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Abstract

The symptoms of psychosis are proposed to lie on a continuum of severity, ranging from psychosis-like
experiences (PLEs) on the least severe end of the continuum, through prodromal at-risk mental states
and first episode psychosis (FEP), to schizophrenia at the extreme end. Dysfunction of fronto-striato-
thalamic (FST) circuits is central to the emergence of psychosis. Two FST circuits that are particularly
relevant to the symptoms of psychosis are the dorsal ‘associative’ circuit, linking the dorsolateral
prefrontal cortex with the dorsal striatum, and the ventral ‘limbic’ circuit, linking the orbital and
ventromedial prefrontal cortices and subcortical limbic structures (e.g., hippocampus and amygdala)
with the nucleus accumbens. Altered connectivity of the dorsal and ventral circuits has consistently
been demonstrated in various cohorts along the psychosis continuum. The onset of psychosis is thought
to be driven by a dysregulation of dopamine signalling within these circuits. The general aim of this
thesis was to systematically investigate the connectivity of FST circuits across the psychosis continuum.

After a review of relevant background literature in Chapter 1, Chapter 2 presents an
investigation of the associations between corticostriatal functional connectivity and PLEs in a large
community sample of healthy adults who underwent high resolution resting-state functional magnetic
resonance (fMRI) scanning. Functional connectivity is defined as statistical dependencies between
regional physiological signals, and is widely used to probe brain circuit dysfunction. Positive and
negative dimensions of PLEs were derived from a data reduction method applied to an extensive battery
of PLE measurements assessing a wide array of subclinical symptoms. Positive symptom-like PLEs
were associated with reduced functional connectivity of the dorsal circuit; namely, between dorsal
striatal regions and the primary motor and prefrontal cortices, specifically the dorsolateral prefrontal

and anterior cingulate cortices. This finding was consistent with prior work in clinical patients and high-

i



risk groups, thus establishing the dorsal corticostriatal function as a putative neural marker of symptom
severity across a broad spectrum of the psychosis continuum.

Chapter 3 develops a model of FST effective connectivity across different stages of the
psychosis continuum and in relation to striatal dopaminergic function. Effective connectivity refers to
the causal influence that one neuronal system exerts over another. Thus, unlike functional connectivity,
it is able to distinguish bottom-up from top-down influences within FST circuitry. This is important in
light of ongoing debates in the literature about whether psychotic symptoms and dopamine dysfunction
arise from deficient top-down regulation of subcortical systems by cortical areas or abnormal bottom-
up signalling from deeper subcortical structures. To overcome this limitation, spectral dynamic causal
modelling (DCM) was used to identify causal interactions in dorsal and ventral FST circuitry in a
healthy group with PLEs, anti-psychotic naive FEP patients, and patients with established
schizophrenia. The healthy group with PLEs also underwent a concurrent positron emission
tomography with ['"*FJDOPA to examine associations between FST connections and striatal dopamine
synthesis capacity. Early phases of psychosis were associated with prominent disruption of subcortical
connectivity, particularly of the thalamus and the midbrain. Cortical dysfunction emerged later in the
illness. Midbrain and thalamic connectivity were associated with positive symptoms across the
continuum, and also with striatal dopamine synthesis. This finding supports the primary role of
subcortical and midbrain dysfunction in the early stages of psychosis.

Having established a working model of FST effective connectivity across the psychosis
continuum, Chapter 4 returns to the study of subclinical PLEs, using item response theory (IRT), a
technique for refining self-report measurements to derive a high-precision characterization of nine
distinct PLE dimensions, thereby providing a high-resolution characterization of subclinical
symptomatology. These dimensions included positive symptom-like constructs related to delusions,
hallucinations, cognitive disorganisation, and body image aberration; and negative symptom-like
constructs related to anhedonia, asociality, avolition, blunted affect, and alogia. Using spectral DCM to
link these dimensions to dorsal and ventral FST effective connectivity revealed that all dimensions of
positive PLEs were associated with striatothalamic connectivity, suggesting an important role for the

striatal filtering of information flow in positive PLE expressions. Subclinical delusions and
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hallucinations were also associated with ascending influence of the amygdala on the cortex, whereas
dimensions pertaining to delusions and cognitive disorganisation were associated with connections
spanning both dorsal and ventral FST circuits. Associations with negative PLE dimensions were
restricted to subcortical components of the ventral circuit and implicated the nucleus accumbens.
Bottom-up influences from the midbrain were not prominently associated with PLE dimensions,
suggesting a mechanistic distinction between subclinical and clinical symptom expressions across the
continuum.

Taken together, these findings demonstrate that the connectivity of FST circuits is implicated
across different stages of the psychosis continuum. This thesis identifies a prominent role for subcortical
dysconnectivity and midbrain disinhibition in early illness, cortical disruption in established illness, a
prominent role of striatothalamic influence in both subclinical and clinical positive symptoms and
striatal dopamine synthesis, and dysconnectivity of subcortical limbic circuits in negative PLEs. The
findings support a neurobiological continuum of psychosis at the level of connected neural circuits,
rather than specific brain regions or connections, and suggest that dysfunction of subcortical circuitry

in particular may play a primary role in disease pathophysiology.
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Chapter 1

Introduction

Psychosis is a distressing syndrome that encompasses symptoms which disrupt an individual’s
connection with reality. Psychosis can be a feature of various psychiatric disorders; however, it is
primarily associated with psychotic spectrum disorders. A prototypical psychotic disorder is
schizophrenia. Schizophrenia is a heterogeneous illness with a prevalence rate of up to 0.46% in the
general population (Jablensky, 2000; Keshavan et al., 2011). It leads to poor quality of life, reduced
mortality, increased risk of suicide, homelessness, and employment (Chesney et al., 2014; Laursen et
al., 2012; Rosenheck et al., 2006). Due to its complex nature and large variability in prognosis,
schizophrenia remains one of the most challenging disorders to define and treat (Owen et al., 2016).

In recent years, attention has been drawn to the fact that many symptoms of these disorders
may have a continuous distribution with experiences in the general community, giving rise to the
concept of a psychosis continuum. The least extreme end is occupied by subthreshold or psychosis-like
experiences (PLEs) that can occur in otherwise healthy individuals living in the general community,
while severe psychotic disorders such as schizophrenia sit at the opposite end (Grant et al., 2018). Early
illness phases such as the prodrome, also known as an at-risk mental state (ARMS) (Goulding et al.,
2013; Yung et al., 2005), and a first episode of psychosis (FEP), are thought to sit between the extreme
ends of the continuum. Phenomenological and neurobiological studies have provided much support for
the psychosis continuum (Taylor et al., 2020; Verdoux & Van Os, 2002). However, there has been a
debate whether the distribution of symptoms continues into the general population due to differing
conceptualization of health and disease, validity of measures for PLEs, as well as the clinical utility of

subthreshold PLEs (Grant et al., 2018; Kraemer et al., 2004; Verdoux & Van Os, 2002). Subtle



1. Introduction

differences in putative neurobiological markers of psychosis across the continuum have also been
identified, leading to call for further research (Nelson et al., 2013).

This thesis investigates the role of fronto-striato-thalamic (FST) circuits in the emergence of
psychotic symptoms, in distinct stages across the psychosis continuum. These circuits are thought to
play a central role in the pathogenesis of psychosis. The remainder of this chapter will provide a general
background to the psychosis continuum, its neurobiology, and the potential role of FST circuits in

particular. The discussion provides a context for the three subsequent empirical chapters that follow.

1.1. The Psychosis Continuum

1.1.1. Symptoms of psychosis

The core features of psychosis are defined by so-called positive symptoms that can be described as
excessive perceptual experiences such as unusual thoughts, persistent beliefs, and sensory experiences
such as hallucinations and delusions (Andreasen & Olsen, 1982). Although often transient, positive
symptoms encompass the cardinal features of a psychotic disorder (Guloksuz & Van Os, 2018). In
subthreshold PLEs, positive-like symptoms include mild delusions, hallucination, and body image
aberration (Chapman et al., 1978; Mason & Claridge, 2006; Peters et al., 2004; Stefanis et al., 2002).
They can occur as isolated experiences or enduring personality traits, usually referred to as schizotypy
(Kwapil & Barrantes-Vidal, 2015). In the prodromal phase, positive symptoms become more
distressing, instigating help-seeking behaviours (Yung & McGorry, 1996). Positive symptoms in the
FEP stage become exacerbated and they are sustained for at least four weeks (Fusar-Poli et al., 2017).
The presence of positive symptoms in chronic schizophrenia is highly variable, with relapses and
remissions occurring in patients (Johnstone et al., 1986; Owen et al., 2016). In clinical cases, positive
symptoms can be efficiently treated by antipsychotics (Seeman & Lee, 1975).

People with psychotic illness also show negative symptoms, which are deficits in normal
functioning that include anhedonia, alogia, and social withdrawal (Kirkpatrick et al., 2006). Negative
symptoms can be challenging to detect in early phases of psychosis, and are notoriously difficult to
treat, leading to worse functional impairment and poorer prognosis (Malla & Payne, 2005; van Os &

Kapur, 2009; Velthorst et al., 2014). Negative subclinical symptoms can co-occur with positive PLEs,
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although measurements of negative PLEs pose several challenges as they have been found to show low
associations with the clinical symptoms (Lincoln et al., 2017; Schlier et al., 2015). In a ten-year
longitudinal study, negative PLEs were linked to higher social impairment in healthy individuals
(Kwapil et al., 2013). In chronic schizophrenia, negative symptoms are persistent and lead to worse
functioning, social and occupational impairment, and reduced quality of life (Liddle, 1987). Currently,
there is no effective pharmacological treatment for negative symptoms. Although not included as part
of the diagnostic criteria, cognitive deficits are also pervasive across the psychosis continuum, and can
manifest long before the onset of illness (Lewandowski et al., 2011).

The emergence of symptoms on the less extreme end of the continuum may increase
vulnerability for progressing into the severe end of the continuum. PLEs, with a prevalence rate of up
to 8% in the general population, increase the risk for psychotic spectrum disorders and impaired
functioning (Barrantes-vidal et al., 2015; Kwapil et al., 2013; Kwapil & Barrantes-vidal, 2018; van Os
et al., 2009; Vollema et al., 2002). Although not a disorder in itself, the onset of psychosis is associated
with an increased risk of developing formal psychotic disorders such as schizophrenia, in addition to
other comorbid disorders and poor functional outcomes (Kelleher & Cannon, 2016; Malla & Payne,
2005; Upthegrove et al., 2010; Yung & McGorry, 1996). Thus, the psychosis continuum provides an
important framework in understanding risk factors, pathogenesis, and progression of psychotic

disorders that may aid early identification and intervention (Wood et al., 2011).

1.1.2. Biological evidence for a psychosis continuum

Genes play a major contribution to the risk for schizophrenia with heritability estimates of around 85%
(Cardno & Gottesman, 2000; Visscher et al., 2008). The largest genome-wide association study
(GWAS) of schizophrenia on a sample of up to 150,000 individuals (36,989 cases and 113,075 controls)
revealed over a hundred of common genetic risk variants involved in synaptic signalling, pruning, and
development of the brain (Howes et al., 2015; Ripke et al., 2014; Sekar et al., 2016; Yang et al., 2005).
This finding posits that a substantial fraction of genetic risk for schizophrenia is polygenic, being
attributable to the cumulative effect of common variants, in combination with rare mutations and copy

number variations of large effects (Purcell et al., 2009; Tansey et al., 2015). A corollary of the polygenic
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model of schizophrenia risk is that disease liability is normally distributed in the population (Plomin et
al., 2009). Thus, consistent with the phenomenological conceptualisation of a continuum of psychosis
symptoms, the extant quantitative and molecular genetic evidence is consistent with a model in which
people with schizophrenia have an increased number of risk genes and thus represent the extreme end
of a continuous symptom distribution, with less severe PLEs reflecting an underlying genetic
vulnerability to schizophrenia (Vollema et al., 2002). Indeed, polygenic risk (PGR) scores of
schizophrenia explain up to 7% of variance in genetic liability in the general population (Ripke et al.,
2014).

Using longitudinal data, PGR scores of schizophrenia have been associated with greater
cognitive decline between childhood and adulthood as well as lower 1Q in late adulthood (McIntosh et
al., 2013), in accordance with the prevalence of cognitive dysfunction in schizophrenia (Lewandowski
et al., 2011). However, PGR associations with subclinical symptoms have been mixed. PGR scores
were not found to be associated with positive PLEs (Mistry et al., 2018); however, in a large sample of
healthy youths, they explained 0.5% variance in negative PLEs (Jones et al., 2016). However, as risk
variants encode synaptic pathways and brain development (Ripke et al., 2014; Sekar et al., 2016; Skene
et al., 2018), studies investigating the association between PGR and brain function or morphology have
found promising evidence for the continuity of neurobiological substrates of psychosis. Higher PGR
scores in healthy samples were associated with increased activation in the dorsolateral prefrontal cortex
(DLPFC) during a working memory task adults (Walton et al., 2014), reduced cortical thickness and
early cannabis use in youths (French et al., 2015), and reduced activation in the ventral striatum during
a decision-making task in healthy adults (Lancaster et al., 2016). These findings are consistent with
known evidence of DLPFC dysfunction, impaired ventral striatal signal, grey matter loss, and cannabis
use in clinical cohorts (Arseneault et al., 2002; Fornito et al., 2009; Juckel et al., 2006; Potkin et al.,
2009). The following sections will focus on evidence for neurobiological continuities across the

psychosis continuum.
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1.2. Schizophrenia: a dysconnectivity of brain networks
The human brain consists of 100 billion neurons interconnected in complex networks across multiple
spatial and temporal scales (Essen & Tononi, 2016). Psychiatric and neurological disorders arise from
disruptions of human brain networks, and thus understanding the connectivity of brain networks is
central to uncovering the pathogenesis and neurobiological progression of various illnesses (Essen &
Tononi, 2016; Fornito et al., 2015). The advancement of non-invasive neuroimaging methods has
provided new approaches to comprehensively map brain networks (Fornito et al., 2012; Sporns, 2013).

Brain connectivity can be measured at the level of structure or function. Structural connectivity
is defined as anatomical connections linking different neuronal populations (Sporns et al., 2004). It can
be derived from measuring white matter projections across multiple spatial scales, ranging from local
circuitry to long-range connections encompassing topologically distant brain regions (Sporns et al.,
2004). Functional connectivity refers to statistical dependencies (most commonly quantified using
Pearson correlations) between physiological signals recorded from two or more discrete brain regions
(Friston, 1994). The most popular tool for measuring functional connectivity in living patients is
functional magnetic resonance imaging (fMRI). fMRI evaluates the contrast in magnetic properties of
oxygenated and deoxygenated blood, also known as blood-oxygen-level-dependent (BOLD) signal, as
a proxy for neural activity (Liégeois & Elward, 2020). Historically, fMRI studies employed a task in
the scanner to investigate differences in stimulus-evoked brain activity between patients and healthy
controls. Although still a popular method, task fMRI poses some limitations as some tasks can be
challenging for patient groups (Fornito & Bullmore, 2010). In recent years, the use of more passive, so-
called resting-state paradigms, in which fMRI signals are recorded in the absence of a specific task,
have become a very popular tool for assessing different aspects of network dysfunction in psychotic
and other psychiatric disorders (Fornito & Bullmore, 2010).

Schizophrenia is proposed to arise from a dysconnectivity of brain networks (Friston, 1999).
Using resting-state fMRI, altered functional connectivity in corticostriatal circuits, fronto-parietal,
cingular-opercular, cerebellar, and default mode network has been found in healthy first-degree
relatives of schizophrenia patients, youths with severe PLEs, ARMS, FEP, and schizophrenia patients

(Dandash et al., 2014; Li et al., 2017; Lord et al., 2012; Repovs et al., 2011; Sarpal et al., 2015;
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Satterthwaite et al., 2015; Skatun et al., 2017; Wang et al., 2014; Wolfet al., 2015). Increased functional
connectivity of the PFC, the default mode network, and limbic regions has been reported in youths with
PLEs and patients in early phases of psychosis (Anticevic et al., 2015; Jalbrzikowski et al., 2019;
Kraguljac et al., 2016; Satterthwaite et al., 2015). At the same time, reduced functional connectivity of
cingulo-opercular regions, fronto-parietal network, sensory, and somatomotor systems has been found
in cohorts spanning different phases of the psychosis continuum (Dong et al., 2018; Lewandowski et
al., 2019; Satterthwaite et al., 2015; Skatun et al., 2017). These findings implicate a consistent set of
neural systems as being relevant to psychosis in subclinical and clinical groups, with alterations in
connectivity emerging at an early age.

While these studies suggest that brain network dysfunction is widespread in psychosis, it is as
yet unclear whether this dysfunction originates within a focal neural circuit and then spreads to
encompass other areas, or whether the dysfunction has a distributed origin. One set of neural circuits
that have been the subject of particular focus as a site of early pathology in psychosis are the brain’s
FST systems, which play diverse roles in cognition and behaviour, and are heavily influenced by the

neurotransmitter dopamine, the primary target of all antipsychotic drugs available today.

1.3. Fronto-striato-thalamic circuits
FST circuits are a set of discrete yet integrated neural circuits that topographically connect the frontal
cortex with the striatum, comprising the caudate and putamen, along a ventromedial-dorsolateral
gradient (Alexander et al., 1986; Haber, 2016; Marquand et al., 2017; Quartarone et al., 2019). Each
FST circuit subserves a specific function and collectively they are involved in several key processes
such as executive functions, emotional processing, salience attribution, and motor control (Alexander
et al., 1986; Haber, 2016; Marquand et al., 2017). Two FST circuits that are frequently associated with
symptoms of the psychosis continuum are the ventral “limbic” and the dorsal “associative” circuits.
The ventral FST circuit links the orbitofrontal cortex (OFC), ventromedial prefrontal cortex
(VMPFC) with the nucleus accumbens of the ventral striatum (Haber & Knutson, 2009). The nucleus
accumbens also receives projections from subcortical limbic structures (i.e., hippocampus and

amygdala) (Chang & Grace, 2014; Grace, 2016; Lodge & Grace, 2006). The ventral circuit is heavily
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implicated in reward, motivational, and emotional processing (De la Fuente-Fernandez et al., 2002;
Haber et al., 2000; Hurd & Hall, 2005). The dorsal FST circuit links the dorsolateral prefrontal cortex
(DLPFC) with the dorsal “associative” striatum (i.e., caudate nucleus and the putamen) (Alexander,
1986). However, connections from various cortical regions also overlap in the dorsal striatum, rendering
this region as an information integration hub for FST circuits (Balleine et al., 2007; Haber, 2016; Joel
& Weiner, 2000). Thus, the dorsal circuit contributes to executive functions and information integration
(Balleine et al., 2007; Graybiel, 1998). Information from both the ventral and dorsal striatum projects
back to the cortex through the pallidum and substantia nigra pars reticulata, and the thalamus (Figure

1.1) (Alexander, 1986; Gerfen & Bolam, 2010).
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Figure 1.1. Ventral and dorsal FST circuits. The ventral circuit is shown on the left and the dorsal circuit is on the right.
Anatomical locations of ventral and dorsal regions of the striatum are shown on the axial slices. Information from the cortex
flows to the striatum, and back to the cortex through the pallidum, substantia nigra pars reticulata, and to the thalamus. The
hippocampus and amygdala also send projections to the ventral striatum. VMPFC: ventromedial prefrontal cortex; OFC:
orbitofrontal cortex; DLPFC: dorsolateral prefrontal cortex; SNr: substantia nigra pars reticulata; VA: ventral anterior; MD:

mediodorsal.
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In addition to prefrontal connections, the striatum receives vast dopaminergic innervation from
the midbrain, and in turn, the midbrain receives most of its projections from the striatum (Haber et al.,
2000). Pathways from the ventral tegmental area (VTA) and the substantia nigra (SN) in the midbrain
form the mesolimbic and nigrostriatal pathways with the dorsal and ventral striatum, respectively (Hurd
& Hall, 2005; Lerner et al., 2015). Striatal inputs also converge on the midbrain, allowing information
to flow across the striatum (Haber et al., 2000). As the striatum receives most of the dopaminergic
projections in the brain, dopamine is a potent modulator of FST circuit function and its innervation of
the striatum facilitates associative learning, reward valuation, information integration, and information

filtering (Haber, 2003; Maia & Frank, 2017; Robbins & Everitt, 1992; Wolfram Schultz, 2016).

1.4. Dysconnectivity of ventral and dorsal FST circuits in psychosis

Using resting-state fMRI, functional connectivity of FST circuits can be investigated using different
methods. A popular approach in inferring functional connectivity is the seed-based approach. This
approach includes using a mask, or seed, to extract time-series from a region of interest and estimating
correlations of the time-series with physiological signals in other regions of the brain (Fox et al., 2005;
Joel et al., 2011). Functional connectivity of FST circuits can be estimated by using seeds placed in
various regions of the circuits, either in the striatum, limbic regions encompassed in the ventral circuit,
or in the thalamus.

Resting-state functional connectivity studies using seeds located in the ventral striatum,
variably placed in either the nucleus accumbens, ventral caudate or putamen regions, have found
increased connectivity of the ventral circuit in ARMS, FEP patients and their unaffected first-degree
relatives compared to healthy controls. In ARMS and first-degree relatives of FEP patients, increased
connectivity was found between the ventral putamen and inferior frontal regions including the VMPFC
(Dandash et al., 2014; Fornito et al., 2013). FEP patients have been found to demonstrate increased
functional connectivity between the ventral caudate, including the nucleus accumbens, with the OFC
and insula, and this increase was positively associated with positive and negative symptom severity and
longer duration of untreated psychosis (Fornito et al., 2013; Sarpal et al., 2017). Higher positive PLEs

were associated with increased functional connectivity of the ventral circuit comprising the ventral
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putamen, cingulate and superior frontal gyrus, consistent with ARMs and first-degree relatives of FEP
patients (Wang et al., 2018). Increased functional connectivity of the ventral circuit in the earlier stages
of psychosis along the continuum is consistent with reports of aberrant ventral striatal activity and grey
matter loss in established schizophrenia (Morris et al., 2012; Stegmayer et al., 2014).

Using seeds places in subcortical limbic regions, altered functional connectivity with the frontal
cortex has also been reported across the continuum. Reduced functional connectivity of the amygdala
with the OFC was found in established schizophrenia (Anticevic, Tang, et al., 2014). However, in the
earlier stages of psychosis, the amygdala exhibited increased functional connectivity with the
ventrolateral PFC, frontal pole, thalamus, and brainstem in ARMS and FEP patients (Anticevic, Tang,
et al., 2014; Kim et al., 2020). Similar findings were also reported in youths with PLEs (Jalbrzikowski
et al.,, 2019). The anterior hippocampus, on the other hand, demonstrated increased functional
connectivity with cortical areas including the medial PFC in established schizophrenia (Zhou et al.,
2008), whereas increased functional connectivity of the hippocampus in individuals with PLEs was
restricted to subcortical regions including the striatum and thalamus (Kozhuharova et al., 2020). Using
other neuroimaging methods, dysconnectivity between subcortical limbic regions with the PFC has also
been reported. For the amygdala, increased activation was reported in at-risk youths during an emotional
processing task in the scanner and this was accompanied with reduced activation of inferior frontal
regions (Gee et al., 2012). For the hippocampus, resting cerebral blood flow of this region was increased
in at-risk individuals (Allen et al., 2016) and this was accompanied with PFC inhibition that was linked
with increased medial prefrontal GABA levels in individuals who transitioned to psychosis (Modinos
et al., 2018). Together, these results suggest that dysconnectivity of the ventral circuit is not limited to
alterations implicating the ventral striatum, but also between limbic areas with prefrontal regions,
suggesting a dysfunction in emotional processing across the continuum of severity.

In the dorsal FST circuit, reduced functional connectivity between the dorsal caudate and the
DLPFC was found in FEP patients and their unaffected first-degree relatives, ARMSs, and chronic
unmedicated patients (Dandash et al., 2014; Fornito et al., 2013; Horga et al., 2016). In FEP patients,
reduced functional connectivity between the dorsal caudate, bilateral DLPFC, and left medial PFC, was

associated with the severity of positive symptoms (Fornito et al., 2013). ARMS individuals with higher
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levels of positive symptoms also exhibited reduced functional connectivity between the dorsal caudate,
left rostromedial PFC and right DLPFC compared to healthy controls (Dandash et al., 2014). Following
treatment in FEP patients, improvement of psychotic symptoms was accompanied with increased
functional connectivity between the right dorsal caudate and right DLPFC, suggesting a contribution of
dorsal circuit disruption in the onset of psychosis symptoms (Sarpal et al., 2015). Functional
connectivity of the dorsal circuit has not been extensively associated with subthreshold symptoms,
although reduced functional connectivity with posterior regions has been found in a large sample of
healthy adults with PLEs (Wang et al., 2018b).

The thalamus plays a central role in relaying information between the striatum and the cortex,
and thus changes in functional connectivity of this region also reflect alterations in FST circuits (Haber
& McFarland, 2001; Sherman, 2016). Largely consistent with the findings of dorsal striatum
connectivity, reduced functional connectivity of the thalamus was reported with PFC regions
encompassing the cognitive control network (i.e., the medial PFC, DLPFC, and ACC) in at-risk
individuals, FEP, and schizophrenia patients (Anticevic et al., 2014; Li et al., 2017; Welsh et al., 2010;
Woodward & Heckers, 2016). Reduced connectivity with prefrontal and cerebellar regions were
pronounced in at-risk patients who converted to psychosis (Anticevic et al., 2015). Notably, implicated
cortical regions include areas that are functionally segregated into the dorsal and ventral FST circuits,
but functionally connected as part of a canonical brain network such as the cognitive control network
(Cole & Schneider, 2007). This suggests that the thalamus is involved in modulating connectivity across
cortical regions, and thus this structure may be a promising site to investigate cortico-cortico integration
(Sherman, 2016). Furthermore, there is a lack evidence for altered functional connectivity of the
thalamus in PLEs, suggesting that dysconnectivity of this region is associated with clinical presentations
of symptoms.

Together, these findings indicate that alterations in FST connectivity can be found in varying
stages across the psychosis continuum. Functional connectivity of the ventral FST circuit was
implicated in groups at all stages of severity, with increased functional connectivity of the ventral
striatum and prefrontal regions featuring prominently. Reduced functional connectivity of the dorsal

circuit was established in at-risk and clinical groups; however, this has not been demonstrated in healthy

10



1. Introduction

people with PLEs. This is at odds with the finding of healthy first-degree relatives of patients
demonstrating reduced functional connectivity of this circuit (Fornito et al., 2013). Based on the
continuous distribution of genetic risk, a consistent pattern of connectivity should be extended to the
general population with PLEs. The paucity of evidence supporting a link between dorsal FST
connectivity and PLEs may reflect issues surrounding the measurement of subclinical symptoms in the
general population, which rely on a wide range of self-report measures. Such measures can be
confounded by lack of insight (Pavlova & Uher, 2020), over-reporting and misinterpretation of
questions (Verdoux & Van Os, 2002), and items are often dichotomised to measure the presence or
absence of latent dimensional traits, thus failing to provide accurate estimates of severity (van der Sluis
et al.,, 2010). Therefore, further investigation using more robust methods in the measurement of

subclinical symptoms is warranted to investigate functional connectivity of the dorsal circuit in PLEs.

1.5. Fronto-striato-thalamic dysconnectivity, dopamine dysfunction, and psychosis

Dysregulation of dopamine has long been thought to play a central role in the onset of psychotic
symptoms. All antipsychotics block the uptake of dopamine by binding to dopamine D2 receptors in
the striatum (Seeman, 1992). Moreover, compounds that increase synaptic dopamine concentrations
such as ketamine and amphetamine increase striatal dopamine release and elicit psychotic symptoms in
otherwise healthy individuals (Lieberman et al., 1987). These established findings indicate that
dopamine hyperactivity contributes to psychosis onset.

Dopamine neurons are located in the midbrain, with widespread projections to the ventral and
dorsal striatum and to the cortex through the mesolimbic, nigrostriatal, and mesocortical pathways,
respectively (Haber et al., 2000; Hurd & Hall, 2005; Thierry et al., 1976). At baseline, or during normal
contexts, dopamine neurons exhibit tonic firing which is described as a spontaneously occurring spike
activity driven by membrane currents of dopamine neurons (Grace & Bunney, 1984). The tonic activity
of dopamine neurons is controlled by the inhibitory action of GABA, thus preventing the neurons from
firing spontaneously (Grace & Bunney, 1985). The tonic activity of dopamine neurons regulates
baseline dopamine concentration in the striatum. In salient contexts, such as during a presentation of

unexpected rewards, dopamine neurons switch to phasic activity, characterised by a transient, high
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amplitude, burst spike firing pattern which releases dopamine (Floresco et al., 2003; Grace, 1991). This
phasic firing depends on glutamatergic input on dopamine neurons (Floresco et al., 2003). Phasic
dopamine firing is thought to represent learning, goal driven behaviour, and salience attribution (Schultz
et al., 1993). An important point to note is that only neurons that were tonically active can switch to
phasic firing, thus tonic activity governs the responsivity of the dopamine system (Grace, 1991).

Aberrantly increased tonic activity of dopamine neurons in the striatum is thought to lead to
inappropriate phasic firing of dopamine neurons irrespective of context, resulting in the misattribution
of salience that gives rise to psychotic symptoms (Frith, 2005; Heinz & Schlagenhauf, 2010; Kapur,
2003; Maia & Frank, 2017). Earlier work hypothesized that dopamine dysfunction implicates the
mesolimbic pathway, and that this dysfunction is thought to disrupt the role of the ventral striatum in
attributing salience, thus contributing to the onset of psychosis (Kapur, 2003). Additionally,
antipsychotics were found to exert its efficacy by acting selectively on the mesolimbic dopamine system
(Lidsky, 1995). Animal work has also found that dopamine activity in limbic regions was selectively
increased due to impaired corticolimbic feedback following prefrontal lesions of mesocortical
projections (Pycock et al., 1980; Weinberger, 1987). However, recent evidence supporting a role for
the dorsal striatum in associative learning and evidence from in-vivo imaging studies in patients has
questioned the mesolimbic theory (McCutcheon et al., 2019).

Striatal dopamine activity can be measured in-vivo using positron emission tomography (PET)
imaging using the tracer 3,4-dihydroxy-6-['*F]-fluoro-L-phenylalanine (['"*F]DOPA) to measure
presynaptic dopamine synthesis capacity (Grace, 2016; Weinstein et al., 2017). Elevations in dopamine
synthesis capacity in the associative striatum have been reported in at-risk individuals, especially in
those who transition to psychosis (Egerton et al., 2013; Howes et al., 2009; Howes, Bose, Turkheimer,
Valli, Egerton, Stahl, et al., 2011; Mizrahi et al., 2014). The findings of elevated dopamine synthesis in
the associative striatum challenge the mesolimbic dysfunction as a primary risk suggested by earlier
work, and the findings that delusions and hallucinations are associated with aberrant dopaminergic
signalling in the ventral striatum (Kapur, 2003; Maia & Frank, 2017; Winton-Brown et al., 2014).
Reports of elevated dopamine synthesis for the ventral striatum have been restricted to patients with

established schizophrenia (Kumakura et al., 2007; McGowan et al., 2004). It may be that striatal
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dopamine dysfunction is a general feature of clinical illnesses on the psychosis continuum, with
elevated dopamine synthesis in the dorsal striatum being a distinct feature of the at-risk phase. The
dorsal striatum is an integrative hub, and thus its dysfunction may elicit failures in cognitive, emotional,
and sensory integration that contribute to psychosis onset (McCutcheon et al., 2019).

