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Abstract 

 This thesis examines psychotic-like experiences (PLEs) in children and 

adolescents, focusing on its assessment and neurobiological underpinnings to improve 

psychosis risk identification. The Chapter 2 systematic review and meta-analysis revealed 

that 17.3% of children and adolescents experience PLEs and are at a greater risk of 

developing psychosis in adulthood (OR = 3.80). Interview-based assessments identified 

individuals at greater risk than self-reports. The Chapter 4 population-based 

neuroimaging study using proton magnetic resonance spectroscopy found reduced 

myoinositol in the left hippocampus of adolescents with PLEs, but not in the prefrontal 

cortex nor in cannabis users. While no significant association was found between PLEs 

and cannabis use status, past-month cannabis exposure was positively associated with 

PLE severity and externalizing psychopathology. These findings highlight a role of 

hippocampal neuroinflammatory alterations in subclinical psychosis risk.  

Keywords. Adolescent cannabis use, extended psychosis spectrum, population-

based, proton magnetic resonance spectroscopy, psychosis, psychotic-like experiences, 

risk identification, schizophrenia, subclinical psychotic symptoms, youth mental health 
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Chapter 1: Introduction 

1.1.  The Extended Psychosis Spectrum 

Psychosis, a profound disturbance in perception and interpretation of reality, 

manifests through a spectrum of symptoms classified into positive, negative, and 

cognitive dimensions (Jeong et al., 2022; Carbon et al., 2014). Positive symptoms are a 

great detriment to patient well-being (Rabinowitz et al., 2013), which present as an 

excess or distortion of normal neuropsychological processes including hallucinations, 

delusions, and disorganized thinking (Heckers et al., 2016). Hallucinations are described 

as sensory experiences occurring in the absence of external stimuli (NeuRA, 2022), most 

commonly of auditory type (Dudley et al., 2018; Oorschot et al., 2012; Olfson et al., 

2002). Delusions, on the other hand, are firmly held false beliefs that are out of character 

from an individual’s background (e.g., educational, sociocultural, religious) and persist 

despite all evidence (Rituanno et al., 2022; Sims, 2007). The Diagnostic and Statistical 

Manual of Mental Disorders (5th ed., text rev.; DSM–5-TR; American Psychiatric 

Association, 2022) identifies common themes of delusions, including persecution, 

grandiosity, and those of somatic nature. Disorganized thinking is a third type of positive 

symptom, including tangential or incoherent associations that impair communication, 

often evident through speech patterns (Lieberman et al., 2018; DSM-5-TR; APA, 2022). 

While positive symptoms reflect an excess of normal processes, negative symptoms 

present as reduced emotional expression (e.g., blunted affect, alogia), motivation (e.g., 

avolition, asociality) and pleasure (e.g., anhedonia) (Blanchard & Cohen, 2006). 

Alternatively, cognitive symptoms present as deficits in up to 7 domains: working 

memory, attention, visual learning/memory, verbal learning/memory, problem solving, 

social cognition, and processing speed (Green et al., 2004). These symptoms can 

significantly disrupt daily life, making it challenging for individuals to maintain 

relationships, employment, and personal care (GBD 2019 Mental Disorders 

Collaborators, 2022; Harvey et al., 2012). 

 Psychotic disorders, including schizophrenia, schizoaffective disorder, 

schizophreniform disorder, delusional disorder, and brief psychotic disorder, are 

characterized by varying combinations of these symptoms and timeline of symptom 
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expression (DSM-5-TR; APA, 2022). The median lifetime prevalence of psychotic 

disorders in a recent meta-analysis was found to be 7.49 per 1000 (Moreno-Küstner et al., 

2018), with schizophrenia, the most common psychotic disorder, suggested to represent 

between 28–50% of diagnoses (Chang et al., 2017; Perala et al., 2007; Jongsma et al., 

2019). Not only is schizophrenia responsible for the greatest burden of disability among 

psychotic disorders (McGrath et al., 2004; Calabrese & Khalili, 2024), but among all 

mental health disorders (GBD 2019 Mental Disorders Collaborators 2022). Disability 

adjusted life-years (DALYs), the sum of years lived with the disability and years of life 

lost, is significant for schizophrenia, accounting for 191 of the 1566 per 100,000 DALYs 

attributable to mental health disorders (GBD 2019 Mental Disorders Collaborators 2022). 

The loss of opportunity and productivity experienced by both the patient and caregiver is 

considered to be an economic burden that is equal to, if not greater than, $20 billion in 

direct annual medical costs worldwide (Tajima-Pozo et al., 2015).  

Historically, schizophrenia had been conceptualized as a distinct disease with 

specific pathophysiological mechanisms presumed to be conserved across patients 

(Carpenter et al., 2013; van Os et al., 2002). However, this traditional perspective was 

challenged by the substantial heterogeneity observed among patients. Variations in 

symptom types, genetic risk factors, and response to antipsychotics highlighted the 

limitations of viewing schizophrenia as a single, uniform entity (Carpenter et al., 2013). 

The focus on early identification of illness also raised the awareness of a psychosis 

prodrome, a state characterized to occur prior to onset of symptoms meeting criteria for 

diagnosis (Beiser et al., 1993; Carpenter et al., 2013). This state can be characterized by a 

variety of mood and functional problems, in addition to attenuated/subclinical psychotic 

symptoms (Yung 1996). Intervening during this prodromal period may delay the onset of 

a psychotic disorder in those on such a trajectory (Mei et al., 2021). However, ‘prodrome’ 

implies that disease-specific processes have already begun, whereas most people who 

report such symptoms do not develop a psychotic disorder (Fusar-Poli et al., 2016). 

Termed the “prevention paradox” (Rose et al., 1981; van Os et al., 2017), this concept 

was poorly equipped to distinguish individuals on a psychosis-prone trajectory and limits 

efficient intervention (van Os & Kapur, 2009). 
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The concept of the extended psychosis spectrum better navigates these limitations 

by recognizing a phenotypic subclinical extension of psychosis whereby individuals are 

not all presumed to be on a trajectory towards clinical status (van Os et al., 2002; van Os, 

2009; van Os et al., 2012; van Os et al., 2017; Staines et al., 2022). Subclinical status is 

instead believed to reflect some degree of psychosis vulnerability capable of being 

modified by psychotogenic risk factors. These genetic, epigenetic, and environmental 

factors accumulate and interact to increase the risk for psychosis, and identification of 

individuals with subclinical symptoms believed to be on a psychosis-prone trajectory can 

be done through the assessment of these risk factors (van Os et al., 2017; Staines et al., 

2022). 

Risk status in the extended psychosis spectrum can be further defined based on 

the individual’s age, presence of genetic risk factors, and the frequency, distress, and 

duration of subclinical psychotic symptoms. The highest degree of subclinical risk is 

often termed the ultra-high-risk (UHR) state, where subclinical psychotic symptoms meet 

specific criteria for distress, frequency, and duration, and are experienced during the 

developmental window where the onset of psychosis is most likely (ages 15-25) (Nelson 

et al., 2011). Identified via interview, these criteria allow for a further subclassification of 

risk status based on the presence of attenuated positive symptoms (APS: multiple weekly 

subthreshold positive symptoms for between 1 week and 5 years), brief limited 

intermittent psychotic symptoms (BLIPS: transient episode of threshold psychotic 

symptoms lasting less than a week), and symptoms of genetic risk and deterioration 

(GRD: genetic high-risk with significant functional deterioration in the past year) 

(McGlashan et al., 2014; Nelson et al., 2011; Fusar-Poli et al., 2016; Andreou et al., 

2023). UHR status exists in 2% of the population, with about one quarter to one third 

ultimately developing a psychotic disorder (Simon et al., 2011; Cannon et al., 2011; Man-

Iam-Fook et al., 2017; Yung et al., 2007; Salazar de Pablo et al., 2021; Bang et al., 2019). 

Clinical high-risk (CHR) is a term that is often used interchangeably with UHR but may 

alternatively specify only those with at least subthreshold psychotic symptoms (i.e., 

excluding GRD) (Kiburi et al., 2021; Hasmi et al., 2021; Woods et al., 2014; Stowkowy 

& Addington, 2013), or specify any UHR category including a fourth for cognitive 

disturbances (Fusar-Poli et al., 2013; Schultze-Lutter et al., 2014; Andreou et al., 2023). 
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Cognitive-behavioural therapy and other psychosocial interventions in UHR/CHR has 

demonstrated the ability to reduce symptoms and delay psychosis onset, thereby reducing 

the burden on both the individual and healthcare services (Mei et al., 2021). 

 At a lower level of risk for psychosis development are those individuals 

experiencing psychotic-like experiences (PLEs). There is much less consensus on the 

criteria to define PLEs, with 41 different criteria having been used across studies (Lee et 

al., 2016). The age at which PLEs are experienced appears to influence psychosis risk, as 

only children and adolescents with PLEs are at a significantly increased risk for 

psychosis compared to PLEs experienced in adulthood (Kaymaz et al., 2012), however, 

children and adolescents experience PLEs at a higher prevalence (8–17%) than adults (5-

6%), (van Os, 2009; Kelleher et al., 2012; Maijer et al., 2018; Solmi et al., 2022). Further 

discussion of PLEs and psychosis risk can be found in section 1.2 and in Chapter 2. 

  One obstacle that has arisen in psychosis spectrum research involves the use of 

terminology to describe subclinical manifestations of psychosis. Terms such as 

"psychotic-like experiences" (PLEs), "subclinical psychotic symptoms," and "prodromal 

symptoms" are often used interchangeably (Kiburi et al., 2021; Lee et al., 2016), despite 

representing overlapping but distinct concepts. For instance, PLEs are more widespread 

and generally less clinically severe, often measured using tools like the Youth Self Report 

(YSR) or the Adolescent Psychotic-Like Symptom Screener (APSS) (Lee et al., 2016; 

Remberk et al., 2017). In contrast, "subclinical psychotic symptoms" often encompass 

more clinically significant manifestations identified in UHR and CHR statuses. The term 

“psychotic experiences” is a fairly liberal expression, often referring to any form of 

subclinical psychotic manifestation (Kiburi et al., 2021). However, application of these 

terms in various contexts has made it especially difficult to integrate findings across 

studies in meta-analyses (Kiburi et al., 2021; Healy et al., 2019; Matheson 2023; Lee et 

al., 2016). This heterogeneity reflects broader challenges in psychosis research and 

clinical practice, complicating the development of standardized assessment and 

intervention strategies. For the purposes of this thesis, PLEs have been defined as 

subclinical psychotic experiences that do not fit the criteria for UHR/CHR status nor 

cause psychiatric help-seeking behaviour.  
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1.2.  Psychotic-Like Experiences (PLEs) in Children and Adolescents 

Interest in child and adolescent PLEs stems from their widespread prevalence and 

association with poorer mental health and particularly psychotic outcomes (Staines et al., 

2022; Healy et al., 2019; Kaymaz et al., 2012). As PLEs are at one of the earliest points 

in the psychosis continuum, studying child and adolescent PLEs longitudinally has the 

potential to reveal early pathophysiological mechanisms in the psychosis spectrum, 

highlighting individuals with varying degrees of psychosis proneness who could benefit 

most from intervention strategies. Understanding how risk factors interact in this 

population can also provide novel targets for intervention in the disordered population. 

These approaches align with the goal of identifying and altering psychosis-prone 

trajectories to prevent the onset of clinical psychosis and improve long-term outcomes. 

1.2.1.  Epidemiological and Clinical Review 

The prevalence of PLEs in children and adolescents varies widely across studies, 

reflecting differences in definitions, assessment tools, and sample characteristics. Meta-

analyses report a median prevalence of 8-17% in the child and adolescent population 

(Kelleher et al., 2012a; Maijer et al., 2018; Healy et al., 2019), but individual studies 

show a much broader range. For instance, Dennissoff and colleagues (2022) reported a 

prevalence of 30.5% for PLEs in adolescents aged 15-16 years in a northern Finland birth 

cohort (Denissoff et al., 2022). Further, a self-report assessment of PLEs including 

distress among 9–10-year-olds identified a prevalence of 43% (Karcher et al., 2018). On 

the contrary, a YSR-based assessment of 11–18-year-olds only found that 5% endorsed a 

hallucinatory experience (Dhossche et al., 2002). 

Longitudinal studies indicate that PLEs in childhood and adolescence can predict 

the development of clinical psychosis (Healy et al., 2019; Kaymaz et al., 2012; Poulton et 

al., 2000; Dominguez et al., 2011; Welham et al., 2009; Bechtold et al., 2016; Zammit et 

al., 2013; Cedorlof et al., 2017; Denissoff et al., 2022). Adolescents with PLEs have a 

significantly higher risk of developing schizophrenia-spectrum disorders in adulthood, 

with the most recently meta-analytical odds ratio (OR) of 3.96 and approximately 5% of 

adolescents who experienced PLEs developing a psychotic disorder (Healy et al., 2019). 

To a lesser degree, non-psychotic psychiatric disorders have also been implicated as an 
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outcome of adolescent PLEs (Dhossche et al., 2002; Cedorlof et al., 2017), though only 

substance use disorders (SUDs) were identified in the previously mentioned meta-

analysis (Healy et al., 2019). 

The persistence of PLEs, and the outcomes of persistent PLEs, has been an area of 

study. Persistent PLEs are reported in 9–46% of adolescents (Dominguez et al., 2011; 

Mackie et al., 2011; Hafeez et al., 2020; Staines et al., 2023), dependant on the follow-up 

period and study design. A pooled prevalence of PLE persistence was calculated to be 

31% across studies (Staines et al., 2023). Furthermore, Mackie and colleagues (2011) 

used growth mixture modelling to identify three trajectories of PLEs following four 6-

month assessments of adolescents (mean age at baseline: 14.7y): increasing (7%), 

persistent (9%), and low/stable (84%) PLE trajectories. The increasing trajectory in this 

study was found to be associated with cannabis, cocaine, and other drug use at 

subsequent timepoints, and those on the persistent trajectory scored consistently high on 

depression and anxiety ratings (Mackie et al., 2011). Longitudinal studies have shown 

that persistent PLEs are also a strong predictor of transition to psychosis, with higher 

rates of conversion observed in individuals with persisting symptoms (Dominguez et al., 

2011; Kaymaz et al., 2012). In addition to persistence, high levels of distress associated 

with PLEs can affect various outcomes. For example, Kelleher et al. (2012) found that 

adolescents who reported distressing PLEs were more likely to seek help and receive 

clinical intervention, a finding replicated in a recent study by Karcher and colleagues 

(2022). Furthermore, the incorporation of distress into PLE assessments can improve its 

predictive value for psychosis in adulthood (Sullivan et al., 2020), suggesting that distress 

is a factor in the progression from subclinical to clinical psychosis (Kelleher et al., 2012). 

PLEs can also impact social, academic, and emotional functioning. Adolescents 

with PLEs often experience difficulties in school, impaired social relationships, and 

increased rates of anxiety and depression (Armando et al., 2010; Yung et al., 2009; 

Knight et al., 2020; Calkins et al., 2017; Yamasaki et al., 2018). These functional 

impairments could potentially create a feedback loop, where the stress and challenges 

associated with PLEs exacerbate the symptoms and vice versa, increasing the likelihood 

of persistent and distressing PLEs. 
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1.2.2.  Risk Factors 

The development and persistence of PLEs are thought to be influenced by a 

complex interplay of genetic, neurobiological, and environmental factors. Genetic 

predisposition plays a significant role, with a family history of psychotic disorders being 

a strong risk factor for PLEs. Twin studies have shown that heritability estimates for 

PLEs range from 9% to 59% (Zavos et al., 2014; Taylor et al., 2022). Exposure to 

childhood adversity, including physical and emotional abuse, neglect, and bullying, has 

also been consistently associated with an increased risk of PLEs (Abajobir et al., 2017; 

Boyda et al., 2018; Mackie et al., 2011; Catone et al., 2017; Strauss et al., 2018; Fisher et 

al., 2013a; Kelleher et al., 2013). For instance, Kelleher et al. (2013) found that children 

who experienced trauma were three times more likely to report PLEs compared to those 

who did not. Urban living is another significant risk factor, with higher rates of PLEs 

observed in individuals residing in urban areas compared to rural settings (Saxena et al., 

2022; Bouter et al., 2023; Beyer et al., 2024; Linscott et al., 2013; van Os, 2009). This 

urban-rural difference may be due to increased environmental stressors, social isolation, 

and reduced social cohesion in urban areas (Staines et al., 2022). Substance use is another 

well-documented risk factor; substance-using youth are about twice as likely to report 

PLEs than their non-using peers, with individual relationships existing for use of 

cannabis, alcohol, tobacco, amphetamines, and cocaine (Matheson et al., 2023).  

The interaction between genetic vulnerability and environmental stressors is 

thought to contribute to the onset and persistence of PLEs. The stress-vulnerability model 

posits that individuals with a genetic predisposition for psychosis are more susceptible to 

environmental stressors, which can trigger or exacerbate PLEs (Wied & Jansen, 2002; 

Park et al., 2022; Mayo et al., 2017). This model underscores the importance of 

considering both genetic and environmental factors in understanding and addressing 

PLEs in children and adolescents. 

1.2.3.  Assessment Tools 

Assessing PLEs in children and adolescents involves a variety of tools, each with 

unique methodologies and criteria. Some commonly used tools include the Adolescent 

Psychotic-Like Symptom Screener (APSS), Community Assessment of Psychic 

Experiences (CAPE), Youth Self Report (YSR), Psychosis-Like Symptoms Interview 
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(PLIKSi), the Prodromal Questionnaire (PROD-screen), and the Symptom Checklist-90-

Revised (SCL-90-R). While these assessments aim to identify similar phenomena related 

to subclinical psychotic experiences, they differ in their focus, structure, and criteria for 

inclusion. This results in significant heterogeneity between studies that have been 

highlighted in previous meta-analyses (Kaymaz et al., 2012; Lee et al., 2016; Kaymaz et 

al., 2012; Staines et al., 2023). Below are descriptors and foci of the commonly used 

assessment scales, highlighting the differences on PLE assessment methodology.  

Adolescent Psychotic-Like Symptom Screener (APSS). The APSS is designed 

to identify psychotic-like symptoms in adolescents through self-report (Kelleher et al., 

2011a). It includes items that assess the frequency and distress associated with 

hallucinations, delusions, and other unusual experiences. For example, the question 

“Have you ever heard voices or sounds that no one else can hear?” can be rated as “no” 

(0 points), “maybe” (0.5 points), or “yes, definitely” (1 point), with a score of 2+ from 7 

items designating positive for PLE risk status. The APSS is particularly useful for large-

scale epidemiological studies due to its brevity and ease of administration. However, its 

reliance on self-report may lead to overreporting or underreporting of symptoms, 

depending on the individual's insight and willingness to disclose experiences (Kelleher et 

al., 2011b).  

Community Assessment of Psychic Experiences (CAPE). The CAPE is another 

self-report tool that assesses the frequency and distress of psychotic-like experiences in 

the general population (Stefanis et al., 2002; Mossaheb et al., 2012). It includes 42 items 

representing three subscales: positive symptoms, negative symptoms, and depressive 

symptoms (Stefanis et al., 2002). The presence of these symptoms is reported using 

responses of “no” (1 point), “sometimes” (2 points), “often” (3 points), and “nearly 

always” (4 points). The CAPE is comprehensive in capturing a wide range of psychotic 

and mood-related symptoms, making it suitable for in-depth research on the content of 

psychotic experiences. Although designed to assess UHR status, the CAPE can also be 

used for assessing PLEs (Konings et al., 2012; Schubart et al., 2011; Hides 2009; 

Konings et al., 2008). However, a lack of validation for assessing PLEs leave studies 

including various items with differing criteria for PLE risk status. Additionally, its length 
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can be a drawback in time-limited settings, and like the APSS, it depends on the 

participant's ability to accurately report their experiences.  

Prodromal Questionnaire (PROD-screen). The PROD-screen is a self-report 

tool sharing similarities with the APSS and YSR. While it has been validated for specific 

use in the extended psychosis spectrum (Heinimaa et al., 2003), a various inclusion of 

items and score cut-offs have allowed for diverse identifications of at-risk individuals 

(Granö et al., 2016; Heinimaa et al., 2003; Denissoff et al., 2022; Ellman et al., 2020).  

Psychosis-Like Symptoms Interview (PLIKSi). The PLIKSi is a structured 

interview designed to assess psychotic-like symptoms in children and adolescents 

(Zammit et al., 2013). It includes 11 questions about various hallucinations and delusions 

experienced since age 12 and allows for the incorporation of clinical insight to permit a 

thorough assessment of PLEs. Clinicians rate each experience as “not present”, 

“suspected”, or “definite”, with any definite experience indicating PLE risk status. The 

PLIKSi is advantageous due to its structured format and the ability to probe for additional 

information, but it requires trained interviewers and can be time-consuming to administer. 

Symptom Checklist-90-Revised (SCL-90-R). The SCL-90-R is a widely used 

self-report inventory designed to screen for a broad range of psychological problems and 

symptoms of psychopathology (Derogatis, 1977). It includes items that assess various 

dimensions, including paranoid ideation and psychoticism, which can capture psychotic-

like experiences. The SCL-90-R is comprehensive and easy to administer, making it 

suitable for both clinical and research settings. However, a lack of validation in the 

extended psychosis spectrum has allowed for dissimilar criteria for PLE status in the 

literature (Dominguez et al., 2011; Muller et al., 2010; Bakhshaie et al., 2011). And like 

other self-report tools, it relies on the individual's ability and willingness to accurately 

report their symptoms, which can introduce bias. 

Youth Self Report (YSR). The YSR is part of the Achenbach System of 

Empirically Based Assessment (ASEBA) and is a widely used tool for assessing a broad 

range of emotional and behavioral problems in children and adolescents (Achenbach & 

Rescorla, 2001). Many versions exist with variously included yes/no items of auditory 
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hallucinations, visual hallucinations, thought problems, paranoia, and unusual 

behaviours. With only one positive report sufficient to indicate PLE status, these various 

versions provide heterogenous contributions to PLE research. 

Of note, a significant challenge in the assessment of PLEs is the inconsistent 

criteria across these tools to identify and define PLE presence. For example, studies using 

the YSR may refer to thought problems as indicative of PLEs (Lacasa et al., 2015; de 

Jong et al., 2022) or may only include hallucinations (Dhossche et al., 2002; Wehlam et 

al., 2009; Oorschot et al., 2012). Alternatively, studies using the APSS may focus on 

positive symptoms (Bourque et al., 2017; Dolphin et al., 2015; Kelleher et al., 2011b), 

while those using the CAPE focus on both positive and negative symptoms (Schubart et 

al., 2011; Pignon et al., 2022; Brañas et al., 2016). Furthermore, while one self-report 

may be sufficient to confidently identify PLE status (Dhossche et al., 2002; Welham et 

al., 2009; de Jong et al., 2022; Zammit et al., 2013), other instances require a greater 

endorsement of experiences (Denissoff et al., 2022; Bourque et al., 2017; Dolphin et al., 

2015; Kelleher et al., 2011). The heterogeneity in terminology and assessment criteria 

underscores the need for standardized and comprehensive tools that can accurately 

capture the spectrum of subclinical psychotic experiences. Such standardization could 

better facilitate cross-study comparisons and meta-analyses, ultimately improving our 

understanding of PLEs and their role in psychosis risk. 

1.3.  Neurobiology of Psychosis Risk  

 The neurobiology of psychosis risk encompasses an interplay of genetic, 

biochemical, and environmental factors. Understanding the underlying mechanisms that 

contribute to the onset and progression of psychotic disorders is important for identifying 

markers of psychotic risk status and targets for intervention. This thesis will focus on 

three key areas of brain research in this area, including the glutamate hypothesis, the 

dopamine hypothesis, and the impact of neuroinflammation as it relates to psychosis. Of 

note to begin this discussion, there is a notable lack of neurobiological assessments in 

participants reporting PLEs.  
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1.3.1.  Glutamate Hypothesis 

The glutamate hypothesis suggests that abnormalities in glutamatergic 

neurotransmission play a significant role in the pathophysiology of psychotic disorders. 

This hypothesis centres around the hypofunctioning of the N-methyl-d-aspartate 

(NMDA) glutamate receptor in the prefrontal cortex (PFC), leading to increased 

prefrontal glutamate release and disruption of the excitatory/inhibitory (E/I) balance (Uno 

& Coyle, 2019; Goff & Coyle, 2001; Merrit et al., 2013; Lieberman et al., 2018). The role 

of NDMA receptor dysfunction originates from research of ketamine and other NMDA 

receptor antagonists, which can induce positive, cognitive, and negative symptoms 

resembling psychosis in healthy volunteers (Krystal et al., 1994; Vollenweider et al., 

1997; Holcomb 2001; Xu et al., 2015; Abdalla et al., 2018) and exacerbate symptoms in 

schizophrenia patients (Lahti et al., 1995; Lahti et al., 2001; Moghaddam et al., 2012). 

NMDA receptor dysfunction not only allows for the extracellular glutamate to remain in 

synapses for longer, but its high concentration on parvalbumin-expressing (PV+) 

interneurons, neurons responsible for the GABAergic modulation of excitability of 

pyramidal neurons, permit prefrontal disinhibition and an overall net increase in 

excitability (Schobel et al., 2013; Uno & Condyle, 2019). This creates a positive feedback 

loop where prefrontal hyperactivity results in the further production and release of 

glutamate that is unable to initiate NMDA receptor-mediated compensatory feedback, 

further disrupting E/I balance and exacerbating excitotoxicity. This increase in prefrontal 

excitatory output due to NMDA receptor dysfunction is also associated with 

glutamatergic abnormalities in other brain regions, including the thalamus, basal ganglia, 

and hippocampus (Lieberman et al., 2018; Schobel et al., 2013; Gruter et al., 2015; Uno 

& Condyle, 2019; Merrit et al., 2013). 

In high-risk individuals for psychosis, the findings reported in in vivo brain 

glutamate studies are mixed. A recent meta-analysis reported significant elevations in Glx 

(glutamate + glutamine) concentrations in the medial PFC (mPFC), with a trend towards 

significance in the basal ganglia (Romeo et al., 2020), suggesting a hyperglutamatergic 

state that might precede the onset of psychosis. However, not all individual studies find 

significant differences in Glx concentrations between UHR individuals and healthy 

controls in the mPFC (Yoo et al., 2009; Purdon et al., 2008; Keshavan et al., 1997; 
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Menchivok et al., 2016; Natsubori et al., 2014; Egerton et al., 2014; Uhl et al., 2011; 

Buyn et al., 2009). This meta-analysis also found that excluding those with familial risk 

erased the significant finding in the mPFC (Romeo et al., 2020), which may suggest 

diverse mechanisms of glutamatergic psychosis vulnerability.  

Mixed findings are also reported in FEP patients. A recent meta-analysis 

identified increased glutamatergic signalling in the basal ganglia, but no changes in 

prefrontal regions (Nakahara et al., 2021). However, this meta-analysis did find decreased 

GABAergic function in the midcingulate cortex, still implicating disrupted E/I balance in 

regions within the PFC (Nakahara et al., 2021). On the study level, mixed reports exist 

for the anterior cingulate cortex (ACC): some suggest an increase in glutamatergic 

transmission (Theberge et al., 2002; Theberge et al., 2007; Egerton et al., 2012; Smensy 

et al., 2015) or no change (Blasi et al., 2004; Uhl et al., 2011; Tibbo et al., 2013; 

Natsubori et al., 2014). This may reflect heterogeneity in study design, particularly in 

regard to the precise location analyzed within the ACC (Dempster et al., 2015; Egerton et 

al., 2012).Interestingly, glutamate transmission in the ACC has been reported to correlate 

with cognitive symptoms (Demptster et al., 2015), negative symptoms, global 

functioning, and non-remission (Egerton et al., 2012), which may relate to glutamate 

function in the context of metabolic changes (Tibbo et al., 2013). 

In chronic schizophrenia, the glutamatergic signal appears to shift from an 

increased glutamate state to a normal or decreased state over time, particularly in the 

mPFC and hippocampus (Natsubori et al., 2014; Ohrmann et al., 2005; Marsman et al., 

2011). This may reflect neuroadaptive changes or neurodegenerative processes influenced 

by prolonged illness and chronic antipsychotic treatment. Natsubori et al. (2014) found 

reduced frontal Glx levels in patients with chronic schizophrenia, which were associated 

with cognitive deficits and negative symptoms such as anhedonia and social withdrawal. 

This may also reflect changes in energy metabolism that has reached a more chronic 

state, because while glutamate concentrations are significantly lower and likely driving 

decreased Glx findings, glutamine concentrations are elevated, suggesting abnormal 

glutamate cycling (Marsman et al., 2011; Petroff, 2007). 
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1.3.2.  Dopamine Hypothesis 

The dopamine hypothesis posits that hyperactivity of dopaminergic transmission, 

particularly in the striatum, is a core feature of schizophrenia. This hypothesis suggests 

that increased dopamine synthesis and release contribute to the positive symptoms of 

schizophrenia, such as hallucinations and delusions (Howes et al., 2022). Meta-analyses 

have consistently found elevated markers of dopamine functioning in the striatum of 

patients with schizophrenia (Brugger et al., 2020; Howes et al., 2012; McCutcheon et al., 

2018). This arises from hyperactivity in the PFC which regulates mesostriatal dopamine 

neurons (Howes et al., 2022). Specifically, the increased excitatory output from the PFC 

as a result of perturbed glutamate functioning allows for a disinhibition of dopaminergic 

neurons in the striatum, a model having been demonstrated in both animals (Pycock et 

al., 1980a; Pycock et al., 1980b) and in humans (Quiroz et al., 2016; Androver et al., 

2020). This increase in dopamine synthesis capacity has also been shown to correlate 

with the severity of positive psychotic symptoms (Jauhar et al., 2017; Jauhar et al., 2019). 

Further highlighting the functional impact of this hyperdopaminergic state, all currently 

licenced antipsychotics have a role in blocking or acting as partial agonists on the various 

dopamine receptors (Kaar et al., 2020; Howes et al., 2022). 

In UHR individuals, neuroimaging studies report alterations in dopamine 

synthesis capacity. PET scans show increased striatal dopamine synthesis, which may 

subsequently predispose individuals to psychosis development (Howes et al., 2011a; 

Howes et al., 2009; Rogdaki et al., 2021; Mizrahi et al., 2012; McCutcheon et al., 2021; 

Howes et al., 2020). The largest increase in dopamine synthesis is observed among 

striatal subregions that are the most innervated by frontal projections, correlating with 

symptom severity in this UHR population (Howes et al., 2020; Howes et al., 2012). 

Indeed, this is complimented with finding of abnormal prefrontal activation during 

cognitive tasks associated with presynaptic dopaminergic capacity (Fusar-Poli et al., 

2011). These hyperdopaminergic states early in the psychosis continuum suggest a pre-

psychotic neurochemical environment that increases the risk of transitioning to clinical 

psychosis. 

In FEP patients, neuroimaging studies show very similar findings of relatively 

equal or increased dopamine changes to the UHR state (Howes et al., 2022; Meyer-
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Lindenberg et al., 2005; Kegeles et al., 2010). Like the UHR state, markedly increased 

dopamine synthesis and release in the striatum has been found to correlates with the 

severity of positive symptoms (Kegeles et al., 2010). Additionally, reduced D1 receptor 

availability in the prefrontal cortex has been implicated in the cognitive deficits and 

negative symptoms observed in FEP (Abi-Dargham et al., 2002). fMRI studies in FEP 

patients show hyperactivation in the striatum and hypoactivation in the prefrontal cortex 

during executive function tasks, which correlate with striatal dopamine activity 

(Minzenberg et al., 2009). Structural MRI studies also demonstrate progressive gray 

matter loss in the prefrontal and temporal regions, which correlates with the duration and 

severity of psychosis (Borgwardt et al., 2008). 

In chronic schizophrenia, neuroimaging findings reflect both persistent and 

adaptive changes in the dopaminergic system. PET findings suggest reduced dopamine 

receptor availability and decreased dopamine synthesis capacity in chronic patients 

compared to FEP patients, indicating neuroadaptive changes over the course of the illness 

(Howes et al., 2012). Specifically, Howes et al. (2012) found a reduction in D2/3 receptor 

availability and lower dopamine synthesis capacity in the associative striatum, suggesting 

a downregulation of dopamine synthesis as a response to chronic dopaminergic 

overstimulation. Structural MRI studies show widespread reductions in cortical thickness 

and gray matter volume, particularly in the prefrontal cortex (Vita et al., 2012), which 

correlate with striatal dopamine function (D’Ambrosio et al., 2021). fMRI research also 

reveals altered connectivity patterns within the default mode network and executive 

control network, highlighting persistent dysregulation in brain regions associated with 

dopaminergic activity (Anticevic et al., 2015). 

1.3.3.  Role of the Hippocampus 

In addition to the PFC and striatal regions mentioned previously in this discussion 

the hippocampus has also been implicated in psychosis development. Research has 

connected glutamate dysfunction with significantly altered basal metabolism in this 

region, leading to atrophy and structural and functional changes (Lieberman et al., 2018). 

In a longitudinal analysis of UHR subjects, Lieberman and colleagues (2018) found no 

difference in hippocampal volumes at baseline, but conversion to clinical psychosis was 

associated with a lower baseline hippocampal volume, particularly in the CA1 and 
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subiculum subfields. This volume effect was most prominent in the anterior left 

hippocampus (Lieberman et al., 2018). Also assessing local blood flow as a measure of 

basal metabolism, they found that an increase in blood flow in the CA1 region preceded 

the structural alterations at the following visit, suggesting a hypermetabolic state as 

responsible (Lieberman et al., 2018).  

