallucinations Saturated  - 13 18696.66 9960 -1223.34 - - - 

  ACEa Sat 12 18698.42 9963 -1227.58 1.76 3 .624 

  AE (retained C for tobacco) ACE 10 18706.94 9965 -1223.06 8.52 2 .014 

  ACE dropped rA
b ACE 11 18699.63 9964 -1228.37 1.21 1 .272 

  ACE dropped rC
b ACE 11 18699.38 9964 -1228.62 0.96 1 .327 

  ACE dropped rA and rC ACE 10 18720.89 9965 -1209.11 22.47 2 <.001 
                

Cognitive  
disorganisation 

Sat  - 13 18734.01 9990 -1245.99 - - - 

ACE Sat 12 18735.12 9993 -1250.88 1.11 3 .775 

  AE (retained C for tobacco)a ACE 10 18735.36 9995 -1254.64 0.24 2 .886 

  ACE dropped rA ACE 11 18741.80 9994 -1246.20 6.68 1 .010 

  ACE dropped rC ACE 11 18735.36 9994 -1252.64 0.24 1 .623 

  ACE dropped rA and rC ACE 10 18784.06 9995 -1205.94 48.94 2 <.001 

  AE dropped rA ACE 9 18784.06 9996 -1207.94 48.94 3 <.001 

Note: Δdf = difference in degrees of freedom; Δ-2LLlog-likelihood-ratio chi-square test comparing each model to the base; -2LL = minus 2 log-likelihood; A = additive genetic 

influences; AIC = Akaike's Information Criterion; Base = comparison model; Biva2=bivariate heritability; Bivc2=bivariate common environments; Bive2=bivariate unique environment; 

C = common environmental influences; df = degrees of freedom;  E = unique environmental influences; EP = estimated parameters; rA = genetic correlation; rC = common environmental 

correlation; rE = unique environmental correlation; amost parsimonious model (also indicated by grey shading); bACE models with dropped rA or rC indistinguishable in terms of fit and 

reported full ACE model results.
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Table 4.4 Bivariate statistics from full ACE models and best-fitting models for tobacco use and psychotic experiences 

  
    Bivariate statistics from ACE and models with lowest AIC.  

95% confidence intervals in brackets 

  Model   Biva2 Bivc2 Bive2 rA rC rE 

Paranoia ACE   .09 (-.02-.20) .07 (-.01-.17) .04 (.01-.07) .23 (.01-.52) .36 (-.70-1.00) .13 (.02-.07) 

  AE (retained C for tobacco)a   .16 (.11-.21)  - .03 (-.01-.06) .37 (.25-.53)  - .11 (-.01-.21) 

                  

Hallucinations ACE   .07 (-.05-.19) .05 (-.05-.15) .04 (0-.07) .23 (-.19-.64) .17 (-.20-.54) .12 (.01-.24) 

  ACE dropped rA
b    - .10 (.06-.14) .05 (.02-.08)  - .34 (.19-.63) .16 (.06-.25) 

  ACE dropped rC
b   .12 (.07-.17)  - .03 (-.01-.06) .40 (.23-.67)  - .10 (-.01-.20) 

                  

Cognitive disorganisation 

  

ACE   .15 (.04-.26) .02 (-.07-.12) .03 (-.01-.06) .38 (.10-.69) .99 (-1-NAc) .10 (-.02-.21) 

AE (retained C for tobacco)a   .17 (.13-.22)  - .03 (-.01-.06) .45 (.31-.64)  - .09 (-.02-.19) 

Note: A = additive genetic influences; Biva2 = bivariate heritability; Bivc2 = bivariate common environments; Bive2 = bivariate unique environment; C = 

common environmental influences; E = unique environmental influences; rA = genetic correlation; rC = common environmental correlation; rE = unique 

environmental correlation; amost parsimonious model (also indicated by grey shading); bACE models with dropped rA or rC indistinguishable in terms of fit and 

thus reported full ACE model results; cUpper confidence interval not estimated likely because there was no common environmental influences on cognitive 

disorganization with implications for the estimate of rC. 
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Figure 4.1 Path diagrams and parameter estimates for most parsimonious models: Psychotic experiences and tobacco use 

Note: 95% CI displayed in brackets. Dashed lines indicate non-significant correlations. A = additive genetic influences; C = common environmental 

influences; E = unique environmental influences; rA = genetic correlation; rC = common environmental correlation; rE = unique environmental correlation.
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4.4 Discussion 

This chapter reported findings from the first twin study to investigate the degree to 

which genetic and environmental influences explain the association between tobacco 

use and PE. Tobacco use was associated with paranoia and cognitive disorganization 

largely due to overlapping genetic influences. Tobacco use was associated with 

hallucinations due to familial influences that may include genes and shared 

environment. 

The results reported here suggest that some of the same genetic factors that 

influence tobacco use in adolescents also influence PE. These results may also indicate 

gene-environment correlations where the genetic factors that influence PE create 

environments that make tobacco use more likely, and vice versa. Although the genetic 

correlation could indicate a causal association between PE and tobacco use in either 

direction, this was beyond the scope of this chapter.  

Another finding was that 50% of variation in adolescent tobacco use was due to 

common environmental influences and a third due to additive genetics. Twin studies 

have previously investigated the heritability of adolescent smoking (Hopfer et al., 2003).  

Estimates of heritability and environmental influences can change over time and are 

context and population specific (Turner, Cardon, & Hewitt, 2013). Anti-smoking 

regulations, legislation and social attitudes toward smoking have changed rapidly over 

recent years.  Between the early 2000s and the current study, the UK has banned 

smoking in public places, increased the legal age for purchasing tobacco products, 

introduced bold health warnings on tobacco products, restricted advertising, increased 

prices and made nicotine replacement therapies more accessible (ASH, 2017). 

Therefore, the twin results reported in this chapter provides an updated estimation of 

the relative contribution of genetic and environmental influences on adolescent 

smoking since these changes in policy in the UK.  

The association between PE and tobacco use was significant and modest, and 

findings should be viewed in this context. It was not possible to distinguish between 
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genetic and common environmental influences shared between tobacco use and 

hallucinations, likely because the phenotypic correlation was lower than for the other 

bivariate models. Low phenotypic correlations also meant that it was not possible to 

perform bivariate models between tobacco with grandiosity, anhedonia and parent-

rated negative symptoms.  

A consideration is the operationalization of the tobacco use variable used here. A 

three-level rather than a binary definition was chosen to improve power and to 

distinguish between the effects of regular and occasional smoking in line with previous 

studies (Gage et al., 2014; Saha et al., 2011). The twin models assume linearity between 

not smoking, occasional and regular smoking. The prior regression analyses reported in 

Chapter 3 showed a linear association between tobacco use with paranoia, 

hallucinations and cognitive disorganization, which supports this assumption.  It is 

noted that anhedonia showed a non-linear pattern which could be explored in future 

research.   

Findings from this chapter provided novel insights into the etiology of the 

covariation between some PE and tobacco use that may inform further molecular 

genetic studies and developmental models. Twin results do not include measured 

genotypes. Therefore, building on these findings, this thesis will explore the genome-

wide genetic overlap between smoking behavior and adolescent PE in Chapter 6.     
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4.5 Appendix 

Supplementary Table 4.1 Sensitivity analyses: Phenotypic correlations and 

univariate and bivariate twin correlations for binary tobacco use variable (non-

smokers and smokers) 

 

 

 

 

 

 

 

 

 

Note: Non-smokers defined as those who have never smoked or smoked less than 50 

lifetime cigarettes. Smokers were those who smoked 50 or more lifetime cigarettes and who 

have smoked in the past year. PE = psychotic experiences.  

aParent-rated 

 

 Tobacco       

Phenotypic correlations r CI       

Paranoia .17 .11 - .23       

Hallucinations .16 .10 - .22       

Cognitive disorganization .22 .16 - .28       

Grandiosity and delusions .08 .03 - .14       

Negative symptomsa  .22 .16 - .28       

Anhedonia .08 .03 - .14       

 MZ     DZ   

Twin correlations r CI  r CI 

Paranoia .53 .49 - .56   .30 .25 - .35 

Hallucinations .43 .38 - .47   .29 .24 - .34 

Cognitive disorganization .46 .41 - .50   .22 .17 - .28 

Tobacco .81 .80 - .83 
 

.54 .50 - .58 

 
Cross-twin cross-trait correlations (psychotic experiences and tobacco) 

Paranoia .16 .09 - .26   .10 .02 - .17 

Hallucinations .13 .06 - .20   .07 -.01 - .14 

Cognitive disorganization .20 .13 - .27   .10 .02 - .18 
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Supplementary Table 4.2 Sensitivity analyses: Bivariate statistics for psychotic 

experiences and binary tobacco use variable (non-smokers and smokers) 

 

Note: Saturated models constrained means, thresholds and phenotypic correlations across 

twin order. Non-smokers defined as those who have never smoked or smoked less than 50 

lifetime cigarettes. Smokers were those who smoked 50 or more lifetime cigarettes and who 

have smoked in the past year. -2LL = minus 2 log-likelihood; ; Δdf = difference in degrees 

of freedom compared to the base model; Δ-2LL = log-likelihood ratio chi-square test 

comparing the -2LL of each model to the -2LL fit of the base model; A = additive genetic 

influences; Base = comparison model; AIC = Akaike's Information Criterion (lower values 

reflect a more parsimonious and therefore preferred fit);  C = common environmental 

influences; df = degrees of freedom; E = unique environmental influences; EP = estimated 

parameters; rA=genetic correlation; rC=common environmental correlation; rE=unique 

environmental correlation; a most parsimonious model.

       Model fit           

  Model Base EP  -2LL df AIC -2LL df p 

Paranoia Saturated model  10 15445.00 9993 -4541.00    

  ACE Sat 11 15445.00 9994 -4543.00 0.01 1 0.999 

  AE (retained C for tobacco)a ACE 9 15446.78 9996 -4545.22 1.78 2 0.411 

  ACE dropped rA ACE 10 15447.58 9995 -4542.42 2.58 1 0.108 

  ACE dropped rC ACE 10 15445.17 9995 -4544.83 0.17 1 0.682 

  ACE dropped rA and rC ACE 9 15466.39 9996 -4525.61 21.39 2 <.001 

 AE dropped rA ACE 8 15468.29 9997 -4525.71 23.29 3 <.001 

Hallucinations Saturated model  10 15613.03 10001 -4388.97    

  ACE Sat 11 15613.03 10002 -4390.97 0.01 1 0.999 

  AE (retained C for tobacco) ACE 9 15621.10 10004 -4386.90 8.07 2 0.018 

  ACE dropped rA ACE 10 15614.98 10003 -4391.02 1.95 1 0.162 

  ACE dropped rC
 a ACE 10 15613.04 10003 -4392.96 0.01 1 0.929 

  ACE dropped rA and rC ACE 9 15625.36 10004 -4382.64 12.34 2 0.002 

Cognitive  
disorganization 

Saturated model  10 15583.50 9993 -4402.50    

ACE Sat 11 15583.62 9994 -4404.38 1.12 1 0.733 

  AE (retained C for tobacco) a ACE 9 15583.63 9996 -4408.38 0.01 2 0.998 

  ACE dropped rA ACE 10 15589.15 9995 -4400.85   5.53 1 0.019 

  ACE dropped rC ACE 10 15583.63 9995 -4406.38   0.01 1 0.944 

  ACE dropped rA and rC ACE 9 15615.04 9996 -4376.96 31.42 2 <.001 

  AE dropped rA ACE 8 15615.04 9997 -4378.96 31.42 3 <.001 

          

Negative Saturated model  10 14113.87 10003 -5892.13    

symptoms ACE a Sat 11 14113.87 10004 -5894.13 0.01 1 0.999 

(parent-rated) AE (retained C for tobacco)  ACE 9 14144.63 10006 -5867.37 30.76 2 <.001 

  ACE dropped rA ACE 10 14117.12 10005 -5892.88 3.25 1 0.072 

  ACE dropped rC ACE 10 14117.19 10005 -5892.81 3.32 1 0.069 

  ACE dropped rA and rC ACE 9 14162.75 10006 -5849.25 48.88 2 <.001 
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Supplementary Figure 4.1 Sensitivity analyses: Path diagrams for most parsimonious models between psychotic experiences and binary tobacco 

use variable (non-smokers and smokers) 

Note: 95% CI displayed in brackets. Dashed lines indicate non-significant correlations. Non-smokers defined as those who have never smoked or smoked 

less than 50 lifetime cigarettes. Smokers were those who smoked 50 or more lifetime cigarettes and who have smoked in the past year. A = additive genetic 

influences; C = common environmental influences; E = unique environmental influences; rA = genetic correlation; rC = common environmental correlation; 

rE = unique environmental correlation.
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Chapter 5: Genetic overlap between psychotic 

experiences in the community across age and with 

psychiatric disorders 

 

5.1 Introduction 

As discussed in the introduction of this thesis, epidemiological evidence suggests that 

positive PE in childhood, adolescence or adulthood, especially when persistent, are 

associated with an increased risk of developing psychotic disorders (Dominguez et al., 

2011; Hanssen et al., 2005; Poulton et al., 2000; Welham et al., 2009; Werbeloff et al., 

2012; Zammit et al., 2013) and to a lesser extent also with other psychiatric disorders 

(Fisher et al., 2013; Kaymaz et al., 2012; Kelleher, Keeley, et al., 2012). Likewise, 

measures of schizotypy have been shown to have a predictive association with 

subsequently developing psychotic disorders (Chapman, Chapman, Kwapil, Eckblad, & 

Zinser, 1994).  

Twin studies suggest heritability accounts for a third to a half of variation in 

PENS during adolescence (Ericson et al., 2011; Hur et al., 2012; Linney et al., 2003; 

Polanczyk et al., 2010; Wigman et al., 2011; Zavos et al., 2014) and recent studies suggest 

modest single nucleotide polymorphism heritability (SNP-h2) for some PENS in mid-

adolescence (3-9%), for positive PE in adults (1.7%) and for schizotypy in adults (20-

27%) (Ortega-Alonso et al., 2017; Pain et al., 2018; Sieradzka et al., 2015). As discussed 

in section 1.4 of Chapter 1, specific types of PENS during adolescence, schizotypy and 

positive PE in adults share genome-wide genetic influences with schizophrenia and 

major depression (H. J. Jones et al., 2016; Legge et al., 2019; Pain et al., 2018; Ronald & 

Pain, 2018; M. J. Taylor et al., 2019), although other studies did not find this, 

particularly those that used comparatively smaller samples or polygenic scores (PGS) 

from less well-powered GWAS (Derks et al., 2012; H. J. Jones et al., 2016; Krapohl et al., 

2016; Liuhanen et al., 2018; Ronald & Pain, 2018; Sieradzka et al., 2014; Zammit et al., 
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2014). A study on adults reported an association between schizophrenia PGS and 

schizotypy assessed using semi-structured interviews, but not with self-rated PENS (van 

Os et al., 2017). However, studies have mainly focussed on adolescents and young adults 

rather than older adults and have not reported on the genetic overlap of PE across age, 

despite this being an important topic for understanding the aetiology and development 

of mental illness. It is also not known if PE and schizotypy share genetic influences. 

This chapter investigates the genetic overlap between PE across age using the 

largest current GWAS summary statistics available for adolescent PENS, and for 

schizotypy and positive PE measured in adulthood. The genome-wide genetic 

correlations and overlapping associated genes between these trait measures and with 

schizophrenia, depression and bipolar disorder will be investigated. For traits and 

disorders that share common additive genetic influences, this chapter further explores 

the nature of these associations using Mendelian randomization. 

 

5.2 Methods 

5.2.1 Samples and measures 

This chapter relied on existing summary statistics. This section describes the studies 

from which these summary statistics emerged. 

Psychotic experiences and negative symptom traits during adolescence 

Summary statistics for adolescent PENS came from an existing published mega-GWAS 

of three European community samples consisting of 6,297-10,098 individuals (Pain et 

al., 2018): TEDS (Twins Early Developmental Study) (Haworth et al., 2013), a 

community sample born between 1994-1996 in England and Wales (mean age 16.32 

years); ALSPAC (Avon Longitudinal Study of Parents and Children) (Boyd et al., 2013), 

a birth cohort from the United Kingdom (mean age 16.76 years) born in 1991-1992; and  

CATSS (Child and Adolescent Twin Study in Sweden) (Anckarsater et al., 2011) that 

recruited twins born in Sweden since 1992 (mean age 18.31 years).   
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In TEDS, PENS items came from the Specific Psychotic Experiences 

Questionnaire (Ronald et al., 2014) and were matched by the authors who conducted 

the mega-GWAS to similar items from psychopathology questionnaires available in 

CATSS and ALSPAC (Pain et al., 2018).  After harmonisation, PENS included four 

continuous subscales that assessed the frequency or severity of paranoia and 

hallucinations, cognitive disorganization, anhedonia and parent-rated negative 

symptoms. The harmonisation of items across TEDS, CATSS and ALSPAC was 

informed by principle component analyses, an expert clinical team and the availability 

of overlapping items (Pain et al., 2018). For instance, paranoia and hallucinations items 

from SPEQ that were harmonised across the three adolescent PENS cohorts were “How 

often have you thought ‘I might be being observed or followed?’” , for anhedonia “When 

something exciting is coming up in my life, I really look forward to it” (reverse scored), for 

cognitive disorganisation “Do you find it difficult in controlling your thoughts?” and for 

parent-rated negative symptoms “My child has a lack of energy and motivation”. Items 

for anhedonia was not available in the CATSS sample and for cognitive disorganisation 

unavailable in ALSPAC.  

Linear regression GWAS and Generalized Estimating Equation (GEE; to account 

for the presence of twin pairs) was performed on the four PENS scales (Pain et al., 

2018). Summary result files were obtained from the authors with permission from the 

original study cohorts. 

Schizotypy during adulthood 

Schizotypy was assessed in the Northern Finland Birth Cohort 1996 (NFBC) (Haapea et 

al., 2008) when participants were aged 31 years. GWAS summary statistics (Ortega-

Alonso et al., 2017) of four continuous scales of schizotypy were included (N = 3,967 – 

4.057): Perceptual aberrations were assessed with the Perceptual Aberration Scale 

(Chapman, Chapman, & Raulin, 1978) with 35 true/false items devised to assess 

experiences in the general population that resemble clinical features of schizophrenia 

with an emphasis on body image aberrations including unclear body boundaries, body 

size and physical attributes being distorted, or feelings of estrangement from one’s own 
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body. Items also assessed unusual visual and auditory experiences, for example “My 

hearing is sometimes so sensitive that ordinary sounds become uncomfortable” and 

“Sometimes when I look at things like tables and chairs, they seem strange”. 

Hypomania was from the Hypomanic Personality Scale (Eckblad & Chapman, 

1986) and consisted of 48 true/false items devised to assess hypomania, gregariousness, 

grandiosity and euphoria (e.g. “I can usually slow myself down when I want to” and “I 

have often been so excited about an involving project that I didn’t care about eating or 

sleeping”).  

Two scales from Chapman’s Schizotypia Scales were employed to assess social 

anhedonia with the Revised Social Anhedonia Scale and physical anhedonia from the 

Revised Physical Anhedonia Scale (Chapman, Chapman, & Raulin, 1976), devised to 

assess the inability to take pleasure from physical (61 true/false items, e.g. “One food 

tastes as good as another to me”) and social (40 true/false items, e.g. “I prefer watching 

television to going out with other people”) stimuli respectively.  

Summary statistics from linear regression GWAS performed on these four 

schizotypy scales were obtained from the authors (Ortega-Alonso et al., 2017). 

Positive psychotic experiences assessed in adults 

GWAS summary statistics of four dichotomous items from the UK Biobank were 

obtained from Neale Lab (http://www.nealelab.is/uk-biobank) for individuals of 

European ancestry (N = 116,787 - 117,794). Items assessed PE in adults aged 40-69 

years: Whether participants ever experienced hearing an un-real voice (UK Biobank 

phenotype ID = 20463; "Did you ever hear things that other people said did not exist, like 

strange voices coming from inside your head talking to you or about you, or voices coming 

out of the air when there was no one around?"), had an un-real vision (UK Biobank 

phenotype ID = 20471; "Did you ever see something that wasn't really there that other 

people could not see?"), held a belief in an un-real conspiracy (UK Biobank phenotype ID 

= 20468; "Did you ever believe that there was an unjust plot going on to harm you or to 

have people follow you, and which your family and friends did not believe existed?") and 
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experienced un-real communications or signs (UK Biobank phenotype ID = 20474; "Did 

you ever believe that a strange force was trying to communicate directly with you by 

sending special signs or signals that you could understand but that no one else could 

understand (for example through the radio or television)?"). The mean age of onset of 

positive PE reported by UK Biobank participants was 31.6 (SD = 17.6) years. Of those 

reporting positive PE, 11.3% indicated that they have received medication for PE and 

21.3% have talked to a mental health professional about their PE.     

Psychiatric disorders 

GWAS summary statistics for schizophrenia (Schizophrenia Working Group of the 

Psychiatric Genomics Consortium, 2014), bipolar disorder (Bipolar Disorder and 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018) and 

major depressive disorder (Wray et al., 2018) were downloaded from the Psychiatric 

Genetics Consortium (https://www.med.unc.edu/pgc/results-and-downloads). 

Summary statistics for depression excluded 23andMe participants. 

Schizophrenia was assessed based on DSM-IV diagnostic criteria for 

schizophrenia or schizoaffective disorder (Schizophrenia Working Group of the 

Psychiatric Genomics Consortium, 2014). Major depression was assessed using 

structured diagnostic interviews or based on electronic healthcare records in most 

samples that comprised the most recent Psychiatric Genomics Consortium (PGC) 

major depression GWAS (Wray et al., 2018), and based on self-reported symptoms in a 

subset of UK Biobank participants included in the GWAS. Bipolar disorder was assessed 

using a variety of clinically relevant interviews described in full elsewhere (Bipolar 

Disorder and Schizophrenia Working Group of the Psychiatric Genomics Consortium, 

2018). 