Dopamine controls information flow from the striatum to the thalamus by modulating the
activity of striatal GABAergic medium spiny neurons, which constitute approximately 95% of neurons
in the striatum (Carlsson et al., 1999; Kemp & Powell, 1971; Surmeier et al., 2007). These ascending
striatothalamic pathways are classified into the direct and indirect pathways (Figure 1.2). The excitatory
direct pathway expresses D1 dopamine receptors and it relays information from the striatum to the
medial pallidum, before terminating in the thalamus. D2 receptors are expressed in the inhibitory
indirect pathway, and the output of this pathway inhibits the medial pallidum indirectly via the lateral
pallidum and the subthalamic nucleus, preventing information transmission to the thalamus (Gerfen &
Surmeier, 2011; Keeler et al., 2014). Dopamine dysregulation in the striatum may result in an imbalance

of signalling along these pathways, thus contributing to positive and negative symptoms (Carlsson et

al., 1999).
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Figure 1.2. Direct and indirect striatothalamic pathways. The direct pathway (orange arrows) consists of D1 receptors
acting on striatal medium spiny neurons. Its excitatory mechanism is executed by inhibiting the GABAergic output of the
medial pallidum to the thalamus, thus allowing information being relayed on to the cortex. The indirect pathway (blue arrows)
consists of D2 receptors acting on striatal medium spiny neurons. Its inhibitory action is performed by diminishing the

inhibitory control of the lateral pallidum on the subthalamic nucleus, thus allowing the latter structure to send glutamatergic
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input to the medial pallidum. This excitatory action of the subthalamic nucleus results in a GABAergic output sent from the
medial pallidum to the thalamus, which effectively prevents information to be relayed on to the cortex (dashed blue arrow).

VTA: ventral tegmental area; SN: substantia nigra; STN: subthalamic nucleus; Glu: glutamate; DA: dopamine.

1.6. Is the primary pathology bottom-up or top-down?

Developmental models propose that dysregulation of subcortical dopamine emerges from a loss of top-
down control of the cortex or subcortical limbic regions on the midbrain (Lodge & Grace, 2011;
Weinberger, 1987). This top-down disruption is proposed to occur early in development and both rodent
and non-human primate studies have shown that early lesions of the DLPFC and the hippocampus can
indeed remain functionally silent until post-puberty (Goldman & Alexander, 1977; Lipska et al., 1995).
Lesions of the cortex are thought to disrupt mesocortical dopamine projections, leading to deficits in
cortical dopamine which elicits a compensatory response of the cortex, thus initiating inappropriate top-
down feedback to the midbrain (Weinberger, 1987). Indeed cortical lesions were found to give rise to
increased dopamine turnover and up-regulation of post-synaptic receptors in the midbrain (Pycock et
al., 1980). Additionally, rodents receiving lesions of the hippocampus after birth demonstrated impaired
sensorimotor gating post-puberty, a behavioural deficit that arises from dopamine hyperactivity (Lipska
etal., 1995).

Consistent with the developmental prefrontal lesion hypothesis, several human neuroimaging
studies have shown that prefrontal disruption is often accompanied by elevated subcortical dopamine.
In both schizophrenia and FEP patients, elevated striatal dopamine activity was found to be
accompanied by reduced glutamate metabolites and neuronal integrity in the PFC (Bertolino et al.,
2000; Jauhar et al., 2018). In at-risk groups, cerebral blood flow in the striatum and prefrontal regions
were inversely related (Kindler et al., 2017), and elevated striatal dopamine was associated with reduced
1Q and functional deficits of the PFC during a working memory task (Fusar-Poli, Howes, et al., 2010;
Howes et al., 2009). Reduced functional connectivity of the midbrain with the cortex in unmedicated
schizophrenia patients has also been reported, consistent with the proposed compromise of the
mesocortical pathway (Cadena et al., 2018; Hadley et al., 2014; Yoon et al., 2013).

Disruptions in the balance of prefrontal glutamate and GABA disrupts the inhibitory and

excitatory control of the cortex on the midbrain, and indeed rodent work has found that blocking
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prefrontal GABA receptors lead to increased striatal dopamine (Carlsson et al., 1999; Karreman &
Moghaddam, 1996). In addition to the cortex, limbic regions such as the hippocampus and the amygdala
also influence the top-down inhibition of the midbrain (Grace, 2016). A rodent methylazoxymethanol
acetate (MAM) developmental model of psychosis discovered that hyperactivity of ventral subiculum
of the hippocampus caused by GABA dysfunction sends augmented glutamatergic excitatory
innervation to the nucleus accumbens, which inhibits the control of the pallidum on midbrain and
increases dopamine population activity (Lodge & Grace, 2007). The amygdala, on the other hand,
inhibits hyperactivity of the midbrain in response to chronic stress (Chang & Grace, 2014).

The translation of the MAM model is relevant to the onset of psychosis and neuroimaging
evidence in humans have found that dysregulation of subcortical dopamine is related to aberrant
hippocampal, and by extension, medial temporal lobe activity in ARMS groups (Modinos et al., 2015).
Hippocampal glutamate levels and activity of this region were negatively associated with dopamine
synthesis in the associative striatum of ARMS patients, especially in a subgroup that transitioned to
psychosis (Roiser et al., 2013; Stone et al., 2010). Dysregulation of the hippocampus is thought to
contribute to be a key contributor to psychosis symptoms and cognitive disorganisation that is pervasive
across the psychosis continuum (Olypher et al., 2006).

Consistent with animal work, neuroimaging evidence in humans demonstrates that dysfunction
of various neurotransmitter systems that span the cortex and subcortex contribute to psychosis onset
(e.g., Carlsson & Carlsson, 1990; Fusar-Poli et al., 2011; Modinos et al., 2015). However, a limitation
of neuroimaging is that the evidence, at best, is correlational. Therefore, despite the evidence fitting in
with animal work, top-down disruption as a primary risk in psychosis cannot be inferred. Mounting
evidence of striatal dopamine dysregulation associated with psychosis risk, and the finding that the
DRD2 gene, which is strongly expressed in the striatum, contains a genome-wide risk variant for
schizophrenia, challenge the proposed top-down model (Egerton et al., 2013; Howes et al., 2009;
Howes, Bose, Turkheimer, Valli, Egerton, Valmaggia, et al., 2011; Mizrahi et al., 2014; Ripke et al.,
2014). Delineating directional influences that perturb brain circuits in distinct stages of psychosis is an
important future direction in the field, as it allows the understanding of the pathogenesis and progression

of psychosis, as well as uncovering potential targets for early treatment.
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1.7. Dynamic causal modelling

Functional connectivity is an undirected measure of coupled neuronal activity that cannot uncover the
causal influences in FST circuits that are relevant to different phases of psychosis and symptom
expressions. To overcome this limitation, one would ideally map patterns of effective connectivity
within FST systems. Effective connectivity refers to the causal influence that one neural system exerts
over another (Friston, 2011). Dynamic causal modelling (DCM) is a popular method for inferring
effective connectivity using fMRI and relies on a generative neuronal model, coupled with an
observation model, to estimate the strength of effective connectivity among (hidden) neuronal systems,
given the haemodynamic signals measured with fMRI (Buxton et al., 1998; Friston et al., 2003) In
recent years, the development of spectral DCM, which models effective connectivity in the cross-
spectral domain for resting-state fMRI data, has allowed efficient estimation of effective connectivity
networks during resting-state paradigms (Razi et al., 2015). Spectral DCM demonstrates robust
construct validity and has been utilised to estimate endogenous effective connectivity of brain networks
(Almgren et al., 2018; Preller et al., 2019; Razi et al., 2015; Zhou et al., 2017), as well as effective
connectivity of frontoparietal, hippocampal, and anterior cingulate cortex (ACC) networks in FEP and
established schizophrenia (Chahine et al., 2017; Cui et al., 2015; Uscatescu et al., 2020). However, a

detailed characterization of FST effective connectivity across the psychosis continuum is lacking.

1.8. Aims and overview of the thesis

Psychosis symptoms are proposed to lie on a continuum of severity that is accompanied by
neurobiological changes. The brain’s FST systems, particularly the dorsal and ventral circuits, are
relevant to the emergence of psychotic symptoms. Functional connectivity of these circuits has been
investigated in clinical populations across varying phases of psychosis. The broad aim of this thesis is
to systematically investigate the connectivity of FST circuits across the psychosis continuum. In
particular, this thesis addresses the gaps in the current body of work by first testing for associations

between PLEs and FST functional connectivity, and then developing a more refined model of FST
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effective connectivity that can be used to probe this circuitry across the psychosis continuum. This thesis
consists of three empirical chapters and a discussion section as below.

Chapter 2 first tests for associations between FST functional connectivity and PLEs in a large,
non-clinical sample. FST circuits are central to psychosis onset and reduced functional connectivity of
the dorsal FST circuit has been demonstrated in ARMS, FEP patients and their first-degree relatives
(Dandash et al., 2014; Fornito et al., 2013), and indirectly in schizophrenia patients through the
investigation of thalamus functional connectivity (Anticevic, Cole, et al., 2014; Li et al., 2017; Welsh
et al., 2010; Woodward & Heckers, 2016). However, the association between functional connectivity
of the dorsal circuit and PLEs is unclear and there is a lack of evidence for a continuum of altered dorsal
FST functional connectivity in the general population, which is inconsistent with the proposed
continuous distribution of symptom severity. Extending striatal connectivity to the entire cortex, this
chapter aimed to investigate functional connectivity of corticostriatal circuits in tracking the expression
of subclinical symptoms in non-clinical individuals. Critically, positive and negative dimensions of
PLEs were derived from a data reduction method applied to an extensive measurement battery of PLEs
to assess a wide variety of subclinical symptoms. Consistent with previous findings in clinical samples
(Dandash et al., 2014; Fornito et al., 2013), positive PLEs were associated with reduced functional
connectivity of the dorsal corticostriatal circuit, namely between the dorsal regions of the striatum and
the primary motor and prefrontal cortices, including the DLPFC and the ACC. This chapter thus
establishes the dorsal corticostriatal circuit as a putative marker of psychotic symptoms across the
continuum of severity.

Building on these findings, Chapter 3 examines effective connectivity across different stages
of the psychosis continuum, and in relation to striatal dopaminergic function. Animal models propose
that subcortical dopamine dysfunction arises from a loss of top-down control of the cortex and limbic
regions over the midbrain (Lodge & Grace, 2007; Weinberger, 1987). Despite converging correlational
evidence supporting a top-down model from human neuroimaging work, there is accumulating evidence
that bottom-up abnormalities may also be prominent, based on links between elevated dorsal striatum
dopamine and psychosis risk, and the identification of schizophrenia risk variants in the DRD2 gene

(Egerton et al., 2013; Howes et al., 2011; Howes et al., 2009; Mizrahi et al., 2014; Ripke et al., 2014).
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This chapter thus uses DCM for resting-state fMRI data to examine the relative contributions of top-
down and bottom-up signalling in FST dysfunction across the continuum. Using spectral DCM, both
top-down and bottom-up influences of the dorsal and ventral circuits, as outlined in Figures 1.1 and 1.2,
were identified in a healthy group with PLEs, antipsychotic-naive FEP patients, and patients with
established schizophrenia. FST connections were also associated with presynaptic dopamine levels,
measured by ['®F]DOPA in concurrent PET imaging, in the dorsal and ventral striatum of the healthy
sample. The findings indicate that compared to other phases, early phases of psychosis are associated
with prominent disruption of subcortical connectivity, with midbrain and thalamic connectivity being
robustly associated with positive symptoms across the continuum, as well as with dopamine synthesis
capacity in the striatum. These findings align with a prominent role for both top-down and bottom-up
subcortical regulation of dopamine as playing an important role early in the emergence of psychotic
symptoms, with limited evidence for dysregulation of top-down cortical control mechanisms.

Having established a working model of FST effective dysconnectivity across stages of the
psychosis continuum, Chapter 4 provides a more detailed characterization of how the model of FST
effective connectivity in the preceding chapter relates to PLEs in non-clinical individuals. It applies a
refined approach for characterizing the structure of PLEs into nine dimensions using item response
theory (Reise et al., 2005), thus increasing the phenotypic resolution of the analysis. Spectral DCM
revealed that striatothalamic connections were associated with all positive PLE dimensions. Delusions
and hallucinations implicated ascending influence of the amygdala on the cortex, meanwhile causal
influences associated with cognitive disorganisation and body image aberration were restricted to
subcortical regions. Associations with negative PLE dimensions were restricted to the ventral circuit
and implicated the nucleus accumbens, highlighting a prominent contribution of limbic circuitry in this
domain. Increased midbrain influences were not associated with PLE dimensions, suggesting a
mechanism distinct from clinical symptoms.

Chapter 5 presents an integrated discussion of the body of work presented in the preceding
chapters. It outlines how the findings indicate that FST dysfunction is present across the psychosis
continuum, that early dysfunction may lie in dysregulated subcortical systems in concert with

dopaminergic dysfunction, and that while some continuities between clinical and subclinical
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phenomena may be identified, they are not isomorphic. Collectively, these findings support a

neurobiological continuum of psychosis that is evident at a systems-level, with dysfunction of

subcortical circuitry as a primary feature of early pathophysiology.
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Chapter 2

Functional Connectivity of Corticostriatal Circuitry and Psychosis-
like Experiences in the General community

Sabaroedin, K., Tiego, J., Parkes, L., Sforazzini, F., Finlay, A., Johnson, B., Pinar, A., Cropley, V.,
Harrison, B.J., Zalesky, A., Pantelis, C., Bellgrove, M., & Fornito, A. (2019). Functional connectivity
of corticostriatal circuitry and psychosis-like experiences in the general community. Biological

Psychiatry, 86(1), 16-24.

Preamble

Alterations in the functional connectivity of fronto-striato-thalamic (FST) circuits have been identified
in clinical cohorts across the psychosis continuum. Associations between subclinical symptoms of
psychosis and FST functional connectivity have been unclear. This chapter sought to investigate the
association between psychosis-like experiences (PLEs) with functional connectivity of the striatum to
the entire cortex in a large community sample of healthy adults. Using a data reduction method on an
extensive battery of PLE measurements, the results demonstrate that reduced functional connectivity of
the dorsal subdivision of the striatum with the primary motor and prefrontal cortices were associated
with more severe positive-like symptoms. This finding is consistent with what has been found in clinical
groups, suggesting that the dorsal circuit tracks the severity of positive symptoms across the psychosis
continuum.

Supplementary materials for this chapter are in Appendix A.



2. Functional Connectivity of CST Circuitry and PLEs

Abstract

Background: Psychotic symptoms are proposed to lie on a continuum, ranging from isolated psychosis-
like experiences (PLEs) in nonclinical populations to frank disorder. Here, we investigated the
neurobiological correlates of this continuum by examining whether functional connectivity of dorsal
corticostriatal circuitry, which is disrupted in psychosis patients and individuals at high risk for
psychosis, is associated with the severity of subclinical PLEs.

Methods: A community sample of 672 adults with no history of psychiatric or neurological illnesses
completed a battery of seven questionnaires spanning various PLE domains. Principal component
analysis of 12 subscales taken from seven questionnaires was used to estimate major dimensions of
PLEs. Dimension scores from principal component analysis were then correlated with whole-brain
voxelwise functional connectivity maps of the dorsal striatum in a subset of 353 participants who
completed a resting-state neuroimaging protocol.

Results: Principal component analysis identified two dimensions of PLEs that accounted for 62.57%
of variance in the measures, corresponding to positive (i.e., subthreshold delusions and hallucinations)
and negative (i.e., subthreshold social and physical anhedonia) symptom-like PLEs. Reduced functional
connectivity between the dorsal striatum and prefrontal and motor cortices correlated with more severe
positive PLEs. Increased functional connectivity between the dorsal striatum and motor cortex was
associated with more severe negative PLEs.

Conclusions: Consistent with past findings in patients and individuals at high risk for psychosis,
subthreshold positive symptomatology is associated with reduced functional connectivity of the dorsal
circuit. This finding suggests that the connectivity of this circuit tracks the expression of psychotic
phenomena across a broad spectrum of severity, extending from the subclinical domain to clinical

diagnosis.

2.1. Introduction
Psychotic symptoms are proposed to follow a continuous distribution of severity, ranging from the
absence of symptoms at one end to frank disorder at the other (Grant et al., 2018). Subthreshold

psychosis-like experiences (PLEs) lie between these extremes (Kelleher & Cannon, 2011). Typically
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characterized as attenuated (i.e., subclinical or subthreshold) forms of canonical positive symptoms
(e.g., delusions and hallucinations), PLEs also encompass subclinical variation of the negative
symptoms of schizophrenia, such as mild anhedonia (Barrantes-Vidal et al., 2013; Linney et al., 2003;
MacDonald et al., 2001; Stefanis et al., 2002; Verdoux & Van Os, 2002). PLEs are predominantly
transient (Cougnard et al., 2007; Hanssen et al., 2006); in cases of persistent expression, PLEs are
thought to reflect an enduring personality dimension (Ettinger et al., 2014). The prevalence of PLEs in
the general community reaches up to 8% (van Os et al., 2009), with higher incidences in the relatives
of schizophrenia patients (Vollema et al., 2002), suggesting that one’s liability for PLEs tracks
vulnerability to clinical disorder. Severe PLEs may indeed progress into a help-seeking phase, as
exemplified by the at-risk mental state (ARMS) for psychosis (Arseneault et al., 2002; Cannon et al.,
2007; Kaymaz et al., 2012; Werbeloff et al., 2012; Yung & McGorry, 1996).

The continuum model of psychosis severity accords with evidence for a polygenic contribution
to schizophrenia liability, which predicts a continuous population distribution of symptomatology (Lee
et al., 2012; Plomin et al., 2009). It is also supported by neuroimaging evidence suggesting that
subclinical and clinical phenomena share common neural correlates. The severity of PLEs in nonclinical
samples correlates with variations in brain systems implicated in schizophrenia and various psychotic
disorders, including frontotemporal, default mode, and cingulo-opercular systems (Corlett & Fletcher,
2012; Ettinger et al., 2012; Fusar-Poli, Broome, et al., 2010; Garrity et al., 2007; Henseler et al., 2010;
Satterthwaite et al., 2015; Sheffield et al., 2016; White et al., 2010; Whitfield-Gabrieli et al., 2009;
Wolthusen et al., 2018). Alterations of white matter integrity in the corpus callosum, thalamus, and
parietal, language, and visual areas have also been commonly reported in studies of clinical and
nonclinical individuals with subthreshold symptomatology (Jacobson et al., 2010; Skudlarski et al.,
2013; Van Dellen et al., 2016). These findings suggest that a continuum of neural function may underlie
a broad spectrum of symptom expression.

The brain’s corticostriatal (CST) circuits are particularly relevant to the various cognitive and
symptom dimensions of schizophrenia (Pantelis et al., 1992; Pantelis & Brewer, 1996). These parallel
yet integrated circuits topographically connect frontal regions with the striatum, with feedback loops

passing through the pallidum and thalamus (Alexander et al., 1986; Haber, 2016). The two CST circuits
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that are most relevant to psychosis are the ventral and dorsal systems (Dandash et al., 2017; Grace,
2016). The ventral (limbic) system connects the orbitofrontal cortex, medial prefrontal cortex, and
limbic structures of the brain (e.g., the hippocampus and amygdala) with the ventral striatum (Alexander
et al., 1986; Draganski et al., 2008; Haber, 2016). This system is a major pathway for mesolimbic
dopamine (Haber & Knutson, 2009) and has long been implicated in psychosis because of its role in
reward processing and salience encoding (Kapur, 2003).

The dorsal (associative or cognitive) system links the dorsolateral prefrontal cortex (DLPFC)
with the dorsal striatum (Alexander et al., 1986). Positron emission tomography studies indicate that
both dopamine synthesis capacity and synaptic concentration are elevated prominently in the dorsal
striatum of patients with schizophrenia (Kegeles et al., 2010), individuals in the ARMS phase (Fusar-
Poli, Howes, et al., 2010; Howes et al., 2009), and healthy persons with increased liability for psychosis
because of either genetic or environmental factors (Egerton et al., 2017; Huttunen et al., 2008). In
ARMS, these elevations are present only in individuals who later transition to psychosis (Howes, Bose,
Turkheimer, Valli, Egerton, Stahl, et al., 2011). These positron emission tomography findings are
complemented by studies of striatal functional connectivity, which report reduced coupling of the
DLPFC with dorsal caudate and putamen in patients with first-episode psychosis, their unaffected first-
degree relatives, and individuals with ARMS (Dandash et al., 2014; Fornito et al., 2013). Similar
changes have been found in patients with first-episode mania experiencing psychosis (Dandash et al.,
2018), suggesting that dorsal CST dysfunction tracks the emergence of psychotic symptoms across
diagnostic categories. Other studies focusing on thalamic connectivity support the association between
changes in dorsal CST function with risk for psychosis (Anticevic, Cole, et al., 2014; Anticevic, Haut,
et al., 2015; Woodward & Heckers, 2016). Changes of coupling in the dorsal CST circuit have also
been correlated with the severity of both positive and negative symptoms in ARMS and clinical groups
(Anticevic, Haut, et al., 2015; Dandash et al., 2014; Fornito et al., 2013), and they are often accompanied
by increased coupling in the ventral CST circuit and thalamic sensorimotor systems (Anticevic, Cole,
et al., 2014; Anticevic, Haut, et al., 2015; Fornito et al., 2013; Woodward & Heckers, 2016).

Together, these results indicate that reduced functional coupling of the dorsal CST system

tracks the severity of psychotic symptom expression across a wide spectrum of illness severity that
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spans individuals with genetic high risk for psychosis, individuals in the ARMS phase, and individuals
who were clinically diagnosed with psychosis (Dandash et al., 2017). Here, we investigated whether
CST function also tracks continuous subclinical variation in PLEs, ranging from the absence of PLEs
to more severe experiences, in a large nonclinical sample. We combined resting-state functional
magnetic resonance imaging with an extensive battery of PLE questionnaires measuring a broad array
of subclinical phenomena related to schizophrenia symptomatology. Following evidence in clinical
samples and individuals at high risk for psychosis (Dandash et al., 2014; Fornito et al., 2013), we
hypothesized that reduced coupling between the dorsal striatum and prefrontal cortex would be
associated with more severe PLEs, particularly those related to the positive symptoms of schizophrenia.
Secondarily, we tested for other associations between dorsal and ventral striatal functional connectivity
and PLE dimensions. In this exploratory analysis, we were particularly interested in determining
whether increased coupling in the ventral system correlates with more severe PLEs, as suggested by

work in individuals with genetic high risk for psychosis (Fornito et al., 2013).

2.2. Methods and materials
2.2.1. Participants
We recruited 672 participants (274 male subjects; age, mean £ SD 23.2 + 4.89 years [range, 1850
years]) from the general community to complete an online battery of PLE measures. To capture a broad
range of PLE variation, ranging from the absence of PLEs to more severe subthreshold experiences, we
included all participants with valid data from our measurement battery. All participants were right-
handed with no personal history of neurological or psychiatric illness and no significant drug use (see
Appendix A for further details). Recruitment was part of a larger genetics study that required
participants to have all four grandparents of European descent (Pinar et al., 2018). The study was
conducted in accordance with the Monash University Human Research Ethics Committee (reference
number 2012001562). Each participant provided written informed consent following a thorough
explanation of the study.

A subset of 379 participants with complete PLE measures underwent our resting-state

functional magnetic resonance imaging protocol. Participants were subsequently excluded for scan
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artifacts, poor scan quality, or excessive in-scanner head motion (details in Appendix A). The final
sample with complete PLE measures and neuroimaging data comprised 353 participants (155 male

subjects; median age [range], 22 years [18—50 years]; IQ range, 81-139, mean [SD] =112 [11.6]).

2.2.2. Measures of PLEs

To sample a wide range of variation in PLEs, we used seven psychometrically validated self-report
measures of subthreshold psychotic symptoms: the short-form Oxford-Liverpool Inventory of Feelings
and Experiences (Mason et al., 2005); the Peters Delusion Inventory, 21-item version (Peters et al.,
2004); the Community Assessment of Psychotic Experience (Stefanis et al., 2002); and four Chapman
Scales measuring magical ideation, perceptual aberration, and social and physical anhedonia (Chapman
et al., 1976, 1978a; Eckblad & Chapman, 1983). We chose these measures not only because they are
commonly used for community samples but also because they capture dimensions of PLEs based on
different conceptual models of subthreshold psychosis symptomatology. For the Peters Delusion
Inventory and Community Assessment of Psychotic Experience, subscales measuring distress,
preoccupation, and conviction were excluded from further analysis as they were redundant with the
frequency scales (all r < .85). The battery yielded a total of 272 items spanning 12 subscales (Appendix

A Table Al).

2.2.3. Principal component analysis

We used principal component analysis (PCA) of the subscale scores, with varimax rotation, as
implemented in SPSS version 25 (IBM Corp., Armonk, NY), to derive data-driven estimates of the
latent dimensions driving PLE variance in our sample. PCA was performed on the larger sample of 672
participants to obtain robust estimates of latent dimensions. The Kaiser-Meyer-Olkin test of sampling
adequacy value was 0.87, indicating that the correlations between variables would yield reliable factors
(Kaiser, 1974). Following PCA, component scores were extracted for all participants using the

Anderson-Rubin method to ensure orthogonality (DiStefano et al., 2009).

25



2. Functional Connectivity of CST Circuitry and PLEs

2.2.4. Neuroimaging data acquisition and pre-processing

Multiband resting-state echo-planar images (620 volumes, 754-ms repetition time, 3-mm isotropic
voxels) and anatomical T1-weighted scans (1-mm isotropic voxels) were acquired for each participant.
The following pre-preprocessing steps were applied to the echo-planar images: 1) basic pre-processing
in FSL FEAT that included removal of the first four volumes, rigid-body head motion correction, 3-
mm spatial smoothing, and high-pass temporal filter (75-second cutoff); 2) removal of artifacts using
FSL-FIX; 3) spatial normalization to the MNI152 template; and 4) spatial smoothing with a 6-mm full
width at half maximum Gaussian kernel. After processing, the data were subjected to rigorous quality
control for motion artifacts, as per past work (Parkes et al., 2018). Further details are presented in

Appendix A.

2.2.5. Definition of seed regions of interest

In each hemisphere, six striatal regions of interest (ROIs) were seeded using 3.5-mm radius spheres that
were delineated using a functional parcellation of the striatum (Di Martino et al., 2008), as per past
work (Dandash et al., 2014; Fornito et al., 2013). For the caudate, three ROIs were seeded along a
dorsoventral axis, including the dorsal caudate (x ==*13, y = 15, z=9), the superior ventral caudate (x
=410, y =15, z=0), and the inferior ventral caudate/nucleus accumbens (x =+9, y =9, z = -8). Three
ROIs were seeded for the putamen along a similar axis, comprising the dorsocaudal putamen (DCP) (x
=428,y =1, z= 3), the dorsorostral putamen (x =425, y = 8, z = 6), and the ventrorostral putamen (x
=420, y = 12, z = -3). Seeds in the dorsal CST system comprise the dorsal caudate, the dorsorostral
putamen, and the DCP, whereas seeds in the ventral system comprise the inferior ventral
caudate/nucleus accumbens, superior ventral caudate, and ventrorostral putamen. The mean time series
of each region was then used for seed-related functional connectivity mapping. Further details on ROI

definition are in Appendix A.

2.2.6. Functional connectivity analysis
First-level analysis was performed using SPMS as previously described (Dandash et al., 2014; Fornito

et al., 2013). For each participant, a general linear model containing the six seed-region time courses as
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covariates was used to model blood oxygen level-dependent signal fluctuations in each voxel. Separate
models were fitted for the left and right hemispheres, yielding a pair of brain maps for each striatal ROI.
Parameter estimates from the first-level analysis were passed to a second-level general linear model to
generate group-wide functional connectivity maps for each ROI. Covariates comprised component
scores of orthogonal PLE dimensions derived from the PCA. Nuisance covariates included age, age
squared, estimated full-scale 1Q, sex, and mean framewise displacement as a measure of in-scanner
motion (Power et al., 2012). Our analyses focused on mean effects collapsed across left and right striatal
seeds to facilitate comparison with prior work (Dandash et al., 2014; Fornito et al., 2013). We note,
however, that this approach may limit sensitivity to identify strongly lateralized effects.

Our primary hypothesis concerned the association between dorsal circuit connectivity and
positive PLEs. We thus declared any associations between positive PLEs and functional connectivity
of the dorsal circuit significant if they passed a threshold-free cluster enhancement (TFCE) (Smith &
Nichols, 2009) corrected threshold of p < .017, determined using 5000 permutations, as implemented
in FSL Randomise (Winkler et al., 2014). This threshold is a Bonferroni correction of the typical p <
.05 threshold for the three seeds used to probe dorsal circuit connectivity. Our secondary hypotheses
and other exploratory correlations were evaluated using a TFCE-corrected threshold of p <.002, which
accounts for 24 comparisons in total (i.e., six seeds, two PLE dimensions, two contrast directions). To
facilitate comparison with prior work in this area (Dandash et al., 2014; Fornito et al., 2013), we also
report significant associations without accounting for cross-seed comparisons (i.e., those with TFCE-
corrected p <.05). To avoid circular inference, which can inflate effect sizes, scatter plots of associations
between PLEs and functional connectivity were visualized using a leave-one-subject-out approach
(Esterman et al., 2010). See Appendix A for our results with p < .05 TFCE correction and leave-one-

subject-out analysis details.

2.3. Results
2.3.1 Principal component analysis
PCA was performed on 12 subscales derived from seven PLE questionnaires completed by 672

participants (descriptive statistics and pairwise correlations between subscales are in Appendix A Table
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Al). Based on the inflection in the scree plot (Appendix A Figure Al) (Osborne & Costello, 2005), we
retained two principal components. The first component accounted for 42.87% of the variance, with
high loadings from subscales measuring the positive dimension of psychosis-related experiences,
including delusional ideation, unusual experiences, perceptual aberrations, and eccentric behaviour (i.e.,
positive PLEs). The second component accounted for 19.7% of the variance, with high loadings from
subscales measuring the negative dimension of psychosis-related experiences (i.e., negative PLEs),

including social and physical anhedonia. Component loadings are displayed in Table 2.1.

Table 2.1. Component Loadings of Subscales After Rotation

Component

Subscale 1 2
CAPE Positive .88* .01
Chapman Magical Ideation .86° -.01
sO-LIFE Unusual Experiences .86° 10
Peters Delusion Inventory .85° .05
Chapman Perceptual Aberration 787 12
sO-LIFE Impulsive Nonconformity .63° 17
CAPE Depressive 53¢ 40
sO-LIFE Cognitive Disorganisation 477 49
sO-LIFE Introvertive Anhedonia .03 .86
Chapman Social Anhedonia 14 .79
Chapman Physical Anhedonia -.19 747
CAPE Negative 40 .67°%
Eigenvalue 5.14 2.36
% of variance 42.87 19.70

CAPE, Community Assessment of Psychotic Experience; sO-LIFE, short-form Oxford-Liverpool Inventory of Feelings and
Experiences.

2 Loadings > .40.
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2.3.2. Corticostriatal functional connectivity

Functional connectivity analysis was performed in 353 participants with functional magnetic resonance
imaging data. Each striatal region showed functional connectivity profiles consistent with known
anatomy and prior findings (Appendix A Figure A3) (Dandash et al., 2014; Di Martino et al., 2008;

Fornito et al., 2013).

