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Abstract

Psychotic disorders, including schizophrenia and bipolar disorder, are amongst the
most severe and enduring mental illnesses. Recent research has identified several
genetic variants associated with an increased risk of developing psychosis; however,
it remains largely unknown how these lead to the illness. This is where
endophenotypes — heritable traits associated with the illness and observed in
unaffected family members of patients — could be valuable. Endophenotypes are
linked to the genetic underpinnings of disorders, and can help elucidate the

functional effects of genetic risk variants.

This thesis investigates endophenotypes for psychosis, with the overall aim of
identify such biological markers, as well as to examine the relationships between
different endophenotypes and their associations with genetic risk for psychosis. A
family design has been used throughout, including patients with psychosis, their

unaffected first-degree relatives, as well as healthy controls.

In chapter 1, | review the endophenotype approach and those markers proposed for
psychosis genetic research. Chapters 2 and 3 investigate whether different
neurophysiological measures are potential endophenotypes for psychosis. In
chapter 2, resting state EEG was studied and it was shown that risk groups,
including unaffected relatives and people with an at-risk mental state, presented no
abnormalities. This suggests that — rather than endophenotypes — the low
frequency electrophysiological abnormalities seen in chronic patients in this study
might be related to illness progression or long-term medication effects, and be

more useful as biomarkers in non-genetic research.

In chapter 3, | used dynamic causal modelling to investigate effective connectivity —
the influence that one neuronal system exerts over another — underlying the
mismatch negativity evoked potential, a marker of pre-attentive auditory

perception. Results indicate that, compared to controls, both patients and their
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relatives show abnormalities of the excitability of superficial pyramidal cells in
prefrontal cortex. Hence, this appears to be linked to the genetic aetiology of

psychosis, and constitutes a potential endophenotype.

Chapters 4 and 5 investigate several pre-identified endophenotypes for psychosis:
Electrophysiological (the P300 event related potential), cognitive (working memory,
spatial visualisation, and verbal memory), and neuroanatomical (lateral ventricular
volume). In chapter 4, the associations between these endophenotypes were
examined. Results showed that the P300 amplitude and latency are independent
measures; the former indexing attention and working memory and the latter
possibly a correlate of basic speed of processing. Importantly, individuals with
psychosis, their unaffected relatives, and healthy controls all showed similar
patterns of associations between all pairs of endophenotypes, supporting the

notion of a continuum of psychosis across the population.

Lastly, in chapter 5, polygenic risk scores — a measure of the combined effect of a
large number of common genetic risk variants — were used to investigate the
relationships between genetic risk for schizophrenia and bipolar disorder, and the
endophenotypes studied in the previous chapter. Results showed that higher
polygenic score for schizophrenia nominally predicts poorer performance on a
spatial visualisation task; providing some evidence that the two traits share genetic
risk variants as hypothesised. No other associations approached significance,
possibly due to insufficient statistical power. However, as discovery samples grow,

the use of polygenic scores is promising.

This thesis has thus contributed to the field of mental health research by
investigating key electrophysiological, cognitive and imaging endophenotypes for
psychosis, as well as their genetic influences. Well defined and reliably measured
endophenotypes are valuable in mental health research by clarifying the functional
effects of identified genetic risk factors, and by providing ways of identifying groups
of people with similar abnormalities, both within and between current diagnostic

categories.
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Chapter 1: Introduction

1.1 Psychosis

Psychotic disorders are amongst the most severe and enduring mental illnesses,
characterised by a distorted sense of reality; an inability to distinguish subjective
experiences from objective reality. Disorders where psychosis is commonly
experienced include, amongst others, schizophrenia, bipolar disorder, and
schizoaffective disorder. The lifetime prevalence of psychotic illnesses is
approximately 4% (Bogren et al., 2009; Kendler, 1996; Perala et al., 2007), and the
typical age of onset is in adolescence or early adulthood (Messias et al., 2007).
These disorders are disruptive and often life-long, and associated with great
personal, familial and societal costs (Knapp et al., 2004; Saunders, 2003; WHO,
2008). Psychosis is considered amongst the leading causes of disease burden,
accounting for 2.5% of the total disability-adjusted life years and 4.5% of the total
years lost due to disability in 15-44 year olds (WHO, 2001). Individuals with
psychotic illnesses have between 10 and 20 years reduced life expectancy
compared to the general population, due to both physical health problems and
suicide (Chang et al., 2011; Hannerz et al., 2001; Healy et al., 2012; Laursen et al.,
2012).

Psychotic disorders are characterised by significant abnormalities in perception,
cognition, speech, affect, behaviour, and insight (NICE, 2014) — which leads to a

range of symptoms such as hallucinations and delusions (i.e. positive symptoms),
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cognitive deficits, as well as a lack of motivation and interest (i.e. negative
symptoms) (APA, 2013; Crow, 1981; NIMH, 2009). These symptoms are seen in
several psychotic illnesses, including schizophrenia and bipolar disorder, and
although certain features of these illnesses are distinct, there is ample evidence of
many shared epidemiological and genetic risk factors (Bramon and Sham, 2001; Lee
et al., 2013; Murray et al., 2004; Smoller et al., 2013). Hence, in this thesis, | will use
the term ‘psychosis’ to include a broadly defined phenotype, comprising patients
diagnosed with a psychotic illness — including, but not limited to, schizophrenia,
bipolar disorder, and schizoaffective disorder. All patients studied here have

experienced symptoms of psychosis as part of their illness.

Despite extensive research over the past 20 years, the understanding of the
aetiology of psychotic disorders remains limited (Jablensky, 2010; Matheson et al.,
2014). Consequently, there is a lack of objective diagnostic tests, and diagnoses are
today still made based on descriptive clinical criteria (APA, 2013; Insel, 2010; Light
and Makeig, 2015; WHO, 1992). Furthermore, although current antipsychotic drugs
often manage positive symptoms, they frequently have distressing side effects
(Leucht et al., 2012; Staring et al., 2009) and only limited benefits towards negative
symptoms (Lieberman et al., 2005; NICE, 2014). Hence, there is a pressing need to
improve our understanding of the biological basis of psychosis, to be able to
develop treatments that are more effective, as well as better diagnostic tools and

earlier detection of these illnesses.

It is well known that psychosis is highly heritable; twin studies show that the
estimated heritability lies between 60-85% (Cardno and Gottesman, 2000; Smoller
and Finn, 2003; Sullivan et al., 2003), and population-based studies show around
65% heritability (Lichtenstein et al., 2009; Wray and Gottesman, 2012). This clearly
suggests that the aetiology of psychosis is partly due to genetic risk variants (in
combination, of course, with numerous interacting environmental factors);
however, unravelling the complex genetics of psychosis has proven more
challenging than first anticipated (Hardy et al., 2008; Maher, 2008; Manolio et al.,
2009).
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Nonetheless, with great technological advances and large international
collaborations, recent research has identified several genetic loci associated with an
increased risk of psychosis (Doherty et al., 2012; Geschwind and Flint, 2015; Sullivan
et al., 2012). This includes a large number of common single subunit changes in the
DNA sequence (i.e. single nucleotide polymorphisms; SNPs) of very small individual
effects (Lee et al., 2013; Purcell et al., 2009; Ripke et al., 2013, 2014; Sklar et al.,
2011), as well as rare risk factors like structural changes of the DNA (such as copy
number variants; CNVs) of larger effects (Green et al., 2015; Grozeva et al., 2011,

Stefansson et al., 2008; Stone et al., 2008; Walsh et al., 2008; Xu et al., 2008).

Although efforts are underway (e.g. O’Dushlaine et al., 2015; Ripke et al., 2014), it is
still largely unknown exactly how these genetic risk factors lead to the illness and
what mechanisms are involved that lead to an increased risk of developing a
psychotic illness. An important goal of psychiatric genetic research is therefore to
clarify the functional effects of the genetic risk variants that have been identified

(Geschwind and Flint, 2015; Gurung and Prata, 2015; Hall and Smoller, 2010).

1.2 Endophenotypes

The use of endophenotypes can help bridge this gap, and has been proposed as an
alternative solution for increasing the understanding of complex disorders including
psychosis, by providing intermediate phenotypes potentially linking genetic risk
variants to the illness (Figure 1-1) (Geschwind and Flint, 2015; Gottesman and

Shields, 1973; Hall and Smoller, 2010; Wickham and Murray, 1997).

Gottesman and Gould (2003) defined endophenotypes as heritable traits that are
associated with the illness, state independent (i.e. observed in an individual
regardless of whether the illness is active of not), co-segregated with the illness
within families, and observed in non-affected family members at a higher rate than
in the general population. Hence, endophenotypes can be considered a subset of
biological markers that are linked to the genetic underpinnings of disorders

(Gottesman and Gould, 2003). They are quantitative measures that are objectively
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and reliably obtained with laboratory-based methods rather than using clinical

observations (Braff et al., 2007; Glahn et al., 2014).

Environmental factors |

*
#

(oce

Genetic
variants Disorder
Endophenotypes J
— <

Figure 1-1. Endophenotypes.

Endophenotypes are quantitative traits on the pathway between genetic risk
variants and the disorder.

These measures are thought to lie on the pathway between genes and behaviours,
and are potentially a more direct expression of gene effects than the disorder itself
(Gottesman and Shields, 1973; Light et al., 2014). It was originally proposed that
endophenotypes might be influenced by fewer genetic variants compared to the
disorder, and that identifying reliable endophenotypes could facilitate the search
for risk genes (Gottesman and Gould, 2003). This approach has been successful in
other complex diseases such as obesity (e.g. Willer et al.,, 2009), diabetes (e.g.
Mitchell et al., 2000), as well as in gene identification for alcoholism (Dick et al.,

2006).

In psychosis, however, endophenotypes have been of little use in identifying novel
risk genes (Glahn et al., 2014), and it is now clear that the genetic architecture of
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endophenotypes most commonly studied in psychiatric research — such as
neuroimaging and cognitive measures — are likely to be just as complex as that of
the disorder (Davies et al., 2015; de Geus, 2010; Munafo and Flint, 2014; Preston
and Weinberger, 2005; Walters and Owen, 2007). Indeed, results from the
Minnesota Twin Family study investigating several psychophysiological
endophenotypes indicate that these are polygenic in nature, likely involving a large
number of both common and rare genetic risk variants, similarly to psychiatric
disorders themselves (lacono et al., 2014; Malone et al., 2014a, 2014b). However,
as mentioned above, with several genetic variants now identified that increase the
risk of developing psychosis, the endophenotype approach can be useful in
providing insight into the mechanisms linking these genetic risk variants to the
disorder (Flint et al., 2014; de Geus, 2010; Glahn et al., 2014; Hall and Smoller,
2010; lacono et al., 2014; Meyer-Lindenberg and Weinberger, 2006; Munafo and
Flint, 2014). For example, investigating associations between identified risk genes
for schizophrenia and endophenotypes, Lencz et al (2010) found an association
between the ZNF804A gene and brain volume in healthy individuals, and Hall and
colleagues (2014) saw an association between the TCF4 gene and the P300 event

related potential in a sample of patients with psychosis and controls.

Identifying reliable endophenotypes can also help define more homogenous
subgroups within diagnostic classes, as well as groups of patients with similar
characteristics across different diagnostic categories (Braff, 2015). This could in
future lead to an enhanced understanding of the molecular and genetic aetiology of
disorders, and to improved treatment options (by identifying novel treatment
targets), as well as to better prediction of treatment outcomes (for both
pharmacological and psychological treatments), earlier identification of risk groups,
and improved diagnostic tools (Berrettini, 2005; Braff et al., 2007; Hall and Smoller,
2010; Preston and Weinberger, 2005).

Candidate endophenotypes for psychosis include a wide range of measures — the
most common being neuroanatomical, cognitive and electrophysiological — that

have been found to be heritable, and abnormal in patients as well as in their
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unaffected first degree relatives. This includes, for example, changes in grey and
white matter volumes (Baaré et al., 2001; Hasler et al., 2006; McDonald et al.,
2004), neuropsychological abnormalities of executive functioning, working memory
and attention (Burdick et al., 2006; Glahn et al., 2004; Horan et al., 2008; Snitz et al.,
2006), as well as neurophysiological measures such as event related potentials
(Bramon et al., 2005; Ethridge et al., 2015; Hall et al., 2009; Olincy et al., 2010;
Schulze et al., 2007; Thaker, 2008).

In this thesis, several of these will be discussed. However, the focus will be on the
latter, neurophysiological endophenotypes identified using electroencephalography

(EEG).

1.3 Electroencephalography (EEG)

Following on from pioneering work in animals by Richard Caton (1842-1926), the
human EEG was first recorded in 1924 by the German psychiatrist Hans Berger
(1873-1941), who described different brain rhythms such as alpha and beta waves,
as well as the major features of normal, abnormal and sleep EEG (Berger, 1929,
1969). Since the 1930s, EEG has been key for the clinical diagnoses of seizure
disorders (Gibbs et al., 1935), and is today still widely used in clinical practice to
also, for example, monitor sleep disorders and response to anaesthesia (Emerson

and Pedley, 2012).

EEG is a direct measure of ongoing electrical brain activity resulting from neuronal
communication. Since the electrical field quickly becomes weaker over distance,
scalp electrodes are thought to measure activity originating from cortical neurons
(Kropotov, 2009; Whittington et al., 2000). Furthermore, the activity of a single
neuron is too weak to be picked up, so the activity measured by EEG is thought to
reflect the synchronous activity of thousands or even millions of neurons.
Specifically, superficial pyramidal cells are thought to be the main generators of
scalp EEG activity; because these neurons are large with an elongated shape that

creates an electrical dipole, and they are aligned in parallel to each other, creating
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an electrical field that can be detected on the scalp. In contrast, the electrical fields
of spherically shaped dendritic trees of, for example, interneurons will cancel out
because of the random orientation of the dipoles (Baldeweg and Boyd, 2008;
Cohen, 2014; David and Friston, 2003; Lopes da Silva, 2013; Luck, 2005). Hence,
when superficial pyramidal neurons fire synchronously the electrical signal gets

amplified and can be detected by electrodes on the scalp (see Figure 1-2).
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Figure 1-2. Scalp recorded EEG activity.

Superficial pyramidal cells are thought to be the main generators of scalp
recorded EEG activity.

EEG activity is often measured in terms of the amplitude of oscillations at different

frequencies — ranging from 0 to 100 Hz, commonly grouped into specific bands — or
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the amplitude and latency of activity that is time and phased locked to a particular
stimulus (i.e. event related potentials; ERPs). Changes of such measures are
associated with variations in overall arousal levels, as well as with perceptual and

cognitive processes (Baldeweg and Boyd, 2008; Buzsaki, 2006).

Importantly, EEG has excellent temporal resolution. Because electricity travels very
fast, nearly at the speed of light, the activity recorded at the scalp represents brain
activity at that moment in time (Cohen, 2014; Luck, 2005). For this reason, EEG is
well suited to study the rapidly changing neural activity related to human cognition
(Baldeweg and Boyd, 2008; Phillips and Uhlhaas, 2015). Other advantages of EEG
include the relative ease with which it is assessed, the cost-effectiveness of the
technique, and the fact the EEG can be obtained in a wide variety of clinical settings.
Further, EEG is non-invasive, safe, and well tolerated by most patients (McLoughlin
et al., 2014; Winterer et al., 2001). Because of these advantages, EEG is well-suited
for studying brain activity in individuals who might be vulnerable, including
psychiatric populations, as well as infants (Boutros, 2013; De Haan, 2013; Hoehl and

Wahl, 2012; Saby and Marshall, 2012).

A limitation of EEG is its spatial resolution. It is well established that electrical fields
in the brain do not flow directly upwards but get distorted and spread, and that
each scalp electrode picks up the summed activity not only from spatially close
cortical sources, but from nearly every source area in the brain (Baldeweg and
Boyd, 2008; Light and Makeig, 2015; Luck, 2005). Hence, each pattern of scalp
activity can originate from a large number of possible sources, making the
reconstruction of cortical generators difficult. However, with high-density EEG
recordings and novel analysis methods, there are now ways of reducing this
problem, and high quality source localisation is now possible with EEG data (Bathelt

et al., 2014; Cohen, 2014; Michel and Murray, 2012; Phillips and Uhlhaas, 2015).
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1.4 EEG measures as endophenotypes

As discussed above, candidate endophenotypes should be reliably measured and
heritable (Glahn et al., 2014; Gottesman and Gould, 2003). Research has found EEG
measurements to have strong psychometric properties, with high test-retest (i.e.
stability over time') and split-half (i.e. internal consistency) reliabilities (Boyd et al.,
2014; Gudmundsson et al., 2007; Hall et al., 2006; Hammerer et al., 2013; Kondacs
and Szabo, 1999; Salinsky et al., 1991). Furthermore, individual differences in EEG
parameters have been shown to be highly heritable, with estimates of up to 80%
(van Beijsterveldt and van Baal, 2002; Enoch et al., 2008; Hall et al., 2009; Smit et
al., 2005).

Several EEG parameters have been shown to be promising endophenotypes for
various psychiatric disorders, including psychosis, with measures associated with
the illness and observed in unaffected relatives of probands. Many of these are not
specific to diagnostic categories, but common amongst several illnesses. An
example is the P300 event-related potential, which is elicited using an oddball
paradigm, where the person is asked to respond to an infrequent target stimuli
embedded in a series of frequent non-targets. The P300 is thought to reflect
attention and working memory processes, and is a candidate endophenotype for
substance use disorder (Euser et al., 2012; Singh and Basu, 2009) as well as for

psychosis (Bestelmeyer et al., 2009; Bramon et al., 2005; Schulze et al., 2008).

As mentioned, endophenotypes should be observed in unaffected relatives of
patients as well as in probands themselves, and to confirm whether this is the case,
an experimental design including families is thus required. An important aspect of
this thesis is that the sample studied here includes patients as well as their

unaffected first degree relatives.

! Stability over time is mostly measured across several weeks, or up to 2-5 years. However, there are
significant ageing effects in EEG measures, with great changes during development and across the
lifespan (e.g. Kok, 2000; Kiigler et al., 1993).
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It is advantageous to study unaffected family members for several reasons. First,
since they are related to the patient they have an increased genetic risk for the
disorder; patients and relatives will share some genetic risk factors that might
influence the phenotype of interest. It is generally expected that relatives will show
abnormalities that are intermediate between patients and healthy controls, which
indicates a genetic basis of that phenotype (Cannon, 2005). Second, and
importantly, because these individuals are unaffected they are not prescribed
psychotropic medication. These drugs are known to alter brain function (Goozée et
al., 2014; Radua et al., 2012), and this significant confounder can thus be eliminated
by studying unaffected family members of patients. In short, studying unaffected
relatives of patients allows us to examine the effect of carrying increased genetic

risk without the confounding effects of the disease itself.

1.5 Thesis aims and hypotheses

This thesis aims to identify new psychosis endophenotypes, explore how
established endophenotypes co-relate and to investigate their genetic influences.
All studies presented here use EEG to investigate brain function, and all include

unaffected family members of patients as well as probands themselves.

There are four specific aims of this thesis, which correspond to four experimental

chapters. These are:

i)  To investigate whether power of different frequency bands obtained
during resting state EEG are suitable endophenotypes for psychosis genetic

research (chapter 2);

ii) To investigate neural connectivity underlying the mismatch negativity
event related potential, using dynamic causal modelling, and whether
these measures qualify as potential endophenotypes for psychosis

(chapter 3);
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iii) To investigate the associations between different endophenotypes for
psychosis — including electrophysiological, neuroanatomical and
neurocognitive — and especially to characterise sub-components of the

P300 event-related potential (chapter 4);

iv)  To investigate the associations between genetic risk for schizophrenia and
bipolar disorder and several multi-modal endophenotypes for psychosis,

using polygenic risk scores (chapter 5).

The following hypotheses will be tested:

1)

2)

3)

4)

Compared to controls, resting state EEG activity of delta and theta activity will
be increased, alpha activity will be reduced, and beta activity will be altered in

patients with psychosis and to a lesser degree in at-risk populations.

Compared to controls, both individuals with psychosis and (to a lesser extent)
their first degree relatives will show altered effective connectivity (specifically,
the excitability of superficial pyramidal cells) in response to the mismatch

negativity paradigm.

A range of multi-modal endophenotypes will be associated with each other: (i)
All cognitive measures will be positively correlated; (ii) higher cognitive
performance will be associated with larger P300 amplitude and shorter P300
latency; (iii) larger P300 amplitude will be associated with shorter P300 latency
and; (iv) larger lateral ventricular volumes will be associated with poorer
performance on the cognitive tasks and more impaired P300 (reduced

amplitude and longer latency).

Higher polygenic risk scores for both schizophrenia and bipolar disorder will be
associated with (i) poorer cognition, (ii) altered brain anatomy (larger lateral
ventricular volume), and (iii) impaired P300 (reduced amplitude and delayed

latency).
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Chapter 2: Resting EEG in psychosis
- a possible endophenotype?

2.1 Introduction

This chapter will investigate resting state EEG activity, aiming to explore whether
this could act as a potential endophenotype for psychosis. Background EEG
oscillations have been associated with overall arousal levels, and with perceptual
and cognitive processing as well as task performance (Baldeweg and Boyd, 2008;
Finnigan and Robertson, 2011; Kam et al., 2013; Malone et al., 2014a; Stam et al.,
2002). Hence, abnormal resting state EEG activity could lead to disturbances in

perceptual and cognitive processing and is important to study.

The human EEG measures the brain’s spontaneous electrical activity, which
contains signals with a range of frequency bands. The slowest EEG frequencies in
humans — delta (1-4Hz) and theta (4-8Hz) activity — are important in infancy and
during deep sleep in adults (Baldeweg and Boyd, 2008; Hong et al., 2012b). The
functional significance of resting state delta and theta activity in the waking brain is
not yet fully understood, although it is thought to be a measure of neural inhibition
(Spironelli et al., 2011). Delta oscillations are also thought to be involved in
motivation, and have been found to be increased during hunger and sexual arousal
in healthy individuals, as well as in substance users (Knyazev, 2012). Further,

increased delta activity has been associated with salience detection and attention.
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All such processes are thought to be evolutionary old and basic, and in adults who
are awake, delta and theta oscillations may be overshadowed by higher frequency
EEG activity associated with higher cognitive functions (Baldeweg and Boyd, 2008).
This includes alpha activity (8-13Hz), which has been associated with a state of
relaxation without attention or concentration (Niedermeyer, 1999). Alpha activity is
the most prominent human EEG rhythm during wakefulness and is best observed
with eyes closed (Knyazev and Slobodskaya, 2003). With mental activation and
attention, alpha activity is usually reduced, and higher frequencies such as beta
oscillations (13-21Hz) become more prominent (Knyazev, 2012). Beta activity is
seen in most healthy adults, and has been associated with active thinking and
attention, a focus on the outside world, and problem solving (Niedermeyer, 1999).
Beta activity is, thus, important in many higher cognitive processes, as well as
attention, and cognitive integration and communication between spatially distinct

areas of the brain (Benchenane et al., 2011; Brenner et al., 2003).

Resting EEG is heritable, with estimates of around 80% (van Beijsterveldt et al.,
1996; Enoch et al., 2008; Malone et al., 2014a; Smit et al., 2005; Tang et al., 2007),
and psychiatric populations often show subtle alterations of background activity
compared to healthy controls (Boutros et al.,, 2008; Hughes and John, 1999).
Patients with psychosis generally exhibit increased slow wave activity in the delta
and theta bands and decreased alpha activity (Begi¢ et al., 2011; Galderisi et al.,
2009; Gattaz et al., 1992; Harris et al., 2006; Hong et al., 2012b; Karson et al., 1988;
Kirino, 2004; Sponheim et al., 1994, 2000; Venables et al., 2009; Winterer et al.,
2001). In terms of resting beta activity, studies have reported both decreased (John
et al., 1994) and increased (Begi¢ et al., 2011; Wuebben and Winterer, 2001)
activity, as well as no abnormalities in patients with psychosis (Hong et al., 2012b;
Mientus et al., 2002; Sponheim et al., 1994; Winterer et al., 2001). Abnormalities in
psychosis, furthermore, are not specific to these illnesses, but also observed in
other psychiatric disorders such as depression and attention deficit disorder (e.g.

Barry et al., 2003; Begié et al., 2011; Gauthier et al., 2009; Saletu et al., 2010).
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When it comes to studies investigating resting state EEG activity in populations at-
risk for psychosis, including unaffected family members of patients, relatively little
research has been conducted and results have been inconsistent and sometimes
even contradictory. Increased activity of all frequency bands have been observed,
as well as no alterations compared to controls (Alfimova and Uvarova, 2003;
Clementz et al., 1994; Hong et al., 2012b; Itil, 1977; Narayanan et al., 2014,
Venables et al., 2009; Winterer et al., 2001). Hence, although resting EEG activity
appears to be heritable, and there are abnormalities in patients — particularly of the
lower frequencies — it is unclear whether resting EEG represents a useful
endophenotype for psychosis, which speaks to the need for further research in this

area.

The aim of this study was to investigate the role resting EEG abnormalities play in
the aetiology of psychosis, and whether it can provide an endophenotype for the
illness. Quantitative EEG amplitudes at rest were compared across four frequency
bands (delta, theta, alpha and beta), between five groups; chronic patients with
psychosis, first episode patients, individuals at-risk of developing psychosis,

unaffected relatives of patients, and healthy controls.

Based on past findings, it was hypothesised that amplitudes in delta and theta
frequency bands would be increased, and amplitude in the alpha band would be
reduced, in patients with psychosis as well as in populations at risk, compared to
healthy controls. In the beta frequency band, no direction of abnormalities was

predicted. Impairments were predicted to be most severe in patients.

2.2 Methods

2.2.1 Sample and clinical assessments

The total sample of 279 participants was recruited from the South London and
Maudsley NHS Foundation Trust (including “Outreach and Support in South

London” and the Lambeth Early Psychosis Intervention service), as well as through
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collaboration with the charity Re-Think (www.rethink.org), and advertisements in

the local and national media.

All participants were clinically interviewed to confirm or exclude a Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV; APA, 1994)
diagnosis. The interview instruments used were the Structured Clinical Interview for
DSM Disorders (SCID; First et al., 1995) or the Schedule of Affective Disorders and
Schizophrenia Lifetime Version (SADS-L; Endicott and Spitzer, 1978), and the
Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987). Information
regarding psychiatric diagnoses of family members not directly assessed was
collected from the most reliable informant(s) with the Family Interview for Genetic
Studies (FIGS; Maxwell, 1992). Additional information was collected from medical
notes where available. Participants were excluded if they had a diagnosis of alcohol
or substance dependence in the 12 months preceding study entry, any neurological

disorders, or head injury with loss of consciousness for more than a few minutes.

Information regarding ethnicity and education for each participant was collected as
part of our extensive semi-structured clinical interviews that were conducted by
trainee or qualified psychiatrists. These measures were thus self-report in nature as
is common in similar studies, including in previous publications from the group

(Bramon et al., 2005; Dutt et al., 2011; Schulze et al., 2008; Shaikh et al., 2013).

The total sample included five groups. At the time of testing, chronic patients
(N=48) had been ill for more than three years, and first episode patients (N=46) less
than three years. The cut-off of 3 years reflects the maximum amount of time the
local Early Intervention Service — where the first episode patients were recruited
from — followed up their patients. This is comparable to other early psychosis
research (Saleem et al., 2013; Singh et al., 2011). A full breakdown of the diagnoses
in these two patient groups can be found in Table 2-1. Individuals with an “at risk
mental state” (ARMS, N=33) were assessed using criteria in the Comprehensive
Assessment for At Risk Mental State (Morrison et al., 2006; Yung et al., 2005). In
this sample, 67% had attenuated psychotic symptoms, 10% brief limited
intermittent psychotic symptoms (BLIPS), 10% BLIPS and attenuated symptoms, 3%
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genetic risk with a decline in function, and 10% genetic risk with a decline in

function and attenuated symptoms.

Unaffected first-degree relatives of chronic patients (N=45) had no personal history
of any psychosis spectrum illness. Healthy controls (N=107) had no personal or
family history of any psychotic disorders. Having a personal history of other non-
psychotic psychiatric illnesses did not constitute an exclusion criteria for relatives or
controls, provided they were well and not taking any psychotropic medication at
the time of testing and for the preceding 12 months. This was to avoid recruiting

biased control groups, unrepresentative of the local population.

After a complete description of the study, all participants gave their written
informed consent. The study was approved by the Research Ethics Committee at

the Institute of Psychiatry, King's College London.

2.2.2 EEG data acquisition

Resting EEG data was collected using either a 64-channel Synamps or a 40-channel
Nuamps amplifier and respectively 64 or 40 channel quick caps with sintered
silver/silver-chloride electrodes, placed according to the International 10/20 system
(Jasper, 1958). All data were continuously digitised at 1000 Hz, with a 0—200 Hz
band-pass filter. Electrode impedances were kept below 5 kQ (Bramon et al., 2008;

Shaikh et al., 2013).

For EEG data collected from 40 channels, unipolar electrodes placed on the outer
canthi of both eyes, and above and below the left eye monitored eye movements.
Linked ear lobes served as reference, and FPZ was the ground (Frangou et al.,
1997a). For EEG data collected using 64 channels, bipolar vertical and horizontal
electro-oculographs monitored eye movements. Bilateral mastoids served as

reference, and AFZ was the ground (Bramon et al., 2008; Shaikh et al., 2012).

EEG recordings were collected in a quiet room with participants sitting down

comfortably. They were asked to keep their eyes closed for 20 seconds and then
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open for 20 seconds, during a total of 5 minutes. Resting EEG data collection was
followed by other EEG procedures reported elsewhere (e.g. Dutt et al., 2012;
Schulze et al., 2008; Shaikh et al., 2011).

2.2.3 EEG data processing

Signal processing was conducted using Neuroscan 4.3 software and MATLAB.
Sequential epochs of 2048 ms were created from the continuous EEG files,
separately for eyes-open and eyes-closed conditions. Automatic artefact detection
rejected sweeps with activity exceeding 100 uV (Reinhart et al., 2011). EEG
amplitude (V) was calculated using the Fast Fourier Transformation using a
Hanning window with 10% taper length. To suppress the effect of ocular artefacts,
only the EEG segments acquired under eyes-closed conditions were included in
further statistical analyses (Lavoie et al., 2012; Zimmermann et al., 2010). After
artefact rejection and exclusion of eyes open data, on average 101 seconds
remained per subject for analysis (mean = 101.20, SD = 29.33). This did not differ

between groups.

Amplitude was analysed for four individual segments of the EEG spectrum; delta
(1.95-3.90 Hz), theta (4.39-7.32 Hz), alpha (8.30-12.70 Hz), and beta (13.20-21.00
Hz). These frequency bands are typical of similar research (Boutros et al., 2008),
except that frequencies above 21 Hz were not analysed. This was due to
accumulating evidence that frequencies above 21 Hz can still be substantially
contaminated by scalp electromyogram activity (EMG), even after rejection of large

EMG bursts (Nottage et al., 2013; Shackman et al., 2010; Whitham et al., 2007).

For data-reduction purposes (to minimize type | error), only the three midline EEG
channels, frontal (FZ), central (CZ), and parietal (PZ), were chosen for statistical

analysis (Harris et al., 2006).
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2.2.4 Statistical analysis

Mixed effects linear regression models were used to examine EEG amplitude (log
transformed to ensure normality), separately for each frequency band, with fixed
effects of clinical group and scalp site, and random effects of family and subject.
Hence, correlations between members of the same family were modelled, to
maintain correct type 1 error rates. The dependent variable was EEG amplitude at
each of the four frequency bands (delta, theta, alpha, and beta). The independent
variables were participant group — a between-subjects variable with five levels
(chronic patients, first episode patients, ARMS, relatives, and controls), and region —
a within-subjects variable with three levels (FZ, CZ, and PZ). Age and gender were
controlled for (as nuisance regressors) in all analyses. Since EEG data were collected
using two different laboratories, due to an upgrade of the EEG equipment, this was
also controlled for by including a binary regressor in the analysis. The control group

and FZ were used as reference categories in all inferential tests.

A Bonferroni correction for four tests (delta, theta, alpha, and beta frequency
bands) was applied, with the significance threshold thus set to p = 0.05/4 = 0.0125.

Statistical analyses were performed using STATA version 11.2 and SPSS version 17.1.

2.3 Results

2.3.1 Sample characteristics

Demographic data for the entire sample is provided in Table 2-1. T tests showed
that each group differed significantly from the control group in mean age, with the
chronic patients and relatives being older (both groups p<0.001), and the first
episodes and at-risk mental state (ARMS) individuals being younger (p<0.001) than
controls. Chi square tests indicated that there were significantly more males in the
first episode group in comparison to the control group (p=0.05). No other group
differed in gender distribution compared to controls. To control for any age or

gender effects on the resting EEG, these effects were included as covariates in all
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analyses. As described in Table 2-1, the majority of chronic and first episode
patients were taking antipsychotic medication at the time of testing, whereas the
relatives, ARMS and controls were free of any psychotropic medication at the time

of testing.

The mean EEG amplitudes (uV) for each group, in the four frequency bands, are
shown in Table 2-2. Correlations between EEG amplitude in the four frequency
bands and the three scalp sites were all significant, with correlation coefficients
ranging between 0.28 and 0.99 (see Appendix A). Nevertheless, all analyses were

adjusted for multiple testing (4 tests).

Most participants (first episodes, ARMS, and controls) were recruited individually,
but the chronic patients and their relatives were recruited as part of a family study.
Of the 279 participants, 174 (62.37%) were singletons, 72 (25.81%) were part of
families with two members in the study, 21 (7.53%) were in three-person families,

and 12 (4.30%) were part of families with four members participating.
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Table 2-1. Sample demographics (N=279).

. First “At-risk
Chronic . .
. episode mental Relatives Controls
patients . ”
patients state
N (%) 48 46 33 45 107
° (17.2%) (16.5%) (11.8%) (16.1%) (38.4%)
Age (mean years +SD) 41.8+11.3 25.0+3.9 23.8+4.0 48.8t16.1 31.6%13.3
Statistics® t=-4.6 t=4.7 t=5.4 t=-6.3 i
p<0.001 p<0.001 p<0.001 p<0.001
Gender (% female) 35.4% 30.4% 39.4% 55.6% 48.6%
2 2 2 2
.. a X =2.3 X =4.3 x=0.9 x=0.6
Statistics 0=0.16 0=0.05 0=0.43 0=0.48

Diagnoses (N, %)

Schizophrenia 33(68.8%) 12 (26.1%) - - -
Schizoaffective disorder 8 (16.7%) 1(2.2%) - - -
Brief psychotic disorder 1(2.1%) - - - -

Schizophreniform ) 26 (56.5%) - - B

psych.

Bipolar | Disorder 5(10.4%) 4 (8.7%) - - -
Psychotic disorder NOS 1(2.1%) 3 (6.5%) - - -
ARMS - - 33 (100%) - -
Depressive illness - - 9(27.3%) 17 (37.8%) 7 (6.5%)
Anxiety disorder - - 3(9.1%) 5(11.1%) -
Substance Abuse - - 4(12.1%) - 1(0.1%)
Personality Disorder - - 2 (6.1%) - -

No psychiatric illness - - - 23 (51.1%) 99 (92.5%)
Medication (N, %)"

No psychotropic 33 45 107
medication >(10.4%) 6 (17.1%) (100%) (100%) (100%)
Amisulpiride 5(10.4%) 1(2.9%) - - -
Aripiprazole 4 (8.3%) 5(14.3%) - - -
Clozapine 7 (14.6%) - - - -
Flupentixol 4 (8.3%) - - - -
Olanzapine 14 (29.2%) 10 (28.6%) - - -
Quetiapine 3(6.3%) 1(2.9%) - - -
Risperidone 5(10.4%) 11 (31.4%) - - -
Other antipsychotic 9 (18.8%) 1(2.9%) - - -

Lithium or Sodium
Valproate
Antidepressant 17 (35.4) 4 (11.4%)

9(18.8%) 6(17.1%) - - -

Education

c 129+2.2 144+29 14.1+3.1 125+22 14.4+26
(mean years +SD)

Ethnicity (N, %)

Caucasian 44 (91.7%) 8(17.4%) 20(60.6%) 43(95.6%) 76 (71.0%)
African/Caribbean 2 (4.2%) 30(65.2% 8 (24.2%) 1(2.2%)  25(23.5%)
Other/Mixed 2 (4.2%) 8(17.4%) 5(15.2%) 1(2.2%) 6 (5.6%)

SD = Standard Deviation; ARMS = At risk mental state; NOS = not otherwise specified; ° t-tests for
age and )(2 tests for gender, each group compared against controls; ® Data available for 76.1% of
first episode group, % of those with information available reported; © Data available for 78.9% of
the total sample.
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Table 2-2. Average resting EEG amplitudes.

Chronic First episode il Unaffected
atients atients Il Bzis relatives Coptichs
P P (ARMS)
Delta 9.03+2.63 8.08+2.34 8.29+2.05 7.17 £1.65 8.00+1.94
Theta 12.10+5.28 9.57+3.72 9.38+3.29 8.49+3.24 8.95+2.381
Alpha  8.57+3.04 8.78 +4.44 8.60 +5.06 7.51+3.84 8.95+4.13

Beta 11.73+3.49 9.21+3.30 10.23 £+ 3.65 11.23 +5.46 10.56 + 3.35

Average resting EEG amplitudes (micro volts + standard deviations) across FZ, CZ and PZ, for all
participant groups and frequency bands, uncorrected for covariates.

2.3.2 Mixed effects linear regression

Four mixed effects linear regression models were analysed, see Table 2-3 and Figure
2-1. In the delta band, chronic patients had on average 0.208 uV greater amplitude
than controls, which was statistically significant (p<0.001). No other group differed
significantly from the control group in resting delta EEG amplitude. In the theta
frequency band chronic patients had significantly greater resting amplitude
compared to controls (p<0.001), with a 0.368 UV average increase in amplitude. No

other group differed significantly from the controls in resting theta activity.

In the alpha and beta frequency bands, the control group did not differ significantly
from any other group in resting EEG amplitude. Full details of these results,
including main effects of covariates, can be found in Appendix A. Importantly, the
effect of the two different EEG laboratories used for data collection was not
significant in any frequency band, justifying pooling the two datasets in one

analysis.
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Table 2-3. Linear regression results.

Delta frequency band

Controls vs. B p-value 95% confidence interval
Unaffected Relatives 0.001 0.746 -0.033 0.046
“At-Risk Mental State” -0.011 0.621 -0.053 0.032
First Episode Patients 0.005 0.800 -0.034 0.044
Chronic Patients 0.082 <0.001 0.045 0.119
Theta frequency band
Controls vs. B p-value 95% confidence interval
Unaffected Relatives 0.013 0.637 -0.044 0.072
“At-Risk Mental State” 0.004 0.891 -0.056 0.064
First Episode Patients 0.012 0.679 -0.044 0.067
Chronic Patients 0.136 <0.001 0.083 0.190
Alpha frequency band
Controls vs. B p-value 95% confidence interval
Unaffected Relatives -0.026 0.486 -0.100 0.048
“At-Risk Mental State” -0.045 0.254 -0.122 0.032
First Episode Patients 0.008 0.829 -0.063 0.079
Chronic Patients 0.035 0.310 -0.034 0.104
Beta frequency band
Controls vs. B p-value 95% confidence interval
Unaffected Relatives 0.034 0.232 -0.022 0.089
“At-Risk Mental State” -0.022 0.457 -0.079 0.034
First Episode Patients -0.013 0.644 -0.066 0.041
Chronic Patients 0.062 0.018 0.010 0.113

Mixed effects linear regression models on log transformed amplitudes with group (patient,
relative, controls) and scalp site (FZ, CZ, PZ) as fixed effects, and family and subject as random
effects. Covariates of age, gender and EEG laboratory included.
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Figure 2-1. Resting EEG amplitudes.

Estimated mean resting EEG amplitudes (log transformed) with 95% confidence
intervals, in the four frequency bands and the five participant groups. Adjusted for
covariates of age, gender and EEG laboratory.

Since a broad definition of psychosis was used in this study, the analyses were
repeated using a narrow definition of schizophrenia and schizophreniform
psychosis, to investigate whether this would affect the results. Patients were
excluded is they had a diagnosis of schizoaffective disorder, brief psychotic disorder,
bipolar | disorder, and psychotic disorder not otherwise specified (15 chronic and 8
first episode patients), as well as their relatives (14). These analyses led to results

very similar to those using the full dataset, and have not been reported further.

To further investigate potential differences in resting EEG between the groups, the
4 regression models were repeated post-hoc, using the chronic patient group as the
reference category. This did not change the overall conclusions, and results are

presented in Appendix A.
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2.4 Discussion

The aim of this study was to compare EEG activity at rest in four frequency bands, in
patients with psychosis, two populations at-risk of the disease, and healthy controls,
to investigate whether these measures could be used as possible endophenotypes
for the illness. The a-priori hypotheses were partly supported; chronic patients
showed significantly increased resting delta and theta activity compared to healthy
controls. However, first episode patients, individuals with an at-risk mental state
(ARMS), and unaffected relatives of chronic patients did not differ from controls in
these frequencies. Furthermore, there were no significant group differences in

resting alpha or beta EEG activity.

Increased slow wave resting EEG activity in delta and theta bands in chronic
patients with psychosis appears to be well replicated across studies (Begi¢ et al.,
2011; Boutros et al., 2008; Galderisi et al., 2009; Harris et al., 2006; Hong et al.,
2012b; Kim et al., 2015b; Kirino, 2004; Narayanan et al., 2014; Omori et al., 1995;
Sponheim et al., 2000, 1994; Winterer et al., 2001), and supported by these current
results. However, this study did not find any significant differences in delta or theta
resting activity between the control group and first episode patients or at-risk
populations (including both clinically at-risk and genetically predisposed groups).
Previous studies on such groups are limited, with inconclusive findings.
Abnormalities similar to chronic patients have been observed in first episode
patients (Clementz et al., 1994; Sponheim et al., 1994), ARMS (Gschwandtner et al.,
2009) and unaffected relatives (Alfimova and Uvarova, 2003), but several studies
have also failed to show abnormalities in these populations (Harris et al., 2006;
Winterer et al., 2001; Wuebben and Winterer, 2001). John et al (1994) found,
similarly to current results, that chronic but not first episode schizophrenic patients

had increased delta and theta resting activity.

In comparison to the slower frequencies, less research has been conducted on
resting alpha EEG activity in psychosis. As in this study, Mientus et al. (2002)

reported no evidence of alpha impairments in patients. However, several previous
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studies on resting alpha have found a decrease in activity in psychotic patients
compared to healthy controls (Begic et al., 2011; Harris et al., 2006; Omori et al.,
1995; Sponheim et al., 2003). Reduced alpha activity has been associated with
negative symptoms of schizophrenia (Merrin and Floyd, 1996), although the clinical
significance of altered alpha activity is not well understood (Sponheim et al., 2000).
Similarly to delta and theta EEG activity, abnormalities in alpha activity are not
specific to psychosis, but commonly found in other disorders, for example in

depression (Begic et al., 2011).

One potential reason for the lack of significant findings in this study might be that
alpha activity is most prominent during eyes closed, and here participants were
asked to keep their eyes open for 20 seconds, then closed for 20 seconds, and this
was repeated during 10 minutes. This approach was taken to prevent participants
from falling asleep during the experiment. Previous studies finding reduced alpha
activity (Begi¢ et al., 2011; Harris et al., 2006; Omori et al., 1995; Sponheim et al.,
2003) asked participants to keep their eyes closed for the duration of the recording.
This difference in methodology might explain our lack of findings in the alpha band.
Future studies should investigate this further by conducting resting EEG
experiments in large samples, including at-risk populations, and using methodology

fully comparable to past findings.

In the beta frequency band, no significant group differences were found in resting
EEG activity. However, a slight increase of activity was observed in chronic patients
compared to controls (not reaching significance after correction for multiple
testing), and post-hoc comparison between chronic and first episode patients
revealed a slight increase of beta activity in the former group. Together this might
indicate an abnormality in chronic psychotic patients, although more research is
needed to confirm if this is the case. Whereas negative symptoms of psychosis have
been largely associated with slow wave EEG activity, positive symptoms may be
closer related to fast wave beta activity (Lavoie et al., 2012). Beta activity is thought
to be involved in the synchronisation of activity of spatially distant brain regions; in

functional connectivity (Whittington et al., 2011). Further, beta activity is thought to
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be involved in a range of cognitive functions that are known to be impaired in
psychotic disorders, such as attention, memory, and primary sensory processing

(Kwon et al., 1999; Whittington et al., 2011).