5.2.2 Analyses 

Quality control procedures were applied to summary statistics prior to analyses. Genetic 

variants were removed if they had incomplete association statistics, were non-biallelic, 

or strand ambiguous. Variants with alleles that did not match those in the 1000 
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Genomes reference panel (phase 3), with info scores < .9 and minor allele frequency 

(MAF) < .01 were excluded. 

Genetic correlations 

Linkage disequilibrium (LD) score regression (Bulik-Sullivan, Finucane, et al., 2015; 

Bulik-Sullivan, Loh, et al., 2015) was used to estimate SNP-h2 for traits and the genetic 

correlation (rg) between traits. LD score regression can be applied to GWAS summary 

data to estimate single nucleotide polymorphism (SNP) heritability (SNP-h2) for 

individual traits and the genetic correlation between traits. LD score regression models a 

linear relationship between the amount of genetic variation captured by a SNP 

(indicated by its LD score) and its association with a phenotype (its 2 test statistic), 

where the slope of the regression line indicates the SNP-h2. This method can be 

extended to model two traits, in which case the regression slope indicates the genetic 

covariance (ρg) between the traits and is standardised to give a genetic correlation 

estimate. The LD score regression intercept can account for sample overlap making it a 

suitable method to test for genetic correlations between traits with GWAS on 

overlapping samples (Yengo, Yang, & Visscher, 2018). 

Variants were merged with the HapMap3 reference panel as recommended to 

ensure good imputation quality (Bulik-Sullivan, Finucane, et al., 2015). Heritability and 

genetic correlations were converted to liability scales using lifetime prevalence of 1% for 

schizophrenia, 15% for depression and 2% for bipolar disorder (Lim et al., 2018; 

Merikangas et al., 2011; Moreno-Kustner et al., 2018). Effective sample sizes were used 

for adolescent PE because TEDS and CATSS included siblings (for details, see Pain et 

al., 2018). For genetic correlations where there was no known sample overlap, the LD 

score regression intercept was constrained to zero, but left unconstrained between 

positive PE and depression that both included UK Biobank participants, and between 

psychiatric disorders that include PGC participants. Benjamini-Hochberg correction for 

multiple testing was performed at a false discovery rate (FDR) of 0.05 to account for 105 

correlations estimated. 
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Gene mapping 

Gene-wide associations and gene mapping were performed using the FUMA pipeline 

(Watanabe, Taskesen, van Bochoven, & Posthuma, 2017) and results were compared 

across PE and psychiatric disorders. FUMA is a web application that offers a 

streamlined pipeline to perform several post-GWAS analyses on summary statistics. 

Summary statistics are uploaded to a server and automatically deleted once the analyses 

have been performed. Results are stored on the FUMA servers until users remove these.  

 Post-GWAS functional annotation analyses for adolescent PENS and adult 

schizotypy were reported in the original GWAS publications (Ortega-Alonso et al., 

2017; Pain et al., 2018) but not for positive PE in the UK Biobank. To aid the 

comparison between the three PE cohorts, SNP annotations and gene mapping analyses 

were performed on all PE summary statistics using the same quality control procedures, 

methods and parameters within the FUMA pipeline (Watanabe et al., 2017) as follows: 

LD independent lead SNPs were identified at p < 1 x 10-5 for PE, at p < 1 x 10-6 for major 

depressive disorder, and at p < 1 x 10-8 for schizophrenia and bipolar disorder (p-value 

thresholds were set to allow for more than 20 independent SNPs to be analysed) within 

a 250kb window at r2 < 0.1 based on LD structure in the 1000 Genomes phase 3 

reference panel for individuals of European decent.  

To identify genes at genome-wide significance, MAGMA v1.06 (de Leeuw, 

Mooij, Heskes, & Posthuma, 2015) was used to aggregate the p-values of SNPs within 

gene coding regions (0kb annotation window). A SNP-wide mean model was employed, 

and Bonferroni corrected p-value thresholds were set for the number of genes tested 

within each phenotype.  

Annotation of functional consequences associated with independent lead SNPs 

and SNPs obtained from the reference panel that are in LD with independent SNPs (at r2 

≥ 0.6) was performed using ANNOVAR (K. Wang, Li, & Hakonarson, 2010) (based on 

Ensembl genes build version 92) whilst excluding the extended MHC region 

(25,000,000-35,000,000). ANNOVAR is a software tool used to identify whether SNPs 
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are associated with protein coding or amino acid changes. Annotation is based on 

several sources of information such as gene or splicing site locations, mRNA sites, 

genomic region-based information such as conserved regions and predicted 

transcription factor binding sites, stable RNA secondary structures or microRNA target 

sites. ANNOVAR offers the utility to use several public databases for a range of 

functional annotations as well as options on which to filter variants, such as SIFT scores 

for non-synonymous mutations. Based on user-defined gene definition databases like 

Ensembl, ANNOVAR annotates each variant to indicate its position in relation to genes 

(for instance, whether the variant is exonic, intronic, within a splicing site, upstream or 

downstream from a gene). For non-synonymous single nucleotide variants or indels, 

amino acid changes are also annotated. Precomputed functional importance scores, 

such as CADD scores (Kircher et al., 2014), that indicate how likely a variant would 

have deleterious consequences, can also be annotated to variants. Based on these variant 

annotations, ANNOVAR offers the option to automate the process of gene mapping 

according to user-defined parameters.  

Mapping of variants to the most likely causal genes was performed by employing 

a combination of positional mapping, expression quantitative trait loci (eQTL) mapping 

and 3D chromatin interaction mapping using the following parameters.  Gene mapping 

was performed on lead independent SNPs and SNPs from the 1000 Genomes reference 

panel for individuals of European descent that were in LD with lead SNPs at r2 > 0.6. For 

positional mapping, variants located within 10kb of known gene regions were mapped 

to genes if likely to be deleterious based on a CADD score ≥ 12.37 (Kircher et al., 2014). 

eQTL mapping of SNPs to genes were performed based on significant eQTL 

associations at a false discovery rate (FDR) < 0.05 obtained from 13 brain regions from 

GTEx v7 brain tissue repository and 10 from GTEx v6 (GTEx Consortium, 2015; GTEx 

Consortium, Battle, Brown, Engelhardt, & Montgomery, 2017). SNPs were mapped to 

genes based on significant chromatin interactions obtained from high-resolution  HiC 

datasets for fetal and adult human brain samples (Giusti-Rodriguez & Sullivan, 2019) 

and for the dorsolateral prefrontal cortex and the hippocampus from GSE87112 at the 
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recommended FDR of p < 1 x 10-6  250kb upstream and 500kb downstream from the 

transcription start site (Schmitt et al., 2016). Promoter and enhancer regions were 

annotated from the Roadmap 111 epigenomes brain tissue for 13 brain regions (Ernst & 

Kellis, 2012; Kundaje et al., 2015). Additionally, parameters in FUMA were set to map 

variants within protein-coding regions only.  

Mendelian randomization 

Mendelian randomization (MR) (Davey Smith & Ebrahim, 2003) was conducted to 

further explore the relationship between PE and psychiatric disorders for the phenotype 

pairs that had significant genetic correlations. MR is used to test for a causal relationship 

between an exposure (the putatively causal trait) and outcome trait by using 

instrumental variables as proxies for the exposure trait. In MR, instrumental variables 

are SNPs robustly associated with the exposure based on GWAS results. Due to the 

random nature of Mendelian segregation of genetic variants during meiosis, the extent 

to which unmeasured confounding factors influence the outcome is not expected to 

differ between those who inherited a specific copy of a genetic variant and those who 

did not (akin to the randomization process employed in randomized controlled trials).  

The presence of a causal association between the exposure (X) on the outcome 

(Y) trait can be calculated as the ratio of the effect size of a SNP instrumental variable 

(Z) on the outcome over its effect on the exposure: 𝑏 = 𝑏 /𝑏 , where 𝑏  is the 

effect of the exposure on the outcome, 𝑏  is the effect of the SNP instrument variable 

on the outcome and 𝑏  is its effect on the exposure. To overcome the small effect sizes 

of individual SNPs, multiple SNPs are used as instrumental variables to increase power 

and an aggregate 𝑏  effect can be obtained using a generalized least squares approach 

(Zhu et al., 2018). 

For variants to be valid instrumental variables (IVs) for an exposure, three main 

assumptions are made when conducting MR. First, the association between the 

exposure trait and genetic variants used as IVs should be reliable. This first assumption 

can be met by using variants that reached genome-wide significance or variants with 
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replicated associations across studies. The second assumption made in MR is that the 

IVs are independent of unmeasured confounding factors on the exposure-outcome 

association. Third, IVs are assumed to affect the outcome only through pathways via the 

exposure. This assumption is violated in the presence of horizontal pleiotropy (where 

variants influence the outcome via pathways other than through the exposure). 

Generalised Summary-data-based Mendelian Randomization (GSMR) was used 

due to its advantages of accounting for residual LD structure between instrumental 

variables (set at LD r2 > 0.1) and accounting for sampling variation in the exposure and 

outcome GWAS (Zhu et al., 2018). GSMR also includes a step called Heidi-outlier 

analysis to remove likely pleiotropic variants from genetic instruments. This approach 

aims to reduce confounding of MR results due to biological pleiotropy. 

Three other MR methods were conducted as sensitivity analyses for possible 

violation of MR assumptions as these methods either make different assumptions or 

allow for a proportion of invalid IVs in the analyses. MR-Egger regression (Bowden, 

Davey Smith, & Burgess, 2015) allows for heterogeneity in causal estimates across 

variants. MR-Egger relies on a less stringent version of the third MR assumption and is 

robust in the presence of directional horizontal pleiotropy if pleiotropic effects are 

independent of the variant-exposure associations (the Instrument Strength Independent 

of Direct Effect or ‘InSIDE’ assumption). The presence of directional pleiotropy was 

assessed using the MR-Egger intercept test. An intercept significantly different from 

zero indicates that MR-Egger causal estimates may be more robust compared to GSMR 

estimates under the InSIDE assumption (Burgess & Thompson, 2017). Weighted 

Median MR (Bowden, Davey Smith, Haycock, & Burgess, 2016) requires that 

assumptions hold for IVs that contribute at least half of the information in the analysis. 

Weighted Mode (Hartwig, Davey Smith, & Bowden, 2017) is a method that requires the 

assumptions to hold for IVs clustered into the largest group of variants with similar 

causal effects. 

The effect alleles for summary statistics for positive PE, schizophrenia and major 

depression were harmonised to be in phase with the 1000 Genomes (phase 3) reference 
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panel in both the outcome and exposure data. The effects were log odds ratios for binary 

traits, except for the UK Biobank PE for which linear regression coefficients were 

provided. 

SNPs were selected as instrumental variables based on the clumping algorithm in 

PLINK (Chang et al., 2015) using an r2 threshold of .05 within a 500kb window size at 

genome-wide significant levels (p < 5 x 10-8) for schizophrenia. Summary statistics for 

depression did not include 23andMe participants and had an insufficient number of 

genome-wide significant variants for MR analyses. Instead, genome-wide significant 

variants were obtained from the publication (Wray et al., 2018).  Insufficient genome-

wide significant variants associated with PE meant that p-value thresholds for PE were 

set at p < 5 x 10-5 to allow for at least 20 independent SNPs in MR analysis. 

  Potentially pleiotropic SNPs identified by Heidi-outlier analysis and SNPs 

excluded due to residual LD structure during GSMR analysis were also excluded from 

sensitivity analyses. 
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5.3 Results 

Common additive genetic variance accounted for 8-10% of phenotypic variation in 

adolescent PENS (paranoia/hallucinations and negative symptoms did not have 

significant SNP-h2 estimates in these analyses), 30-37% in schizotypy during adulthood 

and 7-10% in positive PE during adulthood (Table 5.1). 

5.3.1 Genetic correlations 

Genetic correlations are shown in Figure 5.1. Note that in pairwise comparisons with 

paranoia and hallucinations and parent-rated negative symptoms, genetic correlations 

could not be computed, likely due to low SNP-h2. For these comparisons genetic 

covariance estimates (ρg) are reported which indicates direction of correlation (see 

Supplementary Table 5.1 available in Appendix 5.6). 

Genetic correlations between psychotic experiences and psychiatric disorders 

For positive PE in the UK Biobank, hearing un-real voices was significantly genetically 

correlated with schizophrenia (rg = .39, p = 2.27 x 10-5) and depression (rg = .69, p = 8.07 

x 10-6), but not with bipolar disorder (rg = .17, p = .082). Likewise, un-real visions was 

significantly correlated with schizophrenia (rg = .27, p = 4.12 x 10-7) and depression (rg = 

.41, p = 2.00 x 10-4) but not with bipolar disorder (rg = .14, p = .149). We observed high 

and significant genetic correlations between un-real conspiracies with schizophrenia (rg 

= .67, p = .002) and depression (rg = .96, p = .001) while the genetic correlation with 

bipolar disorder was not significant after correction for multiple testing (rg = .65, p = 

.019). Genetic correlations between un-real communications with schizophrenia (rg = 

.72, p = .007), depression (rg = .79, p = .021) and bipolar disorder (rg = .61, p = .033) were 

at nominal significance (p < .05) but did not survive correction for multiple testing. 

Between PENS during adolescence and psychiatric disorders, genetic 

correlations were not significant after correction for multiple testing.  Nominally 

significant genetic correlations were observed between cognitive disorganization with 

schizophrenia (rg = .19, p = .034) and depression (rg = .40, p = .006) and between 
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anhedonia and depression (rg = .33, p = .021). Negative symptoms covaried positively 

with schizophrenia (ρg = .03, p = 1.37 x 10-4) and depression (ρg = .03, p = 2.41 x 10-7). 

Positive genetic covariation was observed between paranoia and hallucinations and 

depression (ρg = .03, p = 1.43 x 10-4). No significant genetic correlations were found 

between adolescent PENS and bipolar disorder.  

Between psychiatric disorders and schizotypy in adults, hypomania was 

genetically correlated with depression at nominal significance (rg = .17, p = .014).  We 

did not find evidence that the schizotypy scales correlated with schizophrenia or bipolar 

disorder. 

Genetic stability of psychotic experiences across age 

PENS during adolescence were not significantly genetically correlated with positive PE 

and schizotypy during adulthood. Between the adult samples, hypomania was 

genetically correlated with un-real visions (rg = .37, p = .024) and physical anhedonia 

showed a negative genetic correlation with un-real voices (rg = -.42, p = .034), but not 

after correction for multiple testing. 

Genetic correlations within samples 

Between positive PE items within the UK Biobank, un-real voices and un-real visions 

were highly and significantly genetically correlated (rg = .95, p = 7.61 x 10-5).  Genetic 

correlations between un-real communications with un-real voices (rg = .93, p = .038) and 

visions (rg = .83, p = .050) were not significant after correction for multiple testing. Un-

real conspiracies were not genetically correlated with un-real voices or visions. A genetic 

correlation between un-real conspiracies and un-real communications could not be 

computed due to low SNP-h2 in both phenotypes but these two items showed positive 

genetic covariance (ρg = .01, p = .003). 

There was a nominally significant association between physical and social 

anhedonia (rg = .54, p = .044). All other genetic correlations between the schizotypy 

scales in the North Finland Birth Cohort were not significant. 
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Between the adolescent PENS scales, a positive genetic covariance was identified 

between anhedonia and parent-rated negative symptoms (ρg = .11, p = .012). No 

significant genetic overlap between other pairs of adolescent PENS was found. 
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Table 5.1 Genome wide association study sample sizes and SNP-heritability 

estimates. 

 GWAS N N cases 
QC-

positive 

SNPs 

SNP-h2 SE p 

Adolescent psychotic experiences 

and negative symptom traits 
  

 
   

    Paranoia and hallucinations 8,665 Continuous 3,363,829 -0.0042  0.0352   .453 

    Cognitive disorganization 6,297 Continuous 3,363,829 0.1048 0.0566   .032 

    Anhedonia 6,579 Continuous 3,363,829 0.0797 0.0479   .048 

    Parent-rated negative symptoms 10,098 Continuous 3,363,829 -0.0222  0.0316   .241 

Schizotypy during adulthood       

    Hypomania 3,967 Continuous 5,493,986 0.3732 0.1011 <.001 

    Perceptual aberrations 4,057 Continuous 5,493,986 0.3037 0.0916 <.001 

    Physical anhedonia 3,988 Continuous 5,493,986 0.3655 0.0965 <.001 

    Social anhedonia 4,025 Continuous 5,493,986 0.2950 0.0826 <.001 

Adult positive psychotic 

experiences 
  

 
   

    Un-real voice 117,503 2,009 6,443,634 0.0709 0.0255   .003 

    Un-real vision 116,787 3,768 6,443,706 0.1032 0.0224 <.001 

    Un-real conspiracy 117,794 932 6,443,695 0.0910 0.0521   .040 

    Un-real communications or signs 117,731 822 6,443,693 0.0666 0.0499   .091 

Psychiatric disorders       

    Schizophrenia 150,064 36,989 5,274,747 0.1631 0.0044 <.001 

    Bipolar disorder 41,653 20,129 5,083,505 0.2999 0.0102 <.001 

    Major Depression 173,005 59,851 5,488,968 0.0999 0.0042 <.001 

 

Note: SNP-h2 = univariate SNP heritability; SNP-h2 converted to a liability scale for 

binary traits; Effective sample size used for adolescent PENS in LD score regression 

analyses to account for the presence of siblings (paranoia and hallucinations = 7970.416; 

cognitive disorganization = 5082.760; anhedonia = 6068.311; parent-rated negative 

symptoms = 8763.295). 
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Figure 5.1 Heat map showing genetic correlations between psychotic experiences 

and psychiatric disorders 

Note: PENS = Psychotic experiences (PE) and negative symptom traits; NA = genetic 

correlations could not be computed due to low SNP-heritability or sample size (see 

Supplementary Table 5.1 for genetic covariance estimates); * indicates nominally 

statistically significant genetic correlations at p<.05; ** indicates genetic correlations that 

survived Benjamini-Hochberg correction for multiple testing for 105 pairwise correlations 

(at a FDR of 0.05); Genetic correlations reported using unconstrained LD score regression 

intercept between phenotypes with sample overlap. 
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5.3.2 Comparison of implicated genes across mapping strategies and 

phenotypes 

Gene mapping and genome-wide gene association results from FUMA were compared 

across PE and psychiatric disorders (Table 5.2). Manhattan plots (Supplementary Figure 

5.1), QQ plots for MAGMA gene-based analyses (Supplementary Figure 5.2) and circos 

plots displaying chromatin interactions and eQTLs (Supplementary Figure 5.3) are 

provided in the appendix to this chapter.  

Results revealed 32 genes for adolescent PENS, of which PAN3 mapped to 

cognitive disorganisation in adolescence and schizotypy in adulthood (perceptual 

aberrations) and NADK2 to negative symptoms in adolescence and positive PE in the 

UK Biobank (un-real communications); None overlapped with psychiatric disorders. 

Seventy-three genes were found for adult schizotypy including the aforementioned 

PAN3 and six genes that were also indicated for schizophrenia. ANK3 overlapped with 

both positive PE (un-real visions) and schizophrenia. For positive PE in adults, 104 

genes were identified of which seven genes overlapped with schizophrenia and as 

mentioned above, one with schizotypy and one with adolescent PENS (Figure 5.2). 
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Table 5.2 Gene-associations and gene-mapping results for overlapping genes across phenotypes 

 

  

Gene Chr Phenotype 
MAGMA   Positional mapping   eQTL mapping   

Chromatin  
Interactions Mapped SNPs 

min pGWAS 
Independent lead SNPs 

n SNPs pMAGMA  n SNPs CADD  n SNPs GTEx map Min peQTL  HiCi cortex 

ANK3 10 Physical anhedonia  -  - 
 

4 15.60 
 

 -  -  - 
 

 - 6.35 x 10-6 rs72818480 

 Unreal visions  -  - 
 

1 13.71 
 

 -  -  - 
 

 - 9.71 x 10-6 rs10994279 

 Schizophrenia 1580 9.46 x 10-7 
 

 -  - 
 

 -  -  - 
 

 -  -  - 

CACNA1C 
  

12 Hypomania  -  -   3 17.74   85 CerHem; 
Cereb 

7.34 x 10-9    - 1.91 x 10-6 rs6489351; rs3922316; rs34382810 

 Schizophrenia 1295 7.79 x 10-20   4 17.74   86 CerHem; 
Cereb 

7.34 x 10-9    - 2.63 x 10-17 rs6489351; rs11062159; rs12423277; 
rs2239037; rs2007044; rs882193; 
rs4765914; rs2239063 

CLK1 2 Perceptual aberrations  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 4.65 x 10-6 rs56225831 

 Schizophrenia  -  - 
 

 -  - 
 

 -  -  - 
 

Adult 3.60 x 10-13 rs796364; rs74938253 

DCP1B 
  

12 Hypomania  -  -    -  -    -  -  -   Fetal/adult 2.16 x 10-6 rs34382810; rs3922316; rs6489351 

 Schizophrenia  -  -    -  -    -  -  -   Fetal/adult 1.65 x 10-16 rs2007044; rs11062159; rs2239037; 
rs12423277; rs6489351; rs2239063 

FAM216A 12 Unreal visions  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 1.55 x 10-6 rs4766567 

 Schizophrenia  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 7.09 x 10-10 rs4766428 

FKBP4 
  

12 Hypomania  -  -    -  -    -  -  -   Fetal/adult 2.16 x 10-6 rs34382810; rs3922316 

 Schizophrenia  -  -    -  -    -  -  -   Fetal/adult 1.65 x 10-16 rs2007044; rs12423277; rs11062159; 
rs2239037 

GPN3 12 Unreal visions  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 1.55 x 10-6 rs4766567 

 Schizophrenia  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 7.09 x 10-10 rs4766428 
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Table 5.2 (continued) 

Note: Chr = chromosome number; CADD = The maximum Combined Annotation-Dependent Depletion score; Min pGWAS = minimum p-value of 

annotated or mapped variants from summary statistics; CerHem = GTEx v7 Cerebellar hemisphere tissue map; Cereb = GTEx v7 cerebellum tissue map; 

BasalG = GTEx v6 Basal ganglia tissue map. SNPs mapped to genes included independent lead SNPs and SNPs from 1K Genomes reference panel in LD 

with lead SNPs (r2 ≥ 0.6), within 10kb of locus and likely to be deleterious (CADD ≥ 12.37); a Annotated or mapped variants present only in reference 

panel and therefore does not have a minimum pGWAS. 