Dorsal CST functional connectivity and PLEs. As predicted, higher scores on the positive PLE
dimension were associated with reduced functional connectivity between the dorsorostral putamen and
the right DLPFC (i.e., anterior middle frontal gyrus) (Table 2.2, Figure 2.1). Higher positive PLE scores
were also associated with reduced coupling between the dorsal caudate and left dorsal anterior cingulate
cortex (ACC) and reduced coupling between the DCP and the right primary motor cortex (Table 2.2,
Figure 2.1). Each of these results was statistically significant at the Bonferroni-corrected TFCE
threshold of p <.017. Additional suggestive associations between dorsal circuit functional connectivity

and positive PLEs at an uncorrected threshold of p <.05 TFCE are presented in Appendix A.
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Figure 2.1. Associations between dorsal circuit functional connectivity and positive psychosis-like experiences (PLEs)
(p <.017, threshold-free cluster enhancement corrected). Coronal slices in the left panels depict the location of striatal seed
regions in the dorsal circuit. Cortical surface maps in the right panels depict the cortical sites for which functional connectivity
with each seed correlates with positive PLE severity. Scatter plots depict the associations between positive PLE severity and
functional connectivity between (A) the dorsorostral putamen (DRP) and right dorsolateral prefrontal cortex; (B) the dorsal
caudate (DC) and left dorsal anterior cingulate cortex; and (C) dorsocaudal putamen (DCP) and primary motor cortex. Clusters
on cortical surfaces are thresholded at p < .017 threshold-free cluster enhancement corrected. For visualization purposes,
functional connectivity estimates and correlation coefficients were obtained using leave-one-subject-out analysis, thresholded

at p < .05, threshold-free cluster enhancement corrected. PC, principal component.
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PLEs and functional connectivity across dorsal and ventral CST circuits. Our exploratory analysis
found a significant correlation between negative PLEs and increased functional connectivity between
the DCP seeds and right primary motor area, TFCE corrected at p < .002 (Table 2.2, Figure 2.2). We
did not find any significant association between PLEs and coupling within the ventral system after
Bonferroni correction. Suggestive associations identified at an uncorrected threshold of p < .05 TFCE

are presented in Appendix A.

Functional connectivity
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Figure 2.2. Association between dorsal functional connectivity and negative psychosis-like experiences (PLEs) (p <.002).
Striatal seeds are shown in the axial slice in the leftmost panel. The scatter plot depicts the association between negative PLEs
and functional connectivity between the dorsocaudal putamen (DCP) seed and right primary motor cortex. The cluster on the
cortical surface was thresholded at p < .002, threshold-free cluster enhancement corrected. For visualization purposes,
functional connectivity estimates and correlation coefficients were obtained using leave-one-subject-out analysis, thresholded

at p <.05, threshold-free cluster enhancement corrected. PC, principal component.
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Table 2.2. Regions Where Striatal Functional Connectivity Was Associated with PLEs

Seed Region MNI Max Cluster P
coordinates  T-value extent
(X, Y,2) (voxels)

Dorsal circuit and positive PLEs -

DRP R anterior middle frontal gyrus 24,54, 26 5.70 110 .002
DC L dorsal anterior cingulate cortex -8, 28, 26 4.98 26 .011
DCP R primary motor cortex 22,-16,74 4.88 22 .01

Dorsal circuit and negative PLEs +

DCP R primary motor cortex 34,-24,52 5.07 44 .001

‘+’ sign indicates increased coupling in association with PLEs, while ‘-’ indicates reduced coupling associated with PLEs.
Clusters in the dorsal circuit that are associated with positive PLEs are thresholded at p <.017 TFCE corrected. Cluster
associated with negative PLEs is thresholded at p <.002 TFCE corrected. R: right; L: left; DRP: dorso-rostral putamen; DC:

dorsal caudate; DCP: dorso-caudal putamen; PLEs: Psychosis-like experiences.

2.4. Discussion

Corticostriatal systems have long been implicated in the pathophysiology of psychosis. Studies in
independent samples present converging evidence that reduced coupling of the dorsal CST circuit is
apparent across a broad spectrum of illness severity (Anticevic et al., 2014, 2015; Dandash et al., 2014;
Fornito et al., 2013; Woodward & Heckers, 2016). Here, we show that reduced functional coupling in
the dorsal CST circuit correlates with subclinical variation in PLEs related to positive symptomatology,
consistent with a continuum of neural function that tracks the severity of symptom expression (Ettinger
et al., 2014; Kelleher & Cannon, 2011; van Os et al., 2009) (see Figure 3 for a summary). Our
comprehensive investigation of striatal functional connectivity also identified additional associations
between PLEs and CST coupling that have not been observed in patients, suggesting a discontinuity for

these phenotypes.

2.4.1. Dorsal corticostriatal coupling and PLEs

As hypothesized, higher levels of positive PLEs were associated with reduced coupling between the

dorsal striatum and PFC. This association is broadly consistent with our past work in patients with first-
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episode psychosis, persons with genetic high risk for psychosis, and individuals in the ARMS phase
(Dandash et al., 2014; Fornito et al., 2013). However, the specific regions implicated in this past work
show some differences with our current findings. Specifically, we have previously reported that first-
episode patients, their unaffected relatives, and individuals with ARMS show reduced coupling between
the dorsal caudate and the DLPFC, with patients and relatives also showing reduced coupling between
the DCP and the DLPFC (Dandash et al., 2014; Fornito et al., 2013). Here, we found that positive PLEs
were associated with reduced coupling between the dorsal caudate and the ACC and between the
dorsorostral putamen and a more anterior region of the DLPFC. A summary and comparison of these

findings is provided in Figure 2.3.

First-Episode Psychosis First-Degree At-Risk First-Episode Positive PLEs

,—| Relatives Mental State Mania

é%.

A
&9

DCP DC DRP

Figure 2.3. Functional connectivity of the dorsal circuit in persons experiencing different levels of illness severity. Axial
slices show prefrontal regions where coupling within the dorsal circuit was reduced across a broad spectrum of severity, as
identified in the current study and past findings. From left to right: regions in which coupling with the dorsocaudal putamen
(DCP) and dorsal caudate (DC) were reduced in patients with first-episode psychosis compared with those in healthy control
subjects [data from Fornito et al.2013]; regions of reduced coupling with the DC in healthy first-degree relatives of patients,
individuals with at-risk mental state, and patients with first-episode mania with psychosis compared with those of healthy

control subjects [data from Fornito et al. 2913, Dandash et al. 2014, and Dandash et al. 2018]; and findings from this study,
showing regions where lower coupling with the DC and the dorsorostral putamen (DRP) was associated with more severe
positive psychosis-like experiences (PLEs) (thresholded at p < .05, threshold-free cluster enhancement corrected, for
visualization). The z-axis slice in Montreal Neurological Institute coordinates is shown beneath each image. The left

hemisphere is on the left side of the images.

One explanation for these discrepancies is that variations in sample characteristics and image

processing techniques may lead to slight changes in the localization of clinically relevant effects.
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Another possibility is that our findings reflect a weak continuum model, in which PLEs are broadly
related to the activity of the dorsal CST system, but the onset of frank illness arises only with
dysfunction in very specific elements of this system—putatively, those involving the dorsal caudate and
the DLPFC. It is also possible that our use of PCA to measure PLE severity, while capturing the
dominant modes of variance across a wide battery of measures, may miss a more specific component
of positive symptomatology that shows high behavioral and neurobiological continuity with clinical
disorder. Better models of the latent dimensions underlying psychosis related psychopathology across
the full range of illness severity will be required to clarify the relationship between clinical and
subclinical phenotypes.

Nevertheless, the associations with dorsal circuit function and PLE severity implicate areas that
have been shown in other work to be affected by schizophrenia and subthreshold symptomatology.
Abnormal structure and function of the ACC are frequently reported in both patients and individuals at
high risk for psychosis (Bora et al., 2011; Cadena et al., 2018; Fornito et al., 2009; Fornito, Yiicel, et
al., 2008; Fornito, Yung, et al., 2008; Reid et al., 2010; White et al., 2010). In addition, ACC dysfunction
is linked to a failure to update prior beliefs based on sensory experience, which may induce
hallucinations (Cassidy et al., 2018). Adolescents with high PLEs also show altered dorsal circuit
activity during reward processing (Papanastasiou et al., 2018). Together, these findings motivate the
need to develop a more refined understanding of how distinct elements of dorsal CST circuitry relate to
specific types of PLEs and clinical symptoms.

After correcting for multiple comparisons, we also found that stronger negative PLEs were
associated with increased functional connectivity between the DCP and the right sensorimotor cortex.
This association was weak, however, with <1% of variance shared between the two measures. This
finding differs from our prior report that negative symptoms correlate with reduced coupling between
the dorsal caudate and DLPFC in patients with first-episode psychosis (Fornito et al., 2013). This
divergence may be due to the nature of negative symptoms, which are complex and can be difficult to
assess via self-report (Lincoln et al., 2017). Detailed investigation of the concordance between self-
report and clinician-rated assessments of negative symptoms in both clinical and subclinical domains

will be required to further clarify this phenotype.
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2.4.2. Ventral corticostriatal coupling and PLEs

We did not find an association between PLEs and functional connectivity of the ventral circuit following
multiple comparison correction. At a reduced threshold, we found associations between PLEs and
ventral CST coupling that were restricted to the ventrorostral putamen—sensorimotor and visual circuit,
such that increased functional connectivity was associated with higher negative and lower positive PLE
scores (Appendix A Figure AS). The association with positive PLEs is consistent with disrupted
frontostriatal connectivity leading to increased thalamic outflow to sensory cortices (Carlsson et al.,
1999; Dandash et al., 2017). The concomitant association with negative PLEs implies that this increased
outflow may be accompanied by psychomotor difficulties, which characterize many negative symptoms
of schizophrenia (Dazzan et al., 2004; Emsley et al., 2003; Walther & Strik, 2012), given that CST
circuits modulate goal-directed behaviour involving immediate physical action by coordinating motor
with executive functions (Walther & Strik, 2012). However, these results should be regarded as
tentative, and they require replication.

In contrast to our prior report that first-episode psychosis patients and their unaffected relatives
showed increased coupling between the nucleus accumbens and the ventral frontal cortex (Fornito et
al., 2013), we found no evidence for an association between the connectivity of this system and PLE
severity. There is some evidence to suggest that this system may be tied to specific aspects of negative
PLEs such as social anhedonia in subclinical groups (Wang et al., 2016). Our focus on dominant modes

of PLE variance may have missed such specific effects.

2.4.3. Limitations

Over 90% of our sample was <30 years of age; hence, most participants have not passed through the
maximal period of risk for schizophrenia (Loranger, 1984). As psychotic experiences in early adulthood
have been found to predict later psychopathology (Roéssler et al., 2007; Werbeloff et al., 2012), it is
possible that some people in our cohort may develop the illness at a later stage. Our exclusion of
individuals with a personal history of mental health treatment ensured that we sampled the subclinical

range of symptom expression, but this means that we may not have sampled the more severe end of the
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PLE spectrum. Our sample also included only righthanded individuals of European descent, which may
limit the generalizability of the results.

Our two-component PCA solution parallels the well-known distinction between positive and
negative symptoms in clinical populations, but it should be interpreted with some caveats. The simple
two-factor solution may reflect an implicit bias in the PLE questionnaires to (over-)sample experiences
related to positive and negative symptom dimensions of psychotic illness, which may inadvertently
exclude other dimensions. A comprehensive assessment of clinical and subclinical symptomatology of
psychosis may lead to a more refined model of the psychosis-risk phenotype.

Many of the associations between functional connectivity and PLEs were weak to moderate. It
is possible that the strength of these association may increase with a more extensive sampling of the
extreme end of the PLE spectrum. It is also likely that our PCA method, which focuses on common
variance across instruments, may miss stronger associations with specific symptom domains. The
strength of the associations identified here indicate that striatal functional connectivity cannot be used
as a reliable predictor of PLE severity. However, when taken with findings in first-episode psychosis
patients and individuals at high-risk for psychosis (Dandash et al., 2014; Fornito et al., 2013), our
findings do suggest that dorsal corticostriatal dysconnectivity may represent a neurobiological mediator
of'a broad spectrum of psychosis symptom severity. Finally, in-scanner head motion exerts a pernicious
effect on functional connectivity estimates (Ciric et al., 2017; Parkes et al., 2018; Power et al., 2012;
Satterthwaite et al., 2012), but our extensive quality control procedures indicate that our findings could

not be explained by motion artifact (see Appendix A).

2.4.4. Conclusions

Our findings indicate that variation in dorsal CST function tracks subclinical expression of positive
PLEs in a nonclinical sample, paralleling the circuit-level changes seen in patients and high-risk groups.
Together, these findings are consistent with a continuum of psychosis symptom severity that is apparent
at the level of overt behaviour and underlying neurobiology, and which spans a broad spectrum of
liability ranging from isolated experiences or attributional biases in otherwise healthy individuals to

frank disorder in clinical populations.
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P., Aquino, K., & Fornito, A. Effective connectivity of fronto-striato-thalamic circuitry across the

psychosis continuum. Under review in The American Journal of Psychiatry.

Preamble

The findings of the previous chapter support a continuum fronto-striato-thalamic (FST) circuit
dysconnectivity in psychosis. Dysfunction of dopamine activity within FST circuits is thought to play
a central role in the emergence psychosis symptoms. Different models have been proposed to explain
this dysfunction, variously ascribing a primary role to deficient top-down cortical and subcortical
regulation of the midbrain or aberrant bottom-up signalling of deep brain structures. In this chapter,
effective connectivity of FST circuitry was modelled to identify directed connectivity, or causal
influences, within FST circuitry in different cohorts along the psychosis continuum. Striatal dopamine
synthesis was also measured in a group of healthy individuals to investigate associations with FST
effective connectivity. The early stage of psychosis is marked by a disruption of subcortical
connectivity, particularly of the thalamus and midbrain, and that cortical dysfunction is apparent only
in patients with established illness. Striatal dopamine synthesis capacity is linked to thalamic and
midbrain connectivity. This chapter thus supports a primary role for dysfunction of bottom-up signalling
in early phases of psychosis.

Supplementary materials for this chapter are in Appendix B.
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Abstract

Objective: Aberrant dopaminergic activity within fronto-striato-thalamic (FST) circuits is thought to
contribute to psychosis onset. It remains unclear whether primary abnormality arises from bottom-up
subcortical signalling or impaired top-down cortical regulation. We mapped causal interactions
(effective connectivity) of dorsal and ventral FST circuits across the psychosis continuum and identified
connections associated with striatal dopamine synthesis.

Methods: Spectral dynamic causal modelling (DCM) for resting-state functional magnetic resonance
imaging (fMRI) modelled FST effective connectivity in: (1) 46 antipsychotic-naive first-episode
psychosis (FEP) patients and 23 controls; (2) 36 established schizophrenia (SCZ) patients and 100
controls; and (3) 33 healthy individuals assessed for psychosis-like experiences (PLEs) with concurrent
["*F]DOPA positron emission tomography. DCM estimated FST connectivity in patients and their
respective controls, associations with symptom severity in all cohorts, and with striatal ['"*F]DOPA
uptake in the PLE group.

Results: Patients commonly showed midbrain disinhibition and reduced top-down influence of
thalamus on nucleus accumbens. Cortical dysfunction was only apparent in the SCZ group. Positive
symptoms were primarily associated with bottom-up connectivity in FEP and a mixture of bottom-up
and top-down connectivity in SCZ and PLE groups, with disinhibition of ventromedial prefrontal cortex
and extrinsic connectivity of the midbrain implicated across all cohorts. Thalamic and midbrain
connectivity were associated with striatal ['*F]DOPA uptake.

Conclusions: We identified a primary role for subcortical dysconnectivity in psychosis, with cortical
dysfunction emerging in established illness. Effective connectivity of the midbrain and thalamus are
robustly linked to positive symptom severity and striatal dopamine synthesis capacity, suggesting a

central role in the emergence of psychotic symptoms.
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3.1. Introduction

The symptoms of psychosis are proposed to lie on a continuum of severity, ranging from psychosis-like
experiences (PLEs) at one end, through at-risk mental states (ARMS) to first episode psychosis (FEP)
and chronic schizophrenia-spectrum illness at the other end (Grant et al., 2018). Dysfunction of fronto-
striato-thalamic (FST) circuits linking the caudate and putamen with the prefrontal cortex is thought to
be central to the emergence of psychotic symptoms (Anticevic, 2017; Dandash et al., 2014; Fornito et
al., 2013; Haber, 2016; Pantelis et al., 1997; Sabaroedin et al., 2019). Two such circuits are particularly
relevant: (1) a ventral ‘limbic’ system involved in emotional and reward processing, connecting the
orbital and ventromedial prefrontal cortices and subcortical limbic structures (e.g., hippocampus and
amygdala) with the nucleus accumbens (NAcc); and (2) a dorsal ‘associative’ system linking the
dorsolateral prefrontal cortex (dIPFC) with the dorsal striatum, subserving associative learning and
executive functions (Haber, 2016). Feedback loops passing through the pallidum and the thalamus
connect both circuits back to the cortex (Haber, 2016).

The striatum in particular is a major target for dopamine projections from the ventral tegmental area
(VTA) and substantia nigra (SN), with the ventral and the dorsal striatum respectively forming part of
the mesolimbic and nigrostriatal pathways (Haber et al., 2000). Dysregulated dopamine signalling is
proposed to contribute to psychosis onset by influencing the capacity of the striatum to filter and relay
information to the thalamus, thus affecting broader FST function (Carlsson et al., 1999). In-vivo
positron emission tomography (PET) has revealed elevated presynaptic dopamine synthesis capacity,
measured using 3,4-dihydroxy-6-["*F]-fluoro-L-phenylalanine (['*F] DOPA), in the dorsal striatum of
ARMS groups, especially in individuals who transition to psychosis (Howes, Bose, Turkheimer, Valli,
Egerton, Stahl, et al., 2011). ['**F]DOPA elevations in the ventral striatum of schizophrenia patients and
of ARMS individuals have also been reported (Allen, Chaddock, et al., 2012; McGowan et al., 2004).

This dopamine dysregulation is thought to alter functional connectivity of FST circuits across
the psychosis continuum, as measured through resting-state functional magnetic resonance imaging
(fMRI). Reduced functional connectivity between the dorsal striatum, thalamus, and dIPFC has been
demonstrated in FEP patients and their unaffected first-degree relatives, ARMS individuals, chronic

unmedicated patients, and healthy people with PLEs (Anticevic, 2017; Dandash et al., 2014; Fornito et
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al., 2013; Horga et al., 2016; Sabaroedin et al., 2019). Increased functional connectivity between the
ventral striatum, limbic regions, anterior cingulate cortex, ventromedial prefrontal and orbitofrontal
cortices, was also found in these groups (Fornito et al., 2013; Kraguljac et al., 2016; Sarpal et al., 2017;
Wang et al., 2018). Moreover, PET studies have identified direct correlations between prefrontal and
medial temporal activation and striatal ['*F]DOPA levels (Fusar-Poli et al., 2011; Meyer-Lindenberg et
al., 2002b; Modinos et al., 2015).

Functional connectivity quantifies statistical dependencies between regional physiological
signals and does not distinguish causal interactions. It is therefore unclear whether FST dysfunction in
psychosis arises from altered bottom-up signalling (i.e., from deep subcortical structures to higher
subcortical or cortical areas) or disrupted top-down regulation of deeper subcortical systems. Evidence
for a primary bottom-up pathology has been supported by studies reporting aberrant molecular function,
activity, and functional connectivity of the midbrain across the psychosis continuum (Allen, Luigjes, et
al., 2012; Hadley et al., 2014; Howes et al., 2013). Others have proposed that subcortical changes are
secondary to deficient top-down control stemming from GABA/glutamate imbalance in the cortex or
the hippocampus, leading to diminished top-down regulation of midbrain neurons (Carlsson et al., 1999;
Lodge & Grace, 2007; Weinberger, 1987). Clinical studies have found correlations between impaired
prefrontal function and elevated striatal dopamine synthesis in various groups along the psychosis
continuum (McCutcheon et al.,, 2019). Altered activation and glutamate metabolites in the
hippocampus, striatum, and midbrain of at-risk individuals have also been reported (Modinos et al.,
2015), but these findings are largely correlational, making it difficult to disentangle top-down from
bottom-up influences.

The relative influences on FST dysfunction in psychosis can be disentangled through models
of circuit-level effective connectivity, which is defined as the causal influence that one neural system
exerts over another (Friston et al., 2003). Effective connectivity is frequently inferred through dynamic
causal modelling (DCM), which incorporates a Bayesian framework for identifying a generative model
of directed, or causal, influences between regions comprising a distributed neural system (Friston et al.,
2003). Here, we used spectral DCM (Razi et al., 2015) to characterize disruptions of dorsal and ventral

FST effective connectivity across the psychosis continuum in antipsychotic-naive FEP patients, people
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with established schizophrenia (SCZ), and a non-clinical sample assessed for PLEs. We additionally
used simultaneous fMRI-PET in the PLE cohort to identify which specific FST connections are
associated with dorsal and ventral striatal ['"*FJDOPA levels. This approach allowed us to cross-
sectionally map effective dysconnectivity of FST circuits across the psychosis continuum and to

identify putative directed influences associated with striatal dopamine synthesis capacity.

3.2. Methods and materials

3.2.1. Participants

Our analysis focused on three independent cohorts. The FEP cohort comprised antipsychotic-naive
patients and healthy controls (Francey et al., 2020). Separate analyses were also performed for a
subgroup of FEP patients with schizophrenia diagnosis (FEP-SCZ). Data for established SCZ were
obtained through the UCLA Consortium for Neuropsychiatric Phenomics open dataset (Poldrack et al.,
2016). The PLE/["*F]DOPA cohort comprised healthy participants recruited from the community who
underwent concurrent PET/fMRI and completed the PLE assessment. Detailed information about the
samples and recruitment is provided in Appendix B.

Participants were excluded from analyses if they had poor quality neuroimaging data or low
variance explained by DCM. The PLE cohort represents a subset of the ['*F]DOPA group with PLE
data. Exclusions at each step are detailed in Appendix B. Final sample numbers for each group are: 46
FEP patients (17 FEP-SCZ patients) and 23 controls, 51 SCZ patients and 100 controls, and 33

individuals in the PLE/['*F]DOPA group PET (26 with complete PLE measures).

3.2.2. Symptom measures

We assessed positive symptoms using the positive frequency subscale of the Community Assessment
of Psychotic Experience (CAPE) (Stefanis et al., 2002) for the PLE group and the positive subscale of
Brief Psychiatric Rating Scale (BPRS) version 4 (Dazzi et al., 2016) for FEP and SCZ groups (details
in Appendix B). Secondary analyses also considered negative symptoms using corresponding subscales

from the same instruments.
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3.2.3. MRI/PET processing and analysis

Echo-planar images (EPI) were preprocessed using FMRIPREP (version 1.1.1) (Esteban et al., 2019),
with individual subjected to rigorous denoising and quality control for motion artifacts, as per past work
(Parkes et al., 2018). Acquisition and processing details are in Appendix B.

PET data in the PLE/["*F]DOPA group were acquired on a MR-PET Siemens Biograph
scanner, following bolus injection of approximately 150 MBq of ["*F][DOPA. Patlak graphical analysis
was used to quantify ["*FJDOPA influx rate constants (K" values) for dorsal and ventral striatal
regions-of-interest (ROIs) (Parkes et al., 2017) (Appendix B Figure B1) relative to the cerebellum
(Diedrichsen et al., 2009) in each participant’s anatomical space. We only analysed the left hemisphere

consistent with our DCM (see below). Further details are in Appendix B and Figure B2.

3.2.4. Dynamic causal modelling

ROI selection. ROIs spanning the dorsal and ventral FST and the midbrain were selected using
stereotactic coordinates of past findings or of peak signals identified using functional connectivity, as
outlined in Appendix B. We modelled 47 biologically plausible connections between eight ROIs (Figure
3.1). We focused on the left hemisphere given prior evidence of more consistent functional connectivity

effects in left-lateralized FSTs (Dandash et al., 2014; Fornito et al., 2013).
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Figure 3.1. Parent model space of fronto-striato-thalamic systems encompassing dorsal and ventral circuits. Left shows
anatomical locations of ROIs on axial slices. Right shows the parent model, including 47 biologically plausible connections
including self-connections (circular arrows) for a network comprising eight regions. Centroids of ROIs in MNI coordinates (X,

y, z) are presented in the bottom panel. VTA/SN: ventral tegmental area/substantia nigra (i.e., the midbrain).

Model estimation. We modelled effective connectivity in the spectral domain by fitting a complex
cross spectral density using a generative model, parametrized by a power-law model of endogenous
fluctuations, implemented in SPM12 (DCM 12; revision 7487) (Razi et al., 2015). Details are provided
in Appendix B. Briefly, subject-specific first-level analyses were used to estimate directed (causal)
influences between regions (in Hz), and the (inhibitory) recurrent or self-connectivity (i.e., self-
inhibition) within each region. Following first-level model inversion, we excluded subjects with <75%
variance explained by DCM for subsequent analyses.

Subject-specific connectivity parameters were then passed to a group-level general linear model

(GLM) to estimate the designed effects and additive random effects of between-subject variability
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(Friston et al., 2016). Second-level parametric empirical Bayes (PEB) models were run separately for
each cohort. The FEP and SCZ were compared to their respective control group. Symptom correlates
were modelled separately for each group, with both positive and negative symptoms included as
covariates. Associations with ['*FJ]DOPA were modelled in the PLE cohort only, with dorsal and ventral
striatal K" values as covariates. Age and sex were used as nuisance covariates for all models. Scanner
site was also used as a covariate in the SCZ group. We only report effects with a posterior probability
threshold above 0.95. PEB is a multivariate (Bayesian) GLM in which we fit all model parameters at
once; hence, no correction for multiple comparisons is required. A typical effect size for effective

connectivity between regions is 0.1 Hz (Razi et al., 2015). Technical details are in Appendix B.

3.3. Results

3.3.1. Participant demographic details

The demographic details of participants included in this study are in Table 3.1.
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Table 3.1. Participants Descriptive Statistics

PLE? FEP SCZ
(N=33) HC FEP FEP-SCZ HC Patients
(n=23) (n =46) n=17) (n=100) (n=36)
Males, N (%) 15 (45.45) 14 20 (43.48) 9 (41.18) 55 (55) 26 (72.22)
(60.87)
Age, mean 22.30(2.21) 21.74 19.12 (2.97) 20.51 (2.87) 30.6 (8.87)  35.81(8.49)
(SD) (1.92)
Age range 18 -28 18-26 15-25 15-25 21-50 22-49
BPRS Total
Mean (SD) - - 56.91 61.94 (9.41) - 49.39
(10.34) (14.03)
Range — — 38-80 46 - 80 — 2677
BPRS Positive
Mean (SD) - - 15.65 (4.19) 17.94 (4.31) - 14.11 (6.17)
Range — — 10-27 13-27 — 5-29
BPRS
Negative
Mean (SD) - - 5.76 (2.6) 7 (3.16) - 5.14 (2.54)
Range - - 3-12 3-12 - 3-11
CAPE
Positive®
Mean (SD) 23.04 (2.72) - - - — -
Range 20-29 — - -
CAPE
Negative®
Mean (SD) 20.62 (5.22) - - - — -
Range 14-37 — - - - -

2 Demographics details are reported for the full sample with PET data. Demographics information for the sample subset
included in the DCM-PLE analysis are: n =26 (12 males), age mean (SD) = 21.81 (2.26), age range: 18 — 28 years old
b.¢ Measured in the sample subset included in the DCM-PLE analysis

3.3.2. Group differences in effective connectivity

FEP. Three differences were identified between FEP patients and controls (Figure 3.2A; Appendix B
Table B1). Patients showed greater inhibitory influence of the thalamus on NAcc, weaker inhibitory
influence of the amygdala on NAcc, and a disinhibition of ventral tegmental area/substantia nigra
(VTA/STN). Similar differences were identified in the subset of FEP patients with a schizophrenia

diagnosis (FEP-SCZ) (Appendix B Figure B3), compared to controls, who additionally showed
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relatively stronger excitatory influence of VTA/STN on NAcc, stronger inhibitory influence of NAcc
on hippocampus, and weaker self-inhibition within the amygdala. Cortical regions were not implicated

in differences between FEP and controls.

SCZ. Similar to FEP, SCZ patients showed greater inhibitory influence of thalamus on NAcc and
disinhibition of VTA/STN relative to controls (Figure 3.2B; Appendix B Table B1). SCZ patients also
showed increased inhibitory influence of dIPFC on thalamus, of thalamus on hippocampus, and of

VTA/STN on dorsal caudate (DC).
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Figure 3.2. Group differences in fronto-striato-thalamic effective connectivity identified in the FEP (n = 46) and SCZ
(n = 306) patients relative to their respective control groups. Differences in effective connectivity between FEP patients and
healthy controls are shown in panel A, and patients with established schizophrenia and healthy controls are shown in panel B.
Boxes show mean connectivity values in each group. For connections between regions, dashed arrows represent connections
for which patients show a stronger inhibitory influence compared to controls; solid arrows represent connections for which
patients show stronger excitatory, or weaker inhibitory, influence compared to controls. For self-connections, dashed arrows
represent reduced inhibition (i.e., lower negative values) in patients compared to controls. Grey arrows represent modelled
connections that were not (significantly) different from the prior. All connectivity parameters are in Hz, including self-
connections. Connections were thresholded at Pp > 0.95 which represents strong evidence. DC: dorsal caudate; NAcc: nucleus

accumbens: VTA/SN: ventral tegmental area/substantia nigra (midbrain).
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3.3.3. Associations with positive symptomatology

FEP. Greater positive symptom severity (Figure 3.3, Appendix B Table B2) was predominantly
associated with bottom-up connectivity. More severe positive symptoms were associated with stronger
influence of VTA/SN on NAcc and amygdala, and of NAcc on VTA/SN; with weaker influence of
VTA/SN on DC and hippocampus, of NAcc on hippocampus; and with reduced self-inhibition of the
vmPFC and amygdala. The findings were consistent in the FEP-SCZ subgroup (Appendix B Figure B4,
Table B2), Additionally, more severe positive symptoms were associated with weaker influence of DC
on thalamus, hippocampus on amygdala, and dIPFC self-inhibition, and stronger influence of dIPFC on
thalamus and thalamic self-inhibition. Self-connectivity of the amygdala was not associated with

symptom severity in FEP-SCZ.

SCZ. Both top-down and bottom-up influences were associated with positive symptoms (Figure 3.3,
Appendix B Table B2) in SCZ patients. Specifically, more severe positive symptoms were associated
with stronger bottom-up influence of VTA/SN on dIPFC, of DC on thalamus, of thalamus on
hippocampus, and of vmPFC on VTA/SN and hippocampus. Positive symptom severity was also
associated with weaker bottom-up influence of VTA/SN on amygdala and of hippocampus on vimPFC;
with weaker top-down influence of dIPFC on thalamus and of thalamus on VTA/SN; and with weaker
self-inhibition of VTA/SN. The VTA/SN to amygdala connection and vimPFC self-connection were
common between FEP and SCZ. When considering the FEP-SCZ subgroup, two additional
connections—dIPFC-to-thalamus and DC-to-thalamus—were commonly implicated. Notably, the
polarity of association was reversed in the FEP and SCZ cohorts for all of these connections except the
vmPFC self-connection, suggesting that the link between positive symptoms and altered FST effective

connectivity varies across illness stages.