The literature on resting beta activity in psychosis is inconsistent, with several
studies reporting no resting beta abnormalities in psychotic patients (Hong et al.,
2012b; Mientus et al., 2002; Sponheim et al., 1994; Winterer et al., 2001), although
both decreased (John et al., 1994) and increased (Begi¢ et al., 2011; Wuebben and
Winterer, 2001) activity has also been observed. Finally, this study did not find any
differences in beta amplitude between controls and first episode patients or at-risk
populations. Past research on such populations has also largely failed to find
significant impairments in these groups (Harris et al., 2006; Hong et al., 2012b;
Sponheim et al., 1994; Winterer et al., 2001).

Taken together, the current results did not show any statistically significant
differences in resting EEG activity of any frequency band between controls and first
episode patients or at-risk populations, including ARMS and unaffected relatives of
patients with psychosis. This indicates, as also argued by Winterer et al. (2001), that
low frequency EEG abnormalities seen in chronic psychotic patients are likely
related to the illness process, or to long-term effects of treatments, rather than to
genetic risk for the disorder. Hence, resting EEG activity (of the four frequency
bands examined) does not appear to be promising candidate endophenotypes for

genetic research in psychosis.

Nevertheless, low frequency resting EEG abnormalities, in the delta and theta
bands, were observed in chronic psychotic patients compared to healthy controls.
Increased low frequency activity has been linked to negative symptoms of psychosis
(Lavoie et al., 2012), as well as to cognitive deficits (Spironelli et al., 2011). It has
been hypothesised that an increase in slow wave activity in psychosis could reflect a
lack of motivation and anhedonia (Knyazev, 2012), since this type of brain activity
has been shown to be important in such information processing in healthy

individuals (Hong et al., 2012b; Knyazev, 2012).
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This could then be a useful biomarker in non-genetic research, perhaps
investigating chronicity of the illness or cognitive deficits characterising psychosis,
which are often associated with an enduring iliness (Hyman and Fenton, 2003; Insel,
2010), or research into prediction of medication-responses. More research is

needed to investigate this.

From an aetiological perspective, these findings of increased low frequency activity
(and previous reports of similar abnormalities) are consistent with recent
theoretical treatments of psychosis as false perceptual inference (Adams et al.,
2013; Fletcher and Frith, 2009). In this formulation, acute psychotic symptoms are
regarded as a compensation for a failure of sensory attenuation. In other words,
psychotic symptoms arise due to assigning too much salience or precision to high
level representations to compensate for precise sensory (low level) inputs (c.f.,
aberrant salience; Howes and Kapur, 2009). In this setting, negative symptoms or
chronic states are seen as a decompensation, with a relative loss of precision at
higher levels of the neuronal hierarchy. In this context, precision corresponds to the
post-synaptic gain of pyramidal cells reporting prediction errors in hierarchical
predictive coding (Adams et al., 2013; Bastos et al., 2012). This is important because
a decrease in postsynaptic gain or efficacy leads to a preponderance of lower
frequencies relative to higher frequencies in endogenous or resting state activity
(Kilner et al., 2005). In short, the chronic group in this sample may be evidencing
reduced synaptic gain at higher hierarchical levels and a shift in the characteristic
frequencies of neuronal fluctuations to lower frequencies. Whether this is a primary
aetiological factor, a characteristic part of the disease process, or a response to

medication remains an open question.

Importantly, since antipsychotic drugs cross the blood—brain barrier and influence
many parameters of brain function (e.g. Joutsiniemi et al., 2001; Knott et al., 2001),
it is possible that these medications contribute or lead to resting EEG abnormalities
observed in psychotic patients. In fact, several studies have found that the use of
antipsychotic medication, especially clozapine, might lead to a slowing in the EEG

signal, with increased low frequency (delta and theta) activity (Centorrino et al.,
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2002; Hubl et al., 2001; Hyun et al., 2011; Joutsiniemi et al., 2001; Knott et al.,
2001). This could be an important confounder in these current findings, suggesting
that true illness-related effects on resting EEG are nuanced by medication.
However, it has also been argued that antipsychotics are unlikely to account for EEG
abnormalities seen in chronic patients, since such alterations have also been found
in unmedicated patients (Boutros et al., 2008; Kim et al., 2015b; Merrin and Floyd,
1996; Omori et al., 1995; Wuebben and Winterer, 2001). Since both the chronic and
the first episode patient groups were medicated in the current sample, medication
effects alone do not appear to fully explain why no abnormalities were observed in
the latter group. Nevertheless, with my cross-sectional design it is difficult to
disentangle true iliness effects form effects of medication, and it is possible that the
long-term effect of treatment is a confounding factor when interpreting these
results. The effects of antipsychotic drugs on resting EEG activity need further
investigation in longitudinal studies. However, such studies are very difficult to
conduct since it is difficult to obtain EEG recordings from unmedicated patients who
are often agitated and anxious. To delay treatment to allow EEG testing would have
obvious ethical and practical challenges, and be hard to conduct, especially in the

UK where patients are treated rapidly and efficiently.

Important considerations of statistical power need to be acknowledged.
Calculations of effect sizes are hampered by the few studies available looking at
populations at-risk of developing psychosis. Deficits in such populations are likely to
be subtler than those in chronic patients. This has been shown to be true for, for
example, the P300 event related potential (ERP) peak amplitude (Bramon et al.,
2005) and the error-related negativity ERP (Simmonite et al., 2012), and
electrophysiological measures of cortical inhibition (Hasan et al, 2012).
Furthermore, only a minority of individuals with an at-risk mental state will go on to
develop psychosis (Fusar-Poli et al., 2012a; Morrison et al., 2012; Simon et al.,
2011), making abnormalities in this population difficult to detect. This was clearly
observed in a study by Bodatsch et al. (2011) where only at-risk individuals who
later converted to psychosis showed EEG abnormalities compared to healthy

controls, whereas, similarly to these findings, the overall at-risk group did not differ
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from controls. Hence, it may be assumed that effect sizes for possible resting EEG
abnormalities in at-risk populations are smaller than those in patients. This, in turn,
suggests that the current study might have been underpowered to detect true yet
subtle differences between healthy controls and at-risk groups. Furthermore, this
might also be true for previous studies investigating resting state EEG in at-risk
populations, and it can be argued that findings of no abnormalities in such groups
should not be interpreted as true until further research has been conducted. Future
studies should address this issue by including large samples of individuals at-risk,
including unaffected relatives, and by including comprehensive power calculations
prior to conducting the study. At risk individuals are not easy to recruit and mega-
analyses and meta-analyses offer a solution to increase sample sizes and integrate

the growing number of small studies available.

In conclusion, the aim of this study was to characterise resting EEG oscillations in
psychosis and populations at risk for this disease and particularly, whether such
measures could act as endophenotypes for the illness. These results provide
evidence that chronic psychotic patients exhibit resting EEG abnormalities in low
frequencies. However, no abnormalities were observed in first episode patients or
at-risk populations, suggesting that resting EEG activity is not likely to be related to
genetic risk for the illness. Instead, abnormalities observed in chronic patients may
be related to the illness process, or to long-term effects of treatment. Hence, results
from this study indicate that resting EEG activity is not an appropriate candidate
endophenotype for genetic research in psychosis, although low frequency activity
could be a potential biomarker for non-genetic research, for example as prognostic

or medication-response predictors.
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Chapter 3: Effective connectivity
underlying the mismatch negativity -

a psychosis endophenotype?

3.1 Introduction

This chapter will investigate brain connectivity underlying the mismatch negativity
(MMN) event related potential and whether this could act as an endophenotype for
psychosis. The MMN is a pre-attentive brain response to a discriminable change in
auditory stimulation (Duncan et al., 2009; Naatanen, 1992; Todd et al., 2013;
Umbricht et al., 2005). Reduced MMN amplitude is one of the most reliable findings
in schizophrenia research, and since the first publication by Shelley et al (1991) over
100 papers have commented on this reduced amplitude (e.g. Baldeweg and Hirsch,
2015; Shaikh et al., 2012; Todd et al., 2013), with a mean effect size of 0.99
(Umbricht et al., 2005). The MMN is abnormal in clinical risk groups as well as in
patients, and is a promising biomarker for psychosis prediction (Bodatsch et al.,
2014; Nagai et al., 2013). Furthermore, the MMN has been proposed as a potential
endophenotype, because it is heritable (Hall et al., 2006, 2009; Hong et al., 2012a),
and abnormal in first degree relatives of patients, who have an increased genetic
risk for psychosis (Jessen et al., 2001; Michie et al., 2002). However, not all studies
in unaffected relatives have found MMN abnormalities (Bramon et al., 2004; Hong

etal., 2012a; Kim et al., 2014).
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Most previous studies of the MMN use classical EEG analysis methods that
investigate the observed amplitude of the event related potential at the sensor
level. However, abnormal functional integration among brain regions, or
‘dysconnection’, has been proposed as a core pathology of psychosis (Friston, 1998;
Stephan et al., 2006). Motivated by this hypothesis, the MMN was investigated in
terms of the underlying neuronal connectivity. Dynamic causal modelling (DCM)
was used, which explains EEG data using a hierarchical network of dynamically
coupled sources, and estimates effective connectivity — the influence that one
neuronal system exerts over another — using Bayesian model comparison and
inversion (David et al., 2006; Friston et al., 2003). Several previous DCM studies
have found abnormal effective connectivity in psychosis, both using EEG/MEG
(Dima et al., 2010, 2012; Fogelson et al., 2014; Roiser et al., 2013) and fMRI
methods (Crossley et al., 2009; Deserno et al., 2012; Dima et al., 2009; Mechelli et
al., 2007; Schmidt et al., 2014). However, this was the first DCM study investigating
the MMN paradigm in patients as well their unaffected relatives, with a view to
examine whether abnormal effective connectivity (and its modulation) could act as

an endophenotype for psychosis.

The hypothesis is based on current theories of psychosis that implicate the
neuromodulation of postsynaptic excitability, or cortical gain control (Harrison et
al., 2011; Lisman et al., 2008; Phillips and Silverstein, 2013; Stephan et al., 2006).
The most ubiquitous neurotransmitter receptor involved in gain modulation is the
glutamatergic N-methyl-D-aspartate receptor (NMDA-R), which is expressed more
densely in superficial cortical layers (Friston, 1998; Gonzalez-Burgos and Lewis,
2012; Lakhan et al., 2013). NMDA-R hypofunction is known to be associated with
psychosis; it is for example well established that NMDA-R antagonists such as
ketamine or phencyclidine produce psychotomimetic symptoms in healthy
individuals and worsen symptoms in patients with schizophrenia (Gilmour et al.,
2012; Javitt and Zukin, 1991; Kantrowitz and Javitt, 2010; Krystal et al., 1994; Lahti
et al., 1995; Malhotra et al., 1996; Pilowsky et al., 2006). Recent genetic association
studies also implicate the NMDA-R and its post-synaptic signalling cascade in the

disorder (Purcell et al., 2014; Ripke et al., 2014). Furthermore, the hypofunctioning
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of NMDA-Rs on inhibitory GABAergic interneurons is also thought to contribute to a
loss of balance between excitation and inhibition, which has been implicated in the
neuropathology of psychosis (Gonzalez-Burgos and Lewis, 2012). Lastly, reduced
MMN amplitudes have been observed in healthy volunteers after NMDA-R
blockade, for example by administration of ketamine (Javitt et al., 1996; Naatdnen
et al., 2012; Schmidt et al.,, 2012a; Umbricht et al., 2000). From a theoretical
perspective, this loss of gain control or excitation-inhibition balance fits comfortably
with hierarchical predictive coding models of psychosis and false inference — that
rest on the abnormal encoding of uncertainty or precision by the gain of (superficial

pyramidal) cells reporting prediction errors (Adams et al., 2013).

Given the prominence of NMDA-Rs in superficial cortical layers, it is unsurprising
that the gain of superficial pyramidal cell populations is strongly affected by NMDA-
R function (Fox et al., 1990; Pinotsis et al., 2014). In DCM, this gain is parameterized
as the inhibitory self-connectivity (or ‘intrinsic connectivity’) of superficial pyramidal
cells within a cortical source (Friston, 2008). The aim of this study was to investigate
group differences in MMN responses of patients with psychosis, their unaffected
relatives, and healthy controls, and test whether these are best explained by
modulations of synaptic gain at different levels of the cortical hierarchy. It was
hypothesised that — compared to controls — both individuals with psychosis and (to
a lesser extent) their first degree relatives would show abnormal cortical gain

control.

3.2 Methods

3.2.1 Sample and clinical assessment

The total sample of 84 participants included 24 patients with a psychotic illness
(75% schizophrenia, no comorbid diagnoses; see breakdown in Table 3-1), 25
unaffected first degree relatives of psychosis sufferers (without any personal history
of a psychotic illness), and 35 unrelated controls (without any personal or family

history of psychotic illnesses).
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A personal history of non-psychotic psychiatric illnesses did not constitute an
exclusion criterion for relatives or controls, provided they were well and not taking
any psychotropic medication at the time of testing and for the preceding 12
months. This was to avoid recruiting biased control groups, unrepresentative of the
general and local populations. 3 relatives (12%) and 1 control (3%) had a history of

major depressive disorder.

Patients with psychosis and relatives were recruited through voluntary
organisations, advertisements in the local press and from clinical teams at the South
London and Maudsley NHS Foundation Trust. Controls were recruited by
advertisements in the local press and job centres. Participants were excluded if they
had a diagnosis of alcohol or substance dependence in the last 12 months,
neurological disorders, or a previous head injury with loss of consciousness longer

than a few minutes.

All participants were clinically interviewed to confirm or exclude a Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV; APA, 1994)
diagnosis. Instruments used included the Schedule for Affective Disorders and
Schizophrenia — Lifetime version (SADS-L; Endicott and Spitzer, 1978) and the
Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987). Information
regarding psychiatric diagnoses of family members not directly assessed was
collected from the most reliable informant(s) with the Family Interview for Genetic

Studies (FIGS; Maxwell, 1992).

All participants gave informed written consent to participate, and the study was
approved by the Institute of Psychiatry Research Ethics Committee, conforming to
the standards set by the Declaration of Helsinki. This sample is part of the larger
Maudsley Family Study of Psychosis (e.g. Dutt et al., 2012; Ranlund et al., 2014;
Schulze et al., 2008; Shaikh et al., 2013).
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3.2.2 EEG data acquisition

Electroencephalogram (EEG) was collected from 17 scalp sites according to the
10/20 International system (FP1, FP2, F7, F8, F3, F4, C3, C4, P3, P4, FZ, CZ, PZ, T3,
T4, T5, T6), grounded at Fpz using silver/silver-chloride electrodes (Jasper, 1958).
Vertical, horizontal, and radial electro-oculographs monitored eye movements, and
the left ear lobe served as reference. Data were continuously digitised at 500 Hz
with a 0.03—120 Hz band-pass filter (24 dB/octave roll-off). Impedances were kept
below 5kQ (Bramon et al., 2004, 2005).

3.2.3  MMN paradigm

This was a duration-deviant auditory two tone paradigm. The stimuli were 1200
tones (80 dB, 1000 Hz, 5 ms rise/fall time), with a 300 ms inter-stimulus interval,
presented in three blocks of 400 stimuli through bilateral intra-aural earphones.
85% of the tones were “standards” (25 ms duration), and 15% were “deviants” (50
ms duration). Participants were sitting comfortably in an armchair, and were
instructed to keep their eyes open, fixate on a point in front of them, and disregard
the sounds presented. The total duration of the experiment was about 10 minutes

(Hall et al., 2009; Shaikh et al., 2012).

The classical group comparisons of the MMN amplitude in this sample have been
reported in a previous study (Bramon et al., 2004). Here a new analysis of effective

connectivity during the MMN task was conducted.

3.2.4 EEG data pre-processing

Signal processing was conducted using SPM 12b (Litvak et al., 2011) and FieldTrip
(Oostenveld et al., 2011) in MATLAB R2013b.

The raw EEG data were converted to SPM format, and re-referenced to the
common average. A high-pass filter of 0.5 Hz was applied, followed by a low-pass 70

Hz filter. A stop-pass (49-50 Hz) filter was also applied, to remove line noise. The
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data were then downsampled to 200 Hz, and epoched with a peristimulus window
of -100 to 300 ms. Baseline correction was performed using the 100 ms before

stimulus onset.

Independent Component Analysis was used to correct for ocular artefacts in the
data, and the EEG activity was decomposed into 17 independent components.
When inspecting the ICA components for each participant, more than 2 that clearly
corresponded to eye movements were not observed for any subject. For the
majority of participants, 1 component was rejected, and for 8 participants (9.5%),
two components were rejected. Additional automatic artefact rejection was then
conducted, removing any trials whose activity exceeded +70 pV across all channels.
This resulted in an average of 45 trials (3.7%) being rejected per participant, which

did not differ between the three groups (F(2,81)=1.1, p=0.3).

The EEG data were then averaged using robust averaging in SPM. This procedure
produces the best estimate of the average by weighting data points as a function of
their distance from the sample mean, so that outlier values have less influence on
the overall mean (Wager et al., 2005). This was followed by an additional low-pass

filter of 70 Hz, as recommended with robust averaging (Litvak et al., 2011).

The grand average event related potential waveforms across subjects were
computed for patients, relatives and controls separately. The use of grand average
waveforms ensures cleaner (almost noiseless) data for each group and condition.
Grand averages retain features that are conserved within groups, and suppress
individual differences (Fogelson et al., 2014). These grand averages constitute 6
event related potentials — one for each group and stimulus condition (standard and

deviant tones) — that were characterised in the subsequent DCM analysis.

3.2.5 Dynamic causal modelling

Dynamic causal modelling (DCM) explains measured data using a hierarchical
network of dynamically interacting sources, and estimates effective connectivity

(the influence that one neuronal system exerts over another), using Bayesian model
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inversion (Friston et al., 2007). DCM was originally developed for fMRI (Friston et
al., 2003) and was subsequently generalised to other modalities, including evoked

responses measured by EEG (David et al., 2006).

DCM permits source reconstruction whilst incorporating biological constraints on
neuronal dynamics and coupling (David et al., 2005; Kiebel et al., 2009; Pinotsis et
al., 2012). The neuronal model makes predictions about the dynamics of each
source based on the underlying anatomy and biology. The canonical microcircuit
neural mass model (Bastos et al.,, 2012) was used, in which each neural source
comprises four cell populations: Superficial and deep pyramidal cells, spiny stellate
cells and inhibitory interneurons. Each source is connected to other sources via
extrinsic excitatory connections, and cell populations within sources are connected
to each other via intrinsic connections (Pinotsis et al., 2013). The focus of this study
was the self-inhibition of superficial pyramidal cell populations (see Appendix B),
because the strength of this connection reflects the gain (or excitability) of this

population, which is linked to NMDA-R function.

Each source (i.e. each node in the network) was modelled with a single equivalent
current dipole under bilateral symmetry assumptions (Kiebel et al., 2006). A
boundary elements head model was used (Fuchs et al., 2001) to approximate the
brain, cerebrospinal fluid, skull and scalp surfaces. A canonical MRI head model was
used, and coregistration of electrode positions and head model was performed for
each subject to map the Montreal Neurological Institute coordinates to points on

the head.

Following standard practice, the EEG data were projected onto eight spatial modes
to ensure more robust model inversion and dynamical stability. These are the eight
principal components or modes of the prior predictive covariance in sensor space
(Fastenrath et al., 2009). Responses from 0 to 250 ms post stimulus onset were
modelled, to ensure selective modelling of the MMN response per se, rather than

later components (Garrido et al., 2008).
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3.2.6  DCM specification

In DCM, Bayesian inference is used to optimise neural source dipoles based on a
priori information about their locations. This information is available from studies
investigating the sources underlying the MMN — using fMRI (Molholm et al., 2005;
Rinne et al., 2005; Schonwiesner et al., 2007), PET (Dittmann-Balcar et al., 2001;
Mduller et al., 2002), EEG/MEG (Deouell et al., 1998; Fulham et al., 2014; Jemel et al.,
2002; Rinne et al., 2000; Tiitinen et al., 2006), and DCM (Garrido et al., 2007, 2008,
2009a) — showing that the MMN is generated by temporal and frontal sources.
Using DCM, the model with the most evidence consists of a three-level hierarchy
comprising bilateral primary auditory cortices (Heschl’s gyrus, A1), bilateral superior
temporal gyri (STG), and the right inferior frontal gyrus (rIFG). The frontal source is
lateralised to the right hemisphere for auditory paradigms (Garrido et al., 20093;

Levanen et al., 1996).

Following Garrido et al (2008), the following five sources were included, with prior
source locations in the DCM analysis (in Montreal Neurological Institute
coordinates): Left Al (-42, -22, 7), right Al (46, -14, 8), left STG (-61, -32, 8), right
STG (59, -25, 8), and right IFG (46, 20, 8), illustrated in Figure 3-1A. DCM
incorporates source reconstruction, and the inversion algorithm provides efficient
Bayesian estimates of dipole sources that optimises these (David et al., 2005; Kiebel

etal., 2009).

The DCM model used here assumes the existence of extrinsic (forward and
backward) connections between, and intrinsic (inter- and intra-laminar) connections
within the specified sources. This has been supported by previous MMN research
(Dietz et al., 2014; Garrido et al., 2007, 2008, 2009a). Lateral connections linking left
and right A1 and STG were also included (Schmidt et al., 2012b). Auditory stimuli
were modelled as direct input, entering bilateral Al. This model is shown in Figure

3-1B.
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Figure 3-1. Dynamic Causal Modelling specifications.

Image showing A) the prior source locations (overlaid on an MRI image of a
standard brain), and B) the structural model used for dynamic causal modelling.
The sources are linked by extrinsic (forward, backward and lateral) connections,
and each source has intrinsic inhibitory self-connections. A1 = primary auditory
cortex; STG = superior temporal gyrus; IFG = inferior frontal gyrus; | = left
hemisphere; r = right hemisphere.

3.2.7 Experimental effects

Condition-specific grand averaged data over all subjects within each group was
used, allowing testing of the effect of group directly, as well as the effect of
condition by group interactions (e.g. Fogelson et al., 2014; Kiebel et al., 2007). In
other words, the grand averages were treated as the six cells of a 2 x 3 factorial
design, with two levels of ‘condition’ (standard and deviant tones) and three levels

of ‘group’ (controls, relatives and patients with psychosis).
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Group effects were defined as i) having a genetic risk for psychosis (controls versus
relatives and patients combined) and ii) having a diagnosis of a psychotic illness,
irrespective of genetic risk (relatives versus patients). Main effects of diagnosis and
genetic risk on effective connectivity were investigated, and their interactions with
the effect of condition (standard versus deviant tones). The interactions reflect a
diagnosis or risk effect on deviant-related changes in effective connectivity or

postsynaptic sensitivity.

Bayesian model selection was used to find the model with the largest (free energy
approximation to the) log model evidence, among the models tested, where models
are penalised for increased complexity (Penny et al., 2004). A difference in log
evidence of three or more is considered strong evidence in favour of a model,

corresponding to an odds ratio of about 20:1 (Friston and Penny, 2011).

Before testing for the effects of genetic risk and diagnosis, the best model to explain
the effect of the deviant stimulus across all three groups was established. Eight
candidate models were considered, with modulations of forward, backward and/or
intrinsic connections. The model that allowed for modulations of intrinsic
connections (self-inhibition of superficial pyramidal populations) only had the

highest evidence, and was used in all subsequent analyses (see Appendix B).

To study the effects of genetic risk and diagnosis Bayesian model selection was used
to establish where in the hierarchy synaptic gain — intrinsic (self-inhibitory)
connectivity — was modulated. The model space consisted of models with
modulations of intrinsic connections at each of the hierarchical levels (A1, STG,
rlFG), and all combinations of these. A total of 8 models were thus compared,

shown in Figure 3-2.

Having established the model with the greatest evidence, the posterior estimates of
the effective connectivity under this model were examined (Friston and Penny,
2011). The focus was on changes in intrinsic connectivity induced by the mismatch
negativity, to identify any differences between patients with psychosis, unaffected

relatives and controls.
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Figure 3-2. Dynamic Casual Modelling model space.

Dynamic Causal Modelling model space; identifying group differences in intrinsic
(self-inhibitory) connectivity. Red arrows indicate a modulated connection. Al =
primary auditory cortex; STG = superior temporal gyrus; IFG = inferior frontal
gyrus; | = left hemisphere; r = right hemisphere.

3.3 Results

3.3.1 Sample demographics

The demographic and clinical characteristics of the sample are detailed in Table 3-1.
All participants were of European Caucasian ethnicity. Patients were significantly
younger than controls (t=2.14, p=0.04) and relatives (t=2.60, p=0.01), and this group
also contained more males compared to controls ()(2:4.1, p=0.04) and relatives
(x°=3.8, p=0.05). Controls and relatives did not differ significantly in age (t=0.51,
p=0.61) or gender (x’=0.002, p=0.97) distributions. Importantly, patients and
relatives together (i.e. the genetic risk group) did not differ from controls in age (t =
-0.83, p=0.41) or gender (x’=1.33, p=0.27) distributions. Years in education did not
differ between groups (F=0.40, p=0.67).
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Table 3-1. Sample demographics (N=84).

Patients with Unaffected
Psychosis Relatives Coptichs
N=24 N=25 N=35

Mean age (years, £SD) 34.6 (£9.3) 43.7 (£14.5) 41.8 (£14.5)
Age range (years) 23-54 16-62 19-69
Gender (% female) 25% 52% 51%
Education (mean years, £SD) 13.6 (+2.8) 14.0 (£3.1) 14.4 (£3.7)
Diagnosis (N, %)
Schizophrenia 18 (75%) - -
Schizoaffective disorder 3 (13%) - -
Psychosis NOS 1 (4%) - -
Bipolar | disorder (w. psychosis) 2 (8%) - -
Major Depression - 3(12%) 1(3%)
No psychiatric illness - 22 (88%) 34 (97%)
lliness duration (mean years, SD) 12.1(8.4) NA NA
Psychotropic medication (N, %) 23 (95.8%) NA NA
CPZ equivalent (mean, min-max) 549.4 (30-1100) NA NA
Years medicated (mean, £SD) 10.6 (+8.6) NA NA
First medicated (mean years, £SD) 24.4 (£7.2) NA NA
PANSS (mean, +SD)°
Positive 12.5 (+4.6) 7.2 (x0.6) 7.0 (x0.0)
Negative 14.9 (15.5) 7.2 (x0.6) 7.0 (x0.0)
General 24.3 (+4.9) 17.5 (+2.0) 16.1 (+0.4)
Relationship to proband (N, %)
Mother NA 4 (16.0%) NA
Father NA 9 (36.0%) NA
Sister NA 8 (32.0%) NA
Brother NA 3(12.0%) NA
Daughter NA 1(4.0%) NA

NA = not applicable; SD = standard deviation; NOS = not otherwise specified; CPZ equivalent =

average chlorpromazine equivalent dosage (mg) for those taking antipsychotic medication (N=18);
SPANSS = Positive and Negative Syndrome scale, positive and negative scores range from 7 to 49,
PANSS general scores range from 16 to 112

The sample comprised 63 families, each including between 1 and 4 individuals. 49
participants (58.3%) were singletons, 18 (21.4%) were part of families with two
members in the study, 9 (10.7%) were in three-person families, and 8 (9.5%) were
part of families with four members participating. All unaffected relatives had a first-
degree relative with a psychotic illness, although 8 (32%) did not have a proband

participating in this study.
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3.3.2 Mismatch negativity group differences

The grand averaged event related potential waves for patients, relatives and
controls are shown in Figure 3-3. Group differences in the amplitude of the MMN
wave of this sample have been reported in a previous paper (Bramon et al., 2004):
Patients with psychosis had significantly reduced MMN amplitude compared to
both relatives and controls. The relatives did not differ significantly in MMN

amplitude compared to the controls.
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Figure 3-3. EEG activity to standard and deviant tones.

Grand average (across subjects) EEG amplitudes to standard and deviant tones for
each group (patients, relatives, and controls), at channel FZ.

3.3.3  Dynamic causal modelling results

The Bayesian model selection results are presented in Figure 3-4A, showing model
evidences relative to the null model (with no intrinsic modulations). The model that

best explained the differences between groups allowed modulations of intrinsic
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connectivity in bilateral Al and rIFG. The difference in model evidence between the
winning model and the runner-up was 80. This is significant seeing as a difference of
3 (corresponding to an odds ratio of 20:1) is considered strong evidence in favour of

the winning model (Friston and Penny, 2011).

Figure 3-4B shows the posterior estimates of the modulations of intrinsic
connectivity in the winning model for each group (controls, relatives, and patients)
and condition (standard and deviant trials). Note that because the intrinsic self-
connectivity is inhibitory, increased values correspond to reduced neural
excitability, and vice versa. Posterior estimates of the modulations are also shown in

Figure 3-5, for each source and experimental effect.

The largest effects are observed at the high-level frontal source (rIFG), where there
are striking group differences. First, both relatives and patients show reduced self-
inhibition (increased excitability) across task conditions compared to controls (i.e. a
main effect of having a genetic risk for psychosis). Second, patients with psychosis
show an additional reduction in self-inhibition compared to relatives, across task

conditions (i.e. a main effect of diagnosis).

Third, there is a clear interaction between having a genetic risk for psychosis and
task condition in rIFG; both relatives and patients show the opposite pattern of
responses to the task compared to controls. While controls demonstrate reduced
inhibition (i.e. increased excitability) in response to deviants compared to standard
tones, the two groups with a genetic risk showed decreased excitability in response

to changes in stimulus regularities.

At the sensory level (left and right primary auditory cortices, Al), all three groups
show similar responses to the MMN task conditions: Increased excitability in

response to deviant compared to standard tones.
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Figure 3-4. Dynamic Causal Modelling results.

A) Bayesian model selection results investigating intrinsic (inhibitory) modulations
at different levels of the hierarchy. Log model evidences relative to the null model
are shown. The winning model has modulations at Al and IFG, and the difference
in log evidence between this and the runner-up is 80. B) Changes in intrinsic
connectivity strengths under the winning model, at each source, for patients,
relatives and controls, and for standard (std.) and deviant (dev.) trials. Al =
primary auditory cortex; STG = superior temporal gyrus; IFG = inferior frontal
gyrus; | = left hemisphere; r = right hemisphere.
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Figure 3-5. Posterior estimates of intrinsic connectivity.

Posterior estimates of the (log scaling of) intrinsic connection parameters and
their 95% confidence intervals, for each source and experimental effect
investigated. Al = primary auditory cortex; IFG = inferior frontal gyrus.

3.4 Discussion

The aim of this study was to investigate whether, compared to controls, patients
with psychosis and/or their unaffected relatives show altered cortical gain control
(intrinsic connectivity) within cortical sources during the mismatch negativity
(MMN) paradigm. DCM was used, where intrinsic connectivity is a parameterisation
of the (to some extent NMDA-R mediated) excitability of superficial pyramidal cells,

which is thought to be abnormal in psychosis (Stephan et al., 2006).

The main findings were that; i) the largest differences in cortical responses between
controls and the other groups were expressed at the top of the cortical hierarchy in
the right inferior frontal gyrus (rIFG), rather than in primary sensory areas (A1); ii) in
rlFG, both groups with an increased genetic risk for psychosis (patients and their
relatives) demonstrated an increase in cortical excitability across task conditions
(with an additional increase in patients compared to relatives); iii) the two groups
with a genetic risk for psychosis also showed a reversal of the normal pattern of

increased excitability to deviant tones in rIFG.
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The finding of reduced self-inhibition within rIFG across task conditions in those
with a genetic risk for psychosis — as well as an additional reduction in patients with
psychosis compared to relatives — is in line with theories of NMDA-R hypofunction
in psychosis (Abi-Saab et al., 1998; Corlett et al., 2011; Goff and Coyle, 2001; Olney
et al., 1999; Stephan et al., 2006). Specifically, NMDA-R hypofunction on
parvalbumin positive inhibitory interneurons results in decreased inhibitory y-
aminobutyric acid (GABA) input to (and therefore disinhibition of) pyramidal cells
and hence a loss of balance between excitation and inhibition in prefrontal cortex
(Lewis et al., 2012; Murray et al., 2014; Pinotsis et al., 2014). These abnormalities
may be linked to neurophysiological disorganisation (Diez et al., 2014), cognitive
dysfunction, and the development of symptoms of psychosis (Ahn et al., 2011,
Lewis et al., 2008; Spencer et al., 2004).

Crucially, patients with psychosis and relatives show the opposite pattern of rIFG
responses to deviant and standard tones, compared to controls. Controls show
reduced self-inhibition (increased excitability) in response to deviants, whereas
both patients and relatives show a reduction in excitability in this condition. This
indicates that those with an increased genetic risk for psychosis (including both
relatives and patients) fail to adjust or optimise the excitability of superficial

pyramidal cells in response to changes of stimulus regularities.

In a visual target detection task, in which subjects had to respond to target
appearances that were either predictable or unpredictable, Fogelson et al (2014)
also investigated differences in intrinsic connectivity in patients with schizophrenia
and healthy controls using EEG and DCM. They found that changes in intrinsic self-
inhibition in response to predictable stimuli were significantly attenuated in
patients; this is further evidence that patients with schizophrenia fail to adjust

neuronal connectivity in response to the context of incoming stimuli.

These results can be interpreted in the context of predictive coding theories of
brain function, in which the brain infers the causes of its sensory data using
Bayesian inference by minimising prediction errors throughout the cortical
hierarchy (Friston, 2008; Rao and Ballard, 1999). Predictive coding can be
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implemented neurobiologically by deep pyramidal cells sending top-down
predictions about lower level representations, and superficial pyramidal cells
sending bottom-up prediction errors (the difference between the actual and
predicted activity) back up the hierarchy, in order to update the higher level
representations (Friston, 2008). These neurobiological details are important,
because superficial pyramidal cells — i.e. prediction error units — make the primary
contribution to event related potentials (Garrido et al., 2009b; Lieder et al., 2013).
Crucially, the influence of ascending prediction errors on higher representations
depends upon their precision, which is thought to be encoded by the gain or
excitability of superficial pyramidal cells. In this setting, precision (inverse variance)
corresponds to the confidence or reliability attributed to prediction errors at each

level of the cortical hierarchy (Adams et al., 2013; Feldman and Friston, 2010).

In this MMN data, controls show increased synaptic gain (diminished intrinsic self-
inhibition) in all cortical sources in the deviant condition — i.e. their prediction error
responses to deviant tones are processed as being unduly precise and are therefore
less easily suppressed. This is also the case for all individuals with a genetic risk for
psychosis at the primary sensory level, but in rIFG the opposite pattern is seen. This
indicates an abnormal influence of context on prediction error responses in this
group, as has been seen not only in perceptual paradigms like the MMN, but also in
reward learning and causal inference paradigms (Corlett et al., 2007; Murray et al.,
2008). This also links to reward learning and the aberrant salience hypothesis,
where symptoms of psychosis are attributed to assigning attention or salience to
irrelevant perceptions or experiences (Howes and Kapur, 2009; Kapur, 2003).
Results from the current study suggest that controls show precise prediction error
responses to deviant tones (i.e. they are attending to these unexpected events).
However, both patients with psychosis and their unaffected relatives show
abnormalities here, suggesting they are not assigning salience to events in the

environment correctly.

In computational modelling work, it has been shown that a loss of precision at

higher levels of a hierarchical model can explain a loss of influence of context
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(Adams et al., 2013). Predictive coding simulations show that aberrant precision or
gain control can reproduce classic findings in the schizophrenia literature, including
a reduced MMN response (Adams et al., 2013). NMDA-R hypofunction could
confound precision or gain control in two ways, either by directly lowering synaptic
gain in superficial pyramidal cell populations, or by reducing the excitability of
GABAergic interneurons, thereby impairing sustained oscillatory firing of pyramidal
cells and reducing their influence on lower areas (Adams et al., 2013). These current
results lend more support to the latter mechanism, and it would be interesting to
test this hypothesis directly by using DCM to assess the relative model evidences for
psychosis altering the excitability of superficial pyramidal cell versus inhibitory

interneuron populations.

Importantly, these results suggest that both patients and their first degree relatives
have similar alterations in the excitability of superficial pyramidal cell populations,
compared to controls. This indicates that these changes are linked to genetic risk
factors, and are not merely a consequence of the illness state or antipsychotic
medication. This alteration in the gain of superficial pyramidal cells could therefore
be a potential endophenotype for psychosis. The use of endophenotypes might help
clarify the functional effects of genetic risk variants identified (Bramon et al., 2014;
Hall and Smoller, 2010), and further research could investigate whether deviant-
related changes in excitability can predict genotype; for example, looking at
candidate genes linked to NMDA-R function. Other studies investigating effective
connectivity in psychosis have also observed abnormalities in relatives of patients,
including children of probands (Diwadkar et al., 2012, 2014; Winterer et al., 2003a),
and a previous study by Dima et al (2013) observed associations between fMRI
derived measures of effective connectivity and risk genes linked to GABAergic

interneuron function in patients with bipolar disorder.

These results also suggest that patients show a further increase in excitability in
rIFG across task conditions compared to unaffected relatives. This may indicate that
— at least in prefrontal cortex — there are quantitative, rather than qualitative,

differences between those with and without a diagnosis of a psychotic illness but at
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elevated genetic risk. Alternatively, this difference could be due to the effects of
antipsychotic medication, which is known to influence brain function (e.g.
Joutsiniemi et al., 2001; Knott et al., 2001). The exact effects of psychotropic drugs
on effective connectivity remain unclear; however, a study investigating effective
connectivity in schizophrenia found abnormalities in an unmedicated at-risk group
but not in first episode patients (prescribed antipsychotics), suggesting that
medication might potentially normalise abnormalities (Schmidt et al., 2013). Future
longitudinal studies and research in unmedicated patient populations are needed to

address this important issue.

It should be noted that the amplitude of the MMN wave did not differ between
unaffected relatives and controls in this sample, as has been published previously
(Bramon et al., 2004). Findings in the literature are somewhat inconsistent with
some reporting abnormalities in relatives (Jessen et al., 2001; Michie et al., 2002),
where others do not (Hong et al., 2012a; Kim et al., 2014). It is also interesting to
note that although the amplitude of the MMN wave at sensor level did not differ
between unaffected relatives and controls in my sample, the latter group showed
abnormal source level connectivity compared to controls. This might seem
contradictory, however, these two analyses differ in some key aspects: Firstly, the
source level analysis of the MMN wave takes into account activity from all
electrodes, whereas the sensor level analysis only investigating activity at two
frontal locations (F3 and F4). Secondly, this DCM analysis was conducted on the
averaged activity across all individuals within each group (the peak of the averaged
group wave), whereas the study by Bramon et al (2004) looked at the amplitude of
the MMN wave for each individual separately (the average of individual peak MMN
waves). These differences could contribute to the apparent discrepancy in the
findings. Furthermore, because these analyses are focusing on very different
aspects of the data, it is also entirely possible that although the amplitude of the
wave at the sensor level does not differ between relatives and controls, the source
level measure of connectivity — the excitability of superficial pyramidal cells — is
abnormal in unaffected relatives. Taken together, based on findings from this
sample (i.e. from both sensor and source level analyses) it can be hypothesised that
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source level connectivity of the MMN might be a more sensitive endophenotype for

psychosis compared to sensor level activity.

A limitation of the current study is that the groups differed slightly in age and
gender distributions. There is evidence for both age (Cooper et al., 2006; Cooray et
al., 2014; Kiang et al., 2009; N&aatanen et al., 2012) and gender (Brossi et al., 2007
Matsubayashi et al., 2008) effects on MMN responses, although a DCM study did
not find significant effects of aging on intrinsic connectivity (Moran et al., 2014).
Importantly, however, the most significant effects were found when comparing
those with a genetic risk for psychosis (i.e. both relatives and patients) with
controls, and since these two groups did not differ in age or gender distributions,

the main findings of this study are unlikely to be influenced by such confounds.

Another potential limitation is the experimental procedure used to elicit the MMN
response. Because the MMN is a pre-attentive response not depending on the
person paying attention to the sounds, it has been suggested that using a distractor
task (such as watching a silent video or reading a book) can be advantageous
(Duncan et al., 2009; Lang et al., 1995). In this study no distractor task was
administered, and participants were instructed to disregard the sounds presented
to them. It was therefore not possible to control whether participants were paying
attention to the task or not. Nevertheless, this distractor-free design has been used
previously and has been shown to generate clear MMN responses (Bramon et al.,
2004; Haenschel et al., 2000; Javitt et al., 1998; Juckel et al., 2007). Furthermore,
attention has been found to modulate the MMN response suggesting this ERP might
not actually be independent of attention (Auksztulewicz and Friston, 2015; Sussman

etal., 2014; Woldorff et al., 1991).

Patients with psychosis consistently show alterations in brain volumes compared to
healthy individuals, including increased ventricular volumes (Boos et al., 2007,
Crespo-Facorro et al., 2009; Fannon et al., 2000; Fusar-Poli et al., 2013; Kempton et
al., 2010; Kumra et al., 2014; McDonald et al., 2002, 2006; Sharma et al., 1998;
Shenton et al., 2001; Strasser et al., 2005; Wright et al., 2000). An issue that should
be considered when interpreting findings from brain connectivity analyses such as
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the ones presented here is if and how such differences between patients and
controls might influence results. If patients have enlarged ventricles, then maybe
the prior source locations defined are not as suitable for patients as they are for
controls. However, it is important to note that DCM incorporates source
reconstruction, and that the inversion algorithm provides efficient Bayesian
estimates of the dipole sources that optimise these (David et al., 2005; Kiebel et al.,
2009). Hence, should the prior source locations be inappropriate for some subjects,
DCM is robust enough to deal with this. Furthermore, these results indicate that
effective connectivity abnormalities are also present in unaffected relatives of
patients, and although not directly investigated here, a meta-analysis found that
enlarged ventricles are not observed in relatives of patients with schizophrenia
(Boos et al., 2007). This suggests that abnormalities of effective connectivity in this
group are unlikely to be explained by changes in brain volume associated with
psychosis, and support the conclusion that this is due to an underlying genetic
liability. Nevertheless, this is an issue that should be explicitly investigated using
DCM. Future studies should employ individual MRI images for each participant,

rather than a template MRI image as used in this study.

A further potential limitation of this study is the use of the average reference with
this data. The use of an average reference across all electrodes is only ideal if the
head was a sphere and electrodes were placed all around it. However, with a
relatively small number of electrodes (17 here), and furthermore when the occipital
areas are not covered, the signal might be distorted with the use of the average
reference (Kropotov, 2009; Luck, 2005). This would however distort the signal for all

subjects equally, and will not have influenced the group differences observed.

The Bayesian model selection result indicates that both bilateral A1 and rIFG are
important in explaining group differences in modulations of intrinsic connectivity in
response to deviant tones. However, modulations of self-inhibition in STG do not
seem to be so important (and were not included in the winning model).
Importantly, this does not mean that the STG makes no contribution to group

differences in responses, but merely suggests that including modulations in this
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region did not increase the evidence for the model sufficiently to justify the
increased complexity. These results furthermore suggest that group differences are
most pronounced in rIFG. This is in line with past research suggesting that psychosis
is associated with abnormalities at high hierarchical levels, including the prefrontal

cortex (reviewed in Adams et al., 2013; Harrison et al., 2011).

In this study, condition-specific grand average responses for each group were
calculated, an approach that has been used previously (e.g. Fogelson et al., 2014).
While this produces cleaner data features by reducing noise and enhancing features
that are conserved over subjects, it eliminates potentially interesting individual
differences. Future work could obtain subject-specific DCM estimates, allowing the
investigation of individual differences within groups, and correlations between
effective connectivity parameters and various clinical and cognitive measures, as

well as with genotypes.

In summary, my main finding is that patients with psychosis as well as their
unaffected first-degree relatives show increased excitability in the rIFG across task
conditions, relative to controls, and crucially, a loss (reversal) of the normally
increased excitability in deviant trials. Hence, these results suggest that psychosis is
associated with abnormalities of the sensitivity (gain) control of superficial
pyramidal cell populations, which might be influenced by NMDA-R hypofunction in
prefrontal cortex. These results are in line with theories about the neuropathology
and pathophysiology of psychosis. Importantly, abnormalities in unaffected
relatives of patients suggest that these alterations are potentially related to genetic
predisposition to psychosis, and are therefore potential endophenotypes for the

illness.
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Chapter 4: Associations between
endophenotypes across brain functional,

structural and cognitive domains

4.1 Introduction

Moving away from the identification of endophenotypes, in this chapter | will
investigate a range of known endophenotypes for psychosis, obtained through
different techniques. To optimise the use of these measures for future genetic
analyses, they need to be carefully characterised, for example by assessing the
relationships between different endophenotypes. Previous research has focused on
investigating biomarkers within one method, especially the associations between
different cognitive measures (Dickinson et al., 2002, e.g. 2006; Gladsjo et al., 2004;
Seidman et al., 2015; Sheffield et al., 2014; Sullivan et al., 2003; Toomey et al.,
1998), but there is a lack of literature examining brain structural — cognitive and
physiological — cognitive pairings using multiple methods and across domains of
brain function and structure. Crucially, the inclusion of unaffected relatives in these
kinds of analyses has been rare, but the performance of relatives who carry
increased genetic risk but have no illness or treatment confounding factors is crucial

for establishing the utility of these markers in genetic studies.