Exploring sources for this hypermetabolism, authors followed this study with a 

post-mortem analysis of gene expression of patients with schizophrenia and found 

decreased activity of the enzyme glutamate dehydrogenase 1 (GLUD1), responsible for 

the degradation of glutamate, in the CA1 region, but not in a nearby region nor in 

controls (Lieberman et al., 2018). Examining whether a hyperglutamatergic state may be 

responsible for affected CA1 metabolism, they then followed this with a study in mice 

using fMRI to measure blood flow and an implanted glutamate sensor. Administration of 

ketamine was able to produce the same pattern of CA1-biased increased blood flow and 

could be prevented with pretreatment of a metabotropic glutamate receptor agonist that 

prevents glutamate release, directly implicating extracellular glutamate in this 

hypermetabolic state (Lieberman et al., 2018). Furthermore, they found that repeated 

surges of ketamine over time to cause a dose-dependent increase in basal metabolism, 

followed by a decrease in volume, again, most strongly biased to the CA1 subregion 

(Lieberman et al., 2018). This mechanism was also found to correlate with the loss of 

detectable PV+ interneurons, suggesting that dysfunction in these interneurons and the 

resulting hyperexcitability may be responsible for this increase in basal hippocampal 

metabolism (Lieberman et al., 2018).  

This elevated hippocampal extracellular glutamate, particularly in the CA1 

subregion, is thought to lead to a dysfunction in PV+ interneurons, allowing for regional 

increases in basal metabolism, which mediates hippocampal volume loss and subsequent 

functional deficit. The authors propose that persistence of this dysregulated hippocampal 

glutamate may also influence the PFC (Lieberman et al., 2018), responsible for the 

accelerated loss of prefrontal grey matter (Brugger et al., 2017; Schnack et al., 2016; 

Haijma et al., 2013; Olabi et al., 2011; Brans et al., 2008; Dietsche et al., 2017), lower 

density of frontal synapses (Berdenis et al., 2020), reduced dendritic branching (Selemon 

et al., 1999), and reduced gyrification in the ACC of patients with schizophrenia 
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(Zakharova et al., 2021; Yucel et al., 2002). What is unknown, however, is the source of 

this dysregulated glutamate in the hippocampus. 

1.3.4.  Role of Neuroinflammation 

Neuroinflammation is increasingly recognized as a potential contributing factor in 

the pathophysiology of psychotic disorders, interfacing at critical points of these 

aforementioned processes (de Bartolomeis et al., 2022). Astrocytes, a glial cell type in the 

CNS involved in pro-inflammatory cytokine release and glutamate metabolism, show 

signs of dysfunction in schizophrenia (Tarasov et al., 2020; Lieberman et al., 2018). For 

example, patients with schizophrenia express reduced hippocampal GLUD1 

concentrations, an enzyme highly concentrated on astrocytes (Lieberman et al., 2018). 

Astrocytes have been shown to control the activity of NMDA receptors, suggesting its 

dysregulation in psychotic disorders may arise from inflammatory processes (Tarasov et 

al., 2020).  

Microglia, the resident immune cells of the CNS responsible for primary immune 

defence, become activated in response to brain inflammation and play a role in synaptic 

pruning (Paolicelli et al., 2011). Studies have found that activated microglia can 

excessively prune synapses in the DLPFC and ACC, potentially leading to the observed 

E/I imbalance and contributing to cognitive deficits (Müller et al., 2015; Beadle et al., 

2012; Volk et al., 2015; Hensch et al., 2005). Microglial-mediated pruning involves the 

recruitment of major histocompatibility complex (MHC) proteins that tag synapses for 

glial cell engulfment (Sekar et al., 2016; Paolicelli et al., 2011), with animal studies 

having shown that manipulating the complement cascade and availability of its proteins 

cause aberrant glial-mediated pruning and behavioural deficits in the cortex of mice 

(Gaisler-Salomon et al., 2009; Hammelrath et al., 2016). Genetic variations in the 

complement protein C4A, involved in the tagging of these synapses, have also been 

implicated as a risk factor for psychotic disorders (Lewis et al., 2005; Howes & 

Shatalina, 2022; Lee et al., 2014). Furthermore, exposure to stress during adolescence has 

been implicated in glial-mediated pruning in the PFC and hippocampus, further 

implicating a role of neuroinflammatory processes in the pathophysiology of psychotic 

disorders (Hayashi et al., 1998; Leuddid et al., 2008; Bueno-Fernandez et al., 2021; Ota 

et al., 2014; Milior et al., 2016; Wohleb et al., 2018; Musazzi et al., 2015; Miller et al., 
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2019). Moreover, interleukin-6 (IL-6), a pro-inflammatory cytokine involved in 

astrocytic and microglial activity, is found to be elevated in the CSF of patients with 

schizophrenia (Ganguli et al., 1994; Garver et al., 2003), FEP (Corsi-Zuelli et al., 2022), 

and a marker of conversion to psychosis among UHR subjects (Misiak et al., 2021; 

Zhang et al., 2022). Together, the activation of microglia and astrocytes, along with 

elevated levels of pro-inflammatory cytokines, indicate neuroinflammation processes 

being involved in the psychosis spectrum, and may be a significant source of the 

dysregulated hippocampal and prefrontal glutamate function that subsequently affects 

striatal dopamine function. Environmental exposures such as childhood stress, trauma, 

and early substance use are associated with chronic changes in neuroinflammatory 

balance (Danese et al., 2011; Chiang et al., 2022; Doggui et al., 2021; Okafor et al., 

2020), which may mediate the increased risk for psychosis with these exposures. Another 

more recent area of research in this area is the role of cannabis, another environmental 

exposure that may be related to neuroinflammatory processes and psychosis risk. 

1.4.  Adolescent Cannabis Use 

Cannabis use among adolescents has been steadily rising, with variations in 

prevalence rates across different regions and demographic groups (Shi et al., 2015). 

According to the Monitoring the Future study, approximately 29% of 12th graders and 

18% of 10th graders in the United States reported using cannabis in the past year, 

highlighting a significant proportion of the adolescent population engaged in cannabis 

use (Miech et al., 2023). The European School Survey Project on Alcohol and Other 

Drugs (ESPAD) reported that 16% of 15-16-year-old students in Europe had used 

cannabis at least once in their lifetime (Leal-Lopez et al., 2020). In Canada, the 2023 

Canadian Cannabis Survey indicated youth aged 16-19 were the fastest growing group of 

cannabis users, with 43% having reported cannabis use within the past 12 months 

(Canadian Cannabis Survey, 2023).  

The legal status of cannabis varies widely across different regions, influencing its 

availability and use among adolescents. In some areas, the legalization of cannabis for 

medical or recreational use has raised concerns about increased accessibility and the 

potential for higher rates of use among youths (Wang et al., 2017; Zvonarev et al., 2019). 
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For instance, the 43% of 16-19-year-olds consuming cannabis in Canada is up from 37% 

since its legalization in 2018 (Canadian Cannabis Survey, 2023). In US states where 

cannabis has been legalized, there has been an observed increase in cannabis use among 

adolescents, although this trend is not uniform across all states (Cerdá et al., 2017). 

Public health policies aimed at reducing adolescent cannabis use include age restrictions, 

public education campaigns, and the regulation of marketing and sales. Prevention and 

intervention programs, such as school-based education and family interventions, have 

shown to significantly reduce cannabis use among adolescents, thus mitigating its 

potential harms (Momanyi et al., 2024). With the rates of cannabis use in this population, 

it becomes important for us to have an understanding of the outcomes associated with its 

use in this developmental time period.  

1.4.1.  Neurobiological Relevance 

Adolescent cannabis use is of particular concern due to its impact on the 

developing brain. The adolescent brain undergoes extensive remodeling, including 

synaptic pruning and myelination, which are essential for efficient neural communication 

(Patel et al., 2021). Cannabis interacts with the endocannabinoid system, which plays a 

key role in regulating these developmental processes (Onaivi et al., 2009; Sherif et al., 

2016; Blest-Hopley et al., 2020a). The primary psychoactive component of cannabis, 

delta-9-tetrahydrocannabinol (THC), binds to cannabinoid receptors in the brain and 

influences neurotransmitter release and neuronal connectivity (Volkow et al., 2016; Blest-

Hopley et al., 2020a). THC exerts its effects in the CNS by binding to the cannabinoid 

receptors CB1R and CB2R (Di Marzo et al., 2015). CB1R is mainly located on neuronal 

cells in regions such as the PFC (Chiu et al., 2010) and hippocampus (Jappy et al., 2016; 

Bloomfield et al., 2016) and inhibit neurotransmitter release upon activation (Mackie, 

2006). Alternatively, CB2Rs in the brain are concentrated on glial cells, typically only 

present where active neuroinflammation is taking place, and function as inhibitors of the 

immune response (Bie et al., 2018; Miller & Stella, 2009; Guindon & Hohmann, 2009; 

Ehrhart et al., 2005; Buckley et al., 2000). Disruption of the endocannabinoid system by 

THC during critical periods of brain development has been directly shown to alter the 

neurodevelopmental trajectory, which include long-term changes in prefrontal and 

hippocampal expression of cannabinoid receptors and dysregulated prefrontal dendritic 
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branching, synaptic pruning, and expression of glutamate receptor subunits (Miller et al., 

2019; Poulia et al., 2019; Rubino et al., 2015; Weed et al., 2016). 

Neuroimaging studies have provided insights into the structural and functional brain 

alterations associated with adolescent cannabis use. Structural MRI studies have shown 

that regular cannabis use during adolescence is associated with reduced gray matter 

volume in the prefrontal cortex, (Orihuel et al., 2023; Hirjak et al., 2021; Koenders et al., 

2016; Churchwell et al., 2010). Reduced cortical thickness in this region has also been 

reported, suggesting that cannabis use may interfere with normal cortical maturation 

(Lopez-Larson et al., 2011; Levar et al., 2018). Additionally, changes in white matter 

integrity, as indicated by altered fractional anisotropy in diffusion tensor imaging (DTI) 

studies, have been observed in adolescent cannabis users, implicating disruptions in 

neural connectivity (Zalesky et al., 2012). fMRI has revealed altered brain activity 

patterns in cannabis-using adolescents during cognitive tasks, with cannabis users 

exhibiting increased activation in the prefrontal cortex and decreased activation in the 

hippocampus during memory tasks, suggesting compensatory mechanisms in response to 

cannabis-induced deficits (Jager et al., 2010). These alterations in brain function are 

consistent with the cognitive impairments reported in adolescent cannabis users, 

including deficits in memory, attention, and executive function (Meier et al., 2015). 

Beyond structural and functional brain changes, cannabis use during adolescence has 

been linked to alterations in neurotransmitter systems. The endocannabinoid system 

modulates the release of various neurotransmitters, including a dampening effect on 

NMDA glutamate receptors (Rodriguez-Muñoz et al., 2016), plasticity of cortical control 

over midbrain dopamine function (Covey et al., 2018), and negative feedback of 

GABAergic transmission (James & Bondugji, 2021). Chronic exposure to THC can lead 

to dysregulation of these neurotransmitter systems, including reduced measures of 

glutamate activity in the PFC, striatum, and frontal white matter (Rigucci et al., 2018; 

Silveri et al., 2011; Muetzel et al., 2013; Prescot et al., 2011; Watts et al., 2020), reduced 

striatal dopamine availability (van de Giessen et al., 2017), potentiated response to 

mesolimbic dopamine (Cadoni et al., 2013), and reduced GABA synthesis (Renard et al., 

2018). 
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Furthermore, cannabis use during adolescence has been associated with altered 

indices of neuroinflammation. Studies have reported that chronic cannabis use can lead to 

decreased levels of pro-inflammatory (Bayazit et al., 2017; Lima 2021; Henshaw et al., 

2021; Moretti et al., 2015) and anti-inflammatory (Zamberletti et al., 2015) cytokines in 

the brain. However, it appears these effects differ when isolating certain psychoactive 

components of cannabis. It appears an anti-inflammatory effect on cytokines is most 

strongly produced by cannabidiol (CBD), the second most common cannabinoid in 

cannabis that exerts opposing effects to THC at CB1 and CB2 receptors (Atakan, 2012; 

Henshaw et al., 2021; Peng et al., 2022). Alternatively, THC demonstrates a biphasic 

effect on pro-inflammatory cytokines, whereby low doses can inhibit (Berdyshev et al., 

1997), and high doses can stimulate its production (Berdyshev et al., 1997; Srivastava et 

al., 1998; Cutando et al., 2013; Zamberletti et al., 2015; Moretti et al., 2015). Anti-

inflammatory cytokines are also modulated by THC, whereby chronic exposure during 

adolescence has been shown to increase the long-term production of IL-10 in the PFC, 

hippocampus, and hypothalamus (Moretti et al., 2015; Zamberletti et al., 2015). The 

aberrant prefrontal synaptic pruning as a result of chronic adolescent THC exposure in 

rats also suggests a mechanism of THC-induced microglial involvement (Miller et al., 

2019). Neuroinflammation has been implicated in various neuropsychiatric disorders 

including depression, addiction, and autism, in addition to psychotic disorders, suggesting 

that cannabis-mediated neuroinflammatory processes could have broad implications for 

mental health (Hong 2016; Rubino et al., 2011; Stark et al., 2021). 

The neurobiological relevance of adolescent cannabis use extends to its potential to 

interact with genetic predispositions. For example, polymorphisms in the gene encoding 

the cannabinoid receptor 1 (CB1R) have been associated with differential effects of 

cannabis on brain structure and function (Ho et al., 2011; Onaivi et al., 2009). Ho et al. 

(2011) demonstrated that specific CB1R gene polymorphisms are linked to greater brain 

atrophy and cognitive deficits in individuals with CUD. This study showed that carriers 

of certain CB1R variants experienced more significant white matter loss and impairments 

in cognitive functions, such as memory and executive function, compared to non-carriers. 

Alternatively, Ketcherside et al. (2017) revealed that variations in the CB1R gene can 

affect the density and function of cannabinoid receptors in the brain. This modulation can 
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influence how cannabis impacts cognitive processes and emotional regulation. For 

example, individuals with certain CB1R polymorphisms may exhibit heightened 

sensitivity to the anxiogenic and psychotomimetic effects of cannabis, increasing their 

risk for developing anxiety disorders and psychosis (Onaivi et al., 2009; Domschlke et 

al., 2008). In addition to CB1R gene polymorphisms, variations in genes related to the 

dopamine system, such as the catechol-O-methyltransferase (COMT) gene, also play a 

crucial role. Adolescents with the Val158Met polymorphism in the COMT gene, which 

affects dopamine metabolism, are more susceptible to the psychotomimetic effects of 

cannabis, including paranoia and hallucinations (Caspi et al., 2005). Understanding these 

neurobiological interactions may be important for identifying individuals who may be at 

higher risk for adverse outcomes related to cannabis use. 

1.4.2.  Clinical Relevance 

The health consequences of cannabis use during adolescence are multifaceted and 

may have lasting impacts on both physical and mental health. Regarding physical health, 

long-term cannabis use has been associated with respiratory problems, such as chronic 

bronchitis, due to the inhalation of smoke (Taylor, 2002). The combustion of cannabis 

releases toxic chemicals including tar, ammonia, hydrogen cyanide, and polycyclic 

aromatic hydrocarbons (PAHs) such as benz[a]pyrene, among other known carcinogens 

(Tashkin et al., 2002). These substances can irritate the respiratory system, leading to 

chronic cough, phlegm production, wheezing, and impaired lung function (Tetrault et al., 

2007). Furthermore, studies have indicated that cannabis smoke contains many of the 

same harmful components as tobacco smoke, potentially increasing the risk of respiratory 

infections and chronic obstructive pulmonary disease (COPD) (Moore et al., 2005). 

Additionally, cannabis use may negatively affect cardiovascular health, increasing heart 

rate and potentially contributing to an increased risk of heart attack in individuals with 

pre-existing heart conditions (Mittleman et al., 2001). 

Cognitive effects of adolescent cannabis use are also apparent. Longitudinal studies 

show that frequent cannabis users may suffer significant declines in IQ and memory 

function that persist into adulthood even after cessation of use (Meier et al., 2012; 

Volkow et al., 2014). These cognitive deficits can impair academic and occupational 

performance, compounding the adverse effects on educational attainment and career 
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prospects. For example, Meier et al. (2012) found that persistent cannabis use from 

adolescence into adulthood was associated with an average decline of 8 IQ points, which 

could not be fully regained even after stopping cannabis use. Studies have also 

demonstrated that adolescent cannabis use impairs attention, executive function, and 

spatial working memory, which are critical for academic success and daily functioning 

(Crean et al., 2011; Becker et al., 2015; Camchong et al., 2017; Sweeny et al., 2017; 

Fried et al., 2002; Fried et al., 2005; Meier et al., 2012; Tait et al., 2011; McKetin et al., 

2016; Morin et al., 2019). Adolescents who use cannabis regularly are also more likely to 

experience difficulties with learning and information processing (Lisdahl et al., 2013; 

Scott et al., 2018; Jaeger, 2018). Moreover, Silins et al. (2014) reported that heavy 

adolescent cannabis users were significantly less likely to graduate from high school and 

obtain a degree compared to non-users. 

The mental health effects of adolescent cannabis use are especially concerning. There 

is strong evidence to suggest that cannabis use can exacerbate symptoms of anxiety and 

depression, and potentially contribute to the development of mood disorders (Silins et al., 

2014; Gobbi et al., 2019; Page et al., 2019; Solmi et al., 2022; Lowe et al., 2019). 

Adolescents who use cannabis are more likely to experience depressive symptoms, 

suicidal ideation, and attempts compared to their non-using peers (Gobbi et al., 2019). 

Persistent cannabis use is also associated with an increased risk of developing substance 

use disorders, including cannabis use disorder (CUD) (Kosty et al., 2017). Adolescents 

with CUD face challenges in controlling their use, experiencing withdrawal symptoms 

and increased tolerance, which can significantly impair their daily functioning and quality 

of life (Simpson, 2016). Moreover, the early onset of cannabis use is correlated with a 

higher likelihood of using other illicit drugs and engaging in other risky behaviors, which 

can further exacerbate mental health issues and lead to a cycle of substance dependence 

and psychological distress (Fergusson & Horwood, 2000). Importantly, cannabis use 

during adolescence has been linked to an increased risk of developing psychotic 

disorders, such as schizophrenia, especially in individuals with a genetic predisposition or 

family history of psychosis (Arseneault et al., 2004; Ho et al., 2011; Martinez-Gras et al., 

2006; Di Forti et al., 2019; Leroy et al., 2001).  
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1.4.3.  Implications in the Psychosis Spectrum 

The relationship between adolescent cannabis use and psychosis is well-

documented, with a significant body of research indicating that cannabis use can 

exacerbate the risk of developing schizophrenia (Large et al., 2011; Kiburi et al., 2021; 

Marconi et al., 2016; Matheson et al., 2023). The evidence suggests that cannabis use, 

particularly during the vulnerable developmental period of adolescence, may interact 

with genetic and environmental risk factors, increasing the likelihood of psychosis onset 

and influencing its trajectory (Kiburi et al., 2021; Malone et al., 2010; Keshavan et al., 

2014; Crocker et al., 2017; Abush et al., 2018).  

Studies commonly show that cannabis use is associated with an earlier onset of 

schizophrenia. A meta-analysis found that cannabis users developed schizophrenia 

approximately 2.7 years earlier than non-users (Large et al., 2011). In relation to first-

episode psychosis (FEP), cannabis use typically precedes onset, occurring prior to FEP in 

94% of patients, whereas for only 1%, cannabis use begins after onset (Kline et al., 

2022). Sustained cannabis use among FEP subjects in remission is also linked to 

subsequent relapse (Levi et al., 2023). These findings suggest that cannabis may 

accelerate the pathology of psychosis in vulnerable individuals. Furthermore, the risk 

appears dose-dependent, with higher frequency and potency of cannabis use correlating 

with a greater risk of developing psychosis (Marconi et al., 2016; Di Forti et al., 2019). 

 Clinical findings in the UHR and CHR populations also implicate a relationship, 

although are not as robust in the clinical population. For example, one longitudinal study 

followed UHR subjects for 2 years after presentation, finding that cannabis use disorder 

(CUD) was not associated with development of psychosis (Brucato et al., 2017). A 

similarly structured 2-year follow-up of UHR subjects however found that sustained 

cannabis use after presentation, but not lifetime use, significantly increased the risk of 

psychosis development (Valmaggia et al., 2014). While vastly different prevalences for 

lifetime cannabis use between these two studies likely contributed to these findings (17% 

vs. 74%), these findings also suggest that cannabis use may exacerbate vulnerabilities in 

those already on a trajectory towards psychosis, resulting in the acceleration of psychosis 

onset.  
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An effect of adolescent cannabis use in PLEs has also been reported. Research 

indicates that adolescent cannabis use can increase the frequency and distress of PLEs, 

potentially elevating the risk of progression to more severe psychotic symptoms 

(Miettunen et al., 2008; van Gastel et al., 2013; Bourque et al., 2017; Hides et al., 2009; 

Stefanis et al., 2004; Mackie et al., 2011). A recent cohort analysis found that cannabis 

use at 15- and 16-years approximately doubles the risk of psychotic disorders compared 

to PLEs alone (Denissoff et al., 2022). This relationship may be mediated by similar 

neurobiological mechanisms as those implicated in clinical psychosis: disruptions in the 

endocannabinoid system (Morris et al., 2022; Rubino et al., 2014; Miller et al., 2019), 

alterations in dopaminergic (Bloomfield et al., 2014; Henquet et al., 2008) and 

glutamatergic neurotransmission (Rigucci et al., 2017), and neurodevelopmental 

perturbations (Miller et al., 2019; Rubino et al., 2014; Malone et al., 2010). Moreover, 

neuroinflammation is emerging as a critical factor in this context and may play a role in 

the cannabis related exacerbation of PLEs and their potential progression to clinical 

psychosis (Miller et al., 2019; Moretti et al., 2015; Corsi-Zuelli et al., 2022). 

Among the implicated mechanisms underlying the link between cannabis use and 

psychosis include the dopaminergic system, glutamatergic system, and mechanisms of 

neuroinflammation. Cannabis has been shown to increase dopaminergic capacity in the 

striatum and mesolimbic projections in a dose-dependent effect (Bloomfield et al., 2014), 

which may contribute to the mechanisms of negative feedback seen with psychotic 

disorders. This interaction may explain why individuals with a genetic predisposition to 

dopaminergic dysregulation are more susceptible to the psychotogenic effects of cannabis 

(Henquet et al., 2008). Glutamate levels are also significantly lower in the PFC of 

cannabis-using FEP patients, but not in non-using FEP patients (Rigucci et al., 2017), nor 

in the general FEP population (Bissonnette et al., 2022), implicating a role of cannabis 

use in the glutamate hypothesis as well. 

The biochemical links between cannabis use, psychosis, and neuroinflammation 

are more theoretical; however, emerging evidence continues to suggest a role. Preclinical 

evidence suggests ECS disruption via CB1 and CB2 chronic hyperactivity during 

adolescence may result in mechanisms of oxidative stress in the hippocampus, permitting 

alterations in hippocampal glial activity and the emergence of psychotic-like symptoms in 
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adulthood (Morris et al., 2022; Rubino et al., 2014). These cannabis-mediated microglial 

and astrocytic alterations may also be responsible for the reduced WM tract integrity 

(Crocker & Tibbo, 2018; Iwabuchi et al., 2015; Zhang et al., 2013) and functional 

connectivity (Stephan et al., 2009; Friston et al., 2016) seen with schizophrenia. A CB1R-

mediated dysregulation of oligodendrocyte progenitor cells from chronic THC exposure 

could contribute to this mechanism (Torre et al., 2022; Moline-Holgado et al., 2002). It 

has also been suggested that the perturbed prefrontal pruning induced by chronic 

adolescent THC exposure in rats may be responsible for similar alterations in the 

development of schizophrenia (Miller et al., 2019). Furthermore, a recent analysis found 

that the onset of cannabis use before 17 years moderated the association between high 

markers of systemic inflammation and psychosis (Corsi-Zuelli et al., 2022). Despite these 

implications on neuroinflammatory processes, the precise pathways and interactions 

remain unclear. One neuroimaging strategy that is becoming increasing helpful in 

elucidating the context and degree of metabolic and neuroinflammatory changes is 

magnetic resonance spectroscopy (MRS). 

1.5.  Neuroimaging Strategies: 1H Magnetic Resonance Spectroscopy 

(MRS) 

Proton magnetic resonance spectroscopy (1H MRS) is a non-invasive imaging 

technique that allows for the in vivo measurement of biochemical compounds within the 

brain. Unlike traditional MRI, which provides detailed anatomical images, MRS focuses 

on the chemical composition of tissues. This technique exploits the magnetic properties 

of hydrogen protons to detect the concentration of various metabolites. More specifically, 

a strong magnetic field aligns the protons in the brain (Frangou et al., 1996; Shen et al., 

2020). A radiofrequency pulse then perturbs this alignment, causing the protons to emit 

signals as they relax back to their equilibrium state. These signals are detected and 

analyzed to produce a spectrum that displays the resonance frequencies of different 

metabolites. The area under each peak in the spectrum corresponds to the concentration 

of the respective metabolite. The specific chemical shifts and peak positions for many 

neurometabolites are well-characterized, providing markers for various biochemical 

processes within the brain, including states of neuroinflammation. Commonly measured 
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metabolites to proxy neuroinflammatory processes include N-acetyl aspartate (NAA), N-

acetyl-aspartyl glutamate (NAAG), total choline (tCho), myoinositol (mI), creatine (Cr), 

and phosphocreatine (PCr). Each metabolite resonates at a unique frequency, allowing for 

their identification and quantification. 

1.5.1.  Neurobiological Significance 
1H MRS provides critical insights into the neurobiological processes underlying 

brain function and pathology by measuring the concentration of specific metabolites 

associated with neuronal health, membrane turnover, and energy metabolism. 

Total N-acetyl aspartate (tNAA). NAA is synthesized in neurons and cycles 

between neurons and oligodendrocytes, maintaining roles in myelin synthesis, 

mitochondrial energy production, and osmotic balance (Moffett et al., 2007; Moore & 

Galloway 2002). N-acetyl-aspartyl glutamate (NAAG), present in smaller concentrations 

than NAA and therefore more difficult to resolve, arises from the synthesis of NAA and 

glutamate and is shown to modulate glutamate transmission and astrocyte function 

(Baslow et al., 2000). A combined measure of NAA and NAAG (NAA+NAAG or tNAA) 

is thus thought to reflect a combination of neuronal health and density (Crocker et al., 

2017; Paslakis et al., 2014). Reduced tNAA levels are often observed in 

neurodegenerative diseases and conditions involving neuronal loss or dysfunction 

(Moffett et al., 2007). 

Total choline (tCho). Total choline reflects the combined concentrations of cytosolic 

(i.e., “free”) choline and cell membrane-bound phosphocholine (PC) and 

glycerophosphocholine (GPC). Free choline is involved in many extracellular processes 

including membrane synthesis, acetylcholine synthesis, and methyl group donation 

(Tayebati 2012). Membrane-bound choline is essential for membrane stability, signal 

transduction, and lipid metabolism (Tayebati et al., 2012). Thus, as a marker of cell 

membrane turnover and integrity, total choline concentrations are shown to be elevated in 

states of increased membrane turnover, such as neuroinflammatory and demyelinating 

conditions, and reduced in states of less cellular proliferation or membrane synthesis 

(Tayebati et al., 2012).  
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Total Creatine (tCr). Creatine and its phosphorylated form, PCr, comprise the 

measure total creatine (Cr+PCr or tCr). Creatine and PCr cycle high-energy phosphate 

groups within cells, serving as an energy reservoir and a marker of overall metabolic 

activity that can provide context to a possible state of neuroinflammation (Chen et al., 

2023). It is involved in the storage and transfer of high-energy phosphate groups. 

Elevated creatine can suggest ongoing inflammation (Chang et al., 2013). 

Myoinositol (mI). Myoinositol has roles in both intracellular and regional osmotic 

balance, energy production, membrane integrity, and signal transduction (Downes & 

Macphee, 1990; Chhetri et al., 2019), expressed at high concentrations in astrocytes 

(Brand et al., 1994). Myoinositol concentrations are therefore thought to be representative 

of astrocyte activity and osmoregulation (Crocker et al., 2017; Chang et al., 1998; 

Hattingen et al., 2008). Increased mI levels are indicative of gliosis and are often 

observed in neuroinflammatory conditions and psychiatric disorders (Plitman et al., 

2016). 

1.5.2.  Findings in the Psychosis Spectrum 

Numerous studies have employed 1H MRS to investigate the biochemical 

abnormalities associated with the psychosis spectrum, allowing for a small handful of 

meta-analyses to have been conducted. These analyses exist for the UHR population 

(Romeo et al., 2020; Brugger et al., 2011; Whitehurst et al., 2020) and those with FEP 

and/or chronic schizophrenia (Mateos et al., 2023; Whitehurst et al., 2020; Brugger et al., 

2011; Steen et al., 2005; Iwata et al., 2018; Yang et al., 2023). These studies report 

alterations in key metabolites that are indicative of the underlying neurobiological 

changes in the psychosis spectrum and highlight a potential role of neuroinflammation. 

Three systematic reviews have been recently conducted among UHR subjects, each 

arriving to different findings. While Brugger and colleagues (2011) identified 

significantly reduced NAA in the thalamus, Whitehurst and authors (2020) found this 

reduction restricted to the hippocampus. Alternatively, Romeo and colleagues (2020) only 

found a trend towards reduced NAA in the temporal lobe, although also found 

significantly increased myoinositol in the DLPFC. Together, these findings suggest that 
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heterogenous metabolic alterations may already be present in the subclinical status in 

both cortical and subcortical structures. 

Reduced NAA is one of the more consistent metabolic changes in both FEP and 

schizophrenia, namely in the PFC, temporal lobe, and thalamus (Mateos et al., 2023; 

Whitehurst et al., 2020; Brugger et al., 2011; Bissonette et al., 2022; Steen et al., 2005; 

Iwata et al., 2018; Yang et al., 2023). A recent meta-analysis specifically isolated this 

finding in the DLPFC, mPFC, frontal WM, and hippocampus in addition to the thalamus 

(Yang et al., 2023). These reductions in NAA, particularly in the PFC are believed to be 

associated with the cognitive deficits and negative symptoms characteristic of 

schizophrenia, such as impairments in executive function and motivation (Bertolino et al., 

2000; Marenco et al., 2006). Furthermore, NAA reductions show a left hemisphere bias 

and are more pronounced in the more chronic schizophrenia compared to early-onset 

psychosis, which may suggest a progressive deterioration of neuronal health and integrity 

(Molina et al., 2005). Elevated choline is also reported in the basal ganglia and frontal 

WM of patients with schizophrenia (Yang et al., 2023), also demonstrated in FEP patients 

as an effect of illness that is distinct from the effect of substance use (Bernier et al., 

2016). These findings suggest that diminished neuronal health and membrane instability 

play a role in the pathophysiology of psychotic disorders and may reflect a neural 

environment of ongoing inflammation. 

1.5.3.  Findings in Adolescent Cannabis Users 
1H MRS studies have also been used to investigate the impact of cannabis use on 

brain chemistry, although limited in number. For example, reduced NAA has been 

reported in the PFC (Prescot et al., 2011; Hermann et al., 2007), and reduced myoinositol 

in both the PFC (Prescott et al., 2011) and hippocampus (Blest-Hopley et al., 2020b) of 

youth-onset cannabis users compared to non-users. The reductions in NAA are believed 

to be linked to the cognitive deficits observed in adolescent cannabis users (Prescot et al., 

2011), and in addition with reduced myoinositol, have been suggested to reflect glial-

mediated mechanisms of inflammation (Blest-Hopley et al., 2020b; Prescot et al., 2011). 

Neurotransmitter levels are also altered in cannabis users. Interestingly, two studies 

found chronic cannabis use to be associated with reduced glutamate (Prescot et al., 2011) 

and GABA (Subramaniam et al., 2022) concentrations in the ACC but were not able to 
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confirm each other’s findings. However, the significant finding for glutamate was 

identified in a population with more cannabis exposure, which may suggest an 

accumulating effect on disrupting the excitatory-inhibitory balance (Page et al., 2019). 

The effects of THC during adolescence on inducing a pro-inflammatory state has not 

been significantly studied but may also affect the E/I balance through changes in the 

astrocytic metabolism of glutamate and microglial-mediated pruning of prefrontal 

synapses. 

The neurometabolic changes observed in adolescent cannabis users are similar to 

those seen in individuals with psychotic disorders, and some of these changes are often 

exacerbated in cannabis users with a psychotic disorder. Specifically, both populations 

exhibit reductions in NAA and myoinositol, alterations in glutamate and GABA levels, 

and increased markers of neuroinflammation in frontal and/or hippocampal regions 

(Romeo et al., 2020; Whitehurst et al., 2020; Brugger et al., 2011; Iwata et al., 2018; 

Mateos et al., 2023; Nakahara et al., 2021; Natsubori et al., 2014; Lieberman et al., 2018; 

Garver et al., 2003). These findings may highlight a potential convergence of similar 

mechanisms by which cannabis use may precipitate or exacerbate the neurobiological 

vulnerabilities associated with the psychosis spectrum. 

1.6.  Current Gaps 

1.6.1.  The Impact of Comprehensive Assessment Methods 

The assessment of psychotic-like experiences (PLEs) in children and adolescents 

has been marked by significant heterogeneity, which has obscured the clinical value of 

these assessments in identifying psychosis-prone trajectories and improving outcomes. 