PLEs. As with FEP and SCZ patients, the VTA/SN featured prominently albeit in different ways, with
more severe PLEs associated with stronger bottom-up influence of this region on NAcc, and stronger

top-down influence of dIPFC on VTA/SN, in addition to weaker VTA/SN self-inhibition (Figure 3.3,
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Appendix B Table B3). PLE severity was also associated with stronger bottom-up influence of NAcc
on thalamus, and of amygdala on hippocampus and VTA/SN; with weaker top-down influence of
thalamus on hippocampus, of dIPFC on vmPFC, of amygdala on NAcc; and with weaker self-inhibition

of amygdala, DC, and vimPFC.
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Figure 3.3. Associations between positive symptoms and fronto-striato-thalamic effective connectivity parameters in
the FEP (n =46), SCZ (n = 36), and PLE (n = 26) groups. Panels from left to right depict the results of PEB models mapping
associations between FST effective connectivity and positive symptoms in (A) FEP, (B) SCZ, and (C) PLEs in a healthy
cohort. For between-region connections, solid arrows denote positive associations and dashed arrows depict negative
associations between effective connectivity parameters and symptoms/PLEs. For self-connections, dashed arrows denote
negative associations such as more severe symptoms/PLEs were associated with reduced inhibition. Grey arrows show
modelled associations that were not (significantly) different from the prior. Connections were thresholded at Pp > 0.95. DC:

dorsal caudate; NAcc: nucleus accumbens: VTA/SN: ventral tegmental area/substantia nigra (midbrain).

3.3.4. Associations with negative symptomatology

Negative symptom correlations for the FEP, FEP-SCZ, SCZ, and PLE groups are presented in Appendix
B Figure B5 and Tables B2—B3. Associations between symptom severity and amygdala self-inhibition
was consistent across the last three groups, although the direction of the association was reversed in the
SCZ compared to FEP-SCZ and PLE groups, which may be an effect of medication or illness

progression.
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3.3.5. Associations with striatal dopamine synthesis capacity

Dorsal striatum. Significant associations with dorsal striatal ['"*FJDOPA implicated the thalamus
(Figure 3.4; Appendix B Table B3). Specifically, higher ['"*F]DOPA was associated with stronger
thalamic self-inhibition, thalamic influence over the VTA/SN and DC, and amygdala over thalamus, in

addition to weaker influence of DC on thalamus.

Ventral striatum. Ventral striatal ['*F]DOPA was associated with a distributed set of effective
connections centred on midbrain and thalamus (Figure 3.4; Appendix B Table B3). Specifically, higher
["*FIDOPA was associated with weaker self-inhibition of NAcc and amygdala, weaker influence of
these two regions on the thalamus, stronger self-inhibition of the VTA/SN and influence of this area on
the vmPFC and DC, stronger influence of the hippocampus on VTA/SN and thalamus, and stronger

self-inhibition of the DC.
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Figure 3.4. Associations between fronto-striato-thalamic connectivity and striatal dopamine synthesis capacity in the
PLE group (n = 33). Panel A depicts connections associated with dopamine synthesis in the dorsal circuit. Panel B illustrates
associations with dopamine synthesis in the ventral circuit. Solid arrows: positive associations between effective connectivity
parameters and dopamine synthesis; dashed arrows: negative associations between effective connectivity parameters and
dopamine synthesis; grey arrows: modelled connections that were not (significantly) different from the prior. Connections
were thresholded at Pp > 0.95. DC: dorsal caudate; NAcc: nucleus accumbens: VTA/SN: ventral tegmental area/substantia

nigra (midbrain).
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3.4. Discussion

FST dysfunction has been identified across the psychosis continuum, but the influence of top-down
versus bottom-up signalling within these circuits has been unclear. Using spectral DCM, we mapped
the effective connectivity of dorsal and ventral FST circuits in FEP, established SCZ, and in association
with subclinical PLEs. The two clinical groups showed consistent disinhibition of VTA/SN and top-
down inhibitory influence of the thalamus on NAcc. Dysfunction of cortical regions was only identified
in established illness. Positive symptomatology was associated with disinhibition of the vmPFC and
VTA/SN connectivity across all groups. Moreover, concurrent PET-MRI of the PLE/['*F]DOPA cohort
revealed distinct circuits associated with dorsal and ventral dopamine synthesis capacity, with both tied
to thalamic and VTA/SN connectivity. Collectively, our findings provide evidence of distinct FST
connectivity profiles across the psychosis continuum, with dysfunction of subcortical systems featuring
prominently in early illness stages and cortical abnormalities becoming more apparent later in the
illness. Our findings also reveal that striatal dopamine synthesis capacity is closely tied to thalamic and

midbrain connectivity.

3.4.1. Effective dysconnectivity of fronto-striato-thalamic circuits across the psychosis
continuum

The clinical groups showed consistent evidence of VTA/SN disinhibition. In FEP, top-down
connections to the VTA/SN were not implicated, suggesting an intrinsic bottom-up dysfunction.
Midbrain disinhibition is consistent with elevated dopamine release in the striatum, suggesting that
elevations in striatal dopamine synthesis reported by ['*F]JDOPA and other PET studies across the
psychosis continuum may be linked to intrinsic dysregulation of the midbrain (Lodge & Grace, 2007,
McCutcheon et al., 2019). SCZ patients also showed increased inhibitory influence of VTA/SN over
DC, which should yield a net disinhibition of striatal activity given that ~95% of striatal neurons are
GABAergic (Gerfen & Bolam, 2010). Striatal disinhibition is expected to disrupt its capacity to filter
information through the FST circuits (Carlsson et al., 1999). SCZ patients also showed increased top-
down excitatory influence of DC over VTA/SN, which may reflect a compensatory response to regulate

aberrant midbrain signalling to the DC. Our findings thus suggest that an early bottom-up midbrain
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pathology may evolve to affect striatal function and potentially dysregulate feedback loops within
dorsal and ventral FSTs with illness progression, although longitudinal data are required to test this
hypothesis.

Both FEP and SCZ groups also showed increased inhibitory influence of thalamus over NAcc.
Excitatory thalamostriatal projections provide feedback for the striatum to maintain bottom-up
signalling to thalamus and cortex in support of specific actions or behaviors (Haber & McFarland,
2001). A greater inhibitory influence of thalamus on NAcc in both FEP and SCZ thus implies a
dysregulation of the thalamostriatal feedback pathway. The relationship of this dysregulation with the
intrinsic disinhibition of VTA/SN remains unclear.

We identified cortical dysconnectivity in SCZ, but not FEP patients, such that the SCZ group
showed increased inhibitory influence of dIPFC over thalamus relative to controls. This result suggests
that altered top-down regulation of cortex over subcortex may emerge in later illness stages. Indeed, it
is possible that the increased inhibitory influence of dIPFC over thalamus reflects a compensatory
response to dysregulated subcortical activity, but our design cannot disentangle the effects of illness
progression from medication, given that FEP, but not SCZ, patients were antipsychotic naive at

assessment.

3.4.2. Associations with symptoms

Inhibition of the vmPFC was negatively associated with positive symptom severity across the FEP,
SCZ, and PLE groups, highlighting a central role for corticolimbic activity across illness stages.
Moreover, VTA/SN connectivity was consistently linked with symptom severity across all groups,
aligning with our group difference analysis to suggest that midbrain dysfunction is a primary
abnormality in psychosis. However, the specific connections implicated vary across the groups. In FEP,
symptom severity was positively associated with influence of VTA/SN on amygdala, and influence of
dIPFC on thalamus, and negatively associated with the influence of DC on thalamus (the last two
associations were specific to FEP-SCZ). The polarity of these associations was reversed in SCZ. These
differences may reflect a change in circuit dynamics with illness progression, differences in symptom

severity between FEP and chronic stages (Leucht et al., 2005), or antipsychotic exposure in SCZ
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patients. Nonetheless, our findings indicate that midbrain connectivity is robustly linked to positive
symptom expression across illness stages.

Elements of FST connectivity in the PLE association map were more similar to positive
symptom associations in FEP rather than SCZ, which may reflect the lack of antipsychotic exposure in
the PLE and FEP groups. Across all three groups, consistency was greater at the regional rather than
connection level. For instance, top-down connectivity of the dIPFC and amygdala to VTA/SN was
linked with PLEs, whereas positive symptom severity in SCZ patients was associated with bottom-up
influences of VTA/SN on the other two structures. These variations may reflect possible fundamental
differences in the neural correlates of PLEs and clinical symptoms at different illness stages, an effect
of medication in the SCZ group, or a combination of both.

There was less consistency across the cohorts with respect to associations between negative
symptoms and effective connectivity, although the DLPFC and limbic regions were generally
implicated. One particular challenge involves measuring negative PLEs via self-report measures

(Pavlova & Uher, 2020).

3.4.3. Associations with striatal dopamine synthesis capacity

Dorsal and ventral striatal ['"®F]DOPA levels were associated with effective connectivity of distinct
elements of FST circuitry. All associations with dorsal striatal ['"*F]DOPA involved the thalamus. Two
such connections—one being from DC to thalamus and the other being the thalamic self-connection—
were also identified as being associated with positive symptom severity in FEP-SCZ patients. The
modulation of cortical and thalamic glutamatergic signals by dopamine in the striatum controls
striatothalamic filtering and information flow to cortex via the thalamus, and its disruption is thought
to play a key role in the pathogenesis of psychosis (Carlsson et al., 1999).

Connections associated with ventral striatal ['*F]DOPA were spread across both the ventral and
dorsal systems. NAcc projections are widely distributed in the VTA/SN and can drive dopamine levels
in the dorsal striatum (Haber et al., 2000). Accordingly, we found that ventral striatal ['"*F]DOPA was
associated with VTA/SN-DC connectivity and inhibition within these regions. VTA/SN-DC

connectivity was also disrupted and SCZ patients and was associated with positive symptoms in FEP,
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suggesting there may be a link between the NAcc’s regulation of midbrain activity and dorsal circuit
dysfunction in patients (Lodge & Grace, 2012). In summary, our PET results indicate that dopamine
synthesis in the ventral striatum is associated with connectivity between the midbrain and the DC,
whereas dopamine synthesis in the dorsal striatum is associated with striatothalamic interactions in the

dorsal FST circuit.

3.4.4. Limitations

We used three independent samples to cross-sectionally characterize effective dysconnectivity across
different stages of the psychosis continuum. This approach offers a test of consistency across cohorts,
but inferences about the potential progression of circuit dysfunction must be confirmed longitudinally,
especially given the difference in medication exposure, sample size, and symptom severity across the
three cohorts. Additionally, differences in symptom associations found across the cohorts can only be
compared qualitatively, as quantitative differences between groups would require direct between-group
statistical comparisons outside of the PEB framework.

DCM offers a validated framework for modelling effective connectivity using fMRI that can
be robustly performed on smaller sample sizes (Friston et al., 2016). DCM performed well in our data,
explaining >75% of signal variance. Nonetheless, any model of effective connectivity should ideally be
validated using gold-standard invasive methods. We also note that our PEB analysis of the PET data
identifies associations with, but not causal influences on, striatal ['*F]DOPA.

We restricted our analysis to key left hemisphere FST regions implicated by prior work as
relevant for psychosis. This focus facilitates efficient estimation of DCMs but may miss contributions
from unmodelled areas. Recent improvements in the scalability of DCM (Fréssle et al., 2017) may be
used to derive a more comprehensive picture. Moreover, ultra-high-field imaging could be used to
differentiate contributions of the VTA and SN, given the prominent role ascribed to the midbrain in our

findings.
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3.4.5. Conclusions

We identified a primary role for subcortical dysfunction in psychosis, with aberrant activity and
connectivity of the midbrain, thalamus, and medial temporal areas emerging early and cortical
dysconnectivity becoming apparent only in established illness. Effective connectivity of the midbrain
and thalamus are strongly linked to positive symptom severity and striatal dopamine synthesis capacity,
suggesting that they represent key elements of FST involvement in the pathogenesis of psychotic
symptoms. Our findings show that aberrant bottom-up signalling emanating from the midbrain and

dysconnectivity of subcortical regions play a prominent role in the pathogenesis of psychotic symptoms.
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Chapter 4

Effective Connectivity of Fronto-striato-thalamic Circuitry and
Dimensions of Psychosis-like Experiences

Sabaroedin, K., Tiego, J., Razi, A., Bellgrove, M., Aquino, K., & Fornito, A. Effective connectivity of
fronto-striato-thalamic circuitry and dimensions of psychosis-like experiences. Manuscript in

preparation.

Preamble

Having developed effective connectivity models of fronto-striato-thalamic (FST) circuitry across the
psychosis continuum, this chapter revisited associations with psychosis-like experiences (PLEs). A
high-resolution characterization of PLEs was derived through item response theory to examine the
associations between specific dimensions of PLEs and FST effective connectivity. Nine dimensions
spanning the positive- and negative-like symptoms were identified. Distinct dimensions from positive-
like experiences consisting of subclinical delusions, cognitive disorganisation, and body image
aberration were associated with striatothalamic connections. Distinct dimensions of negative PLEs
comprising anhedonia, asociality, avolition, and alogia implicated the nucleus accumbens and
associations were constrained to the subcortical regions within the ventral circuit. Bottom-up influence
of the midbrain was not prominently associated with the PLE dimensions identified here, suggesting a
distinct mechanistic process between clinical and subclinical symptoms along the psychosis continuum.

Supplementary materials for this chapter are in Appendix C.
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Abstract

Psychosis-like experiences (PLEs) in the general community are thought to be continuously distributed
with the clinical symptoms of psychosis and thus provide an opportunity for understanding the
pathogenesis of psychotic illnesses. Fronto-striato-thalamic (FST) circuits are central to the expression
of psychosis symptoms and have been implicated in different stages of the psychosis continuum.
Investigation of PLEs and FST connectivity have reported mixed findings, potentially due to the use of
self-report measures for assessing PLEs, which yield coarse estimates of symptom dimensions.
Furthermore, correlational methods have mainly been used to investigate FST connectivity, which
cannot disentangle inter-regional causal influences within a brain network. This study aimed to derive
high-resolution measures of distinct PLE dimensions and to investigate differential associations
between PLEs and FST effective connectivity, which captures causal interactions between brain
regions, in a large non-clinical sample. Item response theory (IRT) was used to obtain robust estimates
of underlying latent dimensions of PLEs from a battery of questionnaires administered to 726 healthy
participants. Effective connectivity of the FST system comprising the ventral and dorsal circuits was
estimated using spectral dynamic causal modelling on resting-state fMRI data for a subset of
participants who underwent neuroimaging (n = 352; 156 males; mean age [range] = 23.38 [18-50
years]). Positive PLEs comprising subthreshold delusions, cognitive disorganisation, body image
aberration, and hallucinations were associated with effective connectivity of the striatothalamic
pathway, suggesting the involvement of information filtering and integration in positive PLEs.
Associations with negative PLE dimensions, namely anhedonia, asociality, avolition, and alogia, were

restricted to the ventral circuit, highlighting a prominent contribution of limbic circuitry in this domain.

4.1. Introduction

Psychosis-like experiences (PLEs) are subclinical symptoms of schizophrenia and other psychotic
disorders that occur in individuals who do not meet the threshold for a formal diagnosis (Grant et al.,
2018). With a prevalence of up to 8% in the general community (van Os et al., 2009), PLEs are often
transient, with persistent cases representing enduring personality traits (e.g. schizotypal personality)

(Ettinger et al., 2014). The incidence of PLEs is higher in relatives of schizophrenia patients, suggesting
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that PLEs mark a heightened risk of developing a psychotic disorder, and that they offer an opportunity
to understand the pathogenesis of clinically significant illness (Barrantes-vidal et al., 2015; Vollema et
al., 2002). PLEs can be grouped into experiences that mimic the positive and negative symptoms of
clinical illness, and these dimensions are continuously distributed across clinical and non-clinical
populations (Barrantes-Vidal et al., 2013; DeRosse & Karlsgodt, 2015; Stefanis et al., 2002; Verdoux
& Van Os, 2002). Positive PLEs are characterized by subclinical delusions and hallucinations, and can
include magical ideation, unusual perceptual experiences, and paranoia (Verdoux & Van Os, 2002).
Negative PLEs encompass subthreshold negative-like symptoms such as mild anhedonia and social
withdrawal (Chapman et al., 1976; Stefanis et al., 2002).

There is increasing evidence to suggest that both psychotic symptoms in clinical cases and
PLEs in the general community are associated with variations in the structure and function of fronto-
striato-thalamic (FST) circuits, which topographically link areas of frontal cortex with the striatum and
thalamus along a ventromedial-to—dorsolateral topological gradient (Haber, 2016; Marquand et al.,
2017). Two such circuits with particular relevance for PLEs are the ventral and the dorsal circuits. The
ventral “limbic” circuit subserves emotional processes, reward valuation, and motivation by linking the
ventral striatum with the ventromedial prefrontal cortex (VMPFC), orbitofrontal cortex (OFC), and
subcortical limbic areas (i.e., hippocampus and amygdala) (Alexander, 1986; Draganski et al., 2008;
Haber, 2016; Marquand et al., 2017). The dorsal “associative” circuit connects the dorsolateral
prefrontal cortex (DLPFC) to the dorsal striatum and is involved in associative learning and executive
functions (Haber, 2003). The striatum functions as a filter, relaying information back to the cortex
through striatothalamic pathways that encompass the pallidum and thalamus (Carlsson et al., 1999;
Haber, 2010). The striatum is also a major target for dopamine projections from the ventral tegmental
area (VTA) and the substantia nigra (SN) of the midbrain, respectively forming the mesolimbic and
nigrostriatal pathways with the ventral and dorsal striatum (Haber et al., 2000).

Resting-state functional magnetic resonance imaging (fMRI) has been widely used to examine
associations between FST function, PLEs, and clinical illness. These studies primarily examine
functional connectivity—i.e., statistical dependencies (often quantified with correlations) between

signal fluctuations recorded in different brain regions—of the circuits to assess network function.
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Presently, there are conflicting reports concerning the specificity of correlations between FST
connectivity and distinct aspects of PLEs. One study conducting a principal component analysis of 12
PLE scales obtained from seven questionnaires identified positive and negative symptom-like PLE
dimension, with the former associated with lower coupling in the dorsal circuit, particularly between
the dorsal caudate and dorsal anterior cingulate cortex, and the latter associated with increased coupling
between the dorsocaudal putamen and primary motor cortex (Sabaroedin et al., 2019). Re-analysis of
this group using partial least squares regression to identify dimensions of common variance between
the PLE scales and striatal functional connectivity indicated that reduced coupling of the dorsal circuit
was associated with both positive and negative symptom-like domains (Pani et al., 2020). This latent
variable implicated coupling between dorsal caudate and DLPFC, consistent with work in clinical
cohorts (Dandash et al., 2014; Fornito et al., 2013). Other studies using single-scale measures of PLEs
have found that positive PLEs are associated with reduced functional connectivity between the dorsal
striatum and posterior cingulate cortex, but not prefrontal areas (Wang et al., 2018). The association
between negative symptoms and FST dysfunction across the psychosis continuum is less established.
Some reports suggest involvement of the ventral circuit across different illness stages (Fornito et al.,
2013; Kraguljac et al., 2016; Wang et al., 2016), while others have found that negative PLEs are
associated only with increased coupling within the dorsal circuit (Sabaroedin et al., 2019).

Part of the variability in findings concerning the link between PLEs and FST circuitry may
reflect the nature of PLE measurements. Different self-reports have been used to quantify PLEs, with
items measuring distinct components of positive symptoms typically aggregated into a subscale and
coarsely estimated using summed scores, despite evidence that specific psychotic phenomenology are
linked with distinct neurobiological processes (Corlett & Fletcher, 2012; Corlett et al., 2019; Diederen
et al., 2012; Phillips & Silverstein, 2003). Additionally, dimensional latent traits are often measured by
items with dichotomous options (i.e., true or false). These issues surrounding self-reports may lead to
inaccurate estimation of PLEs, such that a person with mild experiences is forced to endorse a ‘true’ or
‘false’ option that does not capture the varying magnitude of their PLEs (van der Sluis et al., 2010), or

the score for a person who experiences varying severity on distinct PLE dimensions is collapsed into
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one general dimension score that lacks information of a person’s varying trait expressions and where
they sit on the multidimensional phenotypic continuum of psychosis.

A further limitation of studies using functional connectivity to examine FST circuits is that this
method does not distinguish directional influences within a neural network (Friston et al., 2013).
Competing hypotheses have proposed that psychosis symptoms arise either from bottom-up subcortical
dopamine dysregulation or loss of top-down control over subcortical systems (Carlsson et al., 1999;
Howes, Bose, Turkheimer, Valli, Egerton, Stahl, et al., 2011; Lodge & Grace, 2007). Effective
connectivity is the causal influence that one neural system exerts over another, and models of effective
connectivity can be used to parse the relative contributions of bottom-up and top-down signals (Friston,
1994). A popular method for inferring effective connectivity is dynamic causal modelling (DCM),
which is a generative model embedded within a Bayesian framework for specifying directed, or causal,
influences between brain regions (Friston et al., 2003). More recently, spectral DCM was developed as
an approach to model effective connectivity in resting-state fMRI by estimating neuronal dynamics
based on the cross-spectra of time-series (Razi et al., 2015). Recent work using DCM in FST circuits
found that PLEs are associated with effective connectivity in both ventral and dorsal systems, with
positive PLEs tied to a cascade of influence of the cortex over midbrain, the midbrain over nucleus
accumbens, and the nucleus accumbens over thalamus, whereas negative PLEs were associated with a
weaker influence of the cortex over the striatum (Sabaroedin et al., 2020). However, associations of
specific PLE dimensions have not yet been considered.

The present study aimed to derive high-resolution measures of distinct PLE dimensions and to
use spectral DCM to investigate the association between PLE dimensions and FST effective
connectivity within a large non-clinical sample. Critically, PLEs were measured using a wide array of
self-report scales, and item response theory (IRT) was used to obtain robust estimates of the underlying
latent dimensions tapped by these scales. IRT is a collection of robust statistical methods that can be
used to refine self-reports by defining the relationship between an unobserved continuous trait variable
and the characteristics of a questionnaire item (Edelen & Reeve, 2007; Reise et al., 2005). It allows
selection of only items that are informative with respect to an underlying latent trait, thus yielding a

more accurate measure of that trait. Our analysis thus allowed us to disentangle the relative
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contributions of top-down and bottom-up FST connectivity to distinct dimensions of PLEs measured in

a non-clinical community sample.

4.2. Methods and materials

4.2.1. Participants

We recruited 726 participants (303 males; age mean [SD] = 23.32 [4.99]; age range = 18-50 years old)
from the general community to complete an online battery of PLE measures. All participants were of
European descent (defined as having all grandparents of European ancestry), right-handed with no
personal history of neurological or psychiatric illness, and no significant drug use. The study was
conducted in accordance with the Monash University Human Research Ethics Committee (reference
number 2012001562). A subset of 379 participants with complete PLE measures underwent our resting-
state fMRI protocol. Participants were subsequently excluded for either scan artifacts, poor scan quality,
or excessive in-scanner head motion (criteria outlined below). The final fMRI sample comprised 352
participants (154 males; age mean [SD] = 23.38 [5.16]; age range =18-50 years; IQ range = 81-139,

IQ mean [SD] = 112 [11.50]) with complete PLE measures and neuroimaging data.

4.2.2. Measures of PLEs

PLEs were assessed using psychometrically validated measures developed for use in the general
community. The scales used included the Peters’ Delusion Inventory-21 item version (PDI-21) (Peters
et al., 2004), the Wisconsin Schizotypy Scales (WSS) measuring magical ideation, body image
aberration, social and physical anhedonia (Chapman et al., 1976, 1978b; Eckblad & Chapman, 1983),
the Community Assessment of Psychic Experiences (CAPE) (Stefanis et al., 2002), and the Oxford-
Liverpool Inventory of Feelings and Experiences Short Form (sO-LIFE) (Mason et al., 2005). More
information on the measures is outlined in Appendix C. Items from the seven measures were organized
into dimensions that aligned with positive symptom dimensions widely recognized in the psychosis
spectrum (American Psychiatric Association, 2013; van Os & Kapur, 2009): 1) delusions, 2)

hallucinations, 3) cognitive disorganisation, and 4) body image aberration. We included body image
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aberration as this dimension has been recognised as an important feature of clinical positive symptoms
(Priebe & Rohricht, 2001), as well as in schizotypy (Lenzenweger, 2006). Similar steps were taken for
items probing negative symptom dimensions. Items from the measures were pooled into five
dimensions that aligned with what has been proposed by a wide body of research, resulting in five
components: 1) anhedonia, 2) asociality, 3) avolition, 4) blunted affect, and 5) alogia (Kirkpatrick et
al., 2006; Strauss et al., 2018; Strauss, Ahmed, et al., 2019; Strauss, Esfahlani, et al., 2019). Model fit
and the uni-dimensionality of these item pools were assessed using IRT, as outlined in the following

section.

4.2.3. Parametric unidimensional item response theory analysis

IRT is a collection of statistical methods for modelling the relationship between item-level data and the
underlying constructs, or latent traits, that these items are proposed to measure. IRT is an ideal approach
for improving psychometric precision in the measurement of psychological constructs, because it
enables the performance of individual items in measuring the target latent trait to be empirically
modelled (Reise & Rodriguez, 2016). Items with poor performance, as determined by several criteria
discussed below, are removed and the model is re-estimated until all assumptions are satisfied, making
IRT an iterative process (Toland, 2014). We performed parametric unidimensional IRT analysis in
IRTPRO 4.2 using the Bock-Aitkin marginal maximal likelihood algorithm with expectation
maximization for parameter estimation, which also accommodates partial or missing data (Bock &
Aitkin, 1981; Cai et al., 2011).

To perform IRT estimation, dichotomous items from the PDI-21, WSS, and sO-LIFE were
fitted using the 2-parameter logistic model (2PL), which fits: 1) a single slope parameter (a) for each
item, and 2) one threshold parameter (B) (Edelen & Reeve, 2007; Reise & Rodriguez, 2016; Thomas,
2011). Polytomous items from the CAPE questionnaire were fitted using the graded response [GR]
model, which is an extension of the 2PL. model appropriate for ordered categorical data obtained from
Likert scales (Samejima, 1969). The GR model estimates one slope parameter for each item and £ — 1
threshold parameters, where & is the number of item response categories (Cai et al., 2011). Slope

parameters are analogous to factor loadings and indicate how well an item discriminates between
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different levels of the latent trait. These parameters are measured in logistic metric, generally within the
range of + 2.8, although they often exceed this range in clinical measurement (Reise & Rodriguez,
2016; Reise & Waller, 2009). Items with higher slope estimates are more discriminative between
different levels of the latent trait being measured and therefore provide more precise measurement (i.e.,
reliability (r) or Information (/); where r. = 1 — (1/1)) (Toland, 2014). Threshold parameters are
analogous to item means in classical test theory and reflect the location (i.e., level of severity) on the
distribution of the underlying trait, denoted theta (0), where the probability of endorsing the response
category is .5 (Reise et al., 2005). Threshold parameters are measured in a standardised metric where
the population mean is 0 and the population standard deviation in 1 and typically range between -2 to
+2, although these frequently exceed +3 in clinical measurements (Reise & Rodriguez, 2016; Reise &
Waller, 2009; Thomas, 2011; Toland, 2014).

Item parameters from IRT estimation were used to generate option response functions (ORFs).
ORFs are graphic representations of the probabilities of endorsing each item response category, with
the x-axis of the graphs labelled ‘theta’ (), denoting the level of the measured latent trait, which is
scaled to a mean of 0 and standard deviation of 1 (see Appendix C Figure C1 for an example of ORFs
for items in the hallucination dimension). Dichotomous items with steep item response functions and
polytomous items with steep and non-overlapping ORFs are more discriminative and provide more
information about the latent trait (Toland, 2014).

Item parameters can also be used to generate item information functions (IIFs), which display
the amount of information each item contributes additively at varying levels of the latent trait 0
(Thomas, 2011; Toland, 2014). Item information is additive and can be combined to yield the test
information function (TIF), which is a graphical representation of the combined measurement precision
of items included in the model across the latent trait continuum (i.e., Appendix C Figures C2—C3) (Reise
et al., 2005; Thomas, 2011). The relative impact of item removal on total precision of measurement
along the latent trait continuum can therefore be evaluated with reference to the slope and threshold
parameters, as well as by inspection of the ORFs, IIFs, and the TIF (Edelen & Reeve, 2007). In other
words, these measures allowed us to identify the items that are most informative for a given latent trait,

thus yielding a more refined measure of that trait.
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Parametric IRT has a number of assumptions that must be satisfied for correct model estimation.
The appropriate dimensionality assumption requires that the correct IRT model be chosen to reflect the
number of latent dimensions underlying the pattern of item responses. In this case, we applied a
unidimensional IRT model based on the assumption that participants’ response patterns across the items
could be reasonably explained by variance on a single underlying latent trait continuum by focusing on
narrow homogenous constructs at the lowest level of the dimensional hierarchy of PLEs (Clark &
Watson, 2019; Kotov et al., 2017; Toland, 2014). The monotonicity assumption for polytomous items
was assessed by inspecting the ORFs for the CAPE items and ensuring that the probability of
endorsement of each successive response category increased monotonically as a function of increasing
severity of theta (Toland, 2014). Item-level performance, along with the functional form and local
independence assumptions are evaluated prior to overall model fit in parametric IRT analysis (Essen et
al., 2017; Toland, 2014). Fit of items to the 2PL or GR models was assessed with a generalization of
the S-y” item-fit statistic (Orlando & Thissen, 2003) at a recommended significance threshold for large
samples (p <.01) (Stone & Zhang, 2003; Toland, 2014). Items were evaluated for local dependence
(LD) based on standardized LD 9’ statistics and removed when exceeding the recommended threshold
(i.e. >10) (Cai et al., 2011).

Decisions to eliminate or retain items were made in consideration of multiple sources of
information at each iteration, including slope and threshold parameter estimates, the ORFs and IIFs for
each item and their overlap with other items, as well as local independence and model-data consistency.
Items that had low slope parameters and contributed minimal or redundant information relative to other
items, in combination with a violation of the functional form assumption (S- %> p <.01) and/or local
independence assumption (LD y” statistics > 10), were removed. Assessment of model-level fit was
evaluated with the bivariate root mean square error of approximation (RMSEA;; &) as an index of
approximate fit (Cai et al., 2011; Maydeu-Olivares, 2015). A 90% confidence interval [90% CI] for the

RMSEA, was calculated in R (https://www.R-project.org/) using the graphical extension with accuracy

in parameter estimation package (https://www.R-project.org/). RMSEA, values below .05 are

considered as evidence for close approximate fit.
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Following model estimation, IRT scale score estimates were generated for each participant
based on the pattern of responses and the item parameter estimates in the model using Bayesian
estimation. Expected a posteriori (EAP) estimates were obtained, which is the mean of the latent trait
(0) posterior distribution given the observed response pattern (Bock & Mislevy, 1982). The EAP
estimator provides very accurate estimates of population means given an observed response pattern,
with a smaller average error than other estimators (Cai et al., 2011). The marginal reliability of the

pattern response scores were used as indicators of the reliability of the estimates.

4.2.4. Neuroimaging acquisition and preprocessing

Participants were scanned at Monash Biomedical Imaging, Melbourne, Australia, on a 3 Tesla Siemens
Skyra scanner equipped with a 32-channel head coil. Participants were instructed to lie in the scanner
with eyes closed while maintaining wakefulness. Multiband resting-state echo-planar images (EPI; 620
volumes, 754 milliseconds repetition time, 3mm isotropic voxels) and anatomical T1-weighted scans
(1mm isotropic voxels) were acquired for each participant. Preprocessing of the EPI images included:
1) basic preprocessing in FSL FEAT which included removal of the first four volumes, rigid-body head
motion correction, 3mm spatial smoothing, and high-pass temporal filter (75 seconds cut-off); 2)
removal of artifacts using FSL-FIX; 3) spatial normalization to the MNI152 template; and 4) spatial
smoothing with a 4mm full-width half-maximum Gaussian kernel. Further details are outlined in our
past work (Sabaroedin et al., 2019). Following preprocessing, all of our datasets were subjected to
rigorous quality control for motion artifacts, as per past work (Parkes et al., 2018). In-scanner head
motion was defined as excessive if either: 1) the mean framewise displacement is greater than 0.11mm,
2) the sum of suprathreshold spike in greater than 20%, or 3) if framewise displacement was greater
than 2.5mm. Quality control procedures for this dataset were outlined in our previous work and yield

minimal residual motion-related contamination (Sabaroedin et al., 2019).