Gene Chr Phenotype 
MAGMA   Positional mapping   eQTL mapping   

Chromatin  
Interactions Mapped SNPs 

min pGWAS 
Independent lead SNPs 

n SNPs pMAGMA  n SNPs CADD  n SNPs 
GTEx 
map 

Min peQTL  HiCi cortex 

NADK2 
  

5 Negative symptoms  -  -    -  -    -  -  -   Fetal/adult NAa rs147205145 

  Unreal communications  -  -    -  -    -  -  -   Adult 3.68 x 10-6 rs16902775 

PAN3 13 Cognitive disorganization  -  -  1 14.24   -  -  -   - NAa rs9513058 

  Perceptual aberrations  -  -   -  -   -  -  -  Adult 4.92 x 10-3 rs9581857 

PPP1CC  12 Unreal visions  -  -    -  -    -  -  -   Fetal 1.55 x 10-6 rs4766567 

  Schizophrenia  -  -    -  -    -  -  -   Fetal 7.09 x 10-10 rs4766428 

SNX7 1 Unreal visions  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 3.78 x 10-4 rs34186519 

 Unreal conspiracy  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal 4.42 x 10-8 rs4908317; rs17403033 

 Schizophrenia  -  - 
 

 -  - 
 

 -  -  - 
 

Fetal/adult 2.83 x 10-17 rs1702294; rs2802525; rs61786697; 
rs7526108 

TMEM116 
  

12 Unreal visions  -  -    -  -   2 BasalG 7.86 x 10-7    - 1.76 x 10-5 rs4766567 

 Schizophrenia  -  -    -  -    -  -  -   Fetal 7.09 x 10-10 rs4766428 

TSNARE1 8 Unreal communications  -  - 
 

 -  - 
 

3 CerHem 7.77 x 10-7 
 

Fetal/adult 5.64 x 10-5 rs10102944 

 Schizophrenia 502 5.26 x 10-10 
 

1 13.06 
 

 -  -  - 
 

Fetal/adult 2.85 x 10-13 rs4129585; rs74576444; rs62512616; 
rs13282237; rs72687362 

TSPAN9 
  

12 Hypomania  -  -    -  -    -  -  -   Fetal/adult 2.16 x 10-6 rs34382810; rs3922316 

 Schizophrenia  -  -    -  -    -  -  -   Fetal/adult 1.65 x 10-16 rs2007044; rs12423277; rs11062159; 
rs2239037; rs2239063 
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Figure 5.2 Number of overlapping genes between psychotic experiences across age 

and psychiatric disorders 

Note: PENS = Psychotic experiences and negative symptom traits. Genes identified using 

a) genome-wide gene associations in MAGMA after Bonferroni correction for the number 

of gene associations tested, b) positional mapping that prioritized genes based on variant 

functional annotations obtained using ANNOVAR, c) eQTL (expressive quantitative 

trait) mapping and d) chromatin interaction mapping. 
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5.3.4 Mendelian randomization  

Results from GSMR analyses and MR sensitivity analyses are summarised in Table 5.3 

and MR-Egger intercept tests, heterogeneity statistics and plots in Supplementary Table 

5.2, Supplementary Figure 5.4 and Supplementary Figure 5.5.  

GSMR analyses provided evidence for a bi-directional association between un-

real voices and un-real visions (PGSMR = 1.73 x 10-21 for un-real voices as the exposure; 

PGSMR = 4.25 x 10-25 for un-real visions as the exposure) and replicated in all MR 

sensitivity analyses.  

Evidence was found of a directional effect of schizophrenia liability on believing 

in un-real conspiracies (PGSMR = 9.33 x 10-5) but the effect was small and replicated in 

Weighted Median but not in MR-Egger nor Weighted Mode analyses. No evidence of a 

significant effect in the other direction was found.  

Only the MR-Egger method indicated significant directional effects of a liability 

to depression on a propensity to report un-real voices and un-real conspiracies. 

However, MR-Egger intercept tests indicated the presence of directional pleiotropy in 

both instances (Supplementary Table 5.2), indicating that MR-Egger results may be 

reliable as it adjusts for non-zero intercepts allowing for more robust estimates when 

horizontal pleiotropy is present compared to the other methods. The discrepancy 

between MR methods may also be due to outliers not identified by Heidi-outlier 

analysis. 
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Table 5.3 Mendelian randomization analyses 

Note: GSMR = Generalized Summary-based Mendelian Randomization; LD SNPs = SNPs with residual LD at r2 > 0.1 removed from analysis; n SNPs = 

number of variants remaining in analyses after those identified as Heidi-outliers or with residual LD was removed.  

SNPs identified as having residual LD and as Heidi outliers were also excluded from MR Egger, Weighted Median and Weighted Mode analyses.  

Bold text indicates significant p-values at p < 0.05. 

Exposure 
  

Outcome 
Heidi 

SNPs 

LD 

SNPs 

n 

SNPs 

GSMR results MR-Egger Weighted Median Weighted Mode 

  Beta SE p Beta SE p Beta SE p Beta SE p 

Un-real voice → Schizophrenia 0 0 49 0.021 0.676 0.975 2.494 1.996 0.218 -0.008 0.908 0.993 -0.216 1.993 0.914 

Schizophrenia → Un-real voice 0 11 98 0.001 0.001 0.281 0.001 0.004 0.846 0.001 0.001 0.424 0.003 0.003 0.281 

Un-real visions → Schizophrenia 0 0 48 -0.115 0.501 0.819 -1.860 1.697 0.279 -0.132 0.707 0.852 -1.091 1.635 0.508 

Schizophrenia → Un-real visions 2 11 96 0.002 0.001 0.084 -0.003 0.005 0.514 0.003 0.002 0.099 0.005 0.004 0.270 

Un-real voice → Major depression 0 0 55 -0.269 0.488 0.581 1.025 1.405 0.469 0.091 0.685 0.895 0.502 1.626 0.759 

Major depression → Un-real voice 0 0 36 0.000 0.000 0.424 0.007 0.003 0.042 0.000 0.000 0.081 0.000 0.000 0.140 

Un-real voice → Un-real visions 0 0 97 0.321 0.034 1.73 x 10-21 0.310 0.071 3.47 x 10-5 0.333 0.046 5.16 x 10-13 0.505 0.133 2.66 x 10-4 

Un-real visions → Un-real voice 0 0 85 0.166 0.019 4.25 x 10-18 0.123 0.043 0.005 0.168 0.026 1.38 x 10-10 0.211 0.065 0.002 

Un-real visions → Major depression 0 0 52 0.263 0.362 0.468 -0.711 1.036 0.496 0.337 0.524 0.520 0.376 1.253 0.765 

Major depression → Un-real visions 0 0 36 0.000 0.000 0.986 0.008 0.005 0.103 0.000 0.000 0.834 0.000 0.000 0.576 

Un-real conspiracy → Major depression 0 0 49 0.356 0.742 0.631 -1.264 2.031 0.537 1.211 1.088 0.266 1.780 2.381 0.458 

Major depression → Un-real conspiracy 0 0 36 0.000 0.000 0.857 0.007 0.002 0.003 0.000 0.000 0.768 0.000 0.000 0.814 

Un-real conspiracy → Schizophrenia 0 0 46 -0.020 1.025 0.984 1.976 3.466 0.572 -0.401 1.482 0.787 -0.219 2.835 0.939 

Schizophrenia → Un-real conspiracy 1 11 97 0.002 0.001 9.33 x 10-05 0.001 0.003 0.810 0.002 0.001 0.006 0.002 0.002 0.397 
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5.4 Discussion 

This chapter investigated whether common genetic variation associated with specific 

types of PENS overlaps across adolescence and adulthood and with psychiatric 

disorders. The results suggest that with increasing age from adolescence to adulthood, 

PE become more linked genetically to schizophrenia and major depression. No evidence 

of significant genetic stability of PE across adolescence and adulthood was observed in 

existing data. However, this chapter implicated specific genes that are associated with 

PE across development as well as genes shared between PE and psychiatric disorders.   

Associations between psychotic experiences and psychiatric disorders 

Results indicated that positive PE in the UK Biobank shared a moderate to substantial 

amount of common genetic variation with depression and schizophrenia, specifically 

experiences of auditory and visual hallucinations (un-real voices and un-real vision) and 

paranoid beliefs (believing in conspiracies) with schizophrenia (rg = 0.27 - 0.67) and 

with depression (rg = 0.41 – 0.96), consistent with an independent report (Legge et al., 

2019). The MR analyses indicated that liability to schizophrenia may be directionally 

associated with a propensity to believe in un-real conspiracies, and that liability to 

depression may be directionally associated with a propensity to report un-real voices 

and conspiracies. This latter finding concurs with a twin study showing that depression 

and PE phenotypically influence one another in adolescence over and above genetic 

influences (Zavos et al., 2016). However, these MR effect sizes were small and not 

consistently replicated in sensitivity analyses and are therefore unlikely to reflect true 

causal effects. Large standard errors were also observed when using positive PE as 

exposures to predict psychiatric disorders. This may indicate that the UK Biobank 

GWAS of PE was underpowered to detect effects in MR. 

This chapter replicated previous findings of genetic overlap between adolescent 

PENS and psychiatric disorders (Pain et al., 2018). In contrast to the findings from Pain 

et al., no negative genetic association between bipolar disorder and adolescent paranoia 

and hallucinations was detected and the current study found evidence for genetic 
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overlap between depression and adolescent paranoia and hallucinations. For analyses in 

this chapter, more recent summary statistics from larger GWAS of depression and 

bipolar disorder (Bipolar Disorder and Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2018; Wray et al., 2018) was used, which likely explain these 

differences. These results add further support to previous evidence of genetic 

associations between adolescent PENS and psychiatric disorders (H. J. Jones et al., 2016; 

Pain et al., 2018). 

Schizotypy did not appear to share common additive genetic influences with 

schizophrenia nor with bipolar disorder, apart from suggestive evidence of genetic 

overlap between hypomania and depression. There are known phenotypic associations 

between schizotypy and subsequent risk of broadly defined schizophrenia-spectrum 

disorders (Debbané et al., 2015), but longitudinal evidence of an association between 

schizotypy and subsequently being diagnosed with schizophrenia is limited (Chapman 

et al., 1994) and did not replicate in another study (Bogren et al., 2010). The existing 

genetic data analysed here do not provide evidence that this association is due to 

common additive genetic causes.  

Evidence was found that some genes may be involved in both PE and psychiatric 

disorders. Seven genes were implicated in both positive PE in the UK Biobank and 

psychiatric disorders, including ANK3, a gene in the 10q21.2 region that has previously 

been associated with bipolar disorder and schizophrenia (Y. Liu et al., 2011; Muhleisen 

et al., 2014; Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) 

Consortium, 2011). TSNARE1 on band 8q24.3, associated with un-real communications 

and schizophrenia, has previously been implicated in schizophrenia and cognitive 

function (G. Davies et al., 2018; Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). The gene SNX7 (1p21.3) was mapped to un-real visions, 

un-real communications and schizophrenia and has known associations with 

mathematical ability (Lee et al., 2018).  Three neighbouring genes located on band 

12q24.11, FAM216A, PPP1CC and GPN3, and a nearby gene TMEM116 (12q24.13), 

overlapped between un-real visions and schizophrenia and have been associated with 
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white blood cell and platelet count, heart rate and body mass index (Astle et al., 2016; 

den Hoed et al., 2013; Kichaev et al., 2019).  

Six mapped genes overlapped between adult schizotypy and psychiatric 

disorders, including ANK3 discussed above. As noted elsewhere (Ortega-Alonso et al., 

2017), this chapter found evidence that CACNA1C on band 12p13.33, a gene that has 

often been associated with psychiatric and developmental disorders (Cross-Disorder 

Group of the Psychiatric Genomics Consortium, 2013; Lin et al., 2016; Y. Liu et al., 

2011; Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) 

Consortium, 2011; Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014), may be involved in hypomania, schizophrenia and bipolar disorder. 

Located within the same region as CACNA1C (12p13.33), the genes DCP1B, TSPAN9 

and FKBP4 also overlapped between hypomania and schizophrenia and have previously 

been associated with a range of physical health phenotypes including obesity and waist-

hip ratio (Comuzzie et al., 2012; Kichaev et al., 2019).  Findings indicated the possible 

involvement of CLK1 on 2q33.1 in perceptual aberrations and schizophrenia, a gene 

previously associated with breast cancer (Michailidou et al., 2017).   

The results from this chapter suggest that PE may share more genome-wide 

genetic overlap with schizophrenia and major depression in adulthood than 

adolescence. Participants had narrow age ranges in the adolescent PENS (15 to 19 years 

old) and adult schizotypy (all born in the same year) samples, and were assessed on 

current PE whereas participants in the UK Biobank had a wider and older age range (40 

to 69 years old) and were asked to report on PE that occurred at any age. It is therefore 

possible that PE reported in the UK Biobank may have been persistent rather than 

transitory. According to the persistent-impairment model, those with persistent PE are 

at higher risk of developing psychotic disorders and may therefore share more genetic 

influences with psychiatric disorders (van Os et al., 2009). It is also possible that some of 

those in the adolescent samples may be genetically liable to PE but will have not yet 

developed them. A previous study found that genetic liability to schizophrenia was 

positively associated with adolescent paranoia and hallucinations only after excluding 
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non-zero scores (Pain et al., 2018), suggesting that genetic liability to schizophrenia may 

vary in adolescents who did not (yet) report PE. This may explain why we found that 

genetic overlap between PE and psychiatric disorders increased with age.  

Stability of genetic influences on psychotic experiences across age 

This study did not find significant genetic overlap across age and measures for the PENS 

(adolescence), schizotypy (adulthood) and positive PE (adulthood). It is possible that 

different common additive genetic influences may be involved in PE across the lifespan 

or that the different assessments measured genetically unrelated phenotypes. Another 

reason why no genetic overlap was found may be the smaller GWAS sample sizes for 

adolescent PENS and adult schizotypy. It is also possible that non-additive genetic 

influences or rare variants are shared across PE measures and age. In an independent 

report, genetic risk for PE in adults did not predict PE in 12 year olds or 16 year olds, in 

agreement with our findings of lack of genetic overlap across adolescent and adult PE, 

although there was some evidence of genetic association with PE at age 18 years (Legge 

et al., 2019). Because UK Biobank participants were asked to report on PE across their 

lives, some may have referred to experiences such as hallucinations in later adulthood 

that can occur as part of conditions such as dementia, eye conditions, Charles Bonnet 

syndrome and medication side effects, which may have different aetiologies to PE in 

adolescence.   

The gene association and mapping analyses suggested that some of the same 

genes may be involved in PE across age. The gene ANK3 (discussed above) was 

implicated for adult schizotypy (physical anhedonia) and positive PE (un-real visions). 

The gene PAN3 on band 13q12.2 was implicated in adolescent PENS (cognitive 

disorganization) and adult schizotypy (perceptual aberrations). NADK2 (mitochondrial) 

on 5p13.2 was mapped to both negative symptoms in adolescence and to positive PE 

during adulthood (unreal communications).  
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Within-sample associations between specific types of psychotic experiences 

This chapter also investigated within-sample genetic associations and found that un-real 

voices and un-real visions shared the same common genetic influences in adults and 

were bidirectionally associated in Mendelian Randomization analysis. This bidirectional 

association may indicate a pervasive shared genetic basis between auditory and visual 

hallucinatory experiences rather than true causal associations because pleiotropic effects 

of the genetic instruments through a latent common precursor, and therefore violations 

of the MR assumptions, seem likely. As such, experiences resembling auditory and 

visual hallucinations may share biological pathways. The findings of genetic correlations 

between the three psychiatric disorders investigated in this chapter are in line with 

previous findings (Krapohl et al., 2016; Wray et al., 2018), while more recent GWAS 

results for bipolar disorder was used for analyses in this chapter. 

Limitations 

Caution is noted in interpreting MR results that compared within-sample PE because 

sample overlap could, in within-sample MR, lead to weak instrument bias away from 

the null (Burgess, Scott, Timpson, Davey Smith, & Thompson, 2015). Weak instrument 

bias may also have affected analyses that used PE as the exposure, where genetic variants 

below conventional genome-wide significance levels were used as instruments. In two-

sample MR, weak instruments create bias toward the null and as a result true causal 

effects may not have been detected. Future studies could re-evaluate these causal 

associations once larger GWAS for PE become available. 

Many of the overlapping genes reported in this chapter were identified based 

only on chromatin interactions. The chromatin interaction data had a high resolution 

(10kb) resulting in more mapped genes and included enhancer-promoter and 

promoter-promoter interactions only (Giusti-Rodriguez & Sullivan, 2019), therefore 

providing strong hypotheses for variant-gene associations. For PE and depression, 

functional consequences on genes were annotated to variants clumped at lower than 
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conventional genome-wide significance levels. As such, these results will benefit from 

replication once better powered GWAS become available.  

Due to the relatively small sample size of adolescent PENS by current GWAS 

standards, low SNP heritability was observed for paranoia and hallucinations and 

negative symptoms. Additionally, common additive genetic variants from GWAS on 

child and adolescent behavioural problems typically account for a smaller proportion of 

twin heritability relative to other traits (Cheesman et al., 2017). As a result, it was not 

possible to compute genetic correlations in LD score regression for genetic associations 

with these two phenotypes. Performing a meta-GWAS analysis using the different PE 

genetic association study results is perhaps an obvious solution that may improve 

power. However, this chapter found insufficient evidence for genetic overlap across age 

and PE measures to justify such an approach. 

PE may be genetically associated with psychopathology beyond the disorders 

considered in this thesis. For example, an additional study performed a GWAS on a 

composite measure of positive PE using the same items from the UK Biobank as was 

used in in this chapter (Legge et al., 2019). The authors reported that adult PE shared 

significant genetic overlap not only with schizophrenia and major depression, but also 

with autism spectrum disorder and attention-deficit/hyperactivity disorder.  

Implications and conclusions 

Positive PE during adulthood and PENS during adolescence share genetic influences 

with psychiatric disorders. This chapter implicated specific genes that may be involved 

in both PE in the community and psychiatric disorders, and genes associated with PE 

across development. Future molecular genetic studies could further investigate whether 

these genes may be involved in biological pathways relevant to a broader psychosis 

spectrum. Subclinical experiences of auditory and visual hallucinations in adults may 

have similar biological aetiologies. These findings and other independent reports 

indicate that PE assessed using different measures at different developmental stages may 

not have the same underlying genetic influences.  
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5.5  Appendix 

Supplementary Table 5.1 Genetic covariance estimates for adolescent paranoia and 

hallucinations and negative symptoms with other psychiatric traits and disorders 

    ρg SE p 

Paranoia and hallucinations Cognitive disorganisation 0.005 0.050 0.915 

Paranoia and hallucinations Anhedonia -0.002 0.048 0.965 

Paranoia and hallucinations Negative symptoms 0.027 0.039 0.490 

Paranoia and hallucinations Hypomania -0.018 0.040 0.647 

Paranoia and hallucinations Perceptual aberration 0.019 0.042 0.659 

Paranoia and hallucinations Physical anhedonia 0.032 0.039 0.404 

Paranoia and hallucinations Social anhedonia -0.018 0.041 0.664 

Paranoia and hallucinations Un-real voice 0.010 0.008 0.193 

Paranoia and hallucinations Un-real vision 0.012 0.008 0.124 

Paranoia and hallucinations Un-real conspiracy 0.012 0.008 0.119 

Paranoia and hallucinations Un-real communications -0.003 0.007 0.722 

Paranoia and hallucinations Schizophrenia -0.001 0.010 0.928 

Paranoia and hallucinations Bipolar disorder 0.000 0.015 0.989 

Paranoia and hallucinations Major depression 0.027 0.007 1.43 x 10-4 

Negative symptoms Cognitive disorganisation 0.056 0.044 0.204 

Negative symptoms Anhedonia 0.112 0.045 0.012 

Negative symptoms Hypomania 0.016 0.038 0.675 

Negative symptoms Perceptual aberration 0.036 0.037 0.329 

Negative symptoms Physical anhedonia -0.017 0.034 0.603 

Negative symptoms Social anhedonia 0.011 0.037 0.771 

Negative symptoms Un-real voice 0.002 0.007 0.827 

Negative symptoms Un-real vision 0.002 0.007 0.732 

Negative symptoms Un-real conspiracy 0.000 0.006 0.961 

Negative symptoms Un-real communications 0.001 0.007 0.875 

Negative symptoms Schizophrenia 0.033 0.009 1.37 x 10-4 

Negative symptoms Bipolar disorder 0.010 0.014 0.463 

Negative symptoms Major depression 0.035 0.007 2.41 x 10-7 

Un-real conspiracy Un-real communications 0.009 0.003 0.003 

 

Note: ρg = Genetic covariance; Bold text indicates significant estimates after Benjamini-

Hockberg correction for multiple testing at FDR < .05; Genetic covariances are reported in 

instances where covariance estimates could not be standardised into genetic correlations 

due to low sample size or SNP heritability. Genetic covariances gives an indication of the 

presence and direction of genetic overlap but not the magnitude of effect and these results 

should be interpreted accordingly.
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Supplementary Table 5.2 MR-Egger intercept test and Q statistics 

Exposure 
  

Outcome n SNPs 
MR-Egger MR-Egger intercept test Cochran's Q statistic 

  Beta SE p Intercept SE p Q Q df p 

Un-real voice → Schizophrenia 49 2.494 1.996 0.218 -0.008 0.006 0.198 41.57 47 0.696 

Schizophrenia → Un-real voice 98 0.001 0.004 0.846 0.000 0.000 0.957 104.66 96 0.256 

Un-real visions → Schizophrenia 48 -1.860 1.697 0.279 0.008 0.007 0.294 61.18 46 0.066 

Schizophrenia → Un-real visions 96 -0.003 0.005 0.514 0.000 0.000 0.288 97.07 94 0.394 

Un-real voice → Major depression 55 1.025 1.405 0.469 -0.005 0.005 0.314 62.68 53 0.171 

Major depression → Un-real voice 36 0.007 0.003 0.042 -0.007 0.003 0.047 38.23 34 0.283 

Un-real voice → Un-real visions 97 0.310 0.071 3.47E-05 0.000 0.000 0.596 81.86 95 0.830 

Un-real visions → Un-real voice 85 0.123 0.043 0.005 0.000 0.000 0.153 60.93 83 0.967 

Un-real visions → Major depression 52 -0.711 1.036 0.496 0.005 0.005 0.299 54.88 50 0.295 

Major depression → Un-real visions 36 0.008 0.005 0.103 -0.008 0.005 0.103 46.74 34 0.072 

Un-real conspiracy → Major depression 49 -1.264 2.031 0.537 0.004 0.004 0.424 57.13 47 0.148 

Major depression → Un-real conspiracy 36 0.007 0.002 0.003 -0.007 0.002 0.003 28.06 34 0.753 

Un-real conspiracy → Schizophrenia 46 1.976 3.466 0.572 -0.004 0.007 0.576 57.96 44 0.077 

Schizophrenia → Un-real conspiracy 97 0.001 0.003 0.810 0.000 0.000 0.491 102.81 95 0.274 

Note: SNPs excluded during GSMR due to having residual LD and SNPs excluded after Heidi outlier analyses were also excluded from MR-Egger analyses.  