Comprehensive assessment methods are needed to address this variability and enhance 

the predictive utility of PLEs. The wide variability in PLE prevalence estimates can be 

attributed to differences in assessment tools as discussed, each with their own strengths 

and limitations (Staines et al., 2022; Lee et al., 2016; Fisher et al., 2013b; Barragan et al., 

2011). A systematic review could critically examine the predictive validity of various 

assessment tools, thereby identifying the most effective methods for early identification 

of psychosis risk. 
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1.6.2.  The Impact of Altering Psychosis-Prone Trajectories 

Identifying and altering psychosis-prone trajectories in children and adolescents is 

crucial for reducing the long-term burden of psychotic disorders. Research has shown 

that early intervention in high-risk populations can delay the onset of psychosis and 

improve global functioning (Morrison et al., 2004; van der Gaag et al., 2012; Mei et al., 

2021). If an individual’s risk status is being largely influenced by modifiable risk factors, 

a more preventative approach can focus on reducing encounters with these exposures. 

The relatively widespread use of cannabis among adolescents suggests this be an example 

of a potentially highly modifiable factor of risk. Studies have demonstrated that early and 

frequent cannabis use is associated with an increased risk and earlier development of 

psychotic disorders (Large et al., 2011; Kiburi et al., 2021; Marconi et al., 2016; 

Matheson et al., 2023). Therefore, identifying specific features of cannabis use, such as 

frequency, potency, age of onset, and total exposure may provide valuable insights into 

psychosis risk. Strategies aimed at reducing cannabis use among adolescents, particularly 

those with high-risk PLE profiles, could be an effective strategy for altering psychosis-

prone trajectories.  

Furthermore, incorporating neurobiological measures into the assessment and 

intervention process may provide additional insights into the mechanisms underlying 

psychosis risk. 1H MRS, for instance, can identify metabolic changes in the brain 

associated with psychosis and cannabis use, with the potential to offer biomarkers of 

psychosis-proneness and targets for early intervention (Crocker et al., 2017). The paucity 

of 1H MRS studies in samples of adolescents reporting PLEs and using/not using 

cannabis presents the opportunity to meaningfully contribute to this goal of reducing the 

burden of psychotic disorders on the population. Furthermore, combining these 

neurobiological findings with comprehensive, homogenized assessment methods can 

enhance the accuracy of risk identification and the effectiveness of interventions. 

1.7.  Thesis Rationale & Overview 

This thesis aims to address critical gaps in the understanding and assessment of 

psychotic-like experiences (PLEs) in children and adolescents, focusing on both a 

systematic review and meta-analysis (Chapter 2) and an empirical primary study (Chapter 
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4). The rationale for this comprehensive approach is grounded in the need to enhance 

early identification, improve intervention strategies, and ultimately alter psychosis-prone 

trajectories to mitigate the burden of psychotic disorders. 

Key findings from existing literature highlight the heterogeneity in the prevalence 

and assessment of PLEs, hampering the ability to accurately identify at-risk individuals 

and develop effective interventions (Kelleher et al., 2012; Fisher et al., 2013b; Lee et al., 

2016). The systematic review and meta-analysis in Chapter 2 critically examines and 

synthesize existing evidence, seeking to provide an updated picture of the prevalence, 

characteristics, and prognostic quality of PLEs in children and adolescents. By 

identifying the most reliable features of assessment tools and highlighting the gaps in 

current methodologies, this review aims to contribute to standardizing PLE assessments 

and enhance their predictive validity. 

The pathophysiological underpinnings of psychotic disorders further justify the 

need for early and accurate identification of PLEs. Neuroimaging studies have revealed 

significant biochemical changes in individuals with, or at ultra-high risk of psychosis, 

such as reduced NAA levels, altered myoinositol concentrations (Romeo et al., 2020; 

Bossong et al., 2019), and increased markers of systemic inflammation (Corsi-Zuelli et 

al., 2022; Garver et al., 2003; Zhang et al., 2022). These metabolic and 

neuroinflammatory changes that are present after functional decline but before the onset 

of psychosis raise the possibility of pathophysiological processes existing in the lower 

risk context of adolescent PLEs. The empirical study in Chapter 4 will explore these 

neurometabolic markers in a community-based sample of adolescents with PLEs, 

examining how these markers correlate. With the rationale that adolescent cannabis use 

may accelerate the pathophysiology of psychosis, Chapter 4 will also study how cannabis 

use in this sample may influence neurometabolic markers to contribute to the 

psychopathology of PLEs. 

There is a unique benefit for a neurobiological investigation into adolescent PLEs. 

Adolescence is a critical period for brain development, and early interventions during this 

time can significantly alter developmental trajectories. Furthermore, identifying specific 

features of cannabis use that are associated with adolescent PLEs and its pathophysiology 

may provide insight to a neurobiological basis for the psychotogenic effects of adolescent 
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cannabis use. Additionally, assessing PLEs in the general population of non-help-seeking 

adolescents may provide a broader understanding of psychosis risk. Many adolescents 

with PLEs do not seek clinical help, yet they may still be at significant risk for 

developing psychotic disorders. By including these individuals in research analyses, a 

greater proportion of psychosis-prone individuals could be identified, and 

preventative/interventive strategies can be developed for a wider population. That is, this 

approach can help to identify at-risk individuals who might otherwise be missed and 

provide early support to prevent the development of clinical psychosis.  

The integration of findings from the systematic review and the empirical study 

seeks to provide a renewed perspective to adolescent PLEs and their implications for 

psychosis risk. By addressing both clinical and neurobiological rationales, this thesis 

aims to systematically contribute to bridging the gap between research and practice.  
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Chapter 2. Heterogeneity in the Risk of Developing a Psychotic Disorder 

Given a Previous Subclinical Psychotic-Like Experience in Children & 

Adolescents: A Systematic Review & Meta-Analysis 

This chapter is one of two research endeavours taken by Isaiah Burton in support 

of this thesis. Under the co-supervision of Dr. Philip Tibbo and Dr. Candice Crocker, this 

systematic review and meta-analysis was drafted by Isaiah, who also incorporated 

suggestions from his co-authors before preparing it for submission to a peer reviewed 

journal. This chapter was submitted to Psychiatry Research on April 2nd, 2024. As of 

August 28th, 2024, a first round of peer reviews had been completed and the journal has 

requested the revisions be addressed before re-submission to the journal. In this Chapter, 

and at the discretion of his supervisors, Isaiah has incorporated some of the requested 

revisions that were suitable to be addressed within the timeline of his thesis. Isaiah 

intends to address the remaining revisions under the guidance of his supervisors and the 

remaining co-author (NP). 

Burton, I., Tibbo, P., Ponto, N., & Crocker, C. (2024). Heterogeneity in the Risk of 

 Developing a Psychotic Disorder Given a Previous Subclinical Psychotic-Like 

 Experience in Children & Adolescents: A Systematic Review & Meta-Analysis. 

 Psychiatry Research (submitted)   
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2.1. Abstract 

Psychotic-like experiences (PLEs) are common in the general population. Child 

and adolescent PLEs are the most prevalent and linked with future psychopathology, 

particularly psychotic disorders. Significant heterogeneity in PLE assessment has 

obscured its clinical utility to identify psychosis-prone trajectories to improve clinical 

outcomes. This meta-analysis aimed to assess i) PLE prevalence in children and 

adolescents and ii) their relationship with subsequent psychotic disorder while exploring 

sources of heterogeneity. PubMed, Embase, PsycINFO, and CINAHL databases were 

searched in August 2023 for population-based longitudinal studies that assessed child or 

adolescent PLEs and early adulthood psychotic outcomes. Studies were appraised using a 

recognized tool for non-interventional studies. Two reviewers independently extracted 

data to generate a pooled sample. Six studies were included (n = 16560), showing a 

pooled PLE prevalence of 17.3%. Child and adolescent PLEs were associated with an 

increased risk of psychotic disorder in early adulthood (unadjusted OR = 3.80, 95% CI: 

2.31–6.26), with a population attributable fraction of 32.6%. Significant heterogeneity in 

the strength of this relationship (I2 = 70%, p = .01) was related to assessment type (self-

report vs. interview) in our exploration. This review contends that interview-based PLE 

assessments could more accurately identify children or adolescents on a path towards 

psychosis and are better suited for psychotic risk identification. Further research is 

needed to elucidate interactions between PLEs and other psychotic risk factors. 

Keywords. Non-clinical, psychosis, psychosis proneness, psychotic experience, 

risk identification, schizophrenia, schizoaffective disorder, subclinical psychotic 

symptom, youth mental health 
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2.2. Introduction 

Subclinical psychotic symptoms have a well-documented presence in the general 

population (Staines et al., 2022). Known as psychotic-like experiences (PLEs), they are 

more common during childhood and adolescence (8–17%) than during adulthood (5–6%) 

(van Os et al., 2009; Kelleher et al., 2012; Maijer et al., 2018). Despite a shared overlap 

in risk factors with psychosis, PLEs tend to be transient and typically non-distressing, 

suggesting that these experiences represent a non-clinical phenotype on an extended 

psychosis spectrum (Kelleher and Cannon, 2011; van Os and Linscott, 2012; Staines et 

al., 2022).  

There have been widely varying reported rates of PLE prevalence in children and 

adolescents from as low as 1.6% (Fisher et al., 2013b) to as high as 37.5% (Barragan et 

al., 2011). These primary papers have led to several previous syntheses of the literature to 

try and determine a consistent population prevalence rate for these experiences. Kelleher 

et al. (2012) reported a lifetime prevalence of 7.5% among 13–18-year-olds and 17% for 

9–12-year-olds, based on five and nine different samples, respectively. This review noted 

a high amount of heterogeneity. A review on auditory hallucinations, the most frequently 

experienced PLE type (McGrath et al., 2015), noted prevalence estimates of 12.7% in 

children under 13 (nine samples) and 12.4% among 13–17-year-olds (13 samples) 

(Maijer et al., 2018). Authors also revealed significant heterogeneity in prevalence 

estimates that could not be explained by age at assessment. With 41 different PLE 

assessment tools having been identified as used in research (Lee et al., 2016), 

heterogeneity within its assessment poses a distinct challenge to our understanding of 

PLEs (Staines et al., 2022).  

The higher prevalence of PLEs during childhood and adolescence has prompted 

investigations into their ability to improve detection of those at risk of psychosis. While a 

meta- analysis of longitudinal studies did not find a significant increase in the risk of 

psychosis from PLEs in the general population (Kaymaz et al., 2012), an analysis on 

children and adolescents revealed a significant fourfold increase, along with lesser 

associations with concurrent affective, behavioural, and depressive disorders (Healy et 

al., 2019). As with a common event forecasting a comparatively rare outcome, most 
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individuals who experience PLEs do not develop a psychotic disorder (Fisher et al., 

2013b). However, nearly a quarter of those who developed a psychotic disorder had 

experienced a childhood or adolescent PLE (Healy et al., 2019), with only 4.1% of first 

episode psychosis patients having had previous contact with clinical high-risk services 

(Ajnakina, 2017). Together, this emphasizes the need for refined risk identification using 

PLEs to better aid in mitigating potential negative outcomes.  

Similar to the research in PLE prevalence, existing analyses have also highlighted 

significant heterogeneity in assessing the prognostic value of PLEs (Kaymaz et al., 2012; 

Healy et al., 2019). Some exploration into the possible sources of this heterogeneity 

revealed no significant effect of PLE assessment type (i.e., self-report vs. interview), 

sample size, age at assessment, time to follow-up, and gender on heterogeneity, leaving 

authors to postulate additional or interaction effects (Healy et al., 2019). However, this 

analysis focused on the relationship between PLEs and any psychiatric disorder. Focusing 

on the stronger relationship between PLEs and psychotic disorders may highlight design 

elements that are especially sensitive to psychosis proneness and thus should be retained 

in future assessments. This systematic review and meta-analysis aims to enhance our 

understanding of the link between adolescent PLEs and subsequent psychotic disorder by 

updating previous reviews and exploring for sources of heterogeneity in PLE assessment. 

To achieve this, the objectives of this review are to (i) assess the prevalence of child and 

adolescent PLEs and (ii) assess the relationship between child and adolescent PLEs and a 

subsequent psychotic disorder with a careful exploration of heterogeneity in the 

assessment of PLEs and its effects on the observed relationship.  

2.3. Methods 

This meta-analysis followed the most recent guidelines established in the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (Page et al., 2021). 

The protocol for this review was registered a priori in the International Prospective 

Register of Systematic Reviews (PROSPERO registration number CRD42023384445). 

Modifications to the original protocol are described in Appendix A.  
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2.3.1. Inclusion and Exclusion Criteria 

Sample. Only longitudinal studies with a time to follow-up of at least one year 

were considered. Studies must have recruited in a manner that allowed for a 

representative sample of the general, non-help-seeking population. This criterion was 

used to ensure this review assesses non-clinical experiences at baseline. Studies were 

included if participants were at least 11 years of age at the first assessment of PLEs and 

not over the age of 35 years at follow-up. Case and case-control studies were excluded 

from this review to maintain ecological validity for how assessments are intended to 

perform in the general population. Studies that recruited from clinical registries 

(excluding birth cohorts), and studies including genetic high-risk participants were 

excluded to maintain generalizability.  

Exposure. Exposure for this study was defined as any documented experience of 

a delusion, hallucination, or disordered cognition that was not caused by substance use 

nor causing the individual to seek clinical care. Both self-report measures and clinician 

verified experiences were considered acceptable for inclusion. For purposes of this 

review, the exposed group was designated PLE+ and the non-exposed group was 

designated PLE-. Given the lack of a consensus around PLE assessment, the assessment 

tool used did not need to have been validated if the assessment collected information on 

any type of hallucination, as they are the most frequently experienced type of PLE 

(McGrath et al., 2015). In addition, there was no requirement for recency of the PLE in 

order to maximize the number of studies analyzed. Dichotomous and categorical (e.g., 

based on type or strength) classifications of PLEs were deemed acceptable for this 

review, so long as they could be dichotomized into exposed and non-exposed for meta-

analysis (described in section 2.4). Studies using continuous measures without an a priori 

threshold were excluded. The initial assessment of PLEs was considered the baseline 

assessment, and it must have occurred at least 1 year before assessment of psychotic 

outcomes for the study to be included.  

Outcome. Data must have been collected on the diagnosis of, or the receipt of 

care for psychosis or an affective or non-affective psychotic disorder at any follow-up 
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assessment to satisfy the outcome criterion. The diagnosis of a psychotic disorder was 

only considered an acceptable outcome if it was made by a clinician using any version of 

the Diagnostic and Statistical Manual (DSM) or International Classification of Diseases 

(ICD). No distinctions needed to be made for type of psychotic disorder to meet the 

inclusion criteria.  

2.3.2. Review Process and Data Extraction 

Study Screening. Citations from PubMed, Embase, PsycINFO, and CINAHL 

databases were uploaded to Covidence (covidence.org) for online screening and data 

extraction. Two blinded researchers (IB and NP) independently screened the studies. The 

first selection filter was applied to titles and abstracts, whereby studies were assessed and 

excluded based on the presence of exclusion criteria. The second filter was applied to 

remaining studies and involved a full-text review to assess all inclusion and exclusion 

criteria. When multiple studies reported on overlapping samples, the study with the 

largest sample containing exposure and outcome data (first priority) or longest time to 

follow-up (second priority) was selected. An exception was made for studies that 

assessed the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort, as the 

study with the largest sample and longest follow up was not suitable for inclusion in this 

review. This was due to changes in the cohort’s confidentiality policy that restricted 

publication of exact numbers in small outcome groups (Sullivan et al., 2020). As a result, 

a previous analysis on this cohort with exact exposure and outcome proportions was 

selected (Zammit et al., 2013). Following independent screening, disagreements were 

reviewed jointly by IB and NP to determine appropriate action. The reference lists from 

the remaining studies that were not excluded were examined for additional studies to 

include. 

Data Extraction. Data coding involved two researchers (IB and NP) 

independently extracting all of the required data (outlined below). Disagreements were 

resolved by consensus. If consensus could not be reached, then a third reviewer (CC) was 

asked to extract data for comparison. Quantitative data extraction included the final 

sample size (the sample with all exposure and outcome data available), mean age at 

baseline and last follow-up, cumulative proportions of the final sample exposed at 
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baseline and who developed a psychotic outcome at follow-up, and the reported strength 

of this relationship. When outcomes were assessed at multiple timepoints, the cumulative 

occurrence of psychotic outcomes were taken. When data was not available in this 

format, authors were contacted for data in an analyzable format. This occurred for one 

study in this review (Welham et al., 2009), however these authors no longer had access to 

this data when contacted. Therefore, data for this study was extracted from an existing 

meta-analysis (Kaymaz et al., 2012) where it was presented in the appropriate format.  

Features of PLE assessments were extracted, including assessment type (interview 

or self-report questionnaire), number of items, nature of items (auditory and visual 

hallucinations, delusions, disordered cognition), and the number of positive items to be 

designated full PLE status. Geographical region(s) for the source of study populations 

were also extracted, as this has been thought to influence how PLEs may be interpreted 

(Larøi et al., 2014). Each of these variables have been previously investigated or 

hypothesized as a source of heterogeneity (Healy et al., 2019). In addition, an evaluation 

of features impacting within-study bias and internal validity was conducted to produce a 

risk of bias table following the Risk Of Bias In Non-Randomized Studies – of Exposure 

(ROBINS-E) guidelines (Higgins et al., 2023).  

2.3.3. Statistical Analysis  

To permit meta-analysis, studies that reported a categorical assessment of PLEs 

were dichotomized in a manner that has been previously exercised (Healy et al., 2019). 

When PLEs were assessed by strength of symptoms (e.g., none, weak, strong), the 

highest level of exposure was designated PLE+ and all lower levels, including controls, 

were designated PLE-. This also helps to reduce variability in PLE threshold between 

assessments and to improve generalizability to the community. Alternatively, if multiple 

PLE types (e.g., auditory and visual) or levels of persistence (e.g., once, twice, thrice) 

were assessed, all were designated PLE+ in this review to ensure all participants who 

were considered to meet full exposure criteria were correctly allocated. 

All analyses were performed using R Studio (Version 4.3.2; R Core Team, 2021) 

with meta: General Package for Meta-Analysis (Version 7.0.0). Prevalence of PLEs was 

calculated from the cumulative dichotomized exposure across all PLE assessments. A 

random effects model was applied to produce unadjusted ORs (a = 0.05) for the 
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relationship between PLEs at baseline and psychotic disorder at the last follow-up. 

Unadjusted ORs were generated at both the study level and for the pooled sample and 

incorporated into a forest plot. A random effects model was selected to account for the 

substantial expected heterogeneity, which was quantified with the I2 metric. In addition, 

the population attributable fraction (PAF) in the pooled sample was used to further 

characterize this relationship. In this context, PAF was viewed as a complementary 

addition to characterizing this relationship because while OR quantifies the strength of 

the association, PAF quantifies the prevalence of this exposure-outcome trajectory among 

those with a psychotic disorder. Additionally, the exploration of heterogeneity involved 

separate univariate regression models to assess the effects of the following study features 

on unadjusted OR estimates: assessment type (interview or self-report), number of PLEs 

assessed, threshold number of positive items for PLE status, nature of items 

(hallucinations only, yes or no), mean age at baseline, time to follow-up, and 

geographical region. Each feature explored was set as the sole independent variable in 

separate models. Despite its inability to assess interaction effects, univariate regression 

was preferred over the more exploratory multivariate regression as it is less prone to 

overfitting a small sample. For similar reasons, a funnel plot was not generated due to 

insufficient power recommended to assess publication bias (Sterne et al., 2011). 

2.4. Results 

Search Results. Figure 2.1 depicts the PRISMA flow diagram of the study 

selection process and Table 2.1 describes the included studies. Across databases, the 

search yielded 8676 unique studies. Title and abstract screening subsequently identified 

49 full-text articles for review. Full-text review excluded studies for the following 

reasons: not meeting the age criterion (k = 13), no DSM- or ICD-based assessment of any 

psychotic disorder at follow up (k = 12), duplicate samples (k = 10), not using a 

community representative sample (k = 7), assessment at baseline not meeting the 

definition of PLEs (k = 1), and not using a longitudinal study design (k = 1). This left five 

studies meeting all inclusion criteria. Review of their reference lists identified one 

additional study for inclusion, allowing six studies (n = 16560) to be included in this 

review (Poulton et al., 2000; Dhossche, Ferdinand, Van Der Ende, Hofstra, & Verhulst, 
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2002; Welham et al., 2009; Dominguez, Wichers, Lieb, Wittchen, & van Os, 2011; 

Zammit et al., 2013; Denissoff et al., 2022). 

Objective 1: Prevalence of PLEs. Five different assessments were used to 

measure PLE status across the six studies in this review, identifying a range of prevalence 

from 1.6–30.5% (Table 2.2). One study inquired about lifetime prevalence (1.6%, 

Poulton et al., 2000), two asked about past 6-month prevalence (4.5%, Zammit et al., 

2013; 30.5%, Denissoff et al., 2022) and another two employed the same assessment of 

current PLEs (5.0%, Dhossche et al., 2002; 12.7%, Welham et al., 2009). The remaining 

study assessed the past two-week prevalence at three timepoints over 3.5 years, finding a 

cumulative prevalence of 21.8% (Dominguez et al., 2011). In the pooled community 

sample, PLEs had been experienced by 17.3% (2862/16560) of participants.  

Objective 2: PLEs and Subsequent Psychotic Disorder. Results from each 

study and the pooled sample are summarized in Table 2.2. Five of the six studies reported 

that child and adolescent PLEs significantly predicted the development of a psychotic 

disorder later in adolescence or early adulthood. Among these five studies, a subsequent 

psychotic disorder had developed in 4.0–25.0% of participants experiencing PLEs 

compared with 1.2–3.5% of those who did not experience a PLE. The one study reporting 

insignificant findings did not document any cases of psychotic disorder in exposed 

individuals and noted three cases (0.41%) among those unexposed (Dhossche et al., 

2002). In the pooled sample, 4.5% (130/2862) and 1.5% (206/13698) of those with and 

without adolescent PLEs, respectively, met criteria for a psychotic disorder in early 

adulthood. 

The unadjusted ORs and confidence intervals for each study and the pooled 

sample are presented in Figure 2.2. For the five studies in which this was calculable, the 

unadjusted ORs ranged from 2.19 to 11.02, all of which reaching significance. The OR 

for one study could not be computed as it found 0/39 of those with a PLE develop a 

psychotic disorder compared to 3/740 of those without PLEs. The OR for the pooled 

sample was also statistically significant, indicating that children and adolescents with a 

PLE are 3.80 times more likely (95% CI: 2.31–6.26) to develop a psychotic disorder in 

late adolescence or early adulthood. The PAF was calculated to be 32.6%. 



 42 

There was significant heterogeneity between studies that could not be explained 

by chance alone (I2 = 70%, p = .01). Across the six studies, five different assessments of 

PLEs were employed (Table 2.1). These assessed the presence of auditory hallucinations 

(5/5), delusional thinking (3/5), visual hallucinations (2/5), and cognitive difficulties 

(1/5). Three of the five assessments were self-report, containing 1, 12, and 16 items, 

while the remaining two were interview-based and led by a trained professional, 

containing 5 and 11 items. Threshold for PLEs also varied between assessments, with 

criteria including one positive self-report, three positive self-reports, a top 10% self-

report score, one “definite” interviewer-designated experience, and two “likely” 

interviewer-designated experiences. The lowest OR was observed with the Symptom 

Checklist-90 Revised (SCL-90-R), and the highest OR was seen with the Diagnostic 

Interview Schedule for Children for DSM-III (DISC-C) (Figure 2.2). 

A quantitative exploration of heterogeneity revealed a significant effect of 

assessment type (interview or self-report) on the odds ratio estimated by each PLE 

assessment tool (R2 = .83, b = 6.48, SE = 1.43, p = .02). None of the other relationships 

explored were significant (Table 2.3). Because one study in this review produced a null 

OR (Dhossche et al., 2002), it was unable to be included in this analysis. 

Risk of Bias. A ROBINS-E assessment identified sources of bias within studies 

likely arising from assessment of exposure, assessment and controlling for known 

prognostic factors, and follow-up of cohorts (Figure 2.3).  

2.5. Discussion 

This analysis supported the common occurrence of PLEs in non-help seeking 

adolescents, and that those who experience them are at an increased risk of developing a 

psychotic disorder by emerging adulthood. This is also the first study to provide evidence 

for interview based PLE assessments being significantly better than self-report 

questionnaires at predicting psychotic outcomes, though with limited statistical power.  

A PLE prevalence of 17.8% amongst children and adolescents is higher than previous 

meta-analytical estimates of 12.4% (Maijer et al., 2018), 9.3% (Healy et al., 2019), and 

7.5% (Kelleher et al., 2012) in similar populations. Baseline assessments in our sample 



 43 

were typically completed during early adolescence, which compares more similarly to the 

17.5% prevalence seen in 9–12-year-olds (Kelleher et al., 2012). Our estimate was also 

heavily influenced by the PROD-screen assessment (Denissoff et al., 2022), which 

identified a prevalence of 30.5% in their study and accounted for 70% of all exposed 

individuals in this review. Excluding this study brings the pooled prevalence down to 

8.9%. This maintains the notion that PLEs are more prevalent before adulthood, with 

meta-analytical estimates of 5–6% in adult populations (Maijer et al., 2018; van Os et al., 

2009). The higher prevalence in children and adolescents may be best understood within 

the framework of the extended psychosis spectrum. Given that psychotic disorders 

typically manifest around the age of 25 (Solmi et al., 2022), this developmental period 

captures a broader population, including those who may be on a trajectory toward 

psychosis and those for whom PLEs represent a transient, non-prodromal experience. 

This suggests that the elevated rates of PLEs in younger individuals reflect both a stage 

of heightened vulnerability and a broader distribution of subclinical psychotic 

phenomena. 

Five of the six studies documented a significant relationship between adolescent 

PLEs and subsequent psychotic disorder. The other study saw none of the 39 participants 

who reported auditory hallucinations during adolescence develop a psychotic disorder in 

early adulthood. This is likely the effect of a small sample, as their prevalence of 

psychotic disorders (0.4%) was less than what would be expected for this age group after 

nine years (0.8–1.1%) (Simon et al., 2017). Across all studies, the nearly fourfold 

elevated risk closely matches the findings of a previous meta-analysis that reported an 

OR of 3.96 (Healy et al., 2019). Despite mixed reports regarding PLEs during adulthood 

(Chapman, Kwapil, Eckblad, & Zinser, 1994; Hanssen, Bak, Bijl, Vollebergh, & van Os, 

2005; Werbeloff et al., 2012), a meta-analysis of PLEs experienced at any age did not 

show a significant increase in risk (Kaymaz et al., 2012). Indeed, when two of the six 

studies in that analysis were subsequently excluded due to unrepresentative samples, their 

results achieved significance. This exclusion was composed of two studies that assessed 

PLEs in adulthood and equated to 37% of their primary sample (Chapman et al., 1994; 

Werbeloff et al., 2012), leaving a 56% representation of adolescent PLEs. In addition to 

more psychotic outcomes following adolescent PLEs, nearly a third of those with a 
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psychotic disorder had PLEs during adolescence in our sample. This is higher than the 

previous estimate of 23.2% (Healy et al., 2019). Together this suggests that screening for 

adolescent PLEs has the potential to identify a significant portion of those who, if 

trajectory not altered, would develop a psychotic disorder. While the degree of PLE 

persistence (Mackie, Castellanos-Ryan, & Conrod, 2010), distress (Karcher et al., 2022), 

and co-occurring cannabis use (Denissoff et al., 2022) can signify someone at greater risk 

for psychosis, further research is needed to identify in what contexts could intervention 

be beneficial (Soneson et al., 2020). 

As anticipated, heterogeneity was substantial in this review. Criteria for PLEs 

varied widely between assessment tools used, including the number of items, item 

content, timeframe, structure, and symptom threshold. Our effort to statistically explore 

its effect on the performance of the assessments, though limited in power, revealed a 

significant effect in having a clinician verify experiences. Although predictive validity on 

individual items is generally poor (Kelleher, Harley, Murtagh, & Cannon, 2011; Granö et 

al., 2016), past evidence has suggested that self-report can reliably identify the presence 

of clinician verified PLEs (Kelleher et al., 2011; Laurens, Hobbs, Sunderland, Green, & 

Mould, 2012). Self-report auditory hallucinations are a noted exception to this 

discordance between individuals and clinicians; however, they are only experienced in an 

estimated 44% of those with PLEs (McGrath et al., 2015). These findings advise against 

the use of any single self-report PLE item for prognostic value, even in light of the 

finding that auditory hallucinations alone can signify an increased risk (Welham et al., 

2009). Even in the estimation of PLE prevalence, interview or self-report has been 

identified as a significant source of heterogeneity (Linscott & van Os, 2013). In this 

research, it has been suggested that the higher prevalence estimates seen with self-report 

may be due to an increased number of false positives (van Os et al., 2009; Schultze-

Lutter et al., 2014; Staines et al., 2022). The effect of self-report versus clinician verified 

PLEs can be qualitatively described by comparing the performance of the Psychotic-Like 

Symptom Interview (PLIKSi) to the self-report PROD-screen. Both assessments inquired 

about the prevalence of hallucinations (auditory and visual) and delusions (of grandiosity, 

persecution, reference, spied on, thought insertion and withdrawal) in the past year. 

However, the PROD-screen identified a much greater proportion of PLEs (30.5% vs. 
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4.5%) and had a significantly lower, non-overlapping effect on predicting future 

psychotic disorder than the PLIKSi, despite the stricter threshold of three positive items 

for the PROD-screen. A previous assessment of the PROD-screen also confirmed 

substantial differences with an interviewers’ evaluation of the same items (Granö et al., 

2016). It is possible that interview-based assessments perform better than self-report 

because the interviewer can more objectively assess the degree to which social and 

environmental contexts play into a self-perceived PLE, something that varies between 

individuals (Larøi et al., 2014). Furthermore, a clinician may incorporate the degree of 

persistence and distress into their subjective assessment, further validating their 

assessment. The search for other sources of statistical heterogeneity were unsuccessful. 

This may be due to insufficient power to detect an effect, a true lack of effect, or 

interactions between the investigated features. It is also possible that unexplored features 

play a role which could include the recency of PLEs that the assessment inquires, 

threshold number of symptoms, gender, or other demographic characteristics of the 

samples. 

Strengths & Limitations. A strength of this review is its focus on exploring 

reasons for heterogeneity, particularly regarding features of the PLE assessment tool and 

its delivery. The finding that interview-based assessments may provide greater prognostic 

value for psychotic outcomes can be applied to help standardize the assessment of PLEs. 

However, online surveys are an invaluable method of capturing large samples, especially 

when measuring risk in the general population. Highlighting this potential relationship 

can still inform clinicians and researchers on how to approach PLE assessment and 

interpret its findings. While this meta-analysis can be credited with conducting a robust 

systematic search of peer reviewed literature, the inclusion of only six studies provides 

quite modest statistical power to truly detect this effect or other sources of variability. 

While true that low power conservatively biases the estimate of heterogeneity (I2) and 

bolsters our significant finding of PLE assessment type, it also makes it more difficult to 

pinpoint its specific sources. Therefore, the non-significant sources of heterogeneity we 

explored cannot be ruled out.  

The limited number of studies in this review also provides the opportunity for bias 

to more greatly affect our assessment of the relationship between child and adolescent 
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PLEs and subsequent psychotic disorder. Specifically, the few included studies made it 

unsuitable to assess publication bias, which can be a concern with published studies. 

Furthermore, within-study bias becomes a greater concern, particularly regarding the 

follow-up of cohorts as two studies had each lost 27% of baseline participants by follow-

up (Welham et al, 2009; Dominguez et al., 2011) and one study having lost 40% (Zammit 

et al., 2013). A subsequent analysis of the MUSP cohort noted that those lost to follow-up 

were more likely to be of lower socioeconomic standing, of older age, be a tobacco user, 

and have poorer mental health at baseline (McGrath et al., 2010). This result likely biased 

our assessment of this relationship to be more conservative, supporting its significant 

findings. Alternatively, significant heterogeneity questions the validity of our estimate for 

this relationship. True heterogeneity implies real differences between what studies are 

assessing, and meta-analyzing these studies may simply be a collation of inherently 

different phenomena, leading to inaccurate conclusions about the generalized topic. 

However, this will remain true until heterogeneity can be adequately resolved, something 

this review attempts to contribute to. Furthermore, our estimate for the increased risk for 

psychotic disorders matches the general consensus from both primary research and 

review levels (Healy et al., 2019; Staines et al., 2022), suggesting that a potential lack of 

validity would only affect the OR estimate and not the significance of the relationship. 

Despite these effects of significant heterogeneity among a small number of studies, 

synthesis of the existing literature is necessary for identifying emerging themes and 

clarifying inconsistencies to advance our understanding of the topic, which we believe is 

justly achieved in this review. 

Addressing methods taken by this review, the manner of dichotomization follows 

previously applied methods used for PLEs (Kaymaz et al., 2012; Healy et al., 2019), 

facilitating comparison between these studies. By establishing only the highest level of 

exposure as significant, it also reduces heterogeneity between studies. In turn, however, 

this reduces the PLE assessment tool from its intended use, potentially altering how its 

findings are interpreted. Future research should evaluate how various features of PLEs 

interact with other known risk factors to create a more informative and transdisciplinary 

evaluation of psychosis risk in the general population. 



 47 

2.6. Conclusion 

Children and adolescents who experience PLEs are at an increased risk for 

developing a psychotic disorder, and sizable portion of those with a psychotic disorder 

experienced PLEs in childhood and adolescence. Monitoring PLEs during this time has 

the potential to improve detection of those who are on a path towards psychosis 

development, which may be better achieved during interview compared with a self-report 

questionnaire. More research is needed to clarify what modulates someone’s trajectory 

after PLEs first occur. 
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2.7. Tables 
Table 2.1: Description of population-based longitudinal studies assessing psychotic-like experiences in children and adolescents 
at baseline and psychotic outcome at follow-up. 
Study ID Study description Sample 

size (n) 
Mean age 
at baseline 
– follow-
up (years) 

Baseline PLE assessment  PLE categories 
(assessment score, 
when specified) 

Follow-up assessment of 
psychotic disorder 

Poulton  
et al., 2000 

DMHD birth cohort 
(1972-1973) assessed at 
age 11 for delusions and 
hallucinatory experiences 
and at age 26 for 
schizophreniform 
disorder. 