4.2.5. Dynamic causal modelling
Regions of interest (ROIs) selection and time-series extraction. Eight ROIs spanning the dorsal and

ventral FST circuits, and the midbrain, were selected using stereotactic coordinates of past findings or
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of peak signals identified using functional connectivity. We used the same approach as in our recent
study of clinical patients (Sabaroedin et al., 2020). The midbrain was included in the model as dopamine
is a key modulator of FST circuits (Haber et al., 2000). Further details are outlined in Appendix C. MNI
coordinates and voxel sizes of the ROIs are displayed in Table 4.1. Our model consisted of dorsal
caudate (DC), nucleus accumbens (NAcc), DLPFC, VMPFC, thalamus, anterior hippocampus,
amygdala, VTA/SN (i.e., midbrain). The dorsal and ventral striatum corresponded to the DC and the
NAcc, respectively. Cortical ROIs were defined with a radius of 6mm and a 3.5mm radius was used for
all subcortical ROIs, contained to the left hemisphere based on past work suggesting clinical effects in
left-lateralized circuits (Dandash, et al., 2014; Fornito et al., 2013) The first eigenvariate of each
region’s time-series was extracted for DCM analysis. We specified a parent model that included all
plausible biological connections including self (or recurrent) activity within each region, yielding 47

connections (Figure 4.1).
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DLPFC
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Figure 4.1. Parent model space of fronto-striato-thalamic systems encompassing dorsal and ventral circuits. Anatomical
locations of regions of interest are shown on axial slices on the left. Model space on the right show modelled biological

plausible connections, including the self-connections for each region, indicated by circular arrows.

Table 4.1. MNI Coordinates and Total Number of Voxels of DCM ROIs

Region MNI coordinates Voxels
Dorsal caudate (DC) -13,15,9 22
Nucleus accumbens (NAcc) 9,9, -8 20
DLPFC -45,23,37 136
VMPFC -2,50, -8 76
Thalamus (Thal) -6,-12, 14 22
Amygdala (Amyg) -24,-6,-18 27
Anterior hippocampus (Hipp) -26, -16, -18 27
VTA/SN -12,-20, -10 27

Model estimation. Effective connectivity was modelled in the spectral domain by fitting a complex
cross spectral density using a parametrized power-law model of endogenous fluctuations, as

implemented in SPM12 (DCM 12; 17487) (Friston et al., 2014; Razi et al., 2015) Details are provided
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in Appendix C. Briefly, subject-specific first-level analyses were used to estimate causal (directed)
influences between regions as defined in the model space (in Hz), and the (inhibitory) self-connectivity
within each region. Self-connections were log-transformed to ensure prior negativity (i.e., inhibitory)
constraints on self-connections. First-level inversion revealed that our model explained more than 75%
variance in all participants. Subject-specific connectivity parameters were then passed to a group-level
multivariate Bayesian general linear model (GLM) (i.e., parametric empirical Bayes) to estimate the
designed effects and additive random effects of between-subject variability (Zeidman et al., 2019). IRT
scale score estimates of positive PLE dimensions were entered into the group-level GLM as covariates.
IRT scale score estimates with zero-inflated non-normal distributions (i.e., hallucinations and body
image aberration) were binarized, with 0 indicating the absence of PLE, and 1 for the presence of PLEs
(see Figures 4.3 and C4 in Appendix C for distributions of scores). Age and sex were used as nuisance
covariates. A separate (Bayesian) GLM analysis was performed to assess associations with negative
PLEs. A typical effect size for effective connectivity between regions is 0.1 Hz (Razi et al., 2015). It is
important to note that this group-level analysis is based on fitting a (multivariate) Bayesian GLM which
means that all model parameters are fitted at once, precluding the need for correction for multiple
corrections. We report only effects with a posterior probability (Pp) threshold above 0.95, indicating

strong evidence.

4.3. Results

4.3.1. Participants

Please refer to Table 4.2 for descriptive statistics of PLE questionnaires for our full sample and
neuroimaging subsample. The number of participants with missing data in the items used to estimate

IRT models are presented in Appendix C Table C1.
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Table 4.2. Descriptive Statistics of Subscales in the Full and Neuroimaging Samples

Full sample Neuroimaging sample

Subscales Min Max Mean Median Min Max Mean  Median
(SD) (SD

CAPE

1. Positive 20 52 25.87 25 20 52 25.70 25
(4.68) (4.70)

2. Negative 14 44 23.74 23 14 44 23.96 23
(5.65) (5.82)

3. Depressive 8 27 13.90 13 8 27 13.83 13
(3.013) (2.96)

WSS

4. Magical Ideation 0 26 6.13 5 0 26 6.09 5
(4.74) (4.59)

5. Phys Anhedonia 0 42 11.48 10 0 42 11.83 11
(6.98) (7.20)

6. Perc Aberration 0 32 5.22 4 0 26 5.08 4
(5.27) (5.10)

7. Soc Anhedonia 0 35 9.42 8 .0 35 9.64 8
(6.42) (6.79)

sO-LIFE

8. Unusual Experiences 0 12 2.85 2 0 12 2.88 2
(2.63) (2.64)

9. Cog Disorganisation 0 11 4.74 5 0 11 4.68 5
(2.90) (2.93)

10. Introvertive Anhedonia 0 10 1.62 1 0 9 1.69 1
(1.74) (1.81)

11. Impulsive Nonconform 0 10 3.30 3 0 10 3.18 3
(2.07) (2.11)

12. PDI 0 17 5.40 5 0 16 5.31 5
(3.50) (3.44)

4.3.2. Item response theory

The model fit results of the IRT analyses are summarized in Appendix C Table C2 and the item
parameter estimates are provided in Appendix C Tables C3—C11. In summary, all nine models provided
a good fit to the data with respect to the RMSEA, and 90% CI (Maydeu-Olivares, 2015; Maydeu-
Olivares & Joe, 2014). All the items retained for the nine phenotypic dimensions exhibited a good fit
to the 2PL or GR models (i.e., S-x* p >.01), as well as local independence (LD y*<10.0). The results
also showed that the items retained had generally high slope parameters, providing reliable
measurement of latent trait continua for each of the nine phenotypes. However, the threshold parameters
revealed that most of the items provided maximum measurement precision at the upper end of the
continuum, between the mean and three standard deviations above the mean, indicated by 0 on the x-

axis on the TIF graphs. Figures C2—C3 in Appendix C show that the information functions were peaked
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towards the high end of the distribution for six of the nine phenotypes, meaning that the IRT scores for
these phenotypes provided good precision in distinguishing high from low latent traits. IRT scores with
lower measurement precision included cognitive disorganisation, avolition, and alogia (the latter which
had low measurement precision across the latent trait continuum).

The histograms of the IRT scale score estimates revealed zero inflation for hallucinations,
cognitive disorganisation, body image aberration, blunted affect, and alogia. In other words, a large
proportion of the sample did not endorse an experience for these dimensions. There was also an
indication of minor positive skew for the delusions, anhedonia, and asociality IRT scale score estimates.
Distributions of IRT scores in the full sample are illustrated in Figure 4.2. Marginal reliability estimates
for the scale scores we generally acceptable to good (7. = .74 - .84), except for hallucinations (7, = .50)

and alogia (7. = .46).
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Figure 4.2. Histograms of item response theory scale scores estimates for positive and negative PLE dimensions in the
large sample with questionnaire scores. Positive PLEs are portrayed in purple histograms, depicted in panels (A) delusions,
(B) hallucinations, (C) cognitive disorganisation, and (D) body image aberration. All positive PLE histograms except for
cognitive disorganisation comprises the full 726 participants. Cognitive disorganisation comprises 675 participants due to

missing data. Negative PLEs are illustrated in blue histograms, depicted in panels (E) anhedonia, (F) asociality, (G) avolition,
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(H) blunted affect, and (I) alogia. Due to missing data, avolition comprise 693 participants; asociality, blunted affect, and

alogia consists of 724 participants. Anhedonia comprises the full 726 participants.

b

Figure 4.3 plots the IRT scale score estimates for all dimensions, as a function of participants
corresponding raw scores on the subscales. These scatterplots display the magnitude and variability in
latent traits introduced by IRT scale scores compared to raw scores, thus providing richer information
on the underlying dimension of these latent traits (Edwards, 2009). Correlation coefficients of IRT
scores in our full sample are presented in Table 4.3, with most dimensions showing weak to moderate
correlations with each other. Distributions of IRT scores in our imaging sample are presented in

Appendix C Figure C4.
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Figure 4.3. Scatterplots of IRT scores as a function of raw scores on corresponding subscales. Panels A—F depict IRT
scores from the positive dimension: A) IRT scores for delusions as a function of raw scores from PDI-21 (purple), WSS
Magical Ideation (blue), sO-LIFE Unusual Experiences (green); B) IRT scores for delusions as a function of raw scores from
CAPE Positive subscale; C) IRT scores for hallucinations as a function of raw scores from sO-LIFE Unusual Experiences; D)
IRT scores for hallucinations as a function of raw scores from CAPE Positive subscale; E) IRT scores for cognitive
disorganisation as a function of raw scores from sO-LIFE Cognitive Disorganisation subscale; F) IRT scores for body image
aberration as a function of raw scores from WSS Perceptual Aberration subscale. Panels G-L depict IRT scores from the
negative dimension: G) IRT scores for anhedonia as a function of raw scores from WSS Physical Anhedonia (purple), sO-

LIFE Introvertive Anhedonia (blue), and CAPE Negative (green); H) IRT scores for asociality as a function of raw scores
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from WSS Social Anhedonia (purple) and CAPE Negative (blue) subscales; I) IRT scores for asociality as a function of raw
scores from sO-LIFE Introvertive Anhedonia; J-L) IRT scores for avolition, alogia, and blunted effect, respectively, as a

function of raw scores from CAPE Negative subscale.

Table 4.3. Correlation Coefficients (Spearman’s Rho) of IRT Scores for All Participants with
Complete Questionnaire Data (n = 675)
PLE dimension 1 2 3 4 5 6 7 8 9

1 Delusions -
2 Hallucinations 0.56** —
3 Cog dis 0.39%* (0.28** —

4 Body image ab 0.62** (0.49** (. 37** —

5 Anhedonia -0.05 0.02 0.16** 0.02 -
6 Asociality 0.26** 0.16%* 0.38** 031** (0.41** -
7 Avolition 0.38** 0.27*%* 0.64** 037** 0.15%*% 0.37** -

8 Blunted affect 0.33** 0.21%* 0.28%* 0.35** 0.26** 0.52%*% (.43%* -

9 Alogia 0.11*  0.07 031** 0.19%% 0.23** 0.50*%* 0.29** 0.39** —

*p<0.05
% p <0.001

4.3.3. Effective connectivity associations with positive PLEs

Delusional ideation. Subclinical delusions were associated with connections across the dorsal and
ventral FST circuits (Fig 4.4A, Table 4.4). In the ventral circuit, higher levels of delusional ideation
were associated with weaker bottom-up influence of the NAcc on thalamus, of amygdala on VMPFC,
and of hippocampus on amygdala, as well as stronger influence of amygdala on hippocampus. In the
dorsal circuit, delusional ideation was associated with stronger self-inhibition of the DLPFC and weaker

influence of DC on midbrain.

Hallucinations. The presence of subclinical hallucination-like experiences was associated with inter-

regional influences primarily located in the ventral FST circuit (Fig 4.4B, Table 4.4). More specifically,
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hallucination severity was associated with stronger top-down influence of thalamus on NAcc and of
hippocampus on VTA/SN, stronger bottom-up influence of amygdala on VMPFC, and weaker bottom-

up influence of VTA/SN on NAcc.

Cognitive disorganisation. This dimension was associated with both the ventral and dorsal FST
circuits (Fig 4.4C, Table 4.4). Specifically, more severe cognitive disorganisation was associated with
weaker bottom-up influence of NAcc on hippocampus, and stronger influence of hippocampus on

NAcc, of hippocampus on amygdala, and of DC on thalamus.

Body image aberration. The presence of body image aberration was associated with stronger top-down

influence of both NAcc and DC on VTA/SN, and bottom-up influence of NAcc on thalamus (Fig 4.4D,

Table 4.4).
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Figure 4.4. Associations between dimensions of positive PLEs and effective connectivity of FST circuits. Associations
with delusions, hallucinations, cognitive disorganisation, and body image aberration are depicted in panels A, B, C, and D,
respectively. Solid red arrows indicate connections that are positively associated with PLEs. Dashed blue arrows indicate
connections that are negatively associated with PLEs. For self-connection, solid red arrow signifies increased self-inhibition

associated with PLEs. Only connections with threshold of Pp > 0.95 are shown.
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Table 4.4. Summary of Connections Associated with Positive PLEs

Connection Positive (+) or Effect size 90% Posterior Credible Interval
negative (-) (Hz)* (lower bound, upper bound)
association

Delusions

DLPFC — DLPFC + 0.06 0.02,0.11
Amyg — VMPFC - 0.06 -0,10, -.0.02
Amyg — Hipp + 0.05 0.01, 0.09
Hipp —> Amyg - 0.08 -0.12,-0.03
DC — VTA/SN - 0.06 -0.10, -0.02
NAcc — Thal - 0.06 -0.10, -0.01

Hallucinations

Amyg — VMPFC + 0.07 0.03, 0.11

Thal — NAcc + 0.06 0.02, 0.10
Hipp - VTA/SN + 0.05 0.01, 0.09
Midbrain — NAcc - 0.05 -0.09, -0.01

Cognitive disorganisation

Hipp - Amyg + 0.07 0.03,0.11
Hipp — NAcc + 0.05 0.01, 0.09
DC — Thal + 0.04 0.00, 0.09
NAcc — Hipp - 0.06 -0.10, -0.02
Body image aberration
DC — VTA/SN + 0.08 0.04, 0.12
NAcc — Thal + 0.07 0.03, 0.12
NAcc — VTA/SN + 0.06 0.02, 0.10

All connections have the posterior probability (free energy) value of 1.00.
* Connections between regions are in units of Hz. Self-connections are italicized, and values are in negative log-scale
parameters to ensure that they are always negative, or inhibitory. A positive value for self-connection denotes increased

inhibition, a negative value signifies reduced inhibition. A typical effect size for connectivity parameters is 0.1 Hz.

4.3.4. Effective connectivity associations with negative PLEs

Associations with negative PLEs are presented in Figure 4.5 and Table 4.5. All associations were
restricted to subcortical regions within the ventral circuit. Greater anhedonia was associated with
weaker influence of VTA/SN on hippocampus, and stronger influence of hippocampus on NAcc.
Greater asociality was associated with stronger influence of amygdala on NAcc and weaker NAcc self-

inhibition. More severe avolition was associated with stronger influence of NAcc on thalamus and of
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hippocampus on amygdala. The presence of alogia was associated with weaker hippocampal self-

PLE dimensions.

inhibition, and top-down influence of NAcc on VTA/SN. We did not find any association between
blunted affect and FST connectivity. The NAcc was commonly implicated across all other negative
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Figure 4.5. Associations between dimensions of negative PLEs and effective connectivity of FST circuits. Panels A-D

depict associations with anhedonia, asociality, avolition, and alogia, respectively. Solid red arrows illustrate connections that

that pass the prior probability threshold of 0.95 are shown.

are positively associated with PLEs. Dashed blue arrows indicate connections that are negatively associated with PLEs. For
self-connections, dashed blue arrows mark reduced self-inhibition associated with negative-like experiences. Only connections

77



4. Effective Connectivity of FST Circuitry and PLEs

Table 4.5. Summary of Connections Associated with Negative PLEs

Connection Positive (+) or Effect size 90% Posterior Credible Interval
negative (-) (Hz)* (lower bound, upper bound)
association

Anhedonia

Hipp — NAcc + 0.06 0.02, 0.10

VTA/SN — Hipp - 0.05 -0.09, -0.01
Asociality

Amyg — NAcc + 0.06 0.02,0.10

NAcc — NAcc - 0.05 -0.09, -0.01
Avolition

Hipp - Amyg + 0.05 0.01, 0.09

NAcc — Thal + 0.05 0.01, 0.10
Alogia

Hipp — Hipp - 0.05 -0.09, -0.01

NAcc — VTA/SN - 0.07 -0.11, -0.04

All connections have the posterior probability (free energy) value of 1.00. Connections between regions are in units of Hz.
* Connections between regions are in units of Hz. Self-connections are italicized, and values are in negative log-scale
parameters to ensure that they are always negative, or inhibitory. A positive value for self-connection denotes increased

inhibition, a negative value signifies reduced inhibition. A typical effect size for connectivity parameters is 0.1 Hz.

4.4. Discussion

Variations in FST circuit function track symptom expressions across the psychosis spectrum (Anticevic,
2017; Dandash et al., 2014; Fornito et al., 2013; Pani et al., 2020; Sabaroedin et al., 2019), yet there
have been some inconsistencies regarding PLEs correlations with dorsal and ventral FST connectivity.
Here, we used an extensive battery of PLE measures and IRT to derive high-precision estimates of PLE
dimensions. Spectral DCM evaluated differential associations of PLE dimensions with bottom-up and
top-down connectivity in FST circuitry. All dimensions of positive PLEs implicated the striatothalamic
pathways and, apart from hallucinations, were associated with effective connectivity distributed across
the dorsal and ventral systems. Subthreshold delusions, cognitive disorganisation, and body image
aberration were associated with bottom-up influence of the striatum on thalamus. Subthreshold
hallucinations were associated with top-down influence of the thalamus on striatum. Distinct
dimensions of negative PLEs were associated with effective connectivity that was restricted to the

ventral FST circuit, with all but blunted affect being associated with NAcc function.
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4.4.1. FST effective connectivity and positive PLEs

All dimensions of positive PLEs were associated with the effective connectivity of striatothalamic
pathways. Delusions, cognitive disorganisation, and body image aberration were associated with
bottom-up influence of the striatum on the thalamus, suggesting a contribution of information-filtering
processes mediated by the striatum (Carlsson et al., 1999). Ventral striatal activity is thought to
represent information updating (Nour et al., 2018; O’Doherty et al., 2004), and healthy individuals with
higher delusional ideation have demonstrated reduced striatal signal during the presentation of salient
stimuli (Corlett & Fletcher, 2012), suggesting that subthreshold delusional ideation is linked to a
disruption of normative belief updating processes. Consistent with this idea, the influence of the NAcc
on thalamus was associated with subthreshold delusions and body image aberration.

The dorsal striatum was implicated in cognitive disorganisation, with increased severity
positively associated with influence of the DC on the thalamus, suggesting disruptions in sensory gating
of the associative circuit (Carlsson et al., 1999). Hallucinations were the only positive PLE dimension
positively associated with a top-down influence of the thalamus on NAcc, which may signify the relay
of information from unmodelled sensorimotor FST circuits (Haber & McFarland, 2001). This is broadly
consistent with previous work that has linked hallucinatory experiences with strong top-down prior
beliefs modulating sensory states (Cassidy et al., 2018; Powers et al., 2017).

Positive PLEs have also been associated with aberrant dopamine signalling, especially in
regions within the ventral FST circuit (Grant et al., 2013; Soliman et al., 2011). Accordingly, all
dimensions of positive PLEs were associated with NAcc connectivity. This result aligns with the
salience misattribution hypothesis (Kapur, 2003), in that it implies a link between PLE severity and
dopaminergic signalling within FST circuitry. Under this hypothesis, hallucinations and delusions are
thought to result from excessive striatal dopamine, which is thought to disrupt the encoding of
uncertainty and matches between prior beliefs and incoming sensory information (Cassidy et al., 2018;
Corlett et al., 2010; Kapur, 2003). In our analysis, only the hallucinations dimension was associated
with bottom-up influence of the midbrain on NAcc. Hallucinations were also associated with stronger

top-down influence of hippocampus on midbrain, whereas delusions and body image aberration were
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associated with top-down influence of the striatum on the midbrain. Together, these results suggest that
subcortical control over midbrain signalling may play a role in the expression of PLEs. Accordingly,
D2 receptor dysfunction has been linked with body image aberration (Vulink et al., 2016) and increased
dopamine release in the striatum and thalamus has been linked to disorganisation-related PLEs
(Woodward et al., 2011). Consistent with this latter finding, we also found that body image aberration
and cognitive disorganisation were associated with increased striatal influence on thalamus.

Effective connectivity of the hippocampus and amygdala were also associated with positive
PLEs. Delusional ideation and hallucinations implicated bottom-up influence of the amygdala on
VMPFC. Delusional ideation was additionally associated with reciprocal influences between the
amygdala and the hippocampus. The involvement of the amygdala, especially with the concomitant
influence of regions such as the hippocampus, VMPFC, and DLPFC, may reflect aberrant emotional
processing associated with subthreshold paranoia (Corlett et al., 2010; Laviolette & Grace, 2006), which
was measured in a large number of items in our PLE questionnaires. The hippocampus increases
dopamine signalling in the context of novel stimuli (Kafkas & Montaldi, 2015; Lodge & Grace, 2006),
and increased influence of the hippocampus on the midbrain associated with subthreshold hallucinations
suggests that the hippocampal signalling may play a central role in this PLE dimension. The influence
of hippocampus on amygdala and NAcc was also a prominent feature of cognitive disorganisation,
which is compatible with models of cognitive disorganisation that have established a link between
dysregulation of the hippocampus and disrupted cognitive processes (Olypher et al., 2006; Phillips &

Silverstein, 2003).

4.4.2. FST effective connectivity and negative PLEs

Negative symptoms are challenging to define and studies identifying the neurobiological processes
associated with this symptom domain have reported mixed results (Galderisi et al., 2015). Similarly,
studies investigating associations between FST functional connectivity and subthreshold negative
symptoms, quantified by aggregate scores of specific PLE dimensions, have also reported inconsistent

findings (Pani et al., 2020; Sabaroedin et al., 2019, 2020).
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Our fine-grained estimation of distinct PLE dimensions found that anhedonia, asociality,
avolition, and alogia, were exclusively associated with ventral circuit effective connectivity, with the
NAcc implicated as a central nexus across all domains. Negative symptoms have been linked with
increased stress-induced dopamine release in the NAcc and reduced activity of this region in clinical
groups, thus suggesting that the ventral circuit function is critically related to the pathophysiology of
negative symptoms (Juckel et al., 2006; Soliman et al., 2008). Consistent with clinical findings, healthy
individuals with greater physical anhedonia were found to exhibit increased striatal activity in response
to stress (Soliman et al., 2011) and reduced ventral striatal activation in response to salient stimuli (Yan
et al., 2016). Healthy individuals with social anhedonia have also demonstrated increased functional
connectivity between the ventral striatum and PFC (Wang et al., 2016). Here, only avolition was
associated with bottom-up FST connectivity—namely from the NAcc to the thalamus—which may
reflect alterations in reward processing or habit formation (Haber, 2003).

Hippocampal effective connectivity was also associated with all negative PLE dimensions,
except for asociality and blunted affect. This structure has mostly been associated with cognitive
disorganisation and psychosis onset, with persistent negative symptoms in schizophrenia patients linked
with reduced hippocampal grey matter volume (Lodge & Grace, 2006; Makowski et al., 2017; Olypher
et al., 2006). The association between hippocampal connectivity and subthreshold negative symptoms
has not been widely studied, although recently, reduced hippocampal subfield volume was reported in
healthy youths with negative PLEs (Sahakyan et al., 2020), and reduced functional connectivity of the
hippocampus and other subcortical structures were found in healthy people with more severe negative
PLEs (Kozhuharova et al., 2020). Stress has a deleterious effect on the hippocampus, impairing
cognition and memory performance (Kim & Yoon, 1998). Accordingly, healthy individuals showing
both negative PLEs and cognitive disorganisation were found to be more reactive to stress (Grant &
Hennig, 2020). The association between hippocampal connectivity and negative PLEs that we identify
thus underscores a need to better understand the role of stress in influencing the long-term social and

occupational outcomes that are tied to this symptom domain (Kwapil et al., 2013).
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4.4.3. Limitations and future directions
Our strict recruitment criteria may have excluded individuals from the higher end of the PLE spectrum,
which may reflect our modest effect sizes. However, our sample size is relatively large for the field, our
data had high temporal resolution and were subjected to strict quality control, with the fitted DCMs
explaining >75% of signal, suggesting that our findings are robust.

Work in subclinical cohorts has found effects in the right hemisphere (Corlett et al., 2006; Wang
et al., 2018), which has been linked to the mechanistic processes of delusions (Gurin & Blum, 2017).
As we were interested in the subclinical—clinical continuum, we modelled the left hemisphere given
past evidence of more robust clinical findings in this hemisphere (Dandash, et al., 2014; Fornito et al.,
2013). Regions such as orbitofrontal and anterior cingulate cortices, visual, and sensorimotor regions
have been identified to contribute to distinct aspects of positive symptoms, and by extension, PLEs
(Feinberg & Guazzelli, 1999; Fornito, Yung, et al., 2008; S. A. Grace et al., 2017; Miall & Wolpert.,
1996). Recent developments in DCM allowing efficient model estimation for whole-brain networks
(Fréssle et al., 2017) may be used to extend this work to include all relevant regions and provide a more
comprehensive understanding of the neural correlates of PLEs.

The combination of IRT with structural equation modelling could be used to uncover FST
associations with higher order latent variables of PLEs. This approach was not explored here as our aim

was to obtain dimensions of PLEs at the highest resolution.

4.4.4. Conclusions

We obtained high-precision estimates of discrete PLE dimensions, yielding nine distinct domains.
Using spectral DCM, our models revealed that all positive PLE dimensions are associated with
striatothalamic connections and, excluding hallucinations, are associated with effective connectivity
distributed across the dorsal and ventral systems. These results suggest that the striatal filtering of
information flow through FST circuits plays an important role in positive PLE expressions. Negative
PLEs were associated with the ventral FST circuit, particularly connectivity of the NAcc and
hippocampus, suggesting a close link between subthreshold negative symptoms and limbic system

function.
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Chapter 5

General Discussion and Concluding Remarks

5.1. General discussion

The overarching aim of this thesis was to systematically investigate the connectivity of fronto-striato-
thalamic (FST) circuits across the psychosis continuum. Chapter 2 built on a series of studies in at-risk
mental state (ARMS) individuals, first-episode psychosis (FEP) patients, and their first-degree relatives
by examining whether FST functional connectivity correlates with psychosis-like experiences (PLEs)
in a non-clinical sample. Supporting a neurobiological spectrum of function across the psychosis
continuum, lower functional connectivity of the dorsal circuit was associated with more severe positive
PLEs, as had been shown in clinical cohorts (Dandash et al., 2018; Dandash et al., 2014; Fornito et al.,
2013). Chapter 3 aimed to overcome the limitations of functional connectivity analyses by using
spectral dynamic causal modelling (DCM) to develop a model of FST effective connectivity across the
psychosis continuum. FEP was associated with dysconnectivity of subcortical areas and prominent
bottom-up influence of the midbrain, consistent with a major role for dopamine dysregulation in
psychosis onset (Kapur, 2003; Maia & Frank, 2017). Psychotic symptoms in established schizophrenia
patients were associated with more pervasive dysconnectivity of FST circuits that included cortical
areas. Investigation of a non-clinical sample with ["*F]DOPA using positron emission tomography
(PET) revealed that midbrain and thalamic connectivity were associated with dopamine synthesis
capacity in the dorsal and ventral striatum. Having developed a model of FST effective connectivity,
Chapter 4 revisited associations with PLEs by developing a high-resolution characterization of nine
dimensions of PLEs, as derived through item response theory (IRT), to examine the specificity of

associations between distinct aspects of PLEs and FST effective connectivity. While there was some
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degree of specificity in the associations observed across dimensions, connectivity between the striatum
and thalamus was consistently implicated in positive PLEs, suggesting that striatothalamic filtering
(Carlsson et al., 1999) may be a core feature of subclinical psychotic symptoms. Across all cohorts
along the psychosis continuum, negative symptomatology was associated with distinct sets of FST
connections compared to positive symptoms and particularly involved limbic structures. The following
sections outline some implications of the major findings, followed by limitations of this work and

potential future directions.

5.1.1. FST effective connectivity and dopaminergic function in psychosis

The effective connectivity analysis revealed that, compared to controls, antipsychotic-naive FEP
patients demonstrated inter-regional causal influences that were limited to subcortical regions in the
ventral circuit, including disinhibition of the midbrain. Disrupted bottom-up influence of the midbrain
became more apparent in FEP patients with schizophrenia, who showed a more excitatory influence of
the midbrain on nucleus accumbens. Associations with positive symptoms in FEP also featured bottom-
up influences from the midbrain, with the midbrain’s influence on the nucleus accumbens consistently
demonstrated in both the entire FEP group and the schizophrenia subgroup. These findings are
consistent with the dopamine hypothesis of psychosis, which proposes that the onset of psychosis can
be attributed to hyperactivity of dopaminergic signalling (Kapur, 2003). The findings point to a primary
disruption arising from aberrant midbrain signalling, potentially reflecting dopamine dysregulation in
the early stage of illness.

The PET findings in healthy individuals in Chapter 3 indicated that dopamine synthesis in the
ventral striatum is associated with the influence of the midbrain on the dorsal striatum. This is consistent
with animal models, in which dopamine pathways from the midbrain influence the striatum in an
ascending manner, with the nucleus accumbens sending the largest projection to the midbrain and the
dorsolateral striatum receiving the most expansive dopaminergic projections (Haber et al., 2000).
Rodent models have also demonstrated that increased dopaminergic activity in the midbrain influences
dopamine projections to both the ventral and associative divisions of the striatum (Lodge & Grace,

2012). In line with this work, the findings of Chapter 3 indicated that the concomitant influence of the
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nucleus accumbens on the midbrain, and the midbrain on the dorsal caudate, was associated with
positive symptoms in FEP patients. In the subset of FEP patients with schizophrenia, the bottom-up
influence of the dorsal caudate (DC) on thalamus was also implicated. This involvement of the dorsal
striatum is coherent with various reports of elevated dopamine synthesis in the associative striatum of
prodromal patients, with the elevations being more pronounced in those who converted to psychosis
(Egerton et al., 2013; Howes et al., 2011; Howes et al., 2009; Mizrahi et al., 2014). Together with the
PET results, the findings of this thesis indicate that positive symptom severity in the early stage of
psychosis may reflect a pathology of the ventral striatum that influences the dorsal caudate through
nigrostriatal pathways.