In this study, the aim was to investigate the relationship between a range of multi-

modal  endophenotypes for  psychosis  genetic research, including
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electrophysiological, neurocognitive, and neuroanatomical measures. These were

selected as they are putative endophenotypes for psychosis and because they were

compatible across centres reaching a substantial sample size. The endophenotypes

included were:

Changes in the P300 event-related potential measured by EEG: Reduced
amplitude and prolonged latency of the P300 have consistently been found in
patients with psychotic illnesses as well as in unaffected relatives, compared to
controls (Bestelmeyer et al., 2009; Blackwood et al., 1991; Bramon et al., 2005;
Pierson et al., 2000; Price et al., 2006; Schulze et al., 2008; Turetsky et al., 2014;
Weisbrod et al., 1999; Winterer et al., 2003b). The amplitude is thought to be a
correlate of attention and working memory (Ford, 2014; Naatanen, 1990), and
although the latency has been less precisely outlined, it is thought of as an
index of classification speed (Polich, 2007, 2011). However, there is an
increasingly recognised need for greater precision in the theoretical significance

of electrophysiological markers including the P300 (Polich, 2011).

Changes in cognition measured by neuropsychological tests: Deficits on the
cognitive tests digit span (measuring working memory), block design
(measuring spatial visualisation and problem solving abilities), and the Rey
Auditory Verbal Learning Task (RAVLT) immediate and delayed recall
(measuring short and longer term verbal memory, respectively) are common
and persistent across psychotic illnesses (Bora and Pantelis, 2015; Bora et al.,
2009; Gur et al.,, 2007; Heinrichs and Zakzanis, 1998; Kim et al.,, 2015c).
Abnormalities are often observed before the onset of the illness as well as in
unaffected relatives (Birkett et al., 2008; Forbes et al., 2009; Glahn et al., 2006;
Ivleva et al., 2012; Park and Gooding, 2014; Reichenberg et al., 2010; Saperstein
et al., 2006; Snitz et al., 2006).

Changes in brain structure obtained by magnetic resonance imaging (MRI):
Increased lateral ventricular volume is consistently found in patients with

psychosis compared to controls (Boos et al., 2007; Crespo-Facorro et al., 2009;
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Fannon et al., 2000; Fusar-Poli et al., 2013; Kempton et al., 2010; Kumra et al.,
2014; McDonald et al., 2002, 2006; Sharma et al., 1998; Shenton et al., 2001;
Strasser et al., 2005; Wright et al., 2000). This enlargement has been attributed
to neurodevelopmental difficulties, disease progression, or the effects of
antipsychotic medications (Gogtay et al., 2003; McDonald et al., 2006; Pilowsky
et al.,, 1993). Lateral ventricular volume comparisons between unaffected
relatives and controls have been less consistent, and the latest meta-analysis

did not find an effect despite many other conflicting reports (Boos et al., 2007).

The present study includes, to our knowledge, the largest sample of individuals with
psychosis, their unaffected first-degree relatives, and controls to investigate the
relationships between this wide range of multi-modal endophenotypes. The main
objective is to facilitate the use of endophenotypes for genetic research into
psychosis, which requires well defined and characterised measures. The aim of this
study was therefore to examine the relationships between different
endophenotype pairs, and in particular, to characterise sub-components of the

P300 event related potential in the context of well-defined cognitive markers.

4.2 Methods

4.2.1 Sample and clinical assessments

The total sample included 8754 participants: 2212 individuals with a diagnosis of a
psychotic disorder, 1487 of their unaffected first-degree relatives (with no personal
history of psychosis), and 5055 healthy controls (with no personal or family history
of a psychotic illness). Psychotic illnesses were defined broadly to include
schizophrenia, schizoaffective disorder, bipolar disorder with psychotic symptoms
and other less common forms of psychosis (see Table 4-1 for a breakdown of
diagnoses, and see Appendix C for diagnoses across the participating study centres).

Multiply affected families often include individuals with different diagnoses.
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Relatives and controls were not excluded if they had a personal history of non-
psychotic psychiatric illnesses (such as depression or anxiety), provided they were
well and off psychotropic medication at the time of testing and for the preceding 12
months. This was to avoid recruiting biased control groups, unrepresentative of the

general population.

To confirm or rule out a DSM-IV (APA, 1994) diagnosis, all participants underwent a
structured clinical interview with either the Comprehensive Assessment of
Symptoms and History (Andreasen et al., 1992), the Structured Clinical Interview for
DSM Disorders (Spitzer et al., 1992), the Schedule for Affective Disorders and
Schizophrenia (Endicott and Spitzer, 1978) or the Schedule for Clinical Assessment
in Neuropsychiatry, Version 2.0 (Wing et al., 1990). Participants were excluded if
they had a history of neurologic disease or a loss of consciousness due to a head

injury.

Recruitment occurred across 11 locations in Australia and Europe (Germany,
Holland, Spain, and United Kingdom). See Appendix C for a summary of the data
collected from each site. Participants provided written informed consent, and the
study was approved by the respective ethical committees at each of the 11

participating centres.

4.2.2 Neuropsychological assessments

Cognitive data were provided by 10 sites and full methodology for each is reported
elsewhere (Crespo-Facorro et al., 2007; Gonzalez-Blanch et al., 2007; Johnstone et
al., 2005; Korver et al., 2012; Toulopoulou et al., 2010; Walters et al., 2010; Waters
et al., 2009).

The Wechsler Adult Intelligence Scale, revised version (WAIS-R; Wechsler, 1981) or
third edition (WAIS-Ill; Wechsler, 1997), was administered to participants.
Performance on two subtests was used for analyses; the forward and backward

digit span (measuring attention and working memory) and block design (measuring
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spatial visualisation). For both subtests, the percentage of the maximum score for

each individual was calculated to correct for test version.

The Rey Auditory Verbal Learning Test (RAVLT; Rey, 1964), assessing verbal
memory, was also administered, including both immediate and delayed recall. Total
scores, corrected for number of trials, were calculated for each individual, hence

accounting for different test versions.

4.2.3 EEG data collection and processing

Electrophysiological data were obtained from three sites, the full methods for each
site are reported elsewhere (Bramon et al., 2005; Hall et al., 2006; Price et al., 2006;
Waters et al., 2009; Weisbrod et al., 1999).

In summary, EEG was collected from 17 to 20 electrodes placed according to the
International 10/20 system (Jasper, 1958). The P300 event related potential was
obtained using a standard two-tone frequency deviant auditory oddball paradigm,
with standard (‘non target’) tones of 1000Hz and rare (‘target’) tones of 1500Hz.
The number of tones presented varied from 150 to 800, the tones were 80dB or
97dB, lasted for 20-50ms, and the inter-stimulus interval was between 1 and 2
seconds. The majority of participants (93.4%) were asked to press a button in
response to ‘target’ stimuli, but a subset were asked to close their eyes and count

‘target’ stimuli in their heads.

The data were continuously recorded in one of three ways: 500Hz sampling rate
and 0.03-120Hz band pass filter; 200Hz sampling rate and 0.05-30Hz band pass
filter; or 400Hz sampling rate and 70Hz low-pass filter. Linked earlobes or mastoids
were used as reference and vertical, and in most cases also horizontal, electro-
oculographs were recorded at each site and used to correct for eye-blink artefacts
using regression based weighting coefficients (Semlitsch et al.,, 1986). After
additional manual checks, artefact-free epochs were included and baseline
corrected before averaging. The averaged waveforms to correctly detected targets

were then filtered using 0.03 or 0.05 Hz high-pass and 30 or 45 Hz low-pass filters.
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The peak amplitude and latency of the P300 were measured at electrode location

PZ, within the range of 250-550ms post-stimulus.

4.2.4 MRI data collection and processing

MRI data acquisition and image processing varied between sites; methods for each
are referenced and outlined briefly below. Lateral ventricular volumes were
measured using automatic or semi-automatic region of interest analyses, and

included the body, frontal, occipital and temporal horns.
Edinburgh

Scanner used: 1 Tesla (T) Siemens Magnetom (Erlangen, Germany). Acquisition
sequence: Magnetisation prepared rapid acquisition gradient echo (MPRAGE).
Acquisition protocol: Flip angle = 12°, repetition time (TR) = 10 ms, echo time (TE) =
4 ms. Images were analysed using a regions of interest analysis using the semi-
automated programme Analyze, and lateral ventricular volume was defined by the
autotrace and included frontal, occipital and temporal horns. For full details see

(Lawrie et al., 1999; Steel et al., 2002; Whalley et al., 1999).
Heidelberg

Scanner used: 1.5 T Phillips. Acquisition sequence: Magnetisation prepared rapid
acquisition gradient echo (MPRAGE). Acquisition protocol: Flip angle = 15°, TR =
11.4 ms, TE = 4.4 ms. Images were analysed using a region of interest tool in the
software Analyze, and lateral ventricular volume was defined according to borders
described in the literature (Shenton et al., 2001). For full details see (Wobrock et al.,
2009).

London

Scanner used: 1.5 T General Electric (USA) Signa System. Acquisition sequence:
Spoiled gradient recall (SPGR) echo. One of the following acquisition protocols was

used: Flip angle = 35°, TR =35 ms, TE = 5 ms; Flip angle = 20°, TR = 14.7 ms, TE = 3.7
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ms; Flip angle = 20°, TR = 9.8 ms, TE = 2.3 ms; or Flip angle = 20°, TR =13.1 ms, TE =
5.8 ms. Images were analysed using MEASURE, an image analysis program that uses
stereologically unbiased estimation of volume. Lateral ventricular volume included
the body, frontal, occipital and temporal horns, and choroid plexus where visible.
For full details see (Dutt et al., 2009; Frangou et al., 1997b; McDonald et al., 2002;
Schulze et al., 2006).

Maastricht

Scanner used: 3 T Siemens (Erlangen, Germany). Acquisition sequence: Either a
modified driven equilibrium Fourier transform (MDEFT), or a magnetization
prepared rapid acquisition gradient echo (MPRAGE). Acquisition protocol either; i)
Flip angle = 15°, TR = 7.92 ms, TE = 2.4 ms, or ii) Flip angle = 9°, TR = 2250 ms, TE =
2.6 ms. Images were analysed using Freesurfer. Automatic labelling of each MRI
voxel was carried out based on probabilistic information derived from training on a
manually labelled dataset (Fischl et al., 2002). For full details see (Collip et al., 2013;
Habets et al., 2011).

Santander

Scanner used: 1.5 T General Electric Signa System (GE Medical Systems, Milwaukee,
WI). Acquisition sequence: Spoiled gradient-recalled acquisition in the steady state
(GRASS) (SPGR). Acquisition protocol: Flip angle = 45°, TR = 24 ms, TE = 5 ms. Images
were analysed using the software BRAINS2, including automatic measurements of

brain areas. For full details see (Crespo-Facorro et al., 2009; Mata et al., 2009).

Utrecht

Scanner used: 1.5 T Philips NT. Acquisition sequence: Fast field echo (FFE).
Acquisition protocol: Flip angle = 30°, TR = 30 ms, TE = 4.6 ms. Images were
analysed using a Histogram method validated previously by the research group
(Schnack et al., 2001b). For full details see (Hulshoff Pol et al., 2002; Schnack et al.,
2001a).
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4.2.5 Statistical methods

Endophenotype measures were standardised for each site separately (using the
overall means and standard deviations within each site) to control for differences

between the centres.

First, regression analyses were used to establish if there were differences between
the three clinical groups on the endophenotypes. Each regression model had
“group” as a categorical predictor with three levels (patient, relative, control). The
outcome was each relevant endophenotype, and covariates included age, gender
and study site. Considering the sample includes related individuals, robust standard

errors were used in order to counteract effects of clustering within families.

Before investigating the associations between each pair of endophenotypes
amongst the entire sample, the impact of group membership (patient, relative,
control) on each interrelationship was investigated. Potential group differences
were assessed by entering interaction terms between group and the predictor in

the endophenotype pair.

For the relationships between pairs of endophenotypes which were not strongly
impacted by group, the associations were investigated using linear regression in the
whole sample, adjusting for between group differences along with age, gender and

study site, and using robust standard errors.

For the pairs of endophenotypes that were impacted by group, the regressions with
group specified in an interaction term have been reported, with the estimated
difference in increase of association from controls in each group. As before, these
regressions included the covariates age, gender and study site, and robust standard

errors were used.

Although the tables report uncorrected p-values, the results discussed survived an
adjustment for multiple testing. Because scores within measurement domains are
expected to be highly correlated, | adjusted for three domains (EEG, MRI and

cognition), and a total of 6 tests (group differences within each of the three
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domains and their associations with each other). The significance threshold was

thus set to p = 0.05/6 = 0.008. All analyses were conducted using STATA version 13.

4.3 Results

4.3.1 Sample characteristics

The sample characteristics are summarised in Table 4-1. Two-tailed t-tests showed
that relatives were similar to controls on age (t = -1.07, p = 0.303), but patients
were younger compared to both relatives (t = 27.67, p < 0.001), and to controls (t =
30.14, p < 0.001). Chi squared tests demonstrated that the patient group had a
greater proportion of males to females when compared with controls (x* = 234.32,
p < 0.001) and relatives (x* = 234.44, p < 0.001). Conversely, there were fewer males
than females in the relatives group compared to controls (x*> = 19.04, p < 0.001). In
order to account for effects of age and gender, these were entered as covariates
into all analyses. A total of 6601 families were included in this sample, with 1 — 11
members per family; 37% of individuals had at least one relative participating (see

Appendix C).
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Table 4-1. Sample characteristics (N=8754).

Patients w. Unaffected Total
. . Controls

psychosis relatives sample
Sample size, N (%) 2212 (25.3%) 1487 (17.0%) 5055 (57.7%) 8754
Age, mean years (SD)’ 33.6 (10.6) 46.0 (15.8) 45.5 (16.2) 42.6 (15.8)
Age range (years) 16-79 16 -85 16 -89 16 -89
Gender (% female)' 32.10% 58.00% 51.50% 47.70%
Diagnoses; N (%)
Schizophrenia 1396 (63.1%) - - 1396 (15.9%)
Bipolar | Disorder 135 (6.1%) - - 135 (1.5%)
Psychosis NOS 168 (7.6%) - - 168 (1.9%)
Schizophreniform Disorder 158 (7.1%) - - 158 (1.8%)
Schizoaffective Disorder 124 (5.6%) - - 124 (1.4%)
Brief Psychotic Disorder 56 (2.5%) - - 56 (0.6%)
Other psychotic illness 175 (7.9%) - - 175 (2.0%)
Depression 246 (16.5%) 232 (4.6%) 478 (5.5%)
Anxiety 47 (3.2%) 24 (0.5%) 71 (0.8%)
Other non-psychotic illness 62 (4.2%) 106 (2.1%) 168 (1.9%)

No psychiatric illness

1132 (76.1%)

4693 (92.8%)

5825 (66.5 %)

Endophenotypes; N, Mean (SD)*

P300 amplitude
(V)

P300 latency
(ms)
Lateral Ventricular

Volume
(cm3)

Block Design
(% of max. score)

Digit Span
(% of max. score)

RAVLT immediate recall
(No. of words recalled)

RAVLT delayed recall
(No. of words recalled)

N=397 N=379
10.5 (6.1) 11.0 (6.7)
N=401 N=386
382.6 (55.3)  390.8 (56.1)
N=700 N=337
17.9(9.9) 18.7 (11.2)
N=850 N=895
49.9(27.9)  47.4(25.6)
N=460 N=136
47.4 (15.9) 40.0 (4.5)
N=1232 N=934
7.6 (2.2) 8.4 (2.1)
N=1224 N=927
2.1(1.0) 2.9(1.0)

N=313
13.7 (7.0)

N=315
356.9 (39.1)

N=684
15.8 (8.8)

N=3746
60.4 (21.2)

N=2531
51.5(14.5)

N=1377
8.7 (2.0)

N=1358
2.9(0.9)

N=1089
11.6 (6.7)

N=1102
378.2 (53.3)

N=1721
17.1(9.8)

N=5491
56.6 (23.8)

N=3127
50.4 (14.9)

N=3543
8.2 (2.2)

N=3509
2.6 (1.0)

SD = Standard deviation; NOS = Not otherwise specified; RAVLT = Rey Auditory Verbal Learning
Task; T Missing data for 717 ages and 6 gender; * Raw scores, unadjusted for covariates, are

presented here.

Differences between the three groups (patients, relatives, and controls) on the

different endophenotypes were in the anticipated directions, following the pattern

controls > relatives > patients, or vice versa (presented in Table 4-2 and Figure 4-1).
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Patients differed significantly from controls on all measures, and relatives differed

significantly from controls on the P300 amplitude and latency, digit span, and block

design. Lateral ventricular volume and RAVLT immediate and delayed recall showed

no significant differences between relatives and controls.

Table 4-2. Group differences on endophenotype scores.

Endophenotype:

P300 amplitude

P300 latency

Lateral
Ventricular
Volume

Digit Span

Block Design

RAVLT
immediate recall

RAVLT
delayed recall

Total

Sample

Global

p-value

<0.001

<0.001

=0.006

<0.001

<0.001

<0.001

<0.001

Patients —
Controls

Mean difference

(95% ClI)

-0.53
(-0.70 to -0.36)
p <0.001

0.47
(0.33 t0 0.61)
p <0.001

0.20
(0.08 to 0.32)
p =0.001

-0.72
(-0.88 to -0.55)
p <0.001

-0.55
(-0.64 to -0.46)
p <0.001

-0.75
(-0.83 to -0.67)
p <0.001

-0.65
(-0.73 to -0.57)
p <0.001

Patients —
Relatives

Mean difference
(95% Cl)

-0.18
(-0.33 t0 0.04)
p =0.013

0.03
(-0.14 to0 0.19)
p =0.749

0.09
(-0.05 t0 0.24)
p =0.210

-0.14
(-0.32 t0 0.05)
p=0.141

-0.22
(-0.31 to -0.14)
p < 0.001

-0.65
(-0.74 to -0.56)
p <0.001

-0.62
(-0.71 to -0.53)
p <0.001

Relatives —
Controls

Mean difference
(95% Cl)

-0.35
(-0.52 to -0.17)
p < 0.001

0.44
(0.33 t0 0.61)
p < 0.001

0.11
(-0.04 to 0.25)
p=0.163

-0.58
(-0.77 to -0.39)
p <0.001

-0.32
(-0.40 to -0.23)
p <0.001

-0.1
(-0.18 to -0.01)
p=0.026

-0.03
(-0.11 to 0.06)
p = 0.545

Regression models adjusted for age, gender and study site, with robust standard errors, and using
standardised scores. RAVLT = Rey Auditory Verbal Learning Task.
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Figure 4-1. Endophenotype scores across groups.

Endophenotype (standardised) scores, estimated marginal means with 95%
confidence intervals, across clinical groups (patients, relatives, and controls).
Adjusted for age, gender, and study site. RAVLT = Rey Auditory Verbal Learning
Task.
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4.3.2 Associations between endophenotype pairs

Each relationship between pairs of endophenotypes was checked for interaction
effects with group to determine if there are strong differences between patients,
relative and controls in the relationships. This informed whether the relationship
was examined in the whole sample combined, or by subgroup. For the majority of
the associations, group did not have an interaction effect (p>0.008); these are
reported in the next section. For two cognitive pairs, however, there were strong
evidence of interactions with group, and these are reported in the subsequent

section.
Associations between endophenotype pairs in the whole sample

Associations between different endophenotype pairs in the whole sample are
reported in Table 4-3. The P300 amplitude and latency were not significantly
associated with each other. The P300 amplitude was positively associated with digit
span and block design performances (the former at a trend level), but not with
either of the RAVLT measures. The P300 latency and lateral ventricular volumes
were not significantly associated with any of the other measures. The strongest
relationships were found between different cognitive measures, this was also
reflected in the subgroup analysis reported below. All cognitive pairings were

significantly positively associated across groups.
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Table 4-3. Associations between endophenotypes in the whole sample.

Outcome:
P300 P300 Digit Block . RAVL.T RAVLT
amplitude latenc Span Design (medias R e
Predictor: P y P 3 recall recall
-0.06 0.15 0.19 0.11 0.08
P300 i (-0.12 to (0.04 to (0.10to (-0.02 to (-0.06 to
amplitude 0.01) 0.26) 1.28) 0.25) 0.22)
p =0.060 p=0.009 p<0.001 p=0.102 p=0.281
-0.15 -0.04 0.03 0.03
P300 i i (-0.28to - (-0.12 to (-0.09 to (-0.07 to
latency 0.03) 0.04) 0.15) 0.14)
p=0.017 p=0.333 p =0.699 p =0.501
Lateral 0.05 0.02 -0.02 0.07 -0.04 -0.02
Ventricular (-0.07 to (-0.10to (-0.04 to (-0.09 to (-0.13 to (-0.12 to
Volume 0.16) 0.14) 0.08) 0.23) 0.06) 0.08)
p =0.393 p=0.712 p=0.507 p=0.380 p =0.479 p=0.738
0.39 0.31
Digit i i i i (0.28 to (0.20 to
Span 0.49) 0.42)
p < 0.001 p < 0.001
0.25 0.76
RAVLT
immediate i i i (0.21to i (0.74 to
recall 0.30) 0.78)
p < 0.001 p < 0.001

Regression models using standardised scores, adjusted for age, gender, study site and group using
robust standard errors. Statistics reported are difference in mean estimate (95% confidence
intervals) and p-values. RAVLT = Rey Auditory Verbal Learning Task.

Associations between endophenotype pairs by group

For two associations between pairs of cognitive endophenotypes, evidence of
interactions with group was found. This indicates that the relationships between
these endophenotype pairs differ between patients, relatives and controls, as
reported in Table 4-4 and Figure 4-2. Importantly, these results show that the
nature of the relationship between the pairs of cognitive endophenotypes were

similar across all three groups; differing only in strength.

There were strong relationships between each of the cognitive measures in the
control group. Both digit span and RAVLT delayed recall were positively associated

with scores on the block design task, and patients showed the same pattern as
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controls but to a significantly greater extent. Relatives did not differ significantly

from controls in these associations.

Table 4-4. Group interactions on associations between endophenotypes.

Overall Controls Relatives Patients
Endophenotype test of Est. increase in Est. difference Est. difference
relationship interaction  association (95% from controls from controls
effect cl) (95% Cl) (95% Cl)
Digit Span x 0.30 0.18 0.28
Blfck Dpesi | p<0.001  (027t0034) (0.02 to 0.35) (0.19 to 0.38)
g p < 0.001 p=0.028 p < 0.001
0.21 -0.04 0.19
;ﬁ:&;:g ):‘ p <0.001 (0.15to 0.26) (-0.14 t0 0.05) (0.09 to 0.29)
g p < 0.001 p =0.390 p < 0.001

Regressions on standardised scores including interactions terms between group (patient, relative,
controls) and predictor, adjusted for covariates (age, gender and study site), using robust standard
errors. RAVLT del = Rey Auditory Verbal Learning Task delayed recall; Cl = Confidence Interval.

—e—Patient ——Relative —e—Control

o -

0
1

-1
1

Block Design
0
Block Design

3 -2 -1 0 1 2 3
RAVLT delayed recall Digit Span

Figure 4-2. Interactions between endophenotype scores and group.

Interactions between group (patient, relative and control) and endophenotype
pairs (standardised scores). Graphs are adjusted for covariates (age, gender and
study site), and include 95% confidence intervals. RAVLT = Rey Auditory Verbal

Learning Task.
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4.4 Discussion

In this study, the relationships between different endophenotypes for psychosis
were examined in a large sample of patients, their unaffected first-degree relatives,
and controls. In particular, by exploring markers across brain anatomy and brain
functional domains my aim was to characterise the amplitude and latency of the

P300 event related potential in the context of well-defined cognitive markers.

Results showed that (i) the P300 amplitude and latency are distinct features, and
the former associated with some of the cognitive measures; (ii) lateral ventricular
volume is not significantly associated with any of the cognitive or brain functional
measures; (iii) the cognitive endophenotypes were associated with each other in
the expected directions; and (iv) individuals with psychotic illnesses, their
unaffected relatives, and healthy controls all showed similar patterns of
associations between all pairs of endophenotypes. These findings are discussed in

turn.

Both patients and relatives showed reduced amplitudes and prolonged latencies of
the P300, compared to controls, replicating past findings in this large multi-centre
study, and providing further evidence that these are endophenotypes for psychosis
(Bestelmeyer et al., 2009; Bramon et al., 2005; Price et al., 2006; Schulze et al.,
2008; Thaker, 2008; Turetsky et al., 2000). Since the P300 is thought to be closely
related to attentional mechanisms, it is not surprising that abnormalities of this
event-related potential are not specific to psychosis, but also observed in other
psychiatric illnesses associated with impaired attention (Duncan et al., 2009). The
P300 has been suggested as an endophenotype for substance use disorder,
including use of both alcohol and cocaine, where patients and their unaffected
relatives show reduced amplitudes (Euser et al., 2012; Singh and Basu, 2009).
Furthermore, patients with dementia generally show prolonged latencies (Gironell
et al., 2005; Polich and Corey-Bloom, 2005), and attention-deficit hyperactivity

disorder is associated with reduced amplitudes of the P300 (Barry et al., 2003).
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The P300 amplitude and latency were not associated with each other, highlighting
that this relationship is of very small predictive value, and suggests a considerable
degree of independence between the P300 amplitude and latency, as argued by

others (van Dinteren et al., 2014).

The associations between the P300 amplitude and both digit span (at a trend level)
and block design are supported in the literature (Dong et al., 2015b; Fjell and
Walhovd, 2001; Hermens et al., 2010; Kaur et al., 2011; Polich et al., 1997; Souza et
al., 1995). According to the context-updating theory (Heslenfeld, 2003; Kujala and
Naatanen, 2003), the P300 amplitude indexes an attention-driven, context-updating
mechanism facilitated by working memory, which subsequently feeds into memory
stores (Polich, 2007, 2011). Hence, one would expect the amplitude to be
associated with cognitive tasks that utilise attention and working memory processes
(Baddeley, 1992; Ford, 2014; Naatanen, 1990), and my results support this. The
context-updating theory also provides a possible account of the specific mechanism
driving the strong association between P300 amplitude and block design; this task
requires a participant to constantly update their mental representation of the
blocks in the context of the representation of the template stimulus, in order to
physically ‘update’ the block pattern (Polich, 2007, 2011). The lack of associations
between P300 amplitude and the RAVLT tests support the idea that the
impairments patients show on verbal recall memory are part of a distinct
mechanism from that which underlies the reduction in P300 amplitude. This is in
line with the characterisation of the P300 amplitude emphasising that the process
may be associated with recognition memory, rather than the recall memory

assessed by the RAVLT (Polich, 2011).

Turning to the latency of the P300, this was not significantly associated with any of
the measures investigated here. Previous studies investigating associations
between cognition and the latency of the P300 are less consistent compared to
studies of the P300 amplitude; some have found associates with attention and
working memory tasks (Polich et al., 1983) whereas others have not (Dong et al.,

2015b; Fjell and Walhovd, 2001; Walhovd and Fjell, 2003). The P300 latency has
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been conceptualised as a measure of the classification speed (van Dinteren et al.,
2014; Polich, 2011). As such one would expect timed tasks such as digit span and
block design to be associated with the P300 latency. However, no such associations
were found in this sample. Investigating the relationship between behavioural
reaction times (i.e. the speed of button press in the task) and the P300 latency,
some have found associations (Bashore et al., 2014) whereas other have not
(Ramchurn et al., 2014). However, there is substantial research showing that the
P300 latency as well as reaction times increase with ageing in healthy participants
(Chen et al., 2013; Polich, 1996). It is possible, based on these findings, that the
P300 latency is a specific measure of processing speed at a basic neuronal level. In
contrast, digit span and block design — while influenced by processing speed —
reflect wider cognition including memory and spatial abilities. The more complex
elements to these tasks may therefore obscure effects of a simple processing

speed, and hence explain the lack of effect with P300 latency.

In terms of lateral ventricular volume, there was no evidence of relationships with
any other endophenotype investigated. This is consistent with some previous
research (Bornstein et al., 1992; Ortiz-Gil et al., 2011), however Keilp et al (1988)
found an association with verbal memory. Furthermore, several studies have found
enlarged lateral ventricles associated with poorer motor speed (Antonova et al.,
2004; Dong et al., 2015a; Hartberg et al., 2011), which was not directly measured in
this study. One must interpret these negative results bearing in mind the
heterogeneity of the MRI methodology between study sites, a limitation of the
present study that might have obscured any true effects. Furthermore, although
patients showed enlarged ventricles compared to controls, which is a very well
supported finding in the literature (Cahn et al., 2009; Kempton et al., 2010; Steen et
al., 2006; Wright et al., 2000), no differences were observed between relatives and
controls. This is consistent with the latest meta-analysis of brain structure in
relatives of patients with schizophrenia (Boos et al., 2007), and suggests that
enlarged ventricles in patients are not related to genetic risk for psychosis. Instead,

this might be due to illness progression, or to effects of antipsychotic medication, as
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has been observed in animal models of antipsychotic exposure (Dorph-Petersen et

al., 2005; Konopaske et al., 2007).

For all cognitive measures, there were clear group differences with patients
consistently performing less well compared to controls, consistent with a wealth of
research (Ayres et al.,, 2007; Bora and Murray, 2014; Bora et al., 2010, 2014,
Fatouros-Bergman et al., 2014; Fusar-Poli et al., 2012b). For the digit span and block
design, there were also significant differences between relatives and controls,
indicating an effect of increased genetic risk for psychosis. However, this was not
seen for the immediate or delayed recall of the RAVLT task, where controls and
relatives did not differ significantly. Although many have found impairments in
verbal memory in unaffected relatives (Massuda et al., 2013; Sitskoorn et al., 2004;
Wittorf et al., 2004), this has not always been seen (Kim et al., 2015a; Ucok et al.,
2013). These findings suggest that working memory and spatial visualisation might

be more promising endophenotypes for psychosis than verbal memory is.

That working memory is abnormal in both patients with psychosis and their
unaffected relatives is a consistent finding in the literature (Bora et al., 2009; Botero
et al.; Egan et al., 2001; Park and Gooding, 2014; Saperstein et al., 2006), and
replicated here in this very large sample. Furthermore, working memory
abnormalities also meet the additional endophenotypic criteria, being both
heritable and state independent (reviewed in Park and Gooding, 2014). Hence,
working memory appears to be a robust endophenotype for psychosis. It is worth
noting, however, that studies have found schizophrenia to be more strongly
associated with working memory impairments compared to bipolar illness,
suggesting this might be a more suitable endophenotype for the former (Burdick et
al., 2009; Park and Gooding, 2014). Working memory is generally defined as a
limited-capacity system that temporarily maintains and stores information
(Baddeley, 2003). Because working memory is crucial for all forms of learning,
including language, abnormalities can have severe consequences, and are likely to
influence all aspects of cognitive functions, including social interactions (Park and

Gooding, 2014).
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These findings are also consistent using other methodologies, such as functional
magnetic resonance imaging (fMRI), where abnormalities in both patients with
psychosis and their relatives during working memory tasks have been observed
(Dutt et al., 2015; MacDonald et al., 2009; Pearlson and Calhoun, 2009; Thermenos
et al., 2004). Working memory tasks performance rely on activation of a network of
brain regions, including the dorsolateral prefrontal cortex, and this network has
been shown to perform less efficiently in psychosis (Pearlson and Calhoun, 2009;
Scognamiglio and Houenou, 2014; Thermenos et al., 2013; Waters-Metenier and
Toulopoulou, 2010). This is consistent with the dysconnection hypothesis (Friston,
1998; Stephan et al., 2009) and effective connectivity abnormalities in psychosis

discussed in chapter 3 of this thesis.

Investigating the relationships between pairs of cognitive measures, this data
provide strong evidence for associations in the expected directions, and past
research is consistent with these findings (Dickinson et al., 2002; Gladsjo et al.,
2004; Seidman et al., 2015; Sheffield et al., 2014; Sullivan et al., 2003). It is
interesting to note that for some cognitive measures, the relationships interacted
with group, although the direction of the effect remained the same across patients,
relatives and controls. This is likely to reflect artefacts of the group differences on
the individual endophenotypic measures. If a participant performs well on one
cognitive test they will perform well on another, and vice versa. However, within
the patient sample there is a greater range of scores, and thus individuals who
perform less well facilitate a greater within-group contrast and a steeper gradient
than seen in the control sample. The interaction effects with group were found
exclusively amongst the cognitive measures, and not in any of the other sets of
relationships. This is possibly due to the greater sample sizes for these measures,
with greater statistical power enabling the detection of interaction effects which

tend to be subtle.

Both the lack of interaction effects for most associations investigated, and the
gradient effects identified where there was an interaction, support the conclusions

of previous research that there are similar cognitive structures common both to
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people with psychotic illnesses and controls (Dickinson et al., 2006). This is
consistent with the idea that psychosis is part of a continuum with the healthy
population (Allardyce et al., 2007, DeRosse and Karlsgodt, 2015; Esterberg and
Compton, 2009; lan et al., 2010; Johns and van Os, 2001; Wiles et al., 2006).

The main limitation of this study was the heterogeneity of methods between study
sites. Differences in cognitive test versions, variation on the EEG protocols, as well
as the large range of MRI protocols (including the use of scanners with different
field strengths) all introduce noise into the data. However, if imaging biomarkers
are to be used in genetic research the only way forward is to combine data from
multiple centres. No individual centre alone has as yet collected a sample large
enough to conduct independent large genome wide association studies. The noise
introduced by multiple scanners makes it less likely to identify an association;
therefore it does not increase type 1 errors. The potential gain in sample size offsets

the limitation of scanner-variability.

Indeed, the large sample size acquired from multiple sites is one of the biggest
strengths of the current study, as studies of endophenotypes for psychosis often
have been limited by small sample sizes. As the Psychiatric Genomics Consortium’s
work shows, large international collaborations are essential in certain fields such as
genetic studies of common diseases and traits (Lee et al., 2013; Ripke et al., 2014;
Sklar et al., 2011; Smoller et al., 2013). Methodologically, another strength of this
study has been the use of regressions as opposed to the correlations frequently
seen in the literature (Breteler et al., 1994; Brewer et al., 1970; Brillinger, 2001; Kim
et al., 2003; Polich et al., 1983, 1997). Not only did this approach avoid vulnerability
to spurious correlations, but it allowed inspection of interaction effects across

groups.

Another limitation of this study was that behavioural performance, including
number of correct responses and reaction times, during the P300 experiment was
only available for a subset of participants. The P300 experiment is designed to be an
easy task, aimed at capturing the brain response to oddball tones that are correctly
identified as such, and here a standard version of the P300 task was used, that has
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been used in many previous publications (Bramon et al., 2005; Doege et al., 2009;
Hall et al., 2006; Horovitz et al., 2002; Pan et al., 2000; Price et al., 2006; Waters et
al., 2009; Weisbrod et al., 1999). Hence, the vast majority of participants have very
high accuracy, and furthermore, only trials with correct responses were included in
the analysis. It is a limitation of this study that reaction times during the P300 task
was not available for the whole sample. It would have been of interest to
investigate associations between reaction times in this task and the cognitive

measures and also between the EEG and behavioural parameters.

In summary, this study has investigated the relationship between endophenotypes
for psychosis — including measures of cognition, electrophysiology, and brain
structure — with the aim of, in particular, characterising the P300 event-related
potential. | have provided support for the notion that the amplitude and latency of
the P300 are independent markers; the amplitude an index of attention and
working memory, while the latency might be conceptualised as a correlate of basic
speed of processing. A further conclusion of this study is that individuals with
psychotic illnesses, their unaffected relatives, and healthy controls all show similar
patterns of associations between all pairs of endophenotypes, endorsing the theory

of a continuum of psychosis across the population.
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Chapter 5: A polygenic score analysis
of psychosis endophenotypes

5.1 Introduction

Psychosis has a highly polygenic architecture, involving thousands of common single
nucleotide polymorphisms (SNPs) of very small individual effects that account for an
estimated 32% of the heritability in psychosis (Lee et al., 2012a, 2012b; Purcell et
al., 2009; Ripke et al., 2013, 2014; Sklar et al., 2011). Furthermore, large-scale
genome-wide association studies have identified more than 100 SNPs that are
significantly associated with an increased risk of developing schizophrenia (Ripke et

al., 2014) and bipolar disorder (Sklar et al., 2011).

As endophenotypes are thought to be related to the genetic factors underlying
disorders, it is likely that a subset of psychosis associated SNPs also influence these
markers (Lencz et al., 2014). This relationship between the genetics of
endophenotypes and psychosis can be investigated using polygenic scores, where
the combined effect of a large number of SNPs, each with a very subtle individual
effect, is calculated (Purcell et al., 2009). Several studies have shown that such
polygenic scores differ between patients and controls, thus providing a useful tool
to measure genetic liability to psychosis in independent samples (Bramon et al.,
2014; Derks et al., 2012; Purcell et al., 2009). A number of studies have investigated

the relationship between endophenotypes and polygenic scores for schizophrenia
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and bipolar disorder (Van der Auwera et al., 2015; Hall et al., 2015; Lencz et al.,
2014; Mclntosh et al., 2013; Papiol et al., 2014; Terwisscha van Scheltinga et al.,
2013a, 2013b; Whalley et al., 2012, 2013, 2015). However, these studies have
reported mixed outcomes, and vary in discovery sample sizes used to calculate
polygenic scores, in sample sizes used to test for associations, and in the specific

endophenotypes investigated.

The aim of this study is to test whether polygenic scores for schizophrenia and
bipolar disorder influence psychosis endophenotypes, in a large sample of patients
with psychosis, their unaffected first-degree relatives, and healthy controls. The
polygenic scores were calculated using p-values and odds ratios from the latest
international mega-analyses by the Psychiatric Genomics Consortium (Ripke et al.,

2014; Sklar et al., 2011).

Following on from the previous chapter, endophenotypes of three domains were
considered; i) the amplitude and latency of the P300 event related potential; ii)
lateral ventricular volume; and iii) measures of working memory (digit span), spatial
visualisation (block design) and verbal memory (the Rey Auditory Verbal Learning

task, immediate and delayed recall).

5.2 Methods

5.2.1 Sample, clinical and endophenotypic assessment

This sample is a subset of that presented in chapter 4, and overlapping methods

have not been repeated here.

The total sample for this study included 4242 participants: 1087 patients with
psychotic illnesses (see Table 5-1 for breakdown of diagnoses), 822 unaffected first
degree relatives of probands (with no personal history of a psychotic illness), and

2333 unaffected controls (with no personal or family history of a psychotic iliness).
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The endophenotypes included were the P300 amplitude (N=510) and latency
(N=515), lateral ventricular volume (N=789), and measures of cognition; block
design (N=3089), digit span (N=1437), and the Rey Auditory Verbal learning task
(RAVLT) immediate (N=2406) and delayed (N=2384) recall.

5.2.2 Genotyping methods

DNA was obtained from blood for all participants, and sent to the Wellcome Trust
Sanger Institute (Cambridge, United Kingdom) for genotyping using the Affymetrix

6.0 Genome-wide Human SNP Array (www.affymetrix.com). Standard quality

control of the data was conducted. This included removing samples with Mendelian
inheritance errors, SNP missing data rates >5%, departure from Hardy-Weinberg
equilibrium (p < 10™°) or minor allele frequency (MAF) < 0.02, samples with >2%

missing data, and divergent genome-wide heterozygosity.

Full details of genotyping methods and quality control procedures are described in

Appendix D and in Bramon et al (2014).
Phasing and imputation

Phasing was done using Shapit2 v2.r790 (Delaneau et al., 2013), with default
parameters except for the specification of the duoHMM flag, which allows for
incorporation of known pedigree information. Imputation with reference data from
the 1000 genomes panel was performed with IMPUTE2 version 2.3.0 (Howie et al.,
2011, 2012), using the October 2014 release, and based on sequence data from
2,504 samples. Phased chromosomes were split into ~4.5 Mb chunk sizes prior to
imputation, which was run with standard parameters assuming an effective
population size of 20,000. After imputation, SNPs with poor imputation quality

(INFO < 0.8) and missingness of > 1% were excluded.
Population structure analysis

To investigate the genetic structure of the data, principal component analysis (PCA)
of unrelated individuals was conducted using EIGENSOFT version 3.0 (Patterson et
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al., 2006) on a thinned set of SNPs. The following SNP pruning filters were applied
on 695,193 SNPs, which remained after quality control: A 10% minor allele
frequency, 10° Hardy-Weinberg equilibrium deviation threshold, and all SNPs
within a 1,500 SNP window had to have r* below 0.2 (window shift of 150 used).
Thus, a subset of 71,677 SNPs was selected for PCA using EIGENSOFT version 3.0

(Patterson et al., 2006).

The first three components were included as covariates in all analyses to control for
the confounding effects of population structure. This approach was used in previous
work (Bramon et al., 2014), and see Appendix D for the projection of the study

participants onto the first two principal components of genetic structure.

5.2.3 Polygenic score analysis

Following the method described in Purcell et al (2009), polygenic risk profile scores
were calculated separately for schizophrenia and bipolar disorder. Summary data
from the most recent Psychiatric Genomics Consortium genome-wide association
studies for schizophrenia (Ripke et al., 2014) and bipolar disorder (Sklar et al., 2011)
were used. In both cases, | used data from the Psychiatric Genomics Consortium
that did not overlap with the sample used in the current study. For schizophrenia
polygenic scores, the discovery sample included 31,658 cases and 42,022 controls,
and for bipolar disorder, the discovery sample included 7,481 cases and 9,250

controls (Ripke et al., 2014; Sklar et al., 2011).

Polygenic scores for each individual were calculated using the --score option in
PLINK (Purcell et al., 2007), from the number of risk alleles carried for each selected
SNP (i.e. 0, 1 or 2), weighted by the log(OR) provided by the Psychiatric Genomics
Consortium, and averaged across all SNPs. SNPs were selected from the Psychiatric
Genomics Consortium’s panel using six different significance thresholds (p7 < 5x10°
08, 0.001, 0.05, 0.1, 0.5, 1), hence including an increasing number of SNPs the more
liberal the threshold (see Appendix D for the number of SNPs included at each
threshold).
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5.2.4 Statistical analyses

Linear regression analyses were performed to test whether schizophrenia and/or
bipolar disorder polygenic scores influence endophenotypes for psychosis. These
included the P300 event related potential (amplitude and latency), lateral
ventricular volume, and measures of cognition (digit span, block design, and the Rey

Auditory Verbal Learning Task (RAVLT) immediate and delayed recall).

Endophenotype measures were standardised for each site separately (using the
overall means and standard deviations within each site) to control for differences
between the centres. Covariates included in all analyses were clinical group
(patient, relative, or control), study site, the first three population structure
principal components, age and gender. Because the sample included related
individuals, robust standard errors were used to account for effects of clustering
within families. The change in R? between a model only including the covariates and
a model including covariates plus the polygenic score is reported, which represents

the proportion of the variance explained by the score.

Linear regression analyses were performed for each endophenotype using the
entire sample — patients with psychosis (including schizophrenia, bipolar disorder
and other psychotic illnesses; see Table 5-1), unaffected relatives of probands, and
controls — examining the associations with polygenic score at the different
significance thresholds of the Psychiatric Genomics Consortium’s SNP list. This was

done separately for both the schizophrenia and bipolar disorder polygenic scores.

Although the tables report uncorrected p-values, the results discussed survived an
adjustment for multiple testing. Because the four cognitive measures were highly
correlated, | corrected for four measures (cognition, P300 amplitude and latency,
and lateral ventricular volume) and two polygenic scores (schizophrenia and bipolar
disorder). Hence, the alpha threshold for significance was set to p = 0.05/8 = 0.006.