MR Egger standard errors are typically large but should include the true effect. Generalized Summary-based Mendelian Randomization (GSMR) estimates 

provides tighter standard errors and is more reliable in the absence of horizontal pleiotropy. Horizontal pleiotropy assessed using MR-Egger intercept test 

where non-significant p-values indicate no evidence of horizontal pleiotropy.
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Supplementary Figure 5.1 Manhattan plots for MAGMA gene-based analyses 

Note: Red dashed line indicates genome-wide significance for schizophrenia as defined at p 

= 0.05/17674 genes tested = 2.83 x 10-6, for major depression at p = 0.05/16943 = 2.95 x 

10-6 and for bipolar disorder at p = 0.05/17538 = 2.85 x 10-6.  
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Supplementary Figure 5.1 (continued) 

Note: Red dashed line indicates genome-wide significance for positive psychotic 

experiences in the UK Biobank as defined at p = 0.05/18423 genes tested = 2.71 x 10-6. 
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Supplementary Figure 5.1  (continued) 

Note: Red dashed line indicates genome-wide significance for positive psychotic 

experiences in the UK Biobank at defined at P = 0.05/18423 genes tested = 2.71 x 10-6 and 

for schizotypy in the North Finland Birth Cohort at P = 0.05/17895 = 2.79 x 10-6. 
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Supplementary Figure 5.1 (continued) 

Note: Red dashed line indicates genome-wide significance for schizotypy in the North 

Finland Birth Cohort at p = 0.05/17895 genes tested = 2.79 x 10-6 and for adolescent 

psychotic experiences and negative symptom traits at p = 0.05/15957 = 3.13 x 10-6. 
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Supplementary Figure 5.2 QQ plots for MAGMA gene-based analyses 
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Supplementary Figure 5.2 (continued)  
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Supplementary Figure 5.2 (continued) 
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Supplementary Figure 5.3 Circos plots for chromatin interactions and eQTL 
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Supplementary Figure 5.3 (continued) 
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Supplementary Figure 5.3 (continued) 

Note: Manhattan plot displayed in outer most ring with loci colour coded according to the 

amount of LD shared with lead independent SNPs as follows: red (r2 > 0.8), orange (r2 > 

0.6), green (r2 > 0.4) and blue (r2 > 0.2). Genomic risk loci are displayed in blue on the 

chromosome ring (second and third layers). Genes mapped by chromatin interaction are 

displayed in orange, by eQTLs in green, and by both chromatin interaction and eQTLs in 

red; Mapped genes that overlapped between phenotypes are listed in Table 5.2. 
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Supplementary Figure 5.4 Generalised Summary-Based Mendelian Randomization 

analyses 
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Supplementary Figure 5.4 (continued) 

Note: Scatterplots with the x-axis displaying instrumental variable effects on the exposure 

(b
zx 

) and the y-axis displaying the instrument-outcome association (b
zy 

). Regression lines 

included for reference.   
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Supplementary Figure 5.5 MR-Egger, Weighted Median and Weighted Mode 

Mendelian randomization sensitivity analyses 
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Supplementary Figure 5.5 (continued) 

  



158 
 

Chapter 6: Genetic overlap between tobacco use and 

psychotic experiences in adolescents and adults 

6.1 Introduction 

As discussed in Chapter 1, the high cooccurrence between smoking behaviours and 

psychiatric disorders is well-established (de Leon & Diaz, 2005; Lawrence et al., 2009; 

Thomson et al., 2015). Smoking rates among individuals diagnosed with schizophrenia 

or bipolar disorder are five times greater compared to healthy controls. Among those 

diagnosed with depression, smoking rates are two-fold greater (Hartz et al., 2014; Judith 

J. Prochaska, Das, & Young-Wolff, 2017). In Chapter 2, this thesis reviewed the evidence 

for an association between smoking behaviours and PE in both adolescents and adults 

and in Chapter 3, it reported new evidence from a community sample of an association 

between regular smoking during adolescence and a range of PENS (Barkhuizen et al., 

2019). 

In terms of underlying causes, it is known that schizophrenia and major 

depression share genome-wide genetic influences with smoking behaviours (Hartz et al., 

2017; Wray et al., 2018), and polygenic liability to bipolar disorder has been associated 

with nicotine dependence in one recent study (Reginsson et al., 2018). To date, very few 

studies have investigated the genetic overlap between smoking behaviours and PE. In 

Chapter 4, results from bivariate twin modelling found that regular smoking during 

adolescence shared genetic influences with subthreshold paranoia and cognitive 

disorganization (rA=.37-.45), and familial influences (which includes genetic influences) 

with hallucinations (Barkhuizen et al., 2019). Krapohl et al. (2016) assessed the 

associations between polygenic scores for 13 traits or disorders and 50 adolescent traits 

and found no evidence that adolescent PENS was predicted by polygenic liability to 

initiate smoking. Due to the high multiple testing burden, this study was not designed to 

rule out the presence of genetic associations between specific traits and it is noted used 

less well-powered GWAS summary statistics than what are currently available.  As such, 
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further research is needed to understand to degree of genetic overlap with smoking 

behaviours. 

Genetic correlations are a measure of pleiotropy, present when the same genetic 

loci influence more than one trait. Pleiotropy could implicate different pathways in 

which the same genetic loci influences two genetically correlated traits. Pleiotropy could 

reflect causal effects of one trait on another if only one of the traits are under the 

influence of a genetic locus (vertical pleiotropy). It could also reflect scenarios where 

both traits are influenced by the same loci, either directly or due to mediation by a third 

trait under genetic influence (horizontal or biological pleiotropy). Biological pleiotropy 

can be informative of similar underlying biological processes involved in genetically 

correlated traits (van Rheenen, Peyrot, Schork, Lee, & Wray, 2019). However, bivariate 

genetic correlations do not discriminate between these possible underlying biological 

processes. To better understand the nature of genetic correlations, methods such as 

genomic multiple regression can be used to ascertain whether overlapping genetic 

influences are specific to smoking behaviours and psychiatric traits or disorders after 

accounting for the genetic influences of other genetically associated phenotypes. 

Methods such as Mendelian randomization, a method to investigate causal associations 

by taking advantage of the random nature of segregation of genetic variants (Davey 

Smith & Ebrahim, 2003), can be used to investigate causal relationships between 

genetically correlated traits. 

There are several covariates that, at a genetic level, could account for potential 

genetic overlap between psychiatric traits and disorders and smoking behaviour. 

Epidemiological studies have investigated cannabis and alcohol use, stressful or 

traumatic life events, sociodemographic characteristics, novelty-seeking behaviour and 

sleep disturbances as confounders of the association between smoking behaviour and 

either psychotic disorders, depression, bipolar disorder or PE during adolescence and 

adulthood (Barkhuizen et al., 2019; Bhavsar et al., 2018; Chaiton et al., 2009; Diaz et al., 

2009; Fergusson et al., 2003; Gage et al., 2014; Gurillo et al., 2015; H. J. Jones et al., 2018; 

Mustonen et al., 2018). Risk-taking behaviour have also been associated with both 
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smoking (Gullo & Dawe, 2008; Wood, Dawe, & Gullo, 2013) and psychiatric outcomes 

(Reddy et al., 2014). Many of these covariates, including cannabis and alcohol use, risk-

taking and insomnia, are under genetic influence and have been genetically associated 

with smoking or with psychiatric traits or disorders (Clifton et al., 2018; Hammerschlag 

et al., 2017; Nivard et al., 2016; Pasman et al., 2018; M. J. Taylor et al., 2015; Walters et 

al., 2018). 

 As discussed in section 1.7.1 of Chapter 1, previous studies have found that 

tobacco use may be associated with an increased risk of psychiatric illness (Chaiton et 

al., 2009; Gurillo et al., 2015; Mustonen et al., 2018). Studies that used Mendelian 

randomization have also found support that tobacco use may be causally associated with 

schizophrenia, bipolar disorder and major depression (Vermeulen, Wootton, et al., 

2019; Wootton et al., 2018).  

As reviewed in Chapter 2, smoking behaviour may also be causally linked to PE: 

the association between PE and smoking is not fully explained by known confounding 

factors (Bhavsar et al., 2018; Mallet et al., 2018; McGrath et al., 2016; Saha et al., 2011; 

van Gastel et al., 2013; Wolfe et al., 2017), but see (Wolfe et al., 2017) and a dose-

response relationship has been reported (Bhavsar et al., 2018; Koyanagi et al., 2016) but 

not by all studies (Saha et al., 2011; Wolfe et al., 2017). Most longitudinal studies report 

an association between smoking initiation or smoking frequency with later reports of PE 

(J. Davies et al., 2018; Ferdinand et al., 2004; Gage et al., 2014; Vermeulen, Schirmbeck, 

et al., 2019) while evidence does not support the idea that adolescents start to smoke to 

alleviate pre-existing PE (J. Davies et al., 2018). However, these longitudinal associations 

do not necessarily reflect true causal associations because such study designs cannot 

completely rule out the possibility that PE were present prior to onset of tobacco use 

and vice versa. Triangulating these findings with evidence from other methods such as 

Mendelian randomization to investigate causal associations can provide further insight 

into the nature of the association between smoking behaviours and PE.  

This chapter assesses the degree to which smoking behaviours are genetically 

correlated with specific types of PE across adolescence and adulthood and with three 
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relevant adult psychiatric disorders (schizophrenia, major depression and bipolar 

disorder) using LD score regression. Second, this chapter aimed to estimate the extent to 

which pleiotropy between smoking behaviours and psychiatric traits and disorders 

reflects genetic influences specific to smoking and the extent to which pleiotropic effects 

are accounted for by genetic influences associated with other covariates, namely 

cannabis and alcohol use, risk taking behaviour and sleep disturbances. For this aim, 

genomic multiple regression was performed using Genomic Structural Equation 

Modelling (Grotzinger et al., 2019). Third, this study aimed to assess causal associations 

between smoking initiation and adult and adolescent PE, as well as with psychiatric 

disorders. This third aim was achieved using Mendelian randomization with results 

from the largest current GWAS of adolescent PENS, positive PE and schizotypy in 

adults and smoking behaviours.  

 

6.2 Methods 

6.2.1 Genome-wide association study samples and measures 

Smoking behaviours 

Summary statistics for tobacco use were obtained from the GWAS and Sequencing 

Consortium of Alcohol and Nicotine use (GSCAN) (M. Liu et al., 2019). The GSCAN 

meta-GWAS on individuals of predominantly European ancestry is the largest to date 

for smoking initiation, cigarettes per day, age of initiation and current smoking (N = 

262,990 - 632,802). Smoking initiation was a binary phenotype with smokers defined as 

those who reported having ever smoked regularly, smoked daily for at least one month, 

or smoked more than 100 lifetime cigarettes. Cigarettes per day consisted of the average 

number of cigarettes smoked per day by current and former smokers, with never-

smokers excluded. Age of smoking initiation was a continuous measure defined as the 

age at which current or former smokers started smoking cigarettes regularly and 

excluded non-smokers. Current smoking was assessed among smokers and coded as 
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either current smokers or former smokers (those who were not current smokers but 

used to smoke regularly or had smoked more than 100 lifetime cigarettes).  

Psychotic experiences and psychiatric disorders 

Details on the GWAS summary statistics for adolescent PENS, schizotypy, positive PE 

in adults and for psychiatric disorders were provided in section 5.2.1 of Chapter 5. In 

brief, summary statistics were obtained from a recent mega-GWAS of four types of 

adolescent PENS: Paranoia and hallucinations, cognitive disorganisation, parent-rated 

negative symptoms and anhedonia (N = 6,297-10,098) (Pain et al., 2018).  

GWAS on four schizotypy scales assessed during middle when participants were 

aged 31 years were obtained from the authors (N = 3,967 – 4.057) (Ortega-Alonso et al., 

2017), namely perceptual aberrations, hypomania, social anhedonia and physical 

anhedonia. 

Positive PE were assessed in the UK Biobank using four dichotomous items as 

part of a mental health questionnaire completed by 157,397 participants aged 40-69 

years. GWAS summary statistics on four positive PE were included in the analyses: 

hearing un-real voices, seeing an un-real vision, beliefs in an un-real conspiracy and 

experiences of un-real communications or signs.  

Summary statistics were obtained for schizophrenia (Schizophrenia Working 

Group of the Psychiatric Genomics Consortium, 2014) (N = 150,064), major depressive 

disorder (Wray et al., 2018) (N = 173,005 excluding 23andMe participants) and for 

bipolar disorder (Bipolar Disorder and Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2018) (N = 41,653). All psychiatric disorders were treated as 

binary phenotypes. 

Covariates in genomic multiple regression 

Publicly available summary statistics were obtained for lifetime cannabis use (N = 

162,082) (Pasman et al., 2018), for alcohol consumption from GSCAN (N = 537,349 

excluding 23andMe participants) (M. Liu et al., 2019), for risk taking from Neale Lab (N 
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= 348,549 UK Biobank participants) and for insomnia (N = 113,006) (Hammerschlag et 

al., 2017). Cannabis use was a binary phenotype assessed using self-report items on 

whether participants had ever used cannabis. Alcohol consumption came from 

participant reports on the average number of weekly drinks they drank. Risk taking was 

assessed with the item “Would you describe yourself as someone who takes risks?” (UK 

Biobank data-field 2040). Insomnia was from an item from the UK Biobank (data-field 

1200) with participants who indicated that they usually have trouble falling asleep at 

night or wake up in the middle of the night classed as cases. 

 

6.2.2 Statistical analysis 

Data preparation 

Prior to all analyses, GWAS summary statistics were filtered to remove single nucleotide 

polymorphisms (SNPs) with incomplete association statistics and exclude strand 

ambiguous and non-biallelic SNPs. Variants were matched and allele orders 

harmonized to the 1000 Genomes (phase 3) reference panel for European ancestry. 

Variants were excluded based on INFO scores < 0.9 and minor allele frequency (MAF) < 

0.01. INFO scores were not provided in the summary statistics for smoking behaviours 

and drinks per week. The statistics had been previously filtered on INFO < 0.3 by the 

study authors (M. Liu et al., 2019). Sample sizes and the number of variants analysed for 

each phenotype are summarized in Supplementary Table 6.1. 

LD score regression 

Genetic correlations between smoking behaviour and PE and psychiatric disorders were 

performed using linkage disequilibrium (LD) score regression (Bulik-Sullivan, 

Finucane, et al., 2015; Bulik-Sullivan, Loh, et al., 2015). LD score regression uses GWAS 

summary statistics to estimate single-trait SNP heritability (SNP-h2) and the genetic 

correlation (rg) between traits. See section 5.2.2 in Chapter 5 for details on this method. 
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Heritability and genetic correlations were converted to a liability scale based on a 

population prevalence of 1% for schizophrenia, 15% for major depression and 2% for 

bipolar disorder (Lim et al., 2018; Merikangas et al., 2011; Moreno-Kustner et al., 2018). 

The LD score regression genetic covariance intercept was left unconstrained in analyses 

of summary statistics with overlapping samples (the GWASs for smoking behaviours, 

depression and adult positive PE included UK Biobank participants; GWASs for 

smoking behaviours and adolescent PENS included ALSPAC participants). When there 

was no known sample overlap, the intercept was constrained to zero. For analyses of 

adolescent PENS, effective sample sizes were used to account for sibling pairs included 

in the TEDS and CATSS samples (for details, see Pain et al., 2018). Correction for 

multiple testing of genetic correlations (60 tests) was performed using Benjamini-

Hochberg correction at a false discovery rate (FDR) of 0.05. 

Genomic structural equation modelling 

To investigate the genome-wide genetic overlap between specific PE or psychiatric 

disorders and smoking behaviours after accounting for the genetic influences of other 

covariates (drinks per week, cannabis use, risk taking behaviour and insomnia), 

genomic multiple regression was conducted using Genomic Structural Equation 

Modelling (Genomic SEM) (Grotzinger et al., 2019). Genomic SEM uses GWAS 

summary statistics to model the shared genetic architecture of genetically correlated 

traits. It does so by performing structural equation modelling of the genetic covariance 

structures between traits based on SNP heritability estimates and genetic correlations 

derived from LD score regression. Genomic SEM allows for sample overlap between 

GWAS. 

The LD structure for each of the phenotypes in genomic multiple regression 

models and the bivariate genetic correlations between phenotype pairs were performed 

in LD score regression software using the same parameters as in the analyses between 

smoking behaviours and PE/psychiatric disorders (described above). Genomic 

covariance structures were computed and genomic multiple regression models specified 

in the Genomic SEM package (Grotzinger et al., 2019) for R version 3.5.2 (R Core Team, 
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2018) for specific PE and psychiatric disorders that had at least nominally significant 

genetic correlations (at p < .05) with smoking phenotypes. Models allowed for genetic 

correlations between all predictors (smoking behaviours and the covariates) and 

separate models were run in which all predictors were regressed onto each of the 

psychiatric disorder or PE phenotypes as outcomes. Standardized estimates were 

reported thereby allowing the association between a given predictor and the outcome in 

the model to be interpreted as genetic correlations conditional on all other predictors. 

Model fit was evaluated based on the Standardized Root Mean Square Residual (SRMR) 

statistic with lower scores indicating a better fit to the data and SRMR < .05 considered a 

good fit (as recommended in Grotzinger et al.). 

Mendelian randomization 

Mendelian randomization (MR; Davey Smith and Ebrahim, 2003) was performed to test 

for causal associations between the propensity to initiate smoking with PE and with the 

liability of being diagnosed with schizophrenia, major depression or bipolar disorder. 

Bi-directional two-sample MR was conducted using GWAS summary statistics for 

phenotypes as the exposure (or risk factor) and outcome. For a detailed description of 

the MR methods used, see section 5.2.2 of Chapter 5. 

Generalised Summary-data-based Mendelian Randomization (GSMR; Zhu et al., 

2018) was used as the main MR method due to its advantages of accounting for 

sampling variation in the exposure and outcome GWAS and for residual LD structure 

between instrumental variables. MR-Egger regression (Bowden et al., 2015), Weighted 

Median (Bowden et al., 2016) and Weighted Mode MR (Hartwig et al., 2017) were 

conducted as sensitivity analyses as these methods make different assumptions to GSMR 

by allowing for a proportion of invalid instrumental variables in the analyses. The 

presence of directional pleiotropy was assessed using the MR-Egger intercept test. An 

intercept significantly different from zero indicates that MR-Egger causal estimates may 

be more robust compared to GSMR estimates.  
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Publicly available summary statistics from the GWAS for major depression 

excluded 23andMe participants and did not have enough variants at genome-wide 

significance for MR analyses. Genome-wide significant variants to use as exposure-

variant IVs were instead obtained from the publication (Wray et al., 2018). Only seven 

variants reached genome-wide significance in the publicly available summary statistics 

for bipolar disorder (Bipolar Disorder and Schizophrenia Working Group of the 

Psychiatric Genomics Consortium, 2018). IVs for bipolar disorder as the exposure were 

instead obtained from a paper for a recent GWAS for which full sumary statistics were 

not available (Stahl et al., 2019). For all other exposure phenotypes, independent 

variants used as IVs were identified using the clumping algorithm in PLINK (Chang et 

al., 2015) based on an r2 threshold = .05 within a 500kb window. GWAS on PE 

phenotypes are recent, not yet replicated using equivalent measures in independent 

samples, and based on relatively small sample sizes. IVs were therefore selected at a less 

stringent GWAS threshold of p < 5 x 10-5 for adolescent PENS, adult schizotypy and 

positive PE items in the UK Biobank as the exposure measures.  

Bivariate MR was conducted using the GSMR (Zhu et al., 2018) and MR Base 

(Hemani et al., 2018) packages in R version 3.5.2 (R Core Team, 2018). GCTA software 

(Yang, Lee, Goddard, & Visscher, 2011) was used to calculate the LD structure between 

lead variants based on the 1000 Genomes (phase 3) reference panel for individuals of 

European ancestry. Top independent variants that were excluded from GSMR analyses 

due to being Heidi-outliers and in residual LD at an r2 threshold of 0.1 were also 

removed prior to conducting MR Egger, Weighted Median and Weighted Mode 

methods. MR was conducted using summary statistics for smoking initiation but not for 

smoking phenotypes that excluded non-smokers as these cannot be tested for causal 

associations on outcome GWAS not stratified for smoking status. Significance 

thresholds were set at p < 0.05.  
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6.3 Results 

6.3.1 Genetic overlap between smoking behaviours and psychotic experiences 

and psychiatric disorders 

Genetic correlations between smoking behaviours and PE and psychiatric disorders are 

summarised in Figure 6.1. Further details on the GWAS summary statistics, including 

SNP heritability estimates, are provided in Supplementary Table 6.1. 