It is worth noting that the FST effective connectivity analysis in FEP demonstrated a negative
association between positive symptoms and the midbrain’s influence on the dorsal caudate. This result
does not necessarily suggest that reduced dopaminergic transmission is associated with higher positive
symptoms, which would counter current knowledge of the link between excessive dopamine activity
and positive symptoms (Cassidy et al., 2018; Corlett et al., 2010). More specifically, the molecular basis
of increased or decreased effective connectivity remains unclear. Dopamine in the striatum interacts
with D1 or D2 receptors and, depending on the context, can activate either the direct excitatory or the
indirect inhibitory striatal pathway (Gerfen & Surmeier, 2011). Stimulation of D1 receptors increases
their excitability and promotes glutamatergic long-term potentiation, whereas stimulation of D2
receptors decreases their excitability and depresses excitatory neurons in the striatum (Gerfen &
Surmeier, 2011). Accordingly, stimulation of direct or indirect pathways in rodents yields distinct
blood-oxygen-level-dependent (BOLD) responses in the caudate and putamen, with greater fluctuations
observed during D2 stimulation (Bernal-Casas et al., 2017). Thus, a negative association between
symptom severity and midbrain—DC effective connectivity may reflect abnormally high levels of
dopamine release causing an inhibitory effect in the striatum. Additionally, the observed negative
association between positive symptoms and the DC’s influence on thalamus in FEP-schizophrenia may
indicate excessive signalling along the indirect striatothalamic pathway, which is thought to stem from

overactive dopamine transmission in the dorsal striatum (Carlsson et al., 1999).
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5.1.2. Evidence for a neurobiological continuum across a broad spectrum of symptom severity
The functional connectivity analysis of FST circuits and general PLE dimensions presented in Chapter
2 established initial evidence for a neurobiological continuum of psychosis focused on dorsal FST
function, which extends to the general community. In Chapter 3, a general dimension of positive PLEs,
measured using the CAPE positive subscale (Stefanis et al., 2002), was associated with inter-regional
influences that were distributed across the dorsal and ventral FST circuits. The involvement of both
circuits is consistent with emotional and cognitive contributions to PLEs (Debbané et al., 2009; Kerns,
2006). Notably, more severe positive PLEs were associated with greater top-down influence of DLPFC
on midbrain, and bottom-up influence of the midbrain on nucleus accumbens, and of nucleus accumbens
on thalamus. This finding suggests that positive PLEs are linked to a cascade of directed influences
within FST circuitry, beginning with prefrontal regulation over midbrain function, and then influencing
midbrain to thalamus via the striatum. Amygdala connectivity and dorsal caudate inhibition also played
arole. These findings align with models positing that psychosis arises from disrupted cortical regulation
of midbrain dopaminergic signalling (Weinberger, 1987) and highlights the utility of models of
effective connectivity. However, if PLEs are to be considered a marker of latent vulnerability to clinical
illness, this prominent role for top-down cortical regulation must be reconciled with the relative lack of
cortical dysfunction identified in FEP patients.

Chapter 4 provided a more detailed consideration of the association between FST effective
connectivity and distinct dimensions of PLEs, rather than focusing solely on aggregated summary
scores. This analysis revealed a prominent role for bottom-up influences of the striatum on thalamus,
specifically with dimensions pertaining to delusional ideation and cognitive disorganisation. Delusional
ideation, including body image aberration, was associated with nucleus accumbens connectivity, which
plays a role in information updating (Nour et al., 2018; O’Doherty et al., 2004), whereas cognitive
disorganisation implicated the dorsal caudate, which subserves cognitive functions (Haber, 2003). Only
subclinical hallucinations were associated with effective connectivity constrained to the ventral FST
circuit, and featured top-down influence of the thalamus on nucleus accumbens. One major difference

between the results in Chapters 3 and 4 is that the analysis of CAPE positive scores in Chapter 3 revealed
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an association between the bottom-up influence of midbrain on the nucleus accumbens whereas this
association was absent in Chapter 4’s consideration of specific PLE dimensions. A direct comparison
between the two is difficult, since Chapter 3 focused only on a single summary score for positive PLEs,
whereas Chapter 4 developed more refined and less error-prone measures of specific PLE dimensions.
Moreover, the large sample size in Chapter 4 comprised adult participants spanning a wider age range
(18-50 years old) compared to the smaller sample of young adults in Chapter 3. It is thus possible that
the association with midbrain connectivity in the younger healthy cohort may capture a feature
associated with peak dopamine function, which occurs in this age range (Goldman-Rakic & Brown,
1982; Thompson et al., 2004; Weinberger, 1987).

Only subclinical delusions were associated with cortical influences, being positively associated
with DLPFC inhibition. This result is consistent with past work reporting altered signalling of this
region in healthy individuals with delusional ideation, suggesting the involvement of cognitive
functions (Corlett & Fletcher, 2012; Fukuda et al., 2019). Top-down cortical influences were not linked
with other positive PLE dimensions, contrasting the associations with CAPE scores in the healthy
cohort in Chapter 3. IRT analysis in Chapter 4 identified that a large proportion of items in the CAPE
positive subscale measure subclinical delusions. The associations with extrinsic DLPFC connectivity
seen in Chapter 3 may be primarily driven by contributions to CAPE positive scores from delusional
PLEs.

The investigation of negative PLEs throughout this thesis has yielded mixed results. Functional
connectivity analysis revealed that increased connectivity of the dorsal circuit is associated with
negative PLE severity. In Chapter 3, higher CAPE negative subscale scores (Stefanis et al., 2002) were
associated with reduced top-down influence from cortex to striatum in both the dorsal and ventral
circuits, as were reduced influence of amygdala and hippocampus on the midbrain, and greater midbrain
self-inhibition. In Chapter 4, each of the specific negative PLE dimensions studied were associated
exclusively with effective connectivity of ventral FST circuit, and prominently featured nucleus
accumbens and hippocampal connectivity. Contradicting the findings of the previous chapter, specific

dimensions of negative PLEs were not associated with cortical influences or bottom-up signalling from
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the midbrain. These findings suggest that limbic system function is more closely associated with
negative PLEs.

Several regions associated with PLEs were also linked with symptom severity in clinically
diagnosed patients. The nucleus accumbens was consistently implicated in effective connectivity
analyses across the cohorts. The ventral striatum has been linked to aberrant signalling and
dopaminergic dysfunction in people at different stages of the psychosis continuum, and altered activity
of this area has been correlated with the variations of both positive and negative symptoms (Juckel et
al., 2006; Mohanty et al., 2005; Murray et al., 2008; Soliman et al., 2008, 2011; Yan et al., 2016). The
thalamus was also consistently implicated. This region plays a role in relaying signals between the
cortex and subcortex, and also between cortical regions, thus regulating cortical integration (Haber &
McFarland, 2001; Sherman, 2016). Therefore, thalamic disturbances can influence the functioning of
widespread neural systems, and vice versa, brain-wide disruptions may be reflected in thalamic
dysregulation (Anticevic, 2017). The hippocampus, a region that is linked with psychosis onset,
dopamine regulation, and expressions of symptoms along the psychosis continuum, was also repeatedly
implicated in the effective connectivity models presented in this thesis (Harrison, 2004; Heckers &
Konradi, 2015; Lieberman et al., 2018; Lodge & Grace, 2006).

The results of this thesis indicate that it is difficult to pinpoint a specific set of connections that
are consistently associated with symptom expression across all stages of the severity continuum. In this
sense, the findings support a neurobiological in a general, rather than specific sense, in which certain
areas and circuits (e.g., midbrain, thalamus, nucleus accumbens, striatothalamic pathways) feature
prominently, but in which the precise connections and nature of their involvement may vary across
different stages. Some of these variations may be due to differences in medication status and other
potential confounds. It is also possible that consistent neural correlates along the psychosis continuum
are better captured at the level of regional activity, for instance as demonstrated by consistent variations
in ventral striatal activity across cohorts (e.g., Juckel et al., 2006; Mohanty et al., 2005; Winton-Brown
et al., 2017), rather than specific inter-regional connections. Furthermore, FST systems encompass deep
subcortical and cortical regions, and capture various molecular systems, particularly the dopaminergic

pathways, that mature at different stages of development (Goldman & Alexander, 1977; Larsen et al.,
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2020; Ostby et al., 2009; Sussman et al., 2016). The interaction of developmental effects with
medication and illness progression, especially when comparing early stages of psychosis with
established illness, should be taken into consideration when characterising FST connectivity along the

psychosis continuum.

5.1.3. Implications for models of psychosis
Developmental animal models propose that cortical lesions occurring early in development disrupt
dopamine transmission in the cortex, causing inappropriate top-down cortical signalling to the midbrain
which induces hyperactivity of the subcortical dopamine system (Pycock et al., 1980; Weinberger,
1987). Dysregulation of the hippocampus, as demonstrated by the methylazoxymethanol (MAM) model
in rodents, also compromises the control of subcortical limbic regions on the midbrain, thus
dysregulating dopamine activity (Lodge & Grace, 2006). Effective connectivity of FST circuits in FEP,
in comparison to healthy controls, revealed top-down influence of the thalamus and amygdala on the
nucleus accumbens, accompanied with a disinhibition of the midbrain. FEP patients with schizophrenia
additionally demonstrated excitatory bottom-up influence of the midbrain on the nucleus accumbens.
These results partially fit with the MAM model with respect to the top-down influence of subcortical
regions on the ventral striatum. However, contrary to this model, top-down influence of the
hippocampus on the nucleus accumbens, or the nucleus accumbens on the midbrain, was not observed
in FEP. The absence of altered efferent connectivity from these regions may be related to the illness
stage investigated here. The MAM model is thought to be relevant to the prodromal phase of the illness
(Modinos et al., 2015). It is plausible that the onset of FEP coincides with a compensatory amygdala
response to downregulate prolonged dopamine hyperactivity (Chang & Grace, 2014; Grace, 2016).
Accordingly, we found that FEP patients showed increased excitatory influence of the amygdala on the
nucleus accumbens in Chapter 3.

The results in Chapter 3 also suggested that mesocortical system dysconnectivity was evident
in established illness. Although cortical dysfunction is pervasive in schizophrenia (Meyer-Lindenberg
et al., 2002a; Slifstein et al., 2015), the absence of altered top-down cortical influences in FEP is at odds

with some developmental models (Pycock et al., 1980; Weinberger, 1987). The absence of a cortical
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influence here may be due to several factors. As with the role of the hippocampus, it is possible that
cortical dysregulation occurs earlier in the prodromal phase and may involve a distinct prefrontal area
region that was not included in the effective connectivity models considered here. The anterior cingulate
cortex, for instance, has been shown to exhibit alterations in morphology and connectivity prior to
illness onset (Fornito, Yung, et al., 2008; Pettersson-Yeo et al., 2011). It is also worth mentioning that
the FEP patients and their respective healthy controls in Chapter 3 were comprised mostly of
adolescents, and this developmental age corresponds to a period of ongoing prefrontal maturation
(Goldman-Rakic & Brown, 1982; Luna et al., 2001). Significant differences in DLPFC connectivity
between patients and controls may appear at a later age, and abnormalities in mesocortical signalling
seen in established illness may only emerge in adulthood, as longer-range projections myelinate and
mature (Dosenbach et al., 2010).

In summary, although our findings suggest that dysregulation of top-down cortical control on
mesolimbic dopamine may only emerge in later illness states, our analysis cannot completely rule out
arole in triggering psychosis onset. A more comprehensive investigation of influences from a larger set
of cortical regions, along with a sampling of cohorts from the prodromal stage, would be necessary to
comprehensively test this developmental model. Our analyses provide stronger support for a prominent
influence early in the illness of aberrant subcortical connectivity, and an intrinsic disinhibition of the
midbrain in particular, which is consistent with abnormal bottom-up signalling as driving the emergence

of psychotic symptoms.

5.2. Limitations and future directions

The work in this thesis, along with many other studies of the psychosis continuum, have largely focused
on the cardinal positive symptomatology despite evidence proposing that positive PLEs, when they are
not accompanied with negative PLEs or cognitive disorganisation, are not linked to distress or reduced
functioning, and in some cases, may even lead to subjective wellbeing (Grant & Hennig, 2020; Mohr
& Claridge, 2015). Instead, vulnerability for developing psychopathology in healthy people with PLEs
has been linked to distress, negative symptoms, and cognitive disorganisation (Grant & Hennig, 2020;

Horan et al., 2007). Although negative PLEs were investigated with respect to FST circuitry here, the
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neurobiological basis of negative symptoms is less well understood (Galderisi et al., 2015). Thus,
characterising brain circuits that are most sensitive to these risk factors may reveal consistencies in
specific connections that are perturbed along the psychosis continuum.

Translation of developmental animal models proposing the loss of top-down control as a
primary pathophysiological factor in psychosis onset may require direct validation in the prodromal
stage (Lodge & Grace, 2006; Modinos et al., 2015; Weinberger, 1987). This thesis did not investigate
at-risk groups. Mapping effective connectivity of FST circuits in this population may thus provide a
fruitful avenue for refining pathophysiological models. Additionally, where this study evaluated cross-
sectional differences in functional and effective connectivity across different stages of the psychosis
continuum, a robust investigation of the neural correlates of illness progression should be pursued in
longitudinal studies. Finally, the recent development of DCMs that are scalable to whole-brain networks
(Fréssle et al., 2017) will make it possible to survey effective connectivity across extended neural
systems, including various regions that are implicated prior to illness onset such as the anterior cingulate
cortex (Fornito, Yung, et al., 2008; Pettersson-Yeo et al., 2011), thereby providing a more complete

picture of the circuit dysfunctions that may drive psychosis expression during different illness phases.

5.3. Conclusions

The findings presented in this thesis contribute to the understanding of the neurobiology of the
psychosis continuum. They suggest that the psychopathological continuum of severity that has been
observed in clinical studies shared similarities with a neurobiological continuum of FST circuit
function, in which different levels of symptom severity are tied to the function of distinct FST sub-
systems and regions, without there necessarily being a single connection or region that is continuously
implicated across the entire illness spectrum. More specifically, this thesis identifies a prominent role
for subcortical dysconnectivity and midbrain disinhibition early in the illness, a critical role for
striatothalamic influences in regulating dopamine synthesis capacity in the striatum, and a role for
cortical systems in later illness stages. Positive symptoms across the continuum are generally tied to
midbrain and striatothalamic systems across dorsal and ventral circuits, whereas negative symptoms are

more closely linked with ventral circuit and limbic functions. Despite some consistencies in the specific
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FST regions implicated in the associations with both subclinical and clinical symptoms, there were
differences in terms of the specific inter-regional connections that were linked to symptom severity in
clinical and non-clinical individuals. This result suggests that while there may be continuity at the level
of broad neural circuits, the specific circuit elements that are linked to symptom expression at different
points along the psychosis continuum may vary, suggesting some discontinuity in their mechanistic
bases. Overall, the findings support a neurobiological continuum of psychosis in a general systems-
level, rather than specific inter-region connection-level. They also suggest that intrinsic dysfunction of
subcortical circuitry may play a primary role in disease pathophysiology, and thus represents a

promising target for treatment development.
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Supplementary materials for Chapter 2

Appendix A

A.1. Supplementary methods and materials

Recruitment and exclusion criteria

Data collection was conducted between August 2013 to May 2017. We assessed participants for any
lifetime history of psychiatric or neurological disorders, or psychotropic treatment, using a screening
questionnaire and responses based on self-report. Additional exclusion criteria included regular use of
recreational drugs for at least once a month or a history of drug abuse, and a significant blow to the
head, signified by a loss of consciousness or memory. All of our participants were recruited from a
healthy community sample and are functioning members of the community, were not taking

psychotropic medication, and had no reason to lie about their medical history.

Missing values replacement for I1Q scores

Full-scale 1Q was estimated using the four-subtest version of the Wechsler Abbreviated Scale of
Intelligence — Second Edition (WASI-II) (Wechsler, 2011). IQ scores were missing for 9 of 353
participants (2.5%). Little’s Missing Completely at Random (MCAR) test was not significant (y* (14)
=17.44, p = .23), indicating that the assumptions of MCAR were satisfied (Kitaichi et al., 2005; Little,
1988). To predict the missing IQ scores, regression analyses were conducted using the expected
maximization algorithm implemented in IBM SPSS version 25. This method provides unbiased
parameter estimates that account for missing values based on observed covariances in the data (Kitaichi
et al., 2005). Predictor variables included age, sex, mean framewise displacement (FD), and 12 subscale

scores from our measurement battery of psychosis-like experiences (PLEs).
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Measures of psychosis-like experiences

The Oxford-Liverpool Inventory of Feelings and Experiences short-form (sO-LIFE) (Mason et al.,
2005). The sO-LIFE is a self-report measure of schizotypy traits in the general population. It consists
of 43 items that are grouped into four dimensions: Unusual Experiences (12 items), Cognitive
Disorganisation (11 items), Introvertive Anhedonia (10 items), and Impulsive Nonconformity (10

items). Each item is scored on a binary scale (0 = no’; 1 = ‘yes’).

Peters Delusion Inventory 21-item (PDI-21) (Peters et al., 2004). PDI-21 is a self-report measure
assessing delusional ideation in the general population. The measure comprises four dimensions: PDI
yes/no, distress, preoccupation, and conviction. For the present study, we used the PDI yes/no
dimension to assess the presence of delusions in our sample. Items are measured on a binary scale (0 =

‘no’; 1 = ‘yes’), hence yielding a total score ranging from 0 to 21.

Community Assessment of Psychotic Experience (CAPE) (Stefanis et al., 2002). CAPE is a self-report
measure of subthreshold PLEs designed for the general population. It consists of 42 items that yield
three dimensions of PLEs: positive, negative, and depressive. Positive experiences are measured by 20
items, negative experiences are measured by 14 items, and depressive experiences are measured by 8
items. A 4-point Likert scale measures the frequency of experiences (1 = ‘never’; 4 = ‘nearly always’).
A separate score for each dimension can also be obtained by summing up the scores of a subscale
yielding to possible maximum scores of 80, 32, and 56 for the positive, negative, and depressive
subscales, respectively. A distress scale also accompanies each of the three dimensions of experiences,

measured using a 4-point Likert scale (1 = ‘not distressed’; 4 = ‘very distressed’).

Chapman Scales. Four subscales were administered to measure PLEs: 1) the magical ideation scale
(Eckblad & Chapman, 1983) — 30 items measuring metaphysical beliefs, 2) the perceptual aberration
scale (Chapman et al., 1978) — 35 items assessing perceptual abnormalities, 3) the physical anhedonia

scale (Chapman et al., 1976) — 61 items measuring deficits in the ability to experience pleasure, and 4)
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the revised social anhedonia scale (Chapman et al., 1976) — 40 items measuring social withdrawal or

indifference.

Subthreshold depressive symptoms. We also measured depression scores using the Hospital Anxiety
and Depression Scale (HADS) (Snaith, 2003). We did not find significant correlations between HADS
Depression scores and both positive (r=-.02, p=.65) and negative (+=-.08, p=.13) PLEs, suggesting that

our principal component scores were not influenced by depressive symptoms that are extrinsic to PLEs.

Neuroimaging data acquisition

Multiband T2*-weighted whole-brain echo-planar images (EPIs) were acquired for each participant
using a 3T Siemens Skyra MRI scanner equipped with a 32-channel head coil, located at the Monash
Biomedical Imaging facility, Melbourne, Australia. Participants were instructed to lie still in the scanner
with eyes closed while maintaining wakefulness. A total of 620 functional volumes with 42 slices each
were acquired per participant using an interleaved acquisition with the following parameters: repetition
time (TR) of 754 milliseconds, echo time (TE) of 21 milliseconds, flip angle of 50°, multiband
acceleration factor of 3, field of view (FOV) of 190mm, slice thickness of 3mm, and 3mm isotropic
voxels. Anatomical T1-weighted images were also acquired for each participant using a 3-dimensional
magnetic-prepared rapid gradient echo sequence. A total of 192 slices were acquired for each
participant’s T1-weighted images using an ascending acquisition with the following parameters: TR of

2300 milliseconds, TE of 2.07 milliseconds, flip angle of 9°, FOV of 256mm, and voxel size of Imm’.

Preprocessing of EPI images

EPI images were initially preprocessed in FSL FEAT following a basic pipeline, which included
removal of the first four volumes, rigid-body head motion correction, 3mm spatial smoothing to
improve signal-to-noise ratio, and high pass temporal filter of 75s to remove slow drifts. Subsequently,
spatial independent component analysis (ICA) was performed using FSL MELODIC. These
components were used as inputs for FSL-FIX (Griffanti et al., 2014; Salimi-Khorshidi et al., 2014), an

ICA-based denoising approach that uses an automated classifier to identify noise components
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(representing signal contributions from head motion and various sources of scanner and physiological
noise), and remove them from the data. This approach has been shown to successfully correct for motion
and physiological noise, in addition to artifacts associated with multiband acceleration (Boyacioglu et
al., 2015; Griffanti et al., 2014).

The FSL-FIX classifier was trained using an independent cohort of 25 individuals (13 males;
mean age = 25.56 years), acquired using identical scanner and acquisition protocol, in which each of
over 2000 components were manually labelled as signal or noise. Components that correspond to
motion, physiology, multiband artifact, white matter, and cerebrospinal fluid were classified based on
their spatial characteristics, time-series fluctuations, and power spectra (Griffanti et al., 2017). The
accuracy of the classifier in identifying nuisance components was verified in a subset of 15 individuals
from our sample, yielding an accuracy estimate of 97%. Half the mislabelled components were false
positives (i.e., noise classified as signal) which were less of a concern than the misclassification of
signal as noise.

The time courses of components labelled as noise were used as nuisance regressors, along with
24 head motion parameters (6 rigid-body parameters, their backwards derivatives, and squared values
of the 12 regressors) and the averaged signal taken from a mask of the entire brain (as well as the first
derivative and squares of each). Prior work indicates that the last step results in better removal of motion
artefact following FSL-FIX (Burgess et al., 2016), and is currently the most effective strategy for
removing respiration-related signal changes in blood-oxygen-level dependent (BOLD) functional
magnetic resonance (fMRI) data (Power et al., 2017).

Denoised functional data were spatially normalized to the International Consortium for Brain
Mapping 152 template in Montreal Neurological Institute (MNI) space using ANTs (version 2.2.0)
(Avants et al., 2011), via a three-step method: 1) registration of the mean realigned functional scan to
the skull-stripped high resolution anatomical scan via rigid-body registration; 2) spatial normalization
of the anatomical scan to the MNI template via a nonlinear registration; and 3) normalization of
functional scan to the MNI template using a single transformation matrix that concatenates the

transforms generated in steps 1 and 2. As a final step, spatially normalized functional images were
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spatially smoothed with a 6mm full-width half-maximum Gaussian kernel using the AFNI (version 16)

3dBlurToFWHM function.

Motion exclusion and quality check of functional data

MRIQC (Esteban et al., 2017), an automated pipeline of quality checking of MRI scans, was initially
used to assess the quality of our functional and structural data. Based on MRIQC reports and visual
inspection of the data, scans from five participants containing artifacts and scans from four participants
with missing volumes were excluded from further analysis.

To quantify the degree to which the denoised data contained residual contamination from head
motion, we estimated the FD of each participant using the root mean squared volume-to-volume
displacement of all voxels, derived from the six head motion parameter estimates (3 translations, 3
rotations) (Parkes et al., 2018). Typical motion exclusion thresholds (e.g., FD > 0.25mm (Satterthwaite
etal., 2013)) are too lenient for our rapidly sampled data. We thus determined a threshold for identifying
high motion volumes by concatenating all FD values from all participants into a single distribution and
setting a threshold at the 75™ percentile plus 1.5 times the interquartile range (an approach similar to
that implemented in the fsl motion_outliers function of the FSL toolbox). This approach yielded a
threshold of FD > 0.1 1mm. Based on this value, participants were removed from further analysis using
the following criteria: 1) their mean FD is greater than 0.11mm, 2) the sum of suprathreshold spikes is
greater than 20%, or 3) if any FD is greater than 2.5mm (this value was adapted from previous work
(Satterthwaite et al., 2013)). This procedure resulted in the exclusion of 32 individuals, resulting in a
final sample of 353 people.

As all denoising pipelines for fMRI typically contain some residual level of motion
contamination (Ciric et al., 2017; Parkes et al., 2018), we follow prior suggestions (Parkes et al., 2018)
and report a series of quality control metrics to demonstrate the impact of motion of our findings. To
generate these metrics, each participant’s brain was parcellated into 333 cortical regions using the
parcellation developed by Gordon et al (Gordon et al., 2016). For each of the 55,728 correlations
between each pair of regions, we computed the cross-participant correlation between functional

connectivity and mean FD. No connections showed a significant correlation with FD after correcting
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for multiple comparison, and 7.9% were significant at p <. 05 uncorrected. The association between
connectivity and FD also showed a negligible dependence on the distance between pairs of regions (p
=-0.07; Figure S2). These results are comparable to the best performing denoising pipelines evaluated
to date (Ciric et al., 2017; Parkes et al., 2018).

To further test of any residual effects of motion on functional connectivity estimates, we split
the sample into three equally sized groups based on their mean FD values and calculated two-tailed t-
contrasts assessing increases and decreases in functional connectivity in the groups with the highest (n
= 117) and lowest (n = 117) mean FD values. No differences in functional connectivity were found
between the groups. Moreover, the principal component scores describing PLE variance were not
correlated with mean FD values (positive PLEs »= .03, p = .6; negative PLEs »= .06, p = .20). Together,

these results indicate that motion confounds are well controlled in our analysis.

Details on the definition of seed regions of interest (ROIs)

The six ROIs were originally identified based on a meta-analysis of striatal activation in fMRI and PET
studies (Postuma & Dagher, 2006). Based on activation peaks, the striatum was subdivided into to a
dorsal and ventral caudate and a dorsal, ventral, and rostral putamen. The anatomical boundaries of
these subregions were further refined in later work (Di Martino et al., 2008) by transforming the regions
into MNI space, and ensuring that they are constrained within grey matter via visual inspection. For the
caudate, three ROIs were seeded along a dorsoventral axis, including the dorsal caudate (DC; x = +13,
y =15, z = 9), the superior ventral caudate (sVC; x = 10, y = 15, z = 0), and the inferior ventral
caudate/nucleus accumbens (iVC; x =£9, y =9, z=-8). Three ROIs were seeded for the putamen along
a similar axis, comprising the dorso-caudal putamen (DCP; x = £28, y = 1, z = 3), the dorso-rostral
putamen (DRP; x =425, y = 8, z = 6), and the ventro-rostral putamen (VRP; x =420, y = 12, z = -3).
We used the same coordinates as centroids for the 3.5mm radius spheres that were used as seeds in our

analysis.
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Leave-one-subject-out analysis

To visualize associations between functional connectivity and PLEs for specific clusters identified in
our voxelwise analyses, we used a leave-one-subject-out (LOSO) analysis (Esterman et al., 2010).
Specifically, the second-level general linear model was repeated 353 times, each time excluding one of
the subjects. For our main analysis, a ROI was generated from key significant clusters (TFCE p <. 017
corrected, 1000 permutations), and used as a mask to extract functional connectivity parameter
estimates from the excluded subject. Significant clusters for our exploratory analysis were thresholded
at TFCE p <.002 corrected, with 1000 permutations. These parameters estimates were then plotted as a
function of PLE scores. This approach avoids the circular inference that can occur when visualizing
scatterplots of brain-behaviour associations mapped at the voxel level (Kriegeskorte et al., 2009; Vul et

al., 2017; Vul & Pashler, 2012).

A.2. Supplementary results

Associations significant at uncorrected levels

To facilitate comparison with past work, we report here associations between striatal functional
connectivity and PLEs that are significant at p <.05, TFCE corrected, but did not survive Bonferroni

correction across seeds and PLE dimensions.

Dorsal CST functional connectivity and PLEs. Higher positive PLEs were associated with reduced
coupling between the DCP and left visual cortex, left posterior cingulate sulcus, and the right
sensorimotor regions. Higher positive PLE scores were also linked with increased coupling between
the DCP and regions of right medial PFC, frontal eye fields and frontal pole; and increased coupling
between the DC and the lateral occipital cortex.

Higher scores on the negative PLE dimension were associated with increased functional
connectivity between the dorsal striatum and sensorimotor areas; namely, between the DCP and right
primary motor cortex, right superior temporal gyrus, and left occipital and somatosensory areas; and

between the DC seed and right occipital cortex (Figure S4). Refer to Table S2 for a list of brain regions
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in which functional connectivity with striatal seeds was significantly associated with PLEs at an

uncorrected level.

Ventral CST functional connectivity and PLEs. Associations between PLEs and ventral system
functional connectivity were limited to the VRP seeds. Specifically, higher positive PLEs were
associated with lower functional connectivity between this region and left visual cortex (Table S2;
Figure S5). Higher negative PLEs were associated with higher coupling between the VRP and bilateral
sensorimotor cortex (Table S2; Figure S5), and lower coupling between the VRP and the right

paracentral lobule (Table S2).

100



Appendix A. Supplementary for Chapter 2

Table Al. Descriptive Statistics and Correlation Coefficients of Subscales Included in Principal

Component Analysis (V= 672)

Subscales Min Max Mean 2 3 4 5 6 7 8 9 10 11 12
(SD)

CAPE

1. Positive 20 52 25.94 350400 740 - .64* 18 72 29 .06 46 81°
(4.72) .10°

2. Negative 14 44 23.74 - S5 26 300 377 .50 35% 0 52% 0 45% 28 370
(5.66)

3. Depressive 8 27 13.90 - 350 1% 360 210 400 53" 26% 400 43°
(3.01)

Chapman

4. Magical Ideation 0 26 6.23 - - .64% 14 744 34 07° 470 0%
(4.78) .09¢

5. Phys Anhedonia 0 42 11.50 - -0l 45 -05 .15 .56 .01 -
(6.97) .10°

6. Perc Aberration 0 32 5.21 - 24 .69 31 130 430 60°
(5.27)

7. Soc Anhedonia 0 35 9.36 - 21 310 67t 200 AT7°
(6.42)

sO-LIFE

8. Unusual Experiences 0 12 2.86 - 43 14 53 637
(2.64)

9. Cog Disorganisation 0 11 4.75 - 34400 35°
(2.90)

10. Introvertive Anhedonia 0 10 1.62 - d40 0 a1b
(1.74)

11. Impulsive Nonconform 0 10 3.30 - 438
(2.08)

12. PDI 0 17 5.49 -
(3.49)

2 p<.001

bp <.01

¢p<.05
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Table A2. Regions Where Striatal Functional Connectivity Was Associated with Psychosis-Like
Experiences (p <.05 TFCE corrected)

Seed Contrast Region MNI Max Cluster )/
coordinates T-value extent
(x,Y,2) (voxels)

DC Pos PLEs + R lateral occipital cortex 42, -60, 24 498 37 .02
Neg PLEs + R occipital cortex 26,-82, 8 4.92 216 <.01

DCP Pos PLEs - R supplementary motor area 6, -4, 62 3.95 95 .03
L visual association area -6, -96, 24 4.71 68 .03

R primary sensory area 10, -38, 78 4.18 57 .03

L posterior cingulate sulcus -16, -34, 50 432 56 .02

Pos PLEs + R medial prefrontal cortex 2,44, 34 4.12 166 .03

L frontal eye fields -24, 30, 44 4.15 84 .03

R frontal pole 16, 70, 2 4.97 33 .03

Neg PLEs + R superior temporal gyrus 66, -2, 6 4.74 91 .02

L intraparietal sulcus -26, -78, 24 5.14 66 .01

L superior occipital gyrus -20, -84, 38 4.05 47 .03

L primary somatosensory area -60, -14, 34 4.25 14 .04

L parietal opercular -52,-18, 18 4.66 11 .03
VRP Pos PLEs - L visual association area -38,-92,2 54 505 <.01
Neg PLE:s - R paracentral lobule 2,-76,42 4.72 58 .02
Neg PLEs + L primary somatosensory area -60, -14, 30 4.78 890 <.01

R postcentral sulcus 44, -30, 40 4.18 320 .01

R precentral gyrus 12, -26, 68 5.16 240 .01

R premotor cortex 50, -2,26 4.19 201 .02

R primary somatosensory area 44, -36, 62 4.44 114 .02

R mid cingulate cortex 8,-18,52 4.58 75 .02

R primary somatosensory area 40, -12, 66 3.57 36 .04

L frontal opercular -58,-10,6 4.35 28 .03

R supplementary motor area 8,-14,62 3.44 13 .04

L posterior cingulate -8,-26, 44 3.66 11 .04

List of brain regions showing significant associations at TFCE p <.05, not corrected for multiple comparisons. Only clusters
with more than 10 voxels are listed. ‘+’ sign indicates increased coupling in association with PLEs, while ‘-’ indicates reduced
coupling associated with PLEs. PLEs: Psychosis-Like Experiences; R: right; L: left; DRP: dorso-rostral putamen; DC: dorsal

caudate; DCP: dorso-caudal putamen; VRP: ventro-rostral putamen.
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Figure Al. Scree plot of eigenvalues from principal component analysis of PLE measures. The x-axis depicts the
component numbers identified in the principal component analysis, while the y-axis shows the eigenvalue of each component.