Statistical analyses were conducted using STATA version 13.
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5.3 Results

5.3.1 Sample characteristics

Demographic information and mean values of the different endophenotypes are
presented in Table 5-1. The patient group was significantly younger compared to
both relatives (mean diff. = -11.8, p<0.001) and controls (mean diff. = -12.3,
p<0.001), whereas relatives and controls did not differ in mean age (mean diff. = -
0.5, p=0.4). There were more males in the patient group compared to both the
control (x* = 114.4, p<0.001) and relative groups (x° = 144.4, p<0.001). The group of
relatives contained more female participants than the control group (x*> = 15.8,

p<0.001). Age and gender are included as covariates in all analyses.

Mean scores on the different endophenotypes followed the expected pattern of
patients < relatives < controls, or vice versa. See Appendix D for statistics of group
differences and distributions across groups, after correcting for covariates of age,
gender, and study site. Also note that this is a subset of the sample analysed in

chapter 4 where group differences were reported.

2558 (60.3%) of individuals in this sample did not have a family member
participating. 670 (15.8%) were part of families with 2 members in the study, 564
(13.3%) were in three-person families, 384 (9.05%) were part of four-person
families, 60 (1.4%) were in five-person families, and there was one family with 6

members participating (0.14%).
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Table 5-1. Sample characteristics (N=4242).

Total Controls Unaffected Patients with
Sample Relatives Psychosis
Sample size (N, %) 4242 2333 (55.0%) 822 (19.4%) 1087 (25.6%)
42.5 45.7 45.27 33.48
A +SD
ge (mean years £ SD) (+15.8) (+16.3) (+15.65) (+10.39)
Age range (years) 16 -85 16 -84 16 -85 16-79
Gender (% female) 48.5% 52.0% 60.0% 32.4%
Diagnoses (N)
Schizophrenia 703 - - 703
Bipolar | Disorder 105 - - 105
Psychosis NOS 86 - - 86
Schizophreniform Disorder 68 - - 68
Schizoaffective Disorder 60 - - 60
Brief Psychotic Disorder 40 - - 40
Other psychotic illness 25 - - 25
Depression 273 137 136 -
Anxiety Disorder 47 15 32 -
Other non-psychotic illness 41 20 21 -
No Psychiatric lliness 2794 2161 633 -
Endophenotypes; N, mean (+SD)°
P300 amplitude N=510 N=139 N=160 N=211
(uv) 11.9 (6.8) 13.4 (+6.8) 12.1(£7.5) 10.8 (+6.1)
P300 latency N=515 N=139 N=164 N=212
(ms) 377.2 (¢51.6) 358.2(+37.8) 386.5(+55.5) 382.3(+53.1)
\Lli':liﬁ'eve“t"c“'ar N=798 N=299 N=166 N=333
(ml) 17.1(+£10.3) 16.1 (+9.5) 18.5 (+11.6) 17.2 (£10.2)
Block Design N=3089 N=1997 N=603 N=489
(% of max.) 57.4 (£23.8) 60.0(+21.6) 51.8(+25.7) 54.0(+28.0)
Digit Span N=1437 N=1115 N=59 N=263
(% of max.) 50.4 (+14.7) 51.5 (+14.5) 41.5 (+13.3) 47.5 (+14.2)
RAVLT immediate recall N=2406 N=962 N=633 N=811
(No. words recalled) 8.2 (+2.2) 8.7 (¥2.0) 8.4 (+2.1) 7.5 (+2.2)
RAVLT delayed recall N=2384 N=948 N=629 N=807
(No. words recalled) 2.6 (+1.0) 2.9 (x0.9) 2.8 (¥1.0) 2.1 (+1.0)

SD = Standard deviation; NOS = Not otherwise specified; RAVLT = Rey Auditory Verbal Learning Task;
% Raw scores presented here, for mean differences adjusted for covariates of age, gender and study

site see Appendix D.
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5.3.2 Schizophrenia polygenic score analysis

The schizophrenia polygenic score differed significantly between the three groups
(F(2,3184)=86.6, p=2.3x10'37; controls vs. patients p=1.6x10'35, controls vs. relatives
p=3.6x10'4, patients vs. relatives p=1.1x10'16), with patients having the highest

scores, followed by relatives and lastly controls (see Figure 5-1, left panel).

The polygenic score for schizophrenia predicted scores on the block design task at
the SNP p-value threshold of py < 0.05, with 0.2% of variance explained, at a trend
level of significance (p=0.009). Higher polygenic score was nominally associated
with poorer performance on the block design task. No other associations
approached significance after correcting for multiple testing. These results are

shown in Figure 5-2a (for full results see Appendix D).

5.3.3 Bipolar disorder polygenic score analysis

The bipolar disorder polygenic score differed significantly between the three groups
(F(2,3184)=21.8, p=4.0x10'10; controls vs. patients p=4.9x10'11, controls vs. relatives
p=6.1x10", patients vs. relatives p=2.8x10"), with patients having the highest

scores, followed by relatives and lastly controls (see Figure 5-1, right panel).

Proportions of variances explained by the bipolar disorder polygenic score were all
< 0.2% (and mostly below 0.1%), and none of the associations were significant after
correcting for multiple testing. These results are shown in Figure 5-2b (for full

results see Appendix D).
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Figure 5-1. Distribution of polygenic scores

Distribution of schizophrenia (left panel) and bipolar disorder (right panel)
polygenic scores at the most liberal SNP p-value threshold (pr < 1), for the whole
sample (upper panel) and across the three groups (lower panel).
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Figure 5-2. Polygenic score analyses results.

Variance explained (R?) by schizophrenia (a) and bipolar disorder (b) polygenic
scores across endophenotypes. Blue bars represent different single nucleotide
polymorphism (SNP) p-value thresholds (p;). The lowest p-value for each
endophenotype is displayed above the corresponding bar; the p-value in bold
shows a trend-level finding. RAVLT = Rey Auditory Verbal Learning Task; imm =
immediate recall; del = delayed recall.

5.4 Discussion

The aim of this study was to test whether polygenic scores for schizophrenia and

bipolar disorder — based on the latest mega-analysis from the Psychiatric Genomics
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Consortium — influence a range of endophenotypes for psychosis. This included the
P300 event related potential amplitude and latency, lateral ventricular volume, and
measures of cognition (block design, digit span, and the Rey Auditory Verbal
Learning Task). No association remained significant after correction for multiple
testing. However, the schizophrenia polygenic score predicted poorer performance
on the block design task at a trend-level, with 0.2% of variance in block design

explained by the polygenic score.

Several studies have investigated the relationship between cognition and polygenic
score for schizophrenia. Terwisscha van Scheltinga et al (2013b) failed to show an
association with intelligence in a sample of 672 patients with schizophrenia and
controls, but Mcintosh et al (2013) found an association with cognitive change
between the ages of 11 and 70 in 937 controls. Further, in a large sample of 4900
controls, Lencz et al (2014) saw an association between schizophrenia polygenic
score and general cognitive ability. Lencz and colleagues (2014) also calculated
polygenic score for cognition (i.e. including SNPs associated with cognitive
performance) in healthy controls, and used this to significantly predict disease
status in a sample of over 5000 patients with schizophrenia and 5800 controls, with

~0.5% of the variance in disease risk explained by the cognitive polygenic score.

Hence, research suggests that there is a genetic overlap between cognitive
performance and schizophrenia (Lencz et al., 2014; Toulopoulou et al., 2010), and
the trend-level finding for the block design task is in line with this. This provides
some support for the notion that this measure of spatial visualisation is an
endophenotype for schizophrenia, and that genetic risk variants are shared
between the traits. However, there was no association between measures of
working and verbal memory and this polygenic score, and furthermore, no
associations were significant for bipolar disorder polygenic score. This could be due
to a lack of power, as these genetic effects are likely to be subtle as discussed

below.

Similarly to this study, Hall et al (2015) also investigated the association between
polygenic score for schizophrenia and bipolar disorder and the P300 event related
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potential. The total sample size was smaller than in this current study (including 392
patients with psychosis and controls, but no unaffected relatives), but polygenic
scores were also calculated using the latest data from the Psychiatric Genomics
Consortium. Similarly to my results, none of their associations remained significant

after correction for multiple testing.

Research has suggested that the P300 has a significant genetic component.
Abnormalities in unaffected first-degree relatives of patients have been identified
(Schulze et al., 2008; Thaker, 2008), its heritability is around 60% (van Beijsterveldt
and van Baal, 2002; Hall et al., 2006), and about 27% of variance in P300 amplitude
can be accounted for by common genetic variation (Malone et al., 2014b).
Furthermore, a significant genetic overlap of about 34% between the P300
amplitude and bipolar disorder has been observed (Hall et al., 2007). However, it is
possible that the overlap in common variants involved in both psychosis and the

P300 is small, suggesting subtle effect sizes requiring very large samples.

As for the influence of polygenic scores on measures of brain volumes, Terwisscha
van Scheltinga et al (2013a) and Papiol et al (2014) both looked at total brain, white
and grey matter volumes, and associations with schizophrenia polygenic score
based on an early version of the Psychiatric Genomics Consortium data (including
about 9400 cases of schizophrenia); the former found a significant association
whereas the latter did not. Van der Auwera et al (2015) tried to replicate this using
data from the latest Psychiatric Genomics Consortium analysis (including nearly
37,000 patients with schizophrenia), and a test sample of 1470 healthy controls.
They failed to show an association between schizophrenia polygenic score and
whole brain, grey or white matter volumes (Van der Auwera et al., 2015). My results

investigating lateral ventricular volume are in line with this.

Studies have suggested that ventricular volume has a genetic basis; heritability of
up to 70% has been observed (Carmelli et al., 2002; Kremen et al., 2010, 2012;
Peper et al., 2009; Schmitt et al., 2007) — although not in all studies (Baaré et al.,
2001; Wright et al., 2002) — and McDonald et al (2002) found increased volumes in
unaffected relatives of individuals with familial schizophrenia, but not in relatives of
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individuals with a non-familial illness. However, in a meta-analysis of 1065
unaffected relatives of schizophrenia patients and 1100 healthy controls, Boos and
colleagues (2007) did not find an overall effect in relatives. Importantly, group
differences in lateral ventricular volume in this chapter were not significant,
although when including the larger sample in chapter 4, patients had significantly
enlarged ventricles compared to controls. However, relatives and controls did not
differ significantly from each other. Taken together, this suggests that lateral
ventricular volume might not be strongly associated with genetic risk for psychosis,
and this may have contributed to my negative findings. Instead, as also discussed in
the previous chapter, the enlarged ventricles in psychosis might be due to illness

progression, or to effects of antipsychotic medication.

Overall, although research has shown that there is a genetic component
contributing to variability in the biomarkers investigated here, these are all complex
(multifactorial and heterogeneous) phenotypes, and environmental factors play
important roles too. Abnormalities in patients might be influenced by, for example,
illness duration, medications, and other environmental factors such as alcohol and
drug use, diet, stress, or childhood trauma (e.g. Arseneault, 2004; McGrath et al.,
2004; Varese et al., 2012; Vassos et al., 2012). Furthermore, all complex traits are
likely to have complex genetic influences, including a substantial polygenicity
(Geschwind and Flint, 2015; de Geus, 2014; Munafo and Flint, 2014; Rees et al.,
2015), and only a subset of SNPs associated with psychosis will also be related to
particular endophenotypes, and vice versa, suggesting that effect sizes for the
associations of overlapping genetic factors might be small (Lencz et al., 2014). This
has indeed been found for the phenotypes investigated, with the amount of
variance explained by polygenic scores mostly below 1% (Van der Auwera et al.,
2015; Hall et al., 2015; Lencz et al., 2014; Mcintosh et al., 2013; Papiol et al., 2014;
Terwisscha van Scheltinga et al., 2013a, 2013b; Whalley et al., 2012, 2013, 2015).
Hence, it is possible that very large samples are needed to detect such subtle

effects.
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That only associations approaching significance were seen with the endophenotype
with the largest sample size of the measures tested (the block design task) suggests
that power might indeed be an issue. For the EEG and MRI measures, that are more
laborious to obtain, sample sizes in this study ranged from just over 500 to about
800, which means that a variance explained of 1-1.5% or higher could be detected,
suggesting power was limited for these phenotypes. For the cognitive
endophenotypes, however, the sample sizes were larger and a variance explained
of 0.25-0.55% or higher could be detected (see Appendix D for details of this power

analysis).

A limitation of this study — as discussed in the previous chapter — was the
heterogeneity of methods between study sites in terms of endophenotype
collection, processing and analysis. This might have added noise to the data and
thus obscured any true effects. However, an important strength of this study was
that genotyping of all samples was done at the same laboratory using the same
platform, and that all genetic analyses and quality control were completed in a

unified way.

Although common variants are thought to explain up to 30% of heritability in
psychosis, genome wide association studies to date have only significantly identified
about 3% of this (Fernandes et al., 2013; Lee et al., 2012a). More can be captured
by calculating polygenic scores, although false positives will also be included (lyegbe
etal., 2014; Wray et al., 2014). It is important to note that a larger discovery sample
used to calculate polygenic scores is likely to include a higher proportion of true
positive hits, and hence lead to a more reliable measure (Chatterjee et al., 2013;
Dudbridge, 2013; Plomin, 2013; Wray et al., 2014). Compared to the discovery
sample size used to calculate the schizophrenia polygenic score (including about
31,700 cases; Ripke et al., 2014) the discovery sample for the bipolar disorder score
was more than four times smaller — including only about 7,500 cases (Sklar et al.,
2011) — and this could thus explain the lack of findings with the bipolar disorder

polygenic score.
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Importantly, there are highly significant differences in polygenic scores between the
clinical groups, both in this sample and in previous studies (Bramon et al., 2014;
Derks et al., 2012; Purcell et al., 2009; Ripke et al., 2014), indicating that this
measure does capture genetic variants that differ between patients, unaffected
relatives, and healthy controls. However, their predictive power at the individual
level remains too low, and polygenic scores are not currently able to predict iliness
status reliably enough to be used clinically, for example as a screening tool. This
would require very large discovery data sets, a large catalogue of genetic risk
variants (potentially including both common and rare markers), and most likely the
inclusion of a combination of genetic and non-genetic risk factors such as cognition,
brain imaging, or family history, as well as age and gender (Chatterjee et al., 2013;
Dima and Breen, 2015; Dudbridge, 2013; lyegbe et al., 2014; McCarroll and Hyman,
2013; Wray et al., 2010).

In order for the polygenic score to be used clinically for diagnosis, its ability to
correctly identify both patients (i.e. its sensitivity) and healthy individuals (i.e. its
specificity) would need to be high. To evaluate the sensitivity and specificity of
potential diagnostic tests, analysis of the Receiver Operating Curve (ROC) and the
area under the curve (AUC) — the latter as a measure of accuracy, or the probability
that a randomly chosen individual with the disorder is rated as more likely to be
diseased than a randomly chosen unaffected individual — is often used (Hajian-
Tilaki, 2013; Kumar and Indrayan, 2011). An AUC of 1 indicates a perfect test,
whereas a test with an AUC of 0.5 performs at a chance-level. It is generally
assumed that a good diagnostic test should have an AUC of 0.8 or above (Ebell,
2016; Tape, 2016). The polygenic score does not currently perform at this level. | am
involved in a study where we are investigating the potential of the score to
distinguish between patients and controls (in the same sample that | have used for
my thesis), and the AUC for the schizophrenia and bipolar disorder polygenic scores
are 0.66 and 0.58, respectively. Therefore, even though both schizophrenia and
bipolar disorder risk scores can discriminate individuals with psychosis from
controls very well and group differences are highly significant, the accuracy of this
prediction does not support their use as either predictive or diagnostic tests.
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Nevertheless, the polygenic scores do provide a standardised and relatively
straightforward method to capture the contribution of common genetic variation in

these disorders and constitute a powerful research tool.

In future, as our understanding of the genetic architecture of psychosis improves,
and as discovery samples become larger, the performance of the polygenic score is
likely to be further enhanced. Polygenic scores could then be useful for testing
hypotheses about the functional effects of risk variants, or to investigate the
associations between disease risk and severity of illness, symptoms dimensions, and
treatment or functional outcomes. This method could potentially be used to stratify
populations into groups with shared genetic features, or to identify individuals at
high-risk of developing an illness (Maier et al., 2015; Wray et al., 2014).
Furthermore, using polygenic scores based on selected genetic risk variants
clustering on specific functional pathways, rather than a broad selection of SNPs,
could become beneficial in the investigation of the specific effects that genetic risk

factors for psychosis have on brain function/structure and cognition.

In conclusion, results from this study indicate that the combined effect of common
genetic risk variants for schizophrenia is nominally associated with performance on
spatial visualisation (as measures by the block design task), providing some further
evidence that this measure is an endophenotype for the disorder with shared
genetic risk variants. However, no other associations between polygenic scores for
psychosis and endophenotypes approached significance. This could be due to a lack
of power, and larger samples might be needed to detect these small effects.
Furthermore, as discovery samples get larger, and additional and better targeted
genetic information is included, the performance of polygenic scores will be further
enhanced. Larger association studies using these scores on deeply phenotyped
samples may in future provide a promising approach to investigate the functional

effects of genetic risk variants for psychosis.
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Chapter 6: General discussion

This thesis has been investigating endophenotypes for psychosis in people

diagnosed with psychotic illnesses, unaffected first degree relatives of probands,

and controls. There were four specific aims of this thesis, corresponding to the four

experimental chapters presented, and in short, | have shown that:

i)

i)

Resting state EEG activity does not appear to be a promising endophenotype
for psychosis, since no abnormalities were observed in the risk groups.
However, low frequency abnormalities in chronic patients with psychosis
could provide biomarkers for the disease that could be useful in non-genetic

research.

Effective connectivity underlying the mismatch negativity event-related
potential — specifically, the excitability of superficial pyramidal cells in
prefrontal cortex — appears to be abnormal in psychosis as well as in
unaffected relatives, indicating that this could be related to the genetic

aetiology, and is a candidate endophenotype for the illness.

The P300 event-related potential amplitude and latency, as well as working
memory and spatial visualisation are reliable endophenotypes for psychosis.
The P300 amplitude and latency appear to be distinct mechanisms, reflecting
attention and working memory, and basic processing speed, respectively.
Furthermore, individuals with psychotic illnesses, their unaffected relatives,

and healthy controls all show similar patterns of associations between pairs of
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endophenotypes, supporting the view of a continuum of psychosis across the

population.

iv) The polygenic score (a combined measure of many common genetic risk
variants) for schizophrenia predicts performance on a spatial visualisation task
at a trend-level, suggesting shared genetic risk variants between these two
traits. Larger samples are needed to yield further significant findings, and as

discovery samples continue to grow the use of polygenic scores is promising.

This thesis has thus contributed to the field of mental health research by
investigating electrophysiological, cognitive and imaging endophenotypes for
psychosis and their genetic influences. Well defined and reliably measured
endophenotypes are valuable in psychiatric research for several reasons. They can
help elucidate the functional effect of identified genetic risk factors, and they can
provide ways of identifying groups of people with similar abnormalities, both within
and between current diagnostic categories. This could improve the understanding
of disease aetiology, point towards novel treatment targets, identify individuals at
risk of developing a disorder who will benefit from early intervention, predict
treatment and prognostic/clinical outcomes, and hopefully in the longer-term
provide improved diagnostic tools (Braff, 2015; Braff et al., 2007; de Geus, 2010;
Glahn et al., 2014; Hall and Smoller, 2010; Meyer-Lindenberg and Weinberger,
2006; Munafo and Flint, 2014).

In this final chapter | will discuss the findings from this thesis, their implications and

future work, as well as the strengths and limitations of this research.

6.1 Implications of findings and future work

6.1.1 Resting state EEG activity

The first experimental chapter investigated whether resting state EEG activity could
act as a suitable endophenotype for psychosis. This is important because alterations

in resting state activity could influence perceptual and cognitive processing
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(Baldeweg and Boyd, 2008; Finnigan and Robertson, 2011; Kam et al., 2013; Malone
et al., 2014a; Stam et al., 2002). Studies have, for example, looked at resting EEG
and ERPs in combination, and found that the amplitude and latency of ERP peaks
are related to resting EEG characteristics of the individual (Anokhin et al., 2001;
Intriligator and Polich, 1994; Lee et al., 2011; Vogel et al., 1986). Hence, it is
possible that abnormalities of resting EEG oscillations in patients with psychosis also
influence their ERP responses, and in order to understand brain responses induced
by cognitive processing, it is important to characterise endogenous differences that
may influence task related responses (Phillips and Uhlhaas, 2015). Although
patients with psychosis often show abnormalities in this measure (reviewed in
Boutros et al., 2008), studies including risk populations have shown inconsistent
findings (Alfimova and Uvarova, 2003; Gschwandtner et al.,, 2009; Hong et al.,
2012b; Narayanan et al.,, 2014; Venables et al., 2009; Winterer et al., 2001,
Wuebben and Winterer, 2001), and it was unclear whether resting EEG constitute

an endophenotype for psychosis.

Results presented in this thesis found no abnormalities in first episode patients,
individuals with an at-risk mental state, or unaffected relatives, and consequently,
resting EEG activity in the frequency bands examined is unlikely to be related to
genetic predisposition to psychosis. Rather than endophenotypes, the low
frequency abnormalities observed in chronic patients are probably related to illness
progression, symptom severity, or possibly to the longer term use of antipsychotic
medication. It has been suggested that increased delta activity is associated with
negative symptoms of psychosis (Lavoie et al., 2012), and specifically with a lack of
motivation and anhedonia (Knyazev, 2012). Furthermore, the use of antipsychotics
has been associated with a slowing of the EEG signal (Hyun et al., 2011; Knott et al.,
2001; Schuld et al., 2000).

Unfortunately, data was not available for the whole of my current sample to
investigate these factors with sufficient statistical power (discussed in limitations

section below). This is however an important avenue for future work and
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longitudinal studies starting with medication-naive patients are needed to

disentangle the medication effects from the effects of the illness progression itself.

Nevertheless, the increased low frequency resting state EEG activity in chronic
patients could be a useful biomarker in non-genetic research, for example as a
prognostic or medication-response predictor. Resting EEG has several advantages
over other electrophysiological measures: It is easy to collect and can be performed
in a wide range of settings, it is also well tolerated by most patients as it does not
require the participant to follow instructions or concentrate on a task (Anokhin,
2014; Winterer et al., 2001). This contributes to its suitability as a potential clinically

useful biomarker.

6.1.2 Dynamic causal modelling of the mismatch negativity

The second experimental chapter investigated brain connectivity — with a focus on
the gain or excitability of superficial pyramidal cells — underlying the mismatch
negativity (MMN) evoked potential, using dynamic causal modelling (DCM). The
MMN has been linked to NMDA receptor function (e.g. Naatanen et al., 2012;
Schmidt et al., 2012a), and glutamatergic theories of psychosis propose that
hypofunction of NMDA receptors causes a loss of synaptic gain control (Harrison et

al., 2011; Lisman et al., 2008; Phillips and Silverstein, 2013; Stephan et al., 2006).

This was the first study using DCM to investigate the MMN in patients with
psychosis as well as their unaffected relatives, and results suggested that the
excitability of superficial pyramidal cells in response to the MMN task could be a
potential endophenotype for psychosis. There were both context-dependent
(condition-specific) and context-independent abnormalities in patients as well as in

those with a genetic risk for psychosis.

Analysing EEG data at the scalp level has provided a wealth of information about
changes of brain function in psychosis; however, source-level analyses such as DCM
are important complementary approaches that can capture additional information

provided by EEG data (Anokhin, 2014; Michel and Murray, 2012). DCM can be used
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as a tool to acquire detailed and specific measures of brain effective connectivity,
including potential endophenotypic markers. This could in future provide clinically
useful means of identifying individuals at risk of developing a disorder or to predict
clinical and treatment outcomes. The use of DCM and effective connectivity is
advantageous because it provides neurophysiologically plausible measures that can
point towards causative processes, such as the excitability of certain neuronal
populations. Such detailed measures of brain function could help elucidate the
functional effects of identified genetic risk markers, provide new treatment targets
and, eventually, novel clinically useful markers of disease (Adams et al., 2015;
Brodersen et al., 2014; Montague et al., 2012; Stephan and Mathys, 2014; Stephan
et al., 2006). This is in contrast to measures of functional brain connectivity, which
refers to statistical correlations among regional activity that is not causal and
provides only limited insight into disease mechanisms (Brodersen et al., 2014;

Friston, 2011).

To produce well-defined and reliable measures using DCM would, of course, require
careful validation work and independent replications, as well as longitudinal studies
to test clinical predictions (Stephan and Mathys, 2014). Since DCM is a complex
analysis method, automated analysis protocol would need to be developed,
enabling users without high levels of expertise in DCM to process large numbers of
individuals rapidly. In future, it might be possible to obtain EEG data from an
individual, process it using a validated and standardised protocol in DCM, and
extract measures of effective connectivity that could be used clinically as

biomarkers or endophenotypes.

Some of this work is underway. For example, using machine learning and DCM for
fMRI during a working memory task, it has been shown that DCM measures of
effective connectivity (within a network of visual, parietal, and prefrontal regions)
can distinguish between patients and controls more accurately than measures of
functional connectivity (i.e. the statistical correlation between activity of the
sources) in the same network (Brodersen et al., 2014). Furthermore, in the same

study, Brodersen et al (2014) showed that patients could be subdivided into three
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groups based on their DCM-derived measures of effective connectivity during the
working memory task — that mapped onto three clinically distinct groups differing in
negative symptom scores. Although this needs replication, it shows the great

potential of DCM.

In addition, compared to DCM for fMRI, using DCM for EEG data — a direct measure
of brain activity, with precise temporal resolution of millisecond accuracy — provides
a more detailed and realistic neuronal mass model. This makes it possible to
distinguish different types of neurons and synaptic connections when using EEG,
whereas using fMRI one is currently limited to connectivity between large neuronal
populations (Brodersen et al., 2014; Friston, 2011; Stephan and Mathys, 2014).
DCM for EEG can thus lead to more nuanced measures than is possible using fMRI
data, to use as biomarkers or endophenotypes for psychosis and other psychiatric

illnesses.

Most DCM studies to date investigate connectivity underlying various cognitive
processes. However, it is of course also possible to utilise resting state data for this
type of analysis (Kiebel et al., 2009; Moran, 2015; Moran et al., 2009). It has been
suggested that an increase in low frequency resting EEG relative to higher
frequencies — as seen in chronic patient with psychosis — could be related to
changes in synaptic gain (Kilner et al., 2005). This could be tested empirically using

DCM.

6.1.3 Associations between endophenotypes

Moving away from the identification of new endophenotypes, the third
experimental chapter of this thesis investigated the relationships between several
known endophenotypes for psychosis. This included measures of cognition,
electrophysiology, and brain structure — with the aim of, in particular, characterising
the P300 event-related potential. This is important because to optimise the use of
endophenotypes for future genetic studies, they need to be carefully characterised,

for example by assessing the relationships between different multi-modal
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endophenotypes. Furthermore, replication of group differences between patients,
their relatives, and controls in large multi-centre studies is vital since this type of
studies are needed to be able to acquire the large sample sizes required for genetic

analyses.

Results supports the notion that the amplitude and latency of the P300 are
independent markers; the amplitude an index of attention and working memory,
while the latency might be conceptualised as a correlate of basic speed of
processing (Ford, 2014; Naatanen, 1990; Polich, 2007, 2011). A further conclusion of
this study is that individuals with psychotic illnesses, their unaffected relatives, and
healthy controls all show similar patterns of associations between all pairs of
endophenotypes, endorsing the theory of a continuum of psychosis across the
population (Allardyce et al., 2007; DeRosse and Karlsgodt, 2015; Esterberg and
Compton, 2009).

Importantly, this study replicated previous findings supporting the endophenotypic
status of several markers, including the P300 amplitude and latency, and cognitive
measures (digit span and block design, measuring working memory and spatial
visualisation, respectively). However, lateral ventricular volume and verbal memory
were not significantly different between controls and unaffected relatives of

patients, suggesting they might not be related to genetic risk for psychosis.

The nature of multi-centre studies inevitably leads to some heterogeneity between
sites in the methods used to obtain and analyse the data (Costafreda, 2009;
Shokouhi et al., 2011; Suckling et al., 2008, 2012). This is clearly a limitation by
adding noise to the data, and work needs to be done to ensure methods are as
uniform as possible. However, utilising data from different centres makes it possible
to achieve the large sample sizes needed for genetic analyses. It is important to
note the main findings seen in this study, indicating that it is indeed possible to
merge data collected at different locations. That significant group differences were
observed for the majority of measures in this large sample collected across several
research centres in Europe and Australia support their robust nature as
endophenotypes for psychosis.
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6.1.4 Polygenic risk scores and their link to psychosis endophenotypes

In the fourth and last experimental chapter, polygenic risk scores —a measure of the
combined effect of a large number of common genetic risk factors of small
individual effects — were used to investigate the relationship between genetic risk
for schizophrenia and bipolar disorder, and several endophenotypes for psychosis.
This is a novel method to investigate polygenic risk, and its use has increased rapidly
in the last few years. The study presented here was one of the first to investigate
polygenic scores and a range of endophenotypes of different modalities in
psychosis, including a large family based sample of over 4000 individuals. Although
endophenotypes were collected across several sites, all genetic analyses were

conducted at the same laboratory using a unified methodology.

Results showed that common genetic variants associated with schizophrenia predict
performance on a spatial visualisation task at a trend-level of significance. This
suggests some further evidence that this cognitive measure is an endophenotype
for the disorder with shared genetic risk variants between the traits. Hence, it was
shown that with a sufficiently large sample size, the use of polygenic scores have
the potential to confirm hypotheses about endophenotypes, by showing that such
traits do share genetic risk variants with the disorder as hypothesised. Furthermore,
studies such as this can help us to understand the mechanisms through which
common genetic variation leads to the onset of the disease. Finally, with larger
discovery samples, which are being collected through large international
collaborations such as the Psychiatric Genomics Consortium, the performance of
polygenic scores is likely to improve in future (Chatterjee et al., 2013; Dudbridge,

2013; Plomin, 2013; Wray et al., 2014).

It is also important to acknowledge that many types of genetic risk factors have now
been identified. The polygenic score currently only includes common variants of
very small individual effects (odds ratios < 1.2, and present in more than 1% of the
population (McCarthy et al., 2008)). However, rare variants of larger effects, such as
copy number variants, associated with psychosis have also been identified (Grozeva

et al., 2011; Stefansson et al., 2008; Stone et al., 2008; Walsh et al., 2008; Xu et al.,
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2008). These are only observed in less than 1% of the population (often in as little as
0.1% of individuals), but they carry significantly increased risk, with odds ratios from
3 and up to >50 (Kirov et al., 2014, 2015; Mowry and Gratten, 2013; Stefansson et
al., 2014). Including such risk markers in the polygenic score might increase its

predictive value.

In combination with other measures — such as demographic (e.g. age, gender,
family history), clinical (e.g. age of onset, symptom scores), brain structure and
function, performance of cognitive tests, and rare genetic risk factors (e.g. copy
number variants) — the clinical usefulness of polygenic scores is likely to be
enhanced further (Chatterjee et al., 2013; Dima and Breen, 2015; Dudbridge, 2013;
lyegbe et al., 2014; McCarroll and Hyman, 2013; Wray et al., 2010). Polygenic scores
could, for example, be used to identify individuals at high risk of developing
psychosis that would most benefit from early assessments and interventions
ranging from psycho-education to reduce environmental risks to early treatment
with psychological therapies (Maier et al., 2015; Wray et al., 2014). Such uses of
polygenic methods for stratification of individuals have come further in other fields,
for example in cancer research (Chowdhury et al., 2013; Hawken et al., 2010; So et
al.,, 2011). For breast and prostate cancer, it has been shown that including
polygenic risk scores in addition to age can reduce the number of individuals
screened, whilst still detecting the majority of cases that were identified using a

predictive model only including age (Pashayan et al., 2011).

Of course, phenotypes such as those derived from DCM could be combined with
polygenic risk score analyses to, for example, test whether measures of brain
connectivity share genetic risk variants with psychosis, and to investigate the
functional effect of identified genetic risk markers’. Eventually, suitable
endophenotypes for psychosis could be incorporated along with polygenic scores in

a clinical prediction model including both genetic and brain functional measures.

% It is worth noting here that although cortical excitability during the MMN task appears to be an
endophenotype for psychosis (as shown in chapter 3), it was not possible at this stage to include this
measure in the associations with polygenic scores, because the sample size (N=84) was not large
enough for a genetic analysis.
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In summary, while the schizophrenia and bipolar disorder polygenic scores can
discriminate cases from controls very well, their modest sensitivity and specificity
precludes their use as a diagnostic or prognostic tool at the individual level in
routine clinical practice (as discussed in chapter 5). Nevertheless, there is growing
interest in the potential of polygenic scores in public health strategies to help
deliver risk reduction and early treatment campaigns to those parts of the
population who need it most (Wray et al., 2013, 2014). Furthermore, polygenic
scores constitute a powerful research tool, which combined with large
epidemiological studies of environmental risks is likely to bring advances in our
understanding of the aetiology of psychotic disorders (Dudbridge, 2013; Maier et
al., 2015).

6.1.5 Future research goals

The ultimate goal of this research is to improve the lives of people living with
mental health needs, specifically psychosis. The use of endophenotypes can do this
by investigating the functional effect of genetic risk factors, in order to improve the
understanding of the aetiology of disorders. This, in turn, can help research move
towards several future goals, such as improving treatment options, devising clinical
prediction tools and personalised medicine, as well as developing new biologically-

based diagnostic systems.

Well defined and reliably measured endophenotypes could point towards potential
treatment targets, both biological and psychological. This could include, for
example, cortical excitability potentially mediated by NMDA receptors — as
estimated using DCM — or working memory dysfunction measured both using ERPs
like the P300, and through traditional cognitive tests. In terms of medications,
developing new treatment options for psychosis is vital, since about 30% of patients
do not respond well to current medications (Bertelsen et al., 2009), and
antipsychotics have significant and sometimes severe side-effects (Leucht et al.,

2012; Staring et al., 2009).
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Endophenotypes (as well as biomarkers not related to genetic aetiology) also have
the potential of being used as clinical tools, maybe to identify people at high risk of
developing an illness in order to provide early interventions, to predict who will
benefit from a particular treatment from a range of options available, and what the
course of the illness is likely to be (Fu and Costafreda, 2013; Fu et al., 2013;

Fuggetta et al., 2014; Turetsky et al., 2014).

EEG has great potential here, being non-invasive, cost-effective and easy to obtain
in a wide range of settings. It has been shown that EEG measures have some
predictive value, and that both resting state EEG activity and event related
potentials are able to identify individuals at risk who will later develop psychosis
(Bodatsch et al., 2011; Gschwandtner et al., 2009; Lavoie et al., 2012; van Tricht et
al., 2014; Zimmermann et al., 2010). In a meta-analysis of five studies and a total of
225 at-risk individuals, Bodatsch et al (2014) found that the amplitude of the
mismatch negativity event-related potential was significantly reduced in those who
later converted to psychosis compared to those who did not develop the illness.
This is early evidence that EEG parameters could be useful tools for risk prediction,

probably in combination with clinical or other factors.

In future, personalised medicine in psychiatry might be a possibility, with
treatments targeted to the needs of the individual patient, based on genetic
information as well as biomarkers/endophenotypes of, for example, physiology,
cognition or neuroanatomy. This could involve using biomarkers towards disease
stratification, that is uncovering illness subtypes to improve the way individuals are
categorised and can then choose a treatment such as a drug from several licensed
compounds (Insel and Cuthbert, 2015). Personalised medicine has come further in
other fields of medicine, such as in oncology, where diagnoses can now sometimes
be made based on molecular evidence, leading to truly individualised treatment
plans and improved outcomes (Collins and Varmus, 2015; Fenstermacher et al.,

2011).

Machine learning methods are promising here, because such approaches can find
patterns among large amounts of multivariate data to classify individuals into
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groups with similar characteristics (Bone et al., 2015; Fu and Costafreda, 2013;
Kloppel et al., 2012; Phillips, 2012). For example, Bedi and colleagues (2015) used
language patterns during clinical assessments to predict who would develop
psychosis in a clinical high-risk sample, and Costafreda et al (2009) used
neuroanatomy to predict treatment response to antidepressant medication.
Interestingly, Yang et al (2010) found that a combination of functional brain imaging
(fMRI activity during an auditory oddball task) and genetic data (a set of selected
SNPs) performed better that either measure alone in classifying patients with

schizophrenia and controls.

A longer-term goal of this research is to develop improved diagnostic measures and
nosology. Current diagnoses are based on clinical observations, relying on the
patient’s ability to communicate and the clinician’s expertise, and they are not
rooted in biology and do not reflect aetiology or prognostic factors (Brodersen et
al., 2014; Fu and Costafreda, 2013; Insel and Cuthbert, 2009; Jablensky, 2010).
Hence, there is a pressing need to improve diagnoses, and biological markers and
endophenotypes have great potential here. As the understanding of disease
aetiology improves, diagnostic categories are likely to be refined. Recent genome
wide association analyses have, for example, found that there is considerable
genetic overlap between schizophrenia and bipolar disorder, as well as some
overlap between these and major depressive disorder (Lee et al., 2013), and some
SNPs and CNVs have been found that confer risk to a range of disorders including
schizophrenia, bipolar disorder, autism spectrum disorder, attention deficit-
hyperactivity disorder, and major depressive disorder (Geschwind and Flint, 2015;

Moreno-De-Luca et al., 2010; Smoller et al., 2013).

It has been argued that to be able to advance the understanding of disease
mechanisms in psychiatry, research needs to move away from current disease
classifications to reduce heterogeneity (Owen, 2014). The Research Domain Criteria
(RDoC) is an approach introduced by the National Institute of Mental Health in the
United States in 2009, and an attempt to develop novel ways of classifying

psychiatric disorders (for research purposes initially), that are based on dimensions
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of behaviours and neurobiology (NIMH, 2015). Endophenotypes at various level of
analysis (e.g. molecular, neurophysiological, or behavioural) fit neatly with this
approach to investigate abnormalities implicated in psychiatry that might cut across
or subdivide current diagnoses (Glahn et al., 2014; Insel and Cuthbert, 2009; Owen,
2014).

Because endophenotypes identified for psychosis are often not specific to this
disorder (for example the P300 and working memory abnormalities, as discussed in
chapter 4), the development of clinically useful tools will most likely require a
combination of measures from different modalities (Borgwardt and Fusar-Poli,
2012; Prasad and Keshavan, 2008). Some studies have now shown that this
approach has predictive power, although replications are needed (e.g. Schubert et
al., 2015; Shah et al., 2012). Hence, a measure combining, for example, polygenic
scores, neurophysiological markers such as ERPs or measures of effective
connectivity, and cognitive performance — as well as family history and key clinical
variables such as age and gender — might in future be able to classify individuals into
risk groups or identify those most likely to benefit from a particular treatment. Such
a model is currently used for cardiovascular disease risk prediction, including factors
such as age, gender, ethnicity, smoking status, cholesterol levels, weight, and blood
pressure (Boon et al., 2014). The personalised medicine approach that is widely
used in oncology and other fields of medicine is gradually starting to gain influence
in mental health. As we develop a better understanding of the neurobiology of
psychosis through imaging, genomics and other research, we are identifying
suitable biomarkers. For psychosis, combined/composite markers could in future
provide a tool for the identification of individuals at high risk of developing
psychosis that would most benefit from early assessments and interventions
ranging from psycho-education to reduce environmental risks to early treatment

with psychological therapies, as discussed above.

It is important here to briefly mention the many environmental risk factors for
psychosis that have been identified and replicated. Both genetic and environmental

factors are crucial to the development of psychiatric illnesses, and there is growing
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interest in investigations on how they interact and influence each other (Kelly and
Murray, 2000; van Os et al., 2010; Stilo et al., 2011). Some of the most well
replicated environmental risk factors for psychosis include pregnancy and perinatal
factors (Hultman et al., 1999; Suvisaari et al., 2013), growing up in an urban
environment (Kelly et al., 2010; Krabbendam and van Os, 2005; March et al., 2008;
McGrath et al., 2004; Vassos et al., 2012), migration and ethnic minority position
(Bourque et al., 2010; Cantor-Graae and Selten, 2005; Fearon et al., 2006). Cannabis
use, especially when occurring at an early age, is a well characterised risk factor for
the development of schizophrenia (D’Souza et al., 2005; Di Forti et al., 2015;
Minozzi et al., 2010; van Os et al., 2002), and is the focus of research investigating
the interactions between environmental and genetic or other biological risks (Caspi

et al., 2003; Howes and Murray, 2014; lyegbe et al., 2014).

Related to this is the question of resilience; how come some people with an
increased risk for psychosis — including those with an increased genetic risk such as
first-degree relatives of patients — do not develop the illness? One key issue to keep
in mind here this is that genetics are not deterministic and although an individual
might inherit an increased genetic risk for psychosis, this does not mean that they
will develop this disorder. As per recent genome wide association studies
(Geschwind and Flint, 2015; Harrison, 2015; Ripke et al., 2014) more than one
hundred genetic variants have been identified reliably. These are common and
present individually in 5% or more of the population and indeed many people are
carriers of some of these risk variants. However, the odds ratios for these common
variants are very small (in the region of only 1.1-1.2), thus increasing the risk only by
10-20% individually. As per work from our group (Calafato, personal communication
2016), even individuals with very high polygenic risk scores for schizophrenia or
bipolar disorder might never develop the disease. Similarly, even the strongest
known genetic risk factor for schizophrenia, namely 22q.11 deletions where the
odds ratio is as high as 35, are in the majority of cases not affected with psychosis
(Jonas et al., 2014; Schneider et al., 2014). Unlike rare Mendelian diseases, the
genetics of common and complex diseases such as psychosis are far from
deterministic and the idea of protective factors that can offer resilience is worth
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emphasizing. Indeed, psychosis is not 100% heritable, and genetic factors are not
the only ones involved in whether an individual develops the disorder or not.
Environmental factors, as discussed above, are equally important. Hence, if an
individual inherits an increased genetic risk, but grows up in a supportive family
environment and gain adaptive coping mechanisms for dealing with stress, this
might protect them against the genetic risk and they might not develop the disorder
(Breitborde et al., 2007; O’Brien et al., 2006). Furthermore, although an individual
might inherit genetic risk factors for psychosis, they might also inherit genetic
factors that are protective against the illness (Maziade and Paccalet, 2013). There is
more research aiming to identify risk factors compared to protective factors for
psychosis, whereas identifying the latter is equally important and more research
should in future focus on this. Identifying what protects individuals has the
potential of leading to more efficient prevention in individuals at risk (Kelly et al.,

2010).

6.2 Strengths and limitations

There are limitations to this thesis, and although most have been stated in the
discussions for the respective experimental chapters, some are relevant to the
thesis as a whole and will be discussed briefly here. The strengths of this thesis will

also be acknowledged.

The sample studied in this thesis included a broadly defined patient group, including
individuals diagnosed with a range of psychotic illnesses — although mostly
schizophrenia and bipolar | disorder. All patients studied here have experienced
psychosis as part of their illness. Although there is clear evidence for overlapping
aetiology and risk factors (Bramon and Sham, 2001; Lee et al., 2013; Murray et al.,
2004; Smoller et al., 2013), there are also factors that are distinct between different
psychotic ilinesses, and the inclusion of a broadly defined patient group could thus
add noise to the phenotype definition (compared to a more homogenous sample).
Nevertheless, some analyses in this thesis were repeated to examine a more narrow
definition of schizophrenia, which did not change the overall conclusions.
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Furthermore, as mentioned above, since current diagnostic categories are solely
based on clinical observation and not on any biological tests, it is highly likely that
the true aetiology will not map neatly onto current diagnoses (Insel and Cuthbert,
2009; Jablensky, 2010). Therefore, it is important to study this broadly defined
group of patients, that all share some abnormalities or aspects of their illnesses
(Weiser et al., 2005), and this can be seen as a strength of this thesis. In addition,
studying a broader phenotype has the added advantage of larger sample sizes and
thus greater statistical power. Hence, both studying a narrowly and a broadly
defined group of patients are important and valid for the advancement of

psychiatric research, and should be seen as complementary approaches.

Another potential limitation of this thesis is the confounding effects of antipsychotic
medications. The majority of patients included here were taking antipsychotics that
are known to affect brain structure and function (e.g. Fusar-Poli et al., 2013; Goozée
et al., 2014; Vita et al., 2012). In macaque monkeys, for example, it has been shown
that administration of antipsychotics over 2 years lead to significant overall
reductions of both white and grey matter volumes (Dorph-Petersen et al., 2005;
Konopaske et al., 2007). Furthermore, studies into the effects of antipsychotics on
EEG activity in humans have shown that this can lead to, for example, a slowing of

the EEG signal (Hyun et al., 2011; Knott et al., 2001; Schuld et al., 2000).