761 11–26  DISC-C: schizophrenia 
section (5-item, lifetime), 
each item rated by a 
psychiatrist as no (0); 
yes, likely (1); and yes, 
definitely (2). 
 

No symptoms (0) 
Weak symptoms (1) 
Strong symptoms (2+) 

DSM-IV: 
Schizophreniform disorder 

       
Dhossche  
et al., 2002 

Subset of Dutch cohort 
assessed at age 11-18 
(1989) for self-reported 
hallucinations and 9 years 
later for psychiatric 
diagnoses. 

779 14–23 Youth Self-Report: 
one question on current 
auditory hallucinations 
rated not true (0), 
sometimes true (1), or 
very true (2). 

PLE- 
PLE+ 

CIDI DSM-IV: 
Brief psychotic disorder or 
schizophrenic, 
schizophreniform, 
schizoaffective, or 
delusional disorder. 

       
Welham  
et al., 2009 

MUSP birth cohort 
(1981-1983) assessed at 
age 14 for psychotic-like 
symptoms and age 21 for 
non-affective psychotic 
disorder. 

3563 12–21 
 

Youth Self-Report: 
One question on current 
auditory hallucinations 
rated never, rarely, 
sometimes, or often. 

PLE- (never/rarely) 
PLE+ (sometimes/ 
often) 

CIDI DSM-IV: 
Non-affective psychotic 
disorder or past diagnosis 
of schizophrenia. 
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Study ID Study description Sample 
size (n) 

Mean age 
at baseline 
– follow-
up (years) 

Baseline PLE assessment  PLE categories 
(assessment score, 
when specified) 

Follow-up assessment of 
psychotic disorder 

Dominguez  
et al., 2011 

Subset of EDSP cohort 
(1970-1981) who were 
14-17 at T0, assessed for 
psychotic experiences at 
T0, T1, and T2 (range = 
3.5 years) and psychotic 
disorder at T3 (4.9 years 
after T2). 

845 15–23 
 

SCL-90-R: paranoid 
ideation (6-item) and 
psychoticism (10-item) 
past two-week self-report 
symptoms, with each 
item rated from “not at 
all” (0) to “extremely” 
(4). TS identified as the 
90th percentile of scores 
at timepoint. 

Persistence: 
Level 0 (no TS) 
Level 1 (TS x1) 
Level 2 (TS x2) 
Level 3 (TS x3) 

DIA-X/M-CIDI: 
Diagnosis of psychotic 
disorder at T3 based on the 
presence of (i) positive 
psychotic symptoms, (ii) 
help-seeking behaviour, 
and (iii) impairment. 

       
Zammit 
et al., 2013 

ALSPAC birth cohort 
(1991-1992) assessed at 
age 12 for PLEs and age 
18 for psychotic disorder. 

4060 12–18 PLIKSi: 11-item semi-
structured interview 
assessing hallucinations, 
delusions, and 
experiences of thought 
interference since age 12. 

None 
Suspected 
Definite 

Definite psychotic 
experiences occurring 
monthly over past six 
months and causing 
distress, dysfunction, or 
help-seeking behaviour. 

       
Denissoff  
et al., 2022 

NFBC birth cohort 
(1985-1986) assessed at 
age 15-16 for PLEs, 
followed up until 
psychosis diagnosis or 
until age 33. 

6552 15–33 PROD-screen: 12-item 
self-report questionnaire 
for past 6-month 
prevalence of PLEs, with 
each item rated no (0) or 
yes (1). 

PLE- (£ 2) 
PLE+ (3+) 

ICD-10 diagnosis of 
psychosis obtained from 
clinical registry. 

Note. ALSPAC, Avon Longitudinal Study of Parents and Children; CIDI, Composite International Diagnostic Interview; DISC-C, Diagnostic 
Interview Schedule for Children for DSM-III; DMHD, Dunedin Multidisciplinary Health and Development Study; EDSP, Early 
Developmental Stages of Psychopathology; MUSP, Mater-University Study of Pregnancy; NFBC, Northern Finland Birth Cohort; PLEs, 
Psychotic-like experiences; PLIKSi, Psychotic-Like Symptom Interview; SCL-90-R, Self-report Symptom Checklist-90-R, TS, top score. 
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Table 2.2: Descriptive statistics and reported results of population-based longitudinal studies assessing the relationship 
between psychotic-like experiences in children and adolescents at baseline and psychotic outcome at follow-up. 
Study ID Sample 

size 
Exposure instrument   
Exposure types 

Exposed n 
(%) 

Psychotic 
outcome n (% 
exposure type) 

Dichotomized 
psychotic outcome 
n (% exposure type) 

Dichotomized 
unadjusted OR 
(95% CI) 

Original OR reported 
by study  
(95% CI) 

Poulton  
et al., 2000 761 

DISC-C:       
No symptoms 654 (85.9%) 13 (1.99%)  22 (2.94%)   

Weak symptoms 95 (12.5%) 9 (9.47%)    
Strong symptoms 12 (1.6%) 3 (25.0%)  3 (25.0%) 11.02  

(2.79 – 43.51) 
Strong symptoms: 16.4  
(3.9 – 67.8) 

         

Dhossche  
et al., 2002 779 

Youth Self-Report:       
PLE- 740 (95.0%) 3 (0.41%)     
PLE+ 39 (5.0%) 0 (0%)   - - 

         

Welham  
et al., 2009 3563 

Youth Self-Report:       
PLE- 3112  38 (1.22%)     
PLE+ 451 (12.7%) 18 (3.99%)   3.36 (1.90 – 5.94) males = 5.09 (2.18 – 11.84) 

females = 2.27 (1.01 – 5.12) 

Dominguez  
et al., 2011 845 

SCL-90-R:       
Persistence level 0 666 (78.8%) 23 (3.45%)  23 (3.45%)   
Persistence level 1 132 (15.6%) 6 (4.55%)  

13 (7.26%) 
 Level 1 = 1.5 (0.6 – 3.7) 

Persistence level 2 33 (3.9%) 4 (12.1%)  2.19 (1.09 – 4.42) Level 2 = 5.0 (1.6 – 15.9) 
Persistence level 3 14 (1.7%) 3 (21.4%)   Level 3 = 9.9 (2.5 – 39.8) 

         

Zammit  
et al., 2013 4060 

PLIKSi:       
None 3590  36 (1.00%)  47 (1.21%)   

Suspected 289 (7.1%) 11 (3.81%)    
Definite 181 (4.5%) 15 (8.29%)  15 (8.29%) 7.37 (4.04 – 13.45) Definite = 12.7 (6.2 – 26.1) 

         

Denissoff  
et al., 2022 6552 

PROD-screen:       
PLE- 4552 (69.5%) 73 (1.60%)     
PLE+ 2000 (30.5%) 81 (4.05%)    2.59 (1.88 – 3.57) CE+ = 3.86 (1.83 – 8.11) 

CE- = 2.41 (1.61 – 3.62) 
Meta-
analysis 16560 Dichotomized PLE- 13698  206 (1.50%)   

Dichotomized PLE+ 2862 (17.3%)  130 (4.54%) 3.80 (2.31 – 6.26) -  
Note. CE, cannabis exposure; DISC-C, Diagnostic Interview Schedule for Children; SCL-90-R, Self-Report Symptom Checklist-90-
Revised; PLIKSi, Psychosis-Like Symptom Interview. Bold values indicate p < 0.05.  
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Table 2.3. Univariate regression results for sources of heterogeneity predicting strength of 
relationship between child and adolescent PLEs and subsequent psychotic disorder. 

Independent variable Adjusted R2 b SE t p 

Assessment type 0.83 6.48 1.43 4.52 .020 

Item count -0.15 -0.23 0.34 -0.68 .544 

More than hallucinations -0.22 2.42 4.70 0.52 .642 

Baseline age 0.56 -1.66 0.68 -2.45 .092 

Follow-up time -0.32 0.07 0.43 0.15 .889 

Remaining sample -0.31 0.03 0.13 0.21 .847 

Region -0.06 3.15 3.57 0.88 .443 

Note. Categorical variables were coded in the following format: assessment type 
(questionnaire = 0, interview = 1), more than hallucinations (no = 0, yes = 1), region (Europe 
= 1, Australia & New Zealand = 2). Bold values indicate p < .05. 
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2.8. Figures 
Figure 2.1: Preferred Reporting Items for Systematic Review and Meta-Analysis 
(PRISMA) flow chart of study screening process. 
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Figure 2.2: Forest plot of unadjusted odds ratios for the relationship between dichotomized exposure of childhood and adolescent 
psychotic-like experiences and subsequent psychotic disorder. 
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Figure 2.3. Risk Of Bias In Non-randomized Studies - of Exposures (ROBINS-E) table. 

54 

 



 55 

Chapter 3. Bridging Concepts 

 Chapter 2 highlighted a high prevalence of child and adolescent PLEs in the non-

help-seeking population and significant variability in the ability for these PLEs to predict 

the development of clinical psychosis. Despite these findings, there remains a notable gap 

in understanding the neurobiological underpinnings of PLEs and the pathophysiological 

context that may confer their associated risk for psychotic outcomes. Disruptions in 

neurotransmitter systems, neuroinflammation, and neurodevelopmental processes have 

all been implicated in the pathophysiology of psychotic disorders. However, it is not clear 

if these characteristics are present among adolescents experiencing PLEs. By examining 

if similar disruptions are present in this population, researchers may be better informed to 

develop interventions that address these specific neurobiological vulnerabilities or 

identify patients whose PLEs are markers of possible later development of psychotic 

disorders. 

 Adolescent cannabis use is highly prevalent amongst adolescents, with a 43% 

prevalence for past 12-month use in Canada (Canada, 2023). It has been shown that 

adolescent cannabis use increases the frequency of PLEs (Miettunen et al., 2008; van 

Gastel et al., 2013; Bourque et al., 2017; Hides et al., 2009; Stefanis et al., 2004), and 

together with the experience of PLEs further increases the risk of psychosis compared to 

PLEs alone (Denissoff et al., 2022). Alone, adolescent cannabis use has also been 

implicated as a risk factor for the development of a psychotic disorder (Large et al., 2011; 

Kiburi et al., 2021; Marconi et al., 2016; Matheson et al., 2023). This suggests that 

cannabis use during adolescence may influence the pathophysiology of psychotic 

disorders, including the subclinical/extended psychosis spectrum.  

The connection between early cannabis use and an increased risk of developing a 

psychotic disorder may be related to altered brain development. Cannabis interacts with 

the endocannabinoid system, which plays a crucial role in regulating developmental 

processes such as synaptic pruning and myelination (Patel et al., 2021). Disruption of this 

system by cannabinoids during critical periods of brain development in adolescence may 

alter neurodevelopmental trajectory and this is believed to mediate the increased risk for 

psychosis (Miller et al., 2019; Poulia et al., 2019).  
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One of the possible mechanisms linking cannabis use and PLEs is increased 

excitability in the prefrontal cortex and hippocampus, which allows for a pro-

inflammatory environment. Chronic activation of CB1 receptors by THC leads to 

increased net excitability in these brain regions through long-term depression of pre-

synaptic GABAergic interneuron activity (Chiu et al., 2010; Jappy et al., 2016; 

Bloomfield et al., 2016). This heightened excitability promotes the production of pro-

inflammatory cytokines such as IL-6, which can further degrade GABAergic signaling 

and maintain a state of neuroinflammation (Dugan et al., 2009; Rezaei et al., 2024; 

Zamberletti et al., 2015). This pro-inflammatory environment disrupts normal neuronal 

function and may contribute to the development of PLEs. Another mechanism involves 

THC-activated glial cells inducing premature pruning of excitatory synapses in the PFC. 

In the CNS, THC binds to CB2 receptors primarily on glial cells, leading to their 

activation, increased release of pro-inflammatory cytokines, and further glial cell 

recruitment (Miller & Stella, 2008). Chronic activation by THC results in premature 

glial-mediated synaptic pruning in the PFC, reducing the number of excitatory synapses 

(Miller et al., 2019). This altered synaptic pruning disrupts the normal development of the 

PFC, which is crucial for cognitive and executive functions, and may highlight another 

mechanism for the increased risk psychosis by adolescent THC exposure. It is currently 

unclear whether these mechanisms are ongoing among adolescents reporting PLEs, one 

of the earliest expressions of psychosis risk. 

 Chapter 4 details an observational magnetic resonance study to explore metabolic 

markers of neuroinflammation in adolescents reporting PLEs and the potential influence 

of cannabis use. This study interviews a community sample of 15- and 16-year-olds to 

assess the presence of PLEs and gather information about their cannabis use habits and 

employs 1H MRS to quantify metabolic markers of neuroinflammation inf the PFC and 

hippocampus. This empirical investigation aims to fill the gap regarding the 

neuroinflammatory balance associated with early psychosis proneness (i.e., adolescent 

PLEs) and contribute to the broader understanding of how adolescent cannabis use may 

influence this phenomenon and, by extension, the development of psychosis. 
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Chapter 4. A Preliminary Analysis of Spectroscopic Markers of 

Neuroinflammation in Adolescents Reporting Psychotic-Like 

Experiences and the Influence of Cannabis Use 

 This chapter presents a preliminary analysis of a study that has continuing 

recruitment beyond the date of analysis. This analysis was created and executed by Isaiah 

Burton under the guidance of his co-supervisors, Dr. Phil Tibbo and Dr. Candice Crocker. 

Isaiah was responsible for all aspects of conducting this analysis, including data cleaning 

and quality control, building of statistical models, and interpretation of findings. The 

manuscript on this dataset will be drafted after data collection and analysis has been 

conducted on the complete dataset.  
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4.1. Abstract 

Adolescent psychotic-like experiences (PLEs) are a risk factor for subsequent 

psychosis, and the use of cannabis during this time increases the likelihood of both. 

Proton magnetic resonance spectroscopy (1H MRS) has identified similar neurometabolic 

alterations in those at ultra-high risk for psychosis and among adolescent-onset heavy 

cannabis users, including altered levels of myoinositol and N-acetyl aspartate (NAA) in 

the left hippocampus and frontal lobe, which may suggest shared mechanisms of 

neuroinflammation. It is currently unclear how the neurometabolic alterations associated 

with adolescent PLEs are influenced by cannabis use. This preliminary analysis of an 

ongoing single-voxel 1H MRS study assessed the relationship between past 6-month 

cannabis use (CU6+/-) and PLEs (PLE+/-) in population-representative adolescents and 

assessed the relationships of each with concentrations of myoinositol, total NAA, and 

total choline in the left hippocampus and prefrontal cortex. Among seventy-three (n=73) 

15- and 16-year-olds, PLEs were reported in 20.8% (5/24) of CU6+ participants and 

12.2% (6/49) of CU6- participants. This relationship did not achieve statistical 

significance ((b = 0.634 ± 0.665, p = .34), however an exploratory analysis revealed a 

relationship between past 1-month exposure to delta-9-tetrahydrocannabidiol (THC) and 

PLE score (p = .007). PLE+ was associated with a reduced hippocampal myoinositol 

concentration after correcting for handedness, other substance use, and externalizing 

behavioural difficulties (p = .047), whereas no neurometabolic relationships were found 

for CU6 status. These findings suggest that adolescent PLEs are not associated with 

recent cannabis use but may be associated with a reduced concentration or activation of 

astrocytes in the hippocampus. Furthermore, recent adolescent cannabis use does not 

affect metabolic markers of neuroinflammation. Future research should compare 

hippocampal myoinositol with specific markers of glial activation to better understand 

the significance of reduced hippocampal myoinositol in the context of neuroinflammatory 

demand.  

Keywords. Adolescent cannabis use, choline (Cho), community sample, 

myoinositol (mI), N-acetyl aspartate (NAA), neurometabolites, non-clinical, proton 

magnetic resonance spectroscopy, psychotic experiences, subclinical  
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4.2. Introduction 

Subclinical positive psychotic symptoms, or psychotic-like experiences (PLEs), 

encompass a broad range of symptoms that can be generally classified into perceptual 

abnormalities (e.g., auditory or visual), delusional (e.g., paranoid) or disorganized 

thinking and behaviour (Staines et al., 2022; Nelson et al., 2012). These experiences do 

not meet a clinical classification as they do not meet their specific definition criteria nor 

cause a functional decline. A lifetime PLE prevalence has been widely reported in the 

general population with a range of 5-27%, however they are more common in younger 

populations than in adulthood (Bourgin et al., 2020; Monshouwer et al., 2022; Nordguard 

et al., 2019; Linscott & van Os, 2013). Most individuals who report PLEs do not develop 

a psychotic disorder (Kaymaz et al., 2012), however considering the presence of shared 

risk factors (e.g., genetic, substance use/abuse, psychopathological), PLEs are thought to 

reflect a subclinical extension of the spectrum for psychotic phenotypes (Staines et al., 

2022; Kelleher & Cannon 2012; van Os & Linscott 2012) and thus share neurobiological 

mechanisms (Healy et al., 2019).  

Within the population experiencing PLEs, risk status for a psychotic disorder can 

be further stratified based on the individual’s age, PLE frequency, level of distress 

duration of symptoms, and genetic risk. The highest degree of risk for a psychotic 

disorder is often termed the ultra-high-risk state (UHR), where the experiences meet 

specific criteria for distress, frequency, and duration, and are experienced during the 

developmental window where the onset of psychosis is most likely (ages 15-25) (Nelson 

et al., 2014). Contrary to UHR, there is less consensus on the criteria for PLEs. The age 

in which PLEs are experienced is an important criterion for psychosis risk; adolescents 

with PLEs are at a significantly increased risk for psychosis compared to adults who 

experience PLEs (Kaymaz et al., 2012). This population also experiences PLEs at a 

higher prevalence (8–17%) than the adult population (5-6%) and are below the age of 

typical psychosis onset in young adulthood (van Os et al., 2009; Kelleher et al., 2012; 

Maijer et al., 2018; Solmi et al., 2022). Monitoring adolescent PLEs in the general 

population has been proposed to identify a greater proportion of psychosis prone 

trajectories; however, heterogeneity in study designs, PLE assessment, and resulting 
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conclusions on the psychosis-prone dimensions of PLEs have limited reliable PLE 

assessment in clinical practice (Healy et al., 2019; Lee et al., 2016; Staines et al., 2022). 

As one of the earliest specific phenotypical expressions of the psychosis spectrum, an 

improved understanding of adolescent PLEs, its biological underpinnings and 

environmental mediators is important.  

A highly implicated environmental moderator in psychosis proneness is cannabis 

use, with supporting evidence from all stages of the psychosis spectrum (Matheson et al., 

2023; Kiburi et al., 2021). Among PLEs, a recent meta-analysis reported significant 

moderating effects of lifetime and weekly cannabis use on PLE status in subjects under 

the age of 18 (Matheson 2023). The frequency of cannabis use has been associated with 

increased PLEs, with its use as an anxiety coping mechanism moderating PLE-associated 

cannabis use problems in first- and second-year undergraduate students (Bernusky et al., 

2023). Adolescent cannabis use has also been implicated in the earlier onset of subclinical 

psychotic symptoms, functional decline, and clinical diagnosis of a psychotic disorder 

(Kiburi et al., 2021).  

Cannabis-dose relationships and adolescent PLE research has reported effect sizes 

generally weaker than among the clinical population, producing mixed reports of an 

effect when correcting for demographics, other substance use, and/or behavioural 

difficulties (Degenhardt et al., 2018; Ryan et al., 2020; Bechtold et al., 2016; Dolphin et 

al., 2015; van Gastel et al., 2013). A dose-dependent effect of cannabis use on PLEs 

appears to be restricted to adolescents and not adults (Vinkers et al., 2013), stronger 

association among those assessed at a younger age (Matheson et al., 2023; Konings et al., 

2008; Stefanis et al., 2004), and the loss of a significant association with lifetime 

cannabis use when age of onset is corrected for (Brañas et al., 2016; Konnigs et al., 2008; 

Jones et al., 2017). This points to a specific vulnerability in adolescence for the 

interaction between cannabis use and psychosis risk and neurobiological investigations 

may provide insight into the pathophysiology of psychosis development (Crocker et al., 

2017), which may highlight potential targets for intervention. 

Neuroimaging studies have been a valuable tool in mapping the psychosis 

associated effects of adolescent cannabis use. Particular focus has been given to magnetic 

resonance spectroscopy (MRS), a non-invasive neuroimaging technique able to quantify 
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in-vivo concentrations of various molecules (Frangou et al., 1996). Proton MRS (1H 

MRS) is the most frequently used in this research and is best suited for a high-resolution 

quantification of metabolites (Frangou et al., 1996; Shen et al., 2020). Common 

metabolites measured with 1H MRS include N-acetyl aspartate (NAA), N-acetyl-aspartyl 

glutamate (NAAG), total choline (tCho), myoinositol (mI), creatine (Cr), 

phosphocreatine (PCr). NAA and NAAG (total NAA; tNAA) are synthesized in neurons, 

with roles in myelin synthesis, mitochondrial energy production, and modulation of 

glutamate transmission, reflecting neuronal health and density (Baslow et al., 2000; 

Moore & Galloway, 2002; Moffett et al., 2007; Paslakis 2014; Crocker et al., 2017). 

Myoinositol (mI), highly concentrated in astrocytes, is involved in osmotic balance, 

energy production, membrane integrity, and signal transduction, representing astrocyte 

activity (Chang et al., 1998; Hattingen et al., 2008; Crocker et al., 2017). Total choline 

(tCho) includes cytosolic and membrane-bound forms, essential for membrane synthesis, 

acetylcholine production, and lipid metabolism, with concentrations affected by overall 

membrane turnover (Taybati et al., 2012). Creatine (Cr) and phosphocreatine (PCr) form 

total creatine (Cr+PCr), serving as an energy reservoir and a marker of metabolic activity 

(Chen et al., 2023). Together, these metabolites can provide valuable insight to the 

underlying metabolic state of a brain region.  

Concentrations of these metabolites in specific brain regions are affected in the 

psychosis spectrum and adolescent-onset cannabis use. One of these regions is the 

prefrontal cortex (PFC), a region critical for executive cognitive functions and working 

memory. Elevated myoinositol concentrations have been reported in UHR subjects 

(Romeo et al., 2020) and use of cannabis during adolescence has been associated with 

altered prefrontal NAA metabolism (Hermann et al., 2007; Prescot et al., 2011). Affected 

choline metabolism has also been demonstrated in the PFC of long-term cannabis users 

(Orihuel et al., 2023), however in the psychosis spectrum, this alteration may not 

precipitate until clinical disorder has developed (Romeo et al., 2020; Bernier et al., 2016; 

Brecke et al., 2019). The hippocampus is another brain region implicated in the 

relationship between adolescent cannabis use and psychosis risk, as its roles in long-term 

memory, learning, and response to stress are negatively impacted in each. Indeed, both 

heavy adolescent cannabis users (Blest-Hopley et al., 2020b) and individuals in UHR 
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status (Romeo et al., 2020) demonstrate reduced myoinositol concentrations in the 

hippocampus and reduced hippocampal NAA is also has been reported in UHR and FEP 

subjects (Whitehurst et al., 2020).  

Neuroinflammation has been proposed to explain the effect of adolescent 

cannabis use on psychosis risk (Romeo et al., 2022; Morris et al., 2022; Corsi-Zueli et al., 

2022; Miller et al., 2019). Neuroinflammation in the central nervous system (CNS) 

typically involves the activation of glial cells such as microglia, astrocytes, and 

oligodendrocytes (Domingues et al., 2016; Yang & Zhou, 2018). Astrocytes support 

neuronal function and maintain the blood-brain barrier (Barres et al., 2008), while 

oligodendrocytes are responsible for myelinating axons – essential for efficient neural 

communication (Nave & Werner, 2014). During neuroinflammation, microglia release 

pro-inflammatory cytokines (e.g., TNF-α, IL-1β, and IL-6) which can lead to further 

activation of astrocytes and oligodendrocytes, resulting in both protective and potentially 

harmful effects (Yang & Zhou, 2018). Chronic neuroinflammation can disrupt normal 

brain function and contribute to various neuropsychiatric disorders (Breke, 2019; Hong et 

al., 2016). Reflecting this in the psychosis spectrum, increased systemic concentrations of 

these cytokines are associated with FEP, a relationship moderated by cannabis use before 

the age of 17 (Corsi-Zuelli et al., 2022). 

The primary psychoactive cannabinoid in cannabis, delta-9-tetrahydrocannabidiol 

(THC) exerts its effects in the CNS by binding to cannabinoid receptors type 1 and 2 

(CB1R and CB2R, respectively) (Di Marzo et al., 2015). CB1R is mainly located on 

neuronal cells in regions such as the PFC (Chiu et al., 2010) and hippocampus (Jappy et 

al., 2016; Bloomfield et al., 2016). Chronic activation of CB1R by THC has been shown 

to increase net prefrontal and hippocampal excitability through long-term depression of 

pre-synaptic GABAergic interneuron activity (Chiu et al., 2010; Jappy et al., 2016; 

Bloomfield et al., 2016). Increased net excitability in these regions may permit a pro-

inflammatory environment that contributes to this chronic change in excitability, as 

increased prefrontal excitability in associated with IL-6 production (Garcia-Oscos et al., 

2012), a cytokine that further degrades GABAergic interneuron signalling (Dugan et al., 

2009; Rezaei et al., 2024). Additionally, THC treatment in mice was found to be 

associated with the reduced expression of glutamate receptor subunits and IL-10 (an anti-
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inflammatory cytokine) and the increased expression of astrocytes and pro-inflammatory 

cytokines (Zamberletti et al., 2015). Prefrontal excitability is critical in the development 

of schizophrenia, as it may contribute to the dysregulation of the hippocampus-PFC 

circuitry observed in the disorder (O’Donnell et al., 2008; Gruter et al., 2015; Ando et al., 

2012). 

CB2Rs in the brain are most extensively expressed on glial cells and are involved 

in the neuroinflammatory response by regulating glial cell activity (Miller & Stella, 

2008). THC exposure in adolescent mice has been shown to induce premature glial-

mediated synaptic pruning in the PFC (Miller et al., 2019). Increased cytokine signaling 

and glial recruitment is also linked to changes in dopamine turnover in the hippocampus 

and frontal cortex (Borovcanin et al., 2017; Misiak et al., 2021), further connecting 

inflammation and neurotransmitter dysregulation. As both altered inflammatory cytokine 

balance and changes in dopaminergic capacity may predict the development of psychosis 

in CHR individuals (Zhang et al., 2022; Howes et al., 2012), the inflammatory functions 

of CB2R signalling appears to be an important contributor to psychosis risk. Therefore, it 

is possible that THC-mediated signaling through CB1R and CB2R biologically connect 

the metabolic changes resulting from adolescent cannabis use to altered glial activity 

(Yang et al., 2023; Jeon et al., 2021; Dietz et al., 2020; Brecke et al., 2019) and 

dysregulated prefrontal synaptic pruning (Yuksel et al., 2021). Together, this data 

provides a plausible mechanism for the increased risk observed with adolescent cannabis 

use. 

 There has not previously been an 1H MRS investigation into adolescent PLEs to 

provide insight into a potential state of regional neuroinflammation. Further, no 

investigations have yet looked into how adolescent cannabis use may contribute to this 

neuroinflammatory state to increase the risk for psychosis. In the clinical population, a 

spectroscopic investigation exists for the effects of substance use and was not specific to 

adolescent cannabis exposure (Bernier et al., 2016). This presents gaps in our 

understanding of how early indicators of psychosis risk may be reflected in underlying 

neurobiology and how adolescent cannabis use may induce or accelerate a progression of 

this pathophysiology.  
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 This present study seeks to investigate the shared neurometabolic correlates of 

PLEs and cannabis use as reported in the general adolescent population. Use of a 

population-based adolescent sample has the benefit of examining various degrees and 

patterns of cannabis exposure and increases the generalizability of findings, important for 

research in a subclinical population with limited healthcare interactions and opportunities 

for assessment. Here I report on an interim analysis of a subsample for a study that will 

continue recruitment beyond the defence date. The approach taken in this analysis seeks 

to first demonstrate a relationship between adolescent PLEs and cannabis use in this 

sample, then individually identify relationships for each with the neurometabolic markers 

of interest in brain regions previously implicated in this relationship. If the latter provided 

evidence of a shared mechanism, a post hoc investigation of the shared metabolites(s) 

including both PLE and cannabis use variables will be conducted. That is, Aim #1 will 

seek to assess the association between self-report PLEs and cannabis use reported within 

the past 6-months (CU6), Aim #2 will assess the effect of self-report PLEs on 

myoinositol (mI), total choline (tCh), and NAA+NAAG (tNAA) in the prefrontal cortex 

and hippocampus (HIP), and Aim #3 will be to assess the same neurometabolic effects of 

past 6-month cannabis use (CU6) among a population-representative sample of 15- and 

16-year olds. 

 Based on the degree of existing evidence, I hypothesize that a positive report of 

PLEs will be associated with CU6 group membership. Although difficult to predict 

neurometabolic relationships given the novelty of this present analysis, I predict PLEs to 

be associated with reduced myoinositol in the frontal lobe and hippocampus, with 

hippocampal myoinositol also being reduced by CU6 status, highlighting the 

convergence of metabolic effects on astrocyte function. Given the preliminary nature of 

this analysis, it is essential that all results be interpreted conservatively and assumed to be 

pending validation in a more statistically powerful sample. This caveat, however, will not 

impede a theoretical discussion of results. 

4.3. Methods 

Design of this research study and the materials used received approval from the 

research ethics board (REB) of Nova Scotia Health (NSHA) (REB FILE #1027507). This 
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research study represents a subset of the materials and methods used for the larger 

Working Group 3 (WG3) of the Canadian Cannabis and Psychosis Research Team 

(CCPRT). 

4.3.1. Participants & Procedures 

Inclusion & Exclusion Criteria. Youth, 15 and 16 years of age, were recruited 

from the Halifax Regional Municipality (HRM). Exclusion criteria included individuals 

who had been diagnosed with or receiving care for a neurological or psychiatric disorder, 

have a first degree relative with schizophrenia or bipolar disorder, have experienced a 

previous significant head injury or seizure, or regular stimulant use. These criteria were 

maintained to control for factors with the potential to confound the data. This study also 

required participants to be able to read and speak English, as this was the only language 

the interview component was offered in. Subjects were also excluded based on safety and 

suitability for MRI (e.g., braces, permanent retainer). 

Recruitment. Participants were recruited through convenience sampling methods 

which included postering, social media advertising, direct outreach, and snowballing. 

Study posters were posted on telephone poles near schools, parks, and recreation centres. 

The posters asked interested 15- and 16-year-olds to scan a QR code using their 

smartphone, which took them to an online form on REDCap (Research Electronic Data 

Capture, Vanderbilt Consortium) (Harris et al., 2009; Harris et al., 2019) allowing them to 

provide their name, consent to be contacted, preferred method of contact, and how they 

first heard about the study (poster, Instagram, friend/family referral, or other). Posters 

were also circulated directly to organizations who were willing to make them visible at 

no cost, including the Halifax Public Libraries, one YMCA location, local fast-food 

locations, and the Delmore Buddy Daye Learning Institute. 

Instagram (Meta, Melno Park, CA, USA) and TikTok (ByteDance Ltd., Bejing, 

China) pages were created and used as a resource for recruitment (CCPRT Halifax, n.d.a; 

CCPRT Halifax, n.d.b.). In addition to displaying the posters, these pages shared an REB-

approved 60-second promotional video in a youth-friendly format that acted out the steps 

involved in participation from the perspective of a participant. On Instagram, this video 

was promoted using Instagram’s algorithm-based advertising for professional accounts, 
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allowing for the selection of a target demographic: 13–18-year-olds in Nova Scotia. From 

the advertisement, users were directed to the study’s Instagram profile where they could 

access the REDCap link. The Instagram page was linked to the TikTok page in similar 

fashion which was the flow for this strictly organic traffic (i.e., no advertising).  

Direct outreach involved leveraging contacts from members of the research team 

including community/sports organizations. Participants were also contacted from the 

ongoing Canadian Underage Substance use Prevention (CUSP) Trial, a multi-site national 

study that aims to assess adolescent risk behaviour for subsequent substance misuse. As 

per the REB approval, only those who participated in CUSP and had given consent to be 

contacted for future research were contacted. Community outreach consisted of the writer 

and/or two other team members engaging with the youth population in Downtown 

Halifax, directing anyone interested to the REDCap contact’s page. 

 Snowball sampling was introduced to bolster recruitment. Participants were asked 

to share their experience participating with their peers in hope of encouraging further 

inquiries for participation. Despite the tendency for this sampling method to bias towards 

clusters of similar socioeconomic standing (Parker et al., 2019), recent analyses of its use 

post-pandemic have shown success with recruiting diverse samples (Leighton et al., 

2021; Rubbi et al., 2023). In the context of the aforementioned recruitment strategies, 

snowball sampling was deemed an acceptable supplement.  

Procedures. Upon arrival, individuals participated in an informed consent 

discussion. A verbal overview of the information was given to the youth including the 

motives for this research, the risks and benefits of participating, how their data would be 

stored and used, and about their right to withdraw consent at any point. They were then 

asked to read an REB-approved informed consent package. Capacity to consent was 

assessed by asking the participant questions about the study procedures. After reading the 

consent form package and being given the opportunity to have any questions addressed, 

those who decided to participate provided written consent. Despite their status as a minor, 

there is no set age for capacity to consent to medical treatment, research or release of 

information in Nova Scotia. This allows minors to provide consent for research 

participation if they are capable of understanding the risks and consequences that they 
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could be exposed to (Chapter 4: Consent, Capacity and Substitute Decision-Makers, 

Province of Nova Scotia, 2013). 