Components above the point of inflection were retained. PLE: Psychosis-like experiences
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Figure A2. QC-FC distance dependence. Figure illustrates QC-FC distance dependence for the multiband EPI scans
following preprocessing. QC-FC correlations were split into 10 equiprobable bins based on the distance between nodes in the
Gordon parcellation. For each bin, circles depict the mean distance between edges. The mean and the standard deviation of the

QC-FC correlations are represented by the solid and dotted lines, respectively.
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Figure A3. Main effect of seed regions on corticostriatal functional connectivity. Axial slices showing the main effect of
striatal seed regions on corticostriatal functional connectivity. For the purpose of visualisation, images were thresholded at a
TFCE corrected rate of p < .001, with 5000 permutations. The left hemisphere is on the right. iVC: inferior ventral caudate
(i.e., nucleus accumbens); sVC: superior ventral caudate; DRP: dorso-rostral putamen; DC: dorsal caudate; DCP: dorso-caudal

putamen; VRP: ventro-rostral putamen.
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Figure A4. Positive associations between dorsal circuit functional connectivity and negative PLEs (p <.05 TFCE
corrected). Functional connectivity between the dorsal striatum and the cortex that are associated with negative PLEs. Coronal
slice in the top left of each panel depicts the location of striatal seed regions in the dorsal circuit. Cortical surface maps depict
the cortical sites for which functional connectivity with each seed correlates with negative PLE severity. Scatterplots depict
the associations between negative PLE severity and the functional coupling between (A) DC and right visual cortex, and (B)
DCP and right motor region. Clusters are thresholded at p <.05 TFCE corrected. For visualization purposes, functional
connectivity estimates were obtained using Leave-One-Subject-Out analysis. DC: dorsal caudate; DCP: dorso-caudal putamen;

PC: principal component; PLEs: Psychosis-like experiences.
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Figure AS. Associations between ventral circuit functional connectivity and PLEs (p <.05 TFCE corrected). Coronal
slice in the centre of the left column depicts the location of striatal seed regions in the ventral circuit. Cortical surface maps
show the cortical sites for which functional connectivity with the ventral seeds correlate with PLE severity. Blue scatterplot
depicts the association between positive PLE and the functional coupling of VRP and left visual area. Yellow scatterplot
depicts the association between negative PLEs and VRP and left somatosensory area. Clusters are thresholded as p <.05 TFCE

corrected. For visualization purposes, functional connectivity estimates were obtained using a Leave-One-Subject-Out

analysis. VRP: ventro-rostral putamen; PC: principal component; PLEs: Psychosis-like experiences.
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Appendix B

B.1. Supplementary methods and materials

Participants

FEP. FEP was defined as fulfilling Structured Clinical Interview for DSM-5 (SCID-5) criteria for a
psychotic disorder. Patients with substance-induced psychosis were excluded in the present study. FEP
diagnoses are in Table S2. Healthy controls had no history of psychiatric or neurological illness, as
determined by self-reports, SCID, and the Comprehensive Assessment of At-Risk Mental States. All
participants provided informed consent. For FEP patients, additional strict inclusion criteria include
comprehension of English language, no contraindication to MRI scanning, less than six months of
duration of untreated psychosis, living in stable accommodation, low risk to self or others (score of < 5
on the Brief Psychiatric Rating Scale version 4 (BPRS-4) Suicidality and Hostility subscales), and
minimal previous exposure to antipsychotic medication (less than 7 days of use or lifetime 1750mg
chlorpromazine equivalent exposure). For healthy controls, additional exclusion criteria included
history of psychiatric or neurological illness in first-degree relatives and current use of psychotropic
medications. Only baseline data were used in the present study. We also analysed a subsample of FEP
patients with schizophrenia diagnoses (FEP-SCZ).

The initial sample size for this group was 61 patients and 27 controls. We excluded 5 patients
with poor imaging data, 1 patient with high motion, 3 patients with DCM explaining <75% of the signal
variance, and 6 patients with substance induced psychosis. This brought the final sample of patients
included in the study to 46. A total of 17 FEP patients had a diagnosis of schizophrenia spectrum
disorder (8 schizophrenia, 8 schizophreniform disorder and 1 schizoaffective disorders), making up a
subset of FEP-SCZ patients. Other FEP patients were diagnosed with delusional disorder (n = 5), major
depressive disorder with psychotic features (n = 10), psychotic disorder not otherwise specified (n =

13), and 1 patient had a missing diagnosis. For the control group, we excluded 3 individuals with high
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motion (criteria outlined below), and 1 with DCM explaining <75% of the signal variance, resulting in

a final sample of 23.

Established schizophrenia (SCZ). Data were obtained through the UCLA Consortium for
Neuropsychiatric Phenomics open dataset (Poldrack et al., 2016). The initial sample consisted of 121
right-handed healthy controls and 51 schizophrenia patients. Healthy controls were excluded if they had
a history of mental illness. Schizophrenia patients were excluded if they had comorbidity with either
bipolar disorder or ADHD. Diagnoses were based on the DSM-IV and SCID-1.

We excluded 1 patient with poor imaging data, 9 with high motion, and 5 with DCM explaining
<75% of the signal variance, resulting in a final sample of 36 patients. We excluded 6 controls with
high motion and 15 with DCM explaining <75% of the signal variance, resulting in a final sample of

100 controls.

PLE/["*F]DOPA. A total of 52 healthy participants were recruited from the community through online
advertisements. Each participant provided informed consent. Exclusion criteria included current or
history of psychiatric or neurological illnesses, significant medical history, intellectual disability, and
first-degree relative with a mental illness. Participants underwent simultaneous resting-state fMRI and
["*F]DOPA PET.

Eight individuals did not complete the scanning protocol. We also excluded 3 participants with
high motion and 5 participants with DCM explaining <75% of the signal variance. A total of 3
participants had unusable PET scans and 10 participants had missing PLE measures. This brought the

final sample to 33 with fMRI and PET data and 26 with fMRI and complete PLE measures.

Symptom measures

Clinical symptoms. The Brief Psychiatric Rating Scale (BPRS) positive and negative subscales were
used to respectively measure positive and negative symptoms in our clinical cohorts. The subscales
were derived from a five factor solution outlined in Dazzi et al., 2016. The positive symptom subscale

consists of five items: unusual thought content, suspiciousness, hallucinations, grandiosity, and bizarre
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behaviour. The negative symptom subscale consists of three items: blunted affect, emotional
withdrawal, and motor retardation. Each item is ranked on a Likert-like scale between 1 to 7, with a

score of 1 denoting the absence of a measured symptom.

PLEs. Community Assessment of Psychotic Experience (CAPE) is a self-report measure of PLEs
designed for the general population (Stefanis et al., 2002). The positive and negative frequency
subscales were used to measure positive and negative PLEs, respectively. The frequency of positive
experiences is measured by 20 items and negative experiences is measured by 14 items using A 4-point
Likert scale (1 = ‘never’; 4 = ‘nearly always’). The maximum scores that can be yielded from the

positive and negative subscales are 80 and 56, respectively.

Neuroimaging acquisition

FEP. Whole-brain T2*-weighed echo-planar images (EPIs) and anatomical T1-weighted (T1w) scans
were acquired for each participant using a 3T Siemens Trio Tim scanner, equipped with a 32-channel
head coil, located at the Royal Children’s Hospital in Melbourne, Australia. Participants were instructed
to lie still in the scanner while maintaining wakefulness with eyes closed. A total of 234 functional
volumes with 37 slices each were acquired using the following parameters: repetition time = 2000ms;
echo time = 32ms; flip angle = 90°; field of view = 210mm,; slice thickness of 3.5 mm, and 3.3 x 3.3 x
3.55 mm voxels. A total of 176 slices were acquired for each participant’s T1-weighted image using an
interleaved acquisition using the following parameters: TR = 2.3s; TE = 2.98ms; flip angle of 9°; FOV

of 256mm; voxel size of 1.1 x 1.1. x 1.2 mm.

SCZ. The CNP dataset (Poldrack et al., 2016) was acquired on one of two Siemens Trio 3T scanners
located at the Ahmanson-Lovelace Brain Mapping Center and the Staglin Center for Cognitive
Neuroscience at UCLA. Details of the resting-state EPI scan are TR = 2s, TE = 30ms , flip angle = 90°,

4mm slice thickness, 152 volumes with 34 slices each. Participants were instructed to keep their eyes
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open. Details of the T1w scan are TR = 1.9s, TE = 2.26ms, flip angle of 90°, 176 slices with 1mm®

voxels.

PLE/["*F]DOPA. Data were acquired using a 3T Siemens Magnetom Biograph simultaneous MR-PET
scanner equipped with a 20-channel head and neck coil at Monash Biomedical Imaging, Melbourne,
Australia. Resting-state whole-brain T2*-weighed echo-planar image (EPIs) was also acquired for each
subject using an interleaved acquisition with the following parameters: TR = 2.89s; TE = 30ms; 152
volumes with 44 slices per volume; flip angle = 90°; FOV = 190mm; slice thickness = 3mm; voxel size
of 3mm®. A high resolution T1w anatomical image was acquired for each subject using an ascending
acquisition, with the following parameters: 176 slices; TR = 1640ms; TE = 2.34ms; flip angle = 8°;

field of view (FOV) = 256mm; slice thickness = 1mm; voxel size = Imm’.

fMRIPREP preprocessing steps

fMRI and T1-weighted data were processed in the same way across all three cohorts using FMRIPREP
software version 1.1.1 (Esteban et al., 2019). Each T1w scan was corrected for non-uniformity in
intensity and subsequently skull stripped. Brain surfaces were reconstructed using FreeSurfer version
6.0.1. Tissue masks were generated using FreeSurfer. Spatial normalization of the skull stripped T1w
images to the ICBM 152 Nonlinear Asymmetrical template version 2009¢ was performed using a
nonlinear registration in ANTs version 2.1.0. Similarly, for each participant, tissue masks were
registered from the surface space to the MNI template.

EPIs were slice-timed corrected using AFNI version 16.2.07 and realigned to a mean reference
image using FSL. EPIs were distortion corrected using fieldmaps (phasediff-based workflow;
https://fmriprep.readthedocs.io/en/stable/api/index.html#sdc-phasediff). For participants with missing
fieldmaps, a “fieldmap-less” distortion correction was performed by co-registering the functional image
to the intensity-inverted T1w image constrained with an EPI distortion atlas (Treiber et al., 2016).
Following distortion correction, EPIs were co-registered with their corresponding T1w using boundary-

based registration with nine degrees of freedom using the bbregister routine in FreeSurfer. The motion-
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correcting transformations, field-distortion-correcting warp, EPI-to-T1w transformation, and T1w-to-
MNI template warp were concatenated and applied in a single step using ANTs version 2.1.0.
Independent component analysis (ICA) based denoising was performed using ICA-AROMA (Pruim et
al.,2015). Following ICA-based denoising, signal corresponding to white matter and cerebrospinal fluid
were also regressed from the data. Finally, the EPI data were high-pass filtered (temporal filter of 100s)
and spatially smoothed using a 4mm full-width half-maximum kernel using the AFNI 3dBlurToFWHM
function. In-scanner head motion was defined as excessive according to previously-defined stringent
exclusion criteria (Parkes et al., 2018); namely, if any of the following were met: 1) mean framewise
displacement (FD) > 0.20mm; (2) sum of suprathreshold FD spikes > 20%; and (3) any FD > 5mm. FD
was calculated using the root mean squared volume-to-volume displacement of all voxels, derived from

the six head motion parameter (3 translations, 3 rotations) (Parkes et al., 2018).

PET acquisition, reconstruction, and attenuation correction

All participants received carbidopa (150mg) and entacapone (400mg) orally 60 minutes before imaging
to reduce the formation of radiolabelled metabolites that can cross the blood-brain barrier and thus
confound tracer availability in the striatum (Hoffman et al., 1992; Ruottinen et al., 1995). Participants
were instructed to lie still in the scanner with eyes closed.

The pseudo-CT attenuation correction method(Baran et al., 2018; Burgos et al., 2014) was used
to correct PET images during image reconstruction. Dynamic PET images were reconstructed using the
Siemens e7tools software with image volume size 344x344x127(2.09x2.09%x2.03mm?*). The Ordinary
Poisson-Ordered Subset Expectation Maximization (OP-OSEM) algorithm (3 iterations, 21 subsets)
was used with the point spread function (PSF) for partial volume correction. A 5S-mm FWHM Gaussian
filter was applied to each 3D image volume. For correction of subject motion, the list mode dataset was
first binned into 95 frames consisting of one 30-second background frame and ninety-four 60-second
frames. Dynamic motion was corrected based on an image registration approach (Chen et al., 2019),
where each frame was registered to the last frame using rigid-body transformation implemented in the
FSL toolbox (Jenkinson et al., 2002). The final reconstructed dynamic PET images were registered to

the corresponding T1 MPRAGE MRI image. Patlak graphical analysis was performed using Qmodeling
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software (Lopez-Gonzalez et al., 2019; Patlak & Blasberg, 1985). The cerebellum was chosen as a

reference region due to its low ['*F]DOPA uptake (Moore et al., 2003).

Regions of interest selection for dynamic causal modelling

Nucleus accumbens (NAcc) and dorsal caudate (DC). For the ventral and dorsal striatum, we seeded
the NAcc and DC consistent with our previous works (Dandash, Harrison, et al., 2014; Fornito et al.,
2013; Sabaroedin et al., 2019) using a functional parcellation of the striatum (Di Martino et al., 2008)
that was delineated based on a meta-analysis of striatal activation in fMRI and PET studies (Postuma

& Dagher, 2006).

dIPFC. To capture variations associated with subclinical symptoms, that may capture risk for psychosis,
as well as disruptions in clinical groups, the dIPFC ROI was selected based on a peak in which
functional connectivity with the DC was reduced in the healthy relatives of FEP patients compared to
healthy controls (Fornito et al., 2013). This peak overlapped with an area that also showed reduced

connectivity in patients.

vmPFC. To choose a region that was most relevant to the ventral circuit, we chose a peak in the vmPFC
that showed strong functional connectivity with the NAcc in an independent cohort of 353 healthy

adults (Sabaroedin et al., 2019).

Thalamus. The thalamus coordinate was selected from a peak in which functional connectivity with
the dorsal caudate was reduced in ARMS individuals compared to healthy controls (Dandash, Harrison,

etal., 2014).

Hippocampus, amygdala, and midbrain. ROIs for the three regions were selected using a similar
method. Peak coordinates within anatomical masks for the hippocampus and amygdala were selected
in a separate group-level functional connectivity analysis of each ROIs connectivity with the whole

brain in an independent cohort of 353 individuals (Sabaroedin et al., 2019). For the hippocampus, we
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chose the anterior region, using of a hippocampal mask provided in the Freesurfer package (Fischl et
al., 2002). The anterior hippocampus is a hippocampal region that is most frequently implicated as
dysfunctional in schizophrenia (Small et al., 2011), and it was defined as the region having the MNI
coordinate of less than y = -22 (Zeidman & Maguire, 2017). Similar to the hippocampus, we used an
amygdala mask provided in FreeSurfer. The midbrain mask was delineated based on the functional
connectivity of the ventral tegmental (VTA) and substantia nigra (SN) with the whole brain (Murty et
al., 2014). Due to the limited spatial resolution of fMRI images, we combined both of the dorsal and
ventral midbrain regions and selected a functional connectivity signal peak in the same cohort that was
used in the selection of our hippocampal, amygdala, and vmPFC ROls.

Spherical ROIs were created with a radius of 6mm for cortical regions (i.e., dIPFC and vmPFC)
and 3.5mm for each subcortical ROI. For vmPFC and thalamus ROIs with centroids that were close to
the anatomical or functional boundary of the region, we used an anatomical mask from the FreeSurfer
package when extracting the first eigenvariate for the ROIs to exclude signal from neighbouring

regions.

Spectral dynamic causal modelling
Dynamic causal modelling (DCM) is a Bayesian framework that infers the directed (causal)
connectivity among the neuronal systems — referred to as effective connectivity (Friston, 1994). A new
DCM for resting state fMRI was recently proposed based upon a deterministic model that generates
predicted cross spectra, referred to as spectral DCM. In order to model resting state activity —in the
absence of external stimuli—a stochastic component capturing neural fluctuations is included in the
model.

Mathematically, we can express the formulation of the stochastic generative model as a set of

two equations. First is the neuronal state equation, namely

x(0) = fx(@®),u(),6) + v(D), (S1)
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and second is the observation equation, which is a static nonlinear mapping from the hidden

physiological states in (1) to the observed BOLD activity, and is written as:

y(©) = h(x(t), ¢) + e(d), (S2)

where x(t) is the rate of change of the neuronal states x(t), 6 are unknown parameters (i.e., the
effective connectivity) and v(t) (resp. e(t)) is the stochastic process — called the state noise (resp. the
measurement or observation noise) — modelling the random neuronal fluctuations that drive the resting
state activity. In the observation equations, ¢ are the unknown parameters of the (haemodynamic)
observation function and u(t) represents any exogenous (or experimental) inputs that drive the hidden
states, which are usually absent in resting state designs (Friston et al., 2014). Spectral DCM furnishes
a constrained inversion of the stochastic model by parameterising the neuronal fluctuations v(t).
Spectral DCM simplifies the generative model by replacing the original timeseries with their second-
order statistics (i.e., cross spectra). This means that, instead of estimating time varying hidden states,
we are estimating their covariance, which is time invariant. Then we simply need to estimate the
covariance of the random fluctuations, where a scale free (power law) form for the state noise (resp.
observation noise) is used, motivated from previous work on neuronal activity (Beggs & Plenz, 2003;

Shin & Kim, 2006; Stam & De Bruin, 2004), as follows:

gv(a): 0) = avw_ﬁv

ge(@,0) = aowFe (83)

Here, {a, B} € 6 are the parameters controlling the amplitudes and exponents of the spectral
density of the neural fluctuations. The parameterisation of endogenous fluctuations means that the states
are no longer probabilistic; hence the inversion scheme is significantly simpler, requiring estimation of

only the parameters (and hyperparameters) of the model.
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We used standard Bayesian model inversion to infer the parameters of the model in (1), (2) and
(3), from the observed signal y(t). The description of the Bayesian model inversion procedures based
on variational Laplace can be found elsewhere (Friston et al., 2007; Friston et al., 2003; Razi & Friston,

2016).

Parametric Empirical Bayes

Empirical Bayes refers to the Bayesian inversion or fitting of hierarchical models. In hierarchical
models, constraints on the posterior density over model parameters at any given level are provided by
the level above. These constraints are called empirical priors because they are informed by empirical
data. A hierarchical Parametric Empirical Bayes (PEB) model for DCM parameters has recently been
introduced, which represents how individual (within-subject) connections derive from the subjects’
group membership (Friston et al., 2016). Mathematically, for DCM studies with N subjects and M
parameters per DCM, we have a hierarchical model, where the responses of the i-th subject and the

distribution of the parameters over subjects can be modelled as:

yi = TP0OD) + &, (S4)
g = ['(2)(9(2)) + @ ,

9(2) =n+ 5(3) ,

where, y; is the BOLD time series from i-¢k subject and Fi(l) is a nonlinear mapping from the

parameters of a model to the predicted response y, which in this study was the model in Eq. S1 above.

(1)

g;~ is independent and identically distributed (i.i.d.) observation noise (equivalent to e(t) in Eq. S2).

In this hierarchical form, empirical priors encoding second (between-subject) level effects place
constraints on subject-specific parameters. The second level is a linear model where the random effects

are parametrised in terms of their precision:
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F(Z)(Q(Z)) = (XQW)B, (S5)

where, § € 6 are group means or effects encoded by a design matrix with between-subject, X,
and within-subject, W, parts. The between-subject part encodes differences among subjects or
covariates such as age, while the within-subject part specifies mixtures of parameters that show random
effects. We assume that the first column of the design matrix is a constant term, modelling group means,

and subsequent columns encode group differences.
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Table B1. Summary of Group Differences in Fronto-striato-thalamic Effective Connectivity in

FEP (n =46), FEP-SCZ (n = 17), and SCZ (n = 36) Patients Respective to Healthy Controls

Connection Increased (+) Effect size 90% Posterior Patients Controls
or decreased (Hz) Credible Interval (mean) (mean)
(-) in patients (lower bound, upper
bound)
FEP vs HCs
Thal - NAcc - 0.10 -0.20, -0.01 -0.12 0.09
Amyg — NAcc + 0.11 0.02, 0.21 -0.04 -0.24
VTA/SN — VTA/SN - 0.14 -0.24, -0.03 -0.04 (-0.48) 0.00 (-0.05)

FEP-SZ vs HCs

Thal — NAcc - 0.13 -0.24, -0.02 -0.14 0.00
Amyg — NAcc + 0.12 0.02, 0.23 0.00 -0.24
Amyg — Amyg - 0.11 -0.23, 0.00 -0.17 0.00
NAcc — Hipp - 0.14 -0.25, -0.04 -0.29 0.00
VTA/SN— NAcc + 0.09 -0.02, 0.21 0.00 -0.14
VTA/SN— VTA/SN - 0.08 -0.20, 0.03 -0.06%* (-0.47) 0.07* (-0.54)
SCZ vs HCs
dIPFC — Thal - 0.11 -0.19, -0.03 -0.14 0.00
Thal — Hipp - 0.10 -0.18, -0.02 -0.20 0.00
Thal — NAcc - 0.09 -0.17, -0.01 -0.12 0.00
VTA/SN — VTA/SN - 0.11 -0.21, -0.01 -0.26 -0.09
(-0.39) (-0.26)
VTA/SN — DC - 0.13 -0.20, -0.03 -0.19 0.00
DC — VTA/SN + 0.16 0.08, 0.24 0.12 -0.11

* denotes mean connections that were derived from the DCM PEB routine as these connections were removed in the
subsequent Bayesian model averaging routine.

All connections have the posterior probability (free energy) value of 1.00

All parameters for between region connections are in Hz.

Self-connections are italicized, and values are log-transformed to ensure prior negativity (i.e., inhibitory) constraints on self-
connections. A positive value for self-connection denotes increased inhibition, a negative value signifies reduced inhibition.

Self-connection parameters in Hz are displayed in parentheses.
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Table B2. Summary of Connections Associated with Severity of Clinical Symptoms in FEP (n =

46), FEP-SCZ (n = 17), and SCZ (n = 26) Patients

Connection Positive (+) or negative  Effect size = 90% Posterior Credible Interval (lower
(-) association (Hz) bound, upper bound)

Positive symptoms

FEP
vmPFC — vmPFC - 0.16 -0.27, -0.06
Amyg — Amyg - 0.08 -0.19, 0.02
NAcc — Hipp - 0.08 -0.19, 0.02
NAcc — VTA/SN + 0.09 -0.01, 0.19
VTA/SN — NAcc + 0.09 -0.02, 0.20
VTA/SN — Hipp - 0.14 -0.24, -0.03
VTA/SN — Amyg + 0.16 0.06, 0.27
VTA/SN — DC - 0.08 -0.18, 0.03

FEP-SCZ
vmPFC — vmPFC - 0.19 -0.32, -0.05
dIPFC — dIPFC - 0.10 -0.23, 0.04
dIPFC — Thal + 0.12 -0.01, 0.26
Thal — Thal + 0.13 -0.01, 0.26
Hipp >Amyg - 0.14 -0.27,-0.01
NAcc — Hipp - 0.10 -0.23, 0.04
NAcc — VTA/SN + 0.12 -0.02, 0.25
DC — Thal - 0.12 -0.25, 0.02
VTA/SN — NAcc + 0.13 0.00, 0.26
VTA/SN — Hipp - 0.14 -0.27,-0.01
VTA/SN — Amyg + 0.10 -0.04,0.23
VTA/SN — DC - 0.12 -0.26, 0.01

SCZ
vmPFC — vmPFC - 0.09 -0.20, 0.03
vmPFC — Hipp + 0.16 0.05, 0.27
vmPFC — VTA/SN + 0.08 -0.03, 0.20
dIPFC — Thal - 0.17 -0.28, -0.06
Thal — Hipp + 0.10 -0.01, 0.21
Thal - VTA/SN - 0.15 -0.26, -0.04
Hipp — vmPFC - 0.09 -0.21, 0.02
DC — Thal + 0.09 -0.01, 0.20
VTA/SN — VTA/SN - 0.16 -0.28, -0.04
VTA/SN — Amyg - 0.11 -0.22, 0.01
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VTA/SN — dIPFC + 0.11 0.00, 0.22
Negative symptoms
FEP
dIPFC — dIPFC + 0.11 0.00, 0.22
Amyg — Thal - 0.09 -0.19, 0.01
Amyg — Hipp + 0.11 0.00, 0.21
Hipp — Hipp + 0.12 0.01,0.22
NAcc — NAcc + 0.10 0.00, 0.21
DC — VTA/SN - 0.09 -0.19, 0.01
VTA/SN — Thal - 0.11 -0.22, -0.01
FEP-SCZ
vmPFC — Amyg - 0.18 -0.31,-0.05
dIPFC — dIPFC + 0.10 -0.03, 0.24
dIPFC — Thal + 0.10 -0.04,0.23
Thal - Amyg + 0.17 0.03,0.30
Amyg — Amyg + 0.13 0.00, 0.27
Amyg — Thal - 0.11 -0.24,0.03
Amyg — Hipp + 0.11 -0.03, 0.24
Hipp — Hipp + 0.13 0.00, 0.27
SCZ
Thal — Thal - 0.16 -0.28, -0.05
Thal - vmPFC + 0.09 -0.01, 0.20
Amyg — Amyg - 0.16 -0.27,-0.04
NAcc — NAcc - 0.09 -0.20, 0.03
NAcc — Hipp - 0.10 -0.21. 0.02
NAcc — VTA/SN + 0.11 0.00, 0.22
VTA/SN — Hipp - 0.13 -0.24, -0.02
VTA/SN — dIPFC - 0.11 -0.22, 0.00

All connections have the posterior probability (free energy) value of 1.00

All parameters for between region connections are in Hz. Self-connections are italicized, and values are log-transformed to
ensure prior negativity (i.e., inhibitory) constraints on self-connections. A positive value for self-connection denotes increased
inhibition, a negative value signifies reduced inhibition.

Positive and negative symptoms measured with BPRS Positive and Negative subscales.
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Table B3. Summary of Connections Associated with PLEs (n=26) and Striatal Dopamine
Synthesis (n = 33) in the Healthy PLE/['"*F]DOPA Cohort

Connection Positive (+) or negative (-)  Effect size 90% Posterior Credible Interval (lower
association (Hz) bound, upper bound)

Positive PLEs

vmPFC — vmPFC - 0.08 -0.22, 0.05
dIPFC — vmPFC - 0.09 -0.22, 0.04
dIPFC — VTA/SN + 0.14 0.00, 0.28
Thal — Hipp - 0.11 -0.24,0.03
Amyg — Amyg - 0.21 -0.35, -0.06
Amyg — Hipp + 0.11 -0.02, 0.25
Amyg — NAcc - 0.20 -0.33, -0.06
Amyg — VTA/SN + 0.11 -0.03, 0.25
NAcc — Thal + 0.09 -0.05, 0.23
DC - DC - 0.13 -0.26, 0.00
VTA/SN — VTA/SN - 0.13 -0.27, 0.01
VTA/SN — NAcc + 0.24 0.10, 0.38

Negative PLEs
vmPFC— Hipp + 0.12 -0.02, 0.25
vmPFC— NAcc - 0.13 -0.27,0.01
dIPFC — Thal - 0.19 -0.32, -0.06
dIPFC — DC - 0.13 -0.27,0.01
Hipp — NAcc + 0.15 0.01, 0.28
Hipp - VTA/SN - 0.09 -0.22, 0.04
Amyg — Amyg + 0.08 -0.06, 0.22
Amyg — vmPFC + 0.13 -0.01, 0.26
Amyg — VTA/SN - 0.10 -0.24, 0.04
NAcc — Hipp - 0.08 -0.22, 0.05
DC — VTA/SN + 0.11 -0.02, 0.25
VTA/SN — VTA/SN + 0.10 -0.04, 0.24
VTA/SN — Hipp + 0.09 -0.05, 0.22
VTA/SN - Amyg + 0.09 -0.05, 0.22
VTA/SN— NAcc - 0.08 -0.21, 0.05

Dopamine Synthesis

Dorsal Striatum
Thal — Thal + 0.09 -0.05, 0.22
Thal - VTA/SN + 0.12 -0.01, 0.25
Amyg — Thal + 0.11 -0.02, 0.24
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Thal - DC + 0.10 -0.04, 0.23
DC — Thal - 0.13 -0.26, 0.00
Ventral Striatum
Hipp — Thal + 0.16 0.02.0.30
Hipp — VTA/SN + 0.16 0.02, 0.29
Amyg — Thal - 0.12 -0.25, 0.02
NAcc — Thal - 0.10 -0.24,0.03
Amyg — Amyg - 0.14 -0.28, 0.00
NAcc — NAcc - 0.14 -0.28, 0.00
VTA/SN — DC + 0.12 -0.01, 0.25
DC — VTA/SN - 0.12 -0.24, 0.01
DC —»DC + 0.10 -0.03, 0.23
NAcc — NAcc + 0.10 -0.05, 0.25
VTA/SN — vmPFC + 0.15 0.01, 0.29

All connections have the posterior probability (free energy) value of 1.00
All parameters for between region connections are in Hz. Self-connections are italicized, and values are log-transformed to
ensure prior negativity (i.e., inhibitory) constraints on self-connections. A positive value for self-connection denotes increased

inhibition, a negative value signifies reduced inhibition.