Figure 6.1 shows that for positive PE in adults and smoking behaviours, 

significant genetic correlations after Benjamini-Hochberg correction for multiple testing 

were observed between un-real visions with cigarettes per day (rg = .33, p = 4.00 x 10-4), 

age of smoking initiation (rg = -.31, p = 0.002), current smoking (rg = .35, p = 0.001), and 

nominally at p <.05 (not meeting correction for multiple testing) with smoking 

initiation (rg = .18, p = 0.026). Experiences of an un-real voice was significantly 

genetically correlated with current smoking (rg = .40, p = 0.009), and nominally 

significant with cigarettes per day (rg = .28, p = 0.015) and age of smoking initiation (rg = 

-.25, p = 0.037). Believing in un-real conspiracies were genetically correlated at nominal 

significance with smoking initiation (rg = .32, p = 0.016). 

 Hypomania was the only schizotypy measure to genetically correlate with 

smoking behaviour, specifically with smoking initiation (rg = .17, p = 8.00 x 10-4) and age 

of smoking initiation (rg = -.22, p = 0.002), and not meeting correction for multiple 

testing, with cigarettes per day (rg = .11, p = 0.049). 

Figure 6.1 also shows the genetic correlations between adolescent PENS and 

smoking behaviour. At nominal significance, cognitive disorganisation was genetically 

correlated with smoking initiation (rg = .39, p = 0.017) and anhedonia with cigarettes per 

day (rg = .40, p = 0.046). Estimates of genetic correlations could not be calculated for 

associations with paranoia and hallucinations and parent-rated negative symptoms. 

This was due to the low SNP-h2 for these traits and heritability estimates are used in LD 
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Figure 6.1 Heat map showing genetic correlations between smoking behaviours, psychotic experiences and psychiatric disorders 

Note: PENS = Psychotic experiences (PE) and negative symptom traits; NA = indicates that genetic correlations could not be computed due to low SNP-heritability or 

sample size; * indicates statistically significant genetic correlations at p<.05; ** indicates significance at FDR < .05 using Benjamini-Hochberg correction for 60 tests; 

Genetic correlations reported using unconstrained LD score regression intercept between phenotypes with sample overlap (for example, smoking behaviour and major 

depression GWASs contained participants from the UK Biobank, and smoking behaviours and adolescent PENS contained participants from ALSPAC). Note that age of 

smoking initiation was coded in the direction of lower scores reflecting younger ages of initiation. Note that current smoking cases are current smokers (compared to ex-

smokers). 
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score regression to standardise genetic covariances into genetic correlations. To give an 

indication of the presence and direction of genetic overlap between these traits and 

smoking phenotypes, genetic covariance estimates are reported instead (Supplementary 

Table 6.2): after Benjamini-Hochberg correction for multiple testing, significant genetic 

covariation in the expected directions were found between paranoia and hallucinations 

with smoking initiation (ρg = 0.02, p = 0.010) and age of smoking initiation (ρg = -0.03, p 

= 1.16 x 10-4), as well as between negative symptoms and smoking initiation (ρg = 0.03, p 

= 0.001). Genetic covariation was also suggested (at p < .05) between negative symptoms 

with cigarettes per day (ρg = 0.02, p = 0.046) and with current smoking (ρg = 0.02, p < 

0.050).  

 In line with previous findings, several significant genetic correlations were found 

between smoking behaviours and psychiatric disorders (M. Liu et al., 2019). 

Schizophrenia was genetically correlated with cigarettes per day (rg = .11, p = 2.00 x 10-4), 

smoking initiation (rg = .15, p = 9.51 x 10-11) and current smoking (rg = .09, p = 0.008). 

Major depression shared genetic influences with cigarettes per day (rg = .32, p = 6.15 x 

10-12), smoking initiation (rg = .38, p = 1.57 x 10-29), age of smoking initiation (rg = -.33, p 

= 1.16 x 10-14) and current smoking (rg = .38, p = 1.31 x 10-14). A novel finding was for 

genetic correlations between bipolar disorder and cigarettes per day (rg = .10, p = 0.006) 

and smoking initiation (rg = .10, p = 7.00 x 10-4), significant after correction for multiple 

testing. 

6.3.2 Genomic multiple regression 

To investigate the degree to which genetic correlations between smoking behaviours 

and PE and psychiatric disorders reflect pleiotropy specific to smoking or mediated by 

genetic influences associated with covariates (lifetime cannabis use, alcohol 

consumption, insomnia and risk-taking behaviour), genomic multiple regression 

models were run in Genomic SEM. Smoking behaviours that shared at least nominally 

significant (p < .05) genetic overlap with psychiatric traits or disorders were included.  
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Genetic correlations with covariates  

Genetic correlations performed in LD-score regression between genetic covariates and 

smoking behaviours, psychiatric disorders and PE are shown in Supplementary Figure 

6.1. Smoking initiation was genetically correlated with lifetime cannabis use (rg = .56, p 

= 2.18 x 10-85), alcohol consumption (rg = .51, p = 1.49 x 10-90), insomnia (rg = .27, p = 

1.41 x 10-10) and risk taking (rg = .37, p = 1.49 x 10-38). Cigarettes per day was negatively 

genetically correlated with lifetime cannabis use (rg = -.09, p = 0.046), and was 

genetically correlated with alcohol consumption (rg = .10, p = 0.004), insomnia (rg = .35, 

p = 2.10 x 10-11) and risk taking (rg = .17, p = 5.54 x 10-5). 

 Lifetime cannabis use was genetically correlated with psychiatric disorders (rg = 

.26 - .28, maximum p = 2.40 x 10-8) and except for adolescent cognitive disorganization 

(rg = .54, p = 0.002) not with any of the other PE phenotypes. Alcohol consumption was 

genetically correlated with psychiatric disorders (rg = .10 - .16, maximum p = 0.006) and 

with hypomania (rg = .14, p = 0.008) and not with the other PE. Insomnia was 

genetically correlated with depression (rg = .51, p = 1.01 x 10-22) but not with 

schizophrenia nor bipolar disorder and was correlated with most PE including hearing 

an unreal voice, unreal visions hypomania and adolescent anhedonia (rg = .31 - .52, 

maximum p = 0.019). Risk taking was genetically correlated with all psychiatric 

disorders and most PE (rg = .21 - .43, maximum p = 0.045) except with reports of un-

real conspiracies and adolescent anhedonia. 

Genomic multiple regression for cigarettes per day 

Figure 6.2 – 6.5 show the path diagrams for genomic multiple regression models.  

Double headed arrows on the left of the figures display the genetic correlations between 

phenotypes.  Single-headed arrows on the right of each figure represent the regression of 

the genetic predictors on the genetic components of psychiatric traits or disorders as 

outcomes. Circles represent the genetic components associated with phenotypes. The 

conditional genetic associations are displayed beside arrow lines with standard errors in 

parentheses. Residual genetic variation, indicating non-overlapping genetic variation, 
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associated with psychiatric traits or disorders are denoted with ‘u’ and are represented 

by small circles.  

 All genomic multiple regression models provided excellent fit to the data 

(maximum SRMR = 8.30 x 10-9). Figure 6.2 shows that the genetic component of 

cigarettes per day, plus the genetic influences on cannabis use, alcohol consumption, 

insomnia and risk taking, accounted for 11 - 41% of genetic variation in PE and 

psychiatric disorders (calculated as one minus the residual variance; Figure 6.2a-g). 

Accounting for the genetic influences of the other variables, cigarettes per day shared 

significant genome-wide genetic influences with schizophrenia (bg = .12, p = 0.003), 

depression (bg = .17, p = 0.003) and adolescent anhedonia (bg = .44, p = 0.044) but not 

with bipolar disorder (bg = .05, p = 0.263), unreal voices (bg = .05, p = 0.662), unreal 

visions (bg = .18, p = 0.165) and hypomania (bg = -.01, p = 0.968). As a proportion of the 

bivariate genetic correlations (calculated as bg/rg x 100; see Figure 6.1 for bivariate 

correlations), 53% of the genome-wide genetic overlap with cigarettes per day were 

specific to depression, whereas the remaining overlap could be attributed to pleiotropy 

mediated by the genetic influences of the covariates. Bivariate genetic correlations with 

schizophrenia and adolescent anhedonia was of similar magnitude to conditional 

genetic associations. Note that the standard errors of the residual variance for adolescent 

anhedonia and hypomania in adults were large, indicating that genetic predictors did 

not accurately account for the genetic variation in these two outcomes. 

Genomic multiple regression for smoking initiation 

Genomic multiple regression models were run for all three psychiatric disorders, two 

types of positive PE, un-real visions and un-real conspiracies, for one measure of 

schizotypy (hypomania) and for adolescent cognitive disorganization as these 

phenotypes shared significant genetic overlap with smoking initiation. Figure 6.3 shows 

that the genetic component of smoking initiation, plus the genetic influences on the four 

covariates, accounted for 10 - 52% of genetic variation in PE and psychiatric disorders 

(calculated as one minus the residual variance), but the standard errors of the residual 

genetic variance in unreal conspiracies, hypomania and adolescent cognitive 
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disorganization was wide indicating that these models lacked accuracy. After controlling 

for the covariates at a genetic level, significant conditional genetic correlations were 

found between smoking initiation and depression (bg = .16, p = 0.017) and a negative 

conditional genetic association with bipolar disorder (bg = -.11, p = 0.029). No genetic 

association was found between smoking initiation and schizophrenia (bg = .00, p = 

0.970), unreal visions (bg = .14, p = 0.266), unreal conspiracies (bg = .20, p = 0.258), 

hypomania (bg = .00, p = 0.980) and adolescent cognitive disorganization (bg = .09, p = 

0.676) after accounting for the genetic influences of covariates. As a proportion of the 

bivariate genetic correlation, 42% of the genetic overlap between smoking initiation and 

depression was specific to these phenotypes. The bivariate genetic correlation with 

bipolar disorder was positive whereas the association became negative after accounting 

for the genetic covariates. 

Genomic multiple regression for age of smoking initiation 

Figure 6.4 summarizes results for age of smoking initiation as a genetic predictor 

(accounting for the genetic influences of cannabis use, alcohol consumption, insomnia 

and risk-taking behaviour). Genomic multiple regression models were run with 

depression, two adult PE (unreal voice and unreal visions) and one schizotypy measure 

(hypomania) as outcomes as these phenotypes shared bivariate genetic correlations with 

age of smoking initiation (Figure 6.1). Models accounted for 24 – 41% of variation in 

these PE and psychiatric disorders, but for hypomania the standard error of the residual 

genetic variance was wide. No significant conditional genetic correlations were found 

between age of smoking initiation with depression (bg = -.11, p = 0.075), unreal voice (bg 

= .00, p = 0.999), unreal visions (bg = -.15, p = 0.248) and hypomania (bg = -.04, p = 

0.820). Note that negative conditional genetic correlation estimates indicate an 

association with a younger age of smoking initiation. 

Genomic multiple regression for current smoking status 

Figure 6.5 shows that the genetic component of current smoking status (compared to 

ex-smokers), plus the genetic influences on the four covariates, accounted for 11-41% of 
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genetic variation in schizophrenia, depression, unreal voice and unreal visions, the most 

being for depression. Significant genetic overlap not accounted for by other predictors 

in the model was found between current smoking and schizophrenia (bg = .12, p = 

0.009), depression (bg = .30, p = 1.93 x 10-5) and unreal visions (bg = .26, p = 0.044) and 

not with unreal voice (bg = .21, p = 0.125). The conditional genetic association was 

slightly higher than the bivariate correlation between current smoking and 

schizophrenia. After accounting for the genetic covariates, 79% of the genetic overlap 

between depression and current smoking and 74% between unreal visions and current 

smoking was not accounted for by the genetic covariates.  

Full model results, including unstandardized estimates, are provided in 

Supplementary Table 6.3 – 6.6. Genomic multiple regression models were not 

performed on adolescent paranoia and hallucinations and negative symptoms (despite 

results for significant genetic covariation between these adolescent PENS and some 

smoking behaviours) because these GWAS summary statistics had inadequate sample 

sizes and heritability estimates to calculate reliably the genetic covariance structures 

with other phenotypes in the models. 
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Figure 6.2  Genomic multiple regression models for cigarettes per day as a predictor 

of psychiatric disorders and psychotic experiences 
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Figure 6.2 (continued) 

Note: Circles indicate genome-wide genetic influences on smoking initiation (TOBg), 

lifetime cannabis use (CANg), alcohol consumption (ALCg), insomnia (INSg), 

schizophrenia (SCZg), major depressive disorder (MDDg), bipolar disorder (BPDg), un-real 

visions (VISg), un-real conspiracy (CONg), hypomania (HYPg) and adolescent cognitive 

disorganization (COGg); Standard errors shown in parentheses; U = residual variance. 
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Figure 6.3 Genomic multiple regression models for smoking initiation as a predictor 

of psychiatric disorders and psychotic experiences 
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Figure 6.3 (continued) 

Note: Circles indicate genome-wide genetic influences on smoking initiation (TOBg), 

lifetime cannabis use (CANg), alcohol consumption (ALCg), insomnia (INSg), 

schizophrenia (SCZg), major depressive disorder (MDDg), bipolar disorder (BPDg), un-real 

visions (VISg), un-real conspiracy (CONg), hypomania (HYPg) and adolescent cognitive 

disorganization (COGg); Standard errors shown in parentheses; U = residual variance. 
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Figure 6.4 Genomic multiple regression models for age of smoking initiation as a 

predictor of psychiatric disorders and psychotic experiences 

Note: Circles indicate genome-wide genetic influences on age of smoking initiation 

(AgeInitg), lifetime cannabis use (CANg), alcohol consumption (ALCg), insomnia (INSg), 

schizophrenia (SCZg), major depressive disorder (MDDg), bipolar disorder (BPDg), un-real 

visions (VISg), un-real conspiracy (CONg), hypomania (HYPg) and adolescent cognitive 

disorganization (COGg); Standard errors shown in parentheses; U = residual variance. 
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Figure 6.5 Genomic multiple regression models for current smoking status as a 

predictor of psychiatric disorders and psychotic experiences 

Note: Circles indicate genome-wide genetic influences on age of current smoking status 

(CurSmkg), lifetime cannabis use (CANg), alcohol consumption (ALCg), insomnia (INSg), 

schizophrenia (SCZg), major depressive disorder (MDDg), bipolar disorder (BPDg), un-real 

visions (VISg), un-real conspiracy (CONg), hypomania (HYPg) and adolescent cognitive 

disorganization (COGg); Standard errors shown in parentheses; U = residual variance. 
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6.3.3 Mendelian randomization 

Table 6.1 presents the Mendelian randomization results. Scatterplots and results for the 

MR-Egger intercept tests can be found in Supplementary Figure 6.2 – 6.9 and in 

Supplementary Table 6.7. The main GSMR analyses suggested that a propensity to 

initiate smoking increases the liability to be diagnosed with schizophrenia ( = .65, p = 

6.89 x 10-9). Also shown in Table 6.1, this finding was replicated in Weighted Median 

but not in MR-Egger or Weighted Mode sensitivity analyses. A significant but smaller 

causal effect of schizophrenia liability on smoking propensity was found using GSMR ( 

= .01, p = 4.12 x 10-4) and this effect was replicated using Weighted Median but not MR-

Egger or Weighted Mode sensitivity analyses.  

Consistent evidence was found that a propensity to start smoking increases the 

liability to major depression in GSMR ( = .85, p = 1.51 x 10-24) and sensitivity analyses. 

The GSMR effect size was of similar magnitude to the effect observed in MR-Egger (but 

with greater standard error) and replicated in Weighted Median and Weighted Mode 

MR (Table 6.1). MR-Egger indicated that depression liability had a small but significant 

causal effect on smoking liability (i.e. reverse causation;  = .07, p = 5.34 x 10-5). While 

this effect was not found in the other MR methods, the MR-Egger intercept was 

significantly different from zero (p = 5.53 x 10-5; as shown in Supplementary Table 6.7) 

suggesting the presence of directional pleiotropy, in which case the MR-Egger estimate 

is likely to be less biased than those of the other methods. 

Table 6.1 shows that a propensity to initiate smoking was associated with an 

increased liability for bipolar disorder based on the GSMR findings ( = .81, p = 7.82 x 

10-8). This result was replicated in the Weighted Median sensitivity analysis and a 

similar effect size was observed in MR-Egger but was not replicated in the Weighted 

Mode analysis. No evidence of reverse causation was found. 

MR results for the specific PE measures and smoking initiation are also shown in 

Table 6.1. It shows that a propensity to start smoking was associated with an increased 

susceptibility to cognitive disorganisation during adolescence based on the main MR 
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analysis (GSMR  = 1.03, p = 8.02 x 10-5). This effect was replicated in Weighted Median 

analyses but was not significant in MR-Egger and Weighted Mode MR. Smoking 

initiation was also associated with an increased risk of negative symptoms during 

adolescence in GSMR analyses ( = .51, p = .013) but this finding was not replicated in 

any of the MR sensitivity analyses. No evidence of reverse causation was observed in the 

case of these adolescent PENS and smoking initiation.   
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Table 6.1 Mendelian randomization results 

 

Exposure 
  

Outcome 
Heidi 
SNPs 

LD 
SNPs 

n 
SNPs 

GSMR results MR-Egger Weighted Median Weighted Mode 

  Beta SE p Beta SE p Beta SE P Beta SE p 

Smoking initiation → Schizophrenia 9 3 102 0.653 0.113 6.89 x 10-9 0.022 0.900 0.981 0.496 0.192 0.010 -0.372 0.812 0.647 

Schizophrenia → Smoking initiation 12 11 81 0.011 0.003 4.12 x 10-4 0.016 0.019 0.398 0.010 0.005 0.031 -0.006 0.012 0.630 

Smoking initiation → Major depression 6 2 103 0.854 0.083 1.51 x 10-24 0.834 0.516 0.109 0.809 0.129 3.84 x 10-10 0.852 0.297 0.005 

Major depression → Smoking initiation 4 0 28 0.000 0.000 0.638 0.073 0.015 5.34 x 10-5 0.000 0.001 0.611 -0.001 0.002 0.761 

Smoking initiation → Bipolar disorder 4 3 106 0.812 0.151 7.82 x 10-8 0.795 0.955 0.407 0.800 0.232 0.001 0.893 0.542 0.102 

Bipolar disorder → Smoking initiation 0 0 18 0.006 0.007 0.356 -0.098 0.058 0.112 -0.003 0.010 0.755 -0.009 0.016 0.562 

Smoking initiation → Un-real voice 0 3 116 0.003 0.005 0.496 0.013 0.023 0.573 0.002 0.007 0.761 0.013 0.020 0.527 

Un-real voice → Smoking initiation 0 0 89 0.041 0.085 0.631 0.297 0.186 0.113 0.119 0.117 0.310 0.197 0.334 0.557 

Smoking initiation → Un-real visions 1 3 115 0.010 0.007 0.169 0.030 0.033 0.358 0.014 0.010 0.172 -0.007 0.024 0.781 

Un-real visions → Smoking initiation 0 0 81 0.043 0.066 0.513 0.128 0.154 0.408 -0.005 0.089 0.958 -0.205 0.225 0.365 

Smoking initiation → Un-real communications 0 3 116 0.003 0.003 0.325 0.026 0.015 0.077 0.004 0.005 0.454 0.008 0.013 0.568 

Un-real communications → Smoking initiation 0 0 105 0.005 0.125 0.970 -0.036 0.259 0.890 -0.062 0.173 0.722 -0.296 0.458 0.520 

Smoking initiation → Un-real conspiracies 0 3 116 0.005 0.003 0.171 0.008 0.015 0.624 0.002 0.005 0.688 0.000 0.012 0.995 

Un-real conspiracies → Smoking initiation 0 0 92 0.035 0.126 0.778 0.137 0.309 0.657 0.027 0.182 0.882 0.212 0.462 0.647 

Smoking initiation → Hypomania 0 3 98 0.235 0.234 0.316 0.069 1.120 0.951 0.111 0.358 0.757 -0.040 0.841 0.962 

Hypomania → Smoking initiation 0 0 68 -0.001 0.002 0.565 -0.004 0.005 0.494 -0.002 0.003 0.461 -0.003 0.006 0.577 

Smoking initiation → Perceptual aberrations 0 3 98 0.036 0.232 0.878 0.591 1.168 0.614 0.154 0.339 0.649 0.591 1.168 0.614 

Perceptual aberrations → Smoking initiation 0 0 54 0.000 0.002 0.867 -0.001 0.005 0.792 -0.001 0.003 0.732 0.000 0.006 0.953 
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Table 6.1 (continued) 

 

Note: GSMR = Generalized Summary-based Mendelian Randomization; LD SNPs = SNPs with residual LD at r2 > 0.1 removed from analysis; n SNPs = 

number of variants remaining in analyses after those identified as Heidi-outliers or with residual LD were removed. SNPs identified as having residual LD 

and as Heidi outliers were also excluded from MR Egger, Weighted Median and Weighted Mode analyses. Bold text indicates significant p-values at p < 

0.05. 