The interview component inquired about participants’ demographic 

characteristics, substance use history, and psychological health through a battery outlined 

below. Participants then immediately underwent an MRI scan for the collection of 

spectroscopic metabolite data via MRS in bilateral frontal lobe and hippocampal (HIP) 

brain regions. Details on the interview assessments and imaging protocol are further 

described in sections 4.3.3 and 4.3.4, respectively.  

4.3.2. Interview Assessment 

Demographics & Assessment Scales. A semi-structured, author-compiled 

demographics interview with school-life questions gathered data on the participant’s age, 

grade, ethnicity, sex, gender, and socio-demographic characteristics (including living 

situation, parental education, lifetime school suspensions, and estimated frequency of 

truancy). The frequency, duration, and purpose for taking any medications and 

supplements was also recorded. 

 The Family Affluence Scale (FAS) III (Hartley et al., 2016) questionnaire was 

used as a validated measure of SES. The FAS-III was developed and validated through 

qualitative cognitive interviews and focus groups with Scottish 11, 13, and 15-year-olds 

(Hartley et al., 2016). The FAS-III reflects European and North American consumption 

patterns, discriminates SES within ultra-rich and ultra-poor environments, and maintains 

its independence from accurate knowledge of parental occupation or education. This 

assessment outlines eight self-report items: up to 6 points for “yes” to six yes/no 

questions and unlimited values for “How many times did you and your family travel 

outside of Canada for holiday/vacation last year?” and “How many bathrooms (room 

with a bath or shower) are in your home?”, with higher scores indicating a higher SES. 

The Adolescent Sleep Wake Scale (ASWS) (Essner et al., 2015), modified from 

the original 28 item (LeBourgeois et al., 2005), was utilized to assess subjective ratings 

of sleep quality. Recognizing the unique patterns of adolescent sleep (e.g., decreased 

duration and inconsistency of sleep [Wolfson & Clarkson, 1998; Leger et al., 2012], their 

heightened vulnerability to sleep disturbances [Palmer, 2020], and significance of sleep to 

their mental health [Essner et al., 2015; Palmer, 2020; Tarokh et al., 2014]), evaluation of 
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subjective sleep quality in this study was to better contextualize and provide insight to 

their physical, emotional, and cognitive development. Each item is self-report evaluation 

of a dimension of sleep-wake behaviours where the respondent indicates the perceived 

frequency of that behaviour (6-point Likert-scale ranging from never to always) with 

higher scores indicating better-quality sleep. Essner’s (2015) analysis demonstrated that 

the three elected factors possess fair to good internal consistency (Cronbach’s alpha: 

Falling Asleep and Reinitiating Sleep [FARS] = 0.80, Return to Wakefulness [RTW] = 

0.89, Going to Bed [GTB] = 0.64) and each item possesses strong factor loading 

coefficients (range: 0.51–0.87) in a heterogenous sample of 12-18-year-olds (Essner et 

al., 2015), suggesting this version of the ASWS is both reliable and constructively valid. 

The 10-item Edinburgh Handedness Inventory (EHI) (Oldfield, 1971) was used to 

objectively assess handedness. This was necessary for MRS analyses to control for 

functional lateralization reflected in the metabolites measured (Braun et al., 2002), and 

for the possibility of an influence of handedness on psychiatric disturbance (Rodriguez et 

al., 2010). This self-report questionnaire asks participants to indicate their preferred hand 

(or lack thereof) for 10 activities of daily living (e.g., writing, throwing, using a spoon), 

producing a total score quantifying the degree of handedness. The total score ranges from 

-100 to 100, with 100 indicating complete right-hand dominance, -100 indicating 

complete left-hand dominance. While Oldfield (1971) originally intended for scores 

between +/-40 to indicate ambidexterity, a subsequent psychometric validation suggests a 

threshold of +/-60 or +/-70 for mixed-handedness (Komarc et al., 2014). 

Psychological Assessment Scales. Designed specifically for school-aged 

children, the Adolescent Psychotic-like Symptom Screener (APSS) was used to 

characterize PLEs in this study (Kelleher et al., 2011). This 7-item self-report 

questionnaire assesses the lifetime occurrence of psychotic experiences (never = 0, 

maybe = 0.5, definitely = 1) in the following categories: mind reading, TV/radio 

communication, spying, auditory hallucinations, controlled, visual hallucinations, and 

grandiosity. Following the authors’ validation, a score of 2 or more (i.e., at least two PLE 

categories) is defined as PLE+ exposure. This threshold has shown a sensitivity of 70% 

and specificity of 82.6% when compared with the 2- to 4-hour K-SADS interview 

(Schedule for Affective Disorders and Schizophrenia for School-Aged Children, Present 
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and Lifetime Version; DSM-5-TR; APA, 2022). On individual items, positive predicted 

values (PPV) for any interview-confirmed definite experience ranged from 40.0–100%, 

with negative predicted values (NPV) ranging from 74.1–88.4% (Kelleher et al., 2011). 

Together, this suggests the APSS is sufficiently reliable and valid for use in the context of 

this study. 

The Strengths and Difficulties Questionnaire (SDQ) was administered as a 

validated measure of behavioural difficulties (Goodman et al., 1998). The self-report 

version used in this study was specifically designed for completion by adolescents to 

maintain high agreement (Spearman’s rho = 0.43, p < .01) with the same assessment 

made by parents and teachers (Goodman et al., 1998). This 25-item behavioural screening 

tool evaluates problematic behaviour over the past six months by asking youth to 

evaluate their agreement (“not true” = 0, “somewhat true” = 1, and “certainly true” = 2) 

with statements about their behaviour. Items are summed to produce a total SDQ score, 

which itself is the sum of five 5-item behavioural sub scores: hyperactivity, emotional 

symptoms, conduct problems, peer problems, and prosocial. Summing the emotional 

symptoms and peer problems subscales indicate a score for internalizing problems (SDQ-

Int), and the sums of hyperactivity and conduct problems produce an externalizing score 

(SDQ-Ext). For analysis in the general population, SDQ-Int and SDQ-Ext are 

recommended over their substituent domains because of their improved discriminatory 

capacity and agreement with parental assessment in low-risk samples (Goodman et al., 

2010). In children, these two domains have also shown to be a risk factor for the 

subsequent development of both PLEs (Gin et al., 2021; Laurens et al., 2020) and 

schizophrenia (Hodgins et al., 2014). Furthermore, because hallucinatory PLEs are more 

common than delusions in the general population and thought to reflect a lower risk for 

psychopathology (Linszen et al., 2022), the SDQ emotional symptoms (SDQ-Em) 

subscale was also of interest to this study as it is the only SDQ subscale able to 

differentiate children with definite hallucinatory-only PLEs from definite PLEs of 

multiple modalities (Laurens et al., 2020). 

Substance Use Assessments. Lifetime exposure to various substances was 

recorded with the Chemical Use/Abuse/Dependence Scale (CUAD) (McGovern & 

Morrison, 1992). This semi-structured interview asked participants to describe their 
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substance use habits using frequency (less than monthly = 1, once or more per month = 2, 

once or more per week = 3, 3 times or more per week = 4, daily = 5), typical amount 

consumed per use, typical mode of consumption (oral = 1, inhaled = 2, smoked = 3, 

injected = 4), and duration of use at this rate and quantity (less than a month = 1, more 

than a month = 2, six months or longer = 3). Participants were specifically asked about 

the following substances to gather this data: alcohol, amphetamines, cannabis, cocaine, 

hallucinogens, inhalants, opioids, phencyclidine (PCP), sedatives/hypnotics/anxiolytics, 

and other(s). For each substance exposure, the CUAD can determine a dependency score 

based on 17 true/false questions regarding problematic use habits, which can be summed 

to produce a substance severity score. The CUAD has demonstrated excellent reliability 

(1-week test-retest reliability: r = 0.95) and acceptable validity (80% true positive hit 

rate) for identifying substance use disorder (McGovern & Morrison, 1992). In the present 

study, any level of frequency of alcohol use signified alcohol exposure. Similarly, any 

substance use excluding alcohol, cannabis, and nicotine were used to identify other 

substance exposures. In addition, for all participants who indicated prior cannabis 

exposure, the date since last use was recorded. This allowed participants to be categorized 

by their history of cannabis use: i) no use ever (or single use longer than 1 year ago), ii) 

discontinued use (i.e., use on multiple occasions, but not in the past year), iii) use within 

the past year, iv) use within the past 6-months, v) use within the past 1-month. Use within 

the past 6-months was designated as recent cannabis users (CU6+/-) and, among these 

cannabis users, use within the past 1-month (CU1+/-) was defined. Current use of 

tobacco/nicotine products was also evaluated by asking participants if they currently 

smoke tobacco cigarettes or use electronic nicotine products. 

 The Timeline Follow Back (TLFB) is a structured interview used to collect 

detailed information on participants’ cannabis use habits over the past 30 days (Sobell et 

al., 1996; Robinson et al., 2014). For each instance of cannabis use on a given day, this 

assessment collects information on the time(s) of day of use, the method(s) of 

administration (e.g., joint, bong, vaporizer, edible, etc.), the number and type of units 

consumed (e.g., one joint, two gummies, 5 “pulls” from vaporizer, etc.), the quantity of 

cannabis product per unit, and the social context (i.e., alone or shared with others) For 

routine users, a “typical” cannabis use day was also characterized with this information 



 71 

and extrapolated over typical use days, in addition to recording information on non-

typical use days. Participants were asked to estimate these measures to the best of their 

ability or provide a range from which the average could be taken. The TLFB consistently 

reports high agreement with biological measures of cannabis use as measured in urine, 

with a meta-analysis reporting this agreement to be between 87.3% and 90.9% (Hjorthøj 

et al., 2012). During this assessment, participants were also asked about the strain(s) or 

name(s) of cannabis products consumed and the concentrations of THC and CBD in each, 

if known.  

4.3.3. 1H MRS Acquisition 

Imaging Protocol. Imaging took place at the BIOmedical Translational Imaging 

Centre (BIOTIC) at the Halifax Infirmary (QEII Health Sciences Complex, Halifax, NS, 

Canada). Images were acquired using a 3 Tesla (T) GE Healthcare Model M750 whole-

body magnetic resonance imager (GE Healthcare MR750, Milwaukee, WI, USA) with a 

Nova Medical 3T 32-Channel Head Coil (Nova Medical, Wilmington, MA, USA). 3-

dimensional T1-weighted images were acquired using sagittal Inverse Recovery Fast 

Spoiled Gradient Recalled Echo (IR-FSPGR) to produce high resolution whole brain 

images (TE = 2.94 ms, TR = 6.716ms, FOV = 256mm isotropic, matrix size = 256x256, 

flip angle = 11°, slice thickness = 1 mm isotropic, number of excitations = 1). 

A single voxel MRS approach was applied to four volumes of interest (VOI): left 

and right prefrontal cortex (PFC) and hippocampal (HIP) regions. All voxels were 

20x20x20 mm3 in size. PFC VOI were centred in the dorsomedial prefrontal region, 

encompassing predominantly white matter (WM) tracts with inclusion of the superior 

edge of the anterior cingulate cortex (ACC) and medial edge of the superior frontal sulcus 

(Figure 1a). HIP VOI were centred just anterodorsally from the middle of the 

hippocampus, ensuring no inclusion of the cerebellum and brain stem (Figure 1b). The 

MRS sequences were acquired using a Spin Echo, full Intensity Acquired Localized 

(SPECIAL) Point-Resolved Spectroscopy (PRESS) sequence (TE= 35 ms, TR= 3000 ms, 

FOV = 240 mm2 isotropic, CSI matrix = 1, acquisition time = 456 sec, bandwidth= 2.0 

kHz, water suppression with chemical shift selective [CHESS] pulses, averages = 128, 

water-unsuppressed acquisitions = 8). The modification of the PRESS RF sequence to 
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include spin echo with an adiabatic pulse better protects against field inhomogeneity 

within the volume of interest (VOI), allowing for the use of shorter TEs and improved 

signal identification than with PRESS alone (Mlynárik et al., 2006). This was viewed as 

essential in this study as it allowed for a more optimal balance between spectral quality 

and scan time, an important consideration for adolescents who are known to have greater 

difficulties staying stationary for extended scans (Jensen et al., 2017). Prior to each voxel 

acquisition, higher order shimming (HOS) of the magnetic field was done to optimize 

pre-scan linewidth. As time permitted, pre-scans and HOS were repeated to achieve a 

linewidth of < 10 Hz for PFC and < 12 Hz for HIP voxels. 

Spectral Processing. Grey matter (GM), white matter (WM), and cerebrospinal 

fluid (CSF) fractions within the VOI were estimated using Advanced Normalization 

Tools (ANTS) (Avants et al., 2014) tissue segmentation on the T1-weighted image. 

Preprocessing, fitting, quantification, and quantitation of the MRS data were achieved 

with FSL-MRS version 2.1.19 (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl), an 

end-to-end MRS analysis software from FMRIB Software Library (Clarke et al., 2021). 

FSL-MRS was favoured over the more widespread LCModel (Provencher et al., 2001) 

for its user-independent pre-processing, simulated and fully customizable basis set, and 

use of highly sophisticated fitting algorithms. More specifically, FSL-MRS benefits from 

a weighted singular value decomposition (SVD) coil combination using a Bayesian 

maximum likelihood model. This method identifies noise across spectra which is applied 

to better identify signal and significantly improve SNR compared to the standard 

averaging as done in LCModel (Rodgers & Robson, 2010). Furthermore, since basis set 

composition has been shown to affect spectral fit and quality (Demler et al., 2023), and 

updated basis sets are no longer provided for LCModel, this degree of flexibility allowed 

for further spectral refinement that is not afforded by LCModel. All default FSL-MRS 

preprocessing parameters were used, which have been described elsewhere (Clarke et al., 

2021). In brief, this process entailed frequency-phase correction to correct for data drift, 

removal of any residual water in suppressed peaks, eddy-current correction (ECC) to 

correct phase shift, and SVD-weighted coil combination.  
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Spectral Quality Control. Parameters for spectra-level quality control were 

experimented with to maximize spectral inclusion while maintaining a baseline standard 

of signal and metabolite resolution. HIP spectra were consistently observed to produce 

poorer signal-to-noise ratios of the NAA signal (SNR) and linewidths than for PFC 

voxels in the same subject. This could be reflecting greater field inhomogeneities within 

the voxel due to the greater magnetic susceptibility artifacts in its subcortical location 

(i.e., tissue and air-filled spaces, including the brain stem, ear canal, and sinuses) which 

was unable to be consistently mitigated with HOS (Weygand at al., 2016). Different 

criteria for each region were also experimented with that were comparable to criteria used 

in studies with similar imaging parameters, voxel locations, and participant ages (Blest-

Hopley et al., 2020b; Valkenboroughs et al., 2021; Tennous et al., 2021, Prescot et al., 

2011). This included SNR thresholds of 5, 10, and 15, and linewidth thresholds of 15 and 

20 Hz. It was observed that restricting linewidths to £15 Hz and SNRs to ³10 

respectively excluded 49% (63/129) and 18% (23/129) of available HIP spectra, many of 

which included ideal SNRs and well-resolved metabolite peaks. This compared to only a 

5.9% (8/135) exclusion of PFC spectra with the same criteria. A similar effect saw an 

SNR of ³15 exclude 33% (42/129) of HIP spectra and only 6.7% (9/135) of PFC spectra. 

Loosening the SNR criterion to ³5 provided little to no benefit compared to an SNR of 

10. Further visual inspection of the spectra was able to identify that a loosening of PFC 

linewidth thresholds from 15 Hz to 17 Hz was able to include four additional PFC 

spectra.  

 The spectra-level quality control parameters decided upon were SNR ³10 for all 

spectra, linewidth £17 Hz for PFC spectra, and £20 Hz for HIP spectra. Furthermore, 

spectra with an uncertain quantification of metabolites were excluded from analysis, as 

identified by a percent Cramer-Rao lower bound (CRLB%) greater than 20%. SNR, 

linewidth, and metabolite CRLB% for all spectra were visually inspected to ensure no 

inclusion of poorly fitted and quantified data. 

Monthly MRS acquisitions of the 1H-MRS Spectroscopy Phantom (GE 

Healthcare, Milwaukee, WI, USA) were performed throughout the course of the study to 

assess variation and drift in metabolite concentrations over time (Woo et al., 2009). With 

respect to the metabolites of interest in this study (tNAA, tCh, mI), visual inspection of 
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mean absolute metabolite concentrations, their standard deviations, and the trend over 

time revealed no drift in quality that would require correction. 

4.3.4. Statistical Analysis & Considerations 

Power Analysis. G*Power version 3.1.9.6 statistical software (Faul et al., 2009) 

was used to evaluate the minimum expected sample size to provide sufficient power to 

accomplish each of the three aims. This calculation required a desired a (0.05), power 

(0.8), and expected effect size and allowed for manipulation of the test family (t-test), 

statistical test, and number of tails (two). Addressing Aim #1, there are limited number of 

studies that report adolescent PLE and cannabis-use observations in mid-adolescent 

samples (aged 14–17), either assessing lifetime use (Denissoff et al., 2022; Stainton et al., 

2021; Bourque et al., 2017) or past-year use (Hides et al., 2009). Further, only one of 

these studies reported on PLE status based on a validated score cut-off (Denissoff et al., 

2022). While these studies may serve to provide the best estimates for this analysis, a true 

determination of sample size for this specific research question cannot be calculated 

based on the available evidence. Denissoff and colleagues (2022) reported PLEs 

identified by the PROD-screen and lifetime cannabis exposure in a birth cohort of 15- 

and 16-year-olds (n=6552). The equation presented by Chinn (2000) allowed for manual 

computation of the effect size, and a G*Power point biserial correlation test determined 

the total necessary sample to be 17 participants. The next most similar study did not find 

an association between past-year cannabis use and scores on the positive scale on the 

Community Assessment of Psychic Experiences (CAPE-P) (Hides et al., 2009), which 

yields a required sample of 1008 with at least 72 cannabis users using an independent 

difference in means calculation. Similar conclusions were drawn from a separate study 

comparing CAPE-P scores with lifetime cannabis use (Stainton et al., 2021), in which the 

calculation suggests a total sample size of 8454 participants with at least 1117 cannabis 

users. Furthermore, another study observed different trajectories of PLEs between ages 

13 and 16: low/stable, increasing, and decreasing trajectories (Bourque et al., 2017). At 

age 16, comparing lifetime cannabis exposure in the increasing group (40.3%) to the low 

(16.4%) and decreasing (28.6%) groups suggests a total sample size of 21 participants. 

The drastically different effects provided by these studies reflect the considerable 
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heterogeneity in criteria for identifying PLEs and provides little guidance on a reliably 

sized sample for this study.  

Estimating the sample size required to detect a difference in neurometabolites 

between PLE groups (Aim #2) was also not feasible as this study is the first investigation 

into the effect of subclinical psychotic symptoms on neurometabolite concentrations in 

humans. However, addressing the effect of cannabis on MRS-identified neurometabolites, 

Blest-Hopley and colleagues (2020b) (n=43) identified a significant effect of adolescent-

onset cannabis use on left hippocampal myoinositol among young adults (18–34 years-

old). An independent difference in means statistical test yields a minimum required 

sample of 72 with at least 37 cannabis users to address this aim with sufficient power. 

Another relevant study found reduced myoinositol and NAA in the ACC of a younger 

sample of heavy adolescent-onset cannabis users (Prescot et al., 2011) that suggest 

sample sizes of 74 and 82 to detect differences in NAA and myoinositol, respectively. 

However, the effects expected to be observed in this present analysis were not expected 

to be as strong since the investigations by Blest-Hopley (2020b) and Prescot (2011) were 

among heavy long-term cannabis users and age- and sex-matched controls. Therefore, 

conducting a similar analysis in the general population would require an even larger 

sample to achieve the same power. 

Following 16 months of recruitment, data was available for a total of 73 

participants, thus a preliminary analysis on a subset of data obtained from an ongoing 

study. 

Data Preparation. All data was imported into RStudio v2024.04.0+735 (RStudio 

Team, 2020) based on R version 4.3.2 (R Core Team, 2023) for analyses. Linear 

regression-based imputation was applied only to missing interview datapoints that formed 

a total or average score. The larger score excluding the dependent score was calculated 

and subsequently used as the predictor. All other missing interview data and features of 

substance use indicated as “not known” were imputed as the variable mean. Imputation 

was preferred over maximum likelihood-based handling of missing data in regression 

analyses as it better protects against model overfitting and dissolution, a crucial goal for 

this restricted sample. Means and standard deviations (s.d.) of interview and metabolite 
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data were calculated for the two PLE exposure groups, the four PLE/CU6 exposure 

groups, and the entire sample. 

Considerations for Imaging Analysis. Investigating the potential effect of brain 

lateralization, a paired sample t-test revealed that all metabolites were significantly 

elevated in the right PFC (5.6 – 16.8%, p < 1e-6) and left HIP (7.0 – 12.4%, p < .02) 

compared to left PFC and right HIP, respectively. Given the uncertainty of 

interhemispheric effects in relation to PLEs, analysis of hemispheres individually was 

preferred to maintain goodness-of-fit and interpretation quality. Analyzing only a single 

hemisphere in this pilot sample also reduced the number of imaging hypotheses, 

lessening the reliance on correction methods for Type I errors. The left PFC data was 

chosen due to a ubiquitous decrease in variance across metabolites in the left hemisphere 

compared to the right in this sample (20.4% mean decrease in s.d.). Although left HIP 

VOI did not demonstrate such a difference in variance, other studies have reported 

specific sensitivities of left hippocampal mI to external influences (Husarova et al., 2012; 

Njau et al., 2016; Valkenborghs et al., 2022). Furthermore, a left hemisphere bias of 

metabolic dysfunction is also implicated in the psychosis spectrum (Molina et al., 2005; 

Lieberman et al., 2018). Therefore, data from only the left hemisphere was chosen for 

subsequent analyses. 

Main Analysis. For Aim 1, a logistic binomial generalized linear model (GLM) 

was applied to assess the relationship between adolescent PLEs (dependent) and CU6 

status (independent) using an inverse Gaussian family to handle positively skewed data 

(Dunn & Smyth, 2018). For Aims 2 and 3, multiple linear regression models were used to 

predict the effects of adolescent PLEs and CU6 on regional neurometabolite 

concentrations, maintaining subject handedness as a required covariate. A post hoc 

analysis depended on the identification of a regional neurometabolite significantly 

affected by both adolescent PLEs and CU6 status. For each significant regional 

neurometabolite, the combined effect of adolescent PLEs and CU6 status on its 

concentration assessed by multiple linear regression was sought to reveal the 

contributions of both to variance in the metabolite’s concentration. 
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Results were reported as the regression coefficient (β), standard error (± S.E.), and 

p-value, with a significance threshold of 0.05. False discovery rate (FDR) corrections 

were applied to adjust for multiple testing. Given the preliminary nature of the analyses, 

uncorrected p-values were reported alongside corrected p-values due to the potential 

conservativeness of FDR corrections. 

Exploratory Analysis. A prominent obstacle to investigating the biological 

effects of cannabis use is the significant heterogeneity across use habits. The Government 

of Canada recently identified eight different cannabis use products used by Canadians 

(Canada, 2024), many of which can be consumed in different ways, each with their own 

standard use habits (Shauer et al., 2020). The result is a wide range of THC exposure 

patterns that are difficult to reflect in standard categorical measures of cannabis use 

habits. Acknowledging the arbitrariness and potential lack of insight from a 6-month 

threshold for recency of cannabis use, it was thought useful to additionally explore the 

effects of estimated THC exposure (THCe), or past-month THC dosage, in mg over the 

past 30 days, calculated from the TLFB. THCe from flower consumption was calculated 

by multiplying the quantity (g/unit) by the frequency (number of units) by the stated 

concentration percentage (assumed to be percent by mass), divided by the number of 

people the cannabis product was shared with. THCe from edible consumption was 

calculated similarly, however participants often reported the quantity in mg of THC, 

eliminating the need for a concentration term. Unlike flower and edibles, vaporizers are 

not designed to be consumed entirely in a single use, so participants would report the 

number of “puffs” consumed, the total quantity of concentrate, and less often, the THC 

concentration. To quantify THCe for vaporizers, two assumptions were necessary: i) all 

puffs are equal in volume and ii) 1 gram of oil contains 200 puffs. Insufficient literature 

on the topic renders the second assumption merely an estimate (straingenie.com/thc-

dosage-calculator). This allowed THCe to be calculated by multiplying the fraction of 

vaporizer consumed (number of puffs divided by 200 times the quantity of concentrate in 

grams) by THC concentration. THCe was calculated for each mode of cannabis 

consumption for each day and summed to produce a total 30-day THCe. When not known 

by the participant, THC concentration was imputed as the mean concentration for the 

respective mode of consumption. 
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Exploratory analyses addressed the heterogeneity in cannabis use habits by 

calculating THCe over the past 30 days. THCe was calculated for flower, edibles, and 

vaporizers, considering the amount, frequency, concentration, and sharing practices. 

APSS score replacing PLE status was also conducted to assess this relationship in a dose-

dependent manner. Furthermore, analyses with SDQ externalizing scores replacing PLE 

status were conducted. This was to explore the concept of PLEs being one manifestation 

of global psychiatric vulnerability that may be modified by cannabis use in adolescence. 

For APSS and SDQ-Ext explorations, ordinal regression models were used due to the 

graded nature of the score distributions. 

Sensitivity Analysis. Sensitivity analyses were conducted for relationships that 

approached or achieved significance by adding covariates and reassessing relationships. 

To manage model complexity in this small sample, a list of candidate covariates was 

selected based on previously hypothesized or demonstrated relationships with PLE or 

cannabis use. These variables were assessed through t-tests to determine their inclusion 

based on demonstrated effects. For Aims 1 and 2, potential covariates included age, sex, 

ethnicity, FAS total, subjective sleep quality, SDQ-Em, SDQ-Int, SDQ-Ext, and other 

substance use. CU6 status was assessed for effects of spectral acquisition characteristics 

(SNR, FWHM, and tissue fractions), age, sex, FAS total, parental migration status, and 

other substance use. Significant findings indicated that PLE status was affected by SDQ-

Ext, other substance use excluding tobacco/nicotine, SDQ-Int, and ethnicity (Table 1). 

CU6 status was affected by other substance use (Table 1). SDQ-Ext was preferred over 

SDQ-Int due to its stronger effect, and ethnicity was excluded to maintain model 

simplicity. Significant relationships from Aim 1 (main and were reassessed with 

adjustments for other substance use and SDQ-Ext scores. Aim 2 findings were adjusted 

for other substance use, SDQ-Ext, and handedness, while significant Aim 3 findings were 

adjusted for other substance use and handedness. 
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4.4. Results 

4.4.1. Sample Description 

Recruitment. 74 participants were eligible for inclusion and were recruited to 

participate between Dec 2022 and Apr 2024. At the consent discussion, a second screen 

of study eligibility identified an additional exclusion (language considerations), thus 73 

participants subsequently completed the interview and participated in imaging. Four 

participants did not complete the full-length imaging protocol (partial imaging data 

collected), and one MRS file was lost during the data transfer process. The sample sizes 

of the imaging data collected, in the order of collection, are: T1-w (n = 72), left PFC 

MRS (n = 70), left HIP MRS (n = 68). Incomplete imaging was due to insufficient time 

(n = 2), intolerance to scanner environment (n = 1), and the presence of braces (n = 1). 

Data Skewness. Initial histogram inspection revealed positive skewness for most 

interview variables, with negative skewness observed for handedness and alcohol use, 

and balanced distributions for SDQ-Ext and SDQ total. Among substance users 

(cannabis, alcohol, and other), all features of use for that substance were negatively 

skewed. Imaging metrics followed similar trends between PFC and HIP regions: slight 

positive skewness for metabolite concentrations, strong right skewness for metabolite 

CRLB%, and balanced distributions for tissue fractions. However, SNR and FWHM were 

positively skewed in PFC spectra but were more balanced in HIP spectra. 

Demographic Characteristics. A description of this population-based adolescent 

sample by PLE and CU6 statuses are provided in Table 4.1, and by combined status in 

Table 4.2. This was a predominantly female sample by sex and gender (female: n = 43 

[58.9%], male: n = 24 [32.9%], non-binary: n = 6 [8.2%]). Participants all attended 

school and were in either grade 11 (n = 46 [63.0%]) or grade 10 (n = 17 [23.2%]), or 

other (n = 10 [13.7%]). With respect to parental migration status, 56.2% (n = 41) of 

participants had two parents who were born in Canada, 19.1% (n = 14) had one, and 

24.7% (n = 18) did not have either parent born in Canada. At least one parent was 

reported to have attained post-secondary education in 79.5% (n = 58) of the sample. 
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Lifetime suspensions from school were reported by 23.3% (n = 17) of participants, and 

45.2% (n = 33) admitted to truancy from class at an estimated average of 30.6 occasions 

per school year (SD = 48.5, range: 1–200). Twelve participants (16.4%) were currently 

taking prescribed medications at the time of participation, including oral contraceptives 

(n = 5), steroid inhalers (n = 4), and others (n = 7). Missing demographics data for one 

item from one participant (ASWS item #4) was imputed with ordinal regression. Among 

demographic variables assessed to be affected by PLE status (age, sex, ethnicity, FAS, 

ASWS Total), ethnically white-identifying participants (60.3% [44/73]) were more 

greatly represented in the PLE- group (64.5% [40/62]) than in the PLE+ group (36.4% 

[4/11]) (t = 2.15, p = .035). The remaining demographic variables were not associated 

with PLE status. By CU6 status, no effects were observed for age (p = .199) sex (p = 

.328), FAS (p = .618), nor parental migration status (p = .676). 

 Figure 4.2 displays the distribution of APSS scores by CU6 status. A score of 2+ 

indicating PLE+ status was true for 15.1% (n = 11) of this sample. By APSS item, 

definite and possible experiences were reported for spying (definite: n = 8; possible: n = 

26), auditory hallucinations (definite: n = 7; possible: n = 12), visual hallucinations 

(definite: n = 3, possible: n = 9), mind reading (definite: n = 2; possible: n = 18), 

TV/radio communication (definite: n = 2; possible: n = 5), under special control (definite: 

n = 1; possible: n = 4), and grandiosity (possible: n = 1). Any single definite experience 

was reported by 12 participants, with two of these participants not meeting the total score 

threshold for PLE+. Both of these participants had a score of 1.5, with definite scores for 

spying and auditory hallucinations, and possible scores for mind reading and visual 

hallucinations, respectively. Alternatively, one PLE+ participant did not report any 

definite experience but reported possible experiences for spying, auditory hallucinations, 

visual hallucinations, and mind reading.  

 SDQ item #8 was missing for one participant and was predicted from an ordinal 

regression of total SDQ-emotions scores minus the missing item. SDQ-Int and SDQ-Ext 

scores were significantly associated with PLE status (SDQ-Int: t = 2.31, p = .024; SDQ-

Ext: t = 3.26, p = .002), both higher among PLE+ participants (SDQ-Int: mean = 8.4, 

range: 3–15; SDQ-Ext: mean = 9.5, range: 6–13) than among PLE- (SDQ-Int: mean = 

5.8, range: 0–18; SDQ-Ext: mean = 6.1, range: 0–13). The association observed for SDQ-
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Em did not reach statistical significance (p = .08). SDQ scores were not affected by CU6 

status. 

Substance Use Characteristics. Lifetime cannabis use on more than one 

occasion or single-use within the past year was reported by 38.4% (n = 28) of the sample, 

with 32.9% (n = 24) having last used cannabis in the last six months and these 

participants comprised the CU6+ exposure group. Among CU6+ participants, 66.7% 

(16/24) had used cannabis in the past 30 days (CU1+ group). Frequency of cannabis use 

by CU6+ participants were described as less than once a month (33.3%; 8/24), more than 

monthly but less than weekly (25%; 6/24), at least weekly but no more than thrice weekly 

(12.5%; 3/24), and daily (29.2%; 7/24). All participants who used more than three times a 

week used daily.  

 Features of cannabis use collected from CU1+ participants for exploratory 

analyses are reported in Table 4.3. CU1+ participants tended to report using cannabis for 

all 30 (37.5%; 6/16) or for less than 5 (50%; 8/16) of the previous 30 days, with the other 

two participants having used for 18 and 28 days in the past month. Most CU1+ 

participants reported consuming cannabis in the form of flower (75%; 12/16), with 

considerable representation from users of vaporizers (37.5%; 6/16). Three CU1+ 

participants (18.8%) reported using multiple methods of THC consumption in the past 

30-days: all three used flower and vaporizers, one also used edibles, and another used 

hash/kief. Exactly half of CU1+ users could report the potency of THC in the product(s) 

they used: 22.8% mean THC for flower (6/12), 95.8% mean THC for vaporizer, and 

100mg THC per edible unit (1/2). Imputing mean THC potency for participants who did 

not know, the average exposure to THC over the past 30-days (THCe) was 10778 mg (SD 

= 19294 mg), ranging from 5 mg to 72618 mg. Expressing this as a function of 1-gram 

joint-equivalents at 15% THC, this equates to a 30-day average of 71.9 joint-equivalents 

(SD = 128.6, range: 0.03 to 484.1). The primary consumption methods that provided 

participants with the most THCe included flower (68.8%; 11/16), vaporizer (25%; 4/16), 

and edibles (6.3%, 1/16).  