However, EEG abnormalities have been reported in unmedicated patients (e.g.
Brockhaus-Dumke et al., 2008; Gallinat et al., 2004), and it has been argued that
treatment with antipsychotics might partially normalise some EEG changes
associated with psychosis, such as the reduced amplitudes of the MMN and P300
event related potentials (Su et al., 2012; Zhou et al., 2013). Nevertheless, it is
difficult to disentangle true illness effects from the effects of medications, and
antipsychotic drugs might contribute to abnormalities found in patients with
psychosis. This is one reason why studying unaffected relatives of patients is very
advantageous, and a great strength of this thesis. Unaffected relatives carry an
increased genetic risk for the illness, but do not have a diagnosis of a psychotic

illness and are not taking antipsychotic medications. This group is thus ideal to
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study effects related to genetic risk for an illness, without the confounding effects

of the disease itself, including medication.

It needs to be acknowledged, however, that relatives do not only share some of
their genetic makeup, but often also have some environmental factors in common.
This shared environment could potentially influence the phenotypes investigated,
including measures of brain function such as EEG (Rasetti and Weinberger, 2011).
There are ways of investigating this, however, including the use of adoption and
twin designs. Adoption studies can be used to confirm a genetic basis for the family
resemblance by comparing adoptees with their biological and adoptive parents.
However, these studies are difficult to conduct and prenatal and early life
environmental factors could still be shared (Cannon, 2005). Another way of
disentangle shared environmental factors from genetic influences is using twin
studies, comparing monozygotic twins sharing 100% of their DNA and dizygotic
twins sharing 50% of their genetic makeup. Research using such designs has
confirmed some EEG measures as promising endophenotypes for psychosis,
including the P300 event-related potential (Bestelmeyer et al., 2009; Hall et al.,
2009).

An additional limitation to this thesis was that demographic and clinical information
were not always available for all participants, because data were collected across
several sites and during a long time-period. For example, when investigating resting
state EEG data (chapter 2), it would have been of interest to assess associations
with clinical or cognitive variables, but this was only available for a subset of
individuals leading to a lack of statistical power for such analyses. Nevertheless, this
approach led to large sample sizes for most analyses, adding value to the main

analyses of interest here.

Lastly, this thesis has been utilising EEG data throughout, and this technique has
great advantages. It is a non-invasive and safe method that is easily assessed and
well-tolerated by participants. It is also a direct measure of brain function with
excellent temporal resolution, and it is inexpensive (Baldeweg and Boyd, 2008;
Cohen, 2014; Light and Makeig, 2015; Luck, 2005; McLoughlin et al., 2014). All this
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makes EEG suitable both for the large-scale studies needed for genetic research,

and as clinically useful markers for psychosis.

6.3 Summary and Conclusions

In summary, | have investigated endophenotypes for psychosis, and findings from
this thesis have contributed to psychiatric research by providing further evidence
that (i) resting EEG activity is not a promising endophenotype for psychosis, but that
(ii) effective connectivity underlying an auditory perceptual task could be.
Furthermore, it has been shown that (iii) a range of endophenotypes for psychosis
are available encompassing cognitive and neurophysiological domains. Although
some are highly correlated, multi-modal approaches are needed to investigate
psychosis and its genetic basis. Lastly, (iv) the use of polygenic scores has promise
for future research and as sample sizes continue to grow the polygenic score should

become more accurate and a more powerful predictor of disease susceptibility.

Well defined and reliably measured endophenotypes are valuable in mental health
research by clarifying the functional effects of identified genetic risk factors, and by
providing ways of identifying groups of people with similar abnormalities, both
within and between current diagnostic categories. Findings from this thesis will
contribute towards knowledge that can hopefully in future lead to improvements to

the lives of people affected by psychosis.
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Appendix A: Additional material Chapter 2

Here | report additional analyses to the data presented in chapter 2 of this thesis.

Correlations between outcome variables

EEG amplitude (log transformed V) in the four frequency bands and the three scalp
sites were all significantly correlated (p<0.001), with correlation coefficients ranging
between 0.29 and 0.99. Within each frequency band, correlations tended to be
stronger between neighbouring electrodes (FZ-CZ or CZ-PZ) and weaker when FZ
was compared to PZ. At the same location, delta and theta as well as alpha and beta

tended to show the strongest correlations.

Table Al. Pearson’s correlations between EEG amplitude (uV) in the four frequency bands
and the three scalp sites.

Delta Theta Alpha Beta

CZ PZ m FZ CZ Pz m FZ Cz Pz m FZ Cz PZ m

FZ 089 074 093|071 068 060 068|040 041 035 040|030 029 028 029
Sz 0.88 098 | 073 077 072 076|039 045 041 043|033 037 037 036
8 Pz 092 | 071 076 083 078|042 049 053 050|038 042 047 043
m 076 078 076 079 | 043 048 046 048 | 035 038 039 0.38
Fz 097 088 097 | 049 048 043 048 | 043 042 041 043

.g cz 093 099 | 048 050 045 049 | 0.44 047 045 046
£ Pz 096 | 0.51 054 055 056 | 046 049 053 0.51
m 051 052 049 052|045 047 047 048

74 096 0.84 096 | 058 0.54 059 0.58

2 0.89 098 | 056 0.57 0.62 0.60
g’ 24 0.95 | 048 050 0.63 0.55
m 055 055 064 059

s FZ 096 090 097
® CZ 0.94 0.99
@ pz 0.97

All correlations significant, all p < 0.001. m = mean amplitudes across FZ, CZ, PZ.

Full Statistical Results

Delta frequency band: Amplitude was significantly higher in FZ compared to CZ
(p=0.003) and PZ (p<0.001) in the control group. Furthermore, in the control group,

there were significant effects of age (p<0.001), with amplitude decreasing with age,
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and gender (p<0.001), with females showing higher amplitudes than males. There

was no significant effect of EEG lab.

Theta frequency band: Regional effects showed that, in the control group, the
amplitude reduced significantly from FZ to CZ (p=0.008) and from FZ to PZ
(p<0.001). Further, there were significant effects of age (p=0.003), with theta
amplitude reducing with age, and gender (p=0.041), with females showing higher

amplitudes than males. There was no significant effect of lab.

Alpha frequency band: In the control group, there were significant regional effects,
with the amplitude increasing from FZ to CZ (p<0.001) as well as from FZ to PZ
(p<0.001). Further, females in the control group showed significantly higher resting
alpha amplitudes compared to males (p=0.005). There were no significant effects of

age or lab in the alpha frequency band.

Beta frequency band: Regional effects showed that, in the control group, the
amplitude increased significantly from FZ to CZ (p<0.001) and from FZ to PZ
(p=0.035). Females showed significantly greater amplitudes than males in the

control group (p<0.001). There were no significant age or lab effects.
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Table A2. Full mixed model linear regression results for the four frequency bands.

Delta frequency band Theta frequency band

Coef. p 95% Cl Coef. p 95% Cl
Controls vs. Controls vs.
Relatives 0.01 0.746 -0.03 0.05 | Relatives 0.01 0.637 -0.04 0.07
ARMS -0.01 0.621 -0.05 0.03 | ARMS 0.00 0.891 -0.06 0.06
First 001 0799 -003 004 | " 0.01 0679 -0.04 0.07
episodes episodes
Chronics 0.08 <0.001 0.05 0.12 | Chronics 0.14 <0.001 0.08 0.2
FZ vs. FZ vs.
cz -0.01 0.003 -0.02 -0.01|cCz -0.01 0.008 -0.02 -0.01
Pz -0.06 <0.001 -0.06 -0.05 | Pz -0.06 <0.001 -0.07 -0.06
Covariates Covariates
Age -0.01 <0.001 -0.01 -0.01 | Age -0.01 0.003 -0.01 -0.01
Gender 0.04 <0.001 0.02 0.06 | Gender 0.03 0.041 0.01 0.07
Lab 0.02 0.272 -0.02 0.06 | Lab 0.01 0.945 -0.06 0.06
Constant 0.98 <0.001 0.90 1.05 | Constant 1.06 <0.001 0.95 1.17
Alpha frequency band Beta frequency band

Coef. p 95% ClI Coef. p 95% ClI
Controls vs. Controls vs.
Relatives -0.03 0.486 -0.10 0.05 | Relatives 0.03 0.232 -0.02 0.09
ARMS -0.05 0.254 -0.12 0.03 | ARMS -0.02 0.457 -0.08 0.04
First 001 0829 -006 008 | 001 0644 -007 0.04
episodes episodes
Chronics 0.04 0.319 -0.03 0.10 | Chronics 0.06 0.018 0.01 0.11
FZ vs. FZ vs.
Ccz 0.02 <0.001 0.009 0.027 |CzZ 0.01 <0.001 0.01 0.02
Pz 0.06 <0.001 0.051 0.069 | PZ 0.01 0.035 0.01 0.01
Covariates Covariates
Age -0.01 0.132 -0.01 0.01 | Age 0.01 0.155 -0.01 0.01
Gender 0.06 0.005 0.02 0.10 | Gender 0.07 <0.001 0.04 o0.10
Lab 0.03 0.411 -0.04 0.10 | Lab 0.05 0.102 -0.01 o0.10
Constant 0.90 <0.001 0.76 1.04 | Constant 0.90 <0.001 0.80 1.01

ARMS = At risk mental state; Cl = confidence interval; Lab = EEG laboratory

Additional post-hoc analysis: Chronic patients vs. other groups

In the delta frequency band, the chronic patient group showed significantly
increased resting EEG activity compared to all other groups (all p<0.001). All such
comparisons remained significant after correction for multiple testing. In the theta
frequency band, again, the chronic patient group showed significantly increased

activity compared to the other groups, surviving multiple testing (all p<0.001).

No group differed significantly from the chronic patient group in alpha activity.

Lastly, in the beta frequency band, the chronic patients showed increased resting
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EEG activity compared to healthy controls and first episode patients. The former

comparison did not survive correction for multiple testing for 4 tests (p=0.018), but

the difference between chronic and first episode patients remained significant

(p=0.012).

Table A3. Regression results with chronic patients as reference group.

Delta frequency band Theta frequency band
Coef. - 95% Cl Coef. P 95% Cl
value value
Chronic patients vs. Chronic patients vs.
Controls -0.08 <0.001 -0.12 -0.05 Controls -0.14 <0.001 -0.19 -0.08
Relatives -0.08 <0.001 -0.11 -0.04 Relatives -0.12 <0.001 -0.17 -0.07
ARMS -0.09 0.001 -0.15 -0.03 ARMS -0.13 0.001 -0.21 -0.05
First 008 <0.001 012 -003 ' 012 <0.001 -0.18 -0.06
episodes episodes
Alpha frequency band Beta frequency band
Coef. P 95% Cl Coef. ™ 95% Cl
value value
Chronic patients vs. Chronic patients vs.
Controls -0.03 0.319 -0.10 0.03 Controls -0.06 0.018 -0.11 -0.01
Relatives -0.06 0.047 -0.12 -0.01 Relatives -0.027 0.231 -0.07 0.02
ARMS -0.08 0.129 -0.18 0.02 ARMS -0.08 0.032 -0.16 -0.01
First 003 0494 -010 005 " 007 0012 -0.13 -0.02
episodes episodes

Mixed effects linear regression models on log transformed amplitudes with group (patient,
relative, controls) and scalp site (FZ, CZ, PZ) as fixed effects, and family and subject as random
effects. Covariates of age, gender and EEG laboratory included.
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Abstract: The mismatch negativity (MM N ) evoked potential, a preattentive brain response to a discriminable
change in auditory stimulation, is signif cantly reduced in psychosis. Glutamatergic theories of psychosis
propose that hypofunction of NM DA receptors (on pyramidal cells and inhibitory interneurons) causes aloss
of synaptic gain control. We measured changes in neuronal effective connedtivity underlyingthe MMN using
dynamic causal modeling (DCM ), where the gain (excitability) of superf dal pyramidal cells is explictly par-
ameterised. EEG data were obtained during a MMN task—for 24 patients with psychosis, 25 of their f rst-
degree unaffected relatives, and 35 controls—and DCM was used to estimate the excitability (modeled as
selfinhibition) of (source-specif c) superf dal pyramidal populations. The MMN sources, based on previous
research, induded primary and secondary auditory cortices, and theright inferior frontal gyrus. Both patients
with psychosis and unaffected relatives (to a lesser degree) showed inareased exdtability in right inferior
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frontal gyrus across task conditions, compared to controls. Furthermore, in the same region, both patients
and their relatives showed a reversal of the normal response to deviant stimuli; that is, a decrease in excitabil-
ity in comparison to standard conditions. Our results suggest that psychosis and genetic risk for the illness
are assodated with both context-dependent (condition-specif ¢) and context-independent abnormalities of
the excitability of superf dal pyramidal cell populations in the MM N paradigm. These abnormalities could
relate to NMDA receptor hypofunction on both pyramidal cells and inhibitory interneurons, and appear to
be linked to the genetic aetiology of the illness, thereby constituting potential endophenotypes for psychosis.
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INTRODUCTION

Psychotic disorders are among the most severe and
enduring mental illnesses, characterised by a distorted
sense of reality; an inability to distinguish subjective expe-
riences from the objective world. Disorders where psycho-
sis is commonly experienced indude, amongst others,
schizophrenia, bipolar disorder, and schizoaffective disor-
der [NICE, 2014; WHO, 2008].

The mismatch negativity (MM N ) event related potential is
a pre-attentive brain response to a discriminable change in
auditory stimulation [Duncan et al., 2009; N&8ténen, 1992;
Todd et al., 2013; Umbricht et al., 2005]. Reduced MMN
amplitude is one of the most reliable f ndings in schizophre-
nia research, and since the f rst publication by Shelley et al
[1991] over 100 papers have commented on this reduced
amplitude [e.g., Baldeweg and Hirsch, 2015; Shaikh et al.,
2012; Todd et al., 2013], with a mean effect size of 0.99
[Umbricht et al., 2005). The MM N is abnormal in clinical risk
groups as well as in patients, and is a promising biomarker
for psychosis prediction [Bodatsch et al., 2014; Nagai et al.,
2013]. Furthermore, the MM N has been proposed as a poten-
tial endophenotype or a biological marker of genetic risk for
psychosis, because it is heritable [Hall et al., 2006, 2009;
Hong et al., 2012], and abnormal in f rst degree relatives of
patients, who have an increased genetic risk for psychosis
[Jessen et al., 2001; Michie et al., 2002]. However, not all stud-
ies in unaffected relatives have found MMN abnormalities
[Bramon et al., 2004; Hong et al., 2012; Kim et al., 2014].

Most previous studies of the MM N use classical electroen-
cephalogram (EEG) analysis methods that investigate the
observed amplitude of the event related potential at the sen-
sor level. However, abnormal functional integration among
brain regions or “dysconnection,” has been proposed as a
core pathology of psychosis [Friston, 1998; Stephan et al.,
2006). Motivated by this hypothesis, we investigated the
MMN in terms of the underlying neuronal connectivity. We
used dynamic causal modeling (DCM ), which explains EEG
data using a hierarchical network of dynamically coupled
sources, and estimates effective connectivity—the inf uence
that one neuronal system exerts over another—using Bayes-
ian model comparison and inversion [David et al., 2006; Fris-

ton et al., 2003]. Several previous DCM studies have found
abnormal effective connectivity in psychosis, both using
EEG/MEG [Dima et al., 2010, 2012; Fogelson et al., 2014;
Roiser et al., 2013] and fMRI methods [Crossley et al., 2009;
Deserno et al., 2012; Dima et al., 2009; Mechelli et al., 2007;
Schmidt et al., 2014). However, this is the f rst DCM study
investigating the MMN paradigm in patients as well their
unaffected relatives, with a view to examining whether
abnormal effective connectivity (and its modulation) could
act as an endophenotype for psychosis.

Our hypothesis is based on current theories of psychosis
that implicate the neuromodulation of postsynaptic excit-
ability or cortical gain control [Harrison et al., 2011; Lisman
et al., 2008; Phillips and Silverstein, 2013; Stephan et al.,
2006]. The most ubiquitous neurotransmitter receptor
involved in gain modulation is the glutamatergic N -methyl-
D-aspartate receptor (NMDA-R), which is expressed more
densely in superfcial cortical layers [Friston, 1998;
Gonzalez-Burgos and Lewis, 2012; Lakhan et al., 2013].
NMDA-R hypofunction is known to be associated with psy-
chosis; it is for example well established that NMDA-R
antagonists such as ketamine or phencyclidine produce psy-
chotomimetic symptoms in healthy individuals and worsen
symptoms in patients with schizophrenia [Gilmour et al.,
2012; Javitt and Zukin, 1991; Kantrowitz and Javitt, 2010;
Krystal et al., 1994; Lahti et al., 1995; Malhotra et al., 1996;
Pilowsky et al., 2006]. Recent genetic association studies
also implicate the NMDA-R and its postsynaptic signaling
cascade in the disorder [Purcell et al., 2014; Ripke et al.,
2014]. Furthermore, the hypofunctioning of NMDA-Rs on
inhibitory GABAergic interneurons is also thought to con-
tribute to a loss of balance between excitation and inhibi-
tion, which has been implicated in the neuropathology of
psychosis [Gonzalez-Burgos and Lewis, 2012]. Lastly,
reduced MMN amplitudes have been observed in healthy
volunteers after NMDA -R blockade, for example by admin-
istration of ketamine [Javitt et al., 1996; N&&ténen et al.,
2012; Schmidt et al., 2012a; Umbricht et al., 2000]. From a
theoretical perspective, this loss of gain control or
excitation-inhibition balance f ts comfortably with hierarchi-
cal predictive coding models of psychosis and false infer-
ence-that rest on the abnormal encoding of uncertainty or

r
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TABLE 1. Sample demographics (N 5 84)

Patients with psychosis Unaffected relatives Controls
N5 24 N5 25 N5 35
Mean age (years, SD) 346 (69.3) 43.7 (6 14.5) 41.8 (6 14.5)
Age range (years) 23-54 1662 19-69
Gender (N male/ female, % female) 18/ 6 (25%) 12/ 13 (52%) 17/ 18 (51%)
Education (mean years, SD) 136 (6 2.8) 140(63.1) 144 (637)
Diagnosis (N, %)
Schizophrenia 18 (75%) - -
Schizoaffective disorder 3 (13%) - -
Psychosis NOS 1 (4%) - -
Bipolar I disorder (w. psychosis) 2 (8%) - -
Major Depression - 3 (12%) 1(3%)
No psychiatric illness - 22 (88%) 34 (97%)
Iliness duration (mean years, SD) 12.1 (84) NA NA
Psychotropic medication (N, %) 23 (95.8%) NA NA
CPZ equivalent (mean, min-max)* 549.4 (30-1100) NA NA
Years medicated (mean, SD) 106 (6 86) NA NA
First medicated (mean years, SD) 244 (6 7.2) NA NA
PANSS (mean, SD)**
Positive 125 (6 4.6) 7.2 (6 0.6) 7.0 (6 0.0)
Negative 149 (6 5.5) 7.2(60.6) 7.0(60.0)
General 243 (6 4.9) 17.5 (6 2.0) 16.1 (6 04)
Relationship to proband (N, %)
Mother NA 4 (16.0%) NA
Father NA 9 (36.0%) NA
Sister NA 8 (32.0%) NA
Brother NA 3 (12.0%) NA
Daughter NA 1 (4.0%) NA

NA 5 not applicable; SD 5 standard deviation; NOSS5 not otherwise specif ed; * CPZ equivalent5 average chlorpromazine equivalent
dosage (mg) for those taking antipsychotic medication (N 5 18); ** PANSS positive and negative scores range from 7 to 49, PANSS gen-

eral scores range from 16 to 112

predision by the gain of (superf dal pyramidal) cells report-
ing prediction errors [Adams et al., 2013].

Given the prominence of NMDA-Rs in superf cial corti-
cal layers, it is unsurprising that the gain of superf cial
pyramidal cell populations is strongly affected by NMDA -
R function [Fox et al., 1990; Pinotsis et al., 2014]. In DCM,
this gain is parameterized as the inhibitory self-
connectivity (or “intrinsic connectivity”) of superf cial
pyramidal cells within a cortical source [Friston, 2008].
Our aim in this study was to investigate group differences
in MMN responses of patients with psychosis, their unaf-
fected relatives, and healthy controls, and test whether
these are best explained by modulations of synaptic gain
at different levels of the cortical hierarchy. We hypothes-
ised that, compared to controls, we would see abnormal
cortical gain control in both individuals with psychosis
and (to a lesser extent) in their f rst degree relatives.

MATERIALS AND METHODS
Sample and Clinical Assessment

The total sample of 84 participants included 24 patients
with a psychotic illness (75% schizophrenia, no comorbid

diagnoses; see breakdown in Table 1), 25 unaffected f rst
degree relatives of psychosis sufferers (without any perso-
nal history of a psychotic illness), and 35 unrelated con-
trols (without any personal or family history of psychotic
illnesses).

A personal history of nonpsychotic psychiatric illnesses
did not constitute an exclusion criterion for relatives or
controls, provided they were well and not taking any psy-
chotropic medication at the time of testing and for the pre-
ceding 12 months. This was to avoid recruiting biased
control groups, unrepresentative of the general and local
populations. Three relatives (12%) and one control (3%)
had a history of major depressive disorder.

Patients with psychosis and relatives were recruited
through voluntary organisations, advertisements in the
local press and from dlinical teams at the South London
and Maudsley NHS Foundation Trust. Controls were
recruited by advertisements in the local press and job
centres. Participants were excluded if they had a diagnosis
of alcohol or substance dependence in the last 12 months,
neurological disorders or a previous head injury with loss
of consciousness longer than a few minutes.

All participants were dinically interviewed to conf rm
or excdlude a Diagnostic and Statistical Manual of Mental

r 3r
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Disorders, Fourth Edition [DSM-IV; APA, 1994] diagnosis.
Instruments used induded the Schedule for Affective Dis-
orders and Schizophrenia—Lifetime version [SADSL;
Endicott and Spitzer, 1978] and the Positive and Negative
Syndrome Scale [PANSS; Kay et al., 1987]. Information
regarding psychiatric diagnoses of family members not
directly assessed was collected from the most reliable
informant(s) with the Family Interview for Genetic Studies
[FIGS; Maxwell, 1992].

All participants gave informed written consent to partic-
ipate, and the study was approved by the Institute of Psy-
chiatry Research Ethics Committee, conforming to the
standards set by the Declaration of Helsinki. This sample
is part of the larger Maudsley Family Study of Psychosis
[eq., Dutt et al., 2012; Ranlund et al., 2014; Schulze et al.,
2008; Shaikh et al., 2013].

EEG Data Acquisition

Electroencephalogram (EEG) was collected from 17 scalp
sites according to the 10/20 International system (FP1,
FP2, F7, F8, F3, F4, C3, C4, P3, P4, FZ, CZ, PZ, T3, T4, T5,
T6), grounded at Fpz using silver/ silver-chloride electro-
des [Jasper, 1958]. Vertical, horizontal, and radial electro-
oculographs monitored eye movements, and the left ear
lobe served as reference. Data were continuously digitised
at 500 Hz with a 0.03-120 Hz band-pass f Iter (24 dB/
octave roll-off). Impedances were kept below 5 kX [Bra-
mon et al., 2004, 2005].

MMN paradigm

This was a duration-deviant auditory two tone para-
digm. The stimuli were 1,200 tones (80 dB, 1,000 Hz, 5 ms
rise/ fall time), with a 300 ms inter-stimulus interval, pre-
sented in three blocks of 400 stimuli through bilateral
intra-aural earphones. 85% of the tones were “standards”
(25 ms duration), and 15% were “deviants” (50 ms dura-
tion) [Hall et al., 2009; Shaikh et al., 2012]. The total dura-
tion of the experiment was about 10 min.

Participants were sitting comfortably in an armchair,
and were instructed to keep their eyes open, f xate on a
point in front of them, and disregard the sounds
presented.

The classical group comparisons of the MMN amplitude
in this sample have been reported in a previous study
[Bramon et al., 2004]. Here we undertake a new analysis
of effective connectivity during the MMN task.

EEG Data Preprocessing

Sgnal processing was conducted using SPM 12b
(httpy / www f Lion.ud.ac.uk/ spm/ software/ spm12) [Lit-
vak et al., 2011] and FieldTrip (httpy/www.f eldtrip.nl)
[Oostenveld et al., 2011] in MATLAB R2013b (www.math-
works.co.uk).

The raw EEG data were converted to SPM format, and
re-referenced to the common average. A high-pass f Iter of
0.5 Hz was applied, followed by a low-pass 70 Hz f Iter. A
stop-pass (49-50 Hz) flter was also applied, to remove
line noise. The data were then downsampled to 200 Hz,
and epoched with a peristimulus window of 2 100 to 300
ms. Baseline correction was performed using the 100 ms
before stimulus onset.

Independent Component Analysis was used to correct
for ocular artefacts in the data. The EEG activity was
decomposed into 17 independent components, of which a
maximum of two that dearly corresponded to eye blinks
were removed from the data. Additional automatic artefact
rejection was then conducted, removing any trials whose
activity exceeded 6 70| V across all channels. This resulted
in an average of 45 trials (3.7%) being rejected per partici-
pant, which did not differ between the three groups
(F(2,81)51.1,P 5 0.3).

The EEG data were then averaged using robust averag-
ing in SPM. This procedure produces the best estimate of
the average by weighting data points as a function of their
distance from the sample mean, so that outlier values have
less inf uence on the overall mean [Wager et al., 2005].
This was followed by an additional low-pass f Iter of 70
Hz, as recommended with robust averaging [Litvak et al.,
2011].

The grand average event related potential waveforms
across subjects were computed for patients, relatives and
controls separately. The use of grand average waveforms
ensures cleaner (almost noiseless) data for each group and
condition. Grand averages retain features that are con-
served within groups, and suppress individual differences.
These grand averages constitute six event related poten-
tials—one for each group and stimulus condition (stand-
ard and deviant tones)—that were characterised in the
subsequent DCM analysis [Fogelson et al., 2014].

Dynamic Causal Modeling

Dynamic causal modeling (DCM) explains measured
data using a hierarchical network of dynamically interact-
ing sources, and estimates effective connectivity (the inf u-
ence that one neuronal system exerts over another), using
Bayesian model inversion [Friston et al., 2007]. DCM was
originally developed for fMRI [Friston et al., 2003] and
was subsequently generalised to other modalities, indud-
ing evoked responses measured by EEG [David et al.,
2006].

DCM permits source reconstruction whilst incorporating
biological constraints on neuronal dynamics and coupling
[David et al., 2005; Kiebel et al., 2009; Pinotsis et al., 2012].
The neuronal model makes predictions about the dynam-
ics of each source based on the underlying anatomy and
biology. We used the canonical microdircuit neural mass
model [Bastos et al., 2012], in which each neural source
comprises four cell populations: Superfcal and deep
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pyramidal cells, spiny stellate cells and inhibitory inter-
neurons. Each source is connected to other sources via
extrinsic exctatory connections, and cell populations
within sources are connected to each other via intrinsic
connections [Pinotsis et al., 2013]. In this study, we
focused on the self-inhibition of superf cial pyramidal cell
populations (see Supporting Information Fig. S1), because
the strength of this connection ref ects the gain (or excit-
ability) of this population, which is linked to NMDA-R
function.

Each source (i.e., each node in the network) was mod-
eled with a single equivalent current dipole under bilateral
symmetry assumptions [Kiebel et al., 2006]. We used a
boundary elements head model [Fuchs et al.,, 2001] to
approximate the brain, cerebrospinal f uid, skull and scalp
surfaces. A canonical MRI head model was used, and core-
gistration of electrode positions and head model was per-
formed for each subject to map the Montreal Neurological
Institute coordinates to points on the head.

Following standard practice, the EEG data were pro-
jected onto eight spatial modes to ensure more robust
model inversion and dynamical stability. These are the
eight principal components or modes of the prior predic-
tive covariance in sensor space [Fastenrath et al., 2009].
We modeled responses from 0 to 250 ms post stimulus
onset, to ensure selective modeling of the MMN response
pe sg, rather than later components [Garrido et al., 2008].

DCM specification

In DCM, Bayesian inference is used to optimise neural
source dipoles based on a priori information about their
locations. This information is available from studies inves-
tigating the sources underlying the MMN—using fMRI
[Molholm et al., 2005; Rinne et al., 2005; Schénwiesner
et al., 2007], PET [Dittmann-Balcar et al., 2001; Méller
et al., 2002], EEG/ MEG [Deouell et al., 1998; Fulham et al.,
2014; Jemel et al., 2002; Rinne et al., 2000; Tiitinen et al.,
2006), and DCM [Garrido et al., 2007, 2008, 2009a]—show-
ing that the MMN is generated by temporal and frontal
sources. Using DCM, the model with the most evidence
consists of a three-level hierarchy comprising bilateral pri-
mary auditory cortices (Heschl’s gyrus, A1), bilateral supe-
rior temporal gyri (STG), and the right inferior frontal
gyrus (rIFG). The frontal source is lateralised to the right
hemisphere for auditory paradigms [Garrido et al., 2009;
Levanen et al., 1996].

Following Garrido et al. [2008], we included the follow-
ing f ve sources, with prior source locations in our DCM
analysis (in Montreal Neurological Institute coordinates):
Left A1(242 222, 7), right A1 (46, 2 14, 8), left STG (2 61,
2 32, 8), right STG (59, 2 25, 8), and right IFG (46, 20, 8),
illustrated in Figure 1A. DCM incorporates source recon-
struction, and the inversion algorithm provides eff cent
Bayesian estimates of dipole sources that optimise these
[David et al., 2005; Kiebel et al., 2009].

Our DCM assumes the existence of extrinsic (forward
and backward) connections between, and intrinsic (inter-
laminar and intralaminar) connections within the specif ed
sources. This has been supported by previous MMN
research [Dietz et al., 2014; Garrido et al., 2007, 2008,
2009a]. We also induded lateral connections linking left
and right A1 and STG [Schmidt et al., 2012b]. Auditory
stimuli were modeled as direct input, entering bilateral
A1. This model is shown in Figure 1B.

Experimental effects

We used condition-specif ¢ grand averaged data over all
subjects within each group, allowing us to test for the effect
of group directly, as well as the effect of condition by group
interactions [e.g., Fogelson et al., 2014; Kiebel et al., 2007].
In other words, the grand averages were treated as the six
cells of a 2 3 3 factorial design, with two levels of
“condition” (standard and deviant tones) and three levels
of “group” (controls, relatives and patients with psychosis).

Group effects were def ned as (i) having a genetic risk for
psychosis (controls versus relatives and patients combined)
and (ii) having a diagnosis of a psychotic illness, irrespec-
tive of genetic risk (relatives versus patients). We tested for
a main effect of diagnosis and genetic risk on effective con-
nectivity, and the interactions with the effect of condition
(standard versus deviant tones). The interactions ref ect a
diagnosis or risk effect on deviant-related changes in effec-
tive connectivity or postsynaptic sensitivity.

Bayesian model selection was used to fnd the model
with the largest (free energy approximation to the) log
model evidence, among the models tested, where models
are penalised for increased complexity [Penny et al., 2004].
A difference in log evidence of three or more is considered
strong evidence in favour of a model, corresponding to an
odds ratio of about 20:1 [Friston and Penny, 2011].

Before testing for the effects of genetic risk and diagno-
sis, we established the best model to explain the effect of
the deviant stimulus across all three groups. We consid-
ered eight candidate models with modulations of forward,
backward and/or intrinsic connections. The model that
allowed for modulations of intrinsic connections (self-inhi-
bition of superf cial pyramidal populations) only had the
highest evidence, and was used in all subsequent analyses
(see Supporting Information Figs. S2 and S3).

To study the effects of genetic risk and diagnosis we used
Bayesian model selection to establish where in the hierar-
chy synaptic gain—intrinsic (self-inhibitory) connectivity—
was modulated. Our model space consisted of models with
modulations of intrinsic connections at each of the hierarch-
ical levels (A1, STG, rIFG), and all combinations of these. A
total of 8 models were thus compared, shown in Figure 2.

Having established the model with the greatest evi-
dence, we examined the posterior estimates of the effective
connectivity under this model [Friston and Penny, 2011].
We focused on changes in intrinsic connectivity induced
by the mismatch negativity, to identify any differences
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Figure 1.

Image showing (A) the prior source locations (overlad on an
MRI imege of a standard brain) and (B) the structurd nodel
used for dynamic causd modeling The sources are linked by
extrinsic (forward, backward, and laterd) connections, and each
source has intrinsic inhibitory self-<connections. A15 primery

between patients with psychosis, unaffected relatives, and
controls.

RESULTS
Sample Demographics

The demographic and clinical characteristics of the sample
are detailed in Table 1. All participants were of European
Caucasian ethnicity. Patients were signif cantly younger than
controls (t5 2.14, P5 0.04) and relatives (t5 260, P5 0.01),
and this group also contained more males compared to con-
trols (v*5 4.1, P 5 0.04) and relatives (V*5 3.8,P 5 0.05). Con-
trols and relatives did not differ signif cantly in age (t5 0.51,
P 5 0.61) or gender (V25 0.002, P 5 0.97) distributions. Impor-
tantly, patients and relatives together (i.e,, the genetic risk
group) did not differ from controls in age (t5 20.83,
P 5 0.41)or gender (v*5 1.33,P 5 0.27)distributions. Yearsin
education did not differ between groups (F5 040,P 5 0.67).

The sample comprised 63 families, each induding
between 1 and 4 individuals. 49 participants (58.3%) were
singletons, 18 (21.4%) were part of families with two mem-

auditory cortex; STG5 superior tempord gyrus; IFG5 inferior
fronta gyrus; |15 left hemisphere; r5 right hemisphere. [Color
faure can be viewed in the online issue, which is available a
wileyonlinelibrary.com]

bers in the study, 9 (10.7%) were in three-person families,
and 8 (9.5%) were part of families with four members par-
ticipating. All unaffected relatives had a f rst-degree rela-
tive with a psychotic illness, although 8 (32%) did not
have a proband participating in this study.

Mismatch Negativity Group Differences

The grand averaged event related potential waves for
patients, relatives, and controls are shown in Figure 3.
Group differences in the amplitude of the MMN wave of
this sample have been reported in a previous paper [Bra-
mon et al., 2004]: Patients with psychosis had signif cantly
reduced MMN amplitude compared to both relatives and
controls. The relatives did not differ signif cantly in MMN
amplitude compared to the controls.

Dynamic Causal Modeling Results

The Bayesian model selection results are presented in Figure
4A, showing model evidences relative to the null mode (with
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Figure 2.
Dynamic causd modeling model space; identifying group differences in intrinsic (self-inhibitory) con-
nectivity. Red arrows indicate a modulated connection. A15 primery auditory cortex; STG 5 supe-
rior temmpord gyrus; IFG 5 inferior fronta gyrus; |5 left hemisphere; r S right hemisphere. [Color
f gure can be viewed in the online issue, which is available a wileyonlinelibrary.com]

no intrinsic modulations). The model that best explained the
differences between groups allowed modulations of intrinsic
connedtivity in bilateral A1 and rIFG. The difference in mode
evidence between the winning model and the runner-up was
80. Thisis signif cant seeing as a difference of 3 (corresponding
to an odds ratio of 20:1) is considered strong evidence in
favour of the winning mode [Friston and Penny, 2011].

Figure 4B shows the posterior estimates of the modula-
tions of intrinsic connectivity in the winning model for
each group (controls, relatives, and patients) and condition
(standard and deviant trials). Note that because the intrin-
sic self-connectivity is inhibitory, increased values corre-
spond to reduced neural exctability, and vice versa.
Posterior estimates of the modulations are also shown in
Figure 5, for each source and experimental effect.

The largest effects are observed at the high-evel frontal
source (rIFG), where there are striking group differences.
First, both relatives and patients show reduced self-
inhibition (increased exdtability) across task conditions com-
pared to controls (i.e., @ main effect of having a genetic risk
for psychosis). Second, patients with psychosis show an
additional reduction in self-inhibition compared to relatives,
across task conditions (i.e., a main effect of diagnosis).

Third, there is a dear interaction between having a
genetic risk for psychosis and task condition in rIFG; both

relatives and patients show the opposite pattern of
responses to the task compared to controls. While controls
demonstrate reduced inhibition (i.e., increased excitability)

EEG activity (micro volt)

Figure 3.
EEG adtivity to standard and deviant tones for each goup (g-and
averages aooss subjedts), a channel FZ. [Color f gure can be viewed
in the online issue, which is available a wileyonlindibrarycom]
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(A) Bayesian model selection results investigating intrinsic (inhibi-
tory) modulations & different levels of the hierarchy. Log model
evidences reldive to the null model are shown. The winning
model has modulations & Al and IFG, and the difference in log
evidence between this and the runner-up is 80. (B) Changes in
intrinsic connectivity strengths under the winning model, & each

in response to deviants compared to standard tones, the
two groups with a genetic risk showed decreased excitabil-
ity in response to changes in stimulus regularities.

At the sensory level (left and right primary auditory cor-
tices, A1), all three groups show similar responses to the
MMN task conditions: Increased excitability in response to
deviant compared to standard tones.

DISCUSSION

The aim of this study was to investigate whether, com-
pared to controls, patients with psychosis and/or their

source, for patients, relatives and controls, and for standard
(std.) and deviant (dev.) trids. A15 primary auditory cortex;
STGS superior tempord gyrus; IFGS inferior frontd gyrus;
|5 left hemisphere; r5 right hemisphere. [Color fgure can be
viewed in the online issue, which is avalable & wileyonlineli-
brary.com]

unaffected relatives show altered cortical gain control
(intrinsic connectivity) within cortical sources using the
mismatch negativity (MMN) paradigm. We used DCM,
where intrinsic connectivity is a parameterisation of the (to
some extent NMDA-R mediated) exdtability of superf cial
pyramidal cells, which is thought to be abnormal in psy-
chosis [Stephan et al., 2006].

Our main f ndings were that; (i) the largest differences
in cortical responses between controls and the other
groups were expressed at the top of the cortical hierarchy
in the right inferior frontal gyrus (rIFG), rather than in pri-
mary sensory areas (A1); (ii) in rIFG, both groups with an
increased genetic risk for psychosis (patients and their
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Figure 5.
Posterior estimetes of the (log scaing of) intrinsic connection
parameters and their 95%conf dence intervals, for each source
and experimentd effects investigated. A15 primary auditory
cortex; IFG 5 inferior fronta gyrus.

relatives) demonstrated an increase in cortical excitability
across task conditions (with an additional increase in
patients compared to relatives); and (iii) the two groups
with a genetic risk for psychosis also showed a revasa of
the normal pattern of increased excitability to deviant
tones in rIFG.

Our f nding of reduced self-inhibition within rIFG across
task conditions in those with a genetic risk for psychosis—
as well as an additional reduction in patients with psycho-
sis compared to relatives—is in line with theories of
NMDA-R hypofunction in psychosis [Abi-Saab et al., 1998;
Corlett et al., 2011; Goff and Coyle, 2001; Olney et al.,
1999; Sephan et al., 2006]). Specif cally, NMDA-R hypo-
function on parvalbumin positive inhibitory interneurons
results in decreased inhibitory g-aminobutyric add
(GABA) input to (and therefore disinhibition of) pyramidal
cells and hence a loss of balance between excitation and
inhibition in prefrontal cortex [Lewis et al., 2012; Murray
et al., 2014; Pinotsis et al., 2014)]. These abnormalities may
be linked to neurophysiological disorganisation [Diez
et al., 2014], cognitive dysfunction and the development of
symptoms of psychosis [Ahn et al.,, 2011; Lewis et al.,
2008; Spencer et al., 2004].

Crudally, patients with psychosis and relatives show
the opposite pattern of rIFG responses to deviant and
standard tones, compared to controls. Controls show
reduced self-inhibition (increased excitability) in response
to deviants, whereas both patients and relatives show a
reduction in exdtability in this condition. This indicates
that those with an increased genetic risk for psychosis
(induding both relatives and patients) fail to adjust or
optimise the excitability of superf cial pyramidal cells in
response to changes of stimulus regularities.

In a visual target detection task, in which subjects had
to respond to target appearances that were either predict-
able or unpredictable, Fogelson et al. [2014] also investi-
gated differences in intrinsic connectivity in patients with
schizophrenia and healthy controls using EEG and DCM.

They found that changes in intrinsic self-inhibition in
response to predictable stimuli were signif cantly attenu-
ated in patients; this is further evidence that patients with
schizophrenia fail to adjust neuronal connectivity in
response to the context of incoming stimuli.

Our results can be interpreted in the context of predic-
tive coding theories of brain function, in which the brain
infers the causes of its sensory data using Bayesian infer-
ence by minimizing prediction errors throughout the corti-
cal hierarchy [Friston, 2008; Rao and Ballard, 1999].
Predictive coding can be implemented neurobiologically
by deep pyramidal cells sending top-down predictions
about lower level representations, and superf cial pyrami-
dal cells sending bottom-up prediction errors (the differ-
ence between the actual and predicted activity) back up
the hierarchy, in order to update the higher level represen-
tations [Friston, 2008]. These neurobiological details are
important, because superf cial pyramidal cells—that is,
prediction error units—make the primary contribution to
event related potentials [Garrido et al., 2009b; Lieder et al.,
2013]. Crudially, the infuence of ascending prediction
errors on higher representations depends upon their preci-
sion, which is thought to be encoded by the gain or excit-
ability of superfcial pyramidal cells. In this setting,
precision (inverse variance) corresponds to the conf dence
or reliability attributed to prediction errors at each level of
the cortical hierarchy [Adams et al., 2013; Feldman and
Friston, 2010].

In our MMN data, controls show increased synaptic
gain (diminished intrinsic self-inhibition) in all cortical
sources in the deviant condition—that is, their prediction
error responses to deviant tones are processed as being
unduly precise and are therefore less easily suppressed.
This is also the case for all individuals with a genetic risk
for psychosis at the primary sensory level, but in rIFG the
opposite pattern is seen. This indicates an abnormal inf u-
ence of context on prediction error responses in this group,
as has been seen not only in perceptual paradigms like the
MMN, but also in reward learning and causal inference
paradigms [Corlett et al., 2007; Murray et al., 2008].

In computational modeling work, we have shown that a
loss of precision at higher levels of a hierarchical model
can explain a loss of inf uence of context [Adams et al.,
2013]. Predictive coding simulations show that aberrant
precision or gain control can reproduce classic f ndings in
the schizophrenia literature, induding a reduced MMN
response [Adams et al., 2013]. NMDA-R hypofunction
could confound precision or gain control in two ways,
either by directly lowering synaptic gain in superf dal
pyramidal cell populations, or by reducing the excitability
of GABAergic interneurons, thereby impairing sustained
osdillatory fring of pyramidal cells and reducing their
inf uence on lower areas [Adams et al., 2013]. Our current
results lend more support to the latter mechanism, and it
would be interesting to test this hypothesis directly by
using DCM to assess the relative model evidences for
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psychosis altering the excitability of superf cal pyramidal
cell versus inhibitory interneuron populations.

Importantly, our results suggest that both patients and
their frst degree relatives have similar alterations in the
excitability of superf cial pyramidal cell populations, com-
pared to controls. This indicates that these changes are
linked to genetic risk factors, and are not merely a conse-
quence of the illness state or antipsychotic medication.
This alteration in the gain of superf cial pyramidal cells
could therefore be a potential endophenotype for psycho-
sis [Gottesman and Gould, 2003]. The use of endopheno-
types might help clarify the functional effects of genetic
risk variants identifed [Bramon et al.,, 2014; Hall and
Smoller, 2010], and further research could investigate
whether deviant-related changes in excitability can predict
genotype; for example, looking at candidate genes linked
to NMDA-R function. Other studies investigating effective
connectivity in psychosis have also observed abnormalities
in relatives of patients, incdluding children of probands
[Diwadkar et al., 2012, 2014; Winterer et al., 2003), and a
previous study by Dima et al [2013] observed associations
between fMRI derived measures of effective connectivity
and risk genes linked to GABAergic interneuron function
in patients with bipolar disorder.