Exposure 
  

Outcome 
Heidi 
SNPs 

LD 
SNPs 

n 
SNPs 

GSMR results MR-Egger Weighted Median Weighted Mode 

  Beta SE p Beta SE p Beta SE P Beta SE p 

Smoking initiation → Physical anhedonia 0 3 98 -0.139 0.234 0.553 -0.464 1.201 0.700 -0.170 0.360 0.636 -0.180 0.788 0.820 

Physical anhedonia → Smoking initiation 1 0 58 0.000 0.002 0.850 0.003 0.006 0.626 0.002 0.003 0.524 0.010 0.008 0.209 

Smoking initiation → Social anhedonia 0 3 98 -0.414 0.233 0.076 -0.579 1.118 0.605 -0.469 0.347 0.177 -0.326 0.861 0.706 

Social anhedonia → Smoking initiation 1 0 57 -0.001 0.002 0.754 0.005 0.005 0.294 0.002 0.003 0.578 0.004 0.006 0.530 

Smoking initiation → Paranoia/hallucinations 0 1 57 0.282 0.213 0.185 0.437 0.997 0.663 0.073 0.296 0.804 -0.056 0.564 0.922 

Paranoia/hallucinations → Smoking initiation 0 0 24 -0.002 0.006 0.720 -0.015 0.015 0.330 -0.006 0.008 0.460 -0.015 0.014 0.322 

Smoking initiation → Cognitive disorganisation 0 1 57 1.030 0.261 8.02 x 10-5 2.321 1.191 0.056 1.267 0.365 5.25 x 10-4 1.352 0.691 0.055 

Cognitive disorganisation → Smoking initiation 0 0 28 0.004 0.004 0.307 -0.022 0.011 0.059 0.002 0.006 0.723 -0.001 0.010 0.943 

Smoking initiation → Anhedonia 0 1 57 0.058 0.244 0.812 -0.841 1.208 0.490 -0.075 0.362 0.835 -0.218 0.604 0.720 

Anhedonia → Smoking initiation 0 0 30 -0.002 0.004 0.599 0.000 0.009 0.965 0.000 0.006 0.944 0.002 0.011 0.868 

Smoking initiation → Negative symptoms 0 1 57 0.506 0.204 0.013 1.221 1.089 0.267 0.450 0.302 0.136 0.529 0.533 0.326 

Negative symptoms → Smoking initiation 0 0 25 -0.003 0.006 0.609 -0.012 0.015 0.436 -0.004 0.008 0.664 0.004 0.015 0.780 
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6.4 Discussion 

This chapter found evidence of overlapping genome-wide genetic influences between 

smoking behaviours and psychiatric disorders as well as with specific types of PE 

reported by adolescents and adults in the community. The nature of pleiotropy between 

smoking behaviours and PE and psychiatric disorders was further investigated: For 

schizophrenia and depression, genetic correlations with smoking frequency and current 

smoking status were not fully explained by genetic influences on known key covariates, 

namely cannabis use, alcohol use, risk taking and insomnia. Genetic associations 

between smoking behaviours and most positive PE were explained by genetic influences 

shared with the covariates. Findings from this chapter also indicated that there appeared 

to be causal effects of smoking initiation on schizophrenia, depression and bipolar 

disorder and on adolescent cognitive and (although based on less consistent evidence) 

negative symptom traits. 

Findings from this chapter that genetic overlap persisted after accounting for 

genetic influences on key covariates strengthen the hypothesis that schizophrenia and 

depression share biological pathways with smoking frequency and persistent smoking. 

As discussed in Chapter 1, possible shared biological pathways may involve nicotine, the 

principal pharmacologically active component of smoking that acts as an agonist on the 

nicotinic acetylcholine receptor (nAChR). Variants within the CHRNA5‐A3‐B4 gene 

cluster on chromosome 15 which encodes for three subunits of nAChR are among the 

strongest and most robust associations with nicotine dependence (Erzurumluoglu et al., 

2019; M. Liu et al., 2019; Thorgeirsson et al., 2008; Tobacco and Genetics Consortium, 

2010) and have also been implicated in schizophrenia (Schizophrenia Working Group 

of the Psychiatric Genomics Consortium, 2014). Presynaptic activation of nAChR 

stimulates the release of several neurotransmitters including dopamine, serotonin and 

glutamate (Brody et al., 2004; Levin, 2018; McCallum et al., 2012; McKinney & 

Vansickel, 2016). Dysregulation of dopaminergic and glutamatergic pathways could 

both explain why some people may be more susceptible to the positive reinforcing 
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effects of smoking (Ashok et al., 2019) and have an increased vulnerability to develop 

schizophrenia (Coyle, 2006).  

Beyond genetic associations, this chapter also investigated whether smoking 

initiation was causally associated with psychiatric disorders. We found support for a 

causal role of smoking initiation on liabilities to develop schizophrenia, depression and 

bipolar disorder, similar to the findings from two recent studies (Vermeulen, Wootton, 

et al., 2019; Wootton et al., 2018) whilst using different Mendelian randomization 

methods. The current study took steps to remove likely pleiotropic variants from genetic 

instruments using the Heidi-outlier approach. This approach aims to reduce 

confounding from biological pleiotropy. These results of a possible causal effect of 

smoking on schizophrenia and depression (and a possible effect in the other direction) 

concurs with results from previous longitudinal evidence (Chaiton et al., 2009; Gurillo 

et al., 2015). 

The action of nicotine on nAChR could also explain possible mechanisms by 

which smoking could be casually associated with psychiatric disorders. Chronic 

exposure to nicotine, particularly during adolescence, may result in long-lasting 

alterations of dopaminergic and cholinergic pathways, leading to an increase in risk of 

psychiatric disorders in susceptible individuals (Jobson et al., 2019; Mineur & Picciotto, 

2009; Quigley & MacCabe, 2019). Beyond nicotine, other toxic compounds that are 

released during the combustion of tobacco can cause neuro-inflammation and oxidative 

stress (Goncalves et al., 2011), factors that have been associated with schizophrenia, 

bipolar disorder and major depression (Berk et al., 2011; Howes & McCutcheon, 2017; 

Miller, Maletic, & Raison, 2009). 

To the best of our knowledge, this is the first study to report that genome-wide 

genetic influences on bipolar disorder significantly overlap with those on cigarettes 

smoked per day and smoking initiation. This finding is in line with recent evidence of 

an association between polygenic scores for bipolar disorder and nicotine dependence 

(Reginsson et al., 2018). However, Reginsson et al. (2018) found no significant 

associations between polygenic liability to bipolar disorder with smoking initiation and 
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cigarettes per day. Another study also found no significant genetic correlation between 

smoking initiation and bipolar disorder (Bulik-Sullivan, Finucane, et al., 2015). For 

genetic correlation analyses reported in this chapter, summary results from more recent 

and better powered GWAS was used, a likely reason why genetic overlap between 

bipolar disorder and smoking behaviour was detected here but not in previous studies. 

This thesis also found that the genetic overlap between bipolar disorder and smoking 

quantity was accounted for by genetic influences of our covariates. Interestingly, the 

findings indicate that a propensity to start smoking was associated with lower genetic 

liability to be diagnosed with bipolar disorder, while the bivariate genetic correlation 

between these two phenotypes was positive. The negative conditional genetic association 

was likely due to smoking initiation being genetically correlated with all covariates (rg = 

.25 - .51). 

This chapter replicated previous findings of genetic overlap between smoking 

behaviours and schizophrenia and major depression using more recent and better 

powered GWAS results that those used in previous studies. Like Hartz et al. (2017), this 

chapter found significant genome-wide genetic overlap between schizophrenia and 

several smoking behaviours (rA = .09 - .15). A slightly higher genetic correlation of .38 

was found between major depression and smoking initiation than the value of .29 

previously reported by Wray et al. (2018), and genetic correlations of similar magnitude 

was found between major depression and the other smoking phenotypes tested.    

 Until recently, research into the genetic aetiology underlying the association 

between PE in the community and smoking behaviours was lacking. Here, this thesis 

found novel evidence that smoking behaviour share genetic influences with some types 

of positive PE during adulthood (notably with visual and auditory hallucinations) and 

with hypomania. Interestingly, for most associations, the genetic overlap between PE 

and smoking was shared with the covariates. Specifically, while most of the association 

between experiences of visual hallucinations and current smoking status remained (74% 

of the initial bivariate genetic association was not due to the genetic covariates), none of 

the other genetic associations between smoking behaviour and the other PE phenotypes 
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remained significant. Further exploration of shared biological pathways between 

smoking and visual hallucinations would be an interesting topic to consider in future 

research. 

This chapter also investigated the genetic overlap between smoking and 

adolescent PENS and found suggestive evidence (p < .05) that adolescent anhedonia was 

genetically associated with cigarettes per day even after accounting for the genetic 

influences on other associated phenotypes. The genetic overlap between subthreshold 

cognitive symptoms during adolescence could be explained by indirect genetic 

influences. However, the standard errors around the residual variances for genomic 

multiple regression models pertaining to adolescent PE were large, likely due to the 

limited sample sizes of these adolescent GWAS. This chapter also reported significant 

genetic covariation between smoking initiation and adolescent negative symptoms and 

paranoia and hallucinations, but due to the low SNP heritability of these phenotypes, 

genetic correlations and genomic structural equation modelling could not be analysed. 

Therefore, these genetic associations warrant replication in other types of design such as 

polygenic score studies in samples with individual-level genetic data. 

Smoking may increase a propensity to experience cognitive and negative PE 

during adolescence, although the association with negative symptom traits were not 

confirmed by Mendelian randomization sensitivity analyses. A recent preclinical study 

found that adolescence may be a critical period during which exposure to nicotine could 

lead to persistent alteration of neurotransmitter pathways (Jobson et al., 2019) likely 

relevant to PE. Another possible causal mechanism that could link smoking behaviour 

to PE is the effect of nitrogen oxides. Nitrogen oxide levels in air pollution was recently 

linked to an increased risk of PE in adolescents (Newbury et al., 2019) and is also a toxin 

produced during cigarette smoking.    

Another finding was the lack of evidence that smoking initiation and positive PE 

in adulthood were causally related. This is somewhat surprising given the known 

phenotypic association between PE and psychiatric disorders (Dominguez et al., 2011; 

Hanssen et al., 2005; Poulton et al., 2000; Welham et al., 2009; Werbeloff et al., 2012; 
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Zammit et al., 2013) and the evidence for a causal role of smoking on liability to be 

diagnosed with psychiatric disorders. These findings suggest that the underlying 

mechanisms by which tobacco use may increase the risk of developing psychiatric 

disorders does not pertain to PE in the community.  

This thesis demonstrated the utility of genomic multiple regression models to 

further explore the nature of pleiotropy among genetically correlated phenotypes. 

Genomic SEM models are more feasible to perform than controlling for various 

confounding factors prior to conducting GWAS and more flexible and computationally 

less restrictive than simulating new association summary statistics adjusted for 

confounding in methods like GWIS prior to performing genetic correlations.  

The analyses presented here had limitations that should be considered. The 

findings on schizotypy and adolescent PENS were limited by the relatively small GWAS 

sample sizes. This chapter also reported significant genetic covariation between smoking 

initiation and adolescent negative symptoms and paranoia and hallucinations, but due 

to the low SNP heritability of these phenotypes, genetic correlations and genomic 

structural equation modelling could not be analysed. Therefore, these genetic 

associations warrant replication in other types of design such as polygenic score studies 

in samples with individual-level genetic data. In some genomic multiple regression 

models, particularly those for schizotypy and adolescent PENS, the standard errors of 

the residual variances were large, indicating that genetic predictors did not accurately 

account for the genetic variation in these outcomes. The analyses also did not consider 

the role of genetic influences on other likely covariates such as exposure to trauma and 

sociodemographic characteristics.  GWAS results on smoking behaviours were assessed 

in adults; it is not clear if the same genome-wide genetic influences on smoking 

behaviour are involved during adolescence and adulthood. Future Mendelian 

randomization studies could also consider using GWAS on smoking quantity that 

includes non-smokers to assess causal associations with psychiatric traits and disorders. 
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6.5 Appendix 

Supplementary Table 6.1 Genome wide association study sample sizes and SNP-

heritability estimates 

 GWAS N N cases 
QC-

positive 

SNPs 

SNP-h2 SE p 

Tobacco use (Liu et al., 2019)       

    Smoking initiation 632,802 311,629 6,314,516 0.0885 0.0029 <.001 

    Cigarettes per day 263,954 Continuous 6,390,544 0.0625 0.0068 <.001 

    Age of smoking initiation 262,990 Continuous 6,395,535 0.0423 0.0022 <.001 

    Current smoking a 312,821 92,573 6,424,129 0.049 0.0028 <.001 

Adolescent psychotic experiences and 

negative symptom traits (Pain et al., 2018) 
  

 
   

    Paranoia and hallucinations 8,665 Continuous 3,363,829 -0.0042  0.0352   .453 

    Cognitive disorganization 6,297 Continuous 3,363,829 0.1048 0.0566   .032 

    Anhedonia 6,579 Continuous 3,363,829 0.0797 0.0479   .048 

    Parent-rated negative symptoms 10,098 Continuous 3,363,829 -0.0222  0.0316   .241 

Schizotypy during adulthood (Ortega-

Alonso et al., 2017) 
  

 
   

    Hypomania 3,967 Continuous 5,493,986 0.3732 0.1011 <.001 

    Perceptual aberrations 4,057 Continuous 5,493,986 0.3037 0.0916 <.001 

    Physical anhedonia 3,988 Continuous 5,493,986 0.3655 0.0965 <.001 

    Social anhedonia 4,025 Continuous 5,493,986 0.2950 0.0826 <.001 

Positive psychotic experiences (UK 

Biobank by Neale Lab, 2018) 
  

 
   

    Un-real voice 117,503 2,009 6,443,634 0.0709 0.0255   .003 

    Un-real vision 116,787 3,768 6,443,706 0.1032 0.0224 <.001 

    Un-real conspiracy 117,794 932 6,443,695 0.0910 0.0521   .040 

    Un-real communications or signs 117,731 822 6,443,693 0.0666 0.0499   .091 

Psychiatric disorders       

    Schizophrenia (PGC, 2014) 150,064 36,989 5,274,747 0.1631 0.0044 <.001 

    Bipolar disorder (PGC, 2018) 41,653 20,129 5,083,505 0.2999 0.0102 <.001 

    Major Depression (Wray et al., 2018) 173,005 59,851 5,488,968 0.0999 0.0042 <.001 

Note: SNP-h2 = univariate SNP heritability; a Current smoking cases are current smokers 

(compared to ex-smokers); SNP heritabilities converted to liability scale for LD score regression 

using binary phenotypes; Effective sample size used for adolescent PENS in LD score regression 

analyses (paranoia and hallucinations = 7970.416; cognitive disorganization = 5082.760; 

anhedonia = 6068.311; parent-rated negative symptoms = 8763.295).  
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Supplementary Table 6.2 Genetic covariance estimates for adolescent paranoia and 

hallucinations and negative symptoms with smoking behaviour 

    ρg SE p 

Paranoia and hallucinations Cigarettes per day 0.018 0.035 0.616 

Paranoia and hallucinations Smoking initiation 0.021 0.008 0.010 

Paranoia and hallucinations Age of smoking initiation -0.034 0.009 1.16 x 10-4 

Paranoia and hallucinations Current smoking status 0.004 0.009 0.663 

Negative symptoms Cigarettes per day 0.020 0.010 0.046 

Negative symptoms Smoking initiation 0.025 0.008 0.001 

Negative symptoms Age of smoking initiation -0.012 0.010 0.237 

Negative symptoms Current smoking status 0.015 0.008 0.050 

 

Note: ρg = Genetic covariance; Bold text indicates significant estimates after Benjamini-

Hockberg correction for multiple testing at FDR < .05; Genetic covariances are reported in 

instances where covariance estimates could not be standardised into genetic correlations 

due to low sample size or SNP heritability. Genetic covariances gives an indication of the 

presence and direction of genetic overlap but not the magnitude of effect and these results 

should be interpreted accordingly.
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Supplementary Table 6.3 Genomic multiple regression results for cigarettes per day 

Genomic multiple regression: Schizophrenia genome-wide genetic influences predicted by genetic 
influences associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.2a) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Schizophrenia ~ Cannabis use 0.20 0.04  0.23 0.05 3.99x10-6 

Schizophrenia ~ Alcohol consumption -0.07 0.06  -0.04 0.03 0.239 

Schizophrenia ~ Insomnia -0.12 0.08  -0.09 0.06 0.099 

Schizophrenia ~ Risk taking 0.25 0.06  0.15 0.04 1.18x10-4 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Schizophrenia ~~ Schizophrenia 0.14 0.01  0.89 0.04 3.80x10-95 

Schizophrenia ~ Cannabis use 0.20 0.04  0.23 0.05 3.99x10-6 

   
      

Genomic multiple regression: Depression genome-wide genetic influences predicted by genetic influences 
associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and risk taking 

(see Figure 6.2b) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Depression ~ Cannabis use 0.20 0.05  0.27 0.07 1.25x10-4 

Depression ~ Alcohol consumption -0.16 0.07  -0.11 0.05 0.021 

Depression ~ Insomnia 0.50 0.09  0.45 0.08 2.01x10-8 

Depression ~ Risk taking 0.08 0.07  0.06 0.05 0.311 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 
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Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Depression ~~ Depression 0.07 0.01  0.65 0.08 8.09x10-18 

   
      

Genomic multiple regression: Bipolar disorder genome-wide genetic influences predicted by genetic 
influences associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.2c) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Bipolar disorder ~ Cannabis use 0.18 0.06  0.17 0.06 0.003 

Bipolar disorder ~ Alcohol consumption -0.04 0.09  -0.02 0.04 0.655 

Bipolar disorder ~ Insomnia 0.03 0.10  0.02 0.06 0.731 

Bipolar disorder ~ Risk taking 0.49 0.10  0.24 0.05 4.07x10-7 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Bipolar disorder ~~ Bipolar disorder 0.20 0.01  0.88 0.06 1.58x10-54 

   
      

Genomic multiple regression: Unreal voice genome-wide genetic influences predicted by genetic 
influences associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.2d) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal voice ~ Cannabis use 0.00 0.11  0.00 0.15 0.981 

Unreal voice ~ Alcohol consumption -0.21 0.14  -0.14 0.09 0.136 

Unreal voice ~ Insomnia 0.35 0.18  0.31 0.16 0.054 

Unreal voice ~ Risk taking 0.50 0.16  0.36 0.12 0.002 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 
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Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal voice ~~ Unreal voice 0.08 0.04  0.76 0.33 0.022 

   
      

Genomic multiple regression: Unreal visions genome-wide genetic influences predicted by genetic 
influences associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.2e) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal visions ~ Cannabis use -0.03 0.10  -0.05 0.15 0.744 

Unreal visions ~ Alcohol consumption -0.32 0.14  -0.24 0.10 0.017 

Unreal visions ~ Insomnia 0.33 0.15  0.32 0.14 0.026 

Unreal visions ~ Risk taking 0.43 0.15  0.34 0.12 0.004 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal visions ~~ Unreal visions 0.06 0.03  0.69 0.32 0.029 

   
      

Genomic multiple regression: Hypomania genome-wide genetic influences predicted by genetic influences 
associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and risk taking 

(see Figure 6.2f) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Hypomania ~ Cannabis use -0.03 0.19  -0.03 0.18 0.867 

Hypomania ~ Alcohol consumption 0.32 0.30  0.15 0.14 0.282 

Hypomania ~ Insomnia 0.57 0.37  0.35 0.23 0.122 

Hypomania ~ Risk taking 0.88 0.32  0.44 0.16 0.005 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 
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Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Hypomania ~~ Hypomania 0.13 0.13  0.59 0.59 0.314 

   
      

Genomic multiple regression: Adolescent anhedonia genome-wide genetic influences predicted by genetic 
influences associated with cigarettes per day, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.2g) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Anhedonia ~ Cannabis use 0.06 0.17  0.10 0.27 0.716 

Anhedonia ~ Alcohol consumption -0.02 0.22  -0.02 0.18 0.918 

Anhedonia ~ Insomnia -0.05 0.24  -0.05 0.25 0.831 

Anhedonia ~ Risk taking -0.15 0.27  -0.12 0.23 0.588 

Cigarettes per day ~~ Cannabis use -0.01 0.00  -0.08 0.04 0.053 

Cigarettes per day ~~ Alcohol consumption 0.01 0.00  0.09 0.03 0.001 

Cigarettes per day ~~ Insomnia 0.03 0.00  0.35 0.05 1.91x10-14 

Cigarettes per day ~~ Risk taking 0.01 0.00  0.18 0.03 7.86x10-9 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Cigarettes per day ~~ Cigarettes per day 0.07 0.00  1.00 0.06 4.61x10-70 

Cannabis usenabis use ~~ Cannabis usenabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Anhedonia ~~ Anhedonia 0.06 0.08  0.83 1.12 0.458 

Note: ~ indicates regression path operator; ~~ indicates covariance path operator. 
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Supplementary Table 6.4 Genomic multiple regression results for smoking initiation 

Genomic multiple regression: Schizophrenia genome-wide genetic influences predicted by genetic 
influences associated with smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (Figure 6.3a) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Schizophrenia ~ Smoking initiation 0.00 0.05  0.00 0.04 0.970 

Schizophrenia ~ Cannabis use 0.18 0.05  0.20 0.05 1.26x10-4 

Schizophrenia ~ Alcohol consumption -0.05 0.06  -0.03 0.03 0.358 

Schizophrenia ~ Insomnia -0.07 0.07  -0.05 0.05 0.305 

Schizophrenia ~ Risk taking 0.30 0.06  0.18 0.04 6.38x10-7 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Schizophrenia ~~ Schizophrenia 0.14 0.01  0.90 0.04 6.65x10-107 

   
      

Genomic multiple regression: Major depressive disorder genome-wide genetic influences predicted by 
genetic influences associated with smoking initiation, lifetime cannabis use, alcohol consumption, 

insomnia and risk taking (see Figure 6.3b) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Depression ~ Cannabis use 0.09 0.04  0.18 0.08 0.021 

Depression ~ Alcohol consumption -0.14 0.05  -0.13 0.05 0.007 

Depression ~ Insomnia 0.37 0.06  0.48 0.08 2.82x10-9 

Depression ~ Risk taking 0.07 0.05  0.08 0.05 0.150 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 
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Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Depression ~~ Depression 0.03 0.00  0.66 0.07 3.23x10-19 