 Recreational alcohol use was common, reported by 63.0% (n = 46) of all 

participants. Nearly all CU6+ users reported consuming alcohol (91.7%; 22/24), 

compared to just 49% (24/49) in CU6- participants. Use of other substances was much 
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less common (23.3%; 17/73) and significantly associated with CU6+ (t = 3.90, p < .001) 

but not PLE status (t = 1.11, p = .272). Other substance use included nicotine vaporizers 

(n = 16), hallucinogens (n = 9), tobacco cigarettes (n = 7), cocaine (n = 4), 

sedatives/hypnotics/anxiolytics (n = 4), opiates (n = 2), and amphetamines (n = 1). 

Further excluding nicotine and tobacco products from other substances, all remaining 

other-substance users had used at least hallucinogens (9/9) and demonstrated a significant 

bias towards PLE+ (4/9; t = 2.73, p = .008) and CU6+ (8/9; t = 2.89, p = .004) statuses 

and was used as the primary variable for other substance use. 

4.4.2. 1H MRS Spectral Quality 

Initial experimentation with MRS acquisition was necessary to accommodate 

imaging in this adolescent sample. As a result, MRS data for the first participant was 

demonstrated to be significantly unlike the rest, with most metabolite peaks unable to be 

resolved from the noise after various re-fitting attempts and was therefore excluded from 

analysis. MRS data for an additional participant was lost during the data transfer process. 

That allowed 68 PFC and 66 HIP spectra to reach quality assessment. Spectra-level 

quality criteria eliminated 1 PFC and 16 HIP spectra. All metabolites from included 

spectra had a CRLB% less than 20% and were therefore included in analyses. 

A description of the included spectra by region and PLE status are shown in Table 

4.4, and by region and CU6 status in Table 4.5. The quality of PFC spectra was markedly 

superior to HIP spectra, evidenced by a higher mean SNR and lower mean FWHM (Table 

4.4). Comparing the PFC and HIP data included in analyses, there were no statistical 

differences in demographic (age, sex, lateralization/handedness, ethnicity, FAS, ASWS 

Total), psychological (SDQ scores), substance use (non-cannabis/alcohol and non-

cannabis/alcohol/nicotine other substance use), or main exposure status variables (PLE & 

CU6) between the data available in these regions. Furthermore, spectral characteristics 

investigated (SNR, FWHM, tissue fractions, and lateralization/handedness) did not 

demonstrate an effect on PLE nor CU6 status.  

4.4.3. Aim 1: Adolescent PLEs & Cannabis Use 

 PLEs were reported in 20.8% (5/24) of CU6+ participants and in 12.2% (6/49) of 

CU6- participants. Mean APSS scores were similar between groups; CU6+: 0.85 (SD = 
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1.27), CU6-: 0.82 (SD = 0.98) (Figure 4.2). Modelling this relationship demonstrated 

CU6 status not to be predictive of PLE status alone (b = 0.634 ± 0.665, p = .34) nor in 

combination with other substance use and SDQ-Ext as predictors (b = 0.065 ± 0.910, p = 

.943). An ad hoc Chi square test to account for limitations in the small sample confirmed 

no relationship (p = .54). 

In exploratory analyses (Figure 4.3), replacing CU6 with THCe as the predictor in 

a subset of CU1+ participants demonstrated an effect on PLE status that did not achieve 

statistical significance (b = 0.103 ± 0.061, p = .091). Including the primary method of 

THC consumption as a predictor was unable to improve the model (b = 0.080 ± 0.058, p 

= .173). This analysis revealed that no participants in this sample with a non-flower 

primary method of THC consumption experienced a PLE.  

Analysing APSS score as the PLE outcome did not yield a significant relationship 

with CU6 status (b = -0.300 ± 0.470, p = .528), but did with THCe in CU1+ participants 

(b = 0.151 ± 0.056, p = .007). Adding the primary method of THC consumption 

maintained this significant finding (b = 0.143 ± 0.057, p = .012). Exploring this model 

further by replacing the primary method of consumption with covariates from the main 

analysis demonstrated a significant effect with less error than the previous two models (b 

= 0.147 ± 0.055, p = .008). A final model that reincorporated the primary method as a 

fourth predictor identified a similar but less certain degree of significance (b = 0.146 ± 

0.056, p = .01). 

Externalizing Difficulties. To explore whether externalizing difficulties more 

strongly associated with cannabis use variables, SDQ-Ext was used as the main outcome 

variable and demonstrated no relationship with CU6 status (b = 0.239 ± 0.438, p = .586). 

However, there was a significant effect of THCe predicting higher SDQ-Ext scores in 

CU1+ participants (b = 0.069 ± 0.032, p = .034) that did not reach the threshold for 

significance after controlling for primary method of consumption (b = 0.060 ± 0.033, p = 

.069). A subsequent model using other substance use and PLE status as predictors 

alongside THCe produced the strongest relationship (b = 0.092 ± 0.040, p = .022) (Figure 

4.4) that maintained significance following inclusion of primary consumption method (b 

= 0.087 ± 0.040, p = .032). 
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4.4.4. Aim 2: Adolescent PLEs & Neurometabolites 

Metabolite concentrations by region and PLE status are displayed in Table 4.6 and 

Figure 4.5. A base model where metabolite concentrations were estimated by PLE status 

and handedness identified no relationships in the PFC region and a nearly significant 

effect of PLE+ on reduced myoinositol in the HIP region (b = -3.087 ± 1.536, p = .050, q 

= .402). Adding other substance use to this model allowed for the effect of HIP 

myoinositol to reach uncorrected significance (b = -3.328 ± 1.634, p = .047, q = .380). 

These findings were consistent in a third model that added SDQ-Ext as a fourth predictor 

(b = -3.479 ± 1.729, p = .050, q = .402). 

 Exploration with APSS score as the main predictor did not identify any significant 

relationships with metabolite concentrations in either region, regardless of covariates. 

The same was found in a similar analysis of SDQ-Ext with PLE status as the fourth 

predictor in the third model. 

4.4.5. Aim 3: Adolescent Cannabis Use & Neurometabolites 

Metabolite concentrations by region and CU6 status are illustrated in Table 4.7 

and Figure 4.6. In the two main analysis models that covaried by handedness with and 

without other substance use, CU6 did not demonstrate any relationship with metabolite 

concentrations (myoinositol, tNAA, tCh) that approached even uncorrected statistical 

significance. The condition of identifying a metabolite independently influenced by both 

PLEs and CU6 was therefore not satisfied to permit the post hoc analysis. 

4.5. Discussion 

The present study aimed to investigate the possible relationships between 

adolescent psychotic-like experiences (PLEs), cannabis use, and neurometabolite 

concentrations in the left prefrontal cortex and hippocampus, as measured with 1H MRS. 

To the best of my knowledge at the time of writing, this is the first investigation seeking 

to provide evidence for a converging neurometabolic mechanism between cannabis use 

and PLE pathophysiology in adolescents. Preliminary analysis of this ongoing study was 

unable to identify a significant association between past 6-month cannabis use and APSS-

identified PLEs. Examining the effects of each on neurometabolite concentrations in the 
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left prefrontal cortex and hippocampus identified an inverse relationship between PLEs 

and hippocampal myoinositol when controlling for other substance use and externalizing 

behavioural difficulties. Past 6-month cannabis use did not demonstrate a relationship 

with the metabolites investigated. These early results suggest that recent cannabis use is 

not associated with self-reported PLEs among population-representative adolescents, 

with no evidence of a shared neurometabolic mechanism in the left prefrontal cortex and 

hippocampus. 

4.5.1. Adolescent PLEs & Cannabis Use 

Although past 6-month users were identified as PLE+ (20.8%) more frequently 

than non-users (12.2%), this relationship did not achieve statistical significance in this 

study. Meta-analyses on the topic generally report that a relationship between adolescent 

cannabis use and PLEs exists (Matheson et al., 2023; Linscott & van Os, 2013); however, 

mixed results on the study level suggest the relationship may be modulated by various 

factors. It is possible that our finding of no relationship between adolescent cannabis use 

and PLEs is genuine despite power concerns, as is suggested by our large uncorrected p-

value (p = .34) from this analysis, aligning with a past report of no concurrent 

relationship (Stainton et al., 2021; Degenhardt et al., 2018; Dolphin et al., 2015).  

While our findings did not demonstrate that correcting for other substance use and 

externalizing difficulties to reveal a relationship between PLEs and cannabis use, other 

substance use was significantly associated with both PLEs and cannabis use. It is possible 

that the use of other substances, and not cannabis use, is responsible for past findings of a 

relationship between cannabis use and PLEs in adolescents. Previous research has shown 

that the concurrent use of substances such as alcohol, tobacco, and other illicit drugs can 

complicate the assessment of cannabis's specific impact on psychotic-like experiences 

(PLEs) (Linscott & van Os 2013; Matheson et al., 2023; Vaughan et al., 2006; McGrath 

et al., 2016). For instance, Linscott and van Os (2013) found that exposure to any 

substance doubled the risk for psychotic experiences, indicating that poly-substance use 

is a critical factor to consider when examining psychotic outcomes. Matheson et al. 

(2023) observed that young people who used substances were nearly twice as likely to 

experience PLEs compared to non-users, with alcohol, tobacco, and amphetamine use 

each significantly contributing to this increased risk. Additionally, Vaughn (2006) 
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demonstrated that poly-substance use, was related to higher levels of paranoid ideation 

and psychotic symptoms, indicating that the combined effects of multiple substances can 

exacerbate psychotic-like symptoms more than cannabis use alone. Together, this may 

suggest that other substance use be both a proxy for cannabis use and the predominant 

driver of its apparent relationship with adolescent PLEs. Indeed, the frequent and more 

intense use of other substances during adolescence shows a dose-dependent relationship 

with the severity of PLEs (Marconi et al., 2016; Degenhardt et al., 2018).  

Other dimensions of psychopathology are also involved in this relationship. 

Although externalizing difficulties did not differ by cannabis use status, exploratory 

analyses revealed a significant linear relationship with past-month THC exposure within 

past-month cannabis users. Unlike its relationship with APSS scores, where scores 

rapidly increased only among those most exposed to THC, SDQ externalizing scores 

were relatively high and increasing across the spectrum of exposure. This may suggest 

that externalizing difficulties, such as aggression and conduct problems, may be more 

indicative of underlying psychopathology that contributes to psychosis risk independently 

of cannabis use. Research has shown that externalizing behaviors are significant 

predictors of psychosis (Gin et al., 2021). Reflecting this, delinquent and aggressive 

behaviours in childhood are associated with psychosis in early adulthood (Welham et al., 

2009). Hastings (2019) and Cannon (2001) also demonstrated that these early behaviors 

increase psychosis risk, especially when combined with other risk factors such as social 

withdrawal.  

In addition to externalizing difficulties, internalizing difficulties such as anxiety 

and depression also play a significant role in psychosis risk (Gin et al., 2021). Indeed, this 

was evidenced in this present analysis with an association between internalizing SDQ 

scores and PLE status, although this was not chosen as a covariate due to the stronger 

effect of externalizing psychopathology and their close relationship together 

demonstrating global psychiatric vulnerability (Sunderland et al., 2021). Therefore, it 

may be that a general psychopathological burden may serve as the underlying risk factors 

for psychosis over the psychotic dimension of PLEs alone. 

Extending these findings further, it is likely that the interplay between different 

substances and their reciprocal effects on psychopathology could contribute to the 
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observed PLEs in adolescents. Childhood behavioral problems are linked with earlier 

onset and higher frequency of substance use, including cannabis, alcohol, and tobacco 

(Miettunen et al., 2013; Oshri et al., 2011; Storr et al., 2011; Coffey et al., 2022). For 

example, children exhibiting aggressive and delinquent behaviours are more likely to 

engage in substance use at an earlier age (Storr et al., 2011; Coffey et al., 2002). 

Internalizing difficulties have been shown to mediate the relationship between substance 

use and psychotic symptoms, suggesting that adolescents with higher levels of anxiety 

and depression are more vulnerable to the psychosis-inducing effects of substances 

(Henquet et al., 2005). In the other direction, early substance use can also predict 

subsequent psychopathology in adolescents (Friedman et al., 1987; Ernst et al., 2006; 

Gau et al., 2018). Therefore, there appears to be influences of both self-medication of 

psychopathology through the use substances (Khantzian, 1985; Khantzian, 1997) and an 

effect of substances on psychiatric vulnerability. 

These relationships can be further complicated by early childhood exposures like 

maltreatment and victimization (Fisher et al., 2013a), behavioural difficulties (Gin et al., 

2021), and substance use (Abajobir et al., 2017; Boyda et al., 2018; Mackie et al., 2011) 

which also increase the risk of PLEs. Furthermore, genetic components have also been 

linked with externalizing difficulties (Barr & Dick, 2019), internalizing difficulties 

(Ensink et al., 2019), substance use (Salmanzadeh et al., 2021), and psychosis risk 

(O’Donnovan et al., 2009). It is therefore possible that this collection of factors may 

specifically contribute to a general psychopathological burden, creating a trajectory 

towards both substance use and increased psychosis risk (Storr et al., 2011; Coffey et al., 

2002; Merrin et al., 2022; Guxen et al., 2007). That is, this broader risk profile, 

influenced by the combined effects of multiple substances and underlying behavioral 

tendencies, likely contributes to the increased risk of psychosis more than cannabis use 

alone.  

Cannabis Use Recency vs. THC Exposure. Exploratory analysis revealed a 

significant correlation with increasing past-month cannabis exposure and APSS scores 

within past-month cannabis users (for which this data was available). Considering that 

THC is the primary active component in cannabis and a mediator of pro-psychotic 

mechanism in vitro (Miller et al., 2019) and symptoms in vivo (Englund et al., 2016; 
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Martin-Santos et al., 2012), our quantification of a continuous THC exposure likely 

provided improved dimensionality over any past 6-month exposure in its ability to 

characterize the psychotogenic effects of adolescent cannabis use. Given the variability in 

product potency, methods, and patterns of cannabis use (Canada, 2024; Bonar et al., 

2017), it is not immediately clear whether, for example, a frequent light user is 

differentially exposed to or engaging in more pathogenic use habits than less frequent 

users of larger amounts. While some authors have differentially highlighted cannabis use 

frequency (Marconi et al., 2016; Hines et al., 2020; Hides et al., 2009), duration/onset of 

use (Jones et al., 2017; Konings et al., 2008; Stefanis et al., 2004), and potency (Di Forti 

et al., 2014; Di Forti et al., 2015; Di Forti et al., 2019) as the primary mediators of the 

dose-response relationship, others have provided evidence against their influences when 

correcting for other risk factors (Ryan et al., 2020). One study in particular saw the loss 

of an effect of average THC potency when adjusting for frequency of use (Hines et al., 

2020). In a similar effect, only high potency cannabis was associated with FEP in a large 

urban sample, with risk further increasing with the frequency of high-potency cannabis 

use (Di Forti et al., 2015). This suggests an interaction between cannabis use features that 

can modulate its role on psychosis risk, an interaction that was not captured in a 6-month 

recency measure of cannabis use. 

4.5.2. Adolescent PLEs & Neurometabolites 

This analysis provided evidence for a relationship between adolescent PLEs and 

reduced hippocampal myoinositol concentrations, with this relationship reaching 

statistical significance when accounting for other drug use and externalizing behavioural 

difficulties. No significant relationships were observed with the other metabolites (tCh 

and tNAA) or in the PFC.  

Our finding of reduced myoinositol in the hippocampus is quite unique among 

investigations on subclinical psychotic symptoms in this region. In a sample of 25 UHR 

subjects, Shakory (2018) saw no difference in myoinositol concentrations. Conversely, 

Bossong (2019) and colleagues conducted a longitudinal study of 86 UHR participants 

and found that elevated hippocampal myoinositol was a significant indicator of 

subsequent psychotic disorder compared to both non-progressors and healthy controls. 

Further, a meta-analysis on UHR samples saw no difference in the hippocampus, but 
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elevated myoinositol in the DLPFC that was not evident among just CHR subjects 

(Romeo et al., 2020), which may implicate a role of genetics in myoinositol sensitivity as 

well.  

Heterogeneity between these two samples and the distinctness of our study 

population could help explain these disparate findings. Heterogeneity exists in the 

inclusion of UHR subjects, as these studies employed differing criteria for severity, 

frequency, and duration of symptoms. Shakorky (2018) defined risk with the Structured 

Interview for Psychosis-Risk (SIPS) (Miller et al., 1999; Miller et al., 2002), while 

Bossong (2019) included participants based on UHR status from the Comprehensive 

Assessment of At-Risk Mental State (CAARMS) (Yung et al., 1998; Yung et al., 2005). 

Although assessing highly similar concepts via interview assessment (APS, BLIPS, and 

GRD), SIPS has a slightly less restrictive threshold for paranoid thinking (whereby 

“mild” severity can signify APS), and a lower requirement for symptom frequency (at 

least once per week) (Perkins et al., 2004; Fusar-Poli et al., 2016). However, the longer 

window for clinical deterioration permitted by CAARMS allowed it to identify slightly 

more UHR individuals than with SIPS in a side-by-side comparison (Fusar-Poli et al., 

2016). Compared to our population-based analysis, both of these UHR samples from 

case-control studies similarly represent populations further at-risk. As a result, our 

findings, though seemingly contradictory, may not be so, given the distinct risk profile of 

our subjects. 

The insignificant findings for tNAA and tCho in our sample of PLE-reporting 15–

16-year-olds are similar to those for the medial PFC (Da Silva 2018a; Wang 2020) and 

hippocampus (Shakory et al., 2018; Bossong et al., 2018; Wang et al., 2020) in higher 

risk populations. One meta-analysis suggested a potential decrease in hippocampal tNAA 

among UHR subjects; however, this finding became insignificant after restricting analysis 

to just CHR (Romeo et al., 2020). This may suggest that diverging neuropathological 

trajectories exist for psychotic disorder development based on prior risk status, a notion 

that has been extensively acknowledged (Lizano et al., 2019; de Wit et al., 2016; 

Sugranyes et al., 2020; Assaf et al., 2022; Liberg et al., 2016; Bartholomeusz et al., 

2017). However, it is currently unclear how genetic risk factors that are present in the 
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PLE-reporting adolescent population may be reflected by tNAA concentrations in the 

hippocampus. 

4.5.3. Adolescent Cannabis Use & Neurometabolites 

 This analysis did not identify any metabolites in the frontal lobe nor hippocampus 

that were affected by past-6-month cannabis use. This finding came in contrary to the 

hypothesis of reduced hippocampal myoinositol proposed for our sample, as had been 

previously observed among heavy adolescent-onset cannabis users (Blest-Hopely et al., 

2020b). This could be further indicative of the cumulative effects of sustained cannabis 

use, as this analysis was conducted on young adults (ages 18-34) who had been using 

cannabis more than three days per week over the previous two years, whereas our sample 

was population-based and included many mixed/infrequent users. This may also 

contribute to our discordance with the finding of reduced NAA/Cr ratio in the DLPFC of 

a late-adolescent sample of heavy cannabis users (Hermann et al., 2007). However, a real 

effect on creatine could also contribute to this difference as it was not assessed in our 

study. Although reduced prefrontal creatine has not previously been demonstrated in the 

subclinical population, they are reduced in FEP patients (Tibbo et al., 2013), raising this 

possibility. An analysis of THC exposure on neurometabolites could have further 

assessed the metabolic effect of cumulative (recent) adolescent cannabis use, however 

this was not suitable in this preliminary analysis due to the limited number of CU1+ MRS 

data. As the first MRS analysis in this young of a sample of general-population cannabis 

users, these results may simply be reflecting a lack of effect of cannabis use recency on 

hippocampal and prefrontal metabolism at this age and degree of cannabis exposure. This 

will be clarified, along with a more detailed assessment of specific features of cannabis 

use, when total recruitment has been satisfied and a more in-depth statistical analysis is 

permitted.  

In the PFC, our results also do not align with the report of reduced NAA and 

myoinositol in the ACC of heavy late-adolescent users (Prescot et al., 2011). However, in 

addition to being an older sample with a greater cannabis-use burden, it cannot be ruled 

out that their inclusion of a predominantly grey matter region in the frontal lobe may 

have contributed to this difference in findings. Evidence is mixed regarding a differential 

effect of cannabis use in white and grey matter and is likely further dependent on the 
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region (Mashhoon et al., 2013; Hirjak et al., 2021; Hermann et al., 2007; Chang et al., 

2006). For example, a sample of heavy cannabis users displayed lower mI/Cr ratios in 

global white matter (Silveri et al., 2011), and in a predominantly white matter section 

covering the left thalamus not seen in temporal or parieto-occipital cortices nor in 

controls (Mashhoon et al., 2013). However, the latter analysis included only white matter-

predominant voxels, and no group by region by tissue type interaction was assessed. 

Furthermore, while grey matter volume reductions are reported in a combined 

structural/functional MRI study of heavy cannabis users (Hirjak et al., 2021), this study 

did not search for white matter correlates. Together, this suggests there may be a regional 

difference to the effects of heavy adolescent cannabis use on white and grey matter, a 

potential influence that could not have been identified in this study. 

4.5.4. Implications for Neuroinflammation in Adolescent PLEs 

The heterogeneity reported in the literature on the significance of myoinositol 

changes in the extended psychosis phenotype is supportive of a progressive dysregulation 

of neuroinflammatory processes that contribute to risk for psychosis. That is, it is 

possible that the decrease in hippocampal myoinositol seen in this lower-risk sample and 

the increase in hippocampal myoinositol among UHR subjects noted in other research 

(Romeo et al., 2020) may be reflecting a progressive breakdown of its signalling as 

additional risk is conferred through chronic neuroinflammation. 

Myoinositol is widely available in the cell and mitochondrial membranes of 

astrocytes with notable roles in glucose metabolism and energy production (Brand et al., 

1994; Downes & Macphee, 1990; Abdali et al., 2015). A reduction in hippocampal 

myoinositol could therefore be suggestive of early astrocytic cell loss or impaired energy 

metabolism that reduces astrocyte activity. This suggests that the risk for psychosis 

identified by PLEs in adolescents may be the result of an altered neuroinflammatory state 

where glial cells are in an early phase of dysfunction, leading to a lower level of astrocyte 

activity or reactivity. This hypothesis aligns with the findings that initial glial cell 

dysfunction, particularly in the hippocampus, is a precursor to more pronounced 

inflammatory responses as the risk for psychosis increases (Misiak et al., 2021; Zhang et 

al., 2022; Lieberman et al., 2018). Our findings also suggest tNAA and tCh may not be 

affected, implying that neuronal integrity is likely maintained. The stability of these 
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metabolites also supports the initial hypothesis of weak neuroinflammatory aberrations in 

PLE-reporting adolescents, where this alteration in the neuroinflammatory balance is 

primarily affecting the availability or reactivity of glial cells rather than a robust 

neuroinflammatory response on neurons and synapses.  

Within the elevated risk profile of UHR subjects, the evidence for increased 

hippocampal myoinositol suggests a heightened state of astrocyte activation and 

inflammation. At this stage, elevated myoinositol could indicate the initiation of 

neuroinflammatory signalling resulting in glial cell proliferation (Shakory et al., 2018). 

This is supported by elevated serum concentrations of IL-6 in UHR subjects (Misiak et 

al., 2021), and a lower IL-1B/IL-6 ratio predictive of progression to psychosis (Zhang et 

al., 2022). Changes in global mitochondrial function have also been identified in UHR 

subjects, where increased global glial cell activity correlates with decreased 

mitochondrial activity (Da Silva et al., 2018b), further marking a role of a dysregulated 

neuroinflammatory response in subclinical psychosis pathology. Together, this suggests 

that the difference in neuropathological environments between adolescents with PLEs 

and those at UHR status could be the initiation or escalation of neuroinflammatory 

signalling in the context of an impaired neuroinflammatory response. However, it is not 

known whether adolescents with PLEs also display changes in inflammatory signalling. 

That is, reduced myoinositol could also be explained by lower levels of inflammatory 

signalling that are the reason for the reduced astrocyte activity, rather than an impairment 

of astrocyte function in an unaltered cytokine profile. However, the finding of high-risk 

genetic variants in enzymes that are concentrated in astrocytes responsible for glutamate 

metabolism (Xin et al., 2016) and elevated hippocampal Glx concentrations in the 

hippocampus of UHR subjects suggest that astrocytic dysfunction may already be 

apparent in this population (Romeo et al., 2020). 

Furthermore, our results add to existing evidence implicating the hippocampus 

among earliest affected brain structure in the development of psychosis risk (Lieberman 

et al., 2018), where altered PFC metabolism may only start to become apparent in a 

greater state of risk, as in the UHR population. The subsequent inclusion of the PFC and 

the identification of global mitochondrial deficiency in UHR subjects could implicate a 

direction of psychopathological development, whereby a heightened neuroinflammatory 
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state beginning in the hippocampus propagates to distal connections (Da Silva et al., 

2018b; Lieberman et al., 2018). This progression of chronic neuroinflammation is further 

supported in the clinical population, as the reduced prefrontal myoinositol concentrations 

in this population may arise from glial cell desensitization following chronic exposure to 

pro-inflammatory cytokines. In fact, glial desensitization is a specific effect of long-term 

IL-6 exposure (Recasens et al., 2021). Despite reduced glial activity, elevated serum IL-6 

levels correlate with longer illness duration and treatment resistance, suggesting 

persistent inflammation impacts brain function even as glial responses diminish (Ganguli 

et al., 1994; Lin et al., 1998; Da Silva et al., 2018b; Plaven-Sigray et al., 2018; Cotter et 

al., 2001; Dietz et al., 2020). The inverse relationship between glial activity and negative 

symptoms in FEP further supports this mechanism of chronic inflammation and glial 

desensitization (Dunleavy et al., 2022). 

Influence of Cannabis Use. If PLE status reflects a state of impaired 

neuroinflammatory processes or capacity as is suggested by our results, there does not 

appear to be a contributing role of cannabis at this level of risk. In context with the 

available clinical evidence, it is more likely that chronic adolescent cannabis use 

influences the pathophysiology of psychosis only after neuroinflammatory processes 

have become truly dysregulated. CB1 receptors on glial cells function to modulate 

neuroinflammatory and apoptotic responses (Howlett et al., 2002; Leonard & Ariciglu, 

2023). Our finding of no relationship between recent adolescent cannabis use and 

neurometabolites suggests that this low threshold of exposure does not significantly 

affect inflammatory processes. However, prolonged activation of these receptors by THC 

could lead to a reduced sensitivity of glial cells to endogenous signals, impairing their 

neuroprotective functions, a mechanism previously demonstrated in an animal model 

(Burston et al., 2010). If true that adolescent PLEs reflect just an impairment of 

neuroinflammatory capacity and not a state of ongoing inflammation, the insignificance 

of recent cannabis use on PLEs may also suggest its insignificance on inducing 

inflammation. Alternatively, in the context of neuroinflammation already in-progress, 

chronic cannabis use could exacerbate this pathology through further desensitization of 

glial cells. Even among adolescents with PLEs, it is possible that a THC-mediated 

desensitization of glial cells primes an environment with an even further diminished 
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capacity to respond to pro-inflammatory signals. Therefore, while not influencing the 

presentation of PLEs, this mechanism would contribute to a neural environment of 

greater psychosis risk, a theory well suited to explain the acceleration of psychosis onset 

among adolescent users. 

4.5.5. Strengths and Limitations 

Study Design. This study's design benefits from a population-representative 

adolescent sample, enhancing the relevance of findings for public health, particularly in 

reporting population prevalences (e.g., PLE and CU6 statuses) and assessing clinical risk 

in subclinical populations with infrequent healthcare encounters. However, the 

underpowered sample may have hindered the ability to identify meaningful relationships. 

Without a case-control design, increased variability around the variable of interest limits 

statistical precision, leading to greater error estimates and wider confidence intervals. 

This limitation may have influenced the finding of no relationship between cannabis-use 

recency and PLEs, despite a notable difference in PLE prevalence by cannabis use status. 

Recruitment strategies included postering, community outreach, social media, and 

contact lists from ongoing studies, supplemented by snowball recruitment. Snowball 

sampling, while prone to sampling bias (Parker et al., 2019), was acceptable given recent 

successes in recruiting diverse samples post-pandemic (Leighton et al., 2021; Rubbi et 

al., 2023). The urban setting, necessary for participant presence, may have biased the 

sample toward urban-dwelling adolescents, who are linked with higher rates of psychotic 

experiences (Saxena et al., 2022; Bouter et al., 2023; Beyer et al., 2024) and cannabis use 

outcomes (Schell et al., 2022; Kuepper et al., 2011; Hasin et al., 2018), complicating the 

isolation of cannabis use effects. 

High ethnic diversity strengthens findings by reflecting various demographic 

statuses but complicates external validity due to increased PLE reporting among ethnic 

minorities. This relationship, although not included as a covariate to maintain model 

simplicity, still presents a possible influence on assessed relationships (Leaune et al., 

2019). Furthermore, a cross-sectional design, while limiting causal inference, aided 

participant retention and generalizability. This is crucial in adolescent PLE research with 

high loss-to-follow-up rates (Welham et al., 2009; Dominguez et al., 2011; Zammit et al., 

2013). 
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Study Assessments. Internal validity was maintained through validated 

questionnaires and assessments, with interviews led by graduate students likely 

improving honest self-reporting of cannabis use and minimizing authority bias. However, 

reliance on self-report measures, like the APSS and TLFB, introduces biases such as 

social desirability and recall bias, affecting data accuracy (Camerini et al., 2018; Grimm 

et al., 2010; Latkin et al., 2017). Misreporting of cannabis use, whether underreported 

due to illegality or overreported to align with perceived study goals, therefore poses a 

limitation. Future research should incorporate objective measures of cannabis use, such 

as saliva or urine samples, and interview-assessed PLEs for more accurate insights. 

The APSS is a self-report assessment of PLEs that, as evidenced in Chapter 2, is 

not as strong at identifying psychosis risk states than interview-based assessments. The 

choice for the APSS came prior to the Chapter 2 analysis, and its high average positive 

and negative predictive values for each item compared to interview (72.6% and 78.2%, 

respectively) suggests the APSS is a reasonably reliable self-report questionnaire 

(Kelleher et al., 2011). Furthermore, the APSS’s classification of PLE+ may have 

influenced findings, as it does not distinguish between symptom severity. Differences in 

presentation regarding cannabis use and neurometabolic markers might be clearer with 

more stringent criteria, like UHR/CHR status. PLE assessment heterogeneity also impacts 

external validity, suggesting a need for more commonly used measures like the PLIKSi. 

Considering the importance of participant perception of commitment (de Jong et al., 

2022), the goal was to make the interview less demanding, using easily administered 

surveys suitable for large samples and short clinical visits. 

The TLFB’s limited data on THC exposure, restricted to past 30-days, limited 

exploratory analyses with THC exposure. The small sample and elimination of spectra 

during quality control further constrained statistical modeling. Future research should 

explore THCe’s relationship with PLEs and neurometabolic markers. 

1H MRS. There are a number of strengths to the application of 1H MRS in this 

study. The use of FSL-MRS software provides distinct advantages over the more widely 

used LCModel. Instead of necessitating a metabolite basis set that had to have been 

previously acquired under the same conditions (including scanner manufacturer, echo 

time, field strength, and set metabolites), FSL-MRS uses its advanced software to 
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simulate a basis set with the desired conditions. This is especially advantageous as it 

allows researchers to adapt a basis set to a field-specific research standard, important for 

the cross-comparison of results between studies since basis set composition can critically 

affect the concentrations and relationships observed in MRS imaging (Demler et al., 

2023). Further to this effect, this analysis reported the MRS methods and results in 

accordance with recently established recommendations (Near et al., 2021; Lin et al., 

2021; Wilson et al., 2019), contributing to the potential reproducibility and validation of 

these presented findings. 

The voxels that were included in this analysis also provided some useful insight. 

In addition to assessing implicated brain regions in different functional regions 

(hippocampus and frontal lobe), these voxels contained a differing predominance of 

tissue type (grey matter and white matter, respectively). This allowed for insight into 

multiple emerging ideas regarding the regional- and tissue-specific bias for adolescent 

PLE neurobiology and the effect of cannabis use. However, because both tissue types 

were not assessed in each region, nor was there a correction for tissue type, no 

conclusions could be definitively drawn from this data, simply hypotheses and directions 

for future research. Furthermore, full inclusion of a previously implicated PFC region, 

like the ACC or the DLPFC, would have provided more supplemental insight to the 

insignificant findings in this prefrontal WM-predominant region, particularly regarding 

hypotheses on the propagation of psychosis risk and the influence of cannabis. 

A drawback to the use of 1H MRS in its current state is the inability to distinguish 

the cell-specific metabolite concentrations within a voxel (Crocker et al., 2017). While 

measuring overall metabolite concentrations within a voxel, it cannot distinguish between 

contributions from different cell types, such as neurons and glial cells, nor can it 

distinguish contributions from the extracellular matrix. This limitation hinders the ability 

to make precise conclusions about the cellular mechanisms underlying the observed 

metabolic changes. 

Voxel placement and inclusion present further considerations. The small head 

sizes of adolescent participants posed a challenge, leading to variable voxel placement. 

Smaller head sizes can result in difficulties in consistently placing voxels in the same 

anatomical locations across participants, introducing variability in the data. This 
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variability may affect the reliability of the findings, as slight differences in voxel 

placement can lead to differences in the measured metabolite concentrations. 

Furthermore, due to the voxel placement order of 1) R PFC, 2) L PFC, 3) R HIP, 4) L 

HIP, the number of available voxels prior to quality control decreases in this order. This is 

due to the scan length – at nearly 60 minutes, not every participant was able to be 

scanned for the full-length protocol, resulting in less hippocampal scans than frontal 

scans. The significant number of L HIP spectra that were excluded during quality control 

likely also reflects participant restlessness at this point near the end of the protocol and, 

likely to some degree, researcher fatigue. This also further necessitates validation of our 

finding in the hippocampus. 