Our results also suggest that patients show a further
increase in exdtability in rIFG across task conditions com-
pared to unaffected relatives. This may indicate that—at least
in prefrontal cortex—there are quantitative, rather than quali-
tative, differences between those with and without a diagnosis
of a psychotic illness but at elevated genetic risk. Alterna-
tively, this difference could be due to the effects of antipsy-
chotic medication, which is known to inf uence brain function
[eg., Joutsiniemi et al., 2001; Knott et al., 2001]. The exact
effects of psychotropic drugs on effective connectivity remain
undear; however, a study investigating effective connectivity
in schizophrenia found abnormalities in an unmedicated at-
risk group but not in f rst episode patients (prescribed anti-
psychotics), suggesting that medication might potentially nor-
malise abnormalities [Schmidt et al., 2013]. Future
longitudinal studies and research in unmedicated patient
populations are needed to address this important issue.

A limitation of the current study is that our groups dif-
fered slightly in age and gender distributions. There is evi-
dence for both age [Cooper et al., 2006; Cooray et al., 2014;
Kiang et al., 2009; N€&enen et al., 2012] and gender
[Brossi et al., 2007; Matsubayashi et al., 2008] effects on
MMN responses, although a DCM study did not f nd sig-
nif cant effects of aging on intrinsic connectivity [Moran
et al., 2014]. Importantly, however, we found the most sig-
nif cant effects when comparing those with a genetic risk
for psychosis (i.e. both relatives and patients) with con-
trols, and since these two groups did not differ in age or
gender distributions, our main f ndings are unlikely to be
inf uenced by such confounds.

Another potential limitation is the experimental proce-
dure used to elicit the MMN response. Because the MMN

is a preattentive response not depending on the person
paying attention to the sounds, it has been suggested that
using a distractor task (such as watching a silent video or
reading a book) can be advantageous [Duncan et al., 2009;
Lang et al., 1995]. In this study, no distractor task was
administered, and participants were instructed to disre-
gard the sounds presented to them. We can therefore not
control whether participants were paying attention to the
task or not. Nevertheless, this distractor-free design has
been used previously and has been shown to generate
cdear MMN responses [Bramon et al., 2004; Haenschel
et al., 2000; Javitt et al., 1998; Juckel et al., 2007]. Further-
more, attention has been found to modulate the MMN
response suggesting this ERP might not actually be inde-
pendent of attention [Auksztulewicz and Friston, 2015;
Sussman et al., 2013; Woldorff et al., 1991].

Our Bayesian model selection result indicates that both
bilateral A1 and rIFG are important in explaining group
differences in modulations of intrinsic connectivity in
response to deviant tones. However, modulations of self-
inhibition in STG do not seem to be so important (and
were not induded in the winning model). Importantly,
this does not mean that the STG makes no contribution to
group differences in responses, but merely suggests that
induding modulations in this region did not increase the
evidence for the model suff ciently to justify the increased
complexity. Our results furthermore suggest that group
differences are most pronounced in rIFG. This is in line
with past research suggesting that psychosis is associated
with abnormalities at high hierarchical levels, induding
the prefrontal cortex [reviewed in Adams et al., 2013; Har-
rison et al., 2011].

We chose to calculate condition-specif ¢ grand average
responses for each group, an approach that has been used
previously [e.g., Fogelson et al., 2014]. While this produces
cleaner data features by reducing noise and enhancing fea-
tures that are conserved over subjects, it eliminates poten-
tially interesting individual differences. Future work could
obtain subject-specif c DCM estimates, allowing the inves-
tigation of individual differences within groups, and corre-
lations between effective connectivity parameters and
various dinical and cognitive measures, as well as with
genotypes.

CONCLUSION

In summary, our main f nding is that patients with psy-
chosis as well as their unaffected f rst-degree relatives show
increased excitability in rIFG across task conditions, relative
to controls, and crucially, a loss (reversal) of the normally
increased excitability in deviant trials. Hence, our results
suggest that psychosis is associated with abnormalities of
the sensitivity (gain) control of superf cial pyramidal cell
populations, which might be inf uenced by NMDA-R hypo-
function in prefrontal cortex. These results are in line with
theories about the neuropathology and pathophysiology of
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psychosis. Importantly, abnormalities in unaffected rela-
tives of patients suggest that these alterations are linked to
the aetiology of psychosis and are potential endopheno-
types (markers of genetic risk) for the illness.
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Appendix C: Additional material Chapter 4

Here | present additional information to that presented in chapter 4 of this thesis.

Study centres

Table C1 shows the study centres included in the study, including the sample size

for each centre and the endophenotypes collected.

Table C1. Study sites and sample sizes.

. Number of participants  Endophenotypes

Affiliation Country Total C R P  contributed
The University of .

. Australia 893 224 260 409 P300,LVV, RAVLT
Western Australia
Heidelberg University Germany 78 23 19 36 P300, LVV
Ludwig-Maximilians, Block Design, Digit
University of Munich Germany 2185 2185 i © Span
GROUP consortium:
University of Amsterdam, .
University of Groningen,  Holland 2993 1484 722 787 Block Design, RAVLT,

i . . Lvv
Maastricht University,
University of Utrecht
Universidad de . .
Cantabria, Pamplona Spain 69 - - 69 Digit Span, RAVLT
Universidad de . LVV, Digit Span,
Cantabria, Santander Spain 630 359 -2 RAVLT
University of Edinburgh U.n|ted 160 87 - 73 L\./Y' Block Design,
Kingdom Digit Span
P300, LVV, Block

Institute of Psychiatry, United o
King's College London Kingdom 1746 693 486 567 Design, Digit Span,

RAVLT

C = controls; R = relatives, P = patients; LVV = lateral ventricular volume; RAVLT = Rey Auditory

Verbal Learning Task.
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Table C2. Clinical diagnoses across study centres.

Affiliation Num.ber 2l Diagnoses N (%)
patients

Schizophrenia N=343 (83.9%)
Psychotic Disorder NOS N=20 (4.9%)
Brief Psychotic Disorder N=11 (2.7%)

The University of Schizoaffective Disorder N=10 (2.4%)

Western Australia 409 Schizotypal Personality Disorder N=10 (2.4%)

(Australia) Schizophreniform Disorder N=7 (1.7%)
Bipolar Disorder N=3 (0.7%)
Delusional Disorder N=3 (0.7%)
Drug Induced Psychosis N=2 (0.5%)

. . . Schizophrenia N=29 (80.6%)
Heidelberg University 36 Schizoaffective Disorder N=5 (13.9%)

(Germany)

Schizotypal Personality Disorder

N=2 (5.6%)

GROUP Consortium:

University of

Amsterdam, University

of Groningen, 787
Maastricht University,

University of Utrecht

(Holland)

Schizophrenia

Psychotic Disorder NOS

Bipolar Disorder

Schizoaffective Disorder

Brief Psychotic Disorder
Schizophreniform Disorder
Delusional Disorder

Depression with Psychotic Features
Drug Induced Psychosis

N=464 (59.0%)
N=105 (13.3%)
N=76 (9.7%)
N=61 (7.8%)
N=24 (3.0%)
N=24 (3.0%)
N=19 (2.4%)
N=8 (1.0%)
N=6 (0.8%)

Universidad de
Cantabria, Pamplona 69
(Spain)

Schizophrenia
Schizoaffective Disorder

N=61 (88.4%)
N=8 (11.6%)

Universidad de
Cantabria, Santander 271
(Spain)

Schizophrenia
Schizophreniform Disorder
Brief Psychotic Disorder
Psychotic Disorder NOS
Schizoaffective Disorder
Delusional Disorder

N=161 (59.4%)
N=65 (24.0%)
N=21 (7.8%)
N=17 (6.3%)
N=5 (1.9%)
N=2 (0.7%)

University of
Edinburgh 73
(United Kingdom)

Schizophrenia
Bipolar Disorder

N=41 (56.2%)
N=32 (43.8%)

Institute of Psychiatry,
King's College London 567
(United Kingdom)

Schizophrenia

Bipolar Disorder
Schizophreniform Disorder
Schizoaffective Disorder
Psychotic Disorder NOS
Drug induced Psychosis

N=308 (54.3%)
N=134 (23.6%)
N=62 (10.9%)
N=35 (6.2%)
N=26 (4.6%)
N=2 (0.4%)

NOS = Not Otherwise Specified
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Family sizes

The sample included in this study was of a family-design, and Table C2 shows the

sizes of the families included.

Table C3. Family sizes.

Number of
. Number of
family members -
s families
participating
1 5545
2 456
3 306
4 214
5 49
6 17
7 10
8 2
9 1
11 1

% of families

84.00%
6.91%
4.64%
3.24%
0.74%
0.26%
0.15%
0.03%
0.02%
0.02%

Number of
individuals
5545
912
918
856
245
102
70
16
9
11

% of total
sample
63.34%
10.42%
10.49%
9.78%

2.80%
1.17%
0.80%
0.18%
0.11%
0.13%
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Appendix D: Additional material Chapter 5

Here | present additional methods and results to that presented in chapter 5 of this

thesis.

Genotyping details

This study includes a subset of data from a larger sample. Genotyping methods and

quality control details are described in full in Bramon et al (2014) and below.

DNA Sample Preparation

Genomic DNA obtained from blood for all participants was sent to the Wellcome
Trust Sanger Institute, Cambridge, United Kingdom. Samples were processed in 96-
well plate format and each plate carried a positive and a negative control. DNA
concentrations were quantified using a PicoGreen assay (Invitrogen, Life
Technologies, Grand Island, New York) and an aliquot assayed by agarose gel
electrophoresis. A sample passed quality control if the original DNA concentration

was at least 50ng/mL and the DNA was not degraded.

Genotyping Methodology and Quality Control

To track sample identity, 30 single nucleotide polymorphisms (SNPs) including sex
chromosome markers were typed on the Sequenom platform before entry to the
whole genome genotyping pipeline. Of the initial 6935 samples, 347 failed quality
control due to degraded or insufficient DNA or incorrect sex classification. The
remaining samples were sent for genotyping with the Genome-wide Human SNP

Array 6.0 at Affymetrix Services Lab (http://www.affymetrix.com).

Data Quality Control

Genotype calling was conducted using the CHIAMO algorithm (Burton et al., 2007
Marchini et al., 2007) modified for use with the Affymetrix 6.0 genotyping array.
11,610 SNPs with a study-wide missing data rate over 5% were excluded. 26,858
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SNPs with four or more Mendelian inheritance errors identified with Pedstats were
removed (Wigginton and Abecasis, 2005). Additional exclusion criteria were
departure from Hardy-Weinberg equilibrium (p < 107°) or minor allele frequency
(MAF) <0.02 with 2404 and 145,097 SNPs removed, respectively. A total of 38,895
SNPs from the X or Y chromosomes or mitochondrial DNA were also excluded from
the analysis. Finally, 9499 poorly genotyped SNPs were removed following visual
inspection of the genotyping intensity plots in the program Evoker (Morris et al.,

2010).

214 samples were excluded with more than 2% missing data across all SNPs.
Another 70 samples were excluded due to divergent genome-wide heterozygosity
(inbreeding coefficients were F > 0.076 or F < -0.076 as estimated with PLINK
(Purcell et al., 2007). Chromosomal sharing was inferred from a genome-wide
subset of 71,677 SNPs and from each duplicate pair the sample with the most
complete genotype data was kept. 70 duplicates and monozygotic twins were
removed by excluding one of each pair of individuals showing identity by descent

greater than 95%.

Initial analysis of the genotype data identified a high fraction of samples
(approximately 30%), which showed poor signal-to-noise ratio in the genotyping
assay. Because the experimental source of the problem was unclear and to ensure a
robust set of genotype calls, these samples were removed from further analysis.
The sample loss was randomly distributed across the three clinical groups (32% of

patients, 30% of relatives, and 30% of controls; xz (2 df) =3.2; p=0.20).

After quality control, 4835 individuals remained. The current study included a
subset of this larger sample, comprising 4242 individuals with endophenotypic data

available.
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Figure D1. Principal component analysis.

Plotted is the projection of the individuals included in this study (N=4242) on to
the first two principal components (PCs) of genetic structure. Individuals are
coloured according to recruitment locations as given in legend.

Number of SNPs at each threshold

The number of single nucleotide polymorphisms (SNPs) from the Psychiatric

genomics Consortium’s panel included at each of the six p-value thresholds

investigated in the study is shown in Table D1.
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Table D1. Number of SNPs included at each p-value threshold.

SNP p-value . .Number of SNI?S .

threshold (pr) Schizophrenia Bipolar Disorder
Polygenic Score Polygenic Score

pr < 5x10° 90 4

pr < 0.001 3,073 733

pr < 0.05 24,061 14,095

pr<0.1 35,410 23,988

pr< 0.5 82,045 77,030

pr<1 103,860 108,353

SNP = Single nucleotide polymorphism

Endophenotype group differences

Patients differed significantly from controls on all measures investigated except the

lateral ventricular volume. Relatives differed significantly from controls on the P300

latency, block design, digit span, and RAVLT immediate recall. These results are

presented in Table D2 and Figure D2. Also note that this is a subset of the sample

analysed in chapter 4 of this thesis, where group differences in that larger sample

are presented.
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Table D2. Endophenotype group differences.

Endophenotype

P300 amplitude

P300 latency

Lateral Ventricular

Volume

Block Design

Digit Span

RAVLT imm. recall

RAVLT del. recall

F statistics

F(2,504)=10.67
p<0.001

F(2,509)=6.73
p=0.001

F(2,789)=1.08
p=0.344

F(2,3083)=54.97
p<0.001

F(2,1431)=30.0
p<0.001

F(2,2400)=118.3
p<0.001

F(2,2378)=92.5
p<0.001

T statistics (mean difference, p-value)

Control vs
patient

0.48, p<0.001

-0.38, p<0.001

-0.12, p=0.142

0.46, p<0.001

0.54, p<0.001

0.74, p<0.001

0.65, p<0.001

Control vs
relative

0.15, p=0.211

-0.30, p=0.002

-0.06, p=0.571

0.26, p<0.001

0.52, p=0.003

0.14, p=0.003

0.07, p=0.172

Relative vs
patient

0.34; p=0.002

-0.08, p=0.461

-0.06, p=0.524

0.20, p=0.001

0.02, p=0.923

0.60, p<0.001

0.59, p<0.001

Analyses conducted on standardised scores, with study sites, participant age and gender included as
covariates. RAVLT = Rey Auditory Verbal Learning Task.
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Figure D2. Endophenotype scores across groups.

Estimated mean values of the different endophenotypes across groups (patients,
relatives, controls), with 95% confidence intervals, after controlling for covariates
(age, sex and study site). LVV= Lateral Ventricular Volume; RAVLT = Rey Auditory
Verbal Learning Task; imm. = immediate recall; del. = delayed recall.
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Full regression results

Linear regressions investigating the associations between polygenic scores for
schizophrenia and bipolar disorder, and endophenotypes. All analyses are adjusted
for covariates of age, gender, study site, group (patient, relative, controls), and
population structure, and include robust standard errors to account for correlations
within families. The schizophrenia polygenic score (Table D3) was nominally
associated with performance on the block design task. No other association
approached significance after correcting for multiple testing, and for bipolar

disorder polygenic score (Table D4), no association was significant.

Table D3. Schizophrenia polygenic scores full results.

P300 Amplitude (N=510) Digit Span (N=1437)

pr B R? p-value | pr B R? p-value
<1 -402.65  0.02% 0.780 | <1 -333.5 0.01% 0.678
<0.5 -276.1 0.01% 0.810 | <0.5 -232.14  0.01% 0.716
<0.1 3.09 <0.001% 0.996 | <0.1 37.72 0.00% 0.910
<0.05 -177.23  0.03% 0.697 | <0.05 -24.16 0.00% 0.925
<0.001 -135.99  0.19% 0.289 | <0.001 -2.84  <0.001% 0.970
< 5x10® 2.83 0.01%  0.857 | <5x10® -6.23 0.03%  0.492
P300 Latency (N=515) RAVLT immediate recall (N=2406)

pr B R? p-value | pr B R? p-value
<1 1148.7 0.13% 0.382 | <1 -99.8 0.00% 0.866
<0.5 912.47 0.12% 0.384 | <05 -137.84 0.00% 0.771
<0.1 561.47 0.17% 0.289 | <0.1 -271.72  0.04% 0.268
<0.05 384.9 0.13% 0.372 | <0.05 -147.37  0.02% 0.443
<0.001 59.04 0.04% 0.644 | <0.001 -54.94 0.04% 0.323
< 5x10™ 9.64 0.07%  0.474 | <5x10™ 4.14 0.01%  0.548
Lateral Ventricular Volume (N=795) RAVLT delayed recall (N=2384)

pr B R® p-value | pr B R’ p-value
<1 1972.66 0.39% 0.068 | <1 163.2 0.00% 0.788
<0.5 1576.21  0.39% 0.068 | <0.5 98.11 0.00% 0.839
<0.1 849.52 0.41% 0.063 | <0.1 -116.66  0.01% 0.645
<0.05 490.98 0.23% 0.172 | <0.05 -39.63 0.00% 0.839
<0.001 2.4 <0.001% 0.981 | <0.001 -48.84 0.03% 0.389
< 5x10® -13.3 0.15%  0.214 | <5x10™® 2.53 0.01%  0.706
Block Design (N=3089)

pr B R’ p-value

<1 -1177.05 0.13% 0.035

<0.5 -953.24  0.13% 0.033

<0.1 -575.57 0.18% 0.013

<0.05 -465.11  0.20% 0.009 | T = single nucleotide polymorphism (SNP) p-
<0.001 -86.06 0.09%  0.091 | value threshold; RAVLT = Rey Auditory Verbal
<5x10% -6.37 0.04% 0.280 | Learning Task
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Table DA4. Bipolar Disorder polygenic score full results.

P300 Amplitude (N=510)

Digit Span (N=1437)

pr B R® p-value | pr B R’ p-value
<1 -531.35 0.08% 0.514 | <1 211.3 0.01% 0.673
<05 -443.863 0.10% 0.454 | <0.5 109.25 0.01% 0.764
<0.1 -142.56 0.06% 0.588 | <0.1 55.96 0.01% 0.725
<0.05 -77.52 0.03% 0.678 | <0.05 -62.18 0.02% 0.590
<0.001 -3.413 0.01% 0.783 | <0.001 -11.91 0.02% 0.599
< 5x10% -1.824  0.18%  0.362 | <5x10® -0.63 0.02%  0.563
P300 Latency (N=515) RAVLT immediate recall (N=2406)

pr B R’ p-value | pr B R’ p-value
<1 -425.696  0.05% 0.613 | <1 443,53 0.05% 0.288
<05 -331.233  0.06% 0.581 | <0.5 304.44 0.04% 0.310
<0.1 -231.561 0.15% 0.354 | <0.1 176.18 0.08% 0.170
<0.05 -123.089 0.08% 0.502 | <0.05 120.78 0.07% 0.196
<0.001 -13.565 0.02% 0.684 | <0.001 23.13 0.08% 0.159
< 5x10% -0.37 0.01% 0.851 |<5x10% -0.03 <0.001% 0.966
Lateral Ventricular Volume (N=795) RAVLT delayed recall (N=2384)

pr B R’ p-value | pr B R’ p-value
<1 531.45 0.07% 0.363 | <1 514.36 0.06% 0.208
<0.5 331.89 0.05% 0.433 | <05 359.35 0.06% 0.222
<0.1 54.88 0.01% 0.771 | <0.1 162.09 0.06% 0.198
<0.05 -1.70 <0.001% 0.990 | <0.05 133.91 0.08% 0.141
<0.001 12.78 0.02% 0.642 | <0.001 25.63 0.09% 0.123
< 5x10% -1.24 0.09%  0.418 | <5x10% -0.63 0.02%  0.434
Block Design (N=3089)

pr B R’ p-value

<1 -440.98 0.05% 0.226

<0.5 -344.74 0.05% 0.190

<0.1 -115.82 0.03% 0.309

<0.05 -74.87 0.03% 0.355 | pT = Single nucleotide polymorphism (SNP) p-
<0.001 19.49 0.05% 0.198 value threshold; RAVLT = Rey Auditory Verbal
<5x10™% 1.69 0.17%  0.020 | Learning Task.
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Post-hoc power calculation

Table D5. Post-hoc power calculation.

Endophenotype

P300 event related potential
Lateral Ventricular Volume

Digit Span

Rey Auditory Verbal Learning Task
Block Design

N
515
789

1437
2400
3089

Lowest R” detectable
1.52%
1.00%
0.55%
0.32%
0.25%

Alpha level 0.05, 80% power, 7 predictor in set one (covariates) and 1 predictor in set

two (polygenic score). Reference: Soper (2015).

Table D5 shows a power calculation estimating the minimum effect size (i.e.

variance explained, R?) that could be detected with the sample size obtained for

each endophenotype.

Page | 173



Page | 174



Bibliography

Aas M, Blokland GAM, Chawner SJIRA, Choi S-W, Estrada J, Forsingdal A, et al. Summaries of plenary,
symposia, and oral sessions at the XXII World Congress of Psychiatric Genetics, Copenhagen,
Denmark, 12—16 October 2014. Psychiatr. Genet. 2015: 1.

Abi-Saab WM, D’Souza DC, Moghaddam B, Krystal JH. The NMDA antagonist model for
schizophrenia: promise and pitfalls. Pharmacopsychiatry 1998; 31 Suppl 2: 104-9.

Adams RA, Huys QJM, Roiser JP. Computational Psychiatry: towards a mathematically informed
understanding of mental iliness. J. Neurol. Neurosurg. Psychiatry 2015: jnnp—2015-310737-.

Adams RA, Stephan KE, Brown HR, Frith CD, Friston KJ. The Computational Anatomy of Psychosis.
Front. Psychiatry 2013; 4: 1-26.

Ahn K, Gil R, Seibyl J, Sewell RA, D’Souza DC. Probing GABA receptor function in schizophrenia with
iomazenil. Neuropsychopharmacology 2011; 36: 677—-683.

Alfimova M, Uvarova L. Cognitive peculiarities in relatives of schizophrenic and schizoaffective
patients: Heritability and resting EEG-correlates. Int. J. Psychophysiol. 2003; 49: 201-216.

Allardyce J, Suppes T, van Os J. Dimensions and the psychosis phenotype. Int. J. Methods Psychiatr.
Res. 2007; 16: S34-540.

Andreasen NC, Flaum M, Arndt S. The Comprehensive Assessment of Symptoms and History (CASH)
An Instrument for Assessing Diagnosis and Psychopathology. Arch. Gen. Psychiatry 1992; 49: 615.

Anokhin AP, Baal GCM van, Beijsterveldt CEM van, Geus EJC de, Grant J, Boomsma DI. Genetic
Correlation Between the P300 Event-Related Brain Potential and the EEG Power Spectrum. Behav.
Genet. 2001; 31: 545-554.

Anokhin AP. Genetic psychophysiology: advances, problems, and future directions. Int. J.
Psychophysiol. 2014; 93: 173-97.

Antonova E, Sharma T, Morris R, Kumari V. The relationship between brain structure and
neurocognition in schizophrenia: a selective review. Schizophr. Res. 2004; 70: 117-45.

APA. Diagnostic and Statistical Manual of Mental Disorders. 4th ed. Washington: American
Psychiatric Association; 1994.

APA. DSM-5: Diagnostic and statistical manual of mental disorders. 5th ed. Arlington, VA: American
Psychiatric Association; 2013.

Arseneault L. Causal association between cannabis and psychosis: examination of the evidence. Br. J.
Psychiatry 2004; 184: 110-117.

Auksztulewicz R, Friston K. Attentional Enhancement of Auditory Mismatch Responses: a DCM/MEG
Study. Cereb. Cortex 2015; 25: 4273-4283.

Van der Auwera S, Wittfeld K, Homuth G, Teumer A, Hegenscheid K, Grabe HJ. No Association
Between Polygenic Risk for Schizophrenia and Brain Volume in the General Population. Biol.
Psychiatry 2015

Ayres AM, Busatto GF, Menezes PR, Schaufelberger MS, Coutinho L, Murray RM, et al. Cognitive
deficits in first-episode psychosis: a population-based study in Sdo Paulo, Brazil. Schizophr. Res.
2007; 90: 338-43.

Baaré WFC, van Oel CJ, Hulshoff Pol HE, Schnack HG, Durston S, Sitskoorn MM, et al. Volumes of
Brain Structures in Twins Discordant for Schizophrenia. Arch. Gen. Psychiatry 2001; 58: 33.

Baddeley A. Working memory. Science 1992; 255: 556-9.

Baldeweg T, Boyd S. Clinical Neurophysiology. In: Rutter M, Bishop DVM, Pine DS, Scott S, Stevenson
J, Taylor E, et al., editor(s). Rutter’s Child and Adolescent Psychiatry. Blackwell Publishing Ltd.; 2008.

Page | 175



p. 234-250.

Baldeweg T, Hirsch SR. Mismatch negativity indexes illness-specific impairments of cortical plasticity
in schizophrenia: A comparison with bipolar disorder and Alzheimer’s disease. Int. J. Psychophysiol.
2015; 95: 145-155.

Barry RJ, Clarke AR, Johnstone SJ. A review of electrophysiology in attention-deficit/hyperactivity
disorder: I. Qualitative and quantitative electroencephalography. Clin. Neurophysiol. 2003; 114: 171
183.

Bashore TR, Wylie SA, Ridderinkhof KR, Martinerie JM. Response-specific slowing in older age
revealed through differential stimulus and response effects on P300 latency and reaction time.
Neuropsychol. Dev. Cogn. B. Aging. Neuropsychol. Cogn. 2014; 21: 633-73.

Bastos AM, Usrey WM, Adams RA, Mangun GR, Fries P, Friston KJ. Canonical Microcircuits for
Predictive Coding. Neuron 2012; 76: 695-711.

Bathelt J, O’Reilly H, de Haan M. Cortical source analysis of high-density EEG recordings in children. J.
Vis. Exp. 2014: e51705.

Bedi G, Carrillo F, Cecchi GA, Slezak DF, Sigman M, Mota NB, et al. Automated analysis of free speech
predicts psychosis onset in high-risk youths. npj Schizophr. 2015; 1: 15030.

Begi¢ D, Popovi¢-Knapi¢ V, Grubisin J, Kosanovi¢-Rajaci¢ B, Filipci¢ |, Telarovi¢ |, et al. Quantitative
electroencephalography in schizophrenia and depression. Psychiatr. Danub. 2011; 23: 355-362.

van Beijsterveldt CE, Molenaar PC, de Geus EJ, Boomsma DI. Heritability of human brain functioning
as assessed by electroencephalography. Am. J. Hum. Genet. 1996; 58: 562—-73.

van Beijsterveldt CE. EM, van Baal GC. CM. Twin and family studies of the human
electroencephalogram: a review and a meta-analysis. Biol. Psychol. 2002; 61: 111-38.

Berger H. Ueber das Elektrenkephalogramm des Menschen. Arch. fur Psychiatr. Nervenkrankheiten
1929; 87: 527-570.

Berger H. On the electroencephalogram of man. Electroencephalogr. Clin. Neurophysiol. 1969: Suppl
28:37+.

Berrettini WH. Genetic bases for endophenotypes in psychiatric disorders. Dialogues Clin. Neurosci.
2005; 7: 95-101.

Bertelsen M, Jeppesen P, Petersen L, Thorup A, @hlenschlaeger J, Le Quach P, et al. Course of illness
in a sample of 265 patients with first-episode psychosis--five-year follow-up of the Danish OPUS trial.
Schizophr. Res. 2009; 107: 173-8.

Bestelmeyer PEG, Phillips LH, Crombie C, Benson P, St.Clair D. The P300 as a possible endophenotype
for schizophrenia and bipolar disorder: Evidence from twin and patient studies. Psychiatry Res. 2009;
169: 212-219.

Birkett P, Sigmundsson T, Sharma T, Toulopoulou T, Griffiths T d., Reveley A, et al. Executive function
and genetic predisposition to schizophrenia—the Maudsley family study. Am. J. Med. Genet. Part B
Neuropsychiatr. Genet. 2008; 147B: 285—-293.

Blackwood DH, St Clair DM, Muir WJ, Duffy JC. Auditory P300 and eye tracking dysfunction in
schizophrenic pedigrees. Arch. Gen. Psychiatry 1991; 48: 899—-909.

Bodatsch M, Brockhaus-Dumke A, Klosterkotter J, Ruhrmann S. Forecasting psychosis by event-
related potentials — systematic review and specific meta-analysis. Biol. Psychiatry 2014; 77: 951—
958.

Bodatsch M, Ruhrmann S, Wagner M, Mller R, Schultze-Lutter F, Frommann |, et al. Prediction of
psychosis by mismatch negativity. Biol. Psychiatry 2011; 69: 959-966.

Bogren M, Mattisson C, Isberg P-E, Nettelbladt P. How common are psychotic and bipolar disorders?
A 50-year follow-up of the Lundby population. Nord. J. Psychiatry 2009; 63: 336—46.

Bone D, Goodwin MS, Black MP, Lee C-C, Audhkhasi K, Narayanan S. Applying machine learning to
facilitate autism diagnostics: pitfalls and promises. J. Autism Dev. Disord. 2015; 45: 1121-36.

Page | 176



Boon N, Boyle R, Bradbury K, Buckley J, Connolly S, Craig S, et al. Joint British Societies’ consensus
recommendations for the prevention of cardiovascular disease (JBS3). Heart 2014; 100: ii1—ii67.

Boos HBM, Aleman A, Cahn W, Hulshoff Pol H, Kahn RS. Brain volumes in relatives of patients with
schizophrenia: A meta-analysis. Arch. Gen. Psychiatry 2007; 64: 297-304.

Bora E, Lin A, Wood SJ, Yung AR, McGorry PD, Pantelis C. Cognitive deficits in youth with familial and
clinical high risk to psychosis: a systematic review and meta-analysis. Acta Psychiatr. Scand. 2014;
130: 1-15.

Bora E, Murray RM. Meta-analysis of cognitive deficits in ultra-high risk to psychosis and first-episode
psychosis: do the cognitive deficits progress over, or after, the onset of psychosis? Schizophr. Bull.
2014; 40: 744-55.

Bora E, Pantelis C. Meta-analysis of Cognitive Impairment in First-episode Bipolar Disorder:
Comparison with First-episode Schizophrenia and Healthy Controls. Schizophr. Bull. 2015: sbu198.

Bora E, Yucel M, Pantelis C. Cognitive functioning in schizophrenia, schizoaffective disorder and
affective psychoses: meta-analytic study. Br. J. psychiatry 2009; 195: 475-82.

Bora E, Yiicel M, Pantelis C. Cognitive impairment in affective psychoses: a meta-analysis. Schizophr.
Bull. 2010; 36: 112-25.

Borgwardt S, Fusar-Poli P. Third-generation neuroimaging in early schizophrenia: translating research
evidence into clinical utility. Br. J. Psychiatry 2012; 200: 270-272.

Bornstein RA, Schwarzkopf SB, Olson SC, Nasrallah HA. Third-ventricle enlargement and
neuropsychological deficit in schizophrenia. Biol. Psychiatry 1992; 31: 954-61.

Boutros NN, Arfken C, Galderisi S, Warrick J, Pratt G, lacono W. The status of spectral EEG
abnormality as a diagnostic test for schizophrenia. Schizophr. Res. 2008; 99: 225-237.

Boutros NN. Standard EEG: A Research Roadmap for Neuropsychiatry. New York: Springer; 2013.

Boyd JE, Patriciu I, McKinnon MC, Kiang M. Test-retest reliability of N400 event-related brain
potential measures in a word-pair semantic priming paradigm in patients with schizophrenia.
Schizophr. Res. 2014; 158: 195-203.

Braff DL, Freedman R, Schork NJ, Gottesman Il. Deconstructing schizophrenia: an overview of the use
of endophenotypes in order to understand a complex disorder. Schizophr. Bull. 2007; 33: 21-32.

Braff DL. The importance of endophenotypes in schizophrenia research. Schizophr. Res. 2015; 163:
1-8.

Bramon E, Croft RJ, McDonald C, Virdi GK, Gruzelier JG, Baldeweg T, et al. Mismatch negativity in
schizophrenia: A family study. Schizophr. Res. 2004; 67: 1-10.

Bramon E, McDonald C, Croft RJ, Landau S, Filbey F, Gruzelier JH, et al. Is the P300 wave an
endophenotype for schizophrenia? A meta-analysis and a family study. Neuroimage 2005; 27: 960—
968.

Bramon E, Psychosis Endophenotypes International Consortium, Wellcome Trust Case-Control
Consortium 2, Pirinen M, Strange A, Lin K, et al. A genome-wide association analysis of a broad
psychosis phenotype identifies three loci for further investigation. Biol. Psychiatry 2014; 75: 386—
397.

Bramon E, Shaikh M, Broome M, Lappin J, Bergé D, Day F, et al. Abnormal P300 in people with high
risk of developing psychosis. Neuroimage 2008; 41: 553-560.

Bramon E, Sham PC. The common genetic liability between schizophrenia and bipolar disorder: a
review. Curr. Psychiatry Rep. 2001; 3: 332-337.

Breteler MM, van Amerongen NM, van Swieten JC, Claus JJ, Grobbee DE, van Gijn J, et al. Cognitive
correlates of ventricular enlargement and cerebral white matter lesions on magnetic resonance
imaging. The Rotterdam Study. Stroke. 1994; 25: 1109-1115.

Brewer MB, Campbell DT, Crano WD. Testing a Single-Factor Model as an Alternative to the Misuse
of Partial Correlations in Hypothesis-Testing Research. Sociometry 1970; 33: 1.

Page | 177



Brillinger DR. Does Anyone Know When the Correlation Coefficient Is Useful? A Study of the Times of
Extreme River Flows. Technometrics 2001; 43: 266—273.

Brockhaus-Dumke A, Schultze-Lutter F, Mueller R, Tendolkar I, Bechdolf A, Pukrop R, et al. Sensory
Gating in Schizophrenia: P50 and N100 Gating in Antipsychotic-Free Subjects at Risk, First-Episode,
and Chronic Patients. Biol. Psychiatry 2008; 64: 376—-384.

Brodersen KH, Deserno L, Schlagenhauf F, Lin Z, Penny WD, Buhmann JM, et al. Dissecting psychiatric
spectrum disorders by generative embedding. Neurolmage Clin. 2014; 4: 98-111.

Brossi AB, Borba KC, Garcia CFD, Reis ACMB, Isaac M de L. Verification of the Mismatch Negativity
(MMN) responses in normal adult subjects. Braz. J. Otorhinolaryngol. 2007; 73: 793-802.

Burdick KE, Goldberg JF, Harrow M, Faull RNBS, Malhotra AK. Neurocognition as a Stable
Endophenotype in Bipolar Disorder and Schizophrenia. J. Nerv. 2006; 194: 255-260.

Burton PR, Clayton DG, Cardon LR, Craddock N, Deloukas P, Duncanson A, et al. Genome-wide
association study of 14,000 cases of seven common diseases and 3,000 shared controls. Nature
2007; 447: 661-678.

Buzsaki G. Rhythms of the Brain. New York: Oxford University Press; 2006.

Cahn W, Rais M, Stigter FP, van Haren NEM, Caspers E, Hulshoff Pol HE, et al. Psychosis and brain
volume changes during the first five years of schizophrenia. Eur. Neuropsychopharmacol. 2009; 19:
147-51.

Cannon TD. The inheritance of intermediate phenotypes for schizophrenia. Curr. Opin. Psychiatry
2005; 18: 135-40.

Cardno AG, Gottesman Il. Twin studies of schizophrenia: from bow-and-arrow concordances to star
wars Mx and functional genomics. Am. J. Med. Genet. 2000; 97: 12-17.

Carmelli D, Swan GE, DeCarli C, Reed T. Quantitative genetic modeling of regional brain volumes and
cognitive performance in older male twins. Biol. Psychol. 2002; 61: 139-155.

Chang C-KK, Hayes RD, Perera G, Broadbent MTM, Fernandes AC, Lee WE, et al. Life expectancy at
birth for people with serious mental illness and other major disorders from a secondary mental
health care case register in London. PLoS One 2011; 6: e19590.

Chatterjee N, Wheeler B, Sampson J, Hartge P, Chanock SJ, Park J-H. Projecting the performance of
risk prediction based on polygenic analyses of genome-wide association studies. Nat. Genet. 2013;
45: 400-5, 405e1-3.

Chen KC, Lee IH, Yang YK, Landau S, Chang WH, Chen PS, et al. P300 waveform and dopamine
transporter availability: a controlled EEG and SPECT study in medication-naive patients with
schizophrenia and a meta-analysis. Psychol. Med. 2013: 1-12.

Chowdhury S, Dent T, Pashayan N, Hall A, Lyratzopoulos G, Hallowell N, et al. Incorporating genomics
into breast and prostate cancer screening: assessing the implications. Genet. Med. 2013; 15: 423-32.

Clementz BA, Sponheim SR, lacono WG, Beiser M. Resting EEG in first-episode schizophrenia
patients, bipolar psychosis patients, and their first degree relatives. Psychophysiology 1994; 31: 486—
494,

Cohen MX. Analyzing Neural Time Series Data: Theory and Practice. Cambridge, MA: MIT Press
Books; 2014.

Collins FS, Varmus H. A New Initiative on Precision Medicine. N. Engl. J. Med. 2015; 372: 793-5.

Collip D, Habets P, Marcelis M, Gronenschild E, Lataster T, Lardinois M, et al. Hippocampal volume as
marker of daily life stress sensitivity in psychosis. Psychol. Med. 2013; 43: 1377-1387.

Cooper RJ, Todd J, McGill K, Michie PT. Auditory sensory memory and the aging brain: A mismatch
negativity study. Neurobiol. Aging 2006; 27: 752—-62.

Cooray G, Garrido M, Hyllienmark L, Brismar T. A mechanistic model of mismatch negativity in the
ageing brain. Clin. Neurophysiol. 2014; 125: 1774-1782.

Page | 178



Corlett PR, Honey GD, Krystal JH, Fletcher PC. Glutamatergic model psychoses: prediction error,
learning, and inference. Neuropsychopharmacology 2011; 36: 294—-315.

Corlett PR, Murray GK, Honey GD, Aitken MRF, Shanks DR, Robbins TW, et al. Disrupted prediction-
error signal in psychosis: evidence for an associative account of delusions. Brain 2007; 130: 2387-
400.

Costafreda SG, Chu C, Ashburner J, Fu CHY. Prognostic and diagnostic potential of the structural
neuroanatomy of depression. PLoS One 2009; 4: e6353.

Costafreda SG. Pooling FMRI data: meta-analysis, mega-analysis and multi-center studies. Front.
Neuroinform. 2009; 3: 33.

Crespo-Facorro B, Roiz-Santiafiez R, Pelayo-Teran JM, Rodriguez-Sanchez JM, Pérez-Iglesias R,
Gonzalez-Blanch C, et al. Reduced thalamic volume in first-episode non-affective psychosis:
correlations with clinical variables, symptomatology and cognitive functioning. Neuroimage 2007;
35:1613-1623.

Crespo-Facorro B, Roiz-Santiafiez R, Pérez-Iglesias R, Tordesillas-Gutiérrez D, Mata |, Rodriguez-
Sanchez JM, et al. Specific brain structural abnormalities in first-episode schizophrenia.: A
comparative study with patients with schizophreniform disorder, non-schizophrenic non-affective
psychoses and healthy volunteers. Schizophr. Res. 2009; 115: 191-201.

Crossley NA, Mechelli A, Fusar-Poli P, Broome MR, Matthiasson P, Johns LC, et al. Superior temporal
lobe dysfunction and frontotemporal dysconnectivity in subjects at risk of psychosis and in first-
episode psychosis. Hum. Brain Mapp. 2009; 30: 4129-4137.

Crow TJ. Positive and negative schizophrenia symptoms and the role of dopamine. Br. J. Psychiatry
1981; 139: 251-4.

David O, Friston KJ. A neural mass model for MEG/EEG: Coupling and neuronal dynamics.
Neuroimage 2003; 20: 1743-1755.

David O, Harrison L, Friston KJ. Modelling event-related responses in the brain. Neuroimage 2005;
25:756-770.

David OO, Kiebel SJ, Harrison LM, Mattout J, Kilner JM, Friston KJ. Dynamic causal modeling of
evoked responses in EEG and MEG. Neuroimage 2006; 30: 1255-1272.

Davies G, Armstrong N, Bis JC, Bressler J, Chouraki V, Giddaluru S, et al. Genetic contributions to
variation in general cognitive function: a meta-analysis of genome-wide association studies in the
CHARGE consortium (N=53949). Mol. Psychiatry 2015; 20: 183-92.

Delaneau O, Zagury J-F, Marchini J. Improved whole-chromosome phasing for disease and
population genetic studies. Nat. Methods 2013; 10: 5-6.

Deouell LY, Bentin S, Giard MH. Mismatch negativity in dichotic listening: evidence for
interhemispheric differences and multiple generators. Psychophysiology 1998; 35: 355—-365.

Derks EM, Vorstman JAS, Ripke S, Kahn RS, Ophoff RA, Consortium TSPG. Investigation of the Genetic
Association between Quantitative Measures of Psychosis and Schizophrenia: A Polygenic Risk Score
Analysis. PLoS One 2012; 7: 10.1371/annotation/6ff0353a—cc91-4d12—-896a—d1de0dc.

DeRosse P, Karlsgodt KH. Examining the Psychosis Continuum. Curr. Behav. Neurosci. Reports 2015;
2: 80-89.

Deserno L, Sterzer P, Wistenberg T, Heinz A, Schlagenhauf F. Reduced prefrontal-parietal effective
connectivity and working memory deficits in schizophrenia. J. Neurosci. 2012; 32: 12-20.

Dick DM, Jones K, Saccone N, Hinrichs A, Wang JC, Goate A, et al. Endophenotypes successfully lead
to gene identification: results from the collaborative study on the genetics of alcoholism. Behav.
Genet. 2006; 36: 112-26.

Dickinson D, lannone VN, Gold JM. Factor structure of the Wechsler Adult Intelligence Scale—lll in
schizophrenia. Assessment 2002; 9: 171-180.

Dickinson D, Ragland JD, Calkins ME, Gold JM, Gur RC. A comparison of cognitive structure in

Page | 179



schizophrenia patients and healthy controls using confirmatory factor analysis. Schizophr. Res. 2006;
85:20-29.

Dietz MJ, Friston KJ, Mattingley JB, Roepstorff A, Garrido MI. Effective connectivity reveals right-
hemisphere dominance in audiospatial perception: implications for models of spatial neglect. J.
Neurosci. 2014; 34: 5003-11.

Diez A, Suazo V, Casado P, Martin-Loeches M, Perea MV, Molina V. Frontal gamma noise power and
cognitive domains in schizophrenia. Psychiatry Res. Neuroimaging 2014; 221: 104-113.

Dima D, Breen G. Polygenic risk scores in imaging genetics: Usefulness and applications. J.
Psychopharmacol. 2015; 29: 867-871.

Dima D, Dietrich DE, Dillo W, Emrich HM. Impaired top-down processes in schizophrenia: A DCM
study of ERPs. Neuroimage 2010; 52: 824-832.

Dima D, Frangou S, Burge L, Braeutigam S, James a. C. Abnormal intrinsic and extrinsic connectivity
within the magnetic mismatch negativity brain network in schizophrenia: a preliminary study.
Schizophr. Res. 2012; 135: 23-27.

Dima D, Jogia J, Collier D, Vassos E, Burdick KE, Frangou S. Independent modulation of engagement
and connectivity of the facial network during affect processing by CACNA1C and ANK3 risk genes for
bipolar disorder. JAMA psychiatry 2013; 70: 1303-1311.

Dima D, Roiser JP, Dietrich DE, Bonnemann C, Lanfermann H, Emrich HM, et al. Understanding why
patients with schizophrenia do not perceive the hollow-mask illusion using dynamic causal
modelling. Neuroimage 2009; 46: 1180-1186.

van Dinteren R, Arns M, Jongsma MLA, Kessels RPC. P300 development across the lifespan: a
systematic review and meta-analysis. PLoS One 2014; 9: e87347.

Dittmann-Balgar A, Jiptner M, Jentzen W, Schall U. Dorsolateral prefrontal cortex activation during
automatic auditory duration-mismatch processing in humans: a positron emission tomography
study. Neurosci. Lett. 2001; 308: 119-122.

Diwadkar VA, Bakshi N, Gupta G, Pruitt P, White R, Eickhoff SB. Dysfunction and Dysconnection in
Cortical-Striatal Networks during Sustained Attention: Genetic Risk for Schizophrenia or Bipolar
Disorder and its Impact on Brain Network Function. Front. Psychiatry 2014; 5: 50.

Diwadkar VA, Wadehra S, Pruitt P, Keshavan MS, Rajan U, Zajac-Benitez C, et al. Disordered
corticolimbic interactions during affective processing in children and adolescents at risk for
schizophrenia revealed by functional magnetic resonance imaging and dynamic causal modeling.
Arch. Gen. Psychiatry 2012; 69: 231-242.