   
      

Genomic multiple regression: Bipolar disorder genome-wide genetic influences predicted by genetic 
influences associated with smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.3c) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Bipolar disorder ~ Cannabis use 0.22 0.07  0.20 0.06 0.002 

Bipolar disorder ~ Alcohol consumption 0.02 0.10  0.01 0.05 0.858 

Bipolar disorder ~ Insomnia 0.10 0.09  0.06 0.06 0.275 

Bipolar disorder ~ Risk taking 0.54 0.10  0.26 0.05 1.03x10-8 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Bipolar disorder ~~ Bipolar disorder 0.20 0.01  0.87 0.06 8.98x10-53 

   
      

Genomic multiple regression: Unreal visions genome-wide genetic influences predicted by genetic 
influences associated with smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.3d) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal visions ~ Cannabis use -0.09 0.11  -0.14 0.16 0.401 

Unreal visions ~ Alcohol consumption -0.35 0.14  -0.26 0.10 0.011 

Unreal visions ~ Insomnia 0.36 0.14  0.35 0.13 0.008 

Unreal visions ~ Risk taking 0.46 0.14  0.36 0.11 0.001 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 
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Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal visions ~~ Unreal visions 0.06 0.03  0.71 0.32 0.029 

   
      

Genomic multiple regression: Unreal conspiracies genome-wide genetic influences predicted by genetic 
influences associated with smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.3e) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal conspiracy ~ Cannabis use 0.10 0.15  0.14 0.22 0.504 

Unreal conspiracy ~ Alcohol consumption -0.16 0.19  -0.12 0.15 0.415 

Unreal conspiracy ~ Insomnia 0.30 0.22  0.30 0.22 0.168 

Unreal conspiracy ~ Risk taking 0.06 0.20  0.05 0.16 0.776 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal conspiracy ~~ Unreal conspiracy 0.07 0.08  0.81 0.87 0.356 

   
      

Genomic multiple regression: Hypomania genome-wide genetic influences predicted by genetic influences 
associated with smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and risk taking 

(see Figure 6.3f) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Hypomania ~ Cannabis use -0.03 0.22  -0.03 0.20 0.893 

Hypomania ~ Alcohol consumption 0.32 0.30  0.15 0.14 0.285 

Hypomania ~ Insomnia 0.57 0.34  0.35 0.21 0.098 

Hypomania ~ Risk taking 0.88 0.30  0.44 0.15 0.003 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 
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Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Hypomania ~~ Hypomania 0.13 0.13  0.59 0.59 0.314 

   
      

Genomic multiple regression: Adolescent cognitive disorganization genome-wide genetic influences 
predicted by genetic influences associated with smoking initiation, lifetime cannabis use, alcohol 

consumption, insomnia and risk taking (see Figure 6.3g) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Cognitive 

disorganization ~ Cannabis use 
0.52 0.20  0.75 0.29 0.010 

Cognitive 

disorganization ~ Alcohol consumption 
-0.39 0.25  -0.29 0.18 0.112 

Cognitive 

disorganization ~ Insomnia 
0.20 0.25  0.20 0.24 0.423 

Cognitive 

disorganization ~ Risk taking 
-0.17 0.25  -0.13 0.19 0.492 

Smoking initiation ~~ Cannabis use 0.07 0.00  0.51 0.03 1.68x10-48 

Smoking initiation ~~ Alcohol consumption 0.03 0.00  0.41 0.02 3.57x10-63 

Smoking initiation ~~ Insomnia 0.02 0.00  0.25 0.04 5.00x10-10 

Smoking initiation ~~ Risk taking 0.03 0.00  0.34 0.03 6.18x10-31 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Smoking initiation ~~ Smoking initiation 0.11 0.00  1.00 0.03 1.67x10-181 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Cognitive 

disorganization ~~ 

Cognitive 

disorganization 
0.04 0.09  0.48 0.98 0.624 

Note: ~ indicates regression path operator; ~~ indicates covariance path operator.  
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Supplementary Table 6.5 Genomic multiple regression results for age of smoking 

initiation 

Genomic multiple regression: Depression genome-wide genetic influences predicted by genetic influences 
associated with age of smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and risk 

taking (see Figure 6.4a) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Depression ~ Cannabis use 0.18 0.05  0.24 0.07 3.54x10-4 

Depression ~ Alcohol consumption -0.16 0.07  -0.11 0.05 0.024 

Depression ~ Insomnia 0.52 0.09  0.47 0.09 4.48x10-8 

Depression ~ Risk taking 0.09 0.07  0.07 0.05 0.185 

Age of initiation ~~ Cannabis use -0.01 0.00  -0.07 0.04 0.100 

Age of initiation ~~ Alcohol consumption -0.01 0.00  -0.16 0.03 4.99x10-7 

Age of initiation ~~ Insomnia -0.02 0.00  -0.39 0.05 1.18x10-13 

Age of initiation ~~ Risk taking -0.01 0.00  -0.25 0.04 1.58x10-10 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Age of initiation ~~ Age of initiation 0.05 0.00  1.00 0.06 1.10x10-57 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Depression ~~ Depression 0.07 0.01  0.66 0.07 3.03x10-19 

Depression ~ Cannabis use 0.18 0.05  0.24 0.07 3.54x10-4 

   
      

Genomic multiple regression: Unreal voice genome-wide genetic influences predicted by genetic 
influences associated with age of smoking initiation, lifetime cannabis use, alcohol consumption, 

insomnia and risk taking (see Figure 6.4b) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal voice ~ Cannabis use -0.01 0.11  -0.01 0.14 0.917 

Unreal voice ~ Alcohol consumption -0.20 0.14  -0.13 0.09 0.143 

Unreal voice ~ Insomnia 0.37 0.18  0.32 0.15 0.036 

Unreal voice ~ Risk taking 0.52 0.16  0.37 0.11 0.001 

Age of initiation ~~ Cannabis use -0.01 0.00  -0.07 0.04 0.100 

Age of initiation ~~ Alcohol consumption -0.01 0.00  -0.16 0.03 4.99x10-7 

Age of initiation ~~ Insomnia -0.02 0.00  -0.39 0.05 1.18x10-13 

Age of initiation ~~ Risk taking -0.01 0.00  -0.25 0.04 1.58x10-10 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 
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Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Age of initiation ~~ Age of initiation 0.05 0.00  1.00 0.06 1.10x10-57 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal voice ~~ Unreal voice 0.08 0.04  0.76 0.33 0.023 

   
      

Genomic multiple regression: Unreal visions genome-wide genetic influences predicted by genetic 
influences associated with age of smoking initiation, lifetime cannabis use, alcohol consumption, 

insomnia and risk taking (see Figure 6.4c) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal visions ~ Cannabis use -0.05 0.10  -0.08 0.15 0.587 

Unreal visions ~ Alcohol consumption -0.32 0.13  -0.24 0.10 0.016 

Unreal visions ~ Insomnia 0.33 0.15  0.32 0.15 0.027 

Unreal visions ~ Risk taking 0.44 0.14  0.34 0.11 0.002 

Age of initiation ~~ Cannabis use -0.01 0.00  -0.07 0.04 0.100 

Age of initiation ~~ Alcohol consumption -0.01 0.00  -0.16 0.03 4.99x10-7 

Age of initiation ~~ Insomnia -0.02 0.00  -0.39 0.05 1.18x10-13 

Age of initiation ~~ Risk taking -0.01 0.00  -0.25 0.04 1.58x10-10 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Age of initiation ~~ Age of initiation 0.05 0.00  1.00 0.06 1.10x10-57 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal visions ~~ Unreal visions 0.06 0.03  0.70 0.32 0.031 

   
      

Genomic multiple regression: Hypomania genome-wide genetic influences predicted by genetic influences 
associated with age of smoking initiation, lifetime cannabis use, alcohol consumption, insomnia and risk 

taking (see Figure 6.4d) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Hypomania ~ Cannabis use -0.03 0.18  -0.03 0.17 0.876 

Hypomania ~ Alcohol consumption 0.31 0.29  0.15 0.14 0.289 

Hypomania ~ Insomnia 0.54 0.37  0.34 0.23 0.140 

Hypomania ~ Risk taking 0.86 0.32  0.43 0.16 0.007 

Age of initiation ~~ Cannabis use -0.01 0.00  -0.07 0.04 0.100 

Age of initiation ~~ Alcohol consumption -0.01 0.00  -0.16 0.03 4.99x10-7 

Age of initiation ~~ Insomnia -0.02 0.00  -0.39 0.05 1.18x10-13 

Age of initiation ~~ Risk taking -0.01 0.00  -0.25 0.04 1.58x10-10 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 
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Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Age of initiation ~~ Age of initiation 0.05 0.00  1.00 0.06 1.10x10-57 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Hypomania ~~ Hypomania 0.13 0.13  0.59 0.59 0.314 

Note: ~ indicates regression path operator; ~~ indicates covariance path operator.  
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Supplementary Table 6.6 Genomic multiple regression results for current smoking 

status 

Genomic multiple regression: Schizophrenia genome-wide genetic influences predicted by genetic 
influences associated with current smoking, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.5a) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Schizophrenia ~ Cannabis use 0.21 0.05  0.24 0.05 7.48x10-6 

Schizophrenia ~ Alcohol consumption -0.08 0.06  -0.05 0.03 0.179 

Schizophrenia ~ Insomnia -0.10 0.07  -0.08 0.05 0.146 

Schizophrenia ~ Risk taking 0.25 0.06  0.15 0.04 9.73x10-5 

Current smoking ~~ Cannabis use -0.01 0.00  -0.15 0.04 0.001 

Current smoking ~~ Alcohol consumption 0.00 0.00  0.11 0.03 0.001 

Current smoking ~~ Insomnia 0.01 0.00  0.23 0.06 1.24x10-4 

Current smoking ~~ Risk taking 0.01 0.00  0.16 0.04 2.32x10-5 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Current smoking ~~ Current smoking 0.03 0.00  1.00 0.07 7.88x10-53 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Schizophrenia ~~ Schizophrenia 0.14 0.01  0.89 0.04 2.68x10-93 

Schizophrenia ~ Cannabis use 0.21 0.05  0.24 0.05 7.48x10-6 

   
      

Genomic multiple regression: Depression genome-wide genetic influences predicted by genetic influences 
associated with current smoking, lifetime cannabis use, alcohol consumption, insomnia and risk taking 

(see Figure 6.5b) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Depression ~ Cannabis use 0.24 0.06  0.33 0.08 4.29x10-5 

Depression ~ Alcohol consumption -0.20 0.08  -0.14 0.05 0.008 

Depression ~ Insomnia 0.49 0.09  0.45 0.08 1.56x10-8 

Depression ~ Risk taking 0.04 0.08  0.03 0.06 0.662 

Current smoking ~~ Cannabis use -0.01 0.00  -0.15 0.04 0.001 

Current smoking ~~ Alcohol consumption 0.00 0.00  0.11 0.03 0.001 

Current smoking ~~ Insomnia 0.01 0.00  0.23 0.06 1.24x10-4 

Current smoking ~~ Risk taking 0.01 0.00  0.16 0.04 2.32x10-5 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 
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Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Current smoking ~~ Current smoking 0.03 0.00  1.00 0.07 7.88x10-53 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Depression ~~ Depression 0.06 0.01  0.59 0.08 2.51x10-14 

   
      

Genomic multiple regression: Unreal voice genome-wide genetic influences predicted by genetic 
influences associated with current smoking, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.5c) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal voice ~ Cannabis use 0.04 0.12  0.05 0.16 0.758 

Unreal voice ~ Alcohol consumption -0.24 0.15  -0.16 0.10 0.097 

Unreal voice ~ Insomnia 0.32 0.17  0.28 0.14 0.052 

Unreal voice ~ Risk taking 0.45 0.17  0.32 0.12 0.006 

Current smoking ~~ Cannabis use -0.01 0.00  -0.15 0.04 0.001 

Current smoking ~~ Alcohol consumption 0.00 0.00  0.11 0.03 0.001 

Current smoking ~~ Insomnia 0.01 0.00  0.23 0.06 1.24x10-4 

Current smoking ~~ Risk taking 0.01 0.00  0.16 0.04 2.32x10-5 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 

Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Current smoking ~~ Current smoking 0.03 0.00  1.00 0.07 7.88x10-53 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal voice ~~ Unreal voice 0.08 0.04  0.72 0.33 0.027 

   
      

Genomic multiple regression: Unreal visions genome-wide genetic influences predicted by genetic 
influences associated with current smoking, lifetime cannabis use, alcohol consumption, insomnia and 

risk taking (see Figure 6.5d) 

Left-hand side of 
equation 

 

Right-hand side of 
equation 

Unstandardized  Standardized 
p 

Estimate SE   Estimate SE 

Unreal visions ~ Cannabis use -0.01 0.11  -0.01 0.16 0.946 

Unreal visions ~ Alcohol consumption -0.35 0.14  -0.26 0.10 0.010 

Unreal visions ~ Insomnia 0.33 0.14  0.32 0.13 0.014 

Unreal visions ~ Risk taking 0.40 0.15  0.32 0.12 0.007 

Current smoking ~~ Cannabis use -0.01 0.00  -0.15 0.04 0.001 

Current smoking ~~ Alcohol consumption 0.00 0.00  0.11 0.03 0.001 

Current smoking ~~ Insomnia 0.01 0.00  0.23 0.06 1.24x10-4 

Current smoking ~~ Risk taking 0.01 0.00  0.16 0.04 2.32x10-5 

Cannabis use ~~ Alcohol consumption 0.04 0.00  0.39 0.04 1.04x10-22 

Cannabis use ~~ Insomnia 0.00 0.01  0.03 0.06 0.554 
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Cannabis use ~~ Risk taking 0.04 0.00  0.41 0.05 4.19x10-19 

Alcohol consumption ~~ Insomnia 0.01 0.00  0.14 0.04 1.12x10-4 

Alcohol consumption ~~ Risk taking 0.01 0.00  0.28 0.03 2.63x10-17 

Insomnia ~~ Risk taking 0.01 0.00  0.09 0.05 0.056 

Current smoking ~~ Current smoking 0.03 0.00  1.00 0.07 7.88x10-53 

Cannabis use ~~ Cannabis use 0.19 0.01  1.00 0.07 5.48x10-50 

Alcohol consumption ~~ Alcohol consumption 0.05 0.00  1.00 0.05 1.16x10-106 

Insomnia ~~ Insomnia 0.08 0.01  1.00 0.10 7.27x10-22 

Risk taking ~~ Risk taking 0.05 0.00  1.00 0.05 3.04x10-89 

Unreal visions ~~ Unreal visions 0.06 0.03  0.66 0.32 0.040 

Note: ~ indicates regression path operator; ~~ indicates covariance path operator.  
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Supplementary Table 6.7 MR-Egger tests for heterogeneity and directional 

horizontal pleiotropy 

Exposure 
 

Outcome 
MR-Egger intercept test Cochran’s Q statistic 

 Intercept SE p Q Q_df p 

Smoking initiation → Schizophrenia 0.008 0.010 0.407 295.89 100 2.96E-21 

Schizophrenia → Smoking initiation 0.000 0.001 0.813 166.50 79 3.38E-08 

Smoking initiation → Major depression 0.001 0.006 0.811 193.63 101 8.46E-08 

Major depression → Smoking initiation -0.072 0.015 5.53E-05 45.95 26 9.25E-03 

Smoking initiation → Bipolar disorder 0.001 0.011 0.910 187.07 104 1.09E-06 

Bipolar disorder → Smoking initiation 0.008 0.004 0.084 33.93 16 0.006 

Smoking initiation → Un-real voice 0.000 0.000 0.692 115.09 114 0.454 

Un-real voice → Smoking initiation -0.001 0.001 0.122 87.61 87 0.461 

Smoking initiation → Un-real visions 0.000 0.000 0.533 116.31 113 0.397 

Un-real visions → Smoking initiation 0.000 0.001 0.608 81.60 79 0.398 

Smoking initiation → Un-real communications 0.000 0.000 0.111 103.22 114 0.756 

Un-real communications → Smoking initiation 0.000 0.001 0.910 111.13 103 0.275 

Smoking initiation → Un-real conspiracies 0.000 0.000 0.865 91.31 114 0.942 

Un-real conspiracies → Smoking initiation 0.000 0.001 0.774 128.32 90 0.005 

Smoking initiation → Hypomania 0.002 0.013 0.875 111.16 96 0.138 

Hypomania → Smoking initiation 0.000 0.001 0.593 85.57 66 0.053 

Smoking initiation → Perceptual aberrations -0.006 0.013 0.645 123.92 96 0.029 

Perceptual aberrations → Smoking initiation 0.000 0.001 0.906 54.33 52 0.386 

Smoking initiation → Physical anhedonia 0.003 0.014 0.800 129.08 96 0.014 

Physical anhedonia → Smoking initiation -0.001 0.001 0.461 72.86 56 0.064 

Smoking initiation → Social anhedonia 0.001 0.013 0.908 112.81 96 0.116 

Social anhedonia → Smoking initiation -0.001 0.001 0.167 58.82 55 0.337 

Smoking initiation → Paranoia/hallucinations -0.001 0.011 0.919 57.29 55 0.390 

Paranoia/hallucinations → Smoking initiation 0.002 0.001 0.315 29.96 22 0.119 

Smoking initiation → Cognitive disorganisation -0.015 0.014 0.290 44.48 55 0.844 

Cognitive disorganisation → Smoking initiation 0.004 0.001 0.011 30.04 26 0.266 

Smoking initiation → Anhedonia 0.011 0.014 0.448 64.98 55 0.168 

Anhedonia → Smoking initiation 0.000 0.001 0.793 30.33 28 0.348 

Smoking initiation → Negative symptoms -0.008 0.012 0.515 73.68 55 0.047 

Negative symptoms → Smoking initiation 0.001 0.001 0.487 26.71 23 0.269 
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Supplementary Figure 6.1 Genetic correlations between smoking behaviours, psychotic experiences and psychiatric disorders with covariates 

used in genomic multiple regression 
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Supplementary Figure 6.2 Generalised Summary-Based Mendelian Randomization 

analyses between psychiatric disorders and smoking initiation 

Note: Scatterplots with the x-axis displaying instrumental variable effects on the exposure 

(bzx ) and the y-axis displaying the instrument-outcome association (bzy ). Regression lines 

included for reference.  
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Supplementary Figure 6.3 Generalised Summary-Based Mendelian Randomization 

between positive psychotic experiences in adulthood and smoking initiation 

Note: Scatterplots with the x-axis displaying instrumental variable effects on the exposure (bzx ) 

and the y-axis displaying the instrument-outcome association (bzy ). Regression lines included for 

reference.  
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Supplementary Figure 6.4 Generalised Summary-Based Mendelian Randomization 

between schizotypy in adulthood and smoking initiation 

Note: Scatterplots with the x-axis displaying instrumental variable effects on the exposure (bzx ) 

and the y-axis displaying the instrument-outcome association (bzy ). Regression lines included for 

reference.  
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Supplementary Figure 6.5 Generalised Summary-Based Mendelian Randomization 

between adolescent psychotic experiences and negative symptom traits and 

smoking initiation 

Note: Scatterplots with the x-axis displaying instrumental variable effects on the exposure (bzx ) 

and the y-axis displaying the instrument-outcome association (bzy ). Regression lines included for 

reference.  
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Supplementary Figure 6.6 MR-Egger, Weighted Median and Weighted Mode 

Mendelian randomization sensitivity analyses between psychiatric disorders and 

smoking initiation 
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Supplementary Figure 6.7 MR-Egger, Weighted Median and Weighted Mode 

Mendelian randomization sensitivity analyses between positive psychotic 

experiences in adulthood and smoking initiation 
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Supplementary Figure 6.8 MR-Egger, Weighted Median and Weighted Mode 

Mendelian randomization sensitivity analyses between schizotypy in adulthood and 

smoking initiation 



214 
 

 

Supplementary Figure 6.9 MR-Egger, Weighted Median and Weighted Mode 

Mendelian randomization sensitivity analyses between adolescent psychotic 

experiences and negative symptom traits and smoking initiation 
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Chapter 7: Discussion 

In this chapter, first the aims and the findings from each of the previous chapters are 

reviewed. The chapter will then discuss the broader themes that emerged from this 

thesis and consider the implications of the findings from this thesis in a broader context. 

This chapter will also provide a discussion on general limitations relevant to this work 

and will make recommendations for future research. 

 

7.1 Summary of the aims and findings from previous chapters 

The systematic literature review in Chapter 2 identified a need for more 

epidemiological evidence to explore the association between adolescent PE and smoking 

behaviour. The review found only three previous studies that assessed both smoking 

behaviour and PE during adolescence, all three of which used the same adolescent 

sample (ALSPAC) and therefore evidence from independent samples was warranted. 

Previous studies aimed to rule out possible confounding factors on the association 

between smoking and PE during adolescence, but had not considered confounding by 

ethnicity, stressful life events or sleep disturbances. Furthermore, none included 

measures of negative symptom traits or had considered different dimensions of PE or 

had assessed PE as quantitative traits. Chapter 2 also discussed the challenges associated 

with observational studies to investigate causal associations between PE and smoking 

and recommended the use of different methodologies to confirm current evidence that 

smoking onset appears to precede PE. The systematic review also found no previous 

twin or family study evidence on the extent to which genetic and environmental 

influences may explain the covariance between PE and smoking behaviours, and only 

one genetic study that employed PGS to investigate genetic overlap. 

To address the limited evidence from epidemiological studies on adolescents, 

Chapter 3 presented findings from an independent community sample of adolescents 

(TEDS) on the association between specific PENS and tobacco use, controlling for a 
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comprehensive range of confounders (sex, age, ethnicity, socioeconomic status, prenatal 

maternal smoking, cannabis use, sleep disturbance and stressful life events). Results 

found that adolescents who have smoked 50 or more lifetime cigarettes by the age of 16 

scored significantly higher on PENS scales for paranoia, hallucinations, cognitive 

disorganization and parent-rated negative symptoms ( = .17 - .34) relative to those 

who have never smoked. 