Using a 3T magnet offers both strengths and limitations to this study. The primary 

strength lies in the enhanced SNR and improved spectral resolution at 3T compared to 

lower strengths, which facilitate more accurate quantification of small metabolites 

(Wilson et al., 2019; Di Costanzo et al., 2007). This higher resolution helps better 

distinguish between closely spaced peaks and overlapping resonances. However, a 

limitation of a stronger magnet includes the potential for increased susceptibility artifacts 

and chemical shift dispersion (Wilson et al., 2019). This can complicate the interpretation 

of spectra, particularly in regions with complex tissue composition like the hippocampus. 

Additionally, while 3T provides a good balance between SNR and practicality, it does not 

achieve the same level of metabolite differentiation as higher field strengths (e.g., 7T), 

potentially limiting the detection of subtle metabolic changes. A comparison of 

metabolite quantification under 3T and 7T conditions found prefrontal tNAA and tCh 

concentrations to be significantly higher with 7T and CRLB% for both significantly 

lower (Terpstra et al., 2016). The same was also found for tNAA in the cerebellum 

(Terpstra et al., 2016). While this could be suggested as a reason for the lack of 

relationship between PLEs and tNAA in the hippocampus as is seen across the psychosis 

spectrum, the vast majority of these studies were conducted under 3T conditions. 

Whether hippocampal tNAA concentrations may be marginally impacted in adolescents 

with PLEs is arguably less important to understanding the pathophysiology of psychosis 

than the increase in effect size of tNAA alterations with more severe psychotic states, 
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which should be identified under similar imaging conditions. Overall, the use of 3T is 

well suited for this research. 

The choice of SPECIAL-PRESS is another strong suit and follows recent 

recommendations to improve MRS research homogeneity (Wilson et al., 2019). PRESS is 

recommended over STEAM (stimulated echo acquisition mode), another widely used RF 

sequence, because while STEAM uses three 90-degree excitation pulses, PRESS uses one 

excitation pulse and two 180-degree refocusing pulses. The planar refocusing pulses in 

PRESS produces a perpendicular spin echo in addition to the stimulated echo, whereas 

STEAM only utilizes one plane of the magnetic field for signal detection. Under the same 

TE, field strength, and number of acquisitions, PRESS can therefore provide two times 

the signal compared to STEAM (Wilson et al., 2019). However, the downside to PRESS 

is that the refocusing pulses are of lower bandwidth and therefore cause greater chemical 

shift displacement in less homogenous magnetic fields. In turn, this adds more 

uncertainty to metabolite quantification with the same TE as STEAM. This effect was 

mitigated with the use of the adiabatic pulses provided by the SPECIAL modification, as 

these pulses have a substantially greater bandwidth than the traditional PRESS pulses 

(Adiabatic Pulse – An overview, 2004; Wilson et al., 2019). Field inhomogeneity still 

nonetheless posed a challenge in our acquisition of hippocampal voxels, contributed to by 

its proximity to air/tissue interfaces (e.g., ear canal and sinuses), its deeper location, and 

participant restlessness. 

CHESS is the most common method of water suppression used in 1H MRS 

psychosis research. This method uses frequency-selective RF pulses to selectively excite 

water protons followed by a gradient pulse to dephase the water signal (Buonocore & 

Maddock, 2015). Other methods used include VAPOR (variable power RF pulses with 

optimized relaxion delays) and MEGA (Mescher-Garwood). Both methods provide 

advantages over CHESS in preventing water sideband distortions, but their applications 

are more complicated, and in the case of MEGA, requires precise frequency calibration 

with the metabolite(s) to be enhanced. In this study, the quantified metabolites included 

myoinositol (~3.6 ppm), tCh (~3.2 ppm) and tNAA (~2.0 ppm). As the smallest and 

closest to the water peak, it is possible that myoinositol could have been affected by 

water sideband distortions. Mitigating this effect, this study doubled the recommended 
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acquisitions for analyzing a 20x20x20mm voxel at 3T, thereby improving the reliability 

signal detection across all metabolites (Wilson et al., 2019).  

Finally, the inability to incorporate both hemispheres due to sample size 

constraints was another limitation. Bilateral measurements would have provided a more 

complete picture of the neurometabolic effects, as asymmetries in metabolite 

concentrations between the hemispheres could be relevant for understanding the 

underlying neurobiology of PLEs and cannabis use. This study’s finding of significantly 

more variance in the right hippocampus could have revealed a lateralization of psychosis 

risk and/or the effects of cannabis use, which could have been commented on in context 

of a leftward bias in the psychosis spectrum. Increasing the sample size in future studies 

would allow for the inclusion of both hemispheres in a multi-level random effects model, 

providing more comprehensive data. 

4.6. Conclusion 

To conclude, past 6-month cannabis use did not demonstrate an effect on PLEs in 

this cross-sectional analysis of a population-representative adolescent sample. 

Alternatively, a restricted exploratory analysis among past-month cannabis users 

suggested positive relationship between THC exposure and self-report PLEs. Assessing 

neurometabolic alterations, adolescents reporting PLEs showed a decreasing trend for left 

hippocampal myoinositol, and no trends were found among past 6-month cannabis users. 

These findings suggest that adolescents experiencing PLEs may exhibit impaired 

neuroinflammatory capacity in the hippocampus. While also suggesting adolescent 

cannabis use may not be associated with PLEs, it may be that THC exposure better 

encompasses the psychotogenic properties of adolescent cannabis use and requires further 

investigation. Future research should attempt to quantify THC exposure in context with 

other patterns of cannabis use in humans to isolate specific use habits that may prime a 

neurobiological environment for increased psychosis risk. This could allow for a more 

widespread application of informed harm reduction strategies in the 

subclinical/nonclinical adolescent population. 
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4.7. Tables 

Table 4.1. Sample description of demographic, psychological, and substance use characteristics. 
Sample Characteristic Total 

(n=73) 
PLE+ 
(n=11) 

PLE- 
(n=62) 

Test statistics CU6+ 
(n=24) 

CU6- 
(n=49) 

Test statistics 

Demographics        

   Age, mean (SD) 15.8 (0.6) 16.0 (0.8) 15.7 (0.6) t = 1.26, p = .212 15.9 (0.7) 15.7 (0.6) t = 1.30, p = .199 

   Sex    t = -0.39, p = .689   t = -0.94, p = .348 

     Females, % (n) 65.8% (4)  72.7% (8) 64.5% (40)  75% (18) 61% (30)  

     Males, % (n) 31.5% (23)  27.3% (3) 32.3% (20)  25% (6) 34.7% (17)  

     Undisclosed, % (n) 2.7% (2) 0% (0) 3.2% (2)  0% (0) 4.1% (2)  

   Ethnicity    t = 2.15, p = .035    

     White, % (n) 60.3% (44) 36.4% (4) 64.5% (40)  66.7% (16) 57.1% (28)  

     Other, % (n) 24.7% (18) 27.3% (3) 24.2% (15)  12.5% (3) 30.6% (15)  

     Mixed, % (n) 15.1% (11) 36.4% (4) 11.3% (7)  20.8% (5) 12.1% (6)  

   Parental migrant status       t = 0.42, p = .676 

     All born in Canada 56.2% (41) 45.5% (5) 58.1% (36)  58.3% (14) 55.1% (27)  

     Mixed 19.2% (14) 27.3% (3) 17.7% (11)  20.8% (5) 18.4% (9)  

     All migrated to Canada 24.7% (18) 27.3% (3) 24.2% (15)  20.8% (5) 26.5% (13)  

   FAS, mean (SD) 7.2 (1.8) 6.4 (0.8) 7.3 (1.9) t = -1.69, p = .095 7.0 (2.2) 7.3 (1.6) t = -0.50, p = .618 

   ASWS, mean (SD) 3.6 (0.8) 3.1 (0.8) 3.7 (0.8) t = -1.94, p = .056 3.7 (0.9) 3.5 (0.8)  

 

Psychological 

       

   APSS, mean (SD)  0.83 (1.08) 2.95 (1.11) 0.45 (0.46)  0.85 (1.27) 0.82 (0.98) b = -0.300 ± 0.47, p = 

.528 
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Sample Characteristic Total 
(n=73) 

PLE+ 
(n=11) 

PLE- 
(n=62) 

Test statistics CU6+ 
(n=24) 

CU6- 
(n=49) 

Test statistics 

   SDQ Externalizing, mean (SD) 6.59 (3.37) 9.45 (2.50) 6.08 (3.26) t = 3.26, p = .002 6.88 (3.43) 6.45 (3.36)  

   SDQ Internalizing, mean (SD) 6.21 (3.47) 8.36 (3.78) 5.82 (3.30) t = 2.31, p = .024 6.67 (4.44) 5.98 (2.90)  

     SDQ Emotions, mean (SD) 3.88 (2.31) 5.00 (2.86) 3.68 (2.16) t = 1.78, p = .08 3.92 (2.62) 3.86 (2.17)  

 

Substance Use 

       

   Cannabis        

     Lifetime, % (n) 38.6% (28) 45.5% (5) 37.1% (23)      -    -  

     CU6+/Past 6-months, % (n) 32.9% (24) 45.5% (5) 30.6% (19) β = 0.07 ± 0.91, p = 

.940 

    -    -  

     CU1+/Past 1-month, % (n) 21.9% (16) 36.4% (4) 19.4% (12)      -    -  

     Discontinued, % (n) 5.5% (4) 0% (0) 6.5% (4)      -    -  

   Alcohol, % (n) 63.0% (46) 63.6% (7) 62.9% (39) t = 0.05, p = .964 91.7% (22) 49% (24) t = 3.85, p < .001 

   Tobacco/nicotine, % (n) 23.3% (17) 36.4% (4) 21.0% (13) t = 0.96, p = .348 54.2% (13) 8.2% (4) t = 5.01, p < .001 

   Other, % (n) 12.3% (9) 36.4% (4) 8.1% (5) t = 2.73, p = .008 33.3% (8) 2% (1) t = 4.12, p < .001 

Note. APSS, Adolescent Psychotic-like Symptom Screener; ASWS, Adolescent Sleep-Wake Scale; FAS, Family Affluence Scale (III); SDQ, Strengths & 

Difficulties Questionnaire. 
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Table 4.2. Description of demographic, psychological, and substance use 
characteristics by combined PLE and 6-month cannabis use status. 
Sample Characteristic PLE+/CU6+ 

(n=5) 
PLE+/CU6- 
(n=6) 

PLE-/CU6+ 
(n=19) 

PLE-/CU6- 
(n=43) 

Demographics     

   Age, mean (SD) 16.0 (0.7) 16.0 (0.9) 15.9 (0.7) 15.7 (0.5) 

   Sex     

     Females, % (n) 100% (5) 50.0% (3) 68.4% (13) 62.8% (27) 

     Males, % (n) 0% (0) 50.0% (3) 31.6% (6) 32.6% (14) 

     Undisclosed, % (n) 0% (0) 0% (0) 0% (0) 4.7% (2) 

   Ethnicity     

     White, % (n) 60% (3) 16.7% (1) 68.4% (13) 57.1% (27) 

     Other, % (n) 0% (0) 50% (3) 15.8% (3) 30.6% (12) 

     Mixed, % (n) 40% (2) 33.3% (2) 15.8% (3) 12.1% (4) 

   Parental migrant status     

     All born in Canada 50% (3) 33.3% (2) 57.9% (11) 558.1% (25) 

     Mixed 20% (1) 33.3% (2) 21.1% (4) 16.3% (7) 

     All migrated to Canada 20% (1) 33.3% (2) 21.1% (4) 25.6% (11) 

   FAS, mean (SD) 6.2 (0.4) 6.5 (1.0) 7.3 (2.4) 7.4 (1.6) 

   ASWS, mean (SD) 3.5 (0.8) 2.8 (0.7) 3.7 (0.8) 3.6 (0.8) 

 

Psychological 

    

   APSS, mean (SD) 2.80 (1.52) 3.08 (0.74) 0.34 (0.47) 0.50 (0.45) 

   SDQ Externalizing, mean (SD) 9.00 (2.55) 9,83 (2.64) 6.32 (3.46) 5.98 (3.19) 

   SDQ Internalizing, mean (SD) 8.40 (4.67) 8.33 (3.33) 6.21 (4.39) 5.65 (2.72) 

     SDQ Emotions, mean (SD) 5.20 (2.86) 4.83 (3.13) 3.58 (2.52) 3.72 (2.02) 

 

Substance Use 

    

   Cannabis     

     Lifetime, % (n) 100% (5) 0% (0) 100% (19) 9.3% (4) 

     CU6+/Past 6-months, % (n)    -    -    -    - 

     CU1+/Past 1-month, % (n) 80% (4)    - 63.2% (12)    - 

     Discontinued, % (n) 0% (0) 0% (0) 0% (0) 9.3% (4) 

   Alcohol, % (n) 100% (5) 33.3% (2) 91.7% (17) 51.2% (22) 

   Tobacco/nicotine, % (n) 40% (2) 66.7% (4) 0% (0) 2.3% (1) 

   Other, % (n) 80% (4) 0% (0) 33.3% (4) 2.3% (1) 

Note. APSS, Adolescent Psychotic-like Symptom Screener; ASWS, Adolescent Sleep-Wake Scale; FAS, 

Family Affluence Scale (III); SDQ, Strengths & Difficulties Questionnaire. 
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Table 4.3. Features of cannabis use from past 1-month users (CU1+). 
Feature of Cannabis Use Total (n=16) PLE+ (n=4) PLE- (n=12) Test statistics 

THCe, g (range) 10.778 

(0.005, 72.618) 

30.409 

(8.600, 72.618) 

4.234  

(0.005, 31.161) 
b = 0.080 ± 

0.058, p = .173 

   Joint equivalents (range) 71.9  

(< 0.1, 484.1) 

202.7 

(57.3, 484.1) 

28.2 

(< 0.1, 207.7) 

 

Days of consumption 15.2 (1, 30) 30 (30, 30) 10.3 (1, 30)  

Uses flower, % (n) 75% (12) 100% (4) 66.7% (8)  

Uses vaporizer, % (n) 37.5% (6) 0% (0) 50% (6)  

Uses other, % (n) 18.8% (3) 0% (0) 25% (3)  

Note. THCe, THC exposure (past 30-days). Joint equivalents: assumed 1g cannabis at 15% THC. 
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Table 4.4. 1H MRS spectra description by self-reported psychotic-like experiences. 
 PFC  HIP 

Spectra characteristic Total 

(n=67) 

PLE+ 

(n=11) 

PLE- 

(n=56) 

Test statistics  Total 

(n=50) 

PLE+ 

(n=8) 

PLE- 

(n=42) 

Test statistics 

Sex    t = -0.5, p = .620     t = -0.66, p = .510 

   Females, % (n) 64.2% (43) 72.7% (8) 62.5% (35)   62% (31) 75% (6) 59.5% (25)  

   Males, % (n) 32.8% (22) 27.3% (3) 33.9% (19)   34% (17) 25% (2) 35.7% (15)  

   Undisclosed, % (n) 3% (2) 0% (0) 3.6% (3)   4% (2) 0% (0) 4.8% (2)  

Handedness    t = -1.76, p = .084     t = -1.44, p = .156 

   Right, % (n) 62.7% (42) 45.5% (5) 66.1% (37)   64% (32) 50% (4) 66.7% (28)  

   Mixed, % (n) 35.8% (24) 45.5% (5) 33.9% (19)   34% (17) 37.5% (3) 33.3% (14)  

   Left, % (n) 1.5% (1) 9.1% (1) 0% (0)   2% (1) 12.5% (1) 0% (0)  

SNR, mean (SD) 44.63 

(16.70) 

41.50 

(13.36) 

45.24  

(17.3) 

t = -0.68, p = .501  19.95 

(4.45) 

21.38 

(5.01) 

19.68 

(4.35) 

t = 0.99, p = .328 

FWHM, mean Hz (SD) 7.88  

(2.37) 

8.08 (0.86) 7.84  

(2.57) 

t = 0.30, p = .766  14.74 

(2.30) 

13.96 

(2.63) 

14.88 

(2.23) 

t = -1.04,  

p = 0.302 

CSF, mean (SD) 0.019 

(0.018) 

0.019 

(0.019) 

0.019 

(0.018) 

t = -0.05, p = .964  0.041 

(0.017) 

0.044 

(0.014) 

0.041 

(0.018) 

t = 0.39, p = .701 

GM, mean (SD) 0.349 

(0.075) 

0.345 

(0.080) 

0.350 

(0.075) 

t = -0.19, p = .852  0.594 

(0.060) 

0.604 

(0.059) 

0.593 

(0.061) 

t = 0.50, p = .618 

WM, mean (SD) 0.631 

(0.086) 

0.633 

(0.102) 

0.631 

(0.084) 

t = 0.07, p = .945  0.364 

(0.066) 

0.352 

(0.056) 

0.366 

(0.068) 

t = -0.56, p = .578 

Note. CSF, cerebrospinal fluid; FWHM, full-width at half-max; GM, grey matter; SNR, signal-to-noise ratio; WM, white matter. 
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Table 4.5. 1H MRS spectra description by past 6-months cannabis use status. 
 PFC  HIP 

Spectra characteristic Total 

(n=67) 

CU6+ 

(n=24) 

CU6- 

(n=43) 

Test statistics  Total 

(n=50) 

CU6+ 

(n=21) 

CU6- 

(n=29) 

Test statistics 

Sex    t = -1.15, p = .256     t = -0.86, p = .393 

   Females, % (n) 64.2% (43) 75% (18) 58.1% (25)   62% (31) 71.4% (15) 55.2% (16)  

   Males, % (n) 32.8% (22) 25% (6) 37.2% (16)   34% (17) 28.6 (6) 37.9% (11)  

   Undisclosed, % (n) 3% (2) 0% (0) 4.7% (2)   4% (2) 0% (0) 6.9% (2)  

Handedness    t = -0.82, p = .414     t = -1.66, p = .103 

   Right, % (n) 62.7% (42) 54.2% (13) 67.4% (29)   64% (32) 47.6% (10) 75.9% (22)  

   Mixed, % (n) 35.8% (24) 45.8% (11) 30.2% (13)   34% (17) 52.4% (11) 20.7% (6)  

   Left, % (n) 1.5% (1) 0% (0) 2.3% (1)   2% (1) 0% (0) 3.4% (1)  

SNR, mean (SD) 44.63 

(16.70) 

43.49 

(14.35) 

45.26 

(18.01) 

t = -0.41, p = .681  19.95 

(4.45) 

19.59 

(4.45) 

20.21 

(4.51) 

t = -0.48, p = .631 

FWHM, mean Hz (SD) 7.88  

(2.37) 

7.53 (1.39) 8.07 (2.77) t = -0.89, p = .377  14.74 

(2.30) 

15.17 

(2.19) 

14.42 

(2.36) 

t = 1.15, p = 0.257 

CSF, mean (SD) 0.019 

(0.018) 

0.017 

(0.014) 

0.020 

(0.020) 

t = -0.62, p = .539  0.041 

(0.017) 

0.044 

(0.020) 

0.040 

(0.015) 

t = 0.89, p = .378 

GM, mean (SD) 0.349 

(0.075) 

0.341 

(0.055) 

0.354 

(0.085) 

t = -0.69, p = .491  0.594 

(0.060) 

0.603 

(0.051) 

0.588 

(0.066) 

t = 0.88, p = .385 

WM, mean (SD) 0.631 

(0.086) 

0.642 

(0.061) 

0.625 

(0.098) 

t = 0.77, p = .444  0.364 

(0.066) 

0.353 

(0.058) 

0.372 

(0.071) 

t = -1.04, p = .304 

Note. CSF, cerebrospinal fluid; FWHM, full-width at half-max; GM, grey matter; SNR, signal-to-noise ratio; WM, white matter 
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Table 4.6. 1H MRS metabolites description by self-reported psychotic-like experiences. 
 PFC  HIP 

Metabolite Total 

(n=67) 

PLE+ 

(n=11) 

PLE- 

(n=56) 

Test statistics  Total 

(n=50) 

PLE+ 

(n=8) 

PLE- 

(n=42) 

Test statistics 

tNAA, mm/Kg mean 

(SD) 

26.76 

(2.45) 

26.67 

(2.45) 

26.78 

(2.47) 
b = 0.02 ± 0.89, p = .986  26.14 

(3.33) 

27.13 

(2.89) 

25.95 

(3.41) 
b = 1.57 ± 1.41, p = .269 

mI, mm/Kg mean 

(SD) 

16.72 

(3.11) 

16.59 

(1.29) 

16.74 

(3.36) 
b = -0.47 ± 1.13, p = .678  25.20 

(4.00) 

22.88 

(2.15) 

25.64 

(4.13) 

b = -3.33 ± 1.63, p = .047 

tCh, mm/Kg mean 

(SD) 

4.55 

(0.60) 

4.49 

(0.45) 

4.56 

(0.63) 
b = -0.08 ± 0.22, p = .736  6.12 

(0.86) 

6.56 

(0.76) 

6.87 

(0.88) 
b = -0.41 ± 0.36, p = .261 

Note. mI, myoinositol; tCh, total choline; tNAA, total n-acetyl aspartate. 

 

Table 4.7. 1H MRS metabolites description by past 6-months cannabis use status. 
 PFC  HIP 

Metabolite Total 

(n=67) 

CU6+ 

(n=11) 

CU6- 

(n=56) 

Test statistics  Total 

(n=50) 

CU6+ 

(n=8) 

CU6- 

(n=42) 

Test statistics 

tNAA, mm/Kg mean 

(SD) 

26.76 

(2.45) 

26.24 

(1.87) 

27.05 

(2.70) 
b = -0.03 ± 0.03, p = .351  26.14 

(3.33) 

26.72 

(3.11) 

25.72 

(3.47) 
b = 0.07 ± 0.04, p = .149 

mI, mm/Kg mean 

(SD) 

16.72 

(3.11) 

16.36 

(2.23) 

16.92 

(3.52) 
b = -0.05 ± 0.05, p = .380  25.20 

(4.00) 

25.66 

(3.24) 

24.86 

(4.49) 
b = 0.04 ± 0.06, p = .483 

tCh, mm/Kg mean 

(SD) 

4.55 

(0.60) 

4.51 

(0.40) 

4.60 

(0.69) 
b = -0.04 ± 0.04, p = .351  6.12 

(0.86) 

6.97 

(0.72) 

6.71 

(0.95) 
b = 0.04 ± 0.04, p = .345 

Note. mI, myoinositol; tCh, total choline; tNAA, total n-acetyl aspartate. 
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4.8. Figures 

Figure 4.1. Voxel placement in a) left prefrontal cortex and b) hippocampus for proton 
magnetic resonance spectroscopy. 
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Figure 4.2. Self-reported PLE score from the Adolescent Psychotic-Like Symptom 
Screener by past 6-month cannabis use status. 

 

Note. Mean APSS scores (SD): CU6+: 0.85 (1.27); CU6-: 0.82 (0.98). APSS, Adolescent 
Psychotic-Like Symptom Screener; CU6, past 6-month cannabis use status; SD, standard 
deviation. 
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Figure 4.3. Self-reported PLE score from the Adolescent Psychotic-Like Symptom 
Screener by past-month THC exposure among past-month users. 

 

Note. Significant relationship with APSS score (b = 0.147 ± 0.055, p = .008) but not with 
PLE status (b = -0.300 ± 0.470, p = .528), corrected for externalizing difficulties and 
other substance use. APSS, Adolescent Psychotic-Like Symptom Screener; PLE, 
psychotic-like experience; THCe, delta-9-tetrahydrocannabinol exposure (g). 
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Figure 4.4. Externalizing difficulties score from the Strengths and Difficulties 
Questionnaire by past-month exposure to delta-9-tetrahydrocannabinol among past-
month cannabis users. 

 

Note. b = 0.092 ± 0.040, p = .022. Corrected for PLE status and other substance use. 
SDQ, Strengths and Difficulties Questionnaire; THCe, delta-9-tetrahydrocannabinol 
exposure (g). 
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Figure 4.5. Concentration of MRS-identified neurometabolites in left prefrontal cortex 
and hippocampus by self-reported psychotic-like experiences. 

 

Note. Significant relationship with HIP mI (b = -3.479 ± 1.729, p = .050), corrected for 
handedness, externalizing difficulties, and other substance use. HIP, hippocampus; mI, 
myoinositol; MRS, magnetic resonance spectroscopy; PF, prefrontal; PLE, psychotic-like 
experiences; tCh, total choline; tNAA, total N-acetyl aspartate.  
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Figure 4.6. Concentration of MRS-identified neurometabolites in left prefrontal cortex 
and hippocampus by past 6-month cannabis use status. 

 

Note. No significant relationships identified. CU6, past 6-month cannabis use; HIP, 
hippocampus; mI, myoinositol; MRS, magnetic resonance spectroscopy; PF, prefrontal; 
tCh, total choline; tNAA, total N-acetyl aspartate.  
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Chapter 5: Discussion 

5.1. Overview of Findings 

This thesis project sought to examine the nature of PLEs in children and 

adolescence from a clinical and neurobiological perspective, with the goal of better 

characterizing low-level psychosis risk in the extended psychosis spectrum and to assess 

the evidence for early neuroinflammatory mechanisms of disease progression. As 

discussed in Chapter 2, PLEs are relatively common in adolescence and the vast majority 

of those who experience them will not develop a psychotic disorder. They are, however, 

still at an increased risk compared to adolescents not experiencing PLEs, with 

interviewer-verified experiences conferring significantly more risk than self-reported 

PLEs. As supported in Chapter 4, this increase in risk associated with adolescent PLEs 

may arise from alterations in neuroinflammatory balance in the hippocampus, where 

reduced myoinositol concentrations alongside unaltered tNAA and choline concentrations 

could be reflective of diminished glial cell activity or reactivity. Yet, this is true only for 

the method of PLE assessment used for this analysis (i.e., APSS), as significant 

heterogeneity exists between PLE assessments’ ability to indicate psychotic risk. 

Chapters 1 and 3 discussed the implications of adolescent cannabis use in the risk 

of PLEs and psychosis development, with evidence suggesting it may progress or 

accelerate the psychopathology of the psychosis spectrum through mechanisms of 

neuroinflammation. This motivated the co-investigation of spectroscopic markers of 

neuroinflammation of cannabis use alongside PLEs in Chapter 4. No relationship was 

found between PLEs and cannabis use status in a community-based adolescent sample, 

and cannabis use was not associated with the neurometabolites investigated in the left 

hippocampus and a white-matter predominant voxel of the left PFC. Given the small 

sample and resultingly few PLE-reporting adolescents in this analysis, the lack of 

metabolic relationships with cannabis use was not supportive of assessing a differential 

relationship between adolescent PLEs and neurometabolites by cannabis use status. These 

preliminary findings suggest there is no effect of cannabis use on the co-occurrence of 

PLEs in adolescents, clinically nor through neurometabolic/inflammatory mechanisms. 

Strong, significant relationships for other substance use with both PLEs and cannabis use 
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may be indicative of these substances being more consequential for the increase in 

psychosis risk, although its direct effect on neurometabolites were not assessed. 

Externalizing behavioural difficulties were also found to be associated with PLE status, 

although not with the neurometabolites investigated. This is supportive of adolescent 

PLEs highlighting a state of global psychiatric burden, although possibly with a distinct 

mechanism for psychotic risk. 

5.2. PLEs & Substance Use Adolescents 

The systematic review and meta-analysis provide an updated insight into the 

epidemiology of PLEs in the child and adolescent population. Notably, this work showed 

that PLEs were observed in 17.8% of samples, nearly double the most recent meta-

analytical estimate of 9.3% (Healy et al., 2019). Although our findings were heavily 

influenced by one study using the PROD-screen, excluding this study still identified a 

prevalence of 8.9%, confirming that PLEs are a common experience in the child and 

adolescent population. These were studies conducted in non-help seeking adolescents and 

importantly, over 95% of those reporting PLEs did not develop a psychotic disorder in 

early adulthood. Therefore, while highlighting PLEs during childhood and adolescence as 

a common phenomenon, most individuals who experience them are not on a psychotic 

illness trajectory. This fits under the current perspective of psychotic phenotypes existing 

on a spectrum with varying degrees of psychotic(-like) features and burden, including a 

nonclinical expression. This also highlights the complexity of identifying who may be at 

risk of developing a psychotic disorder even with risk behaviours, one of which is 

cannabis use.  

 Recent cannabis use in adolescence does not appear to be universally associated 

with PLEs in adolescence, evidenced by a lack of association with past-6-month cannabis 

use in the Chapter 4 analysis. It is possible that cumulative exposure to THC during 

adolescence better reflects this relationship, as the restricted exploratory analysis found 

past-month total THC exposure to be associated with the severity of PLEs in a dose-

dependent manner. This was especially noticeable among those most greatly exposed to 

THC (Chapter 4 Figure 3) and may implicate an effect only among the most chronic 

users. While a finding worthy of further exploration, the restricted sample (N = 16) for 
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this analysis limits a definitive conclusion. Furthermore, as exposure was only calculated 

for past-month use, it is not a true reflection of total exposure but rather recent exposure.  

Focusing on the primary finding, the lack of relationship between adolescent 

cannabis use and PLEs may be genuine. Suggested by Ryan and colleagues (2020), 

previous reports of a relationship may reflect a broader limitation in the literature where 

the presence of cannabis- and PLE-associated confounding factors are the reasons for 

implicating adolescent cannabis use in psychosis risk. This would imply that the 

corrections made for concurrent psychopathology and substance use in the Chapter 4 

analysis may have successfully mitigated these confounding effects on adolescent PLEs. 

Therefore, no relationship may exist between the two. 

 Additional psychopathological burden is a common characteristic among 

adolescents experiencing PLEs, often reflected through both internalizing and 

externalizing behaviors. Both were significantly associated with PLEs in the Chapter 4 

analysis as well as in prior research (Laurens et al., 2020; Gin et al., 2021; Healy et al., 

2019). Externalizing psychopathology represents general impulsivity and a disinhibition 

of behaviour (Achenbach, 1978), a common feature of several psychiatric conditions 

including oppositional defiant disorders, conduct disorders, attention-deficit and 

hyperactivity disorders (ADHD), and SUDs (Krueger et al., 2009; Gin et al., 2020). 

Conversely, internalizing psychopathology encompasses a spectrum of emotional and 

affective disturbances characterized by inhibitory behavioral processes such as emotional 

dysregulation, and withdrawal (Achenbach, 1978), common in mood disorders such as 

anxiety and major depression (Willemsen et al., 2012). Interpreting PLEs to reflect a 

dimension of psychoticism, these dimensions demonstrate bidirectional relationships with 

each other in longitudinal studies (Downs et al., 2013; Lancefield et al., 2016; Gin et al., 

2020). Although PLEs tend to be biased towards psychotic outcomes (Healy et al., 2019), 

their subclinical nature and overlap with other dimensions of psychopathology support 

the existence of a broader spectrum of psychiatric vulnerability. This multidimensional 

spectrum suggests that PLEs may be influenced by various risk factors that differentially 

impact these overlapping dimensions of psychopathology (Staines et al., 2022; van Os et 

al., 2017; Spiteri-Staines et al., 2024), a perspective that may represent a more optimal 

approach to comprehensive clinical prognostication in mental healthcare settings. 
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 This perspective may be useful to explain the frequent presentation of other 

substance use with adolescent PLEs (Ryan et al., 2020; Dolphin et al., 2015; Matheson et 

al., 2023; Degenhardt et al., 2016; Degenhardt et al., 2018), something also observed in 

Chapter 4. Studies consistently show that adolescents experiencing PLEs are more likely 

to engage in substance use both cross sectionally (Ryan et al., 2020; Dolphin et al., 2015; 

Matheson et al., 2023) and longitudinally (Healy et al., 2019; Cederlof et al., 2017; Fisher 

et al., 2013b; Dhossche et al., 2002). On one hand, this may reflect the psychotic 

vulnerability that substance use imposes on the developing adolescent brain. However, 

the association of PLEs with other dimensions of psychopathology also may implicate 

substance use more broadly to neuropsychiatric vulnerability across these dimensions. A 

recent meta-analysis by Matheson (2023) found significant moderating effects for various 

substance use types on the prevalence of adolescent PLEs, including alcohol (regression 

coefficient = 0.44), tobacco (0.24), amphetamines (0.07), in addition to lifetime (0.19) 

and weekly (0.04) cannabis use (Matheson et al., 2023). These findings are also 

supported in Chapter 4, where participants (adolescents) where the prevalence of PLEs 

was much higher among tobacco (86%) and other substance users (44%) compared to 

non-users of these substances (8% and 11%, respectively). Although, this was not the 

case for alcohol use, where a PLE prevalence of 15% was found in both groups. 

Longitudinally, tobacco and alcohol use have been linked to increased impulsivity and 

poorer emotional control—traits commonly associated with externalizing 

psychopathology (Degenhardt et al., 2016). Therefore, it is possible that substance use in 

this demographic could exacerbate existing psychopathological burden. However, mixed 

findings exist for this direction of effect on externalizing psychopathology (Griffith-

Lendering et al., 2011; Oshri et al., 2011; Miettunen et al., 2013), and cannabis use may 

only exacerbate certain aspects of internalizing difficulties (Colder et al., 2019), 

suggesting the influence of other factors as well. 

Another implicated theory for this relationship is the self-medication hypothesis 

(Khantzian, 1985; Khantzian, 1997). That is, substance use in adolescents with PLEs may 

reflect an attempt to self-medicate distressing symptoms associated with their PLEs. 