Doherty JL, O’'Donovan MC, Owen MJ. Recent genomic advances in schizophrenia. Clin. Genet. 2012;
81:103-109.

Dong C, Nabizadeh N, Caunca M, Cheung YK, Rundek T, Elkind MS V, et al. Cognitive correlates of
white matter lesion load and brain atrophy: the Northern Manhattan Study. Neurology 2015a; 85:
441-9.

Dong S, Reder LM, Yao Y, Liu Y, Chen F. Individual differences in working memory capacity are
reflected in different ERP and EEG patterns to task difficulty. Brain Res. 2015b; 1616: 146—156.

Dorph-Petersen K-A, Pierri JN, Perel JM, Sun Z, Sampson AR, Lewis DA. The influence of chronic
exposure to antipsychotic medications on brain size before and after tissue fixation: a comparison of
haloperidol and olanzapine in macaque monkeys. Neuropsychopharmacology 2005; 30: 1649-61.

Dudbridge F. Power and Predictive Accuracy of Polygenic Risk Scores. PLoS Genet 2013; 9

Duncan CC, Barry RJ, Connolly JF, Fischer C, Michie PT, Ndatanen R, et al. Event-related potentials in
clinical research: Guidelines for eliciting, recording, and quantifying mismatch negativity, P300, and
N400. Clin. Neurophysiol. 2009; 120: 1883-1908.

Dutt A, Ganguly T, Shaikh M, Walshe M, Schulze K, Marshall N, et al. Association between
hippocampal volume and P300 event related potential in psychosis: Support for the Kraepelinian
divide. Neuroimage 2012; 59: 997-1003.

Page | 180



Dutt A, McDonald C, Dempster E, Prata D, Shaikh M, Williams |, et al. The effect of COMT, BDNF, 5-
HTT, NRG1 and DTNBP1 genes on hippocampal and lateral ventricular volume in psychosis. Psychol.
Med. 2009; 39: 1783-1797.

Emerson RG, Pedley TA. Clinical neurophysiology: Electroencephalography and evoked potentials. In:
Daroff R, Feniche G, Jankovic J, Mazziotta J, editor(s). Bradley’s Neurology in Clinical Practice.
Philadelphia: Elsevier Saunders; 2012. p. 368—394.

Endicott J, Spitzer RL. A diagnostic interview. The schedule for affective disorders and schizophrenia.
Arch. Gen. Psychiatry 1978; 35: 837—-844.

Enoch M-A, Shen P-H, Ducci F, Yuan Q, Liu J, White K V, et al. Common genetic origins for EEG,
alcoholism and anxiety: the role of CRH-BP. PLoS One 2008; 3: e3620.

Esterberg ML, Compton MT. The psychosis continuum and categorical versus dimensional diagnostic
approaches. Curr. Psychiatry Rep. 2009; 11: 179-184.

Ethridge LE, Hamm JP, Pearlson GD, Tamminga CA, Sweeney JA, Keshavan MS, et al. Event-Related
Potential and Time-Frequency Endophenotypes for Schizophrenia and Psychotic Bipolar Disorder.
Biol. Psychiatry 2015; 77: 127-136.

Euser AS, Arends LR, Evans BE, Greaves-Lord K, Huizink AC, Franken IHA. The P300 event-related
brain potential as a neurobiological endophenotype for substance use disorders: a meta-analytic
investigation. Neurosci. Biobehav. Rev. 2012; 36: 572-603.

Fannon D, Tennakoon L, Sumich A, O’Ceallaigh S, Doku V, Chitnis X, et al. Third ventricle enlargement
and developmental delay in first-episode psychosis: preliminary findings. Br. J. Psychiatry 2000; 177:
354-359.

Fastenrath M, Friston KJ, Kiebel SJ. Dynamical causal modelling for M/EEG: spatial and temporal
symmetry constraints. Neuroimage 2009; 44: 154-163.

Fatouros-Bergman H, Cervenka S, Flyckt L, Edman G, Farde L. Meta-analysis of cognitive performance
in drug-naive patients with schizophrenia. Schizophr. Res. 2014; 158: 156—62.

Feldman H, Friston KJ. Attention, uncertainty, and free-energy. Front. Hum. Neurosci. 2010; 4: 215.

Fenstermacher DA, Wenham RM, Rollison DE, Dalton WS. Implementing personalized medicine in a
cancer center. Cancer J. 2011; 17: 528-36.

Fernandes CPD, Christoforou A, Giddaluru S, Ersland KM, Djurovic S, Mattheisen M, et al. A Genetic
Deconstruction of Neurocognitive Traits in Schizophrenia and Bipolar Disorder. PLoS One 2013; 8

Finnigan S, Robertson IH. Resting EEG theta power correlates with cognitive performance in healthy
older adults. Psychophysiology 2011; 48: 1083—7.

First MB, Spitzer RL, Gibbon M, Williams JBW. The structured clinical interview for DSM-III-R
personality disorders (SCID-II). Part I: Description. J. Pers. Disord. 1995; 9: 83—-91.

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation:
automated labeling of neuroanatomical structures in the human brain. Neuron 2002; 33: 341-355.

Fjell AM, Walhovd KB. P300 and neuropsychological tests as measures of aging: scalp topography
and cognitive changes. Brain Topogr. 2001; 14: 25-40.

Fletcher PC, Frith CD. Perceiving is believing: A Bayesian approach to explaining the positive
symptoms of schizophrenia. Nat. Rev. Neurosci. 2009; 10: 48-58.

Flint J, Timpson N, Munafo M. Assessing the utility of intermediate phenotypes for genetic mapping
of psychiatric disease. Trends Neurosci. 2014; 37: 733—-41.

Fogelson N, Litvak V, Peled A, Fernandez-Del-Olmo M, Friston K. The functional anatomy of
schizophrenia: A dynamic causal modeling study of predictive coding. Schizophr. Res. 2014; 158:
204-212.

Forbes NF, Carrick LA, McIntosh AM, Lawrie SM. Working memory in schizophrenia: a meta-analysis.
Psychol. Med. 2009; 39: 889—-905.

Page | 181



Ford JM. Decomposing P300 to identify its genetic basis. Psychophysiology 2014; 51: 1325-6.

Fox K, Sato H, Daw N. The effect of varying stimulus intensity on NMDA-receptor activity in cat visual
cortex. J Neurophysiol 1990; 64: 1413-1428.

Frangou S, Sharma T, Alarcon G, Sigmudsson T, Takei N, Binnie C, et al. The Maudsley Family Study,
Il: Endogenous event-related potentials in familial schizophrenia. Schizophr. Res. 1997a; 23: 45-53.

Frangou S, Sharma T, Sigmudsson T, Barta P, Pearlson G, Murray RM. The Maudsley Family Study. 4.
Normal planum temporale asymmetry in familial schizophrenia. A volumetric MRI study. Br. J.
Psychiatry 1997b; 170: 328-333.

Friston K, Kiebel S, Garrido M, David O. Dynamic causal models for EEG. In: Friston KJ, Ashburner JT,
Kiebel SJ, Nichols TE, Penny WD, editor(s). Statistical Parametric Mapping: The Analysis of Functional
Brain Images. London: Elsevier Ltd; 2007. p. 561-576.

Friston K, Penny W. Post hoc Bayesian model selection. Neuroimage 2011; 56: 2089-2099.
Friston K. Hierarchical Models in the Brain. PLoS Comput Biol 2008; 4: e1000211.

Friston KJ, Harrison L, Penny W. Dynamic causal modelling. Neuroimage 2003; 19: 1273-1302.
Friston KJ. The disconnection hypothesis. Schizophr. Res. 1998; 30: 115-125.

Friston KJ. Functional and effective connectivity: a review. Brain Connect. 2011; 1: 13-36.

Fu CHY, Costafreda SG. Neuroimaging-based biomarkers in psychiatry: Clinical opportunities of a
paradigm shift. Can. J. Psychiatry 2013; 58: 499-508.

Fu CHY, Steiner H, Costafreda SG. Predictive neural biomarkers of clinical response in depression: A
meta-analysis of functional and structural neuroimaging studies of pharmacological and
psychological therapies. Neurobiol. Dis. 2013; 52: 75-83.

Fuchs M, Wagner M, Kastner J. Boundary element method volume conductor models for {EEG}
source reconstruction. Clin. Neurophysiol. 2001; 112: 1400-1407.

Fuggetta G, Bennett MA, Duke PA, Young AMJ. Quantitative electroencephalography as a biomarker
for proneness toward developing psychosis. Schizophr. Res. 2014; 153: 68-77.

Fulham WR, Michie PT, Ward PB, Rasser PE, Todd J, Johnston PJ, et al. Mismatch negativity in recent-
onset and chronic schizophrenia: a current source density analysis. PLoS One 2014; 9: e100221.

Fusar-Poli P, Bonoldi I, Yung AR, Borgwardt SJ, Kempton MJ, Valmaggia L, et al. Predicting psychosis:
Meta-analysis of transition outcomes in individuals at high clinical risk. Arch. Gen. Psychiatry 2012a;
69: 220-229.

Fusar-Poli P, Deste G, Smieskova R, Barlati S, Yung AR, Howes O, et al. Cognitive functioning in
prodromal psychosis: a meta-analysis. Arch. Gen. Psychiatry 2012b; 69: 562-71.

Fusar-Poli P, Smieskova R, Kempton MJ, Ho BC, Andreasen NC, Borgwardt S. Progressive brain
changes in schizophrenia related to antipsychotic treatment? A meta-analysis of longitudinal MRI
studies. Neurosci. Biobehav. Rev. 2013; 37: 1680-91.

Galderisi S, Mucci A, Volpe U, Boutros N. Evidence-based medicine and electrophysiology in
schizophrenia. Clin. EEG Neurosci. 2009; 40: 62-77.

Gallinat J, Winterer G, Herrmann CS, Senkowski D. Reduced oscillatory gamma-band responses in
unmedicated schizophrenic patients indicate impaired frontal network processing. Clin.
Neurophysiol. 2004; 115: 1863-74.

Garrido M, Friston KJ, Kiebel SJ, Stephan KE, Baldeweg T, Kilner JM. The functional anatomy of the
MMN: A DCM study of the roving paradigm. Neuroimage 2008; 42: 936-944.

Garrido M, Kilner JM, Kiebel SJ, Friston KJ. Evoked brain responses are generated by feedback loops.
Proc. Natl. Acad. Sci. U. S. A. 2007; 104: 20961-20966.

Garrido M, Kilner JM, Kiebel SJ, Friston KJ. Dynamic causal modeling of the response to frequency
deviants. J. Neurophysiol. 2009a; 101: 2620-2631.

Garrido M, Kilner JM, Stephan KE, Friston KJ. The mismatch negativity: A review of underlying
Page | 182



mechanisms. Clin. Neurophysiol. 2009b; 120: 453—-463.

Gattaz WF, Mayer S, Ziegler P, Platz M, Gasser T. Hypofrontality on topographic EEG in
schizophrenia. Eur. Arch. Psychiatry Clin. Neurosci. 1992; 241: 328-332.

Gauthier AK, Chevrette T, Bouvier H, Godbout R. Evening vs. morning wake EEG activity in
adolescents with anxiety disorders. J Anxiety Disord 2009; 23: 112-117.

Geschwind DH, Flint J. Genetics and genomics of psychiatric disease. Science (80-. ). 2015; 349:
1489-1494.

de Geus EJ. From genotype to EEG endophenotype: a route for post-genomic understanding of
complex psychiatric disease? Genome Med. 2010; 2: 63.

de Geus EJC. Molecular genetic psychophysiology: A perspective on the Minnesota contribution.
Psychophysiology 2014; 51: 1203-1204.

Gibbs FA, Davis H, Lennox WG. The electroencephalogram in epilepsy and in conditions of impaired
consciousness. Arch. Neurol. Psychiatry 1935; 34: 1133-1148.

Gilmour G, Dix S, Fellini L, Gastambide F, Plath N, Steckler T, et al. NMDA receptors, cognition and
schizophrenia--testing the validity of the NMDA receptor hypofunction hypothesis.
Neuropharmacology 2012; 62: 1401-1412.

Gladsjo JA, McAdams LA, Palmer BW, Moore DJ, Jeste D V., Heaton RK. A six-factor model of
cognition in schizophrenia and related psychotic disorders: relationships with clinical symptoms and
functional capacity. Schizophr. Bull. 2004; 30: 739.

Glahn DC, Bearden CE, Cakir S, Barrett JA, Najt P, Serap Monkul E, et al. Differential working memory
impairment in bipolar disorder and schizophrenia: effects of lifetime history of psychosis. Bipolar
Disord. 2006; 8: 117-23.

Glahn DC, Bearden CE, Niendam TA, Escamilla MA. The feasibility of neuropsychological
endophenotypes in the search for genes associated with bipolar affective disorder. Bipolar Disord.
2004; 6: 171-82.

Glahn DC, Knowles EEM, McKay DR, Sprooten E, Raventds H, Blangero J, et al. Arguments for the
sake of endophenotypes: examining common misconceptions about the use of endophenotypes in
psychiatric genetics. Am. J. Med. Genet. B. Neuropsychiatr. Genet. 2014; 165B: 122-30.

Goff DC, Coyle JT. The emerging role of glutamate in the pathophysiology and treatment of
schizophrenia. Am. J. Psychiatry 2001; 158: 1367-77.

Gogtay N, Sporn A, Clasen LS, Greenstein D, Giedd JN, Lenane M, et al. Structural Brain MRI
Abnormalities in Healthy Siblings of Patients With Childhood-Onset Schizophrenia. Am. J. Psychiatry
2003; 160: 569-571.

Gonzalez-Blanch C, Crespo-Facorro B, Alvarez-Jiménez M, Rodriguez-Sanchez JM, Pelayo-Terdn JM,
Pérez-Iglesias R, et al. Cognitive dimensions in first-episode schizophrenia spectrum disorders. J.
Psychiatr. Res. 2007; 41: 968-977.

Gonzalez-Burgos G, Lewis D a. NMDA Receptor Hypofunction, Parvalbumin-Positive Neurons, and
Cortical Gamma Oscillations in Schizophrenia. Schizophr. Bull. 2012; 38: 950-957.

Goozée R, Handley R, Kempton MJ, Dazzan P. A systematic review and meta-analysis of the effects of
antipsychotic medications on regional cerebral blood flow (rCBF) in schizophrenia: association with
response to treatment. Neurosci. Biobehav. Rev. 2014; 43: 118-36.

Gottesman |l, Gould TD. The endophenotype concept in psychiatry: etymology and strategic
intentions. Am. J. Psychiatry 2003; 160: 636—645.

Gottesman I, Shields J. Genetic Theorizing and Schizophrenia. Br. J. Psychiatry 1973; 122: 15-30.

Green EK, Rees E, Walters JTR, Smith K-G, Forty L, Grozeva D, et al. Copy number variation in bipolar
disorder. Mol. Psychiatry 2015

Grozeva D, Conrad DF, Barnes CP, Hurles M, Owen MJ, O’Donovan MC, et al. Independent estimation
of the frequency of rare CNVs in the UK population confirms their role in schizophrenia. Schizophr.

Page | 183



Res. 2011

Gschwandtner U, Pflueger MO, Semenin V, Gaggiotti M, Riecher-Rossler A, Fuhr P, et al. EEG: A
helpful tool in the prediction of psychosis. Eur. Arch. Psychiatry Clin. Neurosci. 2009; 259: 257-262.

Gudmundsson S, Runarsson TP, Sigurdsson S, Eiriksdottir G, Johnsen K. Reliability of quantitative EEG
features. Clin. Neurophysiol. 2007; 118: 2162-71.

Gur RE, Calkins ME, Gur RC, Horan WP, Nuechterlein KH, Seidman LJ, et al. The Consortium on the
Genetics of Schizophrenia: neurocognitive endophenotypes. Schizophr. Bull. 2007; 33: 49-68.

Gurung R, Prata DP. What is the impact of genome-wide supported risk variants for schizophrenia
and bipolar disorder on brain structure and function? A systematic review. Psychol. Med. 2015: 1-
20.

De Haan M. Introduction to infant EEG and event-related potentials. In: De Haan M, editor(s). Infant
EEG and Event-Related Potentials. Hove: Psychology Press; 2013. p. 1-4.

Habets P, Marcelis M, Gronenschild E, Drukker M, Van Os J. Reduced cortical thickness as an
outcome of differential sensitivity to environmental risks in schizophrenia. Biol Psychiatry 2011; 69:
487-494.

Haenschel C, Baldeweg T, Croft RJ, Whittington M, Gruzelier J. Gamma and beta frequency
oscillations in response to novel auditory stimuli: A comparison of human electroencephalogram
(EEG) data with in vitro models. Proc. Natl. Acad. Sci. U. S. A. 2000; 97: 7645-50.

Hall M-H, Chen C-Y, Cohen BM, Spencer KM, Levy DL, Ongiir D, et al. Genomewide association
analyses of electrophysiological endophenotypes for schizophrenia and psychotic bipolar disorders:
A preliminary report. Am. J. Med. Genet. Part B, Neuropsychiatr. Genet. 2015: n/a-n/a.

Hall M-H, Levy DL, Salisbury DF, Haddad S, Gallagher P, Lohan M, et al. Neurophysiologic effect of
GWAS derived schizophrenia and bipolar risk variants. Am. J. Med. Genet. Part B, Neuropsychiatr.
Genet. 2014; 165B: 9-18.

Hall MH, Rijsdijk F, Kalidindi S, Schulze K, Kravariti E, Kane F, et al. Genetic overlap between bipolar
illness and event-related potentials. Psychol. Med. 2007; 37: 667—-678.

Hall M-H, Schulze K, Rijsdijk F, Kalidindi S, McDonald C, Bramon E, et al. Are auditory P300 and
duration MMN heritable and putative endophenotypes of psychotic bipolar disorder? A Maudsley
Bipolar Twin and Family Study. Psychol. Med. 2009; 39: 1277-1287.

Hall MH, Schulze K, Rijsdijk F, Picchioni M, Ettinger U, Bramon E, et al. Heritability and Reliability of
P300, P50 and Duration Mismatch Negativity. Behav. Genet. 2006; 36: 845-857.

Hall MH, Smoller JW. A new role for endophenotypes in the GWAS era: functional characterization of
risk variants. Harvard Rev. Psychiatry 2010; 18: 67—-74.

Hammerer D, Li S-C, Volkle M, Miiller V, Lindenberger U. A lifespan comparison of the reliability,
test-retest stability, and signal-to-noise ratio of event-related potentials assessed during
performance monitoring. Psychophysiology 2013; 50: 111-23.

Hannerz H, Borga P, Borritz M. Life expectancies for individuals with psychiatric diagnoses. Public
Health 2001; 115: 328-37.

Hardy J, Low N, Singleton A. Whole genome association studies: Deciding when persistence becomes
perseveration. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 2008; 147: 131-133.

Harris A, Melkonian D, Williams L, Gordon E. Dynamic spectral analysis findings in first episode and
chronic schizophrenia. Int. J. Neurosci. 2006; 116: 223-246.

Harrison PJ, Lewis DA, Kleinman JE. Neuropathology of Schizophrenia. In: Weinberger DR, Harrison
PJ, editor(s). Schizophrenia. Oxford: Wiley-Blackwell; 2011. p. 372—-392.

Hartberg CB, Sundet K, Rimol LM, Haukvik UK, Lange EH, Nesvag R, et al. Subcortical brain volumes
relate to neurocognition in schizophrenia and bipolar disorder and healthy controls. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2011; 35: 1122-30.

Hasan A, Wobrock T, Grefkes C, Labusga M, Levold K, Schneider-Axmann T, et al. Deficient inhibitory

Page | 184



cortical networks in antipsychotic-naive subjects at risk of developing first-episode psychosis and
first-episode schizophrenia patients: A cross-sectional study. Biol. Psychiatry 2012; 72: 744-751.

Hasler G, Drevets WC, Gould TD, Gottesman I, Manji HK. Toward constructing an endophenotype
strategy for bipolar disorders. Biol. Psychiatry 2006; 60: 93-105.

Hawken SJ, Greenwood CMT, Hudson TJ, Kustra R, McLaughlin J, Yang Q, et al. The utility and
predictive value of combinations of low penetrance genes for screening and risk prediction of
colorectal cancer. Hum. Genet. 2010; 128: 89-101.

Healy D, Le Noury J, Harris M, Butt M, Linden S, Whitaker C, et al. Mortality in schizophrenia and
related psychoses: data from two cohorts, 1875-1924 and 1994-2010. BMJ Open 2012; 2: e001810-.

Heinrichs RW, Zakzanis KK. Neurocognitive deficit in schizophrenia: a quantitative review of the
evidence. Neuropsychology 1998; 12: 426-45.

Hermens DF, Ward PB, Hodge MAR, Kaur M, Naismith SL, Hickie IB. Impaired MMN/P3a complex in
first-episode psychosis: Cognitive and psychosocial associations. Prog. Neuro-Psychopharmacology
Biol. Psychiatry 2010; 34: 822—-829.

Heslenfeld DJ. Visual Mismatch Negativity. In: Polich J, editor(s). Detection of change: event-related
potential and fMRI findings. Boston: Springer US; 2003. p. 41-59.

Hoehl S, Wahl S. Recording infant ERP data for cognitive research. Dev. Neuropsychol. 2012; 37:
187-209.

Hong LE, Moran L V, Du X, O’'Donnell P, Summerfelt A. Mismatch negativity and low frequency
oscillations in schizophrenia families. Clin. Neurophysiol. 2012a; 123: 1980-8.

Hong LEE, Summerfelt A, Mitchell BDBD, O’Donnell P, Thaker GKGK. A shared low-frequency
oscillatory rhythm abnormality in resting and sensory gating in schizophrenia. Clin. Neurophysiol.
2012b; 123: 285-292.

Horan WP, Braff DL, Nuechterlein KH, Sugar CA, Cadenhead KS, Calkins ME, et al. Verbal working
memory impairments in individuals with schizophrenia and their first-degree relatives: findings from
the Consortium on the Genetics of Schizophrenia. Schizophr. Res. 2008; 103: 218-28.

Howes OD, Kapur S. The Dopamine Hypothesis of Schizophrenia: Version Ill—The Final Common
Pathway. Schizophr. Bull. 2009; 35: 549-562.

Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR. Fast and accurate genotype
imputation in genome-wide association studies through pre-phasing. Nat. Genet. 2012; 44: 955-959.

Howie B, Marchini J, Stephens M, Chakravarti A. Genotype Imputation with Thousands of Genomes.
Genes|Genomes|Genetics 2011; 1: 457-470.

Hughes JR, John ER. Conventional and quantitative electroencephalography in psychiatry. J.
Neuropsychiatry Clin. Neurosci. 1999; 11: 190-208.

Hulshoff Pol HE, Schnack HG, Bertens MGBC, van Haren NEM, van der Tweel |, Staal WG, et al.
Volume changes in gray matter in patients with schizophrenia. Am. J. Psychiatry 2002; 159: 244-250.

Hyman SE, Fenton WS. What Are the Right Targets for Psychopharmacology? Science (80-. ). 2003;
299: 350-351.

Hyun J, Baik MJ, Kang UG. Effects of Psychotropic Drugs on Quantitative EEG among Patients with
Schizophrenia-spectrum Disorders. Clin. Psychopharmacol. Neurosci. 2011; 9: 78—85.

lacono WG, Vaidyanathan U, Vrieze SlI, Malone SM. Knowns and unknowns for psychophysiological
endophenotypes: integration and response to commentaries. Psychophysiology 2014; 51: 1339-47.

lan K, Jenner JA, Cannon M. Psychotic symptoms in the general population - an evolutionary
perspective. Br. J. Psychiatry 2010; 197: 167-9.

Insel TR, Cuthbert BN. Endophenotypes: bridging genomic complexity and disorder heterogeneity.
Biol. Psychiatry 2009; 66: 988-9.

Insel TR, Cuthbert BN. Brain disorders? Precisely. Science (80-. ). 2015; 348: 499-500.

Page | 185



Insel TR. Rethinking schizophrenia. Nature 2010; 468: 187-193.

Intriligator J, Polich J. On the relationship between background EEG and the P300 event-related
potential. Biol. Psychol. 1994; 37: 207-218.

Itil TM. Qualitative and quantitative EEG findings in schizophrenia. Schizophr. Bull. 1977; 3: 61-79.

Ivleva El, Morris DW, Osuji J, Moates AF, Carmody TJ, Thaker GK, et al. Cognitive endophenotypes of
psychosis within dimension and diagnosis. Psychiatry Res. 2012; 196: 38—44.

lyegbe C, Campbell D, Butler A, Ajnakina O, Sham P. The emerging molecular architecture of
schizophrenia, polygenic risk scores and the clinical implications for GxE research. Soc. Psychiatry
Psychiatr. Epidemiol. 2014; 49: 169-182.

Jablensky A. The diagnostic concept of schizophrenia: its history, evolution, and future prospects.
Dialogues Clin. Neurosci. 2010; 12: 271-287.

Jasper H. Report to the committee on methods of clinical examination in electroencephalography.
Electroencephalogr. Clin. Neurophysiol. 1958; 10: 371-375.

Javitt DC, Grochowski S, Shelley A-M, Ritter W. Impaired mismatch negativity (MMN) generation in
schizophrenia as a function of stimulus deviance, probability, and interstimulus/interdeviant interval.
Electroencephalogr. Clin. Neurophysiol. 1998; 108: 143—-153.

Javitt DC, Steinschneider M, Schroeder CE, Arezzo JC. Role of cortical N-methyl-D-aspartate receptors
in auditory sensory memory and mismatch negativity generation: implications for schizophrenia.
Proc. Natl. Acad. Sci. U. S. A. 1996; 93: 11962-11967.

Javitt DC, Zukin SR. Recent advances in the phencyclidine model of schizophrenia. Am. J. Psychiatry
1991; 148: 1301-1308.

Jemel B, Achenbach C, Muller BW, Ropcke B, Oades RD. Mismatch negativity results from bilateral
asymmetric dipole sources in the frontal and temporal lobes. Brain Topogr. 2002; 15: 13-27.

Jessen F, Fries T, Kucharski C, Nishimura T, Hoenig K, Maier W, et al. Amplitude reduction of the
mismatch negativity in first-degree relatives of patients with schizophrenia. Neurosci. Lett. 2001;
309: 185-188.

John ER, Prichep LS, Alper KR, Mas FG, Cancro R, Easton P, et al. Quantitative electrophysiological
characteristics and subtyping of schizophrenia. Biol. Psychiatry 1994; 36: 801-826.

Johns LC, van Os J. The continuity of psychotic experiences in the general population. Clin. Psychol.
Rev. 2001; 21: 1125-1141.

Johnstone EC, Ebmeier KP, Miller P, Owens DGC, Lawrie SM. Predicting schizophrenia: findings from
the Edinburgh High-Risk Study. Br. J. Psychiatry 2005; 186: 18-25.

Joutsiniemi SL, Gross A, Appelberg B. Marked clozapine-induced slowing of EEG background over
frontal, central, and parietal scalp areas in schizophrenic patients. J. Clin. Neurophysiol. 2001; 18: 9—
13.

Juckel G, Roser P, Nadulski T, Stadelmann AM, Gallinat J. Acute effects of Delta9-
tetrahydrocannabinol and standardized cannabis extract on the auditory evoked mismatch
negativity. Schizophr. Res. 2007; 97: 109-17.

Kam JWY, Bolbecker AR, O’Donnell BF, Hetrick WP, Brenner CA. Resting state EEG power and
coherence abnormalities in bipolar disorder and schizophrenia. J. Psychiatr. Res. 2013; 47: 1893-901.

Kantrowitz JT, Javitt DC. N-methyl-d-aspartate (NMDA) receptor dysfunction or dysregulation: the
final common pathway on the road to schizophrenia? Brain Res. Bull. 2010; 83: 108-121.

Karson CN, Coppola R, Daniel DG, Weinberger DR. Computerized EEG in Schizophrenia. Schizophr.
Bull. 1988; 14: 193-197.

Kaur M, Battisti R a., Ward PB, Ahmed A, Hickie IB, Hermens DF. MMN/P3a deficits in first episode
psychosis: Comparing schizophrenia-spectrum and affective-spectrum subgroups. Schizophr. Res.
2011; 130: 203-209.

Page | 186



Kay SR, Fiszbein A, Opler LA. The Positive and Negative Syndrome Scale (PANSS) for Schizophrenia.
Schizophr. Bull. 1987; 13: 261-276.

Keilp JG, Sweeney JA, Jacobsen P, Solomon C, St.Louis L, Deck M, et al. Cognitive impairment in
schizophrenia: Specific relations to ventricular size and negative symptomatology. Biol. Psychiatry
1988; 24: 47-55.

Kempton MJ, Stahl D, Williams SCR, Delisi LE. Progressive lateral ventricular enlargement in
schizophrenia: a meta-analysis of longitudinal MRI studies. Schizophr. Res. 2010; 120: 54-62.

Kendler KS. Lifetime Prevalence, Demographic Risk Factors, and Diagnostic Validity of Nonaffective
Psychosis as Assessed in a US Community Sample. Arch. Gen. Psychiatry 1996; 53: 1022.

Kiang M, Braff DL, Sprock J, Light GA. The relationship between preattentive sensory processing
deficits and age in schizophrenia patients. Clin. Neurophysiol. 2009; 120: 1949-57.

Kiebel SJ, David O, Friston KJ. Dynamic causal modelling of evoked responses in EEG/MEG with lead
field parameterization. Neuroimage 2006; 30: 1273-1284.

Kiebel SJ, Garrido M, Friston KJ. Dynamic causal modelling of evoked responses: The role of intrinsic
connections. Neuroimage 2007; 36: 332—-345.

Kiebel SJ, Garrido MI, Moran R, Chen C-CC-C, Friston KJ. Dynamic causal modeling for EEG and MEG.
Hum. Brain Mapp. 2009; 30: 1866—1876.

Kilner JM, Mattout J, Henson R, Friston KJ. Hemodynamic correlates of EEG: A heuristic. Neuroimage
2005; 28: 280-286.

Kim D, Kim J-W, Koo T-H, Yun H-R, Won S-H. Shared and distinct neurocognitive endophenotypes of
schizophrenia and psychotic bipolar disorder. Clin. Psychopharmacol. Neurosci. 2015a; 13: 94-102.

Kim JW, Lee YS, Han DH, Min KJ, Lee J, Lee K. Diagnostic utility of quantitative EEG in un-medicated
schizophrenia. Neurosci. Lett. 2015b; 589: 126-31.

Kim M, Kim SN, Lee S, Byun MS, Shin KS, Park HY, et al. Impaired mismatch negativity is associated
with current functional status rather than genetic vulnerability to schizophrenia. Psychiatry Res.
2014; 222: 100-106.

Kim M-D, Seo H-J, Yun H, Jung Y-E, Park JH, Lee C-I, et al. The Relationship between Cognitive Decline
and Psychopathology in Patients with Schizophrenia and Bipolar Disorder. Clin. Psychopharmacol.
Neurosci. 2015c; 13: 103-108.

Kim M-S, Kang S-S, Youn T, Kang D-H, Kim J-J, Kwon JS. Neuropsychological correlates of P300
abnormalities in patients with schizophrenia and obsessive—compulsive disorder. Psychiatry Res.
Neuroimaging 2003; 123: 109-123.

Kirino E. Correlation between P300 and EEG rhythm in schizophrenia. Clin. EEG Neurosci. 2004; 35:
137-146.

Kirov G, Rees E, Walters J. What a psychiatrist needs to know about copy number variants. BJPscyh
Adv. 2015; 21: 157-163.

Kirov G, Rees E, Walters JTR, Escott-Price V, Georgieva L, Richards AL, et al. The penetrance of copy
number variations for schizophrenia and developmental delay. Biol. Psychiatry 2014; 75: 378—85.

Kloppel S, Abdulkadir A, Jack CR, Koutsouleris N, Mourdo-Miranda J, Vemuri P. Diagnostic
neuroimaging across diseases. Neuroimage 2012; 61: 457-63.

Knapp M, Mangalore R, Simon J. The global costs of schizophrenia. Schizophr. Bull. 2004; 30: 279—
293.

Knott V, Labelle A, Jones B, Mahoney C. Quantitative EEG in schizophrenia and in response to acute
and chronic clozapine treatment. Schizophr. Res. 2001; 50: 41-53.

Knyazev GG. EEG delta oscillations as a correlate of basic homeostatic and motivational processes.
Neurosci. Biobehav. Rev. 2012; 36: 677—-695.

Kok A. Age-related changes in involuntary and voluntary attention as reflected in components of the

Page | 187



event-related potential (ERP). Biol. Psychol. 2000; 54: 107-143.

Kondacs A, Szabo M. Long-term intra-individual variability of the background EEG in normals. Clin.
Neurophysiol. 1999; 110: 1708-1716.

Konopaske GT, Dorph-Petersen KA, Pierri JN, Wu Q, Sampson AR, Lewis DA. Effect of chronic
exposure to antipsychotic medication on cell numbers in the parietal cortex of macaque monkeys.
Neuropsychopharmacology 2007; 32: 1216-1223.

Korver N, Quee PJ, Boos HBM, Simons CJP, de Haan L. Genetic Risk and Outcome of Psychosis
(GROUP), a multi site longitudinal cohort study focused on gene—environment interaction:
objectives, sample characteristics, recruitment and assessment methods. Int. J. Methods Psychiatr.
Res. 2012; 21: 205-221.

Kremen WS, Panizzon MS, Neale MC, Fennema-Notestine C, Prom-Wormley E, Eyler LT, et al.
Heritability of brain ventricle volume: converging evidence from inconsistent results. Neurobiol.
Aging 2012; 33: 1-8.

Kremen WS, Prom-Wormley E, Panizzon MS, Eyler LT, Fischl B, Neale MC, et al. Genetic and
environmental influences on the size of specific brain regions in midlife: the VETSA MRI study.
Neuroimage 2010; 49: 1213-23.

Kropotov JD. Quantitative EEG, event-relatated potentials adn neurotherapy. Burlington, MA:
Elsevier Inc.; 2009.

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, et al. Subanesthetic effects of
the noncompetitive NMDA antagonist, ketamine, in humans. Psychotomimetic, perceptual,
cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry 1994; 51: 199-214.

Kigler CFA, Taghavy A, Platt D. The Event-Related P300 Potential Analysis of Cognitive Human Brain
Aging: A Review. Gerontology 1993; 39: 280—-303.

Kujala A, Naatanen R. Auditory environment and change detection as indexed by the mismarch
gegativity (MMN). In: Polich J, editor(s). Detection of Change: Event-Related Potential and fMRI
Findings. Boston: Springer US; 2003.

Kumra S, Giedd JN, Vaituzis AC, Jacobsen LK, McKenna K, Bedwell J, et al. Childhood-onset psychotic
disorders: magnetic resonance imaging of volumetric differences in brain structure. Am. J. Psychiatry
2014

Lahti AC, Holcomb HH, Medoff DR, Tamminga CA. Ketamine activates psychosis and alters limbic
blood flow in schizophrenia. Neuroreport 1995; 6: 869—-872.

Lakhan SE, Caro M, Hadzimichalis N. NMDA Receptor Activity in Neuropsychiatric Disorders. Front.
Psychiatry 2013; 4: 1-7.

Lang AH, Eerola O, Korpilahti P, Holopainen 1, Salo S, Aaltonen O. Practical issues in the clinical
application of mismatch negativity. Ear Hear. 1995; 16: 118-30.

Laursen TM, Munk-Olsen T, Vestergaard M. Life expectancy and cardiovascular mortality in persons
with schizophrenia. Curr. Opin. Psychiatry 2012; 25: 83-8.

Lavoie S, Schafer MR, Whitford TJ, Benninger F, Feucht M, Klier CM, et al. Frontal delta power
associated with negative symptoms in ultra-high risk individuals who transitioned to psychosis.
Schizophr. Res. 2012; 138: 206-211.

Lawrie SM, Whalley H, Kestelman JN, Abukmeil SS, Byrne M, Hodges A, et al. Magnetic resonance
imaging of brain in people at high risk of developing schizophrenia. Lancet 1999; 353: 30—33.

Lee SH, DeCandia TR, Ripke S, Yang J, (PGC-SCZ) SPG-WASC, (ISC) ISC, et al. Estimating the proportion
of variation in susceptibility to schizophrenia captured by common SNPs. Nat. Genet. 2012a; 44:
247-250.

Lee SH, Ripke S, Neale BM, Faraone S V., Purcell SM, Perlis RH, et al. Genetic relationship between
five psychiatric disorders estimated from genome-wide SNPs. Nat. Genet. 2013; 45: 984—-994.

Lee SH, Yang J, Goddard ME, Visscher PM, Wray NR. Estimation of pleiotropy between complex

Page | 188



diseases using single-nucleotide polymorphism-derived genomic relationships and restricted
maximum likelihood. Bioinformatics 2012b; 28: 2540-2542.

Lee T-W, Yu YW-Y, Wu H-C, Chen T-J. Do resting brain dynamics predict oddball evoked-potential?
BMC Neurosci. 2011; 12: 121.

Lencz T, Knowles E, Davies G, Guha S, Liewald DC, Starr JM, et al. Molecular genetic evidence for
overlap between general cognitive ability and risk for schizophrenia: a report from the Cognitive
Genomics consorTium (COGENT). Mol. Psychiatry 2014; 19: 168-174.

Lencz T, Szeszko PR, DeRosse P, Burdick KE, Bromet EJ, Bilder RM, et al. A Schizophrenia Risk Gene,
ZNF804A, Influences Neuroanatomical and Neurocognitive Phenotypes. Neuropsychopharmacology
2010; 35: 2284-2291.

Leucht S, Tardy M, Komossa K, Heres S, Kissling W, Salanti G, et al. Antipsychotic drugs versus
placebo for relapse prevention in schizophrenia: a systematic review and meta-analysis. Lancet 2012;
379: 2063-2071.

Levanen S, Ahonen A, Hari R, McEvoy L, Sams M. Deviant auditory stimuli activate human left and
right auditory cortex differently. Cereb. Cortex 1996; 6: 288—296.

Lewis DA, Cho RY, Carter CS, Eklund K, Forster S, Kelly MA, et al. Subunit-selective modulation of
GABA type A receptor neurotransmission and cognition in schizophrenia. Am. J. Psychiatry 2008;
165: 1585-1593.

Lewis DA, Curley AA, Glausier JR, Volk DW. Cortical parvalbumin interneurons and cognitive
dysfunction in schizophrenia. Trends Neurosci. 2012; 35: 57-67.

Lichtenstein P, Yip BH, Bjork C, Pawitan Y, Cannon TD, Sullivan PF, et al. Common genetic
determinants of schizophrenia and bipolar disorder in Swedish families: a population-based study.
Lancet 2009; 373: 234-239.

Lieberman JA, Stroup TS, McEvoy JP, Swartz MS, Rosenheck RA, Perkins DO, et al. Effectiveness of
Antipsychotic Drugs in Patients with Chronic Schizophrenia. N. Engl. J. Med. 2005; 353: 1209-1223.

Lieder F, Stephan KE, Daunizeau J, Garrido MI, Friston KJ. A Neurocomputational Model of the
Mismatch Negativity. PLoS Comput. Biol. 2013; 9: 1-14.

Light G, Greenwood TA, Swerdlow NR, Calkins ME, Freedman R, Green MF, et al. Comparison of the
heritability of schizophrenia and endophenotypes in the COGS-1 family study. Schizophr. Bull. 2014;
40: 1404-11.

Light GA, Makeig S. Electroencephalographic Biomarkers of Psychosis: Present and Future. Biol.
Psychiatry 2015; 77: 87—-89.

Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers S, et al. Circuit-based framework for
understanding neurotransmitter and risk gene interactions in schizophrenia. Trends Neurosci. 2008;
31:234-242.

Litvak V, Mattout J, Kiebel S, Phillips C, Henson R, Kilner J, et al. EEG and MEG Data Analysis in SPM8.
Comput. Intell. Neurosci. 2011; 2011: 32—pages.

Lopes da Silva F. EEG and MEG: relevance to neuroscience. Neuron 2013; 80: 1112-28.
Luck SJ. An Introduction to the Event-Related Potential Technique. MIT Press; 2005.
Maher B. The Case of the Missing Heritability. Nature 2008; 456: 18-21.

Maier R, Moser G, Chen G-B, Ripke S, Coryell W, Potash JB, et al. Joint Analysis of Psychiatric
Disorders Increases Accuracy of Risk Prediction for Schizophrenia, Bipolar Disorder, and Major
Depressive Disorder. Am. J. Hum. Genet. 2015; 96: 283—-294.

Malhotra AK, Pinals DA, Weingartner H, Sirocco K, Missar CD, Pickar D, et al. NMDA receptor function
and human cognition: the effects of ketamine in healthy volunteers. Neuropsychopharmacology
1996; 14: 301-7.

Malone SM, Burwell SJ, Vaidyanathan U, Miller MB, MCGUE M, lacono WG. Heritability and
molecular-genetic basis of resting EEG activity: A genome-wide association study. Psychophysiology

Page | 189



2014a; 51: 1225-1245.

Malone SM, Vaidyanathan U, Basu S, Miller MB, McGue M, lacono WG. Heritability and molecular-
genetic basis of the P3 event-related brain potential: A genome-wide association study.
Psychophysiology 2014b; 51: 1246-1258.

Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ, et al. Finding the missing
heritability of complex diseases. Nature 2009; 461: 747-753.

Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-wide
association studies by imputation of genotypes. Nat. Genet. 2007; 39: 906-913.

Massuda R, Blicker J, Czepielewski LS, Narvaez JC, Pedrini M, Santos BT, et al. Verbal memory
impairment in healthy siblings of patients with schizophrenia. Schizophr. Res. 2013; 150: 580-2.

Mata |, Perez-lglesias R, Roiz-Santiafiez R, Tordesillas-Gutierrez D, Gonzalez-Mandly A, Vazquez-
Barquero JL, et al. A Neuregulin 1 Variant Is Associated with Increased Lateral Ventricle Volume in
Patients with First-Episode Schizophrenia. Biol. Psychiatry 2009; 65: 535-540.

Matheson SL, Shepherd AM, Carr VJ. How much do we know about schizophrenia and how well do
we know it? Evidence from the Schizophrenia Library. Psychol. Med. 2014; FirstView: 1-19.

Matsubayashi J, Kawakubo Y, Suga M, Takei Y, Kumano S, Fukuda M, et al. The influence of gender
and personality traits on individual difference in auditory mismatch: a magnetoencephalographic
(MMNmMm) study. Brain Res. 2008; 1236: 159-65.

Maxwell M. Family Interview for Genetic Studies. Bethesda, USA: Clinical Neurogenetics Branch,
Intramural Research Program, National Institute of Mental Health; 1992.

McCarroll SA, Hyman SE. Progress in the Genetics of Polygenic Brain Disorders: Significant New
Challenges for Neurobiology. Neuron 2013; 80: 578-587.

McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little J, loannidis JPA, et al. Genome-wide
association studies for complex traits: consensus, uncertainty and challenges. Nat. Rev. Genet. 2008;
9: 356-369.

McDonald C, Bullmore ET, Sham PC, Chitnis X, Wickham H, Bramon E, et al. Association of genetic
risks for schizophrenia and bipolar disorder with specific and generic brain structural
endophenotypes. Arch. Gen. Psychiatry 2004; 61: 974-984.

McDonald C, Grech A, Toulopoulou T, Schulze K, Chapple B, Sham P, et al. Brain volumes in familial
and non-familial schizophrenic probands and their unaffected relatives. Am. J. Med. Genet. 2002;
114: 616-625.

McDonald C, Marshall N, Sham PC, Bullmore ET, Schulze K, Chapple B, et al. Regional brain
morphometry in patients with schizophrenia or bipolar disorder and their unaffected relatives. Am. J.
Psychiatry 2006; 163: 478—487.

McGrath J, Saha S, Welham J, El Saadi O, MacCauley C, Chant D. A systematic review of the incidence
of schizophrenia: the distribution of rates and the influence of sex, urbanicity, migrant status and
methodology. BMC Med. 2004; 2: 13.

Mclintosh AM, Gow A, Luciano M, Davies G, Liewald DC, Harris SE, et al. Polygenic risk for
schizophrenia is associated with cognitive change between childhood and old age. Biol. Psychiatry
2013; 73: 938-943.

McLoughlin G, Makeig S, Tsuang MT. In search of biomarkers in psychiatry: EEG-based measures of
brain function. Am. J. Med. Genet. B. Neuropsychiatr. Genet. 2014; 165B: 111-21.