In Chapter 4, this thesis aimed to estimate the proportion of association between 

PENS and smoking during adolescence that can be attributed to environmental and 

genetic influences. This twin study found that genetic influences accounted for most of 

the association between tobacco use and paranoia and cognitive symptoms. Familial 

influences (either genetic or common environmental influences, or a combination of 

these) accounted for the association between smoking and hallucinations during 

adolescence.  

Chapter 5 explored the degree to which genetic influences on PE are stable 

across adolescence and adulthood, and their genetic overlap with schizophrenia, major 

depression and bipolar disorder using measured genotype data (summary statistics). 

Based on linkage disequilibrium score regression analyses, positive PE during adulthood 

(subclinical auditory and visual hallucinations and believing in conspiracies) was 

significantly genetically correlated with schizophrenia (rg = .27-.67) and with major 

depression (rg = .41-.96). High and significant genetic correlations were found between 

experiences of auditory and visual hallucinations (rg = .95), indicating that these types of 

PE share similar genetic influences. Genetic correlations between adolescent PENS, 

schizotypy during adulthood and positive PE in adults were not significant. Gene 

mapping and gene association analyses revealed 14 possible genes associated with PE 

that overlapped across age for PE or between PE and psychiatric disorders. Mendelian 

Randomization indicated bidirectional associations between auditory and visual 

hallucinations in adults but did not support causal relationships between PE and 

psychiatric disorders.  
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In Chapter 6, this thesis investigated the degree of genetic overlap between 

smoking behaviour and PE, schizophrenia, major depression and bipolar disorder. It 

also investigated whether genetic overlap between these phenotypes exists independent 

of genetic influences on covariates (cannabis and alcohol use, risk taking behaviour and 

sleep problems). The final aim in Chapter 6 was to investigate the presence of causal 

associations between smoking and liability to PENS or psychiatric disorders. Significant 

genetic correlations were found between smoking behaviour and psychiatric disorders 

(rg = .10 - .38) and between smoking and adult PE (rg = .33 - .40). Between most 

smoking phenotypes and schizophrenia and depression, these genetic correlations 

remained after controlling for genetic influences underlying the covariates. In contrast, 

between smoking behaviours and bipolar disorder and between smoking and most PE 

the genetic correlations were accounted for by genetic influences shared with the 

covariates. The main Mendelian randomization results supported a causal role of 

smoking initiation on liability to schizophrenia, major depression and bipolar disorder. 

Results also indicated that smoking initiation was causally associated with a 

susceptibility to experience cognitive and negative PE during adolescence, but the 

association with negative symptom traits were not replicated in most sensitivity 

analyses.  

 

7.2 Key findings and emerging themes across chapters 

The following section will draw out some of the main themes from this thesis and 

compare the key findings between chapters and to previous literature. It will consider 

the evidence that during adolescence PENS and smoking behaviours are associated both 

phenotypically and at the genetic level and discuss some of the possible underlying 

reasons for these associations. This section will also consider the evidence for 

aetiological differences between PE across age and possible aetiological overlap between 

PE and psychiatric disorders. 
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7.2.1 Psychotic experiences and negative symptom traits are associated with 

smoking during adolescence 

This thesis reported new evidence in support of an association between smoking and 

PENS during adolescence, adding to the limited body of pre-existing evidence on this 

topic. The results reported in Chapter 3 came from a large and independent sample not 

previously reported on and found that the phenotypic associations between regular 

smoking and most types of PENS were not fully accounted for by confounding factors. 

As such, tobacco use is an important factor to consider when investigating the aetiology 

of PENS during adolescence, but findings from this thesis should be interpreted in the 

context of the magnitude of the observed effect sizes. While the phenotypic associations 

between regular smoking and PENS during adolescence seem robust to confounding 

effects, regression models (Chapter 3) indicated that tobacco use accounted for 0.3 – 

2.5% of variation in PENS scores. Overall, 4.6 – 22.6% of the variation in PENS scores 

were explained after additionally accounting for all other covariates. Therefore, the 

cumulative effects of several possible risk factors on the association with PENS during 

adolescence is an important consideration.   

7.2.2 Psychotic experiences and negative symptom traits show genetic overlap 

with smoking behaviour 

In Chapter 4, this thesis reported evidence from twin models that the genetic influences 

on adolescent paranoia and cognitive symptom traits (and based on shared familial 

influences, likely also those on hallucinations) overlapped with the genetic influences on 

tobacco use. Building on these findings in Chapter 6, this thesis found some evidence 

that the additive influences of common SNPs on adolescent PENS overlapped with 

those on some smoking behaviours such as smoking initiation, the number of cigarettes 

smoked per day, and age of smoking initiation. The genome-wide genetic correlation 

between smoking initiation and cognitive disorganization did not survive correction for 

multiple testing but was in line with what was observed in twin model results. Likewise, 

genetic overlap between smoking and the adolescent positive PE scales was replicated in 

both twin and LD score regression analyses. However, genetic correlations with these 
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PENS during adolescence were not detected consistently across the different smoking 

phenotypes. These findings (or lack thereof) were based on summary statistics from 

relatively small GWAS sample sizes (by GWAS standards) for adolescent PENS and 

requires replication. For a more detailed discussion on the limitations, see section 7.3 of 

this chapter. This thesis also found evidence that smoking behaviours and positive PE 

during adulthood (except for unreal communications) share overlapping genetic 

influences, although not all genetic correlations were significant after correction for 

multiple testing.  In sum, findings from this thesis indicates that shared genetic 

influences are one of the reasons for an association between PE and smoking 

behaviours.  

7.2.3 The underlying reasons for the genetic association between smoking and 

psychotic experiences and negative symptom traits 

Previous evidence could not adequately address whether smoking and PE are causally 

related. In Chapter 2, a need for additional methods to confirm longitudinal study 

findings was highlighted because previous studies were not able to rule out the 

possibility that participants may have started to smoke prior to reporting PE and vice 

versa when assessing bidirectional associations. The findings in Chapters 3 and 4 

provided motivation to investigate possible causal associations between PENS and 

tobacco use. Therefore, in Chapter 6, two-sample Mendelian randomization was used to 

address this question. This approach provided some evidence that a propensity to start 

smoking may increase liability to experience cognitive disorganization during 

adolescence (and be causally associated with negative symptom traits, though evidence 

for this latter association was weaker because it was not replicated in sensitivity 

analyses). The findings from Mendelian randomization did not support causal 

associations between smoking initiation and paranoia and hallucinations or anhedonia.  

While it remains challenging to determine whether tobacco use precedes the 

development of PE or vice versa, longitudinal evidence that adolescent tobacco use at 

baseline predicts positive PE at follow-up suggests a possible role of tobacco smoking in 

the development of these experiences (Mackie et al., 2011; Wiles et al., 2006). This thesis 
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found limited evidence in support of these previous findings but noted that none of the 

currently available GWAS on PE have been able to detect genetic variants that reached 

genome-wide significance (see section 7.3 of this chapter for a more detailed 

consideration of limitations). As such, future studies could consider performing 

Mendelian randomization to investigate causal associations between smoking and PE 

once better powered GWAS become available.  

7.2.4 Smoking as a causal risk for psychiatric disorders 

In Chapter 6, this thesis reported evidence that smoking initiation is a plausible 

contributing factor to an increased liability to develop schizophrenia, major depression 

and bipolar disorder. These findings are in line with previous longitudinal and cross-

sectional evidence (see section 1.7 in Chapter 1) and replicated the findings of two 

recent Mendelian randomization studies (Vermeulen, Wootton, et al., 2019; Wootton et 

al., 2018). Neurobiological mechanisms have been proposed that may explain possible 

causal pathways between smoking and psychiatric disorders and were briefly discussed 

in section 1.7.2 of Chapter 1. The results from Chapter 6 also supported a small but 

significant causal effect of schizophrenia liability on a susceptibility to start smoking 

cigarettes. The bidirectional association is in line with the shared vulnerability 

hypothesis (see section 1.7.2 of Chapter 1).   

Findings from this thesis regarding the genetic association between bipolar 

disorder and smoking raised interesting questions. The findings from genomic multiple 

regression models from Chapter 6 suggest that, at a genome-wide level, genetic 

influences of the covariates (lifetime cannabis use, alcohol consumption, insomnia and 

risk-taking behaviour) were important contributors to the genetic overlap between 

smoking initiation and bipolar disorder (Chapter 6). Thus, future Mendelian 

randomization studies should consider accounting for these influences to verify the 

causal effect of smoking on liability to bipolar disorder. Interestingly, both subclinical 

levels of hypomania during adulthood and bipolar disorder shared genetic influences 

with smoking behaviour (smoking initiation and the number of daily cigarettes smoked) 

as reported in Chapter 6. In both cases, these overlapping genetic influences were 
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accounted for by genetic influences on the covariates while the genetic correlation 

between bipolar disorder and smoking initiation was no longer positive. These findings 

indicate that to understand the aetiology of hypomania and bipolar disorder, genetic 

influences other than those on smoking behaviours may be worth further investigation.  

7.2.5 Environmental influences are important 

Many of the research questions addressed in this thesis pertained to the role of genetic 

influences. It is important to note, however, that environmental influences play a role in 

the association between smoking and PE and psychiatric disorders. Indeed, while the 

twin analyses reported in Chapter 4 indicated that a substantial amount of covariation 

between adolescent PE and smoking was due to genetic influences, unique 

environmental influences (those not shared by twin sibling pairs) accounted for 16% - 

20% of the covariation. Likewise, the association between smoking and psychotic 

disorders is not solely accounted for by genetic influences and previous evidence 

indicates that environmental influences also contribute (Quigley & MacCabe, 2019). 

7.2.6 Psychotic experiences may have different aetiologies across age  

In Chapter 5, this thesis found no evidence that common genetic variants overlap 

between adolescent PENS and adult PE. This finding indicates that PE may have 

different aetiologies across age. Chapter 5 discussed possible reasons why no evidence of 

genetic overlap between PE measures across age was detected. For example, PE in older 

adults may reflect symptoms of some age-related illnesses or medication side effects. 

Additionally, compared to the adolescent participants, a greater proportion of the UK 

Biobank participants who endorsed PE may have experienced PE persistently or 

recurrently over several years. It is speculated that it is less likely that older adults would 

report on transitory PE that occurred when they were younger. The extent to which PE 

persist in the same individuals across adolescence into adulthood is unknown. Recent 

evidence from a twin study on the TEDS sample found that during mid to late 

adolescence (aged 16-17 years), PENS was stable over a ~9 month follow-up period (r = 

.59 - .69), with genetic influences accounting for 38% - 62% of the stability of PENS 
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(Havers, Taylor, & Ronald, 2019). It should be noted that twin estimates account for 

broad genetic influences while the genetic correlations reported with summary statistics 

are limited to common additive genetic influences. Based on the available data used in 

Chapter 5, it remains unclear whether the findings of no genetic overlap between PE 

measures across adolescence and adulthood is due to genetic influences that changed 

over time or due to different measurements of PE in the three GWAS samples. The 

stability of PE over age and the underlying aetiology of persistent PE into adulthood 

remains an open question. 

On the other hand, this thesis also found initial evidence to suggest that the 

genes PAN3 and NADK2 were implicated in both adolescent PENS and adult PE. 

Genetic correlations (from LD score regression) were based on overlapping influences 

of common variants that act in an additive manner to contribute to these traits. The 

gene mapping analyses considered functional consequences and chromatin interactions 

associated with SNPs. Based in these observations, the extent to which the same or 

different genetic influences act on PE across age remains unclear. However, based on the 

present results, stability of genome-wide genetic influences on PE across adolescence 

and adulthood seems unlikely. 

7.2.7 Aetiological overlap between PE and psychiatric disorders 

In line with similar reports (see section 1.4 of Chapter 1), Chapter 5 of this thesis 

presented evidence for genetic overlap between PE during adolescence and adulthood 

and psychiatric disorders (schizophrenia and major depression) (H. J. Jones et al., 2016; 

Legge et al., 2019; Pain et al., 2018; M. J. Taylor et al., 2019; van Os et al., 2017). 

These findings of genetic overlap between PE and psychiatric disorders are 

compatible with a current theory proposing a liability to general psychopathology. Caspi 

et al. (2014) have argued that a general factor (the “p factor”) may explain the 

similarities in aetiologies between different psychiatric disorders. It has also been 

proposed that the high genetic correlations between psychiatric disorders may reflect a 

genetic p factor, a latent polygenetic risk factor for general liability to psychopathology 
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(Selzam, Coleman, Caspi, Moffitt, & Plomin, 2018). The p factor may help to explain 

why PE have previously been associated not just with an increased risk of developing 

psychotic disorders but also other psychiatric disorders.  

7.3 Limitations 

In previous chapters, limitations specific to each section were discussed. In this section, 

some of the general limitations applicable to the results presented in this thesis are 

considered.  

7.3.1 Statistical power 

The GWAS results for adolescent PENS used in this thesis, despite having been 

performed across three large adolescent samples, was still inadequately powered to 

detect any genome-wide significant variants. This had implications for the results 

obtained from genetic correlations, gene-mapping strategies and Mendelian 

randomization analyses. For instance, SNP-heritability estimates for paranoia and 

hallucinations and parent-rated negative symptoms had wide standard errors. As a 

result, the genetic covariation estimates reported in Chapters 5 and 6 could not be 

standardized to provide genetic correlations. Thus, there remains a degree of 

uncertainty about the reliability of the evidence (or lack thereof) from the Mendelian 

randomization analyses on adolescent PENS. The standard errors of effect sizes 

obtained from Mendelian randomization were large and these findings require 

replication, especially relevant to analyses that used variants associated with PENS as 

instrumental variables in which no support was found that PENS may increase the 

likelihood of smoking during adolescence (to assess the self-medication hypothesis). 

It is important to consider the magnitudes of the phenotypic associations 

between smoking behaviours and PE (see section 7.2.1 above) to contextualise the 

genetic findings presented in this thesis. Additionally, it is possible to detect large 

genetic correlations even when genetic influences on traits are small, and it is therefore 

important to contextualize the magnitude of genetic correlations in the context of 

heritability estimates (van Rheenen et al., 2019). 
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7.3.2 Risk of bias and generalizability of the findings 

Genetic findings presented in this thesis that relied on summary results from GWAS 

may not be generalizable to populations other than those from European decent. 

Confirmation of these findings in non-European populations is crucial. Furthermore, 

results may differ globally for several reasons including the fact that the decline in 

global smoking rates are most evident in high-income countries, whereas middle- and 

low-income countries have seen a small increase in the numbers of people who smoke 

(World Health Organization, 2018).  

Genetic evidence from this thesis does not apply to all types of genetic 

influences. Except for the twin analyses presented in Chapter 4, results of Chapters 5 

and 6 speak to the role of common SNPs acting additively. Future work should explore 

these research questions in relation to other types of genetic variation such as rare 

variants (see section 7.4.5 below). 

Several of the GWAS summary statistics used in this thesis were performed on 

UK Biobank participants. There are known limitations when using large biobanks, and 

limitations specific to the UK Biobank, including ascertainment bias and the possibility 

that collider bias may result in overinflated genetic correlations. For instance, the 

prevalence of smoking was lower among UK Biobank participants than what is observed 

in the general population (Fry et al., 2017; Munafo, Tilling, Taylor, Evans, & Davey 

Smith, 2018). These limitations could have an impact on the generalizability of some of 

the findings presented in this thesis. 

Loss to follow-up in the large cohort studies on which GWAS was performed 

could also have introduced bias in genetic analyses reported in this thesis. For example, 

polygenic risk of smoking initiation has been associated with lower participation in the 

ALSPAC cohort that was one of the three studies used to perform GWAS on adolescent 

PENS (A. E. Taylor et al., 2018). 
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7.4 Areas for future research 

7.4.1 Genome-wide association studies on psychotic experiences  

One of the main considerations for future studies on the genetic aetiology of adolescent 

PE is increased sample sizes and power. A temptation may be to meta-analyse GWAS 

across age and/or approaches to assess PE to obtain more power. However, caution is 

warranted as this thesis found little evidence that different measures of PE, and PE at 

different ages, reflect similar underlying genetic aetiologies. Better powered methods 

that require individual-level genetic data may therefore be the best approach to adopt in 

future studies on the genetic overlap between adolescent PE and smoking.  

PE can sometimes turn out to be benign and transient in nature (Hanssen et al., 

2005), particularly during childhood and adolescence (Dominguez et al., 2011). Future 

GWAS may also consider investigating the genetic aetiology of persistent PE during 

adolescence, which are associated with higher levels of distress (Dominguez et al., 2011; 

Havers et al., 2019).  

7.4.2 Harmful effects of different components of tobacco products 

The combustion of cigarettes releases potentially harmful chemicals other than nicotine 

that, if inhaled regularly, may have possible consequences on the developing brain and 

mental health outcomes. However, the possible consequences of for instance nitrogen 

oxides on mental health have not been investigated in pre-clinical or human studies. 

Another consideration for future studies is whether vaping (the use of electronic 

cigarettes) and other non-combustible tobacco products that contain nicotine could 

pose a risk to mental health.  

7.4.3 The association between smoking and psychiatric disorders 

More studies are needed to investigate the association between smoking and psychiatric 

disorders to account for the role of confounding factors and confirm longitudinal 

associations. Compared to the amount of research that has been conducted to 

investigate the association between psychiatric illness and other substance misuse like 
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cannabis use, research into the association with tobacco use has lagged. One possible 

reason is that that the tobacco industry actively funded research that supported the self-

medication hypothesis (J. J. Prochaska, Hall, & Bero, 2008). The tobacco industry 

promoted the belief that smoking behaviour is a consequence rather than a cause of 

psychiatric illness and until recently, the high occurrence of smoking and psychiatric 

outcomes has not received due scrutiny. 

7.4.4 Gene-environment interactions 

Another unexplored area to consider in future research is the role of gene-environment 

interactions on the association between PE and smoking. Tobacco smoking have been 

associated with DNA methylation modifications (Gao, Jia, Zhang, Breitling, & Brenner, 

2015). Furthermore, the action of nicotine on dopamine release varies between 

individuals and may depend on genetic predisposition (Brody et al., 2006), perhaps 

explaining why some smokers are susceptible to the possible effects of smoking on 

mental health outcomes while others may be unaffected.  Gene-environment 

interactions studies may yield insight into the mechanisms that underly individual or 

sub-group differences on liability to PE or psychiatric disorders. 

7.4.5 Research on rare genetic variation 

The role of rare genetic variation is another promising area for future investigations into 

the genetic association between smoking and PE. Recent evidence indicates that 

influences of rare variants and copy number variations (CNVs) are relevant to both 

smoking and PE. For instance, Legge et al. (2019) found an association between PE and 

CNVs previously associated with schizophrenia. Recent exome-wide genetic association 

studies indicate that rare non-synonymous variants (MAF < .01) account for ~1-2% of 

variance in smoking behaviour (smoking initiation, cigarettes per day, pack-years and 

age of smoking initiation), accounting for a substantial proportion of the total SNP 

heritability of 6-14% (Brazel et al., 2019). Rare variants have also been implicated in 

psychiatric disorders (Takata, 2019; Walsh et al., 2008).  
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7.4.6 Long-term effects of changes in smoking prevalence 

Ongoing evaluation of the long-term effects of the reduction in smoking rates is 

required. If smoking contributes to the causation of schizophrenia (and other 

psychiatric disorders), in theory the prevalence of these disorders should reduce in line 

with the reduction in smoking rates over the past couple of decades. However, several 

challenges will need to be considered before drawing inferences on the link between 

prevalence changes in smoking and psychiatric disorders. First, it is unclear how long 

will it take for a reduction in smoking rates to translate to lower prevalence of these 

disorders. Also, smoking rates among people with mental health disorders have not 

reduced in pace with the reduction seen in the general population. In fact, the smoking 

prevalence among those with mental health disorders have remained relatively stable 

over the past two decades (Szatkowski & McNeill, 2015). Finally, any theorised effects of 

changes in smoking behaviours on prevalence of psychiatric disorders must be 

considered in the context of any changes in prevalence of other risk factors (such as the 

increase in stronger forms of cannabis) and the effect size of smoking behaviours on 

psychiatric disorders.  

 

7.5 Conclusions 

In conclusion, this thesis set out to investigate the association between PE and smoking 

behaviour, specifically at the genetic level, and with a focus on adolescence as an 

important period for the development of traits and behaviours that could set the 

foundations for future health. This thesis presented the first systematic review on the 

phenotypic and genetic association between PENS and smoking behaviour and 

proceeded to investigate several research questions not adequately addressed in previous 

studies. First, it provided evidence from a large independent cohort of adolescents that 

the association between PENS and tobacco use was not due to confounding. It reported 

the first twin study on the association between PENS and smoking and found that 

genetic influences contribute to a substantial proportion of the association between 
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positive PE dimensions and smoking. Using summary-level genetic data, this thesis 

presented further evidence for overlapping genetic influences between several smoking 

behaviours and psychiatric disorders, positive PE during adulthood, and on some PENS 

during adolescence. Furthermore, it found that the pleiotropy between smoking 

behaviour and schizophrenia and depression exists above and beyond the known 

genome-wide genetic basis of covariates such as cannabis and alcohol use, risk taking 

and sleep problems.  It also found evidence to indicate that smoking may be causally 

associated with psychiatric disorders and may play a role in the development of 

cognitive and negative symptoms during adolescence, findings which strengthen the 

evidence base for a specific biological link between smoking and psychiatric illness. This 

thesis also investigated the genetic overlap between PENS across age and psychiatric 

disorders. It found that positive PE in adulthood may be more linked genetically to 

schizophrenia and major depression than PENS in adolescence. It implicated specific 

genes that are associated with PENS across development as well as genes shared between 

PENS and psychiatric disorders.   
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