Childhood externalizing difficulties, and internalizing difficulties in female children, both 

predict substance use by mid adolescence (Miettunen et al., 2013; Oshri et al., 2011). 
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Regarding cannabis use, PLEs reported at age-13 and age-16 are associated with the 

onset of cannabis within the following 3 years (Griffith-Lendring et al., 2013), and age-

16 externalizing difficulties predicted CUD at age-30 (Farmer et al., 2015). Cross-

sectional studies suggest tobacco use to provide relief from attentional and affective 

dysfunctions (Ghricke et al., 2007), and early-adulthood alcohol use problems show a 

positive relationship with shared aspects of childhood internalizing and externalizing 

problems (Foster et al., 2018). These findings suggest that self-medication from 

psychopathology could be a motivator for the use of substances. However, even among 

the longitudinal findings, causation cannot be effectively determined in the absence of 

more robust analysis techniques. For example, Bernusky and colleagues (2023) applied a 

chained-mediation path analysis for this purpose, cross-sectionally measuring PLEs, 

anxiety, motives for cannabis use, and cannabis use problems in young adults. This study 

did not find an association between PLEs and cannabis use problems, however identified 

a significant pathway from PLEs to anxiety and anxiety coping motives, and from these 

mediators to cannabis use problems in a single model (Bernusky et al., 2023). Using this 

method of analysis with variables collected at different timepoints in a longitudinal study 

could more robustly assess causative pathways between PLEs, substance use, and 

motives for substance use. 

Given the substantial proportion of disordered substance users who do not show 

early psychopathology (Farmer et al., 2015), it is possible that both self-medication and 

elevated psychiatric vulnerability are unique influences on an adolescent’s decision to 

consume psychoactive substances. The relative degree of each may vary by substance 

type and developmental window. In the adult population, while PLEs predicted 

subsequent tobacco, alcohol, and cannabis use, it was only tobacco and alcohol use that 

predicted subsequent PLEs (Degenhardt et al., 2018). This is different in adolescents, 

whereby any cannabis, alcohol, or tobacco use at age-16 predicted age-18 emergence of 

PLEs (Gage et al., 2014), suggesting cannabis confers a specific neuropsychiatric 

vulnerability during adolescence. However, this window of vulnerability may be narrow, 

as age-13 cannabis use was not shown to predict age-16 PLEs (Griffith-Lendring et al., 

2013). The lack of a cross-sectional relationship between past-6-month cannabis use and 
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PLEs in the Chapter 4 analysis of 15- and 16-year-olds could also be explained, in part, 

by a narrow developmental vulnerability for the effects of cannabis. 

5.3. Neurometabolic Markers of Inflammation in Adolescent PLEs 

The findings of reduced myoinositol concentrations in the left hippocampus 

among adolescents reporting psychotic-like experiences (PLEs) suggest early astrocytic 

dysfunction. This aligns with evidence that subcortical alterations, particularly in the 

hippocampus, are common across the psychosis spectrum, including its subclinical stages 

(Sahakyan et al., 2020; Sasabayashi et al., 2020; Karcher et al., 2023; Allen et al., 2012; 

Whitehurst et al., 2020; Lieberman et al., 2018). Myoinositol, a marker of glial cell 

activity, particularly astrocytes, plays crucial roles in cellular osmoregulation and energy 

metabolism (Brand et al., 1994; Downes & Macphee, 1990; Abdali et al., 2015). The 

reduction of myoinositol suggests early-stage astrocytic dysfunction or impaired energy 

metabolism, which may predispose a neural environment for more severe inflammatory 

responses and neurobiological changes as additional risk factors, such as chronic 

cannabis use or genetic predisposition, accumulate. 

The presence of reduced myoinositol without significant changes in tNAA or tCh 

indicates that glial cell dysfunction may be occurring before significant neuronal damage 

or loss. This pattern of findings supports the hypothesis that astrocytic dysfunction and 

early metabolic changes are among the first detectable neurobiological alterations in the 

psychosis spectrum (Lieberman et al., 2018; Dietz et al., 2020; Watkins & Andrews, 

2016). The significant effect of myoinositol restricted to the hippocampus also aligns 

with the notion that the hippocampus is one of the earliest brain regions affected in the 

progression of psychotic disorders (Lieberman et al., 2018; Whitehurst et al., 2020; 

Grace, 2012; Schobel et al., 2013; Bossong et al., 2019). The stable tNAA and tCh levels 

suggest that while neuronal health is maintained at this stage, glial cell function may 

already be compromised. This early dysfunction could predispose individuals to more 

severe neuroinflammatory responses and subsequent neurodegenerative changes as the 

disorder progresses. 

These findings also suggest that adolescents with PLEs may be experiencing 

glutamate dysfunction in the hippocampus, which have shown to be responsible for early 



 119 

metabolic changes in the psychosis prodrome (Lieberman et al., 2018). This glutamate 

dysfunction might be indicative of altered glutamate transmission affecting metabolism 

before significant neuronal health declines that would lead to atrophic changes 

(Lieberman et al., 2018). This could position common PLEs in the adolescent population 

as reflecting a state of altered glutamate transmission that impacts metabolism but has not 

yet progressed to a chronic state that would result in hippocampal neuronal deficits. An 

MRS assessment of glutamate concentrations in this population would help evaluate this 

hypothesis. Furthermore, the prevalence of PLEs that do not precede psychosis in 

adolescents (Chapter 2) and the small sample size in Chapter 4 make it unclear if this 

metabolic state is reflective of common PLEs or is more strongly occurring in those in 

the psychosis prodrome. Examining the spread of myoinositol concentrations between 

groups does not suggest this to be the case, but limited power prevents a firm conclusion, 

and this needs to be assessed in the full sample. 

The absence of significant relationships between recent cannabis use and 

neurometabolites in our adolescent sample contrasts with findings in chronic, heavy users 

where significant neurobiological changes are more evident. Studies in heavy cannabis 

users report reduced hippocampal myoinositol and decreased NAA/Cr ratio in the 

DLPFC (Blest-Hopely et al., 2020b; Hermann et al., 2007). These discrepancies likely 

arise from differences in the duration and intensity of cannabis use. Our population-based 

sample, which includes many infrequent users, might not capture the cumulative effects 

of sustained cannabis use. This highlights the importance of considering the cumulative 

impact and interaction of cannabis use with neuroinflammatory processes in 

understanding its role in psychosis risk. 

The apparent stability of tNAA and tCh levels also suggests the resilience of the 

adolescent brain to early neurotoxic impacts of cannabis use, at least in the context of 

PLEs. However, the observed inverse relationship between hippocampal myoinositol and 

PLEs suggests that early neuroinflammatory changes are already at play, albeit at a stage 

where neuronal integrity likely remains unaffected. This finding emphasizes the potential 

for early interventions targeting neuroinflammatory processes to mitigate psychosis risk. 

The role of cannabis in this neuroinflammatory context is complex and appears to be 

influenced by the duration and frequency of use. Chronic use, especially during critical 
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periods of brain development, may exacerbate underlying neuroinflammatory conditions, 

thereby increasing psychosis risk. However, our findings suggest that recent use does not 

significantly alter neurometabolite levels in a way that would predispose adolescents to 

psychosis. 

5.4. Barriers to Knowledge 

A reoccurring theme in this body of research is the significant heterogeneity in 

PLE assessment in the psychosis spectrum. PLE assessments can vary by the number of 

items (1 to 42+), item content (e.g., auditory/visual hallucinations, paranoid thinking, 

disorganized behaviour, negative symptoms), timeframe for symptom occurrence (past 2-

weeks to lifetime), assessment structure (self-report or structured interview), and item 

threshold for risk status (1 to 3, with varying criteria for frequency and/or distress). 

Including the analysis in Chapter 2, past meta-analyses have also identified significant 

heterogeneity between studies of adolescent PLEs (Healy et al., 2019), especially in 

regard to the definitions and assessments, with 41 different assessment tools having been 

identified (Lee et al., 2016).  

 Although the analysis in Chapter 2 was only able to identify the assessment 

structure as a source of heterogeneity in the predictive value of assessments, it is possible 

that the varying item content may be the most consequential. Although this feature was 

incorporated into that analysis, the limited number of studies prevented a thorough 

investigation, as only the presence of non-hallucinatory PLEs was assessed for an effect. 

The variability in item content between assessments reflects a more profound issue 

regarding the phenomenon of PLEs and the perspective taken to conceptualize them. On 

one hand, it has been suggested that only positive PLEs specifically reflect the psychosis 

spectrum (Kelleher et al., 2011), with negative and thought-based experiences reflecting 

more of a global psychiatric burden. Alternatively, other lines of research implicate these 

additional dimensions with the phenomenon, as they hold additional value for the 

prediction of psychosis onset (Daalman et al., 2011; Morrison et al., 2004; Davies et al., 

2001). The issue with whether an experience may be classified as psychotic-like 

inherently depends on the purpose for interest into the phenomenon. That is, are these 

experiences thought to be normal or indicative of underlying pathological mechanisms, 
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and how does one establish such boundaries (Lee 2016)? This conceptual issue is a 

significant factor in the existence of the many different PLE assessments and resulting 

assessments of prevalence and risk.   

While PLEs are thought to be relatively common amongst adolescents, often 

times transient and non-distressing, it is not entirely clear which aspects of this 

phenomenon may be reflected in altered neurometabolic processes. Chapter 4 was able to 

identify reduced hippocampal myoinositol among PLE-reporting adolescents, but an 

inadequate sample and a lack of a detailed characterization of PLEs prevents the 

assessment of PLE features on this mechanism. That is, it remains to be seen to what 

degree this altered metabolism may be modified by total PLE burden, specific 

experiences, dimensional categories, or other underlying confounding factors in the 

sample (e.g., ethnicity, internalizing difficulties, or further unidentified factors). It is also 

unclear how this neurometabolic context differs between different trajectories of PLEs. It 

has been hypothesized that PLEs may reflect one of three contexts: i) neurological 

disturbances and vulnerability to psychotic disorders, ii) psychopathological impairment 

in non-psychotic dimensions that result in psychotic-like disturbances, and iii) a benign 

and transient phenomenon with no association with psychopathology (Yung et al., 2009; 

Lee et al., 2016). Assuming that PLEs could reflect either a normal or disturbed 

psychopathology requires a deeper investigation into both the features of the experience 

itself (i.e., features directly incorporated into the assessment, such as the number of 

symptoms, prognostic value of individual symptoms, frequency, distress, timeframe, 

etc.), modulating environmental factors, and underlying neurological changes. This 

would permit a better understanding of what these experiences truly represent in a 

clinical context and aid in the development of a standardized assessment tool. 

 Various methods of 1H MRS imaging was also a common theme in this area of 

research, which alone have the potential to significantly alter findings before considering 

additional variations in study design. Differences that can significantly affect the 

interpretation of findings include voxel size and location, inclusion of hemispheres, 

choice of RF sequence, and echo times. Voxel size and location can vary between MRS 

studies on the same region and are important considerations when comparing findings. 

The size of the voxel directly affects SNR, as larger voxels have a greater quantity of the 
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metabolites of interest, allowing a stronger signal to be captured with no appreciable 

difference in noise (Provencher, 2001). Location is also important, as varying voxel 

dimensions and volumes around the region of interest will include different structures. 

This could explain the different conclusions drawn from Modinos (2018) and Fuente-

Sandoval (2016). Both studies employed a 3T MEGA-PRESS protocol (TE = 68ms) of 

the ACC in UHR subjects to assess GABA concentrations, using either a 40 x 25 x 30mm 

(Modinos et al., 2018) or a 30 x 25 x 25mm voxel (Fuente-Sandoval et al., 2016). Despite 

similar tissue composition between voxels, calculations for tissue correction, and units of 

concentration, Fuente-Sandoval (2016) reported a significant increase in GABA 

concentration that was not identified by Modinos and colleagues (2018). Examining the 

spectral data, a higher mean SNR (21.9 vs. 18.9) and spectral resolution (6.8 vs. 12.0 Hz) 

came from the study by Modinos (2018). While seemingly highlighting a superior 

approach, the increased size of the voxel worsens the spatial localization of findings, 

presenting a trade-off between the accurate detection and localization of metabolites. 

Echoing Da Silva and authors (2019), standardizing voxel locations for commonly 

analyzed regions would improve the integration of findings and our understanding of 

underlying metabolism.  

The selection of hemispheres can impact the detectability and interpretation of 

metabolites. From childhood to adulthood, the timing of brain development occurs along 

spatial gradients in a left-to-right, caudal-to-rostral, and deep-to-superficial manner 

(Corballis & Morgan, 1978; Howes & Shatalina, 2022; Pinto et al., 2013). Early leftward 

maturation is believed to reflect the bias for language processing, with language 

lateralization already present in children as young as 5-years (Ahmed et al., 2003; 

Corballis & Morgan, 1978). Adolescence marks a critical shift in neurodevelopment 

where the rapid dendritic branching and synapse formation characteristic in children 

yields to the strengthening of certain connections and the pruning of others (Drzewiecki 

et al., 2016; Crain et al., 1973; Zecevic et al., 1989; Rakic et al., 1986; Bourgeois et al., 

1993; Howes & Shatalina, 2022). The accelerated development of the left hemisphere is 

thought to be more sensitive to disruptions from environmental, genetic, and 

neurobiological factors and may underlie the bias for leftward disruptions seen in 
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neurodevelopmental disorders like autism spectrum and psychotic disorders (Sussman & 

Lewandowski, 1990; Molina et al., 2005; van Veelen et al., 2010).  

For consideration in this present research, metabolism in the left hemisphere is 

consistently more strongly altered than in the right across the psychosis spectrum and is 

therefore an important consideration for imaging analyses (Bustillo et al., 2020; de Jong 

et al., 2022). While analysis of both hemispheres can identify the bilateral effect of a 

particular region while separating the contributions of each hemisphere when analyzed 

correctly, this analysis may diminish the contributing effects of either hemisphere if the 

difference between the two hemispheres or their effects on the neurobiological measure 

are small. This consideration leads some studies to analyze hemispheres in isolation 

(Sahakyan et al., 2020; Bustillo et al., 2020; Martinez-Granados et al., 2008; Nenadic et 

al., 2015) or may only analyze a single hemisphere (as was done in Chapter 4 to manage 

multiple hypothesis testing) (Wood et al., 2003; Jessen et al., 2006; Shakory et al., 2018; 

Howes et al., 2019; Bossong et al., 2019), something that is not always clear when 

findings are reported. Furthermore, much of this distinction needs to be lost to facilitate 

meta-analysis, where conclusions are often generalized bilaterally (Romeo et al., 2020; 

Whitehurst et al., 2020; Brugger et al., 2011). Not accounting for these differences in 

analysis can hamper conclusions that can be drawn with the integration of these studies, 

particularly in 1H MRS meta-analyses where study-level findings and conclusions are 

frequently more diverse. 

 Echo time is another consideration that can dramatically affect metabolite 

quantification. As different molecules have different T1 relaxation times, the signal 

detected for a given metabolite will vary at different time points following excitation 

(Mlynarik et al., 2001). For example, the studies by Wood (2003) and Jessen (2006) 

employed highly similar 1.5T protocols for the quantification of metabolites in the left 

DLPFC of UHR subjects. While Wood and colleagues (2003) reported an increase in the 

NAA/Cr ratio for this region, Jessen (2006) reported a decrease. Although potentially 

influenced by different voxel sizes, this alone would be less likely to affect the observed 

relationship so substantially. The difference in TE (135 vs. 272 ms) affects the detection 

of both NAA and Cr since their respective signals are differentially aligned with the 

magnetic field at these times. The not only affects the absolute quantification of each 
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metabolite but becomes compounded when assessing one metabolite as a ratio with 

another. This can make it quite difficult to interpret these findings regarding underlying 

metabolism and suggests against using these ratios, even in light of relative Cr stability in 

this population (Romeo et al., 2020).  

 PRESS is both recommended and widely used for this research (Wilson et al., 

2019); however, other signal sequences have been used which may affect the quality of 

spectra. For example, Natsubori and researchers (2014) used STEAM to quantify 

metabolites in the ACC of UHR subjects in a similar context as the use of PRESS by 

Egerton et al., (2014). Aside from TE (a choice modified by the sequence), most other 

imaging parameters were similar or identical (e.g., TR, voxel size and position, tissue 

fractions). While both studies arrived at the same conclusions – no change in NAA, Glx, 

mI, and Cho concentrations – the mean SNR with PRESS (~21) was far superior to that 

with STEAM (11.7), demonstrating a benefit of the refocusing pulses with PRESS. 

Furthermore, because the lack of refocusing pulses allows STEAM to use a reduced TE, 

this provides another source of variability on metabolite signals. This poses a conceptual 

challenge to meta-analysis of this data among many others using PRESS, as it questions 

the phenomenological value of this data in context of alternately acquired data, 

highlighting the importance of standardized imaging practices. 

5.4. Future Directions 

Clinical Directions. Building on the systematic review from Chapter 2, a future 

meta-analysis could focus on the entire subclinical extension of the psychosis spectrum 

with minimal exclusion or inclusion criteria. This study would aim to indiscriminately 

include all relevant population samples: any PLE(s), distressing/persisting PLEs, UHR 

and CHR individuals, and healthy controls. Instead of differentiating studies by these 

categories, the lack of restricting criteria would allow for coding of significant potential 

sources of heterogeneity in the definition and assessment of experiences, such as item 

content, degree of persistence in the sample, proportion of experience type, timeframe for 

symptom presentation, age group, and source of samples among others. By adopting this 

bottom-up approach to identify subclinical psychotic risk, this research could provide a 

more multifaceted understanding of factors influencing psychotic risk. Depending on the 
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number of studies identified, it may also be beneficial to incorporate the influence of 

environmental risk factors. This can help clarify the various trajectories of subclinical 

psychotic risk from a more spectrum-based approach. 

Future research should also seek to implement a standardized measure of THC 

exposure in a case-control study that categorizes participants into heavy users, 

light/infrequent users, and non-users. This study design would more accurately assess the 

dose-response relationship between adolescent cannabis use and PLEs and its association 

with neurometabolites. By differentiating groups based on exposure levels, this research 

could clarify whether the relationships differ by total exposure, addressing the hypothesis 

from Chapter 4 that cumulative THC exposure might be a more relevant factor than 

recent use in influencing PLEs. This would contribute to resolving ambiguities regarding 

the impact of cannabis use method on PLEs, as the recent rise in vaporizer use poses new 

questions about its neuropsychiatric effects compared to other methods. 

Building on the findings mentioned, a longitudinal study could explore the 

contexts in which interventions might be beneficial for individuals showing signs of 

PLEs. This study would investigate how different contexts of exposure, influenced by 

known effects and interactions such as cannabis use, genetic risk, and additional 

psychopathologies, correlate with the risk for clinical deterioration. Such research could 

potentially redefine intervention strategies by identifying high-risk combinations akin to 

current UHR criteria and determining which might benefit from preventive measures. 

This would enhance clinical assessments by integrating comprehensive evaluations of 

environmental and psychopathological factors, potentially leading to early interventions 

tailored to individual risk profiles. 

 Neuroimaging Directions. Informed by the findings in Chapter 4 regarding myo-

inositol levels in adolescent PLEs, a cross-sectional study utilizing both MRS and PET is 

proposed to further investigate the neurobiological underpinnings of PLEs. The study 

could specifically focus on elucidating the relationship between altered myoinositol 

levels and potential neuroinflammatory processes within the brain. The selection of MRS 

and PET is driven by the need to directly correlate metabolic changes detected through 

MRS, such as variations in myo-inositol within the hippocampus, with markers of glial 

activation observed via PET imaging. Incorporation of these imaging modalities with an 
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assessment of circulating cytokines would also be complimentary. This research would be 

able to substantiate this preliminary hypothesis of impaired inflammatory capacity by 

comparing the density of activated astrocytes to inflammatory demand. To do this, 

participants would need to be recruited from the general population, with demographics-

matched PLE+ and PLE- groups to ensure sufficient power. Furthermore, imaging should 

focus on regions identified throughout the pathophysiology of psychotic disorders, 

including the hippocampus, ACC, DLPFC, frontal WM, and basal ganglia. By correlating 

these imaging modalities, the study aims to refine our understanding of how glial activity 

and neuroinflammation contribute to the clinical presentation of PLEs, potentially 

guiding targeted interventions and preventive strategies for at-risk youth. 

A longitudinal study assessing the impact of adolescent cannabis use on 

hippocampal neurometabolites over time could provide crucial insights into the 

neurodevelopmental effects of cannabis. Incorporating a within-subjects design, this 

study would assess changes in hippocampal, frontal WM, and prefrontal regions to 

explore how these relationships evolve in individuals more prone to psychosis. By 

integrating multimodal imaging techniques, including structural imaging like diffusion 

tensor imaging to assess the integrity of WM tracts, the study could investigate potential 

correlations between psychotic risk and neuroanatomical changes. Specifically, this could 

assess how varying exposures and patterns of cannabis use might alter the 

neuroinflammatory demand to increase the risk for psychosis  

5.6.  Strengths & Limitations 

This thesis sought to take a nuanced exploration of psychotic-like experiences 

(PLEs) among adolescents by integrating a systematic literature review with empirical 

research, focusing on both the diagnostic complexities and the neurobiological 

underpinnings associated with these phenomena. The analysis of assessment tools 

advances the discourse on standardizing assessment criteria, which is crucial for 

enhancing the reliability of early detection and intervention strategies. This effort not 

only aligned with suggestions by Healy (2019) and Lee (2016) to address the variability 

in diagnostic practices but also aimed to fill the gaps these studies were unable to clarify, 
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particularly regard to assessment criteria that more sensitively identify psychosis-prone 

trajectories. 

A notable strength of this thesis is its focused examination of the relationship 

between cannabis use and the neurobiological marker myo-inositol. This investigation 

enriches our understanding of how specific environmental factors interact with biological 

processes, potentially influencing the onset and progression of PLEs. While this focus 

yields detailed insights into a targeted pathway, it simultaneously narrows the research 

scope. This limitation is evident as the thesis does not sufficiently account for other 

significant factors such as genetic predispositions, the influence of multiple substances, 

and broader environmental impacts like the degree of urbanicity, all of which could play 

crucial roles in the etiology of PLEs. 

Additionally, while the thesis provides valuable perspectives on subclinical 

populations and identifies potential biomarkers for early detection, it does not thoroughly 

explore the transition from subclinical to clinical states of psychosis. This gap presents a 

future opportunity to delve into how early interventions could be precisely targeted to 

prevent the escalation of early symptoms into more severe psychiatric conditions. 

Understanding these transitions is essential for developing effective preventative 

strategies that could significantly alter the developmental trajectory of individuals at risk 

of developing psychosis. 

In sum, while the thesis significantly contributes to the field by addressing key 

dimensions of PLEs through an integrated review and empirical methodology, its insights 

are constrained by a focus on specific elements. Broadening the research to encompass a 

wider range of influencing factors and employing longitudinal designs to track the 

evolution of PLEs would greatly enrich the findings. Such advancements would provide a 

more comprehensive understanding of the onset and progression of psychotic disorders, 

potentially leading to more effective and targeted clinical interventions. This expanded 

approach would build on the current thesis by addressing its limitations and setting a 

trajectory for future research that could profoundly impact adolescent psychiatric 

research. 
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5.6. Conclusion 

This thesis has explored PLEs within the child and adolescent population, 

providing insights into the prevalence and variability of these experiences as potential 

early markers of psychiatric vulnerability. The systematic review highlighted that PLEs 

affect a substantial portion of youth, providing further support for a broad spectrum of 

psychotic psychopathology that includes subclinical experiences. Through meta-analysis, 

the varied prognostic value of PLEs was emphasized, underscoring the necessity for 

standardized assessment methods to accurately identify and support at-risk individuals. 

This review also identified that interview-based PLE assessments can detect a subclinical 

risk status with a greater proportion of psychosis-prone trajectories than from self-report 

PLE assessments. The empirical component of this work investigated the neurometabolic 

correlates of PLEs, particularly focusing on the impact of the environmental factor of 

adolescent cannabis use. It was found that adolescent PLEs were associated with reduced 

myoinositol concentrations and, in the context of unchanged neuronal health and 

membrane turnover, may indicate a reduced capacity for astrocytes to participate in 

neuroinflammation. Future research should expand on these findings with larger samples 

and advanced neuroimaging techniques to delineate neurobiological changes associated 

with the nature of PLEs and their influence on a diminished neuroinflammatory capacity. 

Moreover, the development of risk modification strategies that are both specific and 

beneficial to adolescents with PLEs in the context of mitigating environmental risk 

factors could modify long-term mental health outcomes and alleviate a portion of the 

psychotic burden in the general population. Overall, this thesis contributes to enhancing 

the prediction and prevention strategies for psychotic disorders, aiming to improve 

outcomes for at-risk youth by attempting to bridge the gap between empirical evidence 

and clinical practice. 
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Appendix A.  
Modifications made to registered PROSPERO protocol. 

Exploring for sources of heterogeneity was initially planned as a sensitivity 

analysis contingent on I2 ³ 50%. However, the original PROSPERO protocol for this 

review was registered prior to the identification of the meta-analysis conducted by Healy 

(2019) and colleagues where significant heterogeneity was previously established. To 

extend upon their findings, we felt that a directed search for sources of heterogeneity in 

the prediction of psychotic outcomes was well justified, which is why it was incorporated 

as integral to fulfilling the second research objective. As I2 was determined to be 70%, 

this amendment did not change the originally planned analyses. The identification of 

Healy (2019) also influenced our addition of population attributable fraction (PAF) to the 

second research aim.  

In addition to being able to update this figure with new insights, we agree that this 

metric is complimentary to odds ratio (OR). While OR depicts the odds of experiencing 

an outcome given an exposure, PAF quantifies how much of the exposure was 

experienced in those with the outcome. We felt its addition was well suited to further 

describe the relationship between PLEs and subsequent psychotic disorder.  

The CINAHL database was also added to the search protocol after initial 

registration following consult with the evidence synthesis librarian. This was simple to 

implement as it could be searched alongside PsycINFO. During full-text review, it 

became apparent that perhaps the initial exclusion criteria were too stringent as they 

would have allowed only one study to be included. In addition to no longer excluding 

based on a loss to follow-up greater than 20% and inclusion of psychiatric disorders at 

baseline, the minimum acceptable age for baseline assessment was changed from 12 to 11 

and the maximum age at follow-up from 30 to 35. Psychiatric disorders were permitted at 

baseline as it is generally not common for psychotic disorders to be present in childhood 

and early adolescence (Solmi et al., 2022).  

In addition, to enhance the rigor of this systematic review, two researchers 

independently extracted data instead of one reviewer extracting data and the other 

verifying. Furthermore, the tool used to assess risk of bias was changed from the JBI 

Critical Appraisal Checklist for Studies Reporting Prevalence Data to the Risk Of Bias in 
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Non-randomised Studies – of Exposure (ROBINS-E) assessment (Higgins et al., 2023), 

which follows the most recent Cochrane Methods recommendations (Sterne et al., 2023). 
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Appendix B.  

Search strategy used for (a) PubMed, (b) Embase, and (c) PsycINFO and CINAHL 
databases. 

a)  
1 affective disorders, psychotic/ or psychotic disorders/ or exp 

schizophrenia/ 
2 (psychosis or psychoses or psychotic* or schizophreni*).ti,ab,kf. 
3 1 or 2 
4 Prodromal Symptoms/ 
5 3 and 4  
6 ((psychosis or psychoses or psychotic* or schizophreni*) adj3 

(Subthreshold or "sub threshold" or sub-threshold or subclinical or "sub 
clinical" or sub-clinical or nonclinical or non-clinical or "non clinical" or 
prodromal or prone* or subtle)).ti,ab,kf.  

7 ((psychosis or psychotic or hallucinat* or delusion* or psychotic-like or 
psychoticlike) adj2 (experience* or attenuat*)).ti,ab,kf. 

8 5 or 6 or 7 
9 (follow-up or follow up or transition or conversion or longitudinal or 

incidence or predict* or cohort or risk).mp. 
10 8 and 9 

 
b)  

1 ‘schizophrenia’/exp OR ‘psychotic disorder’/exp 
2 psychosis:ti,ab,kw OR psychoses:ti,ab,kw OR psychotic*:ti,ab,kw OR 

schizophreni*:ti,ab,kw OR ‘affective psychotic’:ti,ab,kw OR ‘affective 
psychos?s’:ti,ab,kw OR ‘non-affective psychotic’:ti,ab,kw OR ‘non-
affective psychos?s’:ti,ab,kw 

3 #1 OR #2 
4 prodromal AND (‘symptom’/exp OR symptom) 
5 #3 AND #4 
6 ((psychos?s OR psychotic* OR schizophreni*) NEAR/3 

(subthreshold OR 'sub threshold' OR 'sub-
threshold' OR subclinical OR 'sub clinical' OR 'sub-
clinical' OR nonclinical OR 'non-clinical' OR 'non 
clinical' OR prodromal OR prone* OR subtle)):ti,ab,kw 

7 #5 OR #6 OR #7 
8 ‘follow-up’ OR ‘follow up’ OR ‘followup’ OR transition OR conversion 

OR longitudinal OR incidence OR predict* OR ‘cohort study’ OR risk 
9 #8 AND #9 

 
c)  

1 ( (DE "Psychosis" OR DE "Affective Psychosis" OR DE "Brief Psychotic 
Disorder" OR DE "Childhood Onset Psychosis" OR DE "Childhood Onset 
Schizophrenia" OR DE "Chronic Psychosis" OR DE "Delusional 
Disorder" OR DE "Paranoid Psychosis" OR DE "Shared Paranoid 
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Disorder" OR DE "Postpartum Psychosis" OR DE "Reactive Psychosis" 
OR DE "Schizophrenia" OR DE "Acute Schizophrenia" OR DE 
"Catatonic Schizophrenia" OR DE "Childhood Onset Schizophrenia" OR 
DE "Paranoid Schizophrenia" OR DE "Process Schizophrenia" OR DE 
"Schizoaffective Disorder" OR DE "Schizophrenia (Disorganized Type)" 
OR DE "Schizophreniform Disorder" OR DE "Undifferentiated 
Schizophrenia" OR DE "Paranoid Schizophrenia") OR (DE "Affective 
Psychosis") ) OR ( TI (psychosis) OR AB (psychosis) OR KW (psychosis) 
OR TI (psychoses) OR AB (psychoses) OR KW (psychoses) OR TI 
(psychotic) OR AB (psychotic) OR KW (psychotic) OR TI 
(schizophreni*) OR AB (schizophreni*) OR KW (schizophreni*) ) 

2 DE "Prodrome" 
3 #1 AND #2 
4 TI ( ((psychosis or psychoses or psychotic* or schizophreni*) N3 

(Subthreshold or "sub threshold" or "sub-threshold" or subclinical or "sub 
clinical" or "sub-clinical" or nonclinical or "non-clinical" or "non clinical" 
or prodromal or prone* or subtle)) ) OR AB ( ((psychosis or psychoses or 
psychotic* or schizophreni*) N3 (Subthreshold or "sub threshold" or "sub-
threshold" or subclinical or "sub clinical" or "sub-clinical" or nonclinical 
or "non-clinical" or "non clinical" or prodromal or prone* or subtle)) ) OR 
KW ( ((psychosis or psychoses or psychotic* or schizophreni*) N3 
(Subthreshold or "sub threshold" or "sub-threshold" or subclinical or "sub 
clinical" or "sub-clinical" or nonclinical or "non-clinical" or "non clinical" 
or prodromal or prone* or subtle)) ) 

5 TI ( ((psychosis or psychotic or hallucinat* or delusion* or "psychotic-
like" or psychoticlike) N2 (experience* or attenuat*)) ) OR AB ( 
((psychosis or psychotic or hallucinat* or delusion* or "psychotic-like" or 
psychoticlike) N2 (experience* or attenuat*)) ) OR KW ( ((psychosis or 
psychotic or hallucinat* or delusion* or "psychotic-like" or psychoticlike) 
N2 (experience* or attenuat*)) ) 

6 "follow-up" or "follow up" or transition or conversion or longitudinal or 
incidence or predict* or cohort or risk 

7 S3 OR S4 OR S5 
8 S6 AND S7 
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Appendix C.  

Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) checklist. 

Section/topic  # Checklist item  Reported on 
page #  

TITLE   
Title  1 Identify the report as a systematic review, meta-analysis, or both.  Pg. 33 
ABSTRACT   
Structured summary  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.  

Pg. 34 

INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of what is already known.  Pg. 35, 36 
Objectives  4 Provide an explicit statement of questions being addressed with reference to 

participants, interventions, comparisons, outcomes, and study design (PICOS).  
Pg. 36 

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 registration information including registration number.  

Appendix A 

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.  

Pg. 36, 37 

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.  

Pg. 38, 39 

Search  8 Present full electronic search strategy for at least one database, including any limits 
used, such that it could be repeated.  

Appendix B 

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).  

Pg. 37, 38 
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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.  

Pg. 38  

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) 
and any assumptions and simplifications made.  

Pg. 38-40 

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.  

Pg. 39 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  Pg. 39, 40 
Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, 

including measures of consistency (e.g., I2) for each meta-analysis.  
Pg. 39, 40 

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).  

Pg. 40 

Additional analyses  16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-
regression), if done, indicating which were pre-specified.  

N/A 

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.  
Pg. 40 & 

Fig. 1 
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.  
Table 1 

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).  

Figure 2.3 

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.  

Table 2.2 & 
Fig. 2.2 

Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures 
of consistency.  

Table 2.2 & 
Fig. 2.2 

Risk of bias across 
studies  

22 Present results of any assessment of risk of bias across studies (see Item 15).  N/A 
(see pg. 40) 
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Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-
regression [see Item 16]).  

N/A 

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).  

Pg. 42-44 

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).  

Pg. 45, 46 

Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and 
implications for future research.  

Pg. 42-44, 
47 

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.  
N/A 

 

 

 

 

 