Mechelli A, Allen P, Amaro E, Fu CHY, Williams SCR, Brammer MJ, et al. Misattribution of speech and
impaired connectivity in patients with auditory verbal hallucinations. Hum. Brain Mapp. 2007; 28:
1213-1222.

Merrin EL, Floyd TC. Negative symptoms and EEG alpha in schizophrenia: a replication. Schizophr.
Res. 1996; 19: 151-161.

Messias EL, Chen C-Y, Eaton WW. Epidemiology of schizophrenia: review of findings and myths.

Page | 190



Psychiatr. Clin. North Am. 2007; 30: 323-38.

Meyer-Lindenberg A, Weinberger DR. Intermediate phenotypes and genetic mechanisms of
psychiatric disorders. Nat. Rev. Neurosci. 2006; 7: 818-27.

Michel CM, Murray MM. Towards the utilization of EEG as a brain imaging tool. Neuroimage 2012;
61:371-85.

Michie PT, Innes-Brown H, Todd J, Jablensky A V. Duration mismatch negativity in biological relatives
of patients with schizophrenia spectrum disorders. Biol. Psychiatry 2002; 52: 749-758.

Mientus S, Gallinat J, Wuebben Y, Pascual-Marqui RD, Mulert C, Frick K, et al. Cortical hypoactivation
during resting EEG in schizophrenics but not in depressives and schizotypal subjects as revealed by
low resolution electromagnetic tomography (LORETA). Psychiatry Res. Neuroimaging 2002; 116: 95—
111.

Mitchell BD, Cole SA, Bauer RL, lturria SJ, Rodriguez EA, Blangero J, et al. Genes influencing variation
in serum osteocalcin concentrations are linked to markers on chromosomes 16q and 20q. J. Clin.
Endocrinol. Metab. 2000; 85: 1362—6.

Molholm S, Martinez A, Ritter W, Javitt DC, Foxe JJ. The Neural Circuitry of Pre-attentive Auditory
Change-detection: An fMRI Study of Pitch and Duration Mismatch Negativity generators. Cereb.
Cortex 2005; 15: 545-551.

Montague PR, Dolan RJ, Friston KJ, Dayan P. Computational psychiatry. Trends Cogn Sci 2012; 16:
72-80.

Moran R. Dynamic Causal Models for Human Electrophysiology: EEG, MEG, and LFPs. In: Brain
Mapping. Elsevier; 2015. p. 625-628.

Moran RJ, Stephan KE, Seidenbecher T, Pape HC, Dolan RJ, Friston KJ. Dynamic causal models of
steady-state responses. Neuroimage 2009; 44: 796—-811.

Moran RJ, Symmonds M, Dolan RJ, Friston KJ. The Brain Ages Optimally to Model Its Environment:
Evidence from Sensory Learning over the Adult Lifespan. PLoS Comput Biol 2014; 10: 1-8.

Moreno-De-Luca D, Mulle JG, Kaminsky EB, Sanders SJ, Myers SM, Adam MP, et al. Deletion 17q12 is
a recurrent copy number variant that confers high risk of autism and schizophrenia. Am. J. Hum.
Genet. 2010; 87: 618-30.

Morris JA, Randall JC, Maller JB, Barrett JC. Evoker: a visualization tool for genotype intensity data.
Bioinformatics 2010; 26: 1786—-1787.

Morrison AP, French P, Lewis SW, Roberts M, Raja S, Neil ST, et al. Psychological factors in people at
ultra-high risk of psychosis: Comparisons with non-patients and associations with symptoms.
Psychol. Med. 2006; 36: 1395-1404.

Morrison AP, French P, Stewart SLK, Birchwood M, Fowler D, Gumley Al, et al. Early detection and
intervention evaluation for people at risk of psychosis: Multisite randomised controlled trial. BMJ
2012; 344

Mowry BJ, Gratten J. The emerging spectrum of allelic variation in schizophrenia: current evidence
and strategies for the identification and functional characterization of common and rare variants.
Mol. Psychiatry 2013; 18: 38-52.

Miuller BW, Jiptner M, Jentzen W, Miiller SP. Cortical Activation to Auditory Mismatch Elicited by
Frequency Deviant and Complex Novel Sounds: A PET Study. Neuroimage 2002; 17: 231-239.

Munafo MR, Flint J. The genetic architecture of psychophysiological phenotypes. Psychophysiology
2014; 51: 1331-2.

Murray GK, Corlett PR, Clark L, Pessiglione M, Blackwell AD, Honey G, et al. Substantia nigra/ventral
tegmental reward prediction error disruption in psychosis. Mol. Psychiatry 2008; 13: 239, 267-76.

Murray JD, Anticevic A, Gancsos M, Ichinose M, Corlett PR, Krystal JH, et al. Linking microcircuit
dysfunction to cognitive impairment: effects of disinhibition associated with schizophrenia in a
cortical working memory model. Cereb. Cortex 2014; 24: 859-72.

Page | 191



Murray RM, Sham P, Van Os J, Zanelli J, Cannon M, McDonald C. A developmental model for
similarities and dissimilarities between schizophrenia and bipolar disorder. Schizophr. Res. 2004; 71:
405-16.

N&datdnen R, Kujala T, Escera C, Baldeweg T, Kreegipuu K, Carlson S, et al. The mismatch negativity
(MMN) — A unique window to disturbed central auditory processing in ageing and different clinical
conditions. Clin. Neurophysiol. 2012; 123: 424-458.

Nadatdanen R. The role of attention in auditory information processing as revealed by event-related
potentials and other brain measures of cognitive function. Behav. Brain Sci. 1990; 13: 201-233.

N&datdnen R. The Mismatch Negativity (MMN). In: Naadtdnen R, editor(s). Attention and brain
function. Hillsdale: Lawrence Erlbaum Associates; 1992. p. Lawrence—Erlbaum Associates.

Nagai T, Tada M, Kirihara K, Araki T, Jinde S, Kasai K. Mismatch negativity as a ‘translatable’ brain
marker toward early intervention for psychosis: a review. Front. Psychiatry 2013; 4: 1-10.

Narayanan B, O’Neil K, Berwise C, Stevens MC, Calhoun VD, Clementz BA, et al. Resting State
Electroencephalogram Oscillatory Abnormalities in Schizophrenia and Psychotic Bipolar Patients and
Their Relatives from the Bipolar and Schizophrenia Network on Intermediate Phenotypes Study. Biol.
Psychiatry 2014; 76: 456—465.

NICE. Psychosis and schizophrenia in adults: treatment and management. London: National Institute
for Health and Care Excellence; 2014.

NIMH. Schizophrenia. Bethesda, MD: 2009.

NIMH. National Institute of Mental Health Strategic plan for research [Internet]. NIH Publ. Number
15-6368 2015[cited 2015 Oct 13] Available from: http://www.nimh.nih.gov/about/strategic-
planning-reports/index.shtml

Nottage JF, Morrison PD, Williams SC, Ffytche DH. A novel method for reducing the effect of tonic
muscle activity on the gamma band of the scalp EEG. Brain Topogr 2013; 26: 50-61.

O’Dushlaine C, Rossin L, Lee PH, Duncan L, Parikshak NN, Newhouse S, et al. Psychiatric genome-
wide association study analyses implicate neuronal, immune and histone pathways. Nat. Neurosci.
2015; 18: 199-209.

Olincy A, Braff DL, Adler LE, Cadenhead KS, Calkins ME, Dobie DJ, et al. Inhibition of the P50 cerebral
evoked response to repeated auditory stimuli: results from the Consortium on Genetics of
Schizophrenia. Schizophr. Res. 2010; 119: 175-82.

Olney JW, Newcomer JW, Farber NB. NMDA receptor hypofunction model of schizophrenia. J.
Psychiatr. Res. 1999; 33: 523-533.

Omori M, Koshino Y, Murata T, Murata I, Nishio M, Sakamoto K, et al. Quantitative EEG in never-
treated schizophrenic patients. Biol. Psychiatry 1995; 38: 303—-309.

Oostenveld R, Fries P, Maris E, Schoffelen J-M. FieldTrip: Open Source Software for Advanced
Analysis of MEG, EEG, and Invasive Electrophysiological Data. Intell. Neurosci. 2011; 2011: 1:1-1:9.

Ortiz-Gil J, Pomarol-Clotet E, Salvador R, Canales-Rodriguez EJ, Sarr6 S, Gomar JJ, et al. Neural
correlates of cognitive impairment in schizophrenia. Br. J. psychiatry 2011; 199: 202-10.

Owen MJ. New Approaches to Psychiatric Diagnostic Classification. Neuron 2014; 84: 564-571.

Papiol S, Mitjans M, Assogna F, Piras F, Hammer C, Caltagirone C, et al. Polygenic determinants of
white matter volume derived from GWAS lack reproducibility in a replicate sample. Transl. Psychiatry
2014; 4

Park S, Gooding DC. Working memory impairment as an endophenotypic marker of a schizophrenia
diathesis. Schizophr. Res. Cogn. 2014; 1: 127-136.

Pashayan N, Duffy SW, Chowdhury S, Dent T, Burton H, Neal DE, et al. Polygenic susceptibility to
prostate and breast cancer: implications for personalised screening. Br. J. Cancer 2011; 104: 1656—
63.

Patterson N, Price AL, Reich D. Population Structure and Eigenanalysis. PLoS Genet 2006; 2

Page | 192



Penny WD, Stephan KE, Mechelli A, Friston KJ. Comparing Dynamic Causal Models. Neuroimage
2004; 22: 1157-1172.

Peper JS, Schnack HG, Brouwer RM, Van Baal GCM, Pjetri E, Székely E, et al. Heritability of regional
and global brain structure at the onset of puberty: a magnetic resonance imaging study in 9-year-old
twin pairs. Hum. Brain Mapp. 2009; 30: 2184-96.

Perald J, Suvisaari J, Saarni SI, Kuoppasalmi K, Isometsa E, Pirkola S, et al. Lifetime prevalence of
psychotic and bipolar | disorders in a general population. Arch. Gen. Psychiatry 2007; 64: 19-28.

Phillips KG, Uhlhaas PJ. Neural oscillations as a translational tool in schizophrenia research:
Rationale, paradigms and challenges. J. Psychopharmacol. 2015; 29: 155-168.

Phillips ML. Neuroimaging in psychiatry: bringing neuroscience into clinical practice. Br. J. Psychiatry
2012; 201: 1-3.

Phillips WA, Silverstein S. The coherent organization of mental life depends on mechanisms for
context-sensitive gain-control that are impaired in schizophrenia. Front. Psychol. 2013; 4: 1-15.

Pierson A, Jouvent R, Quintin P, Perez-Diaz F, Leboyer M. Information processing deficits in relatives
of manic depressive patients. Psychol. Med. 2000; 30: 545-555.

Pilowsky LS, Bressan RA, Stone JM, Erlandsson K, Mulligan RS, Krystal JH, et al. First in vivo evidence
of an NMDA receptor deficit in medication-free schizophrenic patients. Mol. Psychiatry 2006; 11:
118-119.

Pilowsky LS, Kerwin RW, Murray RM. Schizophrenia: A Neurodevelopmental Perspective.
Neuropsychopharmacology 1993; 9: 83-91.

Pinotsis DA, Brunet N, Bastos A, Bosman CA, Litvak V, Fries P, et al. Contrast gain control and
horizontal interactions in V1: A DCM study. Neuroimage 2014; 92: 143-155.

Pinotsis DA, Moran RJ, Friston KJ. Dynamic causal modeling with neural fields. Neuroimage 2012; 59:
1261-1274.

Pinotsis DA, Schwarzkopf DS, Litvak V, Rees G, Barnes G, Friston KJ. Dynamic causal modelling of
lateral interactions in the visual cortex. Neuroimage 2013; 66: 563-576.

Plomin R. Commentary: missing heritability, polygenic scores, and gene-environment correlation. J.
Child Psychol. Psychiatry. 2013; 54: 1147-1149.

Polich J, Alexander JE, Bauer LO, Kuperman S, Morzorati S, O’Connor SJ, et al. P300 topography of
amplitude/latency correlations. Brain Topogr. 1997; 9: 275-82.

Polich J, Howard L, Starr A. P300 latency correlates with digit span. Psychophysiology 1983; 20: 665—
669.

Polich J. Meta-analysis of P300 normative aging studies. Psychophysiology 1996; 33: 334—353.

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin. Neurophysiol. 2007; 118: 2128—
48.

Polich J. Neurophychology of P300. In: Kappenman ES, Luck SJ, editor(s). The Oxford Handbook of
Event-Related Potential Components. New York: Oxford University Press; 2011. p. 89 —294.

Prasad KM, Keshavan MS. Structural cerebral variations as useful endophenotypes in schizophrenia:
do they help construct ‘extended endophenotypes’? Schizophr. Bull. 2008; 34: 774-90.

Preston GA, Weinberger DR. Intermediate phenotypes in schizophrenia: a selective review. Dialogues
Clin. Neurosci. 2005; 7: 165-79.

Price GW, Michie PT, Johnston J, Innes-Brown H, Kent A, Clissa P, et al. A Multivariate
Electrophysiological Endophenotype, from a Unitary Cohort, Shows Greater Research Utility than
Any Single Feature in the Western Australian Family Study of Schizophrenia. Biol. Psychiatry 2006;
60: 1-10.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: A Tool Set for
Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. Genet. 2007; 81:

Page | 193



559-575.

Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P, et al. A polygenic burden of rare
disruptive mutations in schizophrenia. Nature 2014; 506: 185-190.

Purcell SM, Wray NR, Stone JL, Visscher PM, O’'Donovan MC, Sullivan PF, et al. Common polygenic
variation contributes to risk of schizophrenia and bipolar disorder. Nature 2009; 460: 748-752.

Radua J, Borgwardt S, Crescini A, Mataix-Cols D, Meyer-Lindenberg A, McGuire PK, et al. Multimodal
meta-analysis of structural and functional brain changes in first episode psychosis and the effects of
antipsychotic medication. Neurosci. Biobehav. Rev. 2012; 36: 2325-2333.

Ramchurn A, de Fockert JW, Mason L, Darling S, Bunce D. Intraindividual reaction time variability
affects P300 amplitude rather than latency. Front. Hum. Neurosci. 2014; 8: 557.

Ranlund S, Adams RA, Diez A, Constante M, Dutt A, Hall M-H, et al. Impaired prefrontal synaptic gain
in people with psychosis and their relatives during the mismatch negativity. Hum. Brain Mapp. 2015:
n/a—-n/a.

Ranlund S, Nottage J, Shaikh M, Dutt A, Constante M, Walshe M, et al. Resting EEG in psychosis and
at-risk populations — A possible endophenotype? Schizophr. Res. 2014; 153: 96-102.

Rao RP, Ballard DH. Predictive coding in the visual cortex: a functional interpretation of some extra-
classical receptive-field effects. Nat. Neurosci. 1999; 2: 79-87.

Rasetti R, Weinberger DR. Intermediate phenotypes in psychiatric disorders. Curr. Opin. Genet. Dev.
2011; 21: 340-348.

Rees E, O’'Donovan MC, Owen MJ. Genetics of schizophrenia. Curr. Opin. Behav. Sci. 2015; 2: 8-14.

Reichenberg A, Caspi A, Harrington H, Houts R, Keefe RSE, Murray RM, et al. Static and dynamic
cognitive deficits in childhood preceding adult schizophrenia: a 30-year study. Am. J. Psychiatry 2010;
167: 160-169.

Reinhart RMG, Mathalon DH, Roach BJ, Ford JM. Relationships between pre-stimulus gamma power
and subsequent P300 and reaction time breakdown in schizophrenia. Int. J. Psychophysiol. 2011; 79:
16-24.

Rey A. L'Examen clinique en psychologie. Paris: Presses Universitaires de France; 1964.

Rinne T, Alho K, Ilmoniemi RJ, Virtanen J, Naatdanen R. Separate time behaviors of the temporal and
frontal mismatch negativity sources. Neuroimage 2000; 12: 14-9.

Rinne T, Degerman A, Alho K. Superior temporal and inferior frontal cortices are activated by
infrequent sound duration decrements: an fMRI study. Neuroimage 2005; 26: 66—72.

Ripke S, Neale BM, Corvin A, Walter JTR, Schizophrenia Working Group of the Psychiatric Genomics
Consortium. Biological insights from 108 schizophrenia-associated genetic loci. Nature 2014; 511:
421-427.

Ripke S, O’Dushlaine C, Chambert K, Moran JL, Kahler AK, Akterin S, et al. Genome-wide association
analysis identifies 13 new risk loci for schizophrenia. Nat. Genet. 2013; 45: 1150-1159.

Roiser JP, Wigton RL, Kilner J, Mendez MA, Hon N, Friston K, et al. Dysconnectivity in the
frontoparietal attention network in schizophrenia. Front. Psychiatry 2013; 4: 1-13.

Saby JN, Marshall PJ. The utility of EEG band power analysis in the study of infancy and early
childhood. Dev. Neuropsychol. 2012; 37: 253-73.

Saleem MM, Harte MK, Marshall KM, Scally A, Brewin A, Neill JC. First episode psychosis patients
show impaired cognitive function — a study of a South Asian population in the UK. J.
Psychopharmacol. 2013; 27: 366-373.

Saletu B, Anderer P, Saletu-Zyhlarz GM. EEG topography and tomography (LORETA) in diagnosis and
pharmacotherapy of depression. Clin. EEG Neurosci. J. 2010; 41: 203-210.

Salinsky MC, Oken BS, Morehead L. Test-retest reliability in EEG frequency analysis.
Electroencephalogr. Clin. Neurophysiol. 1991; 79: 382-92.

Page | 194



Saperstein AM, Fuller RL, Avila MT, Adami H, McMahon RP, Thaker GK, et al. Spatial Working
Memory as a Cognitive Endophenotype of Schizophrenia: Assessing Risk for Pathophysiological
Dysfunction. Schizophr. Bull. 2006; 32: 498-506.

Saunders JC. Families living with severe mental illness: a literature review. Issues Ment. Health Nurs.
2003; 24: 175-98.

Schmidt A, Bachmann R, Kometer M, Csomor PA, Stephan KE, Seifritz E, et al. Mismatch negativity
encoding of prediction errors predicts S-ketamine-induced cognitive impairments.
Neuropsychopharmacology 2012a; 37: 865-875.

Schmidt A, Diaconescu AO, Kometer M, Friston KJ, Stephan KE, Vollenweider FX. Modeling ketamine
effects on synaptic plasticity during the mismatch negativity. Cereb. Cortex 2012b; 23: 2394-2406.

Schmidt A, Smieskova R, Aston J, Simon A, Allen P, Fusar-Poli P, et al. Brain connectivity
abnormalities predating the onset of psychosis: Correlation with the effect of medication. JAMA
Psychiatry 2013; 70: 903-912.

Schmidt A, Smieskova R, Simon A, Allen P, Fusar-Poli P, McGuire PK, et al. Abnormal effective
connectivity and psychopathological symptoms in the psychosis high-risk state. J. psychiatry
Neurosci. 2014; 39: 1-10.

Schmitt JE, Wallace GL, Rosenthal MA, Molloy EA, Ordaz S, Lenroot R, et al. A multivariate analysis of
neuroanatomic relationships in a genetically informative pediatric sample. Neuroimage 2007; 35:
70-82.

Schnack HG, Hulshoff Pol HE, Baaré WF, Staal WG, Viergever MA, Kahn RS. Automated separation of
gray and white matter from MR images of the human brain. Neuroimage 2001a; 13: 230-7.

Schnack HG, Hulshoff Pol HE, Baaré WFC, Viergever MA, Kahn RS. Automatic Segmentation of the
Ventricular System from MR Images of the Human Brain. Neuroimage 2001b; 14: 95-104.

Schonwiesner M, Novitski N, Pakarinen S, Carlson S, Tervaniemi M, N&atdnen R. Heschl’s gyrus,
posterior superior temporal gyrus, and mid-ventrolateral prefrontal cortex have different roles in the
detection of acoustic changes. J. Neurophysiol. 2007; 97: 2075-82.

Schubert KO, Clark SR, Baune BT. The use of clinical and biological characteristics to predict outcome
following First Episode Psychosis. Aust. N. Z. J. Psychiatry 2015; 49: 24-35.

Schuld A, Kiihn M, Haack M, Kraus T, Hinze-Selch D, Lechner C, et al. A comparison of the effects of
clozapine and olanzapine on the EEG in patients with schizophrenia. Pharmacopsychiatry 2000; 33:
109-11.

Schulze K, MacCabe JH, Rabe-Hesketh S, Crawford T, Marshall N, Zanelli J, et al. The relationship
between eye movement and brain structural abnormalities in patients with schizophrenia and their
unaffected relatives. J. Psychiatr. Res. 2006; 40: 589-598.

Schulze KK, Hall MHM-H, McDonald C, Marshall N, Walshe M, Murray RM, et al. P50 Auditory Evoked
Potential Suppression in Bipolar Disorder Patients With Psychotic Features and Their Unaffected
Relatives. Biol. Psychiatry 2007; 62: 121-128.

Schulze KK, Hall MHM-H, Mcdonald C, Marshall N, Walshe M, Murray RM, et al. Auditory P300 in
patients with bipolar disorder and their unaffected relatives. Bipolar Disord. 2008; 10: 377-386.

Seidman LJ, Hellemann G, Nuechterlein KH, Greenwood TA, Braff DL, Cadenhead KS, et al. Factor
structure and heritability of endophenotypes in schizophrenia: Findings from the Consortium on the
Genetics of Schizophrenia (COGS-1). Schizophr. Res. 2015; 163: 73-79.

Semlitsch H V., Anderer P, Schuster P, Presslich O. A Solution for Reliable and Valid Reduction of
Ocular Artifacts, Applied to the P300 ERP. Psychophysiology 1986; 23: 695—-703.

Shackman AJ, McMenamin BW, Maxwell JS, Greischar LL, Davidson RJ. Identifying robust and
sensitive frequency bands for interrogating neural oscillations. Neuroimage 2010; 51: 1319-1333.

Shah J, Eack SM, Montrose DM, Tandon N, Miewald JM, Prasad KM, et al. Multivariate prediction of
emerging psychosis in adolescents at high risk for schizophrenia. Schizophr. Res. 2012; 141: 189-96.

Page | 195



Shaikh M, Dutt A, Broome MR, Vozmediano AG, Ranlund S, Diez A, et al. Sensory gating deficits in the
attenuated psychosis syndrome. Schizophr. Res. 2015; 161: 277-282.

Shaikh M, Hall M-H, Schulze K, Dutt A, Walshe M, Williams |, et al. Do COMT, BDNF and NRG1
polymorphisms influence P50 sensory gating in psychosis? Psychol. Med. 2011; 41: 263-276.

Shaikh M, Hall MHM-H, Schulze K, Dutt A, Li K, Williams I, et al. Effect of DISC1 on the P300
waveform in psychosis. Schizophr. Bull. 2013; 39: 161-167.

Shaikh M, Valmaggia L, Broome MR, Dutt A, Lappin J, Day F, et al. Reduced mismatch negativity
predates the onset of psychosis. Schizophr. Res. 2012; 134: 42-48.

Sharma T, Lancaster E, Lee D, Lewis S, Sigmundsson T, Takei N, et al. Brain changes in schizophrenia.
Volumetric MRI study of families multiply affected with schizophrenia--the Maudsley Family Study 5.
Br. J. Psychiatry J. Ment. Sci. 1998; 173: 132-138.

Sheffield JM, Gold JM, Strauss ME, Carter CS, MacDonald AW, Ragland JD, et al. Common and
specific cognitive deficits in schizophrenia: relationships to function. Cogn. Affect. Behav. Neurosci.
2014; 14: 161-174.

Shelley AM, Ward PB, Catts S V, Michie PT, Andrews S, McConaghy N. Mismatch negativity: An index
of a preattentive processing deficit in schizophrenia. Biol. Psychiatry 1991; 30: 1059-1062.

Shenton ME, Dickey CC, Frumin M, McCarley RW. A review of MRI findings in schizophrenia.
Schizophr. Res. 2001; 49: 1-52.

Shokouhi M, Barnes A, Suckling J, Moorhead TW, Brennan D, Job D, et al. Assessment of the impact
of the scanner-related factors on brain morphometry analysis with Brainvisa. BMC Med. Imaging
2011; 11: 23.

Simmonite M, Bates AT, Groom MJ, Jackson GM, Hollis C, Liddle PF. Error processing-associated
event-related potentials in schizophrenia and unaffected siblings. Int. J. Psychophysiol. 2012; 84: 74—
79.

Simon AE, Velthorst E, Nieman DH, Linszen D, Umbricht D, de Haan L. Ultra high-risk state for
psychosis and non-transition: A systematic review. Schizophr. Res. 2011; 132: 8-17.

Singh F, Pineda J, Cadenhead KS. Association of impaired EEG mu wave suppression, negative
symptoms and social functioning in biological motion processing in first episode of psychosis.
Schizophr. Res. 2011; 130: 182-186.

Singh SM, Basu D. The P300 event-related potential and its possible role as an endophenotype for
studying substance use disorders: a review. Addict. Biol. 2009; 14: 298-309.

Sitskoorn MM, Aleman A, Ebisch SJH, Appels MCM, Kahn RS. Cognitive deficits in relatives of patients
with schizophrenia: a meta-analysis. Schizophr. Res. 2004; 71: 285-295.

Sklar P, Ripke S, Scott LJ, Andreassen OA, Psychiatric GWAS Consortium Bipolar Disorder Working
Group. Large-scale genome-wide association analysis of bipolar disorder identifies a new
susceptibility locus near ODZ4. Nat. Genet. 2011; 43: 977-83.

Smit DJA, Posthuma D, Boomsma DI, Geus EJC. Heritability of background EEG across the power
spectrum. Psychophysiology 2005; 42: 691-7.

Smoller JW, Finn CT. Family, twin, and adoption studies of bipolar disorder. Am. J. Med. Genet. Part C
Semin. Med. Genet. 2003; 123C: 48-58.

Smoller JW, Kendler KS, Craddock N, Lee PH, Neale BM, Nurnberger JI, et al. Identification of risk loci
with shared effects on five major psychiatric disorders: a genome-wide analysis. Lancet 2013; 381:
1371-1379.

Snitz BE, Macdonald AW, Carter CS. Cognitive deficits in unaffected first-degree relatives of
schizophrenia patients: a meta-analytic review of putative endophenotypes. Schizophr. Bull. 2006;
32:179-194.

So H-C, Kwan JSH, Cherny SS, Sham PC. Risk prediction of complex diseases from family history and
known susceptibility loci, with applications for cancer screening. Am. J. Hum. Genet. 2011; 88: 548—

Page | 196



65.

Soper DS. Post-hoc Statistical Power Calculator for Hierarchical Multiple Regression [Software]
[Internet]. 2015[cited 2015 Nov 25] Available from: http://www.danielsoper.com/statcalc

Souza VBN, Muir WJ, Walker MT, Glabus MF, Roxborough HM, Sharp CW, et al. Auditory P300 event-
related potentials and neuropsychological performance in schizophrenia and bipolar affective
disorder. Biol. Psychiatry 1995; 37: 300-310.

Spencer KM, Nestor PG, Perlmutter R, Niznikiewicz MA, Klump MC, Frumin M, et al. Neural
synchrony indexes disordered perception and cognition in schizophrenia. Proc. Natl. Acad. Sci. U. S.
A. 2004; 101: 17288-93.

Spitzer RL, Williams JW, Gibbon M, First MB. The Structured Clinical Interview for DSM-IlI-r (SCID): I:
History, rationale, and description. Arch. Gen. Psychiatry 1992; 49: 624—-629.

Sponheim SR, Clementz B a, lacono WG, Beiser M. Clinical and biological concomitants of resting
state EEG power abnormalities in schizophrenia. Biol. Psychiatry 2000; 48: 1088—1097.

Sponheim SR, Clementz BA, lacono WG, Beiser M. Resting EEG in first-episode and chronic
schizophrenia. Psychophysiology 1994; 31: 37-43.

Sponheim SR, lacono WG, Thuras PD, Nugent SM, Beiser M. Sensitivity and specificity of select
biological indices in characterizing psychotic patients and their relatives. Schizophr. Res. 2003; 63:
27-38.

Stam CJ, van Cappellen van Walsum A-M, Micheloyannis S. Variability of EEG synchronization during
a working memory task in healthy subjects. Int. J. Psychophysiol. 2002; 46: 53—66.

Staring ABP, Mulder CL, Duivenvoorden HJ, De Haan L, Van der Gaag M. Fewer symptoms vs. more
side-effects in schizophrenia? Opposing pathways between antipsychotic medication compliance and
quality of life. Schizophr. Res. 2009; 113: 27-33.

Steel RM, Whalley HC, Miller P, Best JIK, Johnstone EC, Lawrie SM. Structural MRI of the brain in
presumed carriers of genes for schizophrenia, their affected and unaffected siblings. J. Neurol.
Neurosurg. Psychiatry 2002; 72: 455-458.

Steen RG, Mull C, McClure R, Hamer RM, Lieberman JA. Brain volume in first-episode schizophrenia:
systematic review and meta-analysis of magnetic resonance imaging studies. Br. J. Psychiatry 2006;
188: 510-8.

Stefansson H, Meyer-Lindenberg A, Steinberg S, Magnusdottir B, Morgen K, Arnarsdottir S, et al.
CNVs conferring risk of autism or schizophrenia affect cognition in controls. Nature 2014; 505: 361—
6.

Stefansson H, Rujescu D, Cichon S, Pietildinen OPH, Ingason A, Steinberg S, et al. Large recurrent
microdeletions associated with schizophrenia. Nature 2008; 455: 232—-236.

Stephan KE, Baldeweg T, Friston KJ. Synaptic Plasticity and Dysconnection in Schizophrenia. Biol.
Psychiatry 2006; 59: 929-939.

Stephan KE, Mathys C. Computational approaches to psychiatry. Curr. Opin. Neurobiol. 2014; 25: 85—
92.

Stone JL, O’Donovan MC, Gurling H, Kirov GK, Blackwood DHR, Corvin A, et al. Rare chromosomal
deletions and duplications increase risk of schizophrenia. Nature 2008; 455: 237-241.

Strasser HC, Lilyestrom J, Ashby ER, Honeycutt NA, Schretlen DJ, Pulver AE, et al. Hippocampal and
ventricular volumes in psychotic and nonpsychotic bipolar patients compared with schizophrenia
patients and community control subjects: a pilot study. Biol. Psychiatry 2005; 57: 633-9.

Su L, Cai Y, Shi S, Wang L. Meta-analysis of studies in China about changes in P300 latency and
amplitude that occur in patients with schizophrenia during treatment with antipsychotic medication.
Shanghai Arch. Psychiatry 2012; 24: 200-207.

Suckling J, Barnes A, Job D, Brennan D, Lymer K, Dazzan P, et al. The Neuro/PsyGRID calibration
experiment: identifying sources of variance and bias in multicenter MRI studies. Hum. Brain Mapp.

Page | 197



2012; 33: 373-86.

Suckling J, Ohlssen D, Andrew C, Johnson G, Williams SCR, Graves M, et al. Components of variance
in a multicentre functional MRI study and implications for calculation of statistical power. Hum. Brain
Mapp. 2008; 29: 1111-22.

Sullivan PF, Daly MJ, O’Donovan M. Genetic architectures of psychiatric disorders: the emerging
picture and its implications. Nat. Rev. Genet. 2012; 13: 537-551.

Sullivan PF, Kendler KS, Neale MC. Schizophrenia as a complex trait: evidence from a meta-analysis
of twin studies. Arch. Gen. Psychiatry 2003; 60: 1187-1192.

Sussman ES, Chen S, Sussman-Fort J, Dinces E. The Five Myths of MMN: Redefining How to Use MMN
in Basic and Clinical Research. Brain Topogr. 2014; 27: 553-564.

Tang Y, Chorlian DB, Rangaswamy M, Porjesz B, Bauer L, Kuperman S, et al. Genetic influences on
bipolar EEG power spectra. Int. J. Psychophysiol. 2007; 65: 2-9.

Terwisscha van Scheltinga AF, Bakker SC, van Haren NEM, Derks EM, Buizer-Voskamp JE, Boos HBM,
et al. Genetic schizophrenia risk variants jointly modulate total brain and white matter volume. Biol.
Psychiatry 2013a; 73: 525-531.

Terwisscha van Scheltinga AF, Bakker SC, van Haren NEM, Derks EM, Buizer-Voskamp JE, Cahn W, et
al. Schizophrenia genetic variants are not associated with intelligence. Psychol. Med. 2013b; 43:
2563-2570.

Thaker GK. Neurophysiological Endophenotypes Across Bipolar and Schizophrenia Psychosis.
Schizophr. Bull. 2008; 34: 760-773.

Tiitinen H, Salminen NH, Palomaki KJ, Makinen VT, Alku P, May PJC. Neuromagnetic recordings reveal
the temporal dynamics of auditory spatial processing in the human cortex. Neurosci. Lett. 2006; 396:
17-22.

Todd J, Harms L, Michie P, Schall U. Mismatch negativity: translating the potential. Front. Psychiatry
2013; 4: 1-22.

Toomey R, Faraone S V., Seidman L), Kremen WS, Pepple JR, Tsuang MT. Association of
neuropsychological vulnerability markers in relatives of schizophrenic patients. Schizophr. Res. 1998;
31: 89-98.

Toulopoulou T, Goldberg TE, Mesa IR, Picchioni M, Rijsdijk F, Stahl D, et al. Impaired intellect and
memory: a missing link between genetic risk and schizophrenia? Arch. Gen. Psychiatry 2010; 67:
905-13.

van Tricht MJ, Ruhrmann S, Arns M, Miller R, Bodatsch M, Velthorst E, et al. Can quantitative EEG
measures predict clinical outcome in subjects at Clinical High Risk for psychosis? A prospective
multicenter study. Schizophr. Res. 2014; 153: 42-7.

Turetsky BI, Cannon TD, Gur RE. P300 subcomponent abnormalities in schizophrenia: Ill. Deficits in
unaffected siblings of schizophrenic probands. Biol. Psychiatry 2000; 47: 380—-390.

Turetsky BI, Dress EM, Braff DL, Calkins ME, Green MF, Greenwood TA, et al. The utility of P300 as a
schizophrenia endophenotype and predictive biomarker: Clinical and socio-demographic modulators
in COGS-2. Schizophr. Res. 2014; 163: 53-62.

Ugok A, Direk N, Koyuncu A, Keskin-Ergen Y, Yiiksel C, Giiler J, et al. Cognitive deficits in clinical and
familial high risk groups for psychosis are common as in first episode schizophrenia. Schizophr. Res.
2013; 151: 265-9.

Umbricht D, Krljesb S, Krljes S. Mismatch negativity in schizophrenia: a meta-analysis. Schizophr. Res.
2005; 76: 1-23.

Umbricht D, Schmid L, Koller R, Vollenweider FX, Hell D, Javitt DC. Ketamine-induced deficits in
auditory and visual context-dependent processing in healthy volunteers: implications for models of
cognitive deficits in schizophrenia. Arch. Gen. Psychiatry 2000; 57: 1139-1147.

Varese F, Smeets F, Drukker M, Lieverse R, Lataster T, Viechtbauer W, et al. Childhood adversities

Page | 198



increase the risk of psychosis: a meta-analysis of patient-control, prospective- and cross-sectional
cohort studies. Schizophr. Bull. 2012; 38: 661-71.

Vassos E, Pedersen CB, Murray RM, Collier DA, Lewis CM. Meta-analysis of the association of
urbanicity with schizophrenia. Schizophr. Bull. 2012; 38: 1118-23.

Venables NC, Bernat EM, Sponheim SR. Genetic and Disorder-Specific Aspects of Resting State EEG
Abnormalities in Schizophrenia. Schizophr. Bull. 2009; 35: 826—839.

Vita A, De Peri L, Deste G, Sacchetti E. Progressive loss of cortical gray matter in schizophrenia: a
meta-analysis and meta-regression of longitudinal MRI studies. Transl. Psychiatry 2012; 2: e190.

Vogel F, Kruger J, Hopp HP, Schalt E, Schnobel R. Visually and auditory evoked EEG potentials in
carriers of four hereditary EEG variants. Hum. Neurobiol. 1986; 5: 49-58.

Wager TD, Keller MC, Lacey SC, Jonides J. Increased sensitivity in neuroimaging analyses using robust
regression. Neuroimage 2005; 26: 99-113.

Walhovd KB, Fjell AM. The relationship between P3 and neuropsychological function in an adult life
span sample. Biol. Psychol. 2003; 62: 65-87.

Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, Cooper GM, et al. Rare structural
variants disrupt multiple genes in neurodevelopmental pathways in schizophrenia. Science (80-. ).
2008; 320: 539-543.

Walters JTR, Corvin A, Owen MJ, Williams H, Dragovic M, Quinn EM, et al. Psychosis Susceptibility
Gene ZNF804A and Cognitive Performance in Schizophrenia. Arch. Gen. Psychiatry 2010; 67: 692—
700.

Walters JTR, Owen MJ. Endophenotypes in psychiatric genetics. Mol. Psychiatry 2007; 12: 886—90.

Waters F, Price G, Dragovi¢ M, Jablensky A. Electrophysiological brain activity and antisaccade
performance in schizophrenia patients with first-rank (passivity) symptoms. Psychiatry Res. 2009;
170: 140-149.

Wechsler D. Wechsler Adult Intelligence Scale - Revised Manual. New York: Psychological
Corporation; 1981.

Wechsler D. Wechsler Adult Intelligence Scale, Third Edition: Administration and Scoring manual.
London: Psychological Corporation; 1997.

Weisbrod M, Hill H, Niethammer R, Sauer H. Genetic influence on auditory information processing in
schizophrenia: P300 in monozygotic twins. Biol. Psychiatry 1999; 46: 721-725.

Weiser M, van Os J, Davidson M. Time for a shift in focus in schizophrenia: from narrow phenotypes
to broad endophenotypes. Br. J. psychiatry 2005; 187: 203-5.

Whalley HC, Hall L, Romaniuk L, Macdonald A, Lawrie SM, Sussmann JE, et al. Impact of cross-
disorder polygenic risk on frontal brain activation with specific effect of schizophrenia risk.
Schizophr. Res. 2015; 161: 484-9.

Whalley HC, Kestelman JN, Rimmington JE, Kelso A, Abukmeil SS, Best JIK, et al. Methodological
issues in volumetric magnetic resonance imaging of the brain in the Edinburgh High Risk Project.
Psychiatry Res. Neuroimaging 1999; 91: 31-44.

Whalley HC, Papmeyer M, Sprooten E, Romaniuk L, Blackwood DH, Glahn DC, et al. The influence of
polygenic risk for bipolar disorder on neural activation assessed using fMRI. Transl. Psychiatry 2012;
2

Whalley HC, Sprooten E, Hackett S, Hall L, Blackwood DH, Glahn DC, et al. Polygenic risk and white
matter integrity in individuals at high risk of mood disorder. Biol. Psychiatry 2013; 74: 280-286.

Whitham EM, Pope KJ, Fitzgibbon SP, Lewis T, Clark CR, Loveless S, et al. Scalp electrical recording
during paralysis: quantitative evidence that EEG frequencies above 20 Hz are contaminated by EMG.
Clin. Neurophysiol. 2007; 118: 1877—-1888.

Whittington M., Traub R., Kopell N, Ermentrout B, Buhl E. Inhibition-based rhythms: experimental
and mathematical observations on network dynamics. Int. J. Psychophysiol. 2000; 38: 315-336.

Page | 199



WHO. The ICD-10 Classification of Mental and Behavioural Disorders: Clinical Descriptions and
Diagnostic Guidelines. 1992.

WHO. The World Health Report 2001. Mental Health: New Understanding, New Hope. Geneva:
World Health Organization; 2001.

WHO. The Global Burden of Disease: 2004 Update. Geneva: World Health Organization; 2008.

Wickham H, Murray R. Can biological markers identify endophenotypes predisposing to
schizophrenia? Int. Rev. Psychiatry 1997; 9: 355—-364.

Wigginton JE, Abecasis GR. PEDSTATS: descriptive statistics, graphics and quality assessment for gene
mapping data. Bioinformatics 2005; 21: 3445-3447.

Wiles NJ, Zammit S, Bebbington P, Singleton N, Meltzer H, Lewis G. Self-reported psychotic
symptoms in the general population: results from the longitudinal study of the British National
Psychiatric Morbidity Survey. Br. J. Psychiatry 2006; 188: 519-26.

Willer CJ, Speliotes EK, Loos RJF, Li S, Lindgren CM, Heid IM, et al. Six new loci associated with body
mass index highlight a neuronal influence on body weight regulation. Nat. Genet. 2009; 41: 25-34.

Wing JK, Babor T, Brugha T, Burke J, Cooper JE, Giel R, et al. SCAN. Schedules for Clinical Assessment
in Neuropsychiatry. Arch. Gen. Psychiatry 1990; 47: 589-593.

Winterer G, Coppola R, Egan MF, Goldberg TE, Weinberger DR. Functional and effective
frontotemporal connectivity and genetic risk for schizophrenia. Biol. Psychiatry 2003a; 54: 1181-
1192.

Winterer G, Coppola R, Sc D, Goldberg TE, Ph D, Egan MF, et al. P300 and genetic risk for
schizophrenia. Arch. Gen. Psychiatry 2003b; 60: 1158—67.

Winterer G, Egan MF, Radler T, Hyde T, Coppola R, Weinberger DR. An association between reduced
interhemispheric EEG coherence in the temporal lobe and genetic risk for schizophrenia. Schizophr.
Res. 2001; 49: 129-143.

Wittorf A, Klingberg S, Wiedemann G. Secondary verbal memory: a potential endophenotype of
schizophrenia. J. Psychiatr. Res. 2004; 38: 601-12.

Wobrock T, Gruber O, Schneider-Axmann T, Wolwer W, Gaebel W, Riesbeck M, et al. Internal
capsule size associated with outcome in first-episode schizophrenia. Eur. Arch. Psychiatry Clin.
Neurosci. 2009; 259: 278-283.

Woldorff MG, Hackley SA, Hillyard SA. The effects of channel-selective attention on the mismatch
negativity wave elicited by deviant tones. Psychophysiology 1991; 28: 30—42.

Wray NR, Gottesman Il. Using summary data from the danish national registers to estimate
heritabilities for schizophrenia, bipolar disorder, and major depressive disorder. Front. Genet. 2012;
3:118.

Wray NR, Lee SH, Mehta D, Vinkhuyzen AAE, Dudbridge F, Middeldorp CM. Research Review:
Polygenic methods and their application to psychiatric traits. J. Child Psychol. Psychiatry. 2014

Wray NR, Yang J, Goddard ME, Visscher PM. The genetic interpretation of area under the ROC curve
in genomic profiling. PLoS Genet. 2010; 6: e1000864.

Wright IC, Rabe-Hesketh S, Woodruff PWR, David AS, Murray RM, Bullmore ET. Meta-analysis of
regional brain volumes in schizophrenia. Am. J. Psychiatry 2000; 157: 16-25.

Wright IC, Sham P, Murray RM, Weinberger DR, Bullmore ET. Genetic Contributions to Regional
Variability in Human Brain Structure: Methods and Preliminary Results. Neuroimage 2002; 17: 256—
271.

Wuebben Y, Winterer G. Hypofrontality - A risk-marker related to schizophrenia? Schizophr. Res.
2001; 48: 207-217.

Xu B, Roos JL, Levy S, van Rensburg EJ, Gogos JA, Karayiorgou M. Strong association of de novo copy
number mutations with sporadic schizophrenia. Nat. Genet. 2008; 40: 880-5.

Page | 200



Yang H, Liu J, Sui J, Pearlson G, Calhoun VD. A Hybrid Machine Learning Method for Fusing fMRI and
Genetic Data: Combining both Improves Classification of Schizophrenia. Front. Hum. Neurosci. 2010;
4

Yung AR, Yuen HP, McGorry PD, Phillips LJ, Kelly D, Dell’Olio M, et al. Mapping the onset of psychosis:
The Comprehensive Assessment of At-Risk Mental States. Aust. N. Z. J. Psychiatry 2005; 39: 964-971.

Zhou Z, Zhu H, Chen L. Effect of Aripiprazole on Mismatch Negativity (MMN) in Schizophrenia. PLoS
One 2013; 8: €52186.

Zimmermann R, Gschwandtner U, Wilhelm FH, Pflueger MO, Riecher-Rossler A, Fuhr P, et al. EEG
spectral power and negative symptoms in at-risk individuals predict transition to psychosis.
Schizophr. Res. 2010; 123: 208-216.

Page | 201