Positive and negative PLEs measured using CAPE Positive and Negative subscales.
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Figure B1. Parcellation of dorsal and ventral striatum used as regions of interest in PET quantification presented on

the MNI 2mm template. The ventral striatum is in magenta and dorsal striatum is in blue. Striatal ROIs were registered to

each person’s anatomical template. PET analysis was restricted to the left hemisphere.
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Figure B2. Dopamine synthesis values in dorsal and ventral striatal subdivisions in healthy participants. Distribution of
dopamine synthesis values in the dorsal and ventral striatum. The central marks indicate median values. Gray boxes in the

centre of violins indicate 25% and 75™ percentile, respectively. The violins extend to extreme values that are not outliers.
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Figure B3. Group differences in effective connectivity parameters between FEP-SCZ patients (n = 17) and healthy
controls (n = 23). Boxes show mean connectivity values in each group. Colours of regions in the top panel correspond with
the colours in connectivity diagrams. For connections between regions, dashed arrows represent connections for which patients
show a greater inhibitory influence compared to controls; solid arrow represents connections for which patients show greater
excitatory, or less inhibitory, influence compared to controls. For self-connections, dashed arrows represent reduced inhibition
(i.e., lower negative values) in patients compared to controls. Gray arrows represent modelled connections that were not
(significantly) different from the prior. All connectivity parameters are in Hz, including self-connections. Connections were

thresholded at Pp > 0.95.
* denotes mean connections that were derived from the DCM PEB routine as these connections were removed in the

subsequent Bayesian model averaging routine.
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Figure B4. Associations between severity of positive psychosis-like experiences (PLEs) and effective connectivity
parameters in FEP-SCZ patients (n = 17). Solid arrows: positive associations between effective connectivity parameters
and positive PLEs; dashed arrows: negative associations between effective connectivity parameters and positive PLEs; grey

arrows: associations that were not (significantly) different from the prior. Connections were thresholded at Pp > 0.95.
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Figure BS. Associations between severity of negative symptomatology and effective connectivity parameters across all
cohorts. Panels depict associations in (A) FEP (n = 46), (B) FEP-SCZ (n = 17), (C) SCZ (n = 36), and (D) PLE (n = 26)
groups. Solid arrows: positive associations between effective connectivity parameters and negative PLEs/symptoms; sashed
arrows: negative associations between effective connectivity parameters and negative PLEs/symptoms; grey arrows:

associations that were not (significantly) different from the prior. Connections were thresholded at Pp > 0.95.
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Appendix C

C.1. Supplementary methods and materials

Measures of Psychosis-Like Experiences

The Oxford-Liverpool Inventory of Feelings and Experiences short-form (sO-LIFE) (Mason et al.,
2005). The sO-LIFE is a self-report measure of schizotypy traits in the general population. It consists
of 43 items that are grouped into four dimensions: Unusual Experiences (12 items), Cognitive
Disorganisation (11 items), Introvertive Anhedonia (10 items), and Impulsive Nonconformity (10

items). Each item is scored on a binary scale (0 = no”’; 1 = ‘yes’).

Peters Delusion Inventory 21-item (PDI-21) (Peters et al., 2004). PDI-21 is a self-report measure
assessing delusional ideation in the general population. The measure comprises four dimensions: PDI
yes/no, distress, preoccupation, and conviction. For the present study, we used the PDI yes/no
dimension to assess the presence of delusions in our sample. Items are measured on a binary scale (0 =

‘no’; 1 = ‘yes’), hence yielding a total score ranging from 0 to 21.

Community Assessment of Psychotic Experience (CAPE) (Stefanis et al., 2002). CAPE is a self-report
measure of subthreshold PLEs designed for the general population. It consists of 42 items that yield
three dimensions of PLEs: positive, negative, and depressive. Positive experiences are measured by 20
items, negative experiences are measured by 14 items, and depressive experiences are measured by 8
items. A 4-point Likert scale measures the frequency of experiences (1 = ‘never’; 4 = ‘nearly always’).
A separate score for each dimension can also be obtained by summing up the scores of a subscale

yielding to possible maximum scores of 80, 32, and 56 for the positive, negative, and depressive
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subscales, respectively. A distress scale also accompanies each of the three dimensions of experiences,

measured using a 4-point Likert scale (1 = ‘not distressed’; 4 = ‘very distressed’).

Wisconsin Schizotypy Scales. Four subscales were administered to measure PLEs: 1) the magical
ideation scale (Eckblad & Chapman, 1983) — 30 items measuring metaphysical beliefs, 2) the perceptual
aberration scale (Chapman et al., 1978) — 35 items assessing perceptual abnormalities pertaining to
body image, 3) the physical anhedonia scale (Chapman et al., 1976) — 61 items measuring deficits in
the ability to experience pleasure, and 4) the revised social anhedonia scale (Chapman et al., 1976) —

40 items measuring social withdrawal or indifference.

Regions of interest (ROIs) selection for dynamic causal modelling

Nucleus accumbens (NAcc) and dorsal caudate (DC). For the ventral and dorsal striatum, we seeded
the NAcc and DC consistent with our previous works (Dandash, Harrison, et al., 2014; Fornito et al.,
2013; Sabaroedin et al., 2019) using a functional parcellation of the striatum (Di Martino et al., 2008)
that was delineated based on a meta-analysis of striatal activation in fMRI and PET studies (Postuma

& Dagher, 20006).

DLPFC. To capture variations associated with risk for psychosis as well as disruptions in clinical
groups, the DLPFC ROI was selected based on a peak in which functional connectivity with the DC
was reduced in the healthy relatives of FEP patients compared to healthy controls (Fornito et al., 2013).

This peak overlapped with an area that also showed reduced connectivity in patients.

VMPFC. To choose a region that was most relevant to the ventral circuit, we chose a peak in the

VMPFC that showed strong functional connectivity with the NAcc in an independent cohort of 353

healthy adults (Sabaroedin et al., 2019).

Thalamus. The thalamus coordinate was selected from a peak in which functional connectivity with

the dorsal caudate was reduced in ARMS individuals compared to healthy controls (Dandash, Harrison,
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et al., 2014). For VMPFC and thalamus ROIs with centroids that were close to the anatomical or
functional boundary of the region, we used an anatomical mask when extracting the first eigenvariate

for the ROIs to exclude signal from neighbouring regions.

Hippocampus, amygdala, and midbrain. ROIs for the three regions were selected using a similar
method. Peak coordinates within anatomical masks for the hippocampus and amygdala were selected
in a group-level functional connectivity of the ROIs with the whole brain in a large independent cohort
(Sabaroedin et al., 2019). For the hippocampus, we chose the anterior region using of a hippocampal
mask provided in the Freesurfer package (Fischl et al.,, 2002). The anterior hippocampus is a
hippocampal region that is most associated with schizophrenia (Small et al., 2011), and it was defined
as the region having the MNI coordinate of less than y = -22 (Zeidman & Maguire, 2017). Similar to
the hippocampus, we used an amygdala mask provided in Freesurfer. The midbrain mask was delineated
based on the functional connectivity of the ventral tegmental (VTA) and substantia nigra (SN) (Murty
et al., 2014). Due to the spatial resolution of fMRI images, we combined both of the dorsal and ventral
midbrain regions and selected an activation peak in the same cohort that was used in the selection of

our hippocampal, amygdala, and VMPFC ROls.

Spectral dynamic causal modelling
Dynamic causal modelling (DCM) is Bayesian framework that infers the directed (causal) connectivity
among the neuronal systems — referred to as effective connectivity. A new DCM for resting state fMRI
was recently proposed based upon a deterministic model that generates predicted cross spectra, referred
to as spectral DCM. In order to model resting state activity — in the absence of external stimuli — a
stochastic component capturing neural fluctuations is included in the model.

Mathematically, we can express the formulation of the stochastic generative model as a set of
two equations. First is the neuronal state equation, namely

x(t) = f(x(®), u(t),0) + v(t), (S1)

and second is the observation equation, which is a static nonlinear mapping from the hidden

physiological states in (1) to the observed BOLD activity, and is written as:
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y() = h(x(t),9) + e(?), (82)

where x(t) is the rate of change of the neuronal states x(t), 8 are unknown parameters (i.e., the
effective connectivity) and v(t) (resp. e(t)) is the stochastic process — called the state noise (resp. the
measurement or observation noise) — modelling the random neuronal fluctuations that drive the resting
state activity. In the observation equations, ¢ are the unknown parameters of the (haemodynamic)
observation function and u(t) represents any exogenous (or experimental) inputs that drive the hidden
states — that are usually absent in resting state designs (Friston et al., 2014). Spectral DCM furnishes a
constrained inversion of the stochastic model by parameterising the neuronal fluctuations v(t). Spectral
DCM simplifies the generative model by replacing the original timeseries with their second-order
statistics (i.e., cross spectra). This means, instead of estimating time varying hidden states, we are
estimating their covariance, which is time invariant. Then we simply need to estimate the covariance of
the random fluctuations; where a scale free (power law) form for the state noise (resp. observation noise)
is used—motivated from previous work on neuronal activity (Beggs & Plenz, 2003; Shin & Kim, 2006;
Stam & De Bruin, 2004)—as follows:

gv(w,0) = ayw P

9e(®,0) = apwFe (S3)

Here, {a, B} < 0 are the parameters controlling the amplitudes and exponents of the spectral
density of the neural fluctuations. The parameterisation of endogenous fluctuations means that the states
are no longer probabilistic; hence the inversion scheme is significantly simpler, requiring estimation of
only the parameters (and hyperparameters) of the model.

We used standard Bayesian model inversion to infer the parameters of the model in (1), (2) and
(3), from the observed signal y(t). The description of the Bayesian model inversion procedures based
on variational Laplace can be found elsewhere for the interested readers (Friston et al., 2007; Friston et

al., 2003; Razi & Friston, 2016) .
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Parametric Empirical Bayes

Empirical Bayes refers to the Bayesian inversion or fitting of hierarchical models. In
hierarchical models, constraints on the posterior density over model parameters at any given level are
provided by the level above. These constraints are called empirical priors because they are informed by
empirical data. A hierarchical Parametric Empirical Bayes (PEB) model for DCM parameters was
recently introduced, which represents how individual (within-subject) connections derive from the
subjects’ group membership (Friston et al., 2016). Mathematically, for DCM studies with N subjects
and M parameters per DCM, we have a hierarchical model, where the responses of the i-th subject and

the distribution of the parameters over subjects can be modelled as:
yi =T OD) + ¢ (S4)
o) = F(Z)(Q(Z)) + @
0@ = n+ )
where, y; is the BOLD time series from i-¢k subject and Fi(l) is a nonlinear mapping from the

parameters of a model to the predicted response y, which in this study was the model in Eq. S1 above.

(1)

g;~ is independent and identically distributed (i.i.d.) observation noise (equivalent to e(t) in Eq. S2).

In this hierarchical form, empirical priors encoding second (between-subject) level effects place
constraints on subject-specific parameters. The second level would be a linear model where the random
effects are parameterised in terms of their precision:

r@(e@) = xew)p

where, f C 8 are group means or effects encoded by a design matrix with between X and
within-subject Wparts. The between-subject part encodes differences among subjects or covariates such
as age, while the within-subject part specifies mixtures of parameters that show random effects. We
assume that the first column of the design matrix is a constant term, modelling group means and

subsequent columns encode group differences.
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Table C1. Proportion of Participants with Missing Data for Variable Used as Indicators for the

Bifactor Model of the Psychosis Spectrum

Missing L.
Variables N Univariate
N %o Qutliers
Delusions SSE 726 0 0.0 0
Hallucinations SSE 726 0 0.0 0
Cognitive Disorganisation SSE 675 51 7.0 0
Perceptual Aberration SSE 726 0 0.0 0
Anhedonia SSE 726 0 0.0 0
Asociality SSE 724 2 0.3 0
Avolition SSE 693 33 4.5 0
Blunted Affect SSE 724 2 0.3 0
Alogia SSE 724 2 0.3 0

Note. N="727. SSE = Item response theory scale score estimates. Little’s MCAR test [x*(57) = 54.316, p = .576]. One

multivariate outlier [*(11) = 31.313, p <.001].

133



Appendix C. Supplementary for Chapter 4

Table C2. Summary of Fit Statistics for Parametric Unidimensional Item Response Theory

Models
Model df M, )4 RMSEA:; 2*LL BIC
[90% CI]

Delusions ! 22954.80  23626.87
Hallucinations 271 48.60 .050 .020 [.013, .026] 314447 3253.00
Cognitive Disorganisation 44 66.81 .015 .020[.000,.034] 9058.08 9207.31
Perceptual Aberration 350 644.99 <.001 .030 [.026, .034] 11583.24  11952.22
Anhedonia 739 1110.65 <.001 .030[.027, .033] 21822.33  22336.27
Asociality 628 111743 <.001 .030[.027, .033] 22604.51 2307891
Avolition 164 288.46 <.001 .030 [.024, .036] 8816.31 9000.80
Blunted Affect 61 67.39 267 .010 [.000, .025] 5746.77 5865.37
Alogia 1 2.45 119 .040 [.000, 0.116] 2539.70 2579.24

Note.  Model fit statistics, including the M, and RMSEA,, based on one- and two-way marginal tables could not be

calculated for the Delusions scale due the large number of items and data sparsity. N = 727.
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Table C3. Delusions Item Statistics and Parameter Estimates

SUBSCALE  ITEM S df P Iy SE a se b1 se
PDI-21 11 33.92 30 0.2832 0.56 0.1 1.16 0.18 2.42 0.28
14 29.62 31 0.5383 0.49 0.09 0.95 0.14 2.23 0.27
17 18.54 31 0.9623 0.57 0.09 1.19 0.16 2.02 0.21
21 31.55 27 0.2486 0.51 0.11 1.01 0.17 2.73 0.37
WSS 1 22.52 27 0.7113 0.59 0.1 123 0.18 2.41 0.27
Magical 3 48.73 32 0.0293 0.47 0.09 0.9 0.12 1.77 0.21
Ideation 8 15.98 29 0.9759 0.56 0.07 1.14 0.12 0.37 0.08
9 26.25 29 0.6134 0.57 0.07 1.19 0.13 0.9 0.1
10 349 23 0.0531 0.67 0.06 1.54 0.15 0.05 0.07
12 38.97 29 0.1019 0.7 0.07 1.67 0.19 1.53 0.12
13 38.13 30 0.1461 0.68 0.07 1.59 0.17 1.28 0.1
14 20.97 29 0.8605 0.66 0.07 1.49 0.15 1.03 0.09
15 38.62 32 0.1948 0.45 0.09 0.84 0.12 1.8 0.23
17 29.65 31 0.5364 0.58 0.08 122 0.15 1.76 0.17
18 25.45 32 0.7879 0.56 0.08 113 0.14 1.74 0.18
20 36.44 31 0.2296 0.46 0.09 0.89 0.13 2.06 0.26
21 31.34 32 0.5011 0.54 0.08 1.09 0.14 1.81 0.19
24 27.95 28 0.4684 0.64 0.08 1.41 0.18 1.91 0.18
25 26.22 28 0.5623 0.72 0.07 1.75 0.21 1.67 0.13
27 26.26 26 0.4503 0.55 0.1 111 0.17 2.44 0.29
28 19.47 24 0.7272 0.81 0.06 2.35 0.29 1.66 0.11
SO-LIFE 6 30.84 27 0.2772 0.71 0.08 1.71 0.22 1.82 0.15
Unusual 10 19.41 18 0.3688 0.79 0.07 221 0.32 2.01 0.15
Experiences 15 29.52 27 0.3352 0.64 0.07 1.41 0.15 0.66 0.08
27 35.97 27 0.1157 0.7 0.07 1.64 0.18 1.08 0.09
33 22.62 26 0.6555 0.73 0.06 1.81 0.19 1 0.08
38 15.47 24 0.9065 0.83 0.05 2.48 0.29 1.33 0.08
40 34.03 30 0.279 0.66 0.08 1.48 0.18 1.59 0.14
SUBSCALE S df P A SE o se b1 se b2 se b3 se
CAPE 5 34.47 32 0.3498 0.69 0.08 1.6 0.2 1.86 0.15 3.58 0.38 4.87 0.78
Positive 6 66.53 63 0.3558 0.48 0.07 0.93 0.1 -1.35 0.16 2.16 0.21 4.63 0.51
7 43.04 38 0.2636 0.5 0.09 0.97 0.13 1.75 0.2 4.69 0.61 7.23 134
10 29.33 31 0.5534 0.65 0.09 1.45 0.2 2.15 0.21 3.93 0.48 4.72 0.69
13 74.12 75 0.5078 0.56 0.06 1.16 0.1 -0.45 0.09 1.63 0.14 3.06 0.26
15 59.85 39 0.0174 0.74 0.06 1.84 0.18 1.07 0.08 2.72 0.21 341 031
17 73.88 67 0.2631 0.55 0.07 112 0.11 0.65 0.09 2.48 0.22 371 0.37
20 53.92 48 0.2577 0.68 0.07 1.56 0.17 1.5 0.12 2.65 0.23 3.22 0.3
24 19.25 14 0.1553 0.87 0.05 2.95 0.42 1.93 0.12 3.27 0.32 3.6 0.43
26 16.97 24 0.8504 0.8 0.06 2.23 0.27 1.69 0.11 3.34 0.32
31 30.34 34 0.6484 0.76 0.06 1.97 0.23 1.63 0.11 2.88 0.24 3.56 0.36
41 9.82 11 0.548 0.81 0.08 2.35 0.38 231 0.19 3.86 0.52
Note. Marginal reliability for pattern response scores = .84
Table C4. Hallucinations Item Statistics and Parameter Estimates
SUBSCALE ITEM S df P h SE [ se b1 se
WSS Magical 5 1.45 3 0.695 0.63 0.10 1.39 0.21 1.01 0.12
Ideation
sO-LIFE 1 2.90 3 0.408 0.57 0.10 1.19 0.19 0.34 0.09
Unusual 32 111 4 0.894 0.55 0.10 0.13 0.18 1.01 0.14
Experiences
SUBSCALE ITEM S df P A SE ] se b1 se b2 se b3 se
CAPE Positive 33 9.91 4 0.042 0.87 0.06 3.05 0.53 1.64 0.14 2.84 0.29 351 0.48
34 2.95 1 0.087 0.93 0.05 435 0.93 2.11 0.17 3.16 0.39
42 4.67 5 0.459 0.82 0.11 2.44 0.61 2.08 0.18 3.47 0.47

Note. Marginal reliability for pattern response scores = .50
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Table CS. Disorganisation / Formal Thought Disorder Item Statistics and Parameter Estimates

SUBSCALE ITEM S-x df P 2 SE a se b1 se
SO-LIFE 2 7.34 9 0.603 0.58 0.08 122 0.15 030 0.08
Cognitive 9 6.21 9 0.720 043 0.09 0.80 0.12 052 0.12
Distortion 12 2.63 9 0977 05 0.08 0.99 0.13 0.59 0.11
16 6.77 9 0.662 0.61 0.08 129 0.15 0.17 0.08
17 16.3 9 0.061 0.67 0.08 154 0.18 0.61 0.08
2 5.99 9 0.742 0.62 0.08 135 0.16 046 0.08
26 8.47 9 0.489 0.55 0.09 112 0.15 1.06 0.13
36 6.32 9 0.708 0.64 0.07 142 0.16 0.05 0.07
39 5.62 9 0.778 0.59 0.08 124 0.15 0.12 0.08
41 418 8 0.841 0.64 0.07 143 0.17 031 0.08
43 928 9 0414 0.63 0.08 139 0.16 021 0.07
Note. Marginal reliability for pattern response scores = .74
Table C6. Body Image Aberration Item Statistics and Parameter Estimates
SUBSCALE ITEM S df P n SE a se bi se
WSS 1 17.28 15 0.301 0.78 0.06 212 024 131 0.09
Perceptual 2 17.37 15 0.297 0.83 0.05 2.54 029 124 0.08
Aberration 3 17.18 16 0376 0.66 0.07 147 0.16 1.03 0.09
6 14.85 16 0.537 0.49 0.08 097 0.13 133 0.16
7 19.17 15 0.206 0.83 0.06 2.53 033 1.65 0.11
8 39.24 16 0.001 0.84 0.06 2.66 0.41 1.93 0.13
9 16.07 16 0.450 0.63 0.09 136 0.18 1.93 0.18
11 16.73 15 0337 0.61 0.07 130 0.14 0.82 0.09
12 19.15 12 0.085 0.72 0.06 174 0.17 043 0.06
14 13.95 16 0.603 0.82 0.07 2.40 036 1.96 0.14
15 20.53 16 0.197 0.70 0.07 1.67 0.18 130 0.10
16 11.76 14 0.626 0.87 0.05 3.04 042 1.64 0.10
17 22 16 0.137 0.66 0.09 1.51 020 198 0.18
18 3373 18 0.014 0.69 0.14 1.61 038 3.06 0.47
19 7.17 8 0.520 0.54 0.11 1.08 0.18 2,65 0.35
20 19.12 16 0262 0.80 0.07 226 032 192 0.14
2 15.92 15 0.389 0.75 0.07 1.91 025 178 0.14
23 18.82 18 0.405 0.69 0.07 1.61 0.19 152 0.12
25 1541 16 0.496 0.72 0.08 175 023 1.88 0.16
26 2027 17 0.260 0.66 0.10 1.49 024 238 0.26
28 16.01 18 0.593 0.73 0.08 1.84 027 2.06 0.18
29 1451 17 0.632 0.70 0.10 1.68 027 237 0.24
30 17.73 15 0276 0.67 0.07 153 0.17 123 0.10
31 10.46 16 0.8418 0.79 0.07 219 032 1.95 0.15
kY 15.37 15 0.4267 0.81 0.07 238 036 2,01 0.15
33 13.16 15 0.5909 0.85 0.06 2.75 0.4 1.81 0.12
34 12.12 14 0.5978 0.70 0.08 1.65 023 197 0.17
35 13.74 17 0.686 0.68 0.07 1.60 0.18 147 0.12

Note. Marginal reliability for pattern response scores = .74
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Table C7. Anhedonia Item Statistics and Parameter Estimates

2

SUBCALE ITEM S-x df P h SE o se b1 se
WSS 7 17.01 20 0.6535 0.34 0.11 0.61 0.14 3.47 0.71
Physical 8 24.42 18 0.1415 0.41 0.12 0.75 0.16 3.30 0.60
Anhedonia 10 29.73 21 0.0972 0.46 0.11 0.89 0.16 2.75 0.41
12 15.31 19 0.7036 0.44 0.08 0.83 0.12 1.32 0.18
13 27.19 21 0.1641 0.52 0.08 1.05 0.13 1.45 0.16
14 29.48 22 0.1313 0.4 0.08 0.73 0.11 1.15 0.18
15 19.54 16 0.241 0.82 0.07 2.47 0.36 1.80 0.12
16 15.33 18 0.6404 0.5 0.13 0.99 0.21 335 0.56
18 29.27 22 0.1368 0.45 0.1 0.87 0.14 2.25 0.30
19 12.33 20 0.9045 0.27 0.13 0.48 0.15 4.87 1.40
20 23.59 22 0.3706 0.41 0.09 0.77 0.12 2.07 0.29
22 24.1 21 0.2877 0.48 0.08 0.94 0.12 1.23 0.15
24 36.63 23 0.0354 0.36 0.11 0.65 0.14 3.29 0.63
25 11.31 7 0.1253 0.8 0.1 2.25 0.45 2.67 0.26
27 17.41 21 0.6867 0.41 0.08 0.76 0.11 0.30 0.11
28 25.21 21 0.2376 0.47 0.11 0.9 0.16 2.81 0.42
29 10.58 18 0.9115 0.5 0.13 0.99 0.2 3.27 0.53
30 27.04 22 0.209 0.33 0.09 0.6 0.1 1.41 0.25
31 24.57 21 0.2655 0.41 0.09 0.76 0.12 1.80 0.25
33 13.21 18 0.7796 0.39 0.14 0.73 0.17 3.88 0.82
35 15.85 19 0.6679 0.53 0.12 1.06 0.2 3.00 0.44
36 10.72 18 0.9063 0.44 0.13 0.82 0.17 3.38 0.60
37 19.48 19 0.4278 0.31 0.08 0.55 0.1 -0.66 0.18
38 19.71 15 0.1827 0.8 0.07 2.29 0.35 2.07 0.16
39 19.44 20 0.4947 0.61 0.08 1.30 0.17 1.78 0.17
40 30.77 22 0.1007 0.32 0.09 0.58 0.11 2.30 0.42
43 18.84 19 0.4686 0.37 0.13 0.67 0.16 3.83 0.82
45 22.86 20 0.2948 0.61 0.07 1.30 0.15 1.10 0.11
46 23.75 20 0.2527 0.57 0.10 1.17 0.18 241 0.28
47 253 19 0.1506 0.56 0.10 1.16 0.18 2.46 0.29
49 35.78 23 0.0433 0.46 0.09 0.89 0.14 2.15 0.28
50 20.09 21 0.5169 0.31 0.12 0.56 0.14 3.97 0.92
51 16.88 14 0.2618 0.47 0.16 0.90 0.24 4.07 0.9
52 11.61 17 0.8236 0.53 0.08 1.08 0.12 -0.16 0.08
54 2537 20 0.1873 0.58 0.08 1.22 0.16 1.70 0.17
56 35.15 20 0.0193 0.57 0.08 1.19 0.14 1.11 0.11
58 23.77 20 0.2521 0.54 0.08 1.10 0.13 0.95 0.11
59 33.48 22 0.0553 0.51 0.08 1.00 0.13 1.45 0.16
61 15.36 19 0.7005 0.48 0.11 0.94 0.16 2.72 0.38
sO-LIFE 8 23.81 20 0.25 0.58 0.09 1.20 0.17 1.91 0.20
Introvertive
Anhedonia
SUBSCALE ITEM S df P h SE o se b1 se b2 se b3 se
CAPE 37 82.92 56 0.011 0.32 0.08 0.57 0.09 -0.16 0.14 3.03 0.47 5.88 0.93
Negative

Note. Marginal reliability for pattern response scores = .76.

137



Appendix C. Supplementary for Chapter 4

Table C8. Asociality Item Statistics and Parameter Estimates

SUBSCALE  ITEM S df p 3 SE a se b1 se
WSS 1 22.83 19 0.244 0.75 0.08 1.91 0.27 1.98 0.16
Social 2 11.01 16 0.809 0.79 0.08 2.20 0.35 2.15 0.17
Anhedonia 3 19.05 21 0.583 0.66 0.08 1.51 0.18 1.61 0.14
4 23.52 24 0.491 0.42 0.08 0.79 0.11 1.54 0.21
6 26.61 24 0.322 0.34 0.09 0.61 0.10 1.85 0.31
7 26.39 23 0.282 0.52 0.09 1.03 0.14 1.86 0.21
8 22.49 22 0.433 0.62 0.08 133 0.16 1.53 0.14
10 22.42 20 0.317 0.51 0.07 1.00 0.11 0.36 0.10
11 28.26 19 0.078 0.58 0.10 1.21 0.18 2.29 0.25
12 29.42 24 0.204 0.19 0.09 0.33 0.10 3.36 0.97
13 32.08 21 0.057 0.52 0.07 1.05 0.12 0.48 0.10
14 23.91 21 0.297 0.53 0.07 1.07 0.12 0.48 0.10
15 18.23 18 0.443 0.67 0.10 1.54 0.25 2.48 0.26
16 24.02 22 0.346 0.56 0.07 1.14 0.13 0.85 0.11
18 19.36 21 0.563 0.49 0.08 0.95 0.12 1.20 0.15
19 10.57 16 0.836 0.74 0.09 1.89 0.29 2.20 0.19
21 17.66 21 0.671 0.66 0.07 1.50 0.17 1.24 0.11
22 21.85 19 0.291 0.62 0.07 1.35 0.14 0.79 0.09
25 19.38 20 0.499 0.53 0.11 1.07 0.19 2.92 0.41
26 34.50 22 0.044 0.45 0.10 0.86 0.14 231 0.31
28 16.75 19 0.608 0.76 0.07 1.98 0.27 1.53 0.11
29 24.70 22 0.311 0.47 0.09 0.90 0.13 1.94 0.24
30 21.47 23 0.554 0.28 0.08 0.50 0.09 0.39 0.17
31 28.59 23 0.194 0.41 0.09 0.77 0.11 1.79 0.25
32 17.32 19 0.569 0.69 0.09 1.60 0.22 2.14 0.20
33 36.82 24 0.045 0.17 0.10 0.30 0.11 4.96 1.73
34 23.50 19 0.215 0.77 0.07 2.06 0.28 1.34 0.09
35 18.49 21 0.619 0.45 0.08 0.85 0.11 1.00 0.14
37 22.44 22 0.435 0.52 0.08 1.03 0.12 0.97 0.12
38 24.48 21 0.270 0.68 0.08 1.59 0.19 1.28 0.10
39 29.57 21 0.101 0.55 0.08 111 0.14 132 0.14
40 22.15 21 0.393 0.55 0.08 111 0.13 1.23 0.13
sO-LIFE 34 27.08 22 0.208  0.65 0.08 44 0.19 139 0.12
Introvertive
Anhedonia
SUBSCALE ITEM S df P h SE 4 se b1 se b2 se b3 se
CAPE 16 47.49 41 0.2246 0.6 0.06 1.28 0.12 -0.33 0.09 2.39 0.19 4.65 0.52
Negative 2.39 0.19 4.65 0.52

Note. Marginal reliability for pattern response scores = .82
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Table C9. Avolition Item Statistics and Parameter Estimates

SUBSCALE ITEM S df P h SE [ se b1 se
sO-Life 39 11.61 10 0.314 0.67 0.07 1.52 0.16 -0.11 0.07
Cognitive 43 8.39 12 0.755 0.52 0.08 1.03 0.12 0.24 0.09
Disorganisation
SUBSCALE ITEM S df P A SE ] se b1 se b2 se b3 se
CAPE Negative 18 36.54 21 0.019 0.86 0.04 2.86 0.28 -1.27 0.08 0.85 0.06 2.21 0.13
21 23.03 25 0.577 0.74 0.05 1.85 0.16 -1.27 0.1 1.24 0.09 2.72 0.19
25 31.49 26 0.210 0.68 0.05 1.6 0.14 -0.42 0.07 1.57 0.12 3.21 0.26
29 25.99 24 0.356 0.48 0.07 0.92 0.11 -0.08 0.1 348 0.38 6.06 0.82
35 28.12 27 0.406 0.58 0.07 1.2 0.12 0.05 0.08 2.71 0.24 4.53 0.5
36 28.44 23 0.199 0.75 0.05 1.92 0.17 -0.38 0.07 1.65 0.11 3.01 0.23
Note. Marginal reliability for pattern response scores = .81
Table C10. Blunted Affect Item Statistics and Parameter Estimates
SUBSCALE ITEM S df P A SE o se b1 se b2 se b3 se
CAPE 3 38.92 25 0.037 0.53 0.07 1.06 0.11 0.00 0.09 1.90 0.18 3.47 0.34
Negative 8 14.11 17 0.661 0.83 0.04 2.57 0.25 0.14 0.05 1.45 0.09 2.52 0.16
27 12.08 16 0.739 0.86 0.04 2.93 0.31 0.18 0.05 1.49 0.09 2.58 0.17
32 21.15 19 0.328 0.81 0.04 2.37 0.22 0.17 0.06 1.73 0.11 2.81 0.20
Note. Marginal reliability for pattern response scores = .74
Table C11. Alogia Item Statistics and Parameter Estimates
SUBSCALE ITEM S df P h SE [ se b1 se
‘WSS Social 23 11.71 2 0.427 0.57 0.27 118 0.50 0.51 0.17
Anhedonia
SUBSCALE ITEM S df P A SE ] se b1 se b2 se b3 se
CAPE Negative 4 1.71 2 0.426 0.67 0.26 1.55 0.65 -0.52 0.14 1.20 0.27 2.51 0.62

Note. Marginal reliability for pattern response scores = .46
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Figure C1. Option response functions (ORFs) of items included in the hallucinations dimension. Items included in this

dimension included dichotomous items from Wisconsin Schizotypy Scales (denoted by the abbreviation ‘CS’ in graph

subheadings) and sO-LIFE, and polytomous items from CAPE questionnaires.
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Figure C2. Test information functions for positive PLEs. Each panel corresponds to functions for (A) delusions, (B)

hallucinations, (C) cognitive disorganisation, and (D) body image aberration.
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theory scale scores estimates for positive and negative PLEs in the

neuroimaging sample ( n = 352). Positive PLEs are portrayed in purple histograms, depicted in panels (A) delusions, (B)

hallucinations, (C) cognitive disorganisation, and (D) body image aberration. Negative PLEs are illustrated in blue histograms,

depicted in panels (E) anhedonia, (F) asociality, (G) avolition, (H) blunted affect, and (I) alogia.
